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Abstract—This research investigates a compact Asymmetric 

Coplanar Strip (ACS) fed monopole antenna that generates 

three frequency bands in wireless communication 

applications. The antenna design combines the ACS-fed 

technique with C-shaped, inverted L and U-shaped radiating 

strip branches to downsize the antenna size and generate 

multi-band radiation. The antenna is implemented on an 

inexpensive FR-4 substrate measuring 20×9×1.6 mm3. A 

systematic parametric assessment that includes variations in 

the length and width of the radiating strip has been carefully 

carried out, identifying three optimal frequency operational 

modes for the proposed antenna using an EM simulator 

Ansoft HFSS. The impedance bandwidths of the lower, 

middle, and higher frequency modes are 320 MHz (2.31-2.63 

GHz), 470 MHz (3.3-3.77 GHz), and 2820 MHz (5.12-7.94 

GHz), respectively. At 2.5 GHz, 3.55 GHz, and 5.45 GHz 

resonant frequencies, the measured antenna gain parameters 

are 5.67 dBi, 5.21 dBi, and 4.56 dBi. Due to its compact form 

factor and stable characteristics, the proposed antenna 

design emerges as a promising solution for internal antenna 

implementation in the Internet of Things (IoT) devices, 

especially in the context of wireless local area networks 

(WLAN), worldwide interoperability for microwave access 

(WiMAX), 5G sub-6GHz, and vehicle-to-everything (V2X) 

applications. 

Index Terms—Triple-band antenna, ACS-fed, IoT device, 

w  

I. INTRODUCTION  

The fast advancement of wireless communication 

systems has increased the demand for fast, reliable, and 

pervasive connectivity, especially for IoT devices. It is 

reported that before 2020, 25 billion devices were 

connected with 50 billion permanent connections and more 

than 200 billion intermittent connections, while Strategy 

Analytics estimates that there will be 38 billion 

connections by the end of 2025 and 50 billion by 2030 [1]. 

IoT devices have the ability to connect various devices 

through internet networks that enable real-time data 

collection, exchange, automation, decision-making, and 

analysis [2]. Therefore, IoT devices can improve 

efficiency, convenience, and innovation, playing a crucial 

role in various fields such as healthcare, transportation, 

smart cities, agriculture, and manufacturing [3]. The 

efficiency of IoT devices is highly dependent on stable and 

widespread wireless connectivity. To fulfill this need, an 

internal antenna that can operate across multiple 

frequencies, such as WLAN, WiMAX, 5G, and V2X, on 

portable devices is required. Therefore, there is a need for 

small-sized antennas that can be easily integrated into IoT 

devices. 
Several factors affect the size of an antenna, one of 

which is the selection of the antenna feeding methods. 
Three commonly used and highly regarded feeding 
methods in the research community are microstrip, 
coplanar waveguide (CPW), and ACS. These methods are 

favored due to their cost-effectiveness, straightforward 
design, broad impedance bandwidth, and omnidirectional 
radiation patterns [4]. Single-sided printing in CPW [5, 6] 
and ACS [7, 8] is relatively low-cost compared to 
microstrip feeding techniques. ACS feeding techniques 

can significantly reduce the size compared to microstrip or 
CPW feeding methods [9]. Importantly, this reduction in 
size does not compromise the antenna's performance 
characteristics. 

Many studies have shown that antennas designed using 
the ACS-fed technique are capable of achieving good 
multiband performance. ACS-fed antennas are effective in 
supporting various network operations used by modern 
wireless communication standards, such as WLAN and 

WiMAX [10–14]. In addition, this technology also 
supports applications in 5G sub-6GHz networks with 
optimized performance [15–18]. Furthermore, ACS-fed 
antennas are able to meet the needs of V2X or vehicle-to-

vehicle (V2V) [19–21]. 
In [22], integrating defected structures and ACS feeding, 

with a Circular Ring Resonator (CRR) in the ground plane 
and an inverted T-shaped slot on the radiation strip, 

resulted in a smaller triple-band antenna that reduces 
interference, suitable for WLAN/WiMAX operations. 
Increasing the fractal order of the Hilbert Curve Fractal 
Antenna (HCFA) coupled with ACS-fed can reduce the 
antenna size and obtain high performance in multiband 

applications [23]. A swastika-shaped monopole antenna 
with ACS feeding is designed for tri-band WLAN and 
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WiMAX applications, consisting of mirrored C-shaped 
strips, L-shaped strips, and meandering strips with a partial 
ground plane [24]. The antenna adopts an inverted L-shape 
and a separate Rectangular Split Ring Resonator (RSRR) 

structure combined with an ACS feedline to reduce the 
antenna size and generate three resonant frequencies for 
multiband applications [25]. To achieve the desired dual-
band frequencies for Long-Term Evolution (LTE) and 

mid-band 5G, a meandering line radiation structure and 
uniplanar design with ACS feed are used, significantly 
reducing the antenna size [26]. The monopole antenna was 
successfully downsized and produced four operating bands 
after combining a Split Ring Resonator (SRR), an inverted 

U-stub, and a Complimentary Split Ring Resonator (CSRR) 
on the ground plane [27]. An electrically small ACS-fed 
antenna for WiMAX and WLAN applications uses a 
metamaterial-inspired open SRR as the radiator, achieving 

four operating bands [28]. A compact dual-band antenna 
inspired by a uniplanar metamaterial (MTM) has a circular 
Closed Ring Resonator (CRR) radiating element on the 
outside, Non-Bianisotropic Split Ring Resonator (NB-

SRR) on the inside, and a meander strip line connected by 
an ACS fed to reduce size and improve impedance 
matching [29]. The designed antenna features an HCFA 
fed with an ACS and loaded with metamaterial RSRR, 
resulting in multiband radiation and a compact size [30]. 

However, the dimensions of some of these antenna designs 
make them less adaptable when integrated into IoT devices 
as internal antennas. 

Therefore, in this article, we propose the use of a printed 

monopole antenna with compact-sized triple-band 
capability. This antenna can be embedded inside IoT 
devices to support WLAN, WiMAX, sub-6 GHz 5G, and 
V2X operations. Most researchers have designed the ACS-

fed antenna for one of the WLAN/WiMAX/sub-6 GHz 5G 
or V2X/V2V applications, but not all. This compact 
configuration includes C-shaped, inverted L, and U-
shaped radiating strip branches to generate three different 
resonant modes with higher peak gain. In real application 

scenarios, the suggested antenna not only upholds a 
compact physical profile but also achieves good 
characteristics. 

II. ANTENNA DESIGN 

The overall structure of the proposed compact 
monopole antenna for IoT device systems can be observed 
in Fig. 1. The antenna has a small size of 9×20 mm², 
printed on an FR-4 substrate with a thickness of 1.6 mm, 
permittivity, and loss tangent of εr = 4.4 and tan δ = 0.02 

respectively, as illustrated in Fig. 1 (a). For ease of 
integration and compactness, the antenna's transmission 
line is fed using a 50 Ω ACS feeding technique and a 
partial ground plane on the front side, both connected with 

an SMA connector as shown in Fig. 1 (b). Therefore, the 
fabrication of the proposed antenna is realized using a 
single-sided metallization process. Fig. 1 (c) shows the 
physical manifestation of the proposed antenna. 

To assess the proposed antenna's performance, Fig. 2 
presents four stages of the modified antenna design's 
evolution using an EM simulator, Ansoft HFSS. Each 
evolution stage aims to meet the specifications of various 

frequency bands, such as WLAN, WiMAX, sub-6GHz 5G, 
and V2X. 

 
(a) 

   
(b)                                                       (c) 

Fig. 1. The proposed antenna geometry: (a) detailed dimensional design 

of the proposed antenna, (b) 3D visualization of the proposed antenna 
with SMA connector, (c) the physical manifestation of the antenna. 
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Fig. 2. (a) Evolution of antenna designs to the proposed model, (b) 
analysis of S11 responses from the evolution of the proposed antenna 

model. 
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Parameter Value (mm) Parameter Value (mm) 

W 9 W10 1.59 

Wf 2.39 L 20 
Wg 6.3 Lg 3.55 

W1 2.5 L1 8.2 

W2 2.54 L2 3.45 
W3 0.7 L3 1.4 

W4 3.2 L4 2.2 

W5 0.82 L5 2.3 
W6 0.7 L6 10.85 

W7 0.85 L7 0.8 

W8 1.44 L8 0.85 
W9 0.95 L9 9.4 

 

The first antenna (Ant 1) was designed as an inverted U-

shaped meander with a long length designed to generate a 

frequency band at the lower resonant mode, which is 

dominated by the center frequency of 2.6 GHz. In addition, 

Ant 1 also stimulates a band in the higher resonant mode 

with an upper frequency of 5 GHz. Then, in the second 

stage (Ant 2), the antenna was adapted to target the middle 

band frequencies, with the modification of adding the 

length and configuration of the C-shaped radiating element 

effectively stimulating the 3.7 GHz middle band. Not only 

does Ant 2 stimulate the mid-band frequencies, but it also 

shifts the resonant frequency of the lower modes to 2.5 

GHz. In the third stage (Ant 3), a rectangular strip is placed 

at the end of the C-shaped radiating element to 

successfully shift the middle band to the resonant 

frequency of 3.5 GHz. Finally, adding an inverted L-

shaped strip as in stage 4 (Ant 4) can deepen the reflection 

coefficient at higher bands and thus form the proposed 

antenna. Through evolutionary stages and a series of 

careful evaluations, the optimal parameters of the 

proposed antenna are finally determined and attached in 

Table I. 

Furthermore, the effective bandwidth of the antenna is 

also checked with the antenna impedance, as plotted in Fig. 

3. By adjusting the antenna impedance including the real 

and imaginary parts (resistance and reactance) located in 

the desired frequency band, it can achieve a definition 

bandwidth of 10 dB, while the following conditions are 

satisfied simultaneously. In general, these conditions are 

that the resistance value is controlled in the range of 20 Ω 

to 75 Ω and the reactance value in the range of 25 Ω to 

25 Ω. The Ant 1 structure achieves excellent matching at 

2.6 GHz, (resistance and reactance are close to 50 Ω and 0 

Ω, respectively), so the reflection coefficient of Ant 1 

reaches as deep as 24 dB. Furthermore, by adding a C-

shaped radiating element to form Ant 2, it effectively 

stimulates the 3.7 GHz middle band and shifts the lower 

frequency band to the 2.5 GHz resonance. Additionally, 

Ant 3 and Ant 4 offer good band matching at 3.5 GHz and 

deepen the reflection coefficient at higher bands, to fulfill 

the final antenna design. 
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(a)                                                                                                   (b) 

Fig. 3. Model impedance of the four proposed antenna stages. (a) real part and (b) imaginary part. 

III. RESULTS AND DISCUSSIONS 

A. S11 and VSWR Measurement 

The antenna prototype was implemented by using a 

precise LPKF ProMat E33 circuit board etched machine 

and the measurement results were carefully measured by 

adopting a ShockLine MS46122A vector network analyzer. 

To compare the difference between the simulated and 

measured results, both results are plotted in Fig. 4. It can 

be observed that a slight deviation occurs in each band and 

this may come from the manufacturing process of the 

antenna and the connection between the SMA connector 

and the antenna. It can be found that the measured and 

simulated results are consistent according to the 10-dB 

impedance bandwidth, the measured reflection coefficient 

can cover 2.31 GHz to 2.63 GHz, 3.3 GHz to 3.77 GHz, 

and 5.12 GHz to 7.94 GHz.  
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Fig. 4. Comparison of simulated and measured antenna S11 results. 
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TABLE I: OPTIMIZED VALUES OF THE PROPOSED ANTENNA
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Fig. 5. Comparison of simulated and measured antenna VSWR results. 

In addition, the VSWR measurement results, according 

to the general rule, can also be considered good; a value 

below 2:1 is considered good because it indicates that the 

majority of the energy emitted by the transmitter is 

successfully received by the antenna with little reflection, 

as shown in Fig. 5. 

B. Current Distribution 

The resonance mechanism of the monopole-type 

antenna is dominated by the guided quarter wavelength 

resonance [21], described as 

 =
𝑐

4𝑓√eff
                                       (1) 

eff =
𝑟+1

2
                                     (2) 

where λ is the wavelength in free space, c represents the 

speed of light (3×108 m/s), f and eff are the antenna 

working frequency and the effectiveness of some selected 

substrates. For further study of the resonant characteristics, 

simulation of the antenna current distribution using the 

Ansoft HFSS package will also be introduced in the next 

section. 

The designed pattern is installed on the top of the system 

base plane; corresponding branch strips are added to drive 

the lower, medium, and higher bands of the proposed 

antenna. In accordance with the triple band resonance, the 

simulated current distributions at various resonant 

frequencies (2.53 GHz, 3.54 GHz, 5.51 GHz, and 6.62 

GHz) will be executed as follows. For a clearer picture, the 

point-labeled map with detail marks is plotted in Fig. 6 (a), 

and the three simulated antenna current distributions at the 

previously mentioned frequencies are also plotted in Fig. 6 

(b) to Fig. 6 (e), respectively. Fig. 6 (b) is the simulated 

current distribution when excited at 2.53 GHz. It is noted 

that the strong current density mainly flows along the right 

outer branch line (A-B-D-C-D line), whose length is 

estimated to be 30.2 mm and is close to a quarter of the 

wavelength of 2.53 GHz. In addition, the proposed antenna 

adopts a C-shaped strip in the left part to stimulate mid-

band resonance. Fig. 6 (c) displays the maximum current 

density flow along the vertical branch lines (lines A-E-F), 

when the antenna is excited at 3.53 GHz. The length of the 

main current distribution is 19.24 mm, which is equivalent 

to a quarter of the 3.53 GHz wavelength. In addition, Fig. 

6 (d) shows the most current flow along paths A-B and C-

D, which gives a higher band resonance of 5.51 GHz, and 

6 (e) shows 6.62 GHz (path A-B), respectively. 

   
(a)                                    (b) 

     
(c)                              (d)                                (e)   

Fig. 6. Simulated results of antenna current distribution at (a) label-dot 
map, (b) 2.53 GHz, (c) 3.54 GHz, and (d) 5.51 GHz, (d) 6.62 GHz. 

C. Parametric Study 

To further evaluate the characteristics of the proposed 

antenna, three important parameters (W1, W7, L7, L9) are 

selected for parametric study in this section. Fig. 7 shows 

the reflection coefficient of the antenna design with 

different width variations of W1 (2 mm, 2.5 mm, and 3 mm).  
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Fig. 7. Simulated results of antenna reflection coefficient with various 

values of W1. 

As mentioned earlier, the W1 parameter is located in the 

C-shape strip section, which is the main path of mid-band 
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resonance. The wider the W1 path, the intermediate 

frequency band will shift to a lower frequency. Meanwhile, 

the three results of varying the W1 values for the lower 

band and the high band cover the proposed band range. 

Through careful calculation, the optimized W1 value is 

finally selected to be 2.5 mm and can achieve the proposed 

mid-band to cover completely from 3.3 to 3.7 GHz. 

Fig. 8 shows the effect of W7 variation on the reflection 

coefficient results of the antenna design. W7 is a significant 

factor that affects the lower and higher bands as W7 is in 

the resonance path of both bands. Increasing the value of 

W7 will shift the lower frequency band to higher frequency 

and the higher frequency band to lower frequency. 

Through careful simulation and evaluation, an optimized 

W7 value of 0.85 mm was obtained. This value provides 

the best performance in balancing the shifting of the lower 

and higher frequency bands, achieving optimal reflection 

coefficient. 
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Fig. 8. Simulated results of antenna reflection coefficient with various 

values of W7. 
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Fig. 9. Simulated results of antenna reflection coefficient with various 

values of L7. 

Furthermore, the L7 parameter affects the reflection 

coefficient results of the entire antenna frequency band. As 

seen in Fig. 9, the larger the value of L7, the overall 

frequency band will shift to a lower frequency. When L7 = 

0.3 mm, the lower frequency band does not cover the 

proposed band range. Meanwhile, when L7= 1.3mm, the 

higher frequency band also does not cover the proposed 

band range. After careful evaluation, a value of L7 = 0.8 

mm was chosen because its reflection coefficient results 

cover the entire proposed frequency band. 

In addition, the L9 parameter can affect both the lower 

and higher bands as it is also the resonant path for both 

bands. The larger the L9 value, both the lower and higher 

bands will shift to the lower frequency band. In Fig. 10, it 

can be seen that L9 =9.4 mm is chosen because its 

reflection coefficient results cover all three proposed 

frequency band ranges. 
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Fig. 10. Simulated results of antenna reflection coefficient with various 

values of L9. 

D. Radiation Pattern Measurement 

In the context of antenna testing, aspects such as 

radiation pattern, gain, and efficiency are vital and must be 

tested in an anechoic chamber to prevent interference from 

surrounding electrical sources. The radiation performance 

of the designed antenna has been verified in an anechoic 

chamber. To demonstrate the antenna's performance at its 

intended working frequency, we selected three frequencies 

of 2.5 GHz, 3.55 GHz, and 5.45 GHz, each of which 

displays an optimal reflection coefficient to proceed. The 

radiation pattern of the tested antenna is shown in Fig. 11, 

where the YZ and XZ slices depict the E (Elevation) plane 

and the XY slice depicts the H (Azimuth) plane. From 

these measurements, it can be seen that the radiation 

patterns in the H and E planes indicate nearly 

omnidirectional and bidirectional characteristics across all 

targeted operational bandwidths. 

In addition, the inherent peak gain and radiation 

efficiency of the antenna are also examined and verified 

inside the far-field anechoic chamber as mentioned earlier. 

All the experimental results, including peak gain and 

radiation efficiency, can be seen in Fig. 12. Meanwhile, the 

experimental values of peak gain range between the bands 

of 2.31 GHz to 2.63 GHz, 3.3 GHz to 3.77GHz, and 5.12 

GHz to 6 GHz and vary between 2.4 dBi to 3.7 dBi, 3.6 

dBi to 5.6 dBi and 5.7 GHz to 7.6 dBi respectively. In 

addition, the experimental efficiency from Fig. 9, the 

values show that the results range between 45% to 50%, 

43% to 71%, and 52% to 90% across the three operating 

bandwidths. With a smaller size and simple structure, the 

proposed antenna has good performance, which includes 

not only sufficient impedance bandwidth and satisfactory 

efficiency but also omnidirectional and bidirectional 

radiation patterns in both horizontal and vertical planes. In 

addition, this antenna has a multiband operation that easily 
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includes WLAN, WiMAX, sub-6GHz 5G, and V2X bands. 

It can achieve various communication standard 

specifications and is a good candidate for IoT device 

antennas.  
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(c) 

Fig. 11. Measured antenna radiation patterns results at (a) 2.5 GHz, (b) 3.55 GHz and (c) 5.45GHz. 

  

Ref. 
Resonance frequency 

(GHz) 
Type of band Bandwidth (MHz) Peak gain (dBi) Size (mm2) 

[22] 2.4/3.5/5.2 Triple-band 340/390/1110 3.3/4/7 0.2λ0  0.096λ0 

[23] 1.58/3.07/5.5 Triple-band 120/320/2360 0.27/1.33/2.27 0.0948λ0  0.087λ0 

[24] 2.4/3.5/5 Triple-band 200/540/900 1.8 (Avg) 0.172λ0  0.112λ0 

[25] 2.45/5.5/7.5 Triple-band 560/680/3000 1/3.1/3.7 0.176λ0  0.096λ0 

[26] 2.35/3.6 Dual-band 120/300 NA 0.13λ0  0.083λ0 

[27] 2.46/5.8/6.78/10.4 Quad-band 270/340/180/1160 1.3/2.43/2.61/3.15 0.186λ0  0.11λ0 

[28] 2.64/3.36/4.38/5.2 Quad-band 220/160/270/390 1.2/2.33/2.75/2.66 0.136λ0  0.158λ0 

[29] 3.2/4.85 Dual-band 230/1500 2.8 (Avg) 0.253λ0  0.124λ0 

[30] 1.4/4.4/5.3 Triple-band 330/570/340 0.37/1.37/1.68 0.084λ0  0.077λ0 

This work 2.5/3.55/5.45 Triple-band 320/470/2820 5.67/5.21/4.56 0.167λ0  0.075λ0 

 

Table II provides a comparison of the performance of 

the proposed antenna with other antennas using the ACS-

fed technique. From this table, it can be seen that the 

antenna described in this study has the most compact size 

compared to other antennas, which is only 20×9 mm². 

Despite its smaller size, this antenna still exhibits optimal 

performance with effective triple-band operation 

capability, as reflected by its bandwidth and peak gain. 

This shows that the proposed antenna is not only smaller 

but also efficient in maintaining good performance quality 

across multiple frequency bands. 
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TABLE II: PERFORMANCE COMPARISON OF THE PROPOSED WORK WITH OTHER ACS-FED ANTENNAS
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Fig. 12. Measured antenna peak gain and radiation efficiency results. 

IV. CONCLUSION 

A compact ACS-fed monopole antenna with three 

frequency band modes is investigated in this paper. ACS 

feedline connected with C-shaped, inverted L, and U-

shaped radiating strip branches are printed on a 20×9×1.6 

mm3 FR-4 substrate. The measurement results of the 

fabricated antenna have good characteristics demonstrated 

through empirical measurements, focusing on parameters 

such as impedance bandwidth, gain, efficiency, and near-

field pattern. The antenna operates in the frequency ranges 

of 2.31 GHz to 2.63 GHz, 3.3 GHz to 3.77 GHz, and 5.12 

GHz to 7.94 GHz making it suitable for WLAN, WiMAX, 

sub-6GHz 5G, and V2X wireless applications. Antennas 

with compact size, and good performance are potentially 

good candidates for IoT devices. 
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