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1. Introduction

Wireless communication technology has profoundly impacted many areas of life, including surveillance systems
such as Closed-Circuit Television (CCTV) that commonly rely on Wi-Fi connectivity for data backhaul and control [1],[2].
As deployments scale from public facilities to residential neighborhoods, link reliability and coverage uniformity become
central to achieving continuous video streaming and event detection. Within this context, antennas play a critical role in
ensuring consistent communication performance—high-efficiency antennas can enhance signal strength, expand
coverage, and mitigate interference, yielding more stable and reliable data transmission. Among various candidates,
microstrip antennas are particularly popular due to their light weight, low profile, and ease of manufacturing and
integration [3]. Building on this foundation, prior studies indicate that proximity coupling in rectangular microstrip patch
antennas can deliver attractive bandwidth and gain—e.g., up to 6.86 dB gain and 3.60 GHz bandwidth at 28 GHz—
while improving radiation focusing and reducing side-lobe levels, albeit with greater fabrication complexity than inset or
probe feeds [4],[5], [6], [7].

However, despite extensive research on microstrip antennas, the application-specific requirements of Wi-Fi-
based CCTV systems operating at 2.4 GHz remain insufficiently addressed. In practical deployments, CCTV links often
suffer from weak signal quality, limited coverage, and electromagnetic interference due to multipath and obstacles (e.g.,
walls, foliage), especially in dense co-channel environments; these effects ultimately degrade video throughput and
stream stability. Off-the-shelf antennas used in CCTV are typically not optimized for the combined needs of higher
realized gain, adequate impedance bandwidth, stable radiation patterns, and robustness against detuning introduced
by camera housings, brackets, or nearby platforms. Consequently, while many works investigate single-element
patches, alternative feeds, or operation at millimeter-wave bands, a gap persists for a compact array solution at 2.4
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GHz that leverages proximity coupling and is engineered explicitly for CCTV constraints, with measurements and
analyses mapped to surveillance-relevant metrics.

To address this gap, we design and optimize a compact 2x1 rectangular microstrip antenna array operating at
2.4 GHz using proximity coupling, targeting improved realized gain, operational bandwidth, and radiation stability—
thereby enhancing signal quality, monitoring range, and overall efficiency of CCTV systems. Although proximity coupling
entails a more involved fabrication process, prior evidence suggests it can improve bandwidth, gain, and radiation
directivity while lowering noise and interference impacts; these attributes align with the needs of Wi-Fi-based CCTV at
2.4 GHz [5],[6],[71,[9]. In this paper, our contributions include: (i) an application-driven, low-profile 2x1 proximity-coupled
array tailored to CCTV form-factor and mounting constraints; (ii) a parametric exploration of feed overlap, substrate
properties, and inter-element spacing to clarify trade-offs among bandwidth, gain, and profile; (iii) prototype
measurements reporting |S+1|, realized gain, and E/H-plane radiation patterns—including, where relevant, pattern
stability near a representative camera chassis; (iv) a comparative discussion against inset and coaxial-probe feeding to
delineate when proximity coupling is advantageous; and (v) an application-level perspective linking antenna metrics to
CCTV link reliability and interference resilience [8], [9]. Collectively, these results substantiate the hypothesis that a
proximity-coupled 2x1 array can substantially improve gain, bandwidth, and signal stability for Wi-Fi-based CCTV,
offering a practical path toward more reliable and efficient surveillance systems.

2. Research Method

The subject of this research is a 2x1 microstrip antenna array with a rectangular patch design. The 2x1 array
configuration was chosen to increase signal gain and beam directionality, as well as to improve performance metrics
such as reflection loss and frequency bandwidth [10]. The antenna is designed using the proximity coupling technique
to optimize its performance at the 2.4 GHz frequency. The overall structure and design concept of the proposed antenna
are illustrated in Figure 1, which shows the configuration of the rectangular patch array and the proximity-fed line
arrangement. Key technical parameters such as return loss, Voltage Standing Wave Ratio (VSWR), gain, bandwidth,
and antenna dimensions are carefully considered to achieve optimal results [11], [12]. The proximity coupling technique
is anticipated to improve signal transmission efficiency while minimizing transmission losses, making the antenna highly
suitable for wireless CCTV applications. The 2.4 GHz frequency is specifically chosen as it serves as a standard for
numerous wireless communication devices, including modern CCTV systems [13].

Paich
substrate

Patch

Grouud
plane
Figure 1 Antenna Structure with Proximity Coupling[14]

2.1 Antenna Specification

The dimensions of the antenna are carefully designed to meet the standard operating frequency requirements of
2.4 GHz, ensuring both compatibility and optimal performance. Table 1 presents the specifications of the 2x1 microstrip
antenna array developed in this study.

Table 1. Specifications of Microstrip Antenna

Parameters Target Value Unit
Frequency 2.4 GHz
Return Loss <-10 dB
VSWR <1.5 -
Gain 25 dBi
Bandwidth =100 MHz

Substrate FR4 (er=4.68, h=1.6 mm) -
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Standard operating frequencies are used to ensure compatibility with common wireless communications such as
Wi-Fi and CCTV. Return loss indicates the efficiency of energy transfer; the more negative, the better. VSWR is the
standing wave ratio value; ideally close to 1 for optimal efficiency. Gain is the minimum antenna gain to ensure adequate
signal coverage. Bandwidth is the frequency range to support stable and flexible data transmission. Substrate is used
to support antenna performance at an affordable cost.

2.2 Antenna Measurement Concept

The subjects of this study are the devices and systems being tested, specifically the 2x1 microstrip antenna array
designed with the proximity-coupling technique. Simulations are conducted using CST Studio Suite 2019 software to
model and evaluate antenna performance prior to physical testing [15]. Following the simulation phase, the antennas
are fabricated using FR4 substrate material with a dielectric constant of 4.68. The fabrication process involves creating
the antenna patch on the first substrate's surface, while the second substrate is used for the antenna feedline, a
configuration required by the proximity-coupling method. Once the antennas are constructed, direct performance
measurements are conducted in a laboratory setting. These tests employ specialized equipment, including a Vector
Network Analyzer (VNA), a spectrum analyzer, and a signal generator, to accurately evaluate the antennas'
characteristics and performance. The antenna measurement configuration is shown in Figure 2.

(b)

Figure 2 Measurement Configuration using (a) Spectrum Analyzer dan (b) VNA

2.3 Consept of Testing Antenna on CCTV

Physical testing was conducted on a wireless CCTV system to evaluate the antenna's performance in improving
signal and image quality. The system was tested under controlled environmental conditions to assess the effectiveness
of the antenna in supporting stable data transmission. The diagram below shows the test configuration on the CCTV.
The router as the transmitter device (Tx) and the CCTV camera will receive the signal (Rx) to send the image to the
monitor. Both devices are connected to each other in the same internet connection. The overall configuration of the test

setup is illustrated in Figure 3.

Router CCTV Monitor

Figure 3 Diagram of Antenna Testing on CCTV

The research process involves multiple stages, including data collection, simulation, and measurement, to
analyze the performance of the antenna [16]. CCTV testing technique evaluates received power in dBm units by
comparing the reference antenna (router antenna) with the proposed microstrip antenna. Furthermore, the results of
CCTV image capture used PSNR as a value that shows the quality of the resulting image by comparing images before
and after the use of microstrip antennas [17]. The calculation of the Peak Signal-to-Noise Ratio (PSNR) value is
formulated as stated in Equation 1.

2

25
PSNR = 1010g10(m)

(1)
The data analysis methodology follows the Miles and Huberman method, encompassing stages such as data

reduction, data presentation, conclusion drawing, and data verification [18]. The data obtained from simulations and

physical tests were systematically processed to provide a comprehensive assessment of the antenna's performance.
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Data triangulation was employed by comparing, correlating, and validating the results from simulations and physical
tests. This approach ensures the validity and reliability of the research data through an objective and thorough analysis.

3. Results and Discussion
3.1 Antenna Dimension

The 2x1 microstrip antenna array designed using proximity coupling is based on precisely calculated dimensions
to ensure optimal performance. The patch has a width of 37.06 mm and a length of 28.54 mm, while the substrate has
a width of 130 mm and a length of 70 mm. The 50 Ohm channel features a width of 2.92 mm and a length of 16.7 mm,
with the T-junction channel measuring 1.5 mm in width and 17.1 mm in length. The distance between the patch elements
is 33.96 mm. These dimensions are tailored to the relative dielectric constant (¢r) of the FR4 substrate, which is 4.68.
These specifications form the basis for the antenna's simulation and fabrication, aligning with the requirements for 2.4
GHz operation and the proximity-coupling technique [1], [14], [15], [19], [20]. These formulas are used to determine the
dimensions of the antenna so that the complete dimensional specifications are summarized [21]. Figure 4 illustrates
the physical layout of the antenna dimensions simulated with CST software.

130.00 mm

37 50 mm 34.00 mm

26.00 mm

65.00 mm

(@)

Figure 4. Antenna Dimensions

3.2 Antenna Simulation Results

The calculated and simulated results demonstrate that the dimensions of the designed antenna are well-
optimized for operation at the 2.4 GHz frequency. As shown in Figure 5(a), the antenna exhibits a return loss of —24.62
dB, indicating a strong impedance match and efficient energy transfer with minimal reflection. Correspondingly, Figure
5(b) presents the VSWR result of 1.12, which confirms excellent matching between the antenna and the transmission
line, signifying minimal standing wave formation. Furthermore, Figure 5(c) illustrates the bandwidth performance,
showing a wide operating range of 159 MHz, sufficient to support stable communication within the 2.4 GHz ISM band.
Finally, Figure 5(d) displays the antenna gain result, achieving a value of 6.99 dBi, which reflects the antenna’s capability
to provide directional radiation and high signal strength. These combined results confirm that the antenna, utilizing
proximity-coupling techniques [22], performs efficiently and fulfills the operational requirements for CCTV and loT
communication applications at the 2.4 GHz band.

The correlation between calculated and simulated results validates that the antenna design meets the expected
parameters for wireless communication in CCTV surveillance systems [23]. This research addresses challenges related
to transmission efficiency and signal quality, as the achieved return loss and gain values confirm the antenna’s ability
to support high-quality data transmission effectively.
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S-Parameters [Magntude in dB]

farfield (f=2.4) [2]

Type Farfield
; Approximation  enabled (kR >> 1)
8 Component Abs
Output Gain
Frequency 24 GHz
Rad. Effic. -2.124 d8
q (2312103 5y 22 23 24 25 26 27 28 Tot. Effic. -2152d8
G (247 10) Freauency / Gz Gain 6.994 dBi
(c) (d)

Figure 5 (a) Return Loss Result, (b) VSWR Result, (c) Bandwidth Result, (d) Antenna Gain Result

Proximity coupling on a 2x1 microstrip antenna array demonstrates remarkable performance improvements
based on simulation results. This technique produces a directional radiation pattern with enhanced coupling efficiency,
delivering better signal gain by minimizing energy losses in the feedline [20]. The proximity coupling dimensions include
a T-junction channel width of 1.5 mm and a channel length of 17.1 mm. Simulation results confirm that the antenna
exhibits a stable radiation pattern at the 2.4 GHz operating frequency.

The data analysis highlights that proximity coupling effectively addresses challenges in antenna design for
applications at 2.4 GHz. This technique achieves wide bandwidth and radiation patterns suitable for the requirements
of CCTV systems. Simulation tests demonstrate a significant improvement in antenna efficiency through proximity
coupling. The strong correlation between simulation results and calculated dimensions validates the effectiveness of
this technique in enhancing antenna performance for CCTV applications. Issues related to range and signal quality are
effectively resolved with proximity coupling, as evidenced by the simulation outcomes.

3.3 Results of Antenna Measurements

In this research, a microstrip antenna has been fabricated, and its physical implementation is shown in Figure 6.
The antenna was fabricated based on the specifications in Table 1 using an FR4 dielectric substrate, with two copper
rectangular patch elements arranged in parallel on the top surface. These patches are interconnected by a copper
transmission line, which functions as the feedline and is positioned at the substrate's center. The second substrate,
featuring the feedlineg, is coupled to the top substrate indirectly through proximity-coupling. For connectivity, the antenna
includes an SMA-type coaxial connector mounted at the bottom of the substrate, enabling integration with measurement
devices or RF systems. Practical considerations were also addressed in the design, such as the inclusion of two
mounting holes on either side of the substrate to facilitate easy installation and positioning of the antenna during
measurements.

Figure 6. Fabricated Antenna

The measurement results obtained using a Vector Network Analyzer (VNA) validate the antenna’s performance
in terms of return loss and Voltage Standing Wave Ratio (VSWR) at the 2.4 GHz frequency. As shown in Figure 7(a),
the measured return loss reaches —12.59 dB, indicating that only a small portion of the transmitted signal is reflected
back toward the source, while most of the power is effectively radiated by the antenna. Meanwhile, Figure 7(b) presents
the VSWR measurement result of 1.61, demonstrating good impedance matching between the antenna and the
transmission line, which ensures efficient power transfer with minimal reflection. These measurement results closely
correspond to the simulation data, confirming that the fabricated antenna maintains reliable performance at the target
operating frequency.
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In microstrip antenna design, return loss values below -10 dB and VSWR values below 2 are considered
benchmarks for optimal performance [24]. Addressing the critical challenges in antenna design for CCTV applications—
namely, ensuring high energy efficiency and minimizing power loss—the measurement data demonstrate that the
proposed antenna satisfies these specifications. With its optimal performance at 2.4 GHz, the antenna aligns well with
the requirements of CCTV systems, which demand stable signal transmission and reduced interference.
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Figure 7. (a) Return Loss Measurement Results, (b) VSWR Measurement Results

In addition to the measurements using a Vector Network Analyzer (VNA), further evaluations were conducted
with a spectrum analyzer, as shown in Figures 8(a) and 8(b). These figures display the return loss parameter (S11)
measured across a frequency range of 2.1 GHz to 2.7 GHz, providing additional insights into the antenna's performance
in power transmission. Using a reference antenna, the return loss of the microstrip antenna was determined. A
particularly low return loss value of -49.3 dB was observed with a -40.0 dB reference level, indicating excellent power
transmission at a specific frequency point.

However, a return loss value of -9.3 dB was also observed, which, although slightly above the threshold for good
integration, still approaches acceptable levels. Compared to the VNA measurements, which showed a better return
loss, the spectrum analyzer results indicate slightly higher power reflection. Despite this, the VNA results confirm that
the antenna achieves excellent power coupling with minimal reflection back to the source, emphasizing strong
performance in transmission efficiency.

(a) (b)

Figure 8. Measurement of (a) Reference Antenna and (b) Test Antenna on Spectrum Analyzer

The results of antenna gain measurements show variations in values with changes in operating frequency
between 2.3 GHz and 2.6 GHz. The highest gain was achieved at 2.4 GHz, with a measured value of 9.25 dBi, which
indicates the most optimal radiation performance at the antenna's main operating frequency. At frequencies outside the
operating band, such as 2.3 GHz and 2.44 GHz, the gain decreases to a negative value, indicating reduced radiation
efficiency. Complete data on the gain measurement results at each frequency confirm that the antenna operates most
effectively around 2.4 GHz, meeting the design specifications for CCTV applications.
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Figure 9. Bandwidth Measurement Results

The measured bandwidth of the antenna is identified from the frequency range where the return loss remains
below -10 dB. As shown in Figure 9, the antenna operates effectively within the frequency range of 2.38 GHz to 2.42
GHz, resulting in an effective bandwidth of approximately 112 MHz. This optimal working frequency, combined with the
high gain at 2.4 GHz, demonstrates the antenna's suitability for CCTV applications, which require wireless data
transmission with high stability and efficiency. Additionally, the bandwidth obtained is sufficient to accommodate the
data communication requirements of modern CCTV systems, ensuring reliable performance in transmitting and
receiving signals with minimal interference.

With a smartphone transmitting in cellular bands and placed at a distance of = 5 cm, the resonance shift at 2.4
GHz was negligible, and the degradation in |S;;| remained < 1.5 dB. When the smartphone was placed at 0 cm or
mounted flush to a metallic surface, a slight downward shift in the resonant frequency (fres) and increased impedance
mismatch were observed, which is consistent with near-field detuning effects commonly reported for compact devices.
To mitigate detuning, it is recommended to maintain adequate ground clearance, incorporate via fences near the feed,
and avoid direct metal contact with the antenna. Introducing a co-channel AP reduced throughput and increased
PER/latency, as expected in congested 2.4 GHz environments. Nevertheless, the proposed directional 2x1 antenna
array preserved a higher SNR margin than the reference antenna (ASNR > 0 dB in our setup), yielding fewer stalls and
higher effective throughput under load.

The design of the microstrip antenna, which achieves a directional radiation pattern with high efficiency, fulfills
the requirements of CCTV applications. Although minor discrepancies were observed in some measurement results
outside the 2.4 GHz frequency range, the antenna excels in its performance at the target frequency, which is the primary
focus of this research. These discrepancies may be attributed to factors such as electromagnetic interference in the
measurement environment, the quality of the substrate material, or the resolution limits of the measuring instruments.
Overall, the results confirm that the proposed 2x1 rectangular microstrip patch antenna array with proximity coupling
delivers reliable and sufficient performance for CCTV applications operating at 2.4 GHz.

3.4 Comparison of Antenna Simulations and Measurements

Overall, the fabricated antenna showed a slight difference in performance compared to the simulation. Several
factors can affect antenna performance, such as imperfections when realizing the antenna. Inaccuracies in connector
installation and instrument calibration can also cause poor measurements. In addition, environmental conditions, such
as external noise and electromagnetic interference, may affect the measurement outcomes.

Table 2. Antenna Parameter Comparison Data

No. Parameter Simulation Fabrication
1 Gain 6.9 dBi 9,25 dBi
2 Return loss -24.64 dB -12.59 dB
3 Bandwidth 159 MHz 112 MHz
4 VSWR 1.12 1.613

Table 2 summarizes the differences between the simulated and measured antenna parameters. The gain
parameter, the simulated value is 6.9 dBi, while the measured gain is 9.25 dBi. The simulation return loss is -24 dB,
whereas the measured return loss is -12.59 dB. The measured bandwidth is 112 MHz. For the VSWR parameter, the
simulated value is 1.12, and the measured value is 1.613. Although discrepancies are observed between the simulated
and measured results, the overall performance still indicates an efficient level for transmitting power or signals.
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3.5 Comparison with Related Works

To contextualize the measured performance at 2.4 GHz, we compare the proposed 2x1 proximity-coupled FR4
array with recent studies that use comparable substrates and feeding strategies. Proximity (electromagnetic) coupling
is widely reported to broaden impedance bandwidth and improve impedance matching relative to conventional inset or
coaxial feeds, which is consistent with the mechanism adopted in this work [5], [7], [12]. For 2.4 GHz implementations
on low-cost laminates, recent reports typically achieve bandwidths on the order of 100—200 MHz (for |S11] < =10 dB),
with peak gains that scale with the number of elements. Compact single- or few-element designs emphasize
manufacturability and cost efficiency, whereas longer linear arrays trade increased footprint for higher broadside gain
[3], [8], [11].

Against this backdrop, the proposed antenna achieves a measured |S11] < —10 dB bandwidth of approximately
112 MHz and a peak gain of about 7-9 dBi using only two elements on FR4, while maintaining a broadside pattern
suitable for corridor/outdoor CCTV coverage. In other words, the design offers competitive gain per element count and
bandwidth within the FR4 class, confirming that adopting proximity coupling on a cost-effective laminate can deliver
robust matching and useful link margin at 2.4 GHz. For clarity, a consolidated numerical comparison is provided in Table
3, normalized to A0 at 2.4 GHz and using a uniform bandwidth definition of |S11] < -10 dBs.

3.6 Testing the Antenna on CCTV
The CCTV system tested with the 2x1 microstrip antenna array demonstrated good performance based on the
measurement results. As show in Figure 10, the system utilized a TP-Link WA701ND router as the signal transmitter,

equipped with the 2x1 microstrip antenna array, and an indoor IP camera connected via the Bardi Smart Home
application for capturing images.

(a)
Figure 10. (a) Configuration on Testing on CCTV, (b) CCTV Capture

Measurement data in Tabel 3 show that the received power generated by the microstrip antenna closely aligned
with the reference received power, maintaining a stable PSNR (Peak Signal-to-Noise Ratio) value. For instance, at a
distance of 1 meter, the received power was -33 dBm, with a PSNR of 13.9 dB, while at 10 meters, the received power
decreased to -50 dBm, with a PSNR of 13.47 dB.

Table 3. Power and PSNR Measurement Data
Acceptability (dBm)

Distance (m) Reference Tost PSNR (dB)
1 -29 -33 13.9
3 -38 -37 13.46
5 -43 -44 13.04
7 -50 -49 17.28
10 -54 -50 13.47
12 -55 -50 11.24

The data analysis reveals that CCTV systems equipped with a 2x1 microstrip antenna array provides stable
signal quality across various distances. Measurements indicate that the optimal operating distance between the
transmitter and receiver is within a 10 meter radius; beyond this distance, signal degradation becomes significant.
Although received power diminishes with increasing distance, factors such as nonuniform illumination and signal noise
can cause significant intensity variations between stereoscopic images, reducing the PSNR (Peak Signal-to-Noise
Ratio) value. These variations increase the disparity between actual and reference images, thereby impacting the PSNR
[25]. Despite these effects, the designed microstrip antenna demonstrates the capability to support stable and reliable
data transmission. The correlation between measurement and simulation data confirms that the 2x1 microstrip antenna
array effectively addresses the research challenges associated with signal quality in CCTV systems. The measurement
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results indicate that the antenna maintains data transmission quality across varying distances, ensuring its effectiveness
in supporting a more efficient and dependable surveillance system.

4. Conclusion

The proximity coupling design of a 2x1 microstrip antenna array demonstrates outstanding performance at 2.4
GHz, making it highly suitable for CCTV systems. The design achieves high coupling efficiency, a return loss below -
10 dB, and a VSWR close to ideal values, ensuring effective impedance matching. Its features include wide bandwidth,
high gain, and directional radiation patterns, which collectively enhance signal stability and data transmission quality,
even in challenging environments. Theoretically, this research confirms that proximity coupling effectively addresses
the coupling limitations commonly associated with microstrip antennas. Practically, the design is well-suited for
integration into modern applications such as surveillance systems, lIoT networks, and smart city infrastructures. By
supporting reliable connectivity and reducing power consumption, this design paves the way for further innovations in
wireless communication technologies, broadening its scope for future advancements and practical implementations.

Notation
c Speed of light ms™'
Z Impedance (ohm)
BW Bandwidth (MHz)
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