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Abstract — A metamaterial-filled quarter circular
microstrip antenna (meta-QCMSA) is proposed for 5G
communications in the 3.5 GHz band. Compared with
traditional CMSAs, the new meta-QCMSA is superior
in its small patch in the subwavelength scale realized
by collaboratively using metamaterial and field symme-
try techniques. This combination method is observed to
be more powerful than a single method solely used. One
practical meta-QCMSA is designed and experimentally
demonstrated near 3.5 GHz. Its patch length is 0.1,
much smaller than the traditional CMSA. In addition, the
compact meta-QCMSA is observed to have a consider-
able bandwidth of 3.8% and antenna gain of 3.9 dBi in
experiments.

Index Terms — Metamaterials, quarter circular microstrip
antenna, subwavelength.

L. INTRODUCTION

With the continuous development of 5G/B5G wire-
less communications [[1]], compact microwave microstrip
antennas (MSAs) [253] are of much interest in both aca-
demic and industry areas. To make the MSAs smaller,
the filling materials for the substrate can have a high rel-
ative permittivity (€,) and/or permeability (u,) by using
ceramics and magnets [4-6]. However, these high-index
materials are usually difficult to fabricate with low-cost
printed circuit board (PCB) technology.

To address the problem, alternative microwave arti-
ficial metamaterials [7H17] were proposed in recent
decades. These microwave metamaterials do not need
high-index ceramics or magnets as substrates. In con-
trast, they can be realized by using common low-index
dielectrics, which are well-compatible with the PCB pro-
cess. By further loading new functional structures into
the low-index dielectrics, the metamaterials may have
effective high relative permittivity (&, r7) and/or perme-
ability (i ,.rr), which are equivalent to the natural high-
index materials.

In addition to material technology, there is another
useful technique to condense a MSA that takes advantage

Submitted On: November 28, 2023
Accepted On: June 10, 2024

of electromagnetic (EM) field symmetry for a regular
(such as square or circular) patch [2H3]]. For instance,
regarding the circular MSA (CMSA) operating at its fun-
damental TM;; mode [2], the EM fields in the CMSA
cavity are symmetric in different quarters [2]. Hence,
according to the uniqueness theorem [18], it is possi-
ble to realize a half CMSA (HCMSA) or even a quar-
ter CMSA (QCMSA) (see Fig. 6.7 in [3]]) by cutting the
original full circle in the CMSA into a half or quarter
[2H3] if the boundary conditions are well kept as a mag-
netic wall or electric wall. Note that the resonant fre-
quencies (fos) for these three antennas (CMSA, HCMSA
and QCMSA) are almost the same [2H3] if the margin
effects are not accounted for. The patch area for the new
HCMSA (or QCMSA) is nevertheless only half (or quar-
ter) of the original CMSA.

Metamaterial and EM field symmetry are two inde-
pendent techniques to shrink traditional MSAs. Inspired
by these two techniques, a new compact metamaterial-
filled QCMSA (meta-QCMSA) is proposed in this work
by synthetically using both technologies. Regarding
metamaterial technology, some sector mushroom struc-
tures [[15] are chosen to fill into the substrate which can
be physically constituted from a two-layer substrate. Fur-
thermore, as to form a QCMSA [2H3], the magnetic wall
boundary condition is fulfilled by simply using an open
edge. The electric wall boundary condition is realized by
employing numerous shorting (conducting) pins [2H3]].

This combination method is more powerful than a
single method solely used. One practical meta-QCMSA
was designed for 5G mobile communications in the 3.5
GHz band. It is experimentally demonstrated to resonate
at 3.51 GHz (free space wavelength A¢=85.5 mm, guided
wavelength A,=57.6 mm). Considering that the dielec-
tric constant for the substrate is 2.2, and the physical
length for the quarter circular patch is 8.8 mm, the elec-
trical length is therefore only about 0.11¢ or 0.15A, in
the subwavelength scale. It is much smaller than the tra-
ditional CMSA [2H3] or meta-CMSA [15]].

Although with a small patch, the new meta-QCMSA
has a considerable bandwidth (BW) of 3.8% and
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Fig. 1. The designing roadmap of the meta-QCMSA (feedings are not considered).

reasonably high gain of 3.9 dBi in the experimen-
tal demonstration. These performances make the new
antenna suitable to be applied in 5G/B5G mobile appli-
cations.

II. CONCEPT

The subwavelength meta-QCMSA is designed using
both the metamaterial substrate and field symmetry tech-
niques. We start from the traditional CMSA [2H3]. A
two-step designing roadmap is shown in Fig. [T} First,
the traditional CMSA is designed to become a meta-
material CMSA (meta-CMSA) by choosing some par-
ticular sector mushroom metamaterial structures [15]] to
fill into the host low-index dielectric. These mushroom
structures were found to be able to increase the €,,¢¢ of
the antenna. Details for this meta-CMSA can be found in
our previous work [[15]].

Second, on the basis of the meta-CMSA [13], the
full circular patch is further reduced to a quarter circle,
forming a new meta-QCMSA as proposed in this work.
Inspired by the design in [3] (see Fig. 6.7 in [3]), if a
CMSA operates at its fundamental TM;; mode and the
feeding position is along the x-axis, the x-axis can be
regarded as the magnetic wall and the y-axis regarded
as the electric wall. In a practical antenna, this magnetic
wall boundary condition can be fulfilled by directly using
an open edge, providing that the antenna is very thin.
The electric wall is realized by using numerous shorting
(conducting) pins [2H3]]. We remark that at the second
step, the fo for the meta-QCMSA is nearly the same as
the meta-CMSA if the margin effects are not accounted
for, but its patch area is much reduced. In the following
section, we will show the detailed design and results of
the conceptual meta-QCMSA.

III. DESIGN AND RESULTS
The configuration of a practical meta-QCMSA is
given in Fig. 2} Its overview is shown in Fig. 2] (a),
top view in Fig. [2] (b) and side view in Fig. ] (c). The
antenna architecture is similar to [[15] but different in the
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Fig. 2. Configuration of the meta-QCMSA in (a)
overview, (b) top view, and (c) side view (feeding is not
shown).
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Fig. 3. (a) Antenna sample and (b) upper and lower dielectric layers.

patch shape. Note that the patch is a quarter circular disc
herein, and a full disc in [13].

From Fig. 2] (b), we see that the patch radius for the
quarter circle (note that it is also the patch length) is r.
The ground plane is a square with length G. Beneath
the quarter circular patch, there are three sector metallic
mushroom elements included in the host substrate. Each
mushroom element has a sector-shaped metal cap (with
radial length of a) that is linked to the ground plane by
a metallic via. The gap between the mushrooms is g. As
shown in Fig. 2] (b), the period for the mushrooms along
the p-axis is p=a+g=r/2.

The host substrate has relative permittivity &, and
loss tangent tand, which is separated by the mushroom
caps into two sub-layers with thickness of h; and hy,
respectively. The via is supposed with a diameter of dy
and height of h,. All three (patch, cap, ground) metal lay-
ers have a thickness of /=0.035 mm. Figure 2] (c) clearly
shows its vertical profile including the two substrate lay-
ers and three metal layers (feeding is not shown).

As illustrated in Fig. [I] the y-axis radius on the
edge of the meta-QCMSA is an electric wall. In practical
implementations, this electric wall is realized by align-
ing three shorting pins along the edge. These shorting
pins have a diameter of d;. In addition, to make it eas-
ier to solder, each shorting pin is set to be located in a
larger soldering pad with a diameter of d» (d2>d). The
antenna is fed by a 50 Q coaxial SMA probe at the left
lower corner of the quarter circular patch.

We now consider a meta-QCMSA with the follow-
ing default parameters: r=8.8 mm, G=30 mm, &,=2.2,
tan6=0.001, #1=2 mm, h,=4 mm, dp=1 mm, d;=1.2 mm,

d>=3.4 mm, p=4.4 mm, a=2.8 mm and g=1.6 mm. The
metals are all copper with a conductivity of 5.8x10’
S/m.

The meta-QCMSA is experimentally demonstrated
with the above parameters. The antenna sample is shown
in Fig. 3] (a), which is assembled from two dielectric lay-
ers as shown in Fig.[3|(b). Generally, it needs four steps to
realize such a practical antenna. First, the two dielectric
layers are fabricated using the PCB process that work as
the upper and lower layer, respectively, for the antenna.
The dielectric layers are both with nominal €,=2.2 and
tan6=0.001, provided by Taizhou Wangling Corp. Sec-
ond, the two dielectric layers in Fig. [3] (b) are manually
assembled using nylon screws located at the four corners
of the boards. The third step is to add three solid short-
ing pins along the patch edge, which are subsequently
soldered to connect the quarter patch and ground plane.
The fourth (final) step is to solder the coaxial SMA probe
that feeds the antenna.

The simulated and measured S;; results for the
meta-QCMSA are given in Fig. El (a). It is observed that
the simulated f( for the meta-QCMSA is 3.5 GHz from
the numerical solver HFSS. The measured f is how-
ever slightly upshifted to 3.51 GHz. By normalizing r
(8.8 mm) to the Ao (85.5 mm) or A, (57.6 mm) at 3.51
GHz, we conclude that the patch radius is nearly 0.14¢
or 0.15A, for this meta-QCMSA. The simulated BW is
168 MHz (4.8%) while the measured one is 135 MHz
(3.8%) from 3.445 to 3.58 GHz. The reduction in BW
is attributed to the imperfection of the antenna sample,
which results in an increased Sp; level in the experi-
ment.
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Fig. 4. (a) S1; for meta-QCMSA, and (b) a comparison
of CMSA, meta-CMSA and meta-QCMSA.

To better feature the new meta-QCMSA, we also
consider the original CMSA [2H3]] and meta-CMSA [15].
Note that the patches for the CMSA and meta-CMSA
are both full circles with diameter d=2r=17.6 mm. The
other parameters are all the same as the meta-QCMSA.
The CMSA and meta-CMSA are numerically calculated.
Their S;; curves, in association with the meta-QCMSA,
are shown in Fig. [](b). We see that the original simplest
CMSA resonates at 6.12 GHz (19=49.0 mm, A,=33.1
mm). The patch length is its diameter and is 17.6 mm
(0.364¢ or 0.534,). The meta-CMSA however resonates
at a lower 3.986 GHz (10=75.3 mm, 1,=50.7 mm). Its
patch length is still the diameter (17.6 mm) normalized
as 0.2349 or 0.354,.

We remark that for the new meta-QCMSA, its patch
length is the radius of nearly 0.14¢. It is much smaller
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than the CMSA (0.36A4¢) and meta-CMSA (0.231¢). In
addition, we note that the f( values for the meta-CMSA
and meta-QCMSA in Fig. [5](b) are close but not exactly
equal. This is due to the different margin effects for these
two antennas, as one patch is a full circle while the other
is a quarter.

As reported in [15]], the resonances for the meta-
CMSA are greatly affected by the thicknesses h; and
hy (see Fig. El in [15]). Herein we observe their effects
on the meta-QCMSA. It is numerically studied for dif-
ferent hy and h, values. Their S;; curves are shown in
Figs.[5| (a) and (b), respectively. The default thicknesses
are h1=2 mm and s;=4 mm. As revealed from Fig. E] (a),
fo becomes higher when A, increases; from Fig.[5|(b), fo
will be lower when /; increases. These trends are con-
sistent with [[15]].
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hy values.
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The far-field characteristics for the new meta-
QCMSA are also evaluated in both simulations and
experiments in the microwave chamber. The realized
antenna gains are shown in Fig.[6] The peak antenna gain
predicted from the numerical solver HFSS is 4.15 dBi.
The measured gain values are however slightly lower
than simulation in that its peak value is 3.9 dBi. Nonethe-
less, within the -10 dB impedance BW, the measured
antenna gains are all above 2.78 dBi.

5

Realized Gain(dBi)

3.3 3.4 3.5 3.6 3.7
Freq(GHz)

Fig. 6. The realized antenna gains of meta-QCMSA.

Efficiency was not measured. The simulated peak
realized efficiency is greater than 90% in HFSS. The
radiation efficiency (without considering the mismatch-
ing loss) is even higher at over 95% predicted from
HESS.

The radiation patterns of the meta-QCMSA are
shown in Fig. obtained at 3.51 GHz. Generally,
the simulated and measured co-polarizations are always
in good agreement. However, the measured cross-
polarizations seem larger than simulation. In addition, it
is found that the cross-polarization levels on the H plane
(yoz) are larger than those on the E plane (xoz). In partic-
ular, at the bore sight (0°) direction, the measured cross-
polarizations on both planes are suppressed lower than
-10 dB.

This meta-QCMSA is compared with several other
miniaturized MSAs in Table[T] We find that this antenna
is featured with a very small patch size (0.141¢x0.14¢)
while maintaining considerable BW (3.8%) and reason-
ably high antenna gain (3.9 dBi). As for the antenna
in [6]], it is smaller (0.0449x0.05A¢) than our work by
loading a ferrite. However, its antenna gain is very low (-
9.06 dBi). In addition, regarding the antennas in the other
literatures [, [10, [ 12-17], their patch sizes are all larger
than this work. The antenna gains are observed to vary
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Fig. 7. Radiation patterns at 3.51 GHz.

Table 1: Comparison of several miniaturized metamate-
rial MSAs

Ref Patch Size Thickness| BW |Gain
(dBi)

(6l 0.044(x0.054¢ | 0.034A¢ 4% |-9.06

[8] |0.14540%0.2034¢ | 0.0084¢ | 0.5% | 3.2
[10] | 0.2334¢%x0.233A¢ | 0.0184¢ | 3.29% 5
[12] | 0.1274¢x0.123A9 | 0.034¢ | 0.93% 2
[13] | 0.204¢x0.204¢ 0.014¢ 39% |3.71
[14] | 0.23A4¢x0.234¢ | 0.044A¢ | 16.1% 5
[15] | 0.23249x0.2324( | 0.0354 3% 5.9
[16] | 0.194¢x0.194 0.114¢ - 4.76
[L7] | 0.1749x0.25A¢ 0.0264 | 7.22% | 1.94
This 0.1A9x0.14¢ 0.074¢ 38% | 3.9
work




from 2 to 5.9 dBi, which are in the same order of this
meta-QCMSA.

IV. CONCLUSION

A subwavelength meta-QCMSA is designed
by jointly using metamaterial and field symmetry
techniques. One practical meta-QCMSA is demon-
strated in both full-wave simulations and experiments,
operating at the 3.5 GHz band. The patch length for
the meta-QCMSA is about 0.11¢ or 0.154,. The BW,
antenna gain and radiation patterns for the new antenna
are also studied in the experiments, which can promis-
ingly meet the demands of portable devices for 3.5 GHz
communications.
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