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Abstract—The IEEE 802.11ax/be standard, known as WiFi 
6/7, represents the latest evolution in Wireless Local Area 
Network (WLAN) technologies. Due to their high data rates 
and improved capacity, these standards are critical for 
supporting current and next-generation Internet of Things 
(IoT) applications. Operating across three frequency 
bands—2.4 GHz, 5 GHz, and 6 GHz—with bandwidths 
exceeding 300 MHz, these standards present significant 
challenges for antenna design, particularly in creating 
multiband antennas that maintain resonance at all desired 
frequencies while ensuring wide bandwidth and high gain. 
This study proposes a novel multiband antenna structure 
based on a double circular geometry optimized for operation 
at 2.47 GHz, 5.08 GHz, and 6.07 GHz. The antenna 
demonstrates high directionality (over 6.1 dB) and maintains 
a stable maximum radiation direction across all bands, 
addressing a key difficulty in multiband antenna design. 
Additionally, the antenna achieves wide bandwidths 
exceeding 460 MHz, effectively covering the frequency ranges 
for both IEEE 802.11ax/be and 802.11bd standards. 
Performance validation was conducted using CST simulation, 
VNA measurement, and real-world WiFi system testing, and 
the S11 simulation and measurement result agreed well. The 
Received Signal Strength Indicator (RSSI) and the Signal-to-
Noise Ratio (SNR) of the proposed antenna are better than 
those of commercial dipole antennae in a real-world WiFi 
system. This design offers a practical solution for future IoT 
and high-performance WLAN applications, contributing to 
the development of compact, efficient, and reliable multiband 
wireless communication systems. 
 
Keywords—high directional antenna, IEEE 802.11ax/be, 
Internet of Things (IoT), NG-IoT, triple band, WiFi 6E/7  
 

I. INTRODUCTION 

The development of WiFi 6E/7, based on IEEE 802.11 
ax/be, responds to the need for higher throughput, lower 
latency, and improved reliability in Wireless Local Area 
Network (LAN) connectivity [1]. This technology 
promises to support a maximum speed of up to 30 Gb/s to 

IoT devices, smart homes, and enterprises by ushering in a 
new age of high-performance wireless networking. As 
802.11ax/be are standardized, the WiFi bandwidths are 
broad, and devices can operate at three bands, which are 
2.4 GHz, 5 GHz, and 6 GHz. Thus, they can offer high data 
speed and flexible bandwidth usage [2, 3]. 

Designing multiband antennae for multi-technologies in 
only one terminal has been a significant challenge. Though 
recent research has made significant progress in this area, 
optimizing triple-band antenna to ensure three admired 
WiFi frequencies, 6/7, wideband, and high gain, is not easy 
[4–10]. Multiband antennae are often created using 
complex methods and structures such as Department of 
General Services (DGS), Electromagnetic Band-Gap 
(EBG), fractal geometry structure, slotted patch or SIW 
[4–19]. Wang et al. [4] achieved good gain and desirable 
radiation direction. However, the bandwidth distribution 
across frequency bands is uneven: the 2.4 GHz band has a 
narrow bandwidth, the 5 GHz band has a wide bandwidth, 
and the higher frequency bands Exhibit Ultra-Wideband 
(UWB) characteristics. Thanamalapong et al. [5] proposed 
a tri-band antenna with good gain and wideband, but the 
antenna radiation directions are varied at different resonant 
frequencies. It is the identical drawback of most multiband 
antennae [6–10]. 

This paper proposes a triple band antenna to operate at 
three resonant frequencies of 2.4/5/6 GHz covering the 
bands of 802.11ax / be standard [2, 3]. Based on a circular 
structure, our double circular-shaped antenna achieves not 
only wide bandwidth and high gain but also the same 
radiation directivity at different operating bands. 

The rest of this paper is organized as follows. Section II 
presents the procedure for forming a triple-band antenna 
and the optimization to achieve the desired three resonant 
frequencies. The simulation results are detailed in Section 
III, while the measurement and practical results in the 
reality wireless system are studied in Section IV. 

II. TRIPLE BAND ANTENNA DESIGN 

A. Designing Procedure 

Fig. 1 shows a procedure for forming a triple-band 
antenna whose resonant frequencies are 2.4 GHz, 5 GHz, 
and 6 GHz. Firstly, a single-band antenna is designed with 
two symmetrical rectangles, as shown in Fig. 1(a). Their 
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dimensions are roughly calculated for f1 = 2.4 GHz resonant 
frequency as Eq. (1) [11]. 

𝑙𝑝 ൌ 𝑐
௖

ସൈ௙భൈ√ఌೝ
                              (1) 

where c is the speed of light in a vacuum, 𝜀௥  is the 
dielectric constant of the substrate. 

Then, based on the electrical distribution, it can be seen 
that the electric field is less concentrated in the area between 
two symmetrical rectangles. Thus, we design a pair of 
circular shapes to create the second resonant frequency f2 of 
5 GHz, which is not affected by the 2.4 GHz band, and 
achieve the same radiation pattern direction of the first band 
as shown in Fig. 1(b). In antenna design, the electrical length 
refers to the length of the antenna as it relates to the 
wavelength of the signal it’s designed to transmit or receive. 
This length is not just the physical measurement but also 
includes the effect of the material surrounding or making up 
the antenna. So, when determining the length of the curved 
path (the curve), we use the electrical length, calculated by 
considering both the signal’s wavelength and the impact of 
the material’s dielectric constant. The length of the curve is 
built and roughly calculated as follows:  

L=R. = 
஼

ଶ ൈ ௙మ
ൈ ට

ଶ

ఌೝାଵ
                              (2) 

where R is the radius of the circular shape and a is the angle 
of the curve.  

Finally, an analysis of the current distribution on the 
dual-band antenna reveals that the current density is 
relatively low in the central region of the semi-circular 
structure. To introduce a third resonant frequency at f3 = 
6 GHz while maintaining the stability of the radiation 
pattern’s direction, an additional pair of circular elements 
is incorporated into the design. The finalized antenna 
configuration is presented in Fig. 2. 

Finally, observing the electrical distribution on the dual-
band antenna, it can be seen that the current density is less 
concentrated in the middle area of the semi-circle. Thus, 
another pair of circular shapes is designed to make the 
third resonant frequency f3 of 6GHz and ensure the 
radiation pattern’s unchanged direction. The final antenna 
draw is illustrated in Fig. 2. 

 

 
(a)  

 
(b)  

 

(c)  

Fig. 1. The procedure for forming the proposed antenna: (a) The single-
band antenna; (b) The dual-band antenna; (c) The triple-band antenna. 

  
(a)  (b)  

 
 

(c)  

Fig. 2. Detailed drawing of proposed antenna model: (a) The top view; 
(b) The bottom view; (c) The isometric view. 
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B. Optimizing the Antenna Dimensions 

The design parameters are optimized using CST 2023 
software to achieve the desired three resonant frequencies. 

Firstly, to get precisely the 2.4 GHz resonant frequency, 
the dimensions of symmetrical rectangles, which are lp and 
wp, are optimized, as illustrated in Fig. 3. Fig. 3(a) shows 
that the resonant frequency of the first band tends to shift 
to the left when increasing gradually lp. It reaches 2.4 GHz 
with lp = 26.1mm. However, the wp dimension has a 
different effect. From Fig. 3(b), it is easy to see that the 
resonant frequency of the first band is nearly unchanged 
when the wp is gradually changed. Only the antenna’s 
return loss is affected. At wp = 3.9 mm, it gets the best 
value of −49 dB. 

 

(a)  

 

(b) 

Fig. 3. Design optimization for 2.4 GHz resonant frequency: (a) The 
length of the central pole (lp); (b) The width of the central pole (wp). 

Secondly, the larger structure of a double circular shape 
is optimized to achieve the exact 5 GHz resonant 
frequency. Several dimensions, such as lf5 and d, have a 
significant effect, as shown in Fig. 4. From this figure, it is 
also seen that these dimensions seem not to affect the 2.4 
GHz band. 

 
(a)  

 
(b)  

Fig. 4 Design optimizatio for the 5 GHz resonant frequency: (a) The 
feeding line length for the 5 GHz resonant frequency (lf5); (b) The angle 
of the larger circular shape (d). 

 
Finally, the smaller structure of a double circular shape 

is optimized to achieve the exact 6 GHz resonant 
frequency. The specific dimensions of the proposed 
antenna are detailed in Table I.  

TABLE I. DIMENSIONS OF THE PROPOSED ANTENNA 

Parameter Detail description Size (mm) 

lp The length of the central pole  25.5 
wp The width of the central pole  3.1 
lf Main feed length  29 
wf Main feed width  3.3 

lf5 
The feeding line length for the 5 GHz 

resonant frequency 
11.93 

wf5 
The feeding line width for the 5 GHz 

resonant frequency 
0.4 

ls Substrate length 58 
ws Substrate width 56 
hs Substrate thickness 1.524 

wp5 The width of the larger circular shape  2 
d The angle of the larger circular shape 25 

a1 
The outer bending radius of the 1st 

curve 
11 

b1 
The outer bending radius of the 2nd 

curve 
7.4 

a2 
The inner bending radius of the 1st 

curve 
4 

b2 
The inner bending radius of the 

2ndcurve 
6.1 

The Rogers substrates provide a stable and low-loss 
dielectric environment that is particularly suitable for 
investigating novel antenna structures, especially at high 
frequencies or in applications requiring high precision. 
Employing the Rogers materials during the research phase 
facilitates an accurate characterization of the antenna’s 
intrinsic performance by minimizing the influence of 
substrate-induced effects. Once the fundamental 
electromagnetic behavior has been thoroughly validated, 
the design can be re-optimized for alternative substrates to 
meet cost or manufacturing constraints in commercial 
applications. Based on RO4003C substrate with a 
dielectric constant of 𝜀௥ = 3.55 and a thickness of hs = 
1.524 mm, the total antenna is 56 × 58 mm2, which is 
enough compact size for portable equipment as well as 
WiFi 6E/7 Access Points. 
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III. SIMULATION RESULTS AND DISCUSSION 

Fig. 5 displays the reflection coefficient S11 of the 
proposed 6E/7 antenna. The antenna resonates at three 
bands that the specification recommends for WiFi 6E/ 
WiFi 7 based on 802.11ax/be standard: 2.4 GHz / 5 
GHz and 6 GHz. The bandwidths are 500 MHz, 460 MHz, 
and 720 MHz, respectively. They also ensure that the 
requirement of broadband is as follows: 802.11 ax / be 
standard. Besides, the proposed antenna model can also 
operate in the 5.9 GHz band according to 802.11bd 
recommendations for V2X / IoV or VANET applications 
with 330 MHz bandwidth. 

 

Fig. 5. The simulation results of reflectivity coefficient. 

To analyze the effect of antenna structure on resonant 
frequencies much more, we observe the distribution of 
electric currents, as shown in Fig. 6.  

 

(a)     (b)  (c)  

Fig. 6. The ddistribution of electric fields in operating frequency 
bands: (a) At 2.4 GHz; (b) At 5 GHz; (c) At 6 GHz. 

 
The electric field distribution of the antenna model we 

studied was designed to resonate at three frequencies. It is 
seen that, in the low band, the electric field focuses mainly 
on the pair of the central pole, while the high bands focus 
mainly on the double semi-rings. Based on the difference 
in the electric field distribution, the antenna can adjust the 
desired resonant frequency by changing the parameters at 
the position where the electric field is most concentrated. 
The special feature of the antenna model is that we rely on 
the electric field distribution characteristics of each 
frequency band and, from there, come up with a design 
idea so that the resonant frequencies of the antenna have 
little interaction with each other, thereby achieving “co-
directionality” on all three frequency bands. It also 
highlights that the antenna model proposes to improve 
resonance defects in unwanted bands of multi-band 
antenna models. That helps to overcome the disadvantages 
of previously studied multi-band antenna models [6−9]. 

Figs. 7 and 8 show the 2D and 3D radiation pattern 
results. The radiation graph of the proposed antenna 

sample shows a high orientation across all four bands, 
including the 5.8 GHz band for V2X. 

 

 
 

 

 
 

Fig. 7. The 2D radiation pattern of the proposed antenna: (a) At 2.47 
GHz; (b) At 5.08 GHz; (c) At 5.83GHz; (d) At 6.07 GHz.  

 

The directional coefficient reaches good values of 6.024 
dBi, 6.361 dBi, 6.526 dBi, and 6.927 dBi, corresponding 
to the resonant frequencies of 2.47 GHz, 5.08 GHz, 5.83 
GHz, and 6.07 GHz. In particular, the radiation graph is 
always in a fixed direction at different resonant 
frequencies. 

 
TABLE II. THE COMPARISON OF THE MULTIBAND ANTENNA 

 

Ref. f (GHz) 

S11 at 

resonant freq. 

(dB) 

Gain 

(dB) 
B (MHz)  (%) 

[7] 

2.5 −17 3.9 110 
67 to 

74 

3.5 −22 4.5 110 
5.22 −15 5.1 180 
5.8 −14 10.6 150 

[9] 
3.9 −13 2.3 700 85 
6.6 −11 2.5 500 87 

[10] 

1.57 −12 2.65 70 75 
2.9 −16 3.84 60 68 
3.82 −10 1.07 100 70 
4.45 −18 1.93 120 65 

5 −25 3.92 140 88 

[13] 
2.4 −10 3.43 NB − 
2.8 −12 3.2 NB − 

[14] 
2.4 −15 6.55 180 70 
5.5 −27 8.1 830 84.5 

[15] 
2.45 −20 2.4 100 62 
5.2 −20 2.6 

2230 
80 

6 −12 2.6 80 

[16] 
2.34 −36.74 1.04 410 78.37 

5 −22.68 2.57 520 70.73 

This 

work 

2.47 −48 5.94 500 98.03 
5.08 −43 6.14 460 95.51 
5.83 −33 6.2 

720 
94.31 

6.07 −27 6.7 95.27 

(a)  (b)  

(c)  (d)  
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The proposed multiband antenna outperforms several 
previous studies in most parameters, as shown in Table II. 
Although antennae in Ref. [7] and Ref. [10] achieve 
resonance at more frequency bands, their overall 
performance and bandwidth are limited. In contrast, the 
study in Ref. [9] provides broadband operation but 
supports fewer bands and exhibits lower gain, shallower 
S11 levels, and reduced radiation efficiency compared to 
the proposed antenna model. Notably, the proposed 
antenna demonstrates deeper resonance and superior 
radiation efficiency than all the designs presented in the 
table, highlighting its enhanced capability in impedance 
matching and energy radiation performance. 

 
 

 
(a)  

 
 

 
(b)  

 

 
(c)  

 

 
(d) 

Fig. 8. The 3D radiation pattern of the proposed antenna: (a) At 2.47 GHz; 
(b) At 5.08 GHz; (c) At 5.83 GHz; (d) At 6.07 GHz. 

IV. MEASUREMENT RESULTS 

To verify the reality of the performance of the proposed 
antenna, we fabricated and tested our antenna indoors with 
VNA equipment and outdoors in the reality wireless 
system. Based on the RO4003C substrate with a 
permittivity of 3.55 and a thickness of 1.524 mm, the total 
size is 56 × 58 × 1.524 mm3 as illustrated in Fig. 9. 
 

   (a)  (b)  

Fig. 9. The fabricated antenna: (a) The top view; (b) The bottom view. 

A. Indoor Testing 

 
Fig. 10. The indoor measurement. 

 

The proposed antenna is tested in the VHT lab using the 
VNA ZNB 20 100 kHz-20 GHz, as illustrated in Fig. 10. 
Due to operating on the 2.4/5/6 GHz band, the measured 
range is chosen from 2 GHz to 7 GHz, which covers 
enough of the antenna’s resonant frequencies. The transmit 
power level is −10 dB to guarantee the distance limitation 
of the lab area. 

 
Fig. 11. The comparison between measurement and simulation results.  

From Fig. 11, it can be seen that the measured result 
agrees well with the simulated one. The constructed 
antenna reaches three resonant frequencies: 2.4 GHz, 5 
GHz, and 6 GHz. Bandwidths of 500 MHz, 460 MHz, and 

Farfield (f=2.47 GHz) 
Type          Farfield 
Approximation   Enable  
Comment          Abs 
Output          Gain 
Frequency          2.47 GHz 
Rad.Effic          98.04% 
Tot.Effic           98.03% 
Dir.          6.024 dBi 

Farfield (f=5.08 GHz) 
Type          Farfield 
Approximation   Enable  
Comment          Abs 
Output          Gain 
Frequency          5.08 GHz 
Rad.Effic          95.51% 
Tot.Effic           95.45% 
Dir.          6.361 dBi 

Farfield (f=5.83 GHz) 
Type          Farfield 
Approximation   Enable  
Comment          Abs 
Output          Gain 
Frequency          5.83 GHz 
Rad.Effic          94.45% 
Tot.Effic           94.31% 
Dir.          6.526 dBi 

Farfield (f=6.07 GHz) 
Type          Farfield 
Approximation   Enable  
Comment          Abs 
Output          Gain 
Frequency          6.07 GHz 
Rad.Effic          95.38% 
Tot.Effic           95.27% 
Dir.          6.929 dBi 
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720 MHz, respectively, assure complete coverage of the 
previously planned 802.11ax/be and bd technologies’ 
working bandwidths. 

B. Outdoor Testing 

In this case, the proposed antenna’s performance is 
verified in a real environment at 2.4 GHz and 5 GHz bands. 
The 6GHz band, introduced with the latest IEEE 802.11ax 
(Wi-Fi 6E) and 802.11be (Wi-Fi 7) standards, is a 
relatively new addition to the Wi-Fi spectrum. At the time 
of testing, our equipment—including the router, network 
interface cards, and Acrylic Wi-Fi analysis software—did 
not support 6 GHz operation. 

1) Testing set up 
The test configuration is shown in Fig. 12 [12]. It 

includes: 
 A D-Link router has two operating bands, 2.4 GHz and 

5 GHz. It includes three antennae with 5dBi gain.  
 A USB Wi-Fi Adapter AC for PC / Laptop. It contains 

a USB 2.0 adapter and a dual-band dipole antenna. The 

Adapter can operate at 2.4G Hz and 5 GHz bands and 
has a 2 dBi gain.  

 Using an SMA transform set, the proposed antenna 
connects to the laptop via a USB AC600 adapter. 

 A laptop has been installed with the Acrylic Wi-Fi 
Professional Application. 

 
Fig. 12. The testing configuration [12]. 

 

 
Fig. 13. The frequency channels in the 2.4 GHz band. 

 

Fig. 14. The frequency channels in the 5 GHz band. 
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Figs. 13 and 14 show the frequency channels for 2.4 G 
Hz and 5 GHz based on Acrylic Wi-Fi Professional 
Application. In this test, channel No1, which is from 2.401 
GHz to 2.423 GHz, is selected to test the 2.4 GHz band, 
and channel No36, which is from 5.15 GHz to 5.25 GHz, 
is selected to evaluate the proposed antenna’s 5 GHz band. 

The antenna performance is measured in dry and hot 
weather with low-height obstacles. The maximum distance 
between the transmitter and receiver is 120 m, as 
illustrated in Fig. 15. 

 

 
Fig. 15. The topographical mapping of antenna signal testing for WiFi 

systems 

 
2) Experimental results 
In this case, two parameters, the Received Signal 

Strength Indicator (RSSI) and the Signal-to-Noise Ratio 
(SNR), are evaluated. 

Fig. 16 shows the actual metering comparison between 
the proposed and standard dipole antenna in terms of RSSI. 
The measurements showed that the proposed antenna has 
higher RSSI values, especially in the 2.4 GHz band. For 
example, at a distance of 20 m, the proposed antenna gets 
a RSSI of −40 dB, while it is −54 dB for the dipole antenna. 
To achieve −40 dB RSSI, the dipole antenna’s operating 
distance must be 9 m.  

 

 
(a)  

 
(b) 

Fig. 16. The measurement of Received Signal Strength Indicator (RSSI) 
in the experimental setup: (a) At 2.4 band; (b) At 5 GHz. 

Fig. 17 shows the comparison SNR value among the 
conventional dipole antenna and the proposed double 
circular-shaped antenna at both 2.4 GHz and 5 GHz bands. 
It can be seen that the proposed antenna achieves much 
better SNR at both bands. Especially at the 2.4 GHz band, 
the SNR of the proposed antenna gets 100 for a wide range 
of 70 m, while it is only 10 m with the dipole antenna. 

 
(a)  

 

(b)  

Fig. 17. The measurement of Signal-to-Noise Ratio (SNR) in the 
experimental setup: (a) At 2.4 band; (b) At 5 GHz. 

V. CONCLUSION 

This study presents a compact triple-band antenna with 
a dual circular design, offering stable radiation patterns 
across 2.4 GHz, 5 GHz, and 6 GHz bands. It achieves high 
gains (up to 6.927 dB), wide bandwidths (up to 720 MHz), 
and excellent efficiency (over 95%). The antenna suits Wi-
Fi 6E/7 and VANET systems and complies with IEEE 
802.11ax/be/bd standards. 
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Moreover, due to its high efficiency, broadband 
capability, and directional performance, the proposed 
antenna also shows strong potential for application in 
emerging technologies such as 5G / 6G communication 
networks and satellite-based IoT systems in 2.4 GHz/ 5 
GHz and 6 GHz bands. 
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