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Abstract  
One of the main challenges in microstrip antenna design is achieving 
adaptive beam steering. Such mechanism cannot be realized using 
an antenna array with a corporate feeding technique; instead, each 
antenna element must be fed independently with specific phase 
differences to steer the beam as needed. This study aimed to 
develop a microstrip antenna that can adjust its beam direction by 
applying an independent feeding technique to a 4×1 microstrip array. 
The theoretical development focused on calculating the required 
progressive phase shifts for each antenna element to achieve target 
steering angles. The proposed beam steering mechanism was 
implemented using a power splitter and 6-bit digital phase shifters 
connected to each element of the novel array design. This 
configuration successfully achieved a beam steering range of 
approximately ±36°, resulting in a total coverage of about 72°. The 
simulation results showed that the 4×1 array antenna achieved a gain 
of 10.11 dBi. Fabrication and measurement of the single element 
antenna with Quarter-Circle Notched (QCN) elements worked at 
frequency of 3.47 – 3.57 GHz with a bandwidth of 100 MHz. The 
measured 4×1 QCN array demonstrated performance within 3.32 – 
3.75 GHz, achieving a better bandwidth of 430 MHz. The results also 
demonstrated that optimal gain could be achieved by adjusting the 
element spacing. Furthermore, variations in phase shift had been 
shown to enhance the antenna's beam scanning capability beyond 
theoretical expectations. 
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INTRODUCTION 

In the era of modern communication 

technology, there is an increasing need for 

wireless communication systems with high 

performance. One technology that is currently 

being widely used in various antenna applications 

is phased array technology [1, 2, 3, 4]. This 

technology allows the antenna to adjust its beam 

direction to the desired angle through phase and 

amplitude modifications in the antenna feeding 

system. In addition, by utilizing a stacking 

configuration, the antenna gain can also be 

increased so this technology is suitable for 

applications that require high gain. Phased array 

antennas usually use a simple microstrip patch 

antenna type. Microstrip antennas have various 

advantages, such as small size, light weight, and 

low production costs, making them suitable for 

supporting phased array technology that is widely 

implemented in satellites, radars [5, 6, 7, 8], and 

mobile communication systems [9][10]. In satellite 

and cellular applications, the C-band frequency, 

which covers the frequency range of 3.7-4.2 GHz, 
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is often used because it is able to provide high 

bandwidth capacity and good performance in 

various weather conditions. 

One of the main challenges in microstrip 

antenna design is the ability to perform adaptive 

beam steering. Beam steering technology allows 

an antenna to steer radio waves in a desired 

direction without the need to physically move the 

antenna. This is very important for improving the 

efficiency of signal transmission and reception, as 

well as reducing interference. However, the 

application of beam steering at C-Band 

frequencies has its own challenges, including 

feeding issues and controlling the phase and 

amplitude of each antenna element. 

Various studies have been conducted to 

develop capabilities. Some studies focus on using 

analog/digital phase shifters [11, 12, 13], liquid 

crystal (LC) phase shifter [14, 15, 16], or 

waveguided phase shifter [17, 18, 19, 20] to 

control the phase of the signal given to each 

antenna element. For example, research by [12] 

developed an 8×1 rectangular array patch 

microstrip antenna at a frequency of 28 GHz using 

FR-4 using 3-bit phase shifter. They constructed a 

switchable feeding network capable of generating 

phase shifts of 45°, 90°, 135°, 180°, 225°, 270°, 

and 315°. 

Research by [16] developed a Liquid 

Crystal Phase Shifter at a frequency of sub-6 GHz 

for phased array antenna. Phase shifting 

mechanism can be achieved by modulating the 

propagation constant loaded with a tunable 

equivalent capacitance controlled by a bias 

voltage. The proposed phase shifter operates at 4 

GHz and enables beam steering in the elevation 

plane over a range of 0° to 20°. 

In addition, research by [18] developed a 

novel phase shifter based on substrate-integrated 

waveguide (SIW) technology. A number of 

reconfigurable liquid metal (LM) vias were 

implemented as components to control the 

magnitude of the phase shift, where activating a 

greater number of LM vias results in a larger 

phase shift. Each LM via is capable of achieving a 

phase shift step ranging from 1° to 100°. However, 

many of these existing approaches encounter 

significant limitations related to system 

complexity, implementation cost, and 

performance constraints, particularly at C-band 

frequencies. Furthermore, the feeding mechanism 

in most array antenna designs is typically realized 

using an integrated feeding network with a single 

feed input port, designed for single polarization 

[21] or for dual polarization applications [22]. 

 

Figure 1. Electronic beam steering mechanism 
with independent feeding in the antenna array 

 

This integrated feeding configuration inherently 

feeds all antenna elements with the same 

amplitude and phase characteristics, making it 

difficult to independently control each element. As 

a result, it becomes challenging to introduce 

variations in the feeding amplitude and phase 

required to realize effective beam steering. These 

gaps highlight the need for an alternative 

approach that allows independent control over 

each antenna element to achieve adaptive beam 

steering, especially within the C-band frequency 

range where such solutions remain scarce in the 

literature. 

In this paper, the primary objective is to 

realize a microstrip antenna capable of steering its 

radiation pattern by employing an independent 

feeding approach on a 4×1 array designed for C-

band operation. To this end, the study presents 

two principal contributions. First, it introduces an 

array antenna configuration utilizing Quarter-

Circle Notched (QCN) elements; second, it 

implements an enhanced beam steering scheme 

that integrates a power splitter and 6-bit digital 

phase shifters, independently controlling each 

antenna element as illustrated in Figure 1. This 

approach offers more versatile solution for 

adaptive beam steering at C-band frequencies.  
 

METHOD 

In this study, two primary approaches were 

employed: antenna simulation and antenna 

measurement (Figure 2). Simulations were 

performed for the single-element antenna, sub-

array antenna, and full antenna array. In addition 

to optimization, the simulation stage also included 

array synthesis to achieve the optimal antenna 

performance in attaining a specific scanning range 

based on the applied phase shifts. The single-

element and sub-array antenna designs resulting 

from the simulations were subsequently fabricated 

for measurement. The comparison between the 

simulation and measurement results was used as 

the validation of this research. 
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Figure 2. Research workflow for antenna array 
design and beam steering analysis 

 

Numerical Simulation 

Once the literature review had been 

conducted, the next step was to simulate the 

antenna design, which started from designing a 

single element antenna. The initial design of the 

single-element antenna was obtained by 

calculating the length and width of a rectangular 

microstrip antenna element by using Balanis 

formula as seen in (1) to (5) [23]. 

𝑊 =
𝑐

2𝑓0√(𝜀𝑟 + 1)
2

                                                  (1) 

𝜀𝑒𝑓𝑓 =
𝜀𝑟 + 1

2
+

𝜀𝑟 − 1

2
[1 + 12

ℎ

𝑊
]

−
1
2

                (2) 

𝐿𝑒𝑓𝑓 =
𝑐

2𝑓0√𝜀𝑒𝑓𝑓

                                                      (3) 

∆𝐿 = 0.412ℎ
(𝜀𝑒𝑓𝑓 + 0.3)(

𝑊
ℎ

+ 0.264)

(𝜀𝑒𝑓𝑓 − 0.258)(
𝑊
ℎ

+ 0.8)
             (4) 

𝐿 = 𝐿𝑒𝑓𝑓 − 2∆𝐿                                                        (5) 

This design was then further developed 

by incorporating quarter-circle cuts at two opposite 

corners. The quarter-circle notches were 

introduced as an alternative approach to achieve 

good impedance matching. The radius of the 

circular notches on both sides of the patch was 

optimized to improve the impedance matching 

performance. The results of the parametric study, 

as shown in Figure 3, revealed that increasing the 

radius led to better reflection coefficient, up to a 

saturation point at a radius of 10 mm. 

 

 
Figure 3. Parametric study of reflection coefficient 

for various radius of the quarter-circle cuts 

 

The final optimized QCN antenna 

dimension is shown in Figure 4. The antenna was 

designed to work at a frequency of 3.5 GHz using 

an FR-4 substrate which has a dielectric constant 

of 4.3 and a dielectric loss of 0.0025. The antenna 

was fed directly through a coaxial probe with an 

impedance of 50 Ω. From the design, the antenna 

was then simulated to determine the working 

frequency, bandwidth, gain, radiation pattern, and 

beamwidth. To find out the working frequency of 

the antenna, the simulation was carried out on the 

reflection coefficient parameter (S11). The smaller 

the value of S11 at a certain frequency, the better 

the antenna resonance at the frequency obtained. 

In addition, the antenna gain was also simulated 

to find out how much gain was generated by the 

antenna. The simulation results in terms of the 

gain of the single-element antenna compared to 

the array configuration can be seen in Figure 5. 

 
 

Figure 4. Optimized single-element QCN antenna 
design 

 



SINERGI Vol. 30, No. 2, June 2026: 411-420 

 

414 T. N. Arifin et al., 4×1 Quarter-Circle Notched array antenna with independent feeding … 

 

 

Figure 5. Comparison of gain of single-element 
QCN antenna and 4×1 array 

 

Array Configuration 

The next step after obtaining the 

appropriate single-element antenna 

characteristics was to arrange the antenna in an 

array configuration to achieve a wide scanning 

range with high antenna gain. In this research, the 

target was to achieve an antenna gain of greater 

than 20 dBi, with a 45° azimuth scan range. Array 

synthesis was performed to determine the 

required number of antenna elements and the 

optimum element spacing to achieve the highest 

possible gain. It was determined that 72 elements 

were needed, arranged in a 12×6 pattern. The 

results of the antenna design in the array 

configuration can be seen in Figure 6. 

A parametric study was conducted on the 

element spacing to achieve the highest antenna 

gain, with the results shown in Figure 7. From that 

figure, it is evident that the maximum gain was 

achieved when the element spacing (d) was 

73 mm, with a peak realized gain of 24.16 dBi. 

 

Phase Shift Calculation 

In a phased array system, the phase plays 

a crucial role in controlling the radiation direction 

of the antenna array. Therefore, in this study, 

independent feeding was implemented for each 

antenna element, making it possible to adjust the 

phase of each element individually. This approach 

enables easier control of the radiation pattern 

characteristics. The phase shift required for each 

element depends on the element spacing (d), the 

steering angle (θ), and the wavelength (λ) of the 

antenna, as shown in (6) [23].  

𝛥𝜑 =  
360°. 𝑑. 𝑠𝑖𝑛 𝜃𝑠

𝜆
                                              (6) 

Based on these calculations, the phase 

shifts that had to be applied to each element were 

obtained and set through phase shifters.  

 

Figure 6. The design of 72-elements array 
antenna in 12×6 configuration 

 
 

Figure 7. Realized gain for various element 
spacings in array antenna  

A 6-bit digital phase shifter was used in this study, 

which provided a minimum resolution of 5.625°. 

As a result, the calculated phase shift had to be 

rounded to comply with the resolution of the phase 

shifter. 

 

RESULTS AND DISCUSSION 
Single-Element Measurement  

The simulated antenna were then 

fabricated to further validate their performance 

through measurements. In this study, a single 

antenna was fabricated to validate the simulation 

results. The fabricated antenna is shown in Figure 

8, while the measurement results of the S11 

parameter on the single element antenna were 

shown in Figure 9. 

 
   

(a)    (b) 
Figure 8. Fabricated single-element QCN 

antenna: (a) front view; (b) back view with SMA 
connector attached in the ground plane 
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Figure 9 proves that the single-element 

QCN antenna worked at a frequency of 3.47 – 

3.57 GHz with a bandwidth of 100 MHz. A slight 

frequency shift was observed between the 

simulation and fabrication results, attributed to the 

accuracy limitations of the fabrication process that 

led to dimensional deviations of the patch, as well 

as the effects of soldering between the SMA 

connector and the antenna patch. 

 

4×1 Array Antenna Measurement  

In this study, taking into account the 

availability of the antenna materials, a 4×1 sub-

array was fabricated to represent the overall 12×6 

array. The fabricated 4×1 antenna array can be 

seen in Figure 10. In Figure 10 (a), it can be seen 

that the QCN structure of the four elements has 

been printed on a substrate of the FR-4 material. 

It can also be seen in Figure 10 (b), that the SMA 

connector as an independent feed has been 

installed directly on the ground plane until it 

penetrates the substrate to the patch. 

Validation was performed on the S11 and 

radiation pattern parameters for the antenna 

array. Based on the measurement results as 

shown in Figure 11, the proposed antenna can 

work at the expected frequency between 3.32 – 

3.75 GHz with a bandwidth of 430 MHz. This result 

has significantly increased from the single-

element antenna of only 100 MHz. 

Radiation pattern measurements were also 

carried out to determine the shape of the radiation 

of the antenna. The measurement setup as shown 

in Figure 12 was applied using several measuring 

instruments such as a Keysight N9020A Spectrum 

Analyzer and Keysight N5183B Signal Generator 

as well as a SAS-571 Standard Gain Horn 

Antenna as a reference. Measurements were 

made using the far field method by placing the 

horn antenna at a far-field distance. The horn 

antenna was connected to a Signal Generator to 

generate an electromagnetic signal with 0 dB 

power. Opposite the horn antenna, the antenna 

under test (AUT) was placed in line perpendicular 

to the reference horn antenna. This AUT was 

connected to a spectrum analyzer to detect the 

electromagnetic signal received by the antenna. 

This process was repeated at all rotational angles 

with an angle variation of five degrees. From these 

measurements, the antenna's radiation pattern 

can be plotted as seen in Figure 13. 

In Figure 13, it is evident that the antenna 

produced two main lobes that were opposite in 

direction with nearly identical radiation levels.  

 

 

Figure 9. Simulation and measurement results of 
single-element QCN antenna reflection 

coefficient (S11) 

 
 

(a) 
 

(b) 
Figure 10. Fabricated 4×1 QCN array antenna: 
(a) front view, there are four radiating elements 

with QCN structure; (b) back view, there are SMA 
connectors to connect the cable with the antenna 

 
 

Figure 11. Measurement results of reflection 
coefficient (S11) and VSWR parameters of 4×1 

QCN array antenna 
 

This is consistent with the findings of [24], where 

a PIN diode was used to control the reconfigurable 

antenna. Contrary, in this proposed antenna, the 

back lobe was not utilized as the main beam but 

rather as an enhancer when the antenna was 

supplemented with an additional reflector. 



SINERGI Vol. 30, No. 2, June 2026: 411-420 

 

416 T. N. Arifin et al., 4×1 Quarter-Circle Notched array antenna with independent feeding … 

 

 

(a) 
 

(b) 
Figure 12. The radiation pattern measurement 
setup: (a) Placement of the AUT on a support 
table; (b) Position of the power splitter placed 

beneath the support table. 

 

Beam Steering Performance 
To evaluate the beam steering capability of the 

antenna array, an analysis was performed on the 

calculated phase shift values. These values were 

then adjusted according to the resolution of the 

phase shifter and subsequently applied to each 

antenna element. In this paper, the phase shifts 

were implemented on a 4×1 sub-array antenna. 

The beam results from several phase shift 

variations are presented in Table 1. 

The parametric study presented in Table 1 

provides clear evidence of the impact of varying 

the phase shift across the antenna elements on 

the beam direction, realized gain, and sidelobe 

level (SLL). Based on these results, the proposed 

combination of the Quarter-Circle Notched (QCN) 

structure with the 4×1 microstrip array and 

independent feeding technique enabled a wider 

beam steering range compared to theoretical 

calculations. Specifically, while the calculated 

phase shifts were designed to achieve main lobe 

steering from 0° up to 50°, the measured beam 

directions demonstrated an extended beam shift 

capability ranging from −36° to +36° (72° beam 

coverage). This enhanced steering range was 

primarily attributed to the unique electromagnetic 

properties of the QCN structure, which, when 

integrated with independent phase control, allows 

the antenna to achieve larger beam deviations 

than predicted by theory. 

Moreover, the data also revealed a trade-off 

between steering angle, realized gain, and SLL, 

where increased beam deviation leads to slight 

reductions in gain and increased sidelobe levels. 

These findings confirm that the proposed design 

not only achieves effective beam steering through 

phase control but also extends the operational 

beam coverage beyond conventional 

expectations, establishing a significant 

advancement in microstrip array antenna 

performance. 

Table 2 presents a comparison between the 

proposed antenna and existing beam-steering 

antenna designs. The proposed antenna achieved 

the widest beam scanning range (±36°) among the 

reported works, while employing only four 

radiating elements. A realized gain of 10.11 dBi 

was obtained, which is considered competitive for 

a compact structure operating in the C-band. 

Although higher gain values were reported in other 

designs, such as [25] and [26]. These typically 

involve a larger number of elements or increased 

structural complexity. 

A significant advantage was observed 

through the combination of an independent 

feeding method, digital phase shifters, and 

quarter-circle notched (QCN) elements. Through 

this configuration, reconfigurable beam control 

was achieved without the use of time-delay lines 

or multilayer structures. As a result, the overall 

system complexity was reduced, and the design 

became more suitable for practical C-band 

applications. 

 

CONCLUSION 
This study demonstrates through 

experimental validation that both the single 

element and the array configurations meet the 

simulation results. The proposed single-element 

quarter-circle notched (QCN) antenna operates at 

approximately 3.47 – 3.57 GHz with a bandwidth 

of 100 MHz, and achieves a gain ranging from 2.4 

to 3.72 dBi. The fabricated 4×1 QCN sub-array 

operates within the frequency range of 3.32 – 3.75 

GHz, achieving a broader bandwidth of 430 MHz 

and a gain of 10.11 dBi.  

AUT 

Power splitter 
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Table 1. Beam Steering Results for Various Phase Shift Configurations 

Desired mainlobe 
angle (°) 

Calculated Phase Shift Angle (°) Sim. mainlobe 
angle (°) 

Realized 
Gain (dBi) 

SLL (dB) 
Element #1 Element #2 Element #3 Element #4 

0 0 0 0 0 0 8.94 -12.70 
10 0 67.5 129.375 196.875 -12 8.73 -10.80 
20 0 129.375 258.75 28.125 -25 7.90 -2.80 
25 0 157.5 320.625 118.125 -32 7.34 -1.00 
26 0 163.125 331.875 135 -33 7.23 -0.70 
27 0 174.375 343.125 157.5 -35 7.08 -9.40 
28 0 180 354.375 174.375 -36 6.96 -9.30 
29 0 185.625 5.625 191.25 36 6.99 -9.30 
30 0 191.25 16.875 208.125 34 7.11 -9.40 
40 0 241.875 123.75 11.25 23 8.11 -3.90 
50 0 286.875 219.375 146.25 14 8.68 -9.70 
60 0 326.25 292.5 264.375 6 8.90 -11.90 
70 0 354.375 348.75 343.125 1 8.94 -12.60 

Table 2. Comparison between the proposed antenna and related works 

Ref. 
Freq. 
(GHz) 

Beam Scanning 
Range (°) 

Realized Gain 
(dBi) 

No. of 
Element 

Feeding Technique 

[27] 26.0 ±34° 9.30 4 reconfigurable 1-bit phase shifter 
[28] 27.0 ±33° 9.16 4 overlapped apertures 
[25] 8.0 -24° to 36° 20.9 16 quadrature based feeding 

[29] 10.0 ±30° 19.10 3 metasurface lens array 

[30] 27.5 ±25° 10.80 4 time delay transmission lines 
[31] 15.0 -13° to 28° 12.72 N/A air-filled SIW 
[32] 4.5 ±30° 14.31 8 combined single-layer transmitarray  
[33] 3.5 ±32° 2.40 4 meandered lines with dual-stub-based filter 
[26] 20.0 ±20° 13.46 49 hybrid transmitarray unit cell 

This work 3.53 ±36° 10.11 4 independent feed phase shifter 

   

   

(a) (b) (c) 

Figure 13. Measurement results of 4×1 QCN array antenna radiation pattern at: (a) 3.45 GHz; (b) 
3.53 GHz; and (c) 3.63 GHz 
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The application of an independent feeding 

technique with digital phase shifters and the use 

of QCN elements enhances the beam steering 

capability to approximately ±36°, which gives a 

total beam coverage of about 72°. This 

improvement over theoretical calculations based 

on the array factor confirms that the proposed 

combination effectively overcomes the limitations 

of conventional feeding systems and achieves 

better adaptive beam steering performance. 
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