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A Novel Design of Pencil Beam Antenna for Beamforming at X-Band

Thirunavukkarasu G, Karteeswar K.P, Lathika M.V

!Department of Electronics and Communication Engineering, Kongu Engineering College, Erode, Tamil Nadu, India

ABSTRACT

The project introduces a prototype of a microstrip patch array antenna characterized by high gain, a
narrow beam, cost-effectiveness, lightweight construction, and a low profile, allowing precise
adjustments to its radiation patterns. The narrow beam design offers a significantly reduced coverage
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area compared to omnidirectional antennas, thereby mitigating interference risks associated with signal
radiation into nearby sites. The project's primary objective is to engineer an X-band antenna for
beamforming applications while incorporating an analog beamforming system. The overarching goal is
to establish an effective and reliable system, enhancing security and safety measures. The 4 x 4 patch
antenna array has been designed based on a rectangular patch antenna and simulated using HFSS. It is
found to have a maximum gain of 11.1 dB at approximately 10 GHz, with notable parameters such as

VSWR and return loss measuring at 1.01 and -51.36 dB, respectively.

1. INTRODUCTION

Radar generates radio waves through a transmitter and has a
receiver to examine the reflections. It is employed for finding
and locating objects, including ships, aircraft, and other items.
Radars are used to measure the characteristics of the water,
monitor and identify items at sea level, and track insects and
birds in the sky. Both electromagnetic power transmission and
energy generation are accomplished by Radar at the precise
target. The target position receives the returning signals once
more. Today's Radar comes in a variety of forms, including
weather, mapping, biostatic, Doppler, mono-pulse, passive,
and weather-sensing. The four main parts of Radar are shown
in Figure 1. A transmitter generates a signal. The
transmit/receive switch is used to send and receive signals to
the antenna. Antennas send these signals into the atmosphere,
where they are subsequently returned. Once signals are
received, they are recognized, boosted, and sent in video
format.

Small drones flying at low altitudes can carry explosives and
avoid detection, leading to concerns of unauthorized
surveillance, targeted attacks, and information leaks. Existing
detection systems are less efficient to track this, leaving
airspace vulnerable. The goal is to create an effective and
reliable narrow beam antenna for drone detection in order to
enhance security and safety measures.

High-resolution radars are made especially for monitoring and
detecting drones. For the purpose of characterizing drones,
reflected signals are examined and contrasted with a database.
As with radars for bird detection, the recorded signatures may
also be utilized to filter out things that are not drone-like. With
the help of this signal processing, detection performance is
significantly increased, and false positives are reduced.

© 2024 The Author(s). Published by Indian Society for VLSI Education, Ranchi, India

The project focuses on developing a novel design of narrow
beam microstrip antenna for low altitude drone detection
system that detects drones flying at lower altitudes. Detecting
low altitude drones, or small unmanned aerial vehicles
(UAV5), is crucial for maintaining security and public safety.
These drones flying at lower altitudes, can be challenging to
detect using traditional radar systems designed for larger
aircraft.

Transmitted

Antenna
\ Signal
_—
Transmitter 2 — Target
v —
Received
Signal
Receiver
l Range —>
Target Detection
and
Ranging

Fig. 1 Block diagram of RADAR

Reliable detection systems are essential to prevent
unauthorized surveillance, protect airspace integrity, and
mitigate risks such as collisions or unauthorized activities. and
mitigate risks such as collisions or unauthorized activities.
This introduction highlights the importance of effective
detection technologies in addressing the evolving threats posed
by these small, agile, and elusive UAVs.

The paper is organized as five sections starting from analyzing
the literatures based on antenna design, notion of proposed
antenna followed by its design procedure. The simulation
results and conclusion come after this. The simulation results
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and the benefits are highlighted in the conclusion section.

2. RELATED WORKS

Radar antenna design requires narrow beam for locating the
target. A research paper [1] explores X-band RADAR
applications with focus on a 1x4 beam guiding array and a high
gain 2x4 array. The latter exhibits exceptional performance in
bandwidth, return loss, directivity, and gain. The study provides
valuable information for RADAR antenna design. Growing use
of drones is addressed in [2] predicting a substantial market
expansion. Emphasizes challenges in computer vision for drone
data and highlights the importance of further research in
detection and tracking algorithms. Modern object identification
methods are shown in [3] for drones, discussing two-stage and
one-stage detectors. Evaluates drawbacks and hybrid
approaches, providing a comprehensive overview of drone
detection techniques.

A cost-effective solution of antenna design for Radar
application is given in [4] with a 1x4 rectangular patch array for
X-band applications. Outperforms single-element antennas,
making it a compelling option for radar, satellite
communication, and medical application. Use of microstrip
patch array antennas for beamforming at sub-6 GHz is given in
[5]. Highlights the superior performance of the 2x2 Quad
element microstrip patch array, offering practical insights for
wireless communication technologies. A survey on a Ku Band
antenna array [6], optimizing for low side lobe levels and
favorable cross-polarization. The promising results suggest
potential practical implementation in the Ku Band frequency
range.

A dual-band slot antenna is designed [7] for WLAN and
WiIMAX, emphasizing its high gain and directional multiband
characteristics. The study provides valuable insights into
antenna performance for wireless communication applications.
A Comparison of dual, quad, and eight patch array antennas [8]
using edge feeding techniques has been done. The study
concludes that individual feed offers superior performance in
terms of gain and directivity, contributing insights for antenna
engineering. Another recent paper focuses on creating a passive
radar system for UAV detection [9] using microstrip rectangular
patches. The validated design meets requirements for radiation
patterns, bandwidth, and gain, suggesting its potential in
safeguarding critical locations. A linear array of rectangular
microstrip patch antennas for X-band applications is discussed
in [10]. The study satisfies X Band design standards,
showcasing the antenna system's effectiveness for drone
identification and detection in sensitive locations. A two-stage
method is presented [11] employing GoF sensing and DRNN
for drone signal recognition, spectrum localization, and
classification. Achieves good results but may not work with
unknown signals.

Another literature addresses [12] illicit drone activities,
introducing a novel drone RF dataset. YOLO framework shows
superior detection in multi-signal scenarios, with Deep
Recurrent Neural Network DRNN comparable in classification.
Acknowledges limitations and proposes exploration of
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unsupervised scenarios. Microstrip patch array antennas for
satellite communication is illustrated [13], introducing a 2x2
microstrip array for satellite communication. Achieves
significant bandwidth, gain, directivity, and efficiency. A
rectangular array antenna-based hybrid beamforming model in
massive MIMO for 5G is presented in [14]. Shows up to 99%
reduction in computational complexity compared to fully digital
beamforming, emphasizing cost-effectiveness. Another paper
[15] introduces a dedicated miniature antenna for detecting
airliners using demodulated ADS-B signals on drones. The
antenna exhibits circular polarization, axial ratio maintenance,
and successful detection up to 437 km. The challenges of
amateur drone threats are addressed [16] using 5G millimeter-
wave cellular infrastructures. Proposes a novel technology and
system design for efficient detection, considering base station
density, directional antennas, and available bandwidth. A
literature review explores the rising challenges posed by
amateur drones [17]. The paper advocates utilizing 5G
millimeter-wave cellular networks for effective drone detection,
highlighting factors such as base station density, directional
antennas, and available bandwidth. The proposed system design
aims to address the pressing need for efficient detection of
small-sized drones.

A comprehensive antenna system is presented [18] for V2X
applications, integrating multi-band elements and mmWave 5G
beamforming phased array antennas. Demonstrates broad
coverage and high isolation. A suspended conformal patch
antenna (SCPA) is introduced [19] for constant-gain beam-
switching phased arrays. Improves gain and beamwidth
compared to suspended planar patch antenna (SPPA). Another
recent paper focuses on dual and quad-element microstrip patch
antenna arrays [20] for beamforming applications at 2.4 GHz.
Aims to reduce interferences and enhance QoS for sensor arrays
and 3G wireless networks. Phased array antenna shown in [21]
is provided with four circularly polarized slotted waveguide
elements, showcasing feasibility for analog beamforming at 9.6
GHz. Dual circularly-polarized beam-switching antenna array is
introduced [22] for WiMAX applications, utilizing a Butler
matrix for efficient beam-forming. Beam-steerable antenna
array [23] is presented with a 4x4 Butler Matrix feed network
for X-band applications, achieving a bandwidth of 2 GHz and
effective coverage over 100° [23]. A modular beamformer for
transmitting antenna arrays [24] in the DCS/PCS frequency
band, demonstrates low return losses and impressive
performance. Challenges in UAV-SAR systems is addressed in
[25] and the author has proposed a 4x4 ax-shaped radiator array
antenna for high-resolution, lightweight, and fully circular-
polarized SAR. Simulation and experiments validate its
effectiveness in achieving precise circularly polarized SAR
capabilities.

3. PROPOSED ARRAY ANTENNA

The proposed method focuses on designing a cost-effective 4 x
4 microstrip patch array antenna for X-band frequencies,
specifically optimized for drone detection. Key features include
high gain, a narrow beam, cost-effectiveness, lightweight



construction, and a low profile, allowing precise radiation
pattern adjustments. Leveraging array antenna principles
enhances control over beam direction, crucial for minimizing
interference risks. The feeding mechanism incorporates an
innovative inset strategy, manipulating spacing and length to
control impedance effectively. A distinctive notch structure in
the inset feed dynamically modifies the antenna's resonance
frequency, optimizing overall performance. The design process
begins with a single patch antenna, progressing to a scalable 4 x
4 array. Output properties are systematically contrasted with
contemporary techniques, confirming the antenna's efficacy in
drone detection scenarios.

Inspiration is drawn from a 1x4 microstrip phased array antenna
designed for 5 GHz Wi-Fi on the Rogers RT/Duroid 6006 TM,
employing a switch line phase shifter. This serves as the basis
for our high-gain microstrip patch array antenna for X-band
RADAR applications. The antennas, adjusted for a 10 GHz
central frequency, are built on cost-effective FR4 material,
ensuring economic viability. Results from the studied antenna
array [1] showcase a working band between 9.77 GHz and 10.15
GHz, a bandwidth of 380 MHz, and impressive metrics such as
15.82 dB directivity, -30.27 dB return loss, and a 15.5 dB peak
gain for the recommended 2x4 element array. The switched line
phase shifter and 1x4 element array enable a half-power beam
width (HPBW) of 16.88° and beam steering of (6, ¢) = (16°, 0).
This method strategically shifts from high-cost RT Duroid to
cost-effective  FR4 material, ensuring economic viability
without compromising performance. The result is an advanced
microstrip patch array antenna, offering heightened drone
detection capabilities and contributing significantly to radar
technology's advancement in complex mission scenarios.

4. DESIGN PROCEDURE

A 4 x 4 patch array antenna operating in the X-band frequency
region is suggested for use in drone detection applications.
Initially, a single patch antenna is created and its output
characteristics are examined in order to do this. The ultimate
4 x 4 patch array antenna is then developed using the 1 x 4
patch array antenna as a model, and its output properties are
examined and contrasted with the current technique. The
substrate is essential to the antenna's design. Permittivity
needs to be 2.20 <r < 12.0. Low loss tangent is used to reduce
the dielectric power losses of the antenna. A 1.6 mm-tall FR4
substrate with a 2.2 € r factor is used in this design.

The bandwidth and impedance properties of the antenna are
significantly influenced by its patch width. It can be found in
equation 1

c 2
w=—
2fr Al Er+1

Where,

(D

¢ = velocity of light in free space
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fo = resonating frequency
&, = dielectric constant of substrate

Since E and H-field lines are partially present in both the
substrate and the air, this is taken into consideration. The
calculation makes use of equation 2.

&r+1

Erepy = 0 4+ 22 [1 +12 (%)]_% 2)

This is a consequence of the fringing effects of the patch.
Equation 3 provides the extension length.

w
) Erepr+03 \ [(+0.264
AL = 0.412h (greff_0'258>< %+0.8 ) )

Length of the patch antenna is given by

_ Cc
2feresf

—2AL 4)

As an initial step, a single patch antenna (Figure 2) is designed
with the following dimension given in Table 1. These values are
calculated using the above formulas for the operating frequency
of 10 GHz and the substrate value of 4.4.

0 5 10 (mm)

Fig. 2 Single Patch Antenna Design

This single patch antenna is the basic structure for the proposed
array antenna.

Table. 1 Patch Antenna Dimensions

Parameter Value in mm
Length of the patch (L) 10.8
Width of the patch (W) 9.6
Feed length (FL) 42



Feed width (FW) 0.7

As a second step, the linear array (Figure 3) of 4 elements is
designed using the same dimension of the single patch antenna.
The feed lines are connected using a strip line of thickness 0.4
mm and 48.7 mm length of the strip line upon connecting the
patch antennas.

[N

57.6

Fig. 3 Linear Patch Array Antenna 1x4

This linear array is stacked as array of linear array to obtain 4x4
patch array (Figure 4). The distance between the elements is
kept as 16 mm which is a nearest value of half wavelength of X-
band (10 GHz) to avoid interference

¥

69.15

J 60.3

Fig. 4 Proposed Patch Array Antenna 4x4

kL 60 imm)

Overall dimension of the proposed array antenna is 69.15 mm
by 60.3 mm which looks compact in size and still provides
pencil beam.

5. SIMULATION RESULTS

The proposed antenna array is designed with proper steps
described in the previous section. It is simulated using HFSS
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simulator and the return loss, VSWR and radiation pattern are
illustrated in this section.

The single element patch antenna has a return loss (Figure 5) of
-42.76 dB at around 10 GHz frequency. It has a single frequency
of resonance. The return loss plot indicates that the antenna's
bandwidth is 591 MHz.

o0 S11 and Bandwidth new single 4

g
I

Name
ml 9.9911 |-42.7665
m2 9.7111 |-10.2195
m3 10.3022-10.2511

B8 4 8
8 8 8 8
L L L L

an(sLL)

]
5
L

-35.00 —

-40.00

-45.00 ! ==
0.60 240 s.bo

RN
Freq [GHz]
Fig. 5 Return Loss — Single Patch Antenna

The radiation pattern shows two dimensional and three
dimensional gain plots (Figure 6a and 6b). It is the resultant
radiation of a single rectangular patch antenna; hence the
radiation is distributed as unidirectional with large beamwidth.

-180
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— dB(1ETotal)
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Fig. 6a 2D Gain Plot
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Fig. 6b 3D Gain Plot of Single Patch Antenna

It is observed from the three dimensional gain plot that
maximum value of gain is 5.2 dB. This wide beam antenna is
not suitable for beamforming applications. It makes the plan to
go for array antenna which has a benefit of improved gain and
narrow beam.

S11 and Bandwidth 4X4 4

Curve Info
— aB(S(1.1
20.00 Setupl .stnee;

Name X Y
ml 10.0044]-44 2302
ml 9.5422 | -9.9748
m3 10 8311]-10. 1914

dB(S(1,1)

915 a5 915 1025 1050 1075 1100

i)
Fig. 7 Return Loss of Linear Array

The return loss (Figure 7) of linear array antenna is measured as
-44.23 dB at around 10 GHz frequency comes in X-band. At the
return loss of around -20 dB down the operating frequencies are
limited to 9.8 GHz to 10.05 GHz.

-180
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Fig. 8a 2D Gain Plot of Linear Patch Array
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Fig. 8b 3D Gain Plot of Linear Patch Array Antenna

The two dimensional and three dimensional gain plots are given
in figure 8a and figure 8b respectively. The radiation pattern
shows like fan beam with wide beamwidth. The fan beam may
also have preferred in some beamforming application, but it
should have narrow beam in another side. The maximum value
of gain is increased to 8.2 dB; however, the wide beam makes
not suitable for proposed application.

S11 and Bandwidth newlx4 +
0.00

-10.00

Curve Info

-20.00 <= dB(S(L1)
Setup] - Swéep
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2
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-40.00 + m3 10.8622| -96718

-50.00 -
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.00 850 9.50 950 10100 1050 1100 1150 1200
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Fig. 9 Return loss of Proposed 4x4 Array antenna

The return loss of the 4 x 4 patch array antenna (Figure 9) has a
value -51.36 dB around 10 GHz. The frequency band at -20dB
down is from 9.8 GHz to 10.2 GHz. This shows that the
proposed antenna array would work around 10 GHz of X band
and suitable for radar applications.

-180

Curve Info xdb10Beamwidth(3)
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Setup -~ LastAdaptive 31 5570
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Fig. 10a 2D Radiation Pattern of Proposed 4x4 array

The proposed antenna is simulated and the 2 dimensional
radiation pattern is ploted in Figure 10a as gain plot. It gives a
huge main lobe and very small side lobe. Also the maximum
gain is observed as 11.1 dB. Along with this gain improvement,
it offers a narrow beamwidth. The half power beamwidth
observed from the two dimensional gain plot is 15 degrees
which is most suitable for beamforming applications.



The three dimensional radiation pattern is given in Figure 10b.
from this figure it is observed that the beamwidth is quite narrow
and is approximately a pencil beam pattern. This is a desired
radiation characteristic for the beamforming in Radar
applications.

[ Max: 11.1) GainTotal
I12 __aFheta (deg)

Min: 0.0

Fig. 10b Three dimensional Radiation Pattern of Proposed 4x4
array
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Fig. 11 VSWR of Proposed 4x4 array antenna
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The voltage standing wave ratio (VSWR) of the antenna shows
that it can be operated at 10 GHz, 10.9 GHz and 11.45 GHz all
come under X-band. However, it has the least value of VSWR
at 10 GHz, which is the proposed operating frequency in the
antenna design.

6. CONCLUSION

The 4x4 array antenna for beamforming applications is
simulated using HFSS. The return loss obtained is -51.36 dB
which ensures the best impedance matching requirement. This
is obtained by using very familiar inset feeding. Further, the
VSWR is obtained 1.01 and it is much optimized value from
simulation. Both the return loss and VSWR confirms the lower
insertion loss. The HPBW is also 15 degrees and it is the pencil
beam suitable for beamforming applications. The 4 x 4 patch
antenna array, exhibiting a maximum gain of 11.1 dB at 10
GHz, attests to its effectiveness. As a result, based on the
aforementioned claims, it can be inferred that this simulation
results provide one of the best design. Moreover, the design
complexity looks simple since it uses only rectangular patch
antenna design. Boasting attributes such as high gain, pencil
beam, cost-effectiveness, lightweight construction, and a low
profile, it proves versatile across a range of scenarios.
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