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Abstract

This article concerns the design of a new quad-band monopole antenna with a specific con-
figuration and reduced size. The antenna design is based on a single step meander-line para-
sitic structure, parasitic stubs, and double inverted L-shaped defected microstrip structure
units on the top side of the substrate, and double rectangular-shaped defected ground struc-
ture units along with partial ground plane on the bottom side. This design procedure allows to
achieve quad-band characteristics and improve the impedance matching. The fabricated
antenna prototype with overall dimensions of (0.24A, x 0.17Xg x 0.013%,) is operating at
2.55, 3.65, 4.65, and 5.8 GHz with fractional bandwidth about 7.7, 12.84, 9.23, and 12.8%,
respectively. The antenna exhibits an omnidirectional and a monopole like radiation patterns
in the H- and E-planes, respectively, with suitable gains between 2.1 and 3.75 dBi. The meas-
urement results are in good agreement with simulation values, which indicates that the pro-
posed antenna design is suitable for WiMAX, LTE B7 (2.52-2.75 GHz), Sub-6 GHz 5G (n77)
(3.39 - 3.87 GHz), Sub-6 GHz 5G (n78) (4.4-4.86 GHz), and WLAN, LTE B46 (5.1-5.82
GHz) wireless applications.

Introduction

Antennas for wireless communication systems have played an important role in every sector.
The demand for compact and multiband antennas is growing due to the newly expanding
microwave and mobile communication systems [1], such as that used in 5G base stations
and mobile phones. This exhaustive use of the radio-electric spectrum has generated a great
interest in devices, making it possible to cover several bands simultaneously. The 5G spectrum
covers from sub-6 GHz up to millimeter-wave frequencies. For civil, military, satellite, and
underwater applications, the 5G antenna should be operated at wide and/or multiple frequency
bands. Due to the disparity of the frequency band, antennas designed for a 5G communication
system face enormous challenges. The antenna for 5G must be compacted enough to be
implanted in portable devices [2]. Moreover, as the sub-6 GHz antenna has to work along
with the current long-term evolution LTE and other service bands, the 5G antenna should
cover the sub-6 GHz bands and the existing WiMAX, WLAN, and LTE bands. Among differ-
ent categories of antenna. Microstrip patch antenna becomes the appropriate optimal due to
their attractive low-profile features, lightweight, inexpensive, and easy integration [3].

On the other hand, different techniques have been reported to achieve multiband compact
antennas [4-6]. Authors in [5] proposed a non-conventional multiband patch antenna design
based on a Genetic Algorithm with a filtering aspect. Based on different fundamental steps, the
developed script was performed to achieve good impedance bandwidth in frequency bands
[3.7/5.5 and 7.2 GHz] that correspond to WiMAX/WLAN and X-band standards, respectively.
In [6] and [7] it was examined that the miniaturized antennas were based on Slot structure,
and slit loading techniques. In [8], a modified rectangular patch antenna with U-shaped
defected ground structure (DGS) unit and two parasitic elements for WLAN, WiMAX, C,
and X bands applications were described. The application of metamaterials to improve the per-
formance of small antennas has been reported in many published works. In [9], a metasurface
composed of pairs of nonuniform cut wires with different lengths is proposed to reduce the
mutual coupling of an extremely compact dual-band two-element MIMO antenna array.
The isolation between two patch antennas with the edge-to-edge spacing of only 0.008 wave-
lengths can be enhanced to more than 25 dB at both 2.6 and 3.5 GHz bands. In [10], a min-
iaturized multiband antenna for Bluetooth, WLAN, WiMAX, LTE, and X band applications
was reported. In [11], a planar antenna for a 5G mobile terminal operating at sub-6 GHz
was presented. The antenna consists of three ground strips and a driven strip which has a -
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6 dB impedance bandwidth of 700-960 MHz and 1.6-5.5 GHz.
However, a large ground plane of 135 x 80 mm” is required. An
ellipse-shaped patch antenna for LTE-R and 5G mid-band was
described in [12]. With an overall dimension of 180 x 60 mm?,
the developed antenna has a dual band response of 660-790
MHz and 3.28-3.78 GHz. A dual-polarized magneto-electric
dipole antenna for 5G communication applications was reported
in [13]. The investigated antenna is made up of four horizontal
fishtail-shaped patches and four vertical patches that are shorted
to the ground. With an overall dimension of 150 x 150 mm?, the
antenna achieved an operational band of 3.05-4.42 GHz.
However, it does not cover the N79 for the 4.4-5 GHz range. A
monopole antenna for 4G/5G applications was introduced in
[14]. The investigated single-element antenna achieves operating
bands of 1.24-2.64 and 3.34-5 GHz. Nevertheless, because of its
large size of 150 x 80 mm?, it cannot cover the N79 band. A pla-
nar antenna for 2G/3G/4G/5G sub-6 GHz applications was
reported in [15]. A —6dB impedance bandwidth of 2.5-4.8
GHz with a dimension of 50x19.75mm’ was obtained.
However, a large ground plane of 110 x 50 mm? is required. In
[16], an UWB antenna for 5G lower band application was
described. With an overall dimension of 80 x 50 mm?, the exam-
ined design was able to function in the 2.32-5.24 GHz range. In
[17], a differential fed frequency reconfigurable antenna for mid-
band 5G applications was presented. The developed antenna uses
two different substrates, and the reconfigurability was achieved via
four PIN diodes. The examined antenna, with an overall volume
of 100 x 100 x 5.7 mm”, achieved dual operating bands of 2.37-
2.67 and 3.39-3.62 GHz. Its 3D shape, however, limits its applica-
tion in mobile devices. Besides, it does not cover the whole sub-6
GHz 5G spectrum. In [18], a four-port MIMO antenna for 5G
applications was investigated. The exhibited antenna, printed on
a 5016:0650 mm® substrate, can only cover a 3.4-3.8 GHz fre-
quency range. A dual-band MIMO antenna for mid-band 5G
wireless applications was published in [19]. Also, in [20], a dual-
band with an enhanced impedance using a tapered slot is
designed and studied. The antenna presents a very large frequency
ratio, making it very suitable for integrated 4G/millimeter-wave,
5@, and beyond 5G applications. Two-antenna pairs are arranged
vertically on two sides of the ground plane to produce dual bands
of 3.4-3.6 and 4.8-5 GHz. Although many of the reported anten-
nas accomplished wide/multiple operating bands [21-23], their
3D profile has a complicated geometry, making it hard to realize.
Furthermore, some of the suggested designs partially cover the
sub-6 GHz band. In this paper, a novel multiband compact
antenna is proposed. The antenna is printed on FR-4 dielectric
substrate with thickness of 1.5mm, relative dielectric constant
of 4.3, and loss tangent of 0.025. The simulated and measured
return loss and radiation patterns are presented and discussed.
The tested antenna provides acceptable results in terms of reflec-
tion coefficient and radiation patterns indicating that it is
well-suited for 5G Sub-6 GHz (n77 / n78), WLAN, WiMAX,
and LTE (B7/B46) wireless applications [24]. The target bands
are summarized in Table 1.

Antenna structure and design procedure

The configuration of the proposed antenna is shown in Fig. 1
whereas the geometrical dimensions are listed in Table 2. It con-
sists of a single-step meander-line parasitic structure, parasitic
stubs, and double inverted L-shaped defected microstrip structure
(DMS) units on the top side of the substrate and double
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Table 1. Required frequency bands for the proposed antenna [18]

Band Frequency, GHz
LTE B7 / WiMAX (IEEE 802.16e) 2.52-2.75
LTE B46 / WLAN (IEEE 802.11a) 5.1-5.82
Sub-6 GHz 5G (n77) 3.39-3.87
Sub-6 GHz 5G (n78) 4.4-4.86

(¢)

Fig. 1. Geometry of the proposed antenna: (a) front view; (b) back view, and (c) patch
view.

rectangular-shaped DGS units along with partial ground plane
on the bottom side.

The step-by-step design evolution of the proposed antenna is
shown in Fig. 2. Firstly, a square-ring metallic patch and a partial
ground plane, operating at 3.5 GHz, is designed, using full-wave
electromagnetic CST microwave simulator, denoted as reference
antenna (Ant 0) as shown in Fig. 2(a). The total antenna footprint
is 28 x 19 mm”®. The design process is inspired from [25].

The resonant frequency of the square-ring metallic patch can
be estimated with the following formula [26]:

nc

4a, /€

fo= n=12,3... 1)

where c is the speed of electromagnetic wave in free space, a repre-
sents the side length of the square ring, .4 is the equivalent per-
mittivity of the substrate, and # is the integer representing index
of the antenna’s operating mode. In this paper, the first resonance
is 1/4 wavelength, this is equal to the length of the ring from the
base to top that is, total ring length/2. As, f=3.5 GHz. The simu-
lated |S;;| result of this antenna is illustrated in Fig. 3 In order to
obtain the desired dual-band operation with good impedance
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Table 2. Geometrical dimensions of the proposed antenna

Parameter Value (mm) Parameter Value (mm)
W, 19 WL, 0.5
Ly 19.8 WL, 0.8
Wy 22 WL, 0.4
i 5.2 WL, 0.3
Hy 8.2 WLs 0.6
Hs 52 t 0.8
H, 11.2 a 14
L, 0.7 L 7.8
Ant 0 Ant 1 Ant 2 Ant 3
(a) (b) (c) (d)

Fig. 2. Evolution procedure of the proposed antenna geometry.
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Fig. 3. Reflection coefficient magnitude versus frequency for different antenna
structures.

matching, the next step consists of embedding a single-step
meander-line parasitic structure into the bottom center of the
square-ring antenna as illustrated in Fig. 2(b). This antenna, oper-
ates at 3.2 and 3.9 GHz, is referred as Ant 1. The length for this
resonance can be calculated as [27]:

n

Liesy = Z Li+t+ Ly — Hi(~ 0.5A3 65 GHy)- 2
i1
Hence,
[ — ~ 3.65 GHz 3)
& 2Lre52« /Eeff . ’
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where

e+1
Seﬁr: 2 . (4)

The meandered line enhances the effective current path which
facilitates the compactness of the structure. This method is gener-
ally used in wired antennas [28]. Finally, two further steps are
added in the design process to achieve the final antenna. The gen-
eration of three distinct frequencies (2.8, 3.9, and 6.2 GHz) is
obtained when adding double inverted L-shaped DMS units on
the patch, denoted as Ant 2, and then to support more wireless
standards in a single antenna design, the generation of four dis-
tinct frequencies (2.55, 3.65, 4.55, and 5.8 GHz) is achieved
when adding five opens stubs along with double rectangular-
shaped DGS units, denoted as Ant 3, as illustrated in Fig. 2(d).
The addition of double inverted L-shaped DMS units generates
a discontinuity in the square ring antenna. Due to this discon-
tinuity, the surface electrical current length increases [29]. This
increase in current path length impacts the antenna’s input
impedance, which tends the antenna to exhibit additional reson-
ance. The length of the slot is provided by equation (5)

Lress =H4+WL5+t+Lf

(5)
— Hi(~ 0.5A465GHz)-

To examine more the operating mechanism of the presented
antenna, namely Ant 3, the surface current density distribution
on the patch surface (top view) and ground plane (bottom view)
of the proposed antenna is simulated at 2.55, 3.65, 4.65, and 5.8
GHz resonant frequencies as shown in Fig. 4. It can be seen that,
at the first resonant frequency, the surface current density is mostly
concentrated in the inner vertical metallic strips of the square-ring
patch along with the double inverted L-shaped DMS units. At the
second resonant frequency, the surface current density is mainly
focused near the meander-line parasitic structure (J; —J, and Js
—Jg). At the third resonant frequency, the current density is
more concentrated in the double inverted L-shaped DMS units
(Jo — J13> and Ji14 — J15) having an electrical length of 0.5A465 i1
formed by WL;, and H,, as indicated in Fig. 4(e). At the fourth res-
onant frequency, the current density is mainly focused in the stub
(J1o = J20» and Jp; — J»,) along with the double rectangular-shaped
DGS units (J23 — 26 and J,; — J30), as indicated in Figs 4(g) and
4(h), respectively. It can be noticed that it is difficult to isolate
the exact areas responsible for the resonances, especially at the
third and fourth frequencies, as the different elements interact
with each other. The surface current density around the contours
of a vertical stub is higher at 5.8 GHz, contributing to impedance
matching around 5.8 GHz as observed from the reflection coeffi-
cient plot for step 4, shown in Fig. 3. The variations of the real
and imaginary parts of the antenna input impedance Z;; are
shown in Fig. 5. From the figure, it can be concluded that the
real and imaginary parts of Z;; are close to 50 and 0 €, respectively,
over the four resonant frequency bands, which gives a good imped-
ance matching and confirms the result in Fig 3.

Parametric studies

In order to ensure that the proposed antenna performance could
meet the desired bands, parametric studies are carried out in this
section. The effect of varying the width of square-ring “a”, length
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Fig. 4. Surface current distribution on the radiating patch and modified ground plane
of the proposed antenna at 2.55, 3.65, 4.65, and 5.8 GHz resonant frequencies.

of the meander line (L, + L), length of L-shaped slot (Hy + Wis),
and length of a shorting oblique stub H; and width W3 are inves-
tigated as shown in Figs 6-9, respectively.
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Fig. 5. Variations of the real and imaginary parts of the antenna input impedance Z;;.
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Fig. 6. Effect of varying the square-ring width a.

Effect of varying the square-ring width a

The effect of the width “a” is investigated, while the other para-
meters are kept constant as shown in Fig. 6. The simulation is car-
ried out for “a” values of 16.2, 16.5, 16.8, and 17.1 mm. Figure 6
shows that the 2.55 and 5.8 GHz resonant frequencies depend on
the parameter “a”. The variation in the value of (a) from 16.2 to
17.1 mm lead to shift up the lower resonance frequency from 2.55
to 2.8 GHz. Main while, it shift down of the upper resonance fre-

quency from 5.8 to 5.51 GHz.

Influence of the variation of the meander-line length

Figure 7 demonstrates the effect on the reflection coefficient when
the parameter (L;+L,) is varied from 122 to 13.7mm. An
increase in length (L; + L,)of the meander line leads to shift up
of the resonant frequencies (except the first one).

Varying the L-shaped slot length

Similarly, the influence of the L-shaped slot length (H, + Wis) on
the reflection coefficient is given in Fig. 8. It can be seen from the
figure below that as the length (H, + Wi5) increases, the reflection
coefficient at the frequency 4.65 GHz shifts toward the lower fre-
quency side. Hence, a value of 10mm for sub-6 GHz 5G
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Fig. 8. Effect of varying the L-shaped slot length.

frequency bands (n79) is considered to get the third resonant fre-
quency at 4.65 GHz.

Effect of varying the open stubs lengths

Figure 9 shows the antenna return loss |S;,| for different values of
length (Hs + W3). The increase in the length of the stubs leads to
shifting of the third and fourth resonant frequencies to lower fre-
quencies, while the first and second resonant frequencies are kept
unchanged, a value of 7.5 mm is considered.

Fabrication and measurements

A prototype of the designed antenna was fabricated and tested to
validate the proposed design. A photograph of the fabricated
structure is shown in Fig. 10(a). The S parameters were measured
using a vector network analyzer ZNB20. The far-field radiation
patterns of the principal planes (E and H) were measured in a
fully equipped anechoic chamber as shown in Fig. 10(b), where
the commercial Logarithmic Periodic Antenna (HyperLOG
30180) is used as a reference antenna, at output power of 10
mW (10 dBm). The distance between the transmitting and receiv-
ing antennas is d=1m.

The obtained measured results are compared to the simulation
ones as indicated in Fig. 11. This figure clearly confirms the quad-
band behavior of the proposed antenna [2.52-2.75 GHz], [3.39-

https://doi.org/10.1017/51759078722000939 Published online by Cambridge University Press

Tarek Maamria et al.

-40 i

[=="HrWz=71 mmi
S50 =—H+W=75mm——
seeses Ht W= 7.9 mm {
60 | -~ = H+ W= 8,? mm |
L

25 30 35 40 45 50

Reflection coefficient magnitude (dB)

Frequency (GHz)

Fig. 9. Effect of varying the length of the open stubs.

N A i g
e, Ay

SIHEGTE T w12

Anten

(b)

Fig. 10. Fabricated antenna and measurement setup. (a) Photograph of the pro-
posed antenna, and (b) antenna measurement in an anechoic chamber.

3.87 GHz], [4.4-4.86 GHz], and [5.2-6 GHz] covering the 5G
sub-6 GHz (n78/n79) at (3.65/4.65 GHz), and LTE bands (B7/
B46) at (2.55/5.8 GHz). Moreover, the two compared results pre-
sent an acceptable agreement; however, the insignificant disagree-
ment is due to errors in the fabrication and measurement
apparatus.

The simulated and measured realized gains are shown in
Fig. 12(a) where the simulated radiation efficiency is depicted in
Fig. 12(b). The antenna’s realized gain is 2.1, 3.15, 3.35, and
3.75 dBi in the first, second, third, and fourth bands, respectively.
The radiation efficiency is about 82, 85, 76, and 73% in the first,
second, third, and fourth bands, respectively.

Figure 13 shows the simulated and measured 2D radiation pat-
terns in two principal planes — namely, the E — (xz) and H — (xy)
planes for four resonant frequencies of 2.55, 3.65, 4.65, and 5.8
GHz. At lower frequencies, the antenna exhibits omni-directional
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Fig. 12. Antenna’s performance in terms of (a) realized gain, and (b) radiation
efficiency.

patterns for H-plane and a donut shape for E-plane with a low
cross-polarization field and patterns are about the same as that
of a typical monopole antenna. Polarization purity can only be
seen at low frequencies where the cross-to-co polarization ratio
is around — 35dB, in contrast to higher frequencies, where the
cross-polarization is dominant especially in H-plane. About 25-
40dB isolation between co-polarized and XP radiations is
achieved with the proposed structure.
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Table 3 illustrates a comparison between the proposed
structure and recently reported antennas. From this table, the
presented antenna is more compact than those described in
[15, 17, 30-33] while having wider operating bandwidth adequate
to cover all the sub-6 GHz 5G bands. Even though some reported
designs achieved high gain and high efficiency, their large size
and complex structure limit their applications in portable
communications devices [17] and [32]. Moreover, the antennas
reported in [30] and [32] did not cover the all-sub-6 GHz
bands. Accordingly, these attractive characteristics make the pro-
posed antenna suitable for LTE and 5G sub-6 GHz communica-
tion applications.

Conclusion

In this paper, a new compact and miniaturized multi-band planar
monopole antenna has been designed, fabricated, and tested. The
obtained results in simulation and measurement show a behavior
of quad-band and better impedance matching. The presented
antenna with compact size of (0.24%q x 0.171q x 0.013X) covers
LTE B7 (2.52-2.75 GHz), Sub-6 GHz 5G (n77) (3.39-3.87 GHz),
Sub-6 GHz 5G (n78) (4.4-4.86 GHz), and LTE B46 (5.1-5.82
GHz), while it has high radiation efficiency and moderately stable
radiation patterns. The proposed quadband antenna operates in
all the frequency bands of mobile telecommunication standards
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Table 3. Performance comparison with recently published works

Tarek Maamria et al.

Central Peak
Total area frequencies Fractional gain Efficiency Profile and

References (mm?) (GHz) BW (%) (dBi) (%) substrate Method of designing

[15]¢ 129.75x50 0.8 14.06 1.8 60 Planar T-shaped element, one matching
2.4 2.98 ~ ~ stub applied with tapering, and
4 10 2%0) 29 FR4 meandering techniques

[nne 100x100 2.45 6.6 5) 6 4.65 3D Reconfigurable antenna (four PIN
35 11.9 6.8 96.5 FR4 diode switches)

[30] 30x24.8 3.1 5.9 1.35
5.52 5.6 1 Not Planar Fractal antenna loaded-shaped slot
7.31 7.3 1.07 specified FR4 and metamaterial
9.72 3.02 1.75

[31)° 37x35 2 7.4 1
2.4 22.43 1.75 >85 Planar Reconfigurable antenna (lumped
3.1 29.17 1.98 FR4 element switch)
34 19.54 1.72

[32] 68x71 0.9 24.47 2.2 65.1 Polyimide
2.4 6.99 2.6 86.2 based Triangular embedded radiators
3.5 8.69 0.8 95.7 flexible

[33]¢ 36x31 3.29-3.63 10.71 7.17 79.58 Planar Rectangular slot, inverted stub on
4.39-5.2 14.15 FR4 upper edge, and folded T-shaped

Proposed 28x19 2.55 7.7 2.1 82.2

work
3.65 12.84 3.15 85.1 Planar Rectangular stub/two rectangular
4.65 9.23 3.35 76.3 FR4 rings, and L-shaped slot
5.8 12.8 3.67 73.1

“Only sub-6 GHz band is considered for comparison.

4G

(B7/B46), and 5G (n77/n78), and other applications, including

WLAN and WiMAX.
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