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An octa-band planar monopole
antenna for portable
communication devices
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Due to the rapid development of wireless communication systems, good numbers of services and
devices use different frequency bands and protocols. To concurrently cover all these services, the
antenna in communication devices should operate over multiple frequency bands. The use of wide and
multi-band antennas not only reduces the number of antennas necessary to cover multiple frequency
bands but also lessens the system complexity, size, and costs. To operate over eight frequency bands
to cover sixteen well-established narrow service bands, a planar monopole antenna is proposed

for portable communication devices. The proposed antenna is comprised of an inverted F-shaped
monopole patch with a rotated L-shaped strip and an F-shaped ground strip with a rotated L-shaped
branch. The studied antenna can excite at multiple resonant modes which helps it to achieve eight
measured operating bands of 789-921 MHz, 1367-1651 MHz, 1995-2360 MHz, 2968-3374 MHz,
3546-3707, 4091-4405 MHz, 4519-5062 MHz and 5355-6000 MHz. The achieved measured operating
bands can cover sixteen popular narrow service bands for 4G/3G/2G, MWT, WiFi, WiMAX, WLAN, and
sub-6 GHz 5G wireless communication system. The studied antenna achieved good gain, efficiency and
exhibits stable radiation characteristics. Moreover, the antenna does not use any lumped element and
left ample space for other circuitries which makes it easier to use in portable devices such as tablets,
laptops, etc. with low manufacturing cost.

Currently, large numbers of wireless communication services/devices with different operating frequencies
and protocols have been deployed worldwide. To simultaneously cover all these services, the antenna in port-
able communication devices should operate over multiple frequency bands. The use of a multi-band antenna
not only lessens the number of antennas necessary to cover numbers of frequency bands but also lessens the
system complexity, overall device size, and costs. An antenna in portable communication devices such as in
mobile phone, a tablet should cover not only the existing frequency bands for 2G, 3G, and 4G systems, such
as GSM850 (824-894 MHz), GSM900 (880-960 MHz), UMTS (1920-2170 MHz), LTE850 (869-894 MHz),
LTE2190/2000S band (2180-2200 MHz), LTE3500 (3400-3600 MHz), LTE 3700 (3600-3800 MHz) and
LTE5537.5 (5150-5925 MHz) but also 3.5 GHz (3.5-3.7 GHz) and 4.8 GHz (4.6-5.0 GHz) bands for newly
deployed sub-6 GHz 5G system. At the same time, the popular narrowband services including 900 MHz (IEEE
802.11ah) and 5.8 GHz (IEEE 802.11ac) bands for WiFi, 3.5 GHz (3.4-3.65 GHz), and 5.5 GHz (5.25-5.85 GHz)
bands for WiMAX, 5.8 GHz (5.725-5.875 GHz) band for WLAN and 1.41-1.45 GHz band for wireless medical
telemetry (WMT) should be covered. As the space for the antennas in portable devices is limited, the designing
of a multi-band antenna with a small size is not only a crucial requirement but also a challenging task.

In recent times good numbers of wideband and multi-band antennas have been reported'~'%. For example,
in Ref?, a half-loop frame antenna for the LTE metal-casing tablet device was reported that consists of a metal
casing and a rectangular-ring metal frame. With an overall volumetric size of 150.8 x 200.8 x 7 mm?, the pre-
sented antenna achieved dual operating bands of 746-960 MHz and 1710-2690 MHz. In Ref.5, a hepta-band
loop antenna was presented for LTE/WWAN applications. The designed antenna has an overall dimension of
76 x 150 x 6 mm® and can operate over 824-960 MHz and 1710-2690 MHz, bands. For metal-frame smartphones,
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in Ref. 9 a hepta-band antenna with a size of 70 x 150 x 6 mm?® was reported. The designed antenna consists
of a typical inverted-F antenna and an asymmetric T-shaped slot and can operate over 790-990 MHz and
1650-2920 MHz bands. In Ref.!%, a 3D loop antenna was presented for multiband smartphone applications. It
consists of a loop radiator and a large system ground plane and can operate over 0.8-1.1 GHz and 1.7-2.58 GHz
bands. The antennas reported in Refs.*®*!¢ can cover seven service bands (the GSM850, GSM900, DCS, PCS,
UMTS, LTE2300, LTE2500), but WMT, WiFi, WiMAX, WLAN, and 5G bands are not covered. An octa-band
antenna for LTE mobile phones was presented in Ref.%. The studied antenna consists of two monopole branches,
two ground branches, and a matching circuit. Having a size of 79 x 142 x 7.5 mm?, it achieved dual impedance
bands of 665-965 MHz and 1610-2800 MHz. In Ref.’, an octa-band monopole antenna was presented for
WWANY/LTE applications. The designed antenna is comprised of a folded metal plate with a lumped-element
high-pass matching circuit and can achieve dual operating bands of 0.69-0.98 GHz and 1.63-2.74 GHz. For
mobile phones in Ref.?, an octa-band antenna was studied. The presented design consists of a coupled line, a
monopole branch, and a ground branch. Using the A/4-, A/2-, and 3A/4-resonant modes, the reported antenna can
achieve dual operating bands of 0.67-1.02 GHz and 1.65-2.92 GHz. For LTE/WWAN operation in Ref.'?, a linear
open slot antenna was reported. With an overall dimension of 75 130 x 6 mm?, the studied antenna achieved
dual operating bands of 698-960 MHz and 1710-2690 MHz. In Ref.?, an octa-band antenna that operates over
0.675-1.05 GHz and 1.6-2.8 GHz bands was reported. It is comprised of two branches and a matching circuit
and possesses an overall size of 70 x 127 x 6 mm®. A wideband monopole antenna for an octa-band mobile phone
application was reported in Ref.!*. The studied antenna consists of a T-shaped driven strip and a dual-branch
parasitic ground strip and achieved dual impedance bands 690-970 MHz and 1680-2740 MHz. A compact multi-
band monopole antenna for WWAN/LTE mobile phones was proposed in Ref.!>. The antenna is comprised of
two branches and a matching circuit. With an overall volumetric size of 70 x 128 x 4.8 mm’, the studied antenna
can work at 0.697-1.01 GHz and 1.59-3.25 GHz bands. The antennas reported in Refs.*”#12!% can cover eight
service bands including LTE700, GSM850, GSM900, DCS, PCS, UMTS, LTE2300, and LTE2500 but they have
failed to operate at WMT, WiFi, WIMAX, WLAN, and 5G bands. In Ref.!’, a nine-band hybrid loop/open-slot
antenna was presented for the LTE operation. The antenna is consisting of a capacitively-fed loop antenna and a
ground strip and can attain triple working bands of 698-960 MHz, 1710-2690 MHz, and 3400-3800 MHz and
can cover the above-mentioned bands and LTE3400. In Ref.", a narrow-frame antenna was presented mobile
phone application. The design is comprised of a monopole with four branches and a dual-branch ground strip.
With an overall size of 75 x 140 x 5.8 mm?, the studied antenna attained five impedance bands of 681-991 MHz,
1626-2706 MHz, 3300-3813 MHz, 5136-5379 MHz, and 5622-6000 MHz. The designed antenna can operate
over LTE700, GSM850, GSM900, DCS, PCS, UMTS, LTE2300, LTE2500, LTE3400 for 2G/3G/4G, 3.5 GHz for
WiMAX and 5.2, 5.8 GHz bands for WLAN service bands, but the WMT, WiFi5.5, and 5G bands are not covered.
In Ref’, a 13-band antenna was presented for 4G/5G/WLAN applications. The designed antenna is comprised
of four ground branches and a coupled line. With an overall size of 70 X 140 x 7 mm?, it achieved four operating
bands and can cover the LTE700, GSM850, GSM900, DCS, PCS, UMTS, LTE2300, LTE2500, LTE3400, 2.4, 5.2,
5.8 GHz bands for WLAN, the 3.5 GHz and 4.8 GHz bands for 5G system but do not cover the WMT, WiFi and
WiMAX band. Though many of the reported antennas successfully achieved multiple operating bands cover-
ing 7/8/9/11/13 service bands, they have the demerits of complex design, large volumetric size, and 3D profile.
Moreover, most of them use lumped elements as a matching circuit which increases the fabrication cost and com-
plexity. To the best of our knowledge, very few antennas are reported that can cover the 16 popular service bands
including the LTE850, GSM850, GSM900, UMTS, LTE2190/2000S band, LTE3500, LTE 3700, and LTE5537.5
bands for 4G/3G/2G systems, 1427-1432 MHz band for WMT, 900 MHz and 5.8 GHz bands for WiFi, 3.5 GHz,
and 5.5 GHz bands for WiMAX, 5.8 GHz band for WLAN and the 3.5 GHz and 4.8 GHz bands for 5G system.

In this paper, an octa-band printed monopole antenna is presented for 2G, 3G, 4G, WiFi, WiMAX, WLAN,
and 5G communication applications. The studied antenna comprises an inverted F-shaped monopole radiator
and an F-shaped ground strip. To excite multiple resonant modes, two rotated L-shaped strips are respectively
added to the radiator and ground strip and thus the antenna can achieve eight operating bands of 824-905 MHz,
1.436-1.584 GHz, 1.994-2.318 GHz, 2.998-3.324 GHz, 3.574-3.72 GHz, 4.123-4.363 GHz, 4.562-5.024 GHz
and 5.404-6.00 GHz. The proposed antenna not only has a simple planar profile but also be able to cover sixteen
narrow service bands. Besides, one prime advantage of the studied antenna is that it does not use any lumped
element to match the antenna and kept ample of free spaces for other circuitries.

Antenna design and analysis

The layout of the proposed octa-band antenna is shown in Fig. 1. It is comprised of an inverted F-shaped mono-
pole radiator and a ground strip. As shown in Fig. 1a an unequal arm inverted-F-shaped patch with a rotated
L-shaped branch is printed on the front side of 1.6 mm-thick FR4 substrate material with dielectric constant
4.3 and is fed by a feed line of 50 Q characteristics impedance. The F-shaped ground with a rotated L-shaped
branch is printed on the other side of the substrate as displayed in Fig. 1b. The width and length of the feed-
line are respectively w; and Ir. The monopole radiator with the rotated L-shaped strip is connected to the feed
line through a microstrip line while the ground strip is terminated with another microstrip line. To achieve
good impedance matching between the radiator and ground strip, the width and length of each branch of the
patch and ground are optimized by CST simulation software. The optimized design parameters of the studied
antenna are as follows: L, =41.6 mm, L,=17.38 mm, L;=11.80 mm, L,=41.8 mm, L;=93.54 mm, L;=64.36 mm,
Wi=2.36 mm, W;=62.62 mm, W,=36.23 mm, W;=67.35 mm, W,=62.56 mm, W;=36.29 mm, Wy=67.35 mm,
and W,=0.75 mm.
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Figure 1. The geometry of the proposed antenna (a) Top view, and (b) bottom view.
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Figure 2. Four evolution stages of the antenna design (a) Ant-1, (b) Ant-2, (c) Ant-3, (d) the proposed antenna.
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Figure 3. Simulated S-parameters for (a) Ant-1, and Ant-2, (b) Ant-3 and the proposed antenna.
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Design evolution. To comprehend the working principle of the studied antenna, a comparison of the simu-
lated S-parameters of four different evolution stages is presented in Fig. 3. The four evolution stages of the pre-
sented antenna are displayed in Fig. 2. In Fig. 2a Ant-1 is shown which consists of a microstrip line fed inverted
F-shaped monopole radiator and a vertical strip line in the ground. A rotated L-shaped branch AB is added
to the monopole of Ant-1 to form the Ant-2 is shown in Fig. 2b. As in Fig. 2¢, Ant-3 is formed by adding two
horizontal strip lines CD and EF with the vertical line of the ground to form an F-shaped ground plane. Finally,
another rotated L-shaped branch GH is merged with horizontal line CD to form the proposed antenna as shown
in Fig. 2d. The simulated S-parameters presented in Fig. 3a show that the Ant-1 achieved the operating bands of
2.134-2.200 GHz, 3.806-4.295 GHz, 4.708-4.997 GHz, and 5.472-5.934 GHz. Though it can cover WCDMS/
IMT-2000/UMTS, 2000 S-band, LTE2190, LTE5537.5, WiMAX 5.5, WiFi 5.8, WLAN 5.8, it has insufficient
bandwidth to cover GSM850, GSM900, UMTS, WiFi 860, LTE 850, LTE880, LTE3400, the 3.5 GHz for 5G, and
WiMAX 3.5 GHz bands.

The S-parameter of Ant-2 in Fig. 2a shows, the lower resonance at 2.178 GHz moves down to 2.084 GHz
with an improved S,, value of — 28.2 dB. The shifting of this resonance helps to improve the bandwidth of the
lower band. However, the operating bands are still unsatisfactory. When the horizontal strip line CD and EF
are added to the vertical ground strip (Ant-3), the impedance matching is remarkably improved as shown in
Fig. 3b. Figure 3b shows that the addition of branches CD and EF to the vertical ground strip of Ant-2 excites
six additional resonances at around 874 MHz, 1.144 GH.140 GHz, 3.723 GHz, and 4.983 GHz that can help
to cover the GSM850, UMTS, GSM900, WiFi 860 GHz, LTE850, LTE880, LTE3500, LTE3700, 3.5 GHz for 5G
sub-6 GHz band, WiMAX 3.5 GHz band. When the rotated L-shaped branch GH is added to the Ant-3(the
proposed antenna), the resonances at 1.144 GHz, 3.140 GHz, and 4.983 GHz shifted downward and upward
resulting in enhancement of operating bandwidth that helps to cover the entire 4.8 GHz (4.6-5.0 GHz) band for
5G sub-6 GHz communication system.

Current distributions. To realize the working principle of the studied antenna, the current distributions at
resonant frequencies of 863 MHz, 1.51 GHz, 2.25 GHz, 3.11 GHz, 3.65 GHz, 4.25 GHz, and 5.59 GHz are shown
in Fig. 4a-g. For clarity, the current distribution on the monopole radiator and ground strip is displayed side by
side. At 863 MHz, the current is strong at branch PQ of the ground strip and section XZ of the inverted F-shaped
radiator. As Fig. 4a shows, the current is strong at point P and it is weak at point Q. This means that the resonance
at 863 MHz is associated with 0.25-A mode of the ground branch PQ which can be tuned with the help of XZ
which is supported by Fig. 3b. At 1.51 GHz as shown in Fig. 4b, the current is more intense at section RP of the
ground strong at both points R and P. Consequently, resonance at 1.51 GHz is associated with 1.5 x 0. 25-A mode
of section RP which can be adjusted with the help of section XY of the vertical monopole. As in Fig. 4c, at the
3rd resonance frequency of 2.25 GHz, the current is highly concentrated at section RPQ of the ground strip and
XZ section of the radiator. The current is strong at points R and P and it is weak at point Q. Three nulls also have
been observed at section RPQ which indicated that this resonance is related to higher-order modes of section
RPQ. At 3.11 GHz as displayed in Fig. 4d, the current is more intense at the sections RPS and PQ of the ground
strip and XZ section of the monopole radiator. Thus, the resonance at 3.11 GHz is generated by sections RPS and
PQ section of the ground strip with the help of section XZ and it is associated with the 1-A mode of section RPS
of length I5. As displayed in Fig. 4e, the current concentration at section XZ of the monopole strip and PQ of the
ground strip is higher. Thus, the resonance at 3.65 Hz is mainly generated by section XZ of the monopole radia-
tor and tuned to lower frequency by section PQ which is demonstrated in Fig. 3. The current is strong at both
points X and Z and weak at points P and Q and there are nulls in between them. Therefore, the antenna works at
around 0.5-A mode of section XZ and around 0.75-\ mode at the section of PQ. At 4.25 GHz as shown in Fig. 4f,
the current at sections XZ of the monopole and RPS and PQ of the ground strip is stronger. The current at points
X, Z, R, P, Q are stronger and weak at S, and numbers of nulls have been observed in section RPS. Ignoring the
radiation from the microstrip line, it can be said that at 4.25 GHz the antenna excites at 0.5-A mode of section
XZ and higher modes of section RPS and PQ. As displayed in Fig. 4g the current concentration at 5.59 GHz is
higher at sections XZ of the monopole and RPQ of the ground strip. Therefore, the resonance at this frequency is
generated by section XZ and shifted to the lower band by section RPQ as shown in Fig. 3. The current is strong
at points X, Z, R, P, and Q. A null has been observed in between points X and Z and numbers of nulls have been
observed in between points R and Q, thus it can be commented that 0.5-A mode of section XZ and higher-order
modes of section RPQ are excited at 5.59 GHz. As conclusions, using an inverted F-shaped monopole radia-
tor and the 0.25-A, 0.5-A, and 1-A modes of vertical and lower arms of the F-shaped ground strip, the studied
antenna achieved desired multiple operating bands which was reported in Refs.®!1-13. Moreover, the equivalent
circuit of the proposed antenna is designed based on transmission line theorem, where each metal part has the
effect of inductance and gap between two conductor acts as the capacitor, presented in Fig. 5.

Parametric studies. To better comprehend the behavior of the anticipated antenna, the effects of I, W3, and
W are analyzed and presented in Figs. 6, 7 and 8. The simulated S-parameters with different values of I that are
related to the length of feedline of the monopole are shown in Fig. 6. When the value of [; varies from 59.36 to
69.36 mm, at the 1st, 2nd, and 3rd bands, there is little change in the resonant frequencies and operating band-
width. At the 4th band, the bandwidth is decreased, and resonance frequency moves towards the lower band
with the worst matching. In the 5th band, the matching deteriorated and resonance frequency moves from 3.29
to 2.98 GHz with the decrement of bandwidth. In the 6th band, the bandwidth slightly decreases and resonance
frequency moves downward with lower S;,. At the7th band, bandwidth is increased and the resonance frequency
moves from 4.33 to 4.15 GHz. At the 8th band, bandwidth is decreased and the resonance frequency down to
4.58 GHz from 4.67 GHz. The resonance frequency of the 9th band shifts towards the lower band and the band-
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Figure 4. Surface current distributions at (a) 863 MHz, (b) 1.51 GHz, (c) 2.25 GHz, (d) 3.11 GHz, (e)
3.65 GHz, (f) 4.25 GHz, (g) 5.59 GHz.
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Figure 5. Equivalent circuit of the proposed antenna.
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Figure 6. S-parameters for different values of I;.
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Figure 10. Simulated and measured S-parameters.

width is decreased. At the 10th band, the matching is improved and resonance moves towards the lower oper-
ating frequencies. Trading off the bandwidth and the matching, l;=64.36 mm is taken as the optimized value.

Figure 7 shows the simulated S-parameters for different values of W, the length lower branch of the inverted
F-shaped monopole radiator. It can be observed from the plot that W; has no significant effect on the 2nd, 3rd,
and 9th operating bands. The resonance frequency of the 1st band moves towards the lower band as the value
of Wj increases and the matching becomes worse for values higher and lower than the optimized one. The
bandwidth of the 4th band at 2.25 GHz decreases with increasing W, whereas the bandwidth of the 5th band at
3.11 GHz increases with increasing W;. For the values lower and higher than the optimized one, the matching at
the 6th band at 3.65 GHz becomes worse. The bandwidth of the 7th band at 4.25 GHz increases with decreasing
W; despite of poor S, value. When the value of W; varies from 57.35 to 77.35 mm, the resonance frequency of
the 8th band is shifted from 4.44 to 4.56 GHz and the bandwidth is decreased. Great dependence of the 10th
band at 5.59 GHz on W has been observed in the plot.

Trading off the bandwidth and the impedance matching, a value of 67.35 mm is taken as the final value to
fabricate the studied antenna.

The S-parameters with different values of Wy, length of the lower branch of the F-shaped ground strip are
shown in Fig. 8. The variation of W has no significant effect on the 2nd, 3rd and 9th bands, while the other
operating bands are affected by W,. The bandwidth of the 1st band at 863 MHz is increased with increasing W
and its resonant frequency moves towards the lower operating band. When the value of W varies from 57.35
to 77.35 mm, the bandwidth of the 4th band at 2.25 GHz is decreased whereas the bandwidth of the 5th band at
3.11 GHz is increased due to improved matching. The matching at the 6th band becomes poorer as the value of
Wy is lower or higher than the optimized one. The matching at the 7th and 8th bands is improved with increas-
ing Wy along with shifting of resonance frequencies from the desired one. The bandwidth 10th band becomes
smaller and the matching is poorer as the value of Wy is lower or higher than the optimized value. To get the
desired operating bands with improved matching the final value of Wy is taken as 67.35 mm.
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Figure 11. Measured and simulated peak gain.

o
o0

Efficiency
=) =)
ES o

.o
o

05 1 15 2 25 3 35 4 45 5 55 6
Frequency (GHz)

Figure 12. Measured and simulated radiation efficiency.

Experimental results and discussions

The studied antenna has been fabricated with optimized parameters and is shown in Fig. 9. The input imped-
ance characteristic of the presented antenna is measured with the help of the Agilent N5227A network ana-
lyzer and the S-parameter responses are presented in Fig. 10. It is evident from the plot that the measured
— 6 dB operating bands of the studied antenna are 789-921 MHz (132 MHz), 1367-1651 MHz (284 MHz),
1995-2360 MHz (365 MHz), 2968-3374 MHz (406 MHz), 3546-3707 MHz (161 MHz), 4091-4405 MHz
(314 MHz), 4519-5062 MHz (543 MHz) and 5355-6000 MHz (645 MHz). Hence, the prototype antenna achieved
eight operating bands and can cover sixteen well-established service bands. The measured result agrees well with
the simulated one. The slight discrepancy is caused by fabrication errors.

The radiation characteristics of the studied multi-band antenna are measured in an anechoic chamber using
near field antenna measurement system StarLab from MVG. The gain and efficiency of the proposed antenna are
respectively shown in Figs. 11 and 12. It is observed from Fig. 10 that at the eight operating bands, the average
measured gains are 2.04 dBi, 1.19 dBi, 2.57dBi, 3.48 dBi, 2.60 dBi, 3.05 dBi, 4.94 dBi, and 3.11 dBi, respectively.
At the first, second, third, fourth, fifth, sixth, seventh, and eighth impedance bands, the maximum measured
efficiency of the presented antenna are respectively 86.6%, 82.7%, 62.2%, 48.5%, 48.6%, 55.4%, 49.1%, and 44.8%
and is acceptable for cellular communications®>%°-2!, The efficiency of the proposed antenna in the 4th, 5th, 7th,
and 8th bands is slightly less than 50% which is due to the excitation of surface waves. In the proposed antenna,
the surface waves spread out around the excitation point and are reflected when they meet the ground plane and
at the dielectric-to-air boundary. The fields remain trapped within the substrate and absorb part of the energy
of the signal resulting in the decrement of efficiency*’. Moreover, the low efficiency of the antenna is due to the
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Figure 13. Measured normalized E-(left) and H-(right) field patterns at (a) 863 MHz, (b) 1.51 GHz, (c)
2.25 GHz, (d) 3.11 GHz, (e) 4.25 GHz, (f) 5.59 GHz.
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higher loss of standard FR4 substrate used to fabricate the antenna. When a substrate with low dielectric per-
mittivity is used, less energy is coupled into the surface waves, thus reduces the magnitude of the surface waves
which in turn increases the efficiency. Moreover, the efficiency of the proposed antenna can also be increased
using reflecting surfaces, active component, EBG structure, slot matching, and substrate with the low loss®.

The measured normalized radiation patterns of the studied antenna at 863 MHz, 1.51 GHz, 2.25 GHz,
3.11 GHz, 4.25 GHz, and 5.59 GHz are depicted in Fig. 13. In the plot, the black solid lines represent the co-
polarized component (E,) while the red dashed lines represent the cross-polarized component (Eg). At 863 MHz,
1.51 GHz, and 2.25 GHz shown in Fig. 13a—c respectively, the E-field pattern is almost omnidirectional and the
H-field pattern is dipole-like with good omnidirectional radiation which indicates that at lower frequencies,
the studied antenna exhibits stable radiation characteristics. This characteristic is similar to the observation in
many wideband/multiband slot antennas reported in Refs.*-?°. At higher frequencies of 3.11 GHz, 4.25 GHz,
and 5.59 GHz, respectively displayed in Fig. 13d-f, comparatively large variations both in the E-field and H-field
radiation patterns are observed. These rapid variations in the radiation characteristics are mainly due to the
nulls of the surface current distribution on the ground strip. In both E- and H-plane, the cross-polarized level,
and distortion are respectively higher at low and frequencies which may be due to the excitation of surface/
leaky waves. Surface waves propagate until they reach an edge of the substrate. When surface waves reach these
boundaries, they are reflected and diffracted by the edges. The diffracted waves provide an additional contribu-
tion to radiation, degrading the radiation patterns by producing distortions, and cross-polarization levels?’. This
higher level of cross-polarized radiation may also be due to the undesirable higher-order radiating modes that
affect the far-field performance of the anticipated antenna. Moreover, as the studied antenna is prototyped on
substrate material with higher thicknesses and large dielectric constant, this cross-polarized radiation becomes
significantly prominent near the broadside direction which reflects the finding reported in Refs.!*1¢2%, This
higher cross-polarized level and distortions can be suppressed using modified feeding arrangement, exploration
of defected patch surface, use of the shorted patch, use of microwave absorbers, and metamaterials.

To accent, the advantages, the size and performance of the studied antenna are compared with recently
reported multi-band antennas and are listed in Table 1. Obviously, the overall size of the proposed antenna is
compact than those reported in Refs.>~'® while achieving more operating bands sufficient to cover 16 popular
service bands. Though some of the reported antennas achieved higher gain and efficiency, they possess complex
structure, 3D profile, and use lumped element matching circuit. Moreover, none of the antennas reported in
Refs.’"'® cover as many service bands as the proposed antenna does. As the studied antenna possesses a planar
profile and requires no vertical space/large system ground plane or lumped elements, the prototyping of the
presented antenna is simpler than those in Ref.>"'¢. Therefore, the advantageous features of the proposed antenna
such as small volumetric size, higher operating bands, and ease of fabrication make it suitable for sixteen narrow
service bands in 2G, 3G, 4G, WiFi, WIMAX, WLAN, and newly deployed 5G sub-6 GHz communication systems.

Conclusion

To fulfill the demand of wireless communication towards next-generation and to operate over multiple fre-
quency bands, a planar monopole antenna is presented for portable communication devices. The anticipated
antenna consists of an inverted F-shaped monopole patch and an F-shaped ground plane. The multi-resonant
modes can easily be excited and controlled by different branches of the patch and vertical and lower branches of
the ground strip. For S}, <— 6 dB, the fabricated antenna achieved eight operating bands and can cover sixteen
well-established service bands. The measured peak gains at the eight operating bands are 2.98, 2.54, 3.74, 4.44,
3.40, 4.29, 6.32, and 5.32 dBi respectively. The designed octa-band antenna also achieved satisfactory radiation
efficiency and exhibits nearly omnidirectional radiation patterns which make it very suitable for being used in
portable communication devices such as tablets, laptops, etc. The main advantage of the anticipated antenna is to
cover sixteen narrow service bands in the 2G, 3G, 3G, 5G sub-6 GHz, WiFi, WiMAX, and WLAN communica-
tion systems without any lumped elements and keeping sufficient empty spaces for other microwave circuitries.
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Overall size Operating Used lumped Max. efficiency | Substrate

References (mm?®) Volume (mm?) | bands (MHz) elements Peak gain (dBi) | (%) material
746-960

3 150.8 x200.8x7 | 211,964 Yes NA 83 FR4
1710-2690
665-965 69

4 79x142x7.5 84,135 Yes NA FR4
1610-2800 81
698-960 3 69.9

R 1710-2690 39 69.4

> 70x140x7 68,600 Yes FR4
3300-3800 3.3 59.4
4600-5850 4.5 67.7
824-960 2.1 48

N 76 x150x 6 68,400 Yes FR4
1710-2690 5.1 76

_ 690-980 3.0 94.5

7 80x140x5.8 64,960 Yes FR4
1630-2740 5.6 73.2
0.67-1.02 3.37 82

8 80x140x5.8 64,960 No FR4
1.65-2.92 4.48 97.2
790-990 72.6

o 70x150x 6 63,000 Yes NA FR4
1650-2920 84.4
698-960 65

10 75x140x5.8 60,900 1710-2690 Yes NA 92 FR4
3400-3800
681-991
1626-2706

u 75x140x5.8 60,900 3300-3813 No 593 81.1 Rogers
5136-5379
5622-6000
698-960 63

12 75%x130%x6 58,500 Yes NA FR4
1710-2690 95
675-1050 0.1 78.7

13 70x127x6 53,340 Yes FR4
1600-2800 3.6 81
690-970 3.24 86.9

14 70x128x5.8 51,968 No FR4
1680-2740 4.02 82.9

. 697-1010 2.52 83.6

15 70%x128x4.8 43,008 ———  Yes FR4
1590-3250 4.7 89.9
800-1100 2.4 76

16 60x120%5 36,000 Yes Rogers
1700-2580 4.5 84
789-921 2.98 86.6
1367-1651 2.54 82.7
1995-2360 3.74 62.2
2968-3374 4.44 48.5

This work 97.6x205x 1.6 | 32,013 No FR4
3546-3707 3.40 48.6
4091-4405 4.29 55.4
4519-5062 6.32 49.1
5355-6000 5.32 44.8

Table 1. Comparative study of the few existing multi-band antennas with the proposed antenna.

Received: 7 April 2021; Accepted: 16 July 2021
Published online: 27 July 2021

References

1. Affandi, A., Azim, R., Alam, M. M. & Islam, M. T. A low-profile wideband antenna for WWAN/LTE applications. Electronics 9,
393 (2020).

2. Hasan, M. M., Faruque, M. R. I. & Islam, M. T. Dual band metamaterial antenna for LTE/bluetooth/ WiMAX system. Sci. Rep. 8,
1240 (2018).

3. Wong, K. L. & Tsai, C. Y. Half-loop frame antenna for the LTE metal-casing tablet device. IEEE Antennas Wirel. Propag. Lett. 65,
71-81 (2017).

4. Huang, D., Du, Z. & Wang, Y. Eight-band antenna for full-screen metal frame LTE mobile phones. IEEE Trans. Antennas Propag.
67, 1527-1534 (2019).

5. Huang, D., Du, Z. & Wang, Y. Compact thirteen-band antenna for 4G/5G/WLAN metal frame mobile phones. Int. . RF Microw.
Comput. Aided Eng. 30, 22057 (2020).

Scientific Reports|  (2021)11:15298 | https://doi.org/10.1038/s41598-021-94753-w nature portfolio



www.nature.com/scientificreports/

6. Xu, Z. Q.,, Zhou, Q. Q., Ban, Y. L. & Ang, S. S. Hepta-band coupled-fed loop antenna for LTE/WWAN unbroken metal-rimmed
smartphone applications. IEEE Antennas Wirel. Propag. Lett. 17, 311-314 (2018).
7. Wang, Y. & Du, Z. Wideband monopole antenna with less nonground portion for octa-band WWAN/LTE mobile phones. IEEE
Trans. Antennas Propag. 64, 383-388 (2016).
8. Huang, D., Du, Z. & Wang, Y. An octa-band monopole antenna with a small nonground portion height for LTE/WLAN mobile
phones. IEEE Trans. Antennas Propag. 65, 878-882 (2017).
9. Liu, Y, Cui, W, Jia, Y. & Ren, A. Hepta-band metal-frame antenna for LTE/WWAN full-screen smartphone. IEEE Antennas Wirel.
Propag. Lett. 19, 1241-1245 (2020).
10. Wong, K. L. & Chen, Y. C. Small-size hybrid loop/open-slot antenna for the LTE smartphone. IEEE Trans. Antennas Propag. 63,
5837-5841 (2015).
11. Eskandari, Z., Keshtkar, A. & Shokouh, J. A. A narrow-frame antenna for WWAN/LTE/WiMAX/WLAN mobile phones. Int. J.
Electron. Commun. 94, 244-252 (2018).
12. Wong, K. L. & Wu, P. R. Dual-wideband linear open slot antenna with two open ends for the LTE/WWAN smartphone. Microw.
Opt. Technol. Lett. 57, 1269-1274 (2015).
13. Huang, D. & Du, Z. Eight-band antenna with a small ground clearance for LTE metal-frame mobile phone applications. IEEE
Antennas Wirel. Propag. Lett. 17, 34-37 (2018).
14. Tang, R. & Du, Z. Wideband monopole without lumped elements for octa-band narrow-frame LTE smart phone. IEEE Antennas
Wirel. Propag. Lett. 16, 720-723 (2017).
15. Huang, D., Du, Z. & Wang, Y. Compact octa-band monopole antenna with independently tuning for WWAN/LTE mobile phones.
Microw. Opt. Technol. Lett. 59, 208-214 (2017).
16. Wu, D, Cheung, S. W. & Yuk, T. I. A compact and low-profile loop antenna with multiband operation for ultra-thin smartphones.
IEEE Trans. Antennas Propag. 63, 2745-2750 (2015).
17. Ban, Y. L. et al. Low-profile printed octa-band LTE/WWAN mobile phone antenna using embedded parallel resonant structure.
IEEE Trans. Antennas Propag. 61, 3889-3894 (2013).
18. Azim, R. & Siddque, A. K. M. A. H. Ground defected planar super-wideband antenna: A suitable transceiver for short distance
wireless communication. J. Kejuruteraan 30, 129-139 (2018).
19. Wong, K. L. & Chen, M. T. Small-size LTE/WWAN printed loop antenna with an inductively coupled branch strip for bandwidth
enhancement in the tablet computer. IEEE Trans. Antennas Propag. 61, 6144-6151 (2013).
20. Chen, H. & Zhao, A. LTE antenna design for mobile phone with metal frame. IEEE Antennas Wirel. Propag. Lett. 15, 1462-1465
(2016).
21. Ban, Y.L, Liu, C. L., Chen, Z,, Li, J. L. W. & Kang, K. Small-size multiresonant octaband antenna for LTE/WWAN smartphone
applications. IEEE Antennas Wirel. Propag. Lett. 13, 619-622 (2014).
22. Waterhouse, R. B. Improving the efficiency of microstrip patch antennas. In Microstrip Patch Antennas: A Designer’s Guide. 167-195
(Springer, 2003).
23. Pfeiffer, C. Fundamental efficiency limits for small metallic antennas. IEEE Trans. Antennas Propag. 65, 1642-1650 (2017).
24. Azim, R,, Islam, M. T. & Mobashsher, A. T. Design of a dual band-notch UWB slot antenna by means of simple parasitic slits. IEEE
Antennas Wirel. Propag. Lett. 12, 1412-1415 (2013).
25. Tiang, J. ., Islam, M. T., Misran, N. & Mandeep, . S. Slot loaded circular microstrip antenna with meandered slits. J. Electromagn.
Waves Appl. 25, 1851-1862 (2011).
26. Azim, R. et al. A multi-slotted antenna for LTE/5G Sub-6 GHz wireless communication applications. Int. J. Microw. Wirel. Technol.
13, 486-496 (2021).
27. Zurcher, J. E & Gardiol, E. E. Broadband Patch Antennas. (Artech House, 1995).
28. Siddique, A. K. M. A. H,, Azim, R. & Islam, M. T. Compact planar ultra-wideband antenna with dual notched band for WiMAX
and WLAN. Int. J. Microw. Wirel. Technol. 11,711-718 (2019).

Author contributions

R.A.: Conceptualization, methodology, validation, writing-original draft & writing-editing. T.A.: Conceptual-
ization, methodology, analysis & writing-review. M.S.M: Conceptualization & methodology. A.F.A: Structural
analysis, software & visualization. M. T.L.: Conceptualization, supervision, project administration, funding acqui-
sition, writing-review & editing. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.A., A.EA. or M.T.L

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:15298 | https://doi.org/10.1038/s41598-021-94753-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An octa-band planar monopole antenna for portable communication devices
	Antenna design and analysis
	Design evolution. 
	Current distributions. 
	Parametric studies. 

	Experimental results and discussions
	Conclusion
	References


