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ABSTRACT This work presents a compact, low-cost hexa-band microstrip antenna for Internet of Things
(IoT) applications. The proposed hexa-band antenna is composed of simple six-λ/4 resonators to generate
six resonant frequencies: GSM 1.84 GHz (1.8 - 1.89 GHz), Bluetooth 2.31 GHz (2.25 –2.375 GHz),
WiMAX 3.3 GHz (3.16 - 3.47 GHz), WiFi 4.63 GHz (4.34 - 5 GHz), upper WLAN 6.1 GHz (5.8 - 6.91 GHz)
and X-band 9.26 GHz (8.87 - 9.83 GHz). The proposed hexa-band antenna is fabricated using FR4 substrate
with (23 × 20 × 1.6) mm3 dimensions, and its measured results are presented to validate the simulated
results. The results of simulations and measurements are used to examine the radiation properties, including
radiation patterns, gain, efficiency, VSWR, and reflection coefficient. The proposed hexa-band antenna has
a miniaturized size and good radiation performance.

INDEX TERMS Hexa-band antenna, Multi-band antenna, IoT, Bluetooth, GSM, WiFi, WiMAX, WLAN,
X-band.

I. INTRODUCTION

W IRELESS communications are rapidly progressing.
The very small portable devices in modern wireless

communications require compact multi-band antennas. A
hexa-band antenna often refers to an antenna system that
can operate in six different frequency bands. These anten-
nas are widely employed in wireless communication appli-
cations to provide interoperability with several frequency
bands used by different technologies or standards. In IOT,
hexa-band antennas may be used to cover frequencies for
GSM, Bluetooth, WiMAX, WiFi, GPS, WLAN, and other
wireless protocols. They are intended to efficiently send
and receive signals across these various frequency bands,
thereby improving communication performance. An antenna
that can function over six frequency bands is commonly
referred to as a hexa-band antenna for Internet of Things
(IoT) applications. Because they are meant to be connected
to different networks, Internet of Things devices frequently
need to be connected over a range of frequencies, such as
GSM (1.9 GHz), WiFi (2.4 GHz and 5 GHz), Bluetooth (2.4
GHz), WiMAX (3.5 GHz), upper WLAN (6.4 GHz), and
other applications. Effective approaches have been proposed
to create multi-band antennas, such as dual-band [1]–[7], tri-
band antenna [8]–[12], quad-band antenna design [13]–[17],
pentaband [18], [19], and hexa-band antenna design [20]–
[22]. Many researchers have designed multi-band antennas

for IOT applications. In study [9], proposed a tribe-band
antenna based on a split-square ring resonator and a half-ring
resonator with a size of 33×22×1.6 mm3 to operate at fre-
quencies of 2.4, 3.7 and 5.8 GHz with gains of 1.43 dBi, 0.89
dBi and 1 dBi for IOT applications. In study [11], a Filtenna
system with three modes for UWB, WiMAX 3.5 GHz, and
WLAN 5.2 GHz with realized gains of 2.2 dBi, 2.65 dBi, and
1.92 dBi, respectively, for CR applications is presented. In
[13], due to the use of four quarter-wavelength resonators to
form a quad-band antenna, it operates at resonant frequencies
of 1.8 GHz, 2.4 GHz, 3.35 GHz, and 5.4 GHz with gains
of 1.5 dBi, 1.75 dBi, 2.5 dBi, and 3.7 dBi, respectively. A
quad-band antenna with a whole-size of 25 × 40 × 1.5 mm3
resonant at 2.2 GHz, 5.7 GHz, 7.7 GHz, and 8.3 GHz for
IOT, S-band, X-band, and RFID applications was presented
in [14]. A quad-band antenna based on the L-shape slot,
Sierpinski triangle, and circular split ring resonator (SRR)
to generate operating frequency of 3.1 GHz, 5.52 GHz, 7.31
GHz, 9.72 GHz [17].
In this paper, a miniature hexa-band antenna for IoT ap-
plications is presented. The proposed multi-band antenna
is a combination of a six-quarter-wavelength resonator that
results in a compact size of 23 mm × 20 mm with multiple
resonation behaviors. The proposed hexa-band antenna ex-
hibits simulated (measured) operating frequencies at 1.946
GHz (1.84 GHz), 2.44 GHz (2.31 GHz), 3.497 GHz (3.3
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GHz), 4.9 GHz (4.63 GHz), 6.34 GHz (6.1 GHz), and 9.65
GHz (9.26 GHz) for GSM, Bluetooth, WLAN, WiMax, and
X-band applications. The structure of this paper is as follows:
The steps for designing and developing the proposed hexa-
band antenna based on the six resonators are presented in
Section 2. A parametric study is discussed in Section 3.
Section 4 presents the simulated and measured results of
the proposed hexa-band antenna and compares it with other
related works. The conclusion is presented in Section 5.

II. MULTI-BAND ANTENNA DESIGN
The proposed hexa-band antenna is shown in Figure 1. The
front side of the proposed antenna consists of six quarter-
wavelength resonators integrated within a 50-ohm trans-
mission feed line to ensure hexa-band functionality. The
backside of the antenna shows the trapped, partial ground.
The CST simulation software [23] is used for the design
and optimization of the proposed multi-band antenna. FR4
substrate with a dielectric constant of 4.3 and a loss tangent
of 0.02 is used to simulate the developed multi-band antenna,
whose electrical size in terms of wavelength is 0.149 λ ×
0.123 λ, where λ is the wavelength at the first resonant
frequency of the entire -10 dB operating frequency range. All
the optimized parameter values of the proposed hexa-band
antenna are listed in Table 1.

(a) (b)
FIGURE 1. Proposed hexa-band antenna (a) Front side; (b) Back side.

TABLE 1. The Parameter Values of the Proposed Hexa-Band Antenna.

Parameter Value(mm) Parameter Value(mm)
L 23 W 20
L1 7 W1 1.5
L2 3 W2 1
L3 14 W3 1
L4 10 W4 1
L5 15 W5 1.5
L6 4 W6 1.5
L7 13 G1 1.5
L8 7.5 G2 0.5
Lg 3 Wg 18
Lf 6 Wf 3

The design steps for inserting the resonators to develop
the multi-band antenna are shown in Figure 2. The first step
of the antenna design is to insert resonator 1 and combine

it with the feeding line to form Ant.1, as shown in Figure
2 (a), to generate a single-band resonant frequency of 5.191
GHz. When adding resonator 2 and also combining it with
the feeding line to form Ant.2, as shown in Figure 2 (b), to
provide dual-band operation at 5.257 GHz and 8.755 GHz, a
tri-band operation at 2.386 GHz, 5.543 GHz, and 8.953 GHz
is generated by inserting resonator 3 (Γ-shape resonator) to
form Ant.3, as shown in Figure 2(c). Inserting resonator 4
(7-shape resonator) to form Ant.4 as shown in Figure 2 (d),
the penta-band operation at frequencies of (2.055 GHz, 2.463
GHz, 3.981 GHz, 5.807 GHz, and 8.986 GHz) is generated.
A penta-band is also achieved when resonator 5 is attached
as Ant. 5 in Figure 2 (e), and the operation frequencies
are (1.946 GHz, 2.441 GHz, 3.475 GHz, 5.048 GHz, and
6.379/9.085 GHz). further inserting resonator 6 to generate
the proposed antenna as shown in Figure 2(f) with hexa-
band operation at resonant frequencies of (1.946 GHz, 2.44
GHz, 3.497 GHz, 4.9 GHz, 6.34 GHz, and 9.65 GHz). The
simulated reflection coefficient of all steps to develop the
proposed antenna are indicated in Figures 3 (a) - (f). All the
simulated resonance frequencies of inserting the resonators
are listed in Table 2. The resonant frequencies of all quarter
wavelength resonators can be predicted from bellow equation
[24], [25].

fn =
λg

4
=

300

4× LRn ×√
ϵreff

(1)

Where LRn represents the length of quarter-wavelength
resonator and n is the number of resonator and it takes the
value from 1 to 6. ϵreff represent represents the epsilon
effective value of the dielectric substrate and can be found
as [26], [27]:

ϵeff =
ϵr + 1

2
+

ϵr − 1

2
[1 +

12h

W
]−0.5 (2)

The length of each one of six resonators can be determine
from equations (3) -(8).

LR1 = L1 (3)

LR2 = L2 +W6 (4)

LR3 = L3 + L4 +G1 (5)

LR4 = L5 + L6 + L7 +G1 +G2 (6)

LR5 = L1 −G3 + Lg (7)

LR6 = L9 (8)

Theoretical resonant frequencies are found at f1 = 6.58
GHz, f2 = 9.5987 GHz, f3 = 2.33 GHz, f4 = 1.77 GHz, f5 =
3.410 GHz, and f6 = 4.74 GHz which are in good agreement
with the simulated values of the resonant frequencies.
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(a) (b)

(c) (d)

(e) (f)
FIGURE 2. Steps to develop the proposed hexa-band antenna as: (a) Ant.1;
(b) Ant.2; (c) Ant.3; (d) Ant.4; (e) Ant.5; (f) Proposed Ant.

TABLE 2. Resonant frequency for inserting different resonators to develop a
hexa-band antenna.

Resonators f1(GHz) f2(GHz) f3(GHz) f4(GHz) f5(GHz) f6(GHz)
1 5.191 - - - - -
2 5.257 8.755 - - - -
3 2.386 5.543 8.953 - - -
4 2.055 2.463 3.981 5.807 8.986 -
5 1.946 2.441 3.475 5.048 6.379/

9.085
-

6 1.946 2.44 3.497 4.9 6.34 9.65

III. ANTENNA PARAMETRIC STUDY
This section discusses how the length and width of the
trapped ground (Lg and Wg) affect the antenna performance.
The reflection coefficients of the proposed hexa-band antenna
for different values of the length of the trapped ground (Lg

= 3 mm, 4 mm, and 5 mm) and (Wg = 18 mm, 19 mm,

FIGURE 3. Reflection coefficient of the steps design of Antenna.

FIGURE 4. Simulated reflection coefficient of proposed hexa-band antenna at
different values of Lg .

FIGURE 5. Simulated reflection coefficient of proposed hexa-band antenna at
different values of Wg .

and 20 mm) are depicted in Figures 4 and 5. It shows that
when you decrease the length of the ground, it improves
the impedance matching of the operating frequencies. The
parametric study shows the best values of Lg = 3 mm and
Wg = 18 mm to achieve the hexa-band operating at 1.946
GHz, 2.44 GHz, 3.497 GHz, 4.9 GHz, 6.34 GHz, and 9.65
GHz. The reflection coefficient (S11) values of the antenna
at resonant frequencies are -17.1, -26.83, -27.58, -61.54, -26,
and -28.63 dB, respectively.

IV. RESULTS AND DISCUSSIONS
Figure 6 shows the front and back sides which is fabricated
the proposed hexa-band antenna using FR4 substrate and
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characterized by network analysis.

(a) (b)
FIGURE 6. Prototype of proposed hexa-band antenna (a) Front side; (b) Back
side.

A. REFLECTION COEFFICIENT
Figure 7 shows the simulated (measured) reflection coef-
ficient of the proposed hexa-band antenna. It exhibits the
simulated (measured) operating frequencies in the hexa-band
of 1.946 GHz (1.84 GHz), 2.44 GHz (2.31 GHz), 3.497 GHz
(3.3 GHz), 4.9 GHz (4.63 GHz), 6.34 GHz (6.1 GHz), and
9.65 GHz (9.26 GHz). The simulated -10 dB bandwidth at the
six bands is 6.3% (1.88-2 GHz), 6.41% (2.364-2.518 GHz),
11.34% (3.32-3.717 GHz), 20% (4.54-5.52 GHz), 20.3% (6-
7.28 GHz), and 8.91% (9.25-10.11 GHz), respectively. While
the measured -10 dB bandwidth at the resonant frequencies
is 6.3% (1.88-2 GHz), 6.41% (2.364-2.518 GHz), 11.34%
(3.32-3.717 GHz), 20% (4.54-5.52 GHz), 20.3% (6-7.28
GHz), and 8.91% (9.25-10.11 GHz), respectively.

B. CURRENT DISTRIBUTION
Figures 8 (a)–(d) illustrate the current distributions of the
proposed hexa-band antenna at different resonant frequencies
for multi-bands. Notice from the current distribution at the

FIGURE 7. Simulated and measured reflection coefficient of proposed
hexa-band antenna.

frequency of 6.34 GHz (Band 5) that the maximum current
passes through resonator 1, as shown in Figure 8 (a). The
current is consecrated on the resonator 2 at a resonant fre-
quency of 9.65 GHz (Band 6), as shown in Figure 8 (b).
The maximum current passes through resonator 3 (Γ-shape
resonator) at the resonant frequency of 2.44 GHz (Band 2), as
depicted in Figure 8 (c). At the fourth resonant frequency of
1.946 GHz (Band 1), the current distribution in Figure 8 (d)
shows the maximum current passing through the resonator
4 (7-shape resonator). Figures 8 (e) and 8 (f) show the
current distribution is centered at the fifth and sixth resonant
frequencies of 3.497 GHz and 4.9 GHz (Band 3 and Band
4), respectively, for the left I-shape resonator and the right
I-shape resonator (resonators 5 and 6).

(a) (b)

(c) (d)

(e) (f)
FIGURE 8. Current distribution of the proposed antenna at resonant
frequencies of (a) 6.34 GHz; (b) 9.65 GHz; (c) 2.44 GHz; (d) 1.946 GHz; (e)
3.497; (f) 4.9 GHz.

C. REALIZED GAIN AND RADIATION EFFICIENCY
Figure 9 shows the simulated (measured) realized gain of the
proposed hexa-band antenna at the six operating frequencies.
A peak realized gain is 1.5 dBi (1.6 dBi), 1.65 dBi (1.83 dBi),
2.2 dBi (2 dBi), 2.27 dBi (1.88 dBi), 2.75 dBi (2.44 dBi),
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FIGURE 9. Simulated and measured realized gain of proposed hexa-band
antenna.

and 4.1 dBi (3.7 dBi) at resonant frequencies. The simulated
3D gains of the proposed antenna at each resonant frequency
are plotted as shown in Figure 10(a-f). Figure 11 shows the
simulated and measured values of radiation efficiency as a
function of frequency. This shows that the radiation effi-
ciency values are higher than 70% at all resonant frequencies.
All simulated and measured results for the proposed antenna
are evaluated in Table 3. The reason for the slight difference
between the measured results and the simulation is due to
possible errors in the manufacturing process as well as the
method of taking measurements using a network analyzer.

(a) (b)

(c) (d)

(e) (f)
FIGURE 10. Simulated 3d gain of proposed hexa-band antenna as: (a) 1.946
GHz; (b) 2.44 GHz; (c) 3.497 GHz; (d) 4.9 GHz; (e) 6.34 GHz; (f) 9.65 GHz.

FIGURE 11. Simulated and measured radiation efficiency of proposed
hexa-band antenna.

FIGURE 12. Gain as a function of theta (radiation pattern) with phi=90° at
resonant frequencies.

D. POWER RADIATION PATTERN
Figure 12 illustrates the Cartesian gain as a function of theta
(radiation pattern) of the proposed antenna at six resonant
frequencies. It is supported that the proposed antenna is radi-
ating in all directions. The simulated and measured power ra-
diation pattern (E plane and H plane) of the proposed antenna
is evaluated at the resonant frequencies of 1.946, 2.44, 3.497,
4.9, 6.34, and 9.65 GHz, and the results are shown in Figure
13(a-f). The radiation patterns at the resonant frequencies are
calibrated depending on the realized gain of the proposed
antenna. The omnidirectional and bidirectional in H-plane
and E-plane, respectively, show this antenna can radiate in
all directions, which is suitable to operate with IoT devices.

Table 4 shows a comparison of the proposed multi-
band antenna with previous related studies. The comparison
showed the superiority of the proposed antenna in terms of
its miniature size, number of bands, low cost, good realized
gain values, and high efficiency.

V. CONCLUSIONS
A compact hexa-band antenna for IoT applications has been
successfully simulated and fabricated. The simulated and
measured results of the proposed hexa-band antenna have
been validated. The six quarter-wavelength resonators in the
proposed hexa-band antenna allow it to achieve six resonant
frequencies under simulation at 1.946, 2.44, 3.497, 4.9, 6.34,
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TABLE 3. Comparison between simulated and measured results of proposed
hexa-band antenna.

Band Results f (GHz) BW(GHz) S11(dB) Gain(dBi)
Band 1 Sim.

Mea.
1.946
1.84

1.88-2
1.8-1.89

-17.1
-17.36

1.5
1.6

Band 2 Sim.
Mea.

2.44
2.31

2.364-2.518
2.25-2.375

-26.83
-20.27

1.65
1.83

Band 3 Sim.
Mea.

3.497
3.3

3.32-3.717
3.16-3.47

-27.58
-20.66

2.2
2

Band 4 Sim.
Mea.

4.9
4.63

4.54-5.52
4.34-5

-61.54
-22.6

2.27
1.88

Band 5 Sim.
Mea.

6.34
6.1

6-7.28
5.8-6.91

-26
-17.61

2.75
2.44

Band 6 Sim.
Mea.

9.65
9.26

9.25-10.11
8.87-9.83

-28.63
-34.92

4.1
3.7

TABLE 4. Comparison of proposed multi-band antenna with others.

Ref. No. of
bands

f (GHz) BW(GHz) Subs. Gain (dBi) Size
(mm3)

[28] 2 0.915/ 2.45 0.018/ 0.13 FR4 2.87/ 6.8 70×31×1.6
[29] 3 3.1/2.4/6 2.2/1/2 FR4 1/1.6/2.2 17×33×1.6
[30] 3 2.3/3.3/6.5 1/0.7/1.9 NA 1.4/2/4.1 16×25×1.6
[31] 3 2.6/3.8/5.3 1.1/1.2/0.6 FR4 2.9/2.5/3.8 86×61×1.6
[32] 3 2.45/3.5/

5.8
0.39/0.39/
0.76

RO4350 6.3/7.4/
8.7

26×25×1.5

[14] 4 2.2/5.7/
7.7/8.3

0.5/1.1/
0.3/0.1

RT5880 1.4/3.3/
6.3/3.5

25×40×1.5

[33] 4 0.8/5.8/
8.5/11.4

0.3/3.2/
2.9/1.9

Dual
substrate

-3/1.2/
0.2/2

50×60×3

[13] 4 1.8/2.4/
3.3/5.4

0.2/0.2/
0.6/0.65

FR4 1.5/1.7/
2.5/3.7

32×15×1.6

[34] 5 0.7/1.4/
2.1/3.8/6

0.4/0.1/
0.4/3/0.4

FR4 1.1/1.3/
2/1.8/1.6

30×30×1.6

[35] 5 1.5/2.9/
3.8/4.5/5

0.07/0.06/
0.1/0.12/0.14

FR4 2.5/3.5/
1/1.8/3.8

36×30×1.6

[36] 5 2.05/3.65/5.6
/6.47/7.89

1.2/1.36/0.98
/0.41/0.67

FR4 2.1/4.4/1.1
/2.9/5.2

48×58×1.3

This
work

6 1.84/2.31/
3.3/4.63/
6.1/9.26

0.09/0.125/
0.31/0.66/
1.11/0.96

FR4 1.6/1.83/
2/1.88/
2.44/3.7

23×20×1.6

and 9.65 GHz with S11 < -10 dB bandwidth: 6.3% (1.88-2
GHz), 6.41% (2.364-2.518 GHz), 11.34% (3.32-3.717 GHz),
20% (4.54-5.52 GHz), 20.3% (6-7.28 GHz), 8.91% (9.25-
10.11 GHz), respectively. The antenna operates in measure-
ments at 1.84, 2.31, 3.3, 4.63, 6.1, and 9.26 GHz with S11 < -
10 dB bandwidth: 4.89% (1.8-1.89 GHz), 5.41% (2.25-2.375
GHz), 9.39% (3.16-3.47 GHz), 14.25% (4.34-5 GHz), 18.2%
(5.8-6.91 GHz), 10.36% (8.87-9.83 GHz), respectively. The
proposed antenna has good impedance matching and radia-
tion pattern at the resonant frequencies, and it is suitable to
cover GSM, Bluetooth, WLAN, WiFi, WiMAX, and X-band
applications.
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FIGURE 13. Simulated and measured power pattern of the proposed antenna
at the resonant frequencies of (a) 1.946 GHz; (b) 2.44 GHz; (c) 3.497 GHz; (d)
4.9 GHz; (e) 6.34; (f) 9.65 GHz.
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