
Academic Editors: Haibin Duan,

Jialong Zhang and Shuangxi Liu

Received: 9 May 2025

Revised: 13 June 2025

Accepted: 15 June 2025

Published: 23 June 2025

Citation: Jin, K.; Han, S.-S.; Baek, D.;

Lee, H.L. Small Drone Detection

Using Hybrid Beamforming 24 GHz

Fully Integrated CMOS Radar. Drones

2025, 9, 453. https://doi.org/

10.3390/drones9070453

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Small Drone Detection Using Hybrid Beamforming 24 GHz
Fully Integrated CMOS Radar
Kangjie Jin 1, Seung-Soo Han 1, Donghyun Baek 1,2 and Han Lim Lee 1,2,*

1 Department of Intelligent Semiconductor Engineering, Chung-Ang University, Seoul 06974,
Republic of Korea; jinkangjie@cau.ac.kr (K.J.); han26128@cau.ac.kr (S.-S.H.); dhbaek@cau.ac.kr (D.B.)

2 School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, Republic of Korea
* Correspondence: hanlimlee@cau.ac.kr

Abstract

This paper presents a compact 24 GHz radar with a 4-transmit (4Tx) and 4-receive (4Rx)
CMOS radar IC, integrated with a 4 × 4 Tx array and four 1 × 4 receive Rx array antennas,
optimized for enhancing small drone detection. By employing the hybrid beamforming
technique based on analog beamforming on the transmit side and independent four-channel
digital reception, the proposed radar achieves high spatial resolution and robust target
tracking. The proposed radar features an elevation scan range of ±45◦ with an azimuth
fan-beam half-power beamwidth (HPBW) of 80◦ for a comprehensive detection field. Tests
with a small drone measuring 20.3 × 15.9 × 7 cm3, positioned at various elevation angles
of up to 45◦ and azimuth angles of up to ±60◦ at a distance of 4 m from the radar, verified
its detection capability and highlighted the radar’s effectiveness in tracking small aerial
targets. This architecture emphasizes the advantages of analog beamforming on Tx and
multi-channel Rx, addressing the increasing demands for precise drone detection and
monitoring in both civilian and defense domains.

Keywords: analog beamforming; CMOS radar IC; fan-beam scanning; hybrid beamforming
radar; series-fed antenna array; small drone detection; 24 GHz sensor

1. Introduction
Small unmanned aerial vehicles (sUAVs) have seen remarkable growth in recent years,

becoming central to commercial operations, recreational activities, and military applications
alike. Their compact size, low cost, and flexible deployment have enabled wide-ranging
uses, from infrastructure inspection and environmental monitoring to precision agriculture
and tactical surveillance missions [1–3]. However, these same attributes—small physical
profile, low radar cross-section (RCS), agile motion, and operation at low altitudes—also
make them difficult to detect using conventional sensing approaches [4,5]. To meet these
challenges, many studies have explored several sensing methods, including optical imaging,
acoustic sensing, and radio frequency (RF) signal monitoring. Optical systems, includ-
ing visible-light and infrared cameras, can deliver detailed imagery but suffer severe
performance losses under poor visibility conditions such as fog, rain, or nighttime envi-
ronments [6,7]. Acoustic methods, while relatively simple to deploy, are limited by short
detection ranges and high sensitivity to environmental noise, particularly in urban or in-
dustrial environments [8,9]. RF signal monitoring strategies, which rely on intercepting the
communication link between a drone and its controller, are ineffective against autonomous
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drones or systems employing encrypted or frequency-hopping transmissions [10,11]. In-
stead, radar systems have shown the ability to detect non-cooperative targets across a
range of environmental conditions, making them highly promising for sUAV detection.
Recent radar development efforts have focused especially on millimeter-wave (mmWave)
bands, where higher frequencies such as the 24 GHz Industrial, Scientific, and Medical
(ISM) band provide a valuable balance between physical compactness, sufficient range
resolution, and favorable propagation characteristics for short-range applications [12,13].
Leveraging printed circuit board (PCB) technologies, compact 24 GHz radar systems can
be built at a low cost, making them attractive for portable and mobile use cases [14,15]. Yet,
despite this progress, many existing radar configurations remain limited by the narrow an-
gular resolution and restricted field-of-view (FoV), particularly when using single-channel
receivers. To improve performance, multi-channel radar designs with beamforming have
been proposed [16]. While digital beamforming offers excellent control and flexibility, it
introduces major increases in power consumption, hardware complexity, and processing
demand—factors that are problematic for compact, low-power implementations. Analog
beamforming, by comparison, provides a more energy-efficient approach by manipulat-
ing RF-phase signals to steer beams, maintaining a reasonable balance between system
complexity and performance [17,18]. Recent progress in Complementary Metal-Oxide
Semiconductor (CMOS) radar transceiver integrated circuits (ICs) has further accelerated
the miniaturization and integration of multi-channel radar systems. These ICs consolidate
multiple transmit (Tx) and receive (Rx) channels, along with phase control and signal
processing functions, onto a single chip, enabling more scalable and power-efficient de-
signs [19,20]. In addition, alternative research efforts on switched beamforming using
Butler matrices or multiple dipole array configurations have been actively pursued. Typi-
cally, multiple dipole antennas or super J-pole antennas have been used with RF switches to
eliminate blind spots [21–23]. However, these configurations suffer from a high profile and
increased implementation complexity, making them unsuitable for compact radar sensors.
Other reconfigurable beam-pattern antennas for wide coverage have employed switched
Butler matrix networks [24–26]. However, the feed matrices result in bulky structures, and
the additional insertion losses introduced by the matrix lines degrade sensor performance
and efficiency. Nevertheless, the limited number of beams makes them inadequate for
precise detection or for tracking small objects. Furthermore, there have been several MIMO
radar-based small drones or UAV detection [27,28]. However, the coverage of MIMO
radar depends on the antenna spacings, resulting in a large area occupation for enhanced
coverage. In summary, many current radar-based sUAV detection systems still face critical
limitations, including coarse beam steering resolution, narrow spatial coverage, complex
feeding architectures, and increased overall system cost—factors that continue to hinder
their widespread practical deployment.

To address these issues, this work presents a fully integrated 24 GHz radar system
explicitly developed to overcome the aforementioned limitations of previous designs. The
proposed system adopts a hybrid beamforming technique, configured with an analog
beamforming transmitter and a multi-channel receiver for enhanced detection capability.
The proposed radar employs a compact 1 × 4 uniform series-fed patch antenna array
for each of the four Tx channels, making a 4 × 4 array-based analog beamforming in the
elevation angle, directly integrated with a multi-channel CMOS radar IC for compactness.
The use of a series-fed array allows predictable beam shaping while simplifying the physical
layout and reducing fabrication and implementation complexity. On the transmitter side,
analog beamforming is employed, enabling real-time beam steering with minimal hardware
and power overheads, making the system well-suited to track fast-moving, small aerial
targets. On the receiver side, four independently controlled 1 × 4 antenna arrays support
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a 4Rx configuration, significantly enhancing spatial resolution and overall coverage. The
CMOS radar IC further provides essential phase-shifting and signal processing capabilities
in a compact, low-power format, enabling agile, adaptive radar operations. The system’s
detection capabilities were experimentally validated by tracking a representative sUAV
with effective elevation detection angles of up to 45◦ and azimuth angles of up to 120◦,
confirming the radar’s applicability for short-range detection and tracking tasks.

2. Materials and Methods
The proposed radar system is a compact, short-range surveillance platform specifically

designed for the detection and tracking of sUAVs. Operating at a center frequency of
24 GHz, the system utilizes a CMOS transceiver IC equipped with four Tx and four receive
Rx channels. To implement hybrid beamforming, analog beamforming is applied on the
transmitter side using four 1 × 4 uniform series-fed patch antenna arrays, forming an
effective 4 × 4 transmit array, while reception is handled by four independent series-fed
antenna arrays. Figure 1 presents an overview of the proposed hybrid beamforming
architecture. This configuration enables wide angular coverage through transmit-side beam
steering and improves spatial resolution by leveraging receiver-side channel diversity. The
complete radar implementation integrates the series-fed antenna arrays, fabricated on a
Taconic RF-35 microwave substrate, with a 24 GHz 4-Tx/4-Rx CMOS radar IC fabricated
using a TSMC 65 nm process, all assembled on a four-layer printed circuit board (PCB).
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Figure 1. Overview of the proposed hybrid beamforming method.

2.1. Series-Fed Uniform Patch Array Antenna Configuration

The antenna array was designed on a Taconic RF-35 substrate, chosen for its low di-
electric loss, stable dielectric constant, and compatibility with standard PCB manufacturing
processes. The RF-35 substrate features a relative permittivity of 3.5 and a loss tangent of
0.0018. In the 1 × 4 series-fed uniform patch array configuration, four identical rectangular
microstrip patch elements are aligned linearly and excited through a continuous series-fed
transmission line, as illustrated in Figure 2.
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Figure 2. Series-fed array antenna structure and design parameters.

Each individual patch operates in the fundamental TM10 resonant mode at the desig-
nated center frequency, and its initial design parameters can be estimated using standard
approximate formulas [29]. To achieve an optimal balance between bandwidth, radiation
efficiency, and physical compactness, the patch width, W, is determined using the following
empirical formula, derived from the cavity model as

W =
c

2 f

√
2

εr + 1
(1)

where c, f, and εr denote the speed of light, center frequency, and relative permittivity,
respectively. This expression ensures that the width is sufficiently large to support efficient
radiation while preventing unwanted higher-order modes. The dielectric loading effect
is characterized by the effective dielectric constant εeff, which captures the influence of
fringing fields at the edges of the patch and is expressed as

εe f f =
εr + 1

2
+

εr − 1
2

[
1 + 12

h
W

]−0.5
, (2)

where h denotes the height of the dielectric substrate.
The effective resonant length Leff, accounting for the dielectric effects, is determined by

Le f f =
c

2 f√εe f f
. (3)

Considering the fringing field effect, the actual physical patch length is corrected by
subtracting the fringing length, ∆L, as follows.

∆L = 0.412h
(εe f f + 0.3)(W

h + 0.264)

(εe f f − 0.258)(W
h + 0.8)

(4)

Therefore, the final physical patch length becomes

L = Le f f − 2∆L. (5)

Then, each patch element can be extended into a series array configuration by connect-
ing them through a transmission line. If the feedline between adjacent patch elements has
a physical length, 𝓁, and characteristic impedance, Z0, the input impedance looking into
each radiating stage, starting from the last patch, can be approximated using the following
input impedance equations [30]:

Zin,n = Z0
Zn + jZ0 tan(β𝓁)
Z0 + jZn tan(β𝓁)

(6)
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where Zin,n is the input impedance at the nth element feed line, while Zn is the impedance
looking into the nth patch element. Also, β represents the phase constant. For the 4th patch
element, the approximated impedance can be given by cavity model analysis as [29]:

Z4 ≈ 45
(

λ0

W

)2
. (7)

Using the transmission line Equation (6), this load impedance was successively transformed
step by step back toward the first feed point. Based on the configuration shown in Figure 2,
where identical patch elements are employed, the approximated impedance at each stage
can be expressed as follows:

Zin,4 = Z0
Z4 + jZ0 tan(β𝓁)
Z0 + jZ4 tan(β𝓁)

(8)

Z3 = Z4 + Zin,4 (9)

Zin,3 = Z0
Z3 + jZ0 tan(β𝓁)
Z0 + jZ3 tan(β𝓁)

(10)

Z2 = Z4 + Zin,3 (11)

Zin,2 = Z0
Z2 + jZ0 tan(β𝓁)
Z0 + jZ2 tan(β𝓁)

(12)

Z1 = Z4 + Zin,2 (13)

and

Zin,1 = Z0
Z1 + jZ0 tan(β𝓁)
Z0 + jZ1 tan(β𝓁)

. (14)

Equation (8) represents the overall input impedance of the 1 × 4 array, as seen at the input
feed point, and it should ideally be matched to the standard impedance of 50 Ω to ensure
maximum power transfer and minimize reflection.

Furthermore, the radiated far-field of the 1 × 4 series-fed uniform patch array can be
obtained [29] by

E(θ, ϕ) = E0 · cos
(π

2
sin θ

)
·

sin
(

kW
2 sin θ

)
kW
2 sin θ

·
sin
(

kL
2 cos θ

)
kL
2 cos θ

· sin(2kdx sin θ cos ϕ)

sin
(

kdx sin θ cos ϕ
2

) (15)

where E0, θ, ϕ, k, and dx represent the normalized amplitude constant, elevation angle,
azimuth angle, wave number, and element-to-element spacing, respectively. Equation (9)
represents the radiation pattern for each Rx. Then, the radiation pattern for Tx can also be
derived by extending the 1 × 4 sub-array to a 4 × 4 array configuration as

E(θ, ϕ) = E0 · cos
(

π
2 sin θ

)
· sin( kW

2 sin θ)
kW
2 sin θ

· sin( kL
2 cos θ)

kL
2 cos θ

· sin(2kdx sin θ cos ϕ)

sin
(

kdx sin θ cos ϕ
2

) · sin(2(kdy sin θ sin ϕ+αy))

sin
( kdy sin θ sin ϕ+αy

2 ,
) (16)

where dy and αy denote the sub-array spacing and the phase shift between the 1 × 4 sub-
array, respectively. Thus, by controlling the phase shift between the sub-arrays through 4Tx
channels of the radar IC, the Tx beam can be steered toward the desired direction, thereby
enabling analog beamforming operation at the Tx.
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2.2. The 24 GHz 4Tx–4Rx CMOS Radar IC Configuration

The 24 GHz 4Tx and 4Rx CMOS IC is integrated with the series-fed array antennas,
as shown in Figure 3. Each Tx chain consists of a power amplifier (PA), phase shifter, and
attenuator, enabling beam steering by adjusting the relative phase shift among each chain.
On the Rx side, each chain includes a low-noise amplifier (LNA), mixer, transimpedance
amplifier (TIA), programmable baseband gain amplifier, and a band-pass filter (BPF). In
addition, a phase-locked loop (PLL) and a voltage-controlled oscillator (VCO) are integrated
to support frequency-modulated continuous wave (FMCW) operation. Since the 24 GHz
CMOS radar IC has already been validated in [31], a detailed analysis of the IC itself is not
included in this paper.

Figure 3. The 4Tx–4Rx CMOS IC of the proposed radar.

2.3. Fully Integrated Multilayer PCB Configuration

Figure 4a illustrates the multilayer PCB configuration of the proposed radar module,
while Figure 4b presents the detailed layer structure. By adopting series-fed array antennas,
the design enables coplanar integration of the antenna array and radar IC on a single PCB
layer, eliminating the need for antenna feed vias and avoiding the repeated use of expensive
low-loss substrate materials. Low-cost FR-4 substrates are employed beneath the antenna’s
ground plane within the multilayer PCB stack, effectively reducing both the overall system
cost and manufacturing complexity. The relative permittivity of RF-35, RO4450T, and FR-4
are approximately 3.5, 3.5, and 4.3, respectively, while their corresponding loss tangents are
about 0.0025, 0.004, and 0.018, respectively.

Additionally, via holes placed near the outer edges of the board to accommodate pin
headers, this allows an external DC power supply and control signal access in the event
that active components or switching functions are added. The modular PCB structure is
carefully designed to minimize parasitic coupling and maintain planar symmetry, which is
critical for ensuring predictable radiation characteristics in high-frequency applications.

(a) 

RF-35 (0.25T)

RO4450T (0.1T)

FR-4 (0.5T)

Radar IC

Antenna/RF GND

DC power, GND

DC control, GND

Antenna & T/Rx feed Line
Rx antennaTx antenna

Figure 4. Cont.
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(b) 

Figure 4. Fully integrated multilayer PCB configuration with (a) layer information and (b) detailed
layer view.

3. Results
In this section, the simulated and measured results of the array antenna and the

beamforming characteristics of the proposed radar are presented. Furthermore, the com-
plete radar performance for small drone detection is evaluated in both the azimuth and
elevation planes.

3.1. 24 GHz Radar IC Fabrication

The 4Tx and 4Rx radar was implemented using 65 nm CMOS technology, as shown
in Figure 5. The measured phase noise with a 1 MHz offset frequency at 24 GHz was
−85.1 dBc/Hz. The RMS frequency error was 350 kHz when measuring the modulated
frequency with a 250 MHz chirp bandwidth. Each Tx channel showed an output power
of −10 dBm, including bonding wire and connector loss. Thus, a total of −4 dBm output
power can be radiated, excluding antenna gain. Also, the total Rx gain, including the
RF and analog baseband, was 105 dB, and the total power consumption under FMCW
operation with all Txs and Rxs was about 393 mW. Table 1 summarizes the performance of
the fabricated 24 GHz CMOS radar IC.

Figure 5. Fabricated 24 GHz CMOS radar IC.

Table 1. Summary of the CMOS radar IC.

Parameters Value Parameters Value

Phase Noise −85.1 dBc/Hz Rx max. gain 105 dB
RMS freq. error 350 kHz Rx NF 16 dB

Total Tx max. power −4 dBm Chip area 8.4 mm2

PA PAE @ −10 dBm 34% Power consumption4 393 mW
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The measured performance of the fabricated CMOS radar IC is summarized in Table 1.

3.2. Series-Fed Array Antenna Simulation and Measurement

Figure 6a illustrates the simulated structure and radiation characteristics of the pro-
posed series-fed antenna array. The array consists of 16 patch elements arranged in a
4 × 4 matrix, with a uniform sub-array spacing of 0.5 λ0. The structure is excited through
four independent feed ports, each corresponding to one row of the sub-array, enabling beam
steering control via port selection and the excitation phase. As shown in Figure 6b, when
all four ports are excited with appropriate amplitude and phase control for the transmitting
radiation pattern, successful beam steering is achieved in the XZ-plane. The simulated
main beam scanning range covers approximately 91◦ while maintaining side-lobe levels
(SLL) below −10 dB. A peak realized gain of 14.8 dBi is achieved within the scanning
range. The co-polarization patterns exhibit a high gain in the intended directions, while
the cross-polarization levels remain below −15 dB across the scanned angles, indicating
excellent cross-polarization discrimination (XPD). Additionally, Figure 6c shows the radi-
ation performance when only port 1 is excited, representing an Rx radiation pattern. In
this case, the HPBW in the XZ-plane is approximately 90◦, with realized gains of 10 dBi
on the XZ-plane and 9.5 dBi on the YZ-plane. Overall, the simulation results validate the
effectiveness of the proposed multilayer PCB-integrated series-fed antenna in achieving
high-gain, steerable radiation patterns suitable for radar beamforming while maintaining
structural compactness and low implementation complexity.
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(b)  (c) 
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Figure 6. Designed series-fed patch array with (a) a 3D simulation model, (b) simulated scan angles
in the XZ-plane at 24 GHz, and a (c) simulated HPBW with single-port excitation.
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The fabricated prototype of the proposed series-fed antenna array is shown in
Figure 7a, presenting both the top and bottom views of the multilayer PCB along with four
SMA connectors corresponding to each input port. The measured reflection coefficients for
ports 1 to 4 are depicted in Figure 7b. The antenna exhibits a minimum −10 dB impedance
bandwidth from 23.9 GHz to 26 GHz, corresponding to a fractional bandwidth of approxi-
mately 8.3% centered at 24.95 GHz. Additionally, the port-to-port isolation characteristics
are shown in Figure 7c. Across the operating frequency band, all measured isolation values
exceed 21 dB, with several surpassing 40 dB, demonstrating excellent decoupling between
antenna ports. These results confirm that the fabricated antenna array maintains good
impedance matching and isolation performance, consistent with simulation predictions,
thereby validating its suitability for multiport radar and beamforming applications.
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Figure 7. Implementation of the series-fed array antenna with (a) top and bottom views, measured
(b) reflection coefficients, and (c) isolation among each port.

3.3. Radar Beam-Pattern Measurement

The complete radar system was implemented, as shown in Figure 8a. The antenna
was fabricated on a multilayer PCB and integrated with the radar transceiver IC using chip-
on-board (COB) bonding. The radiation characteristics of the fully assembled radar module
were then measured in a millimeter-wave (mmWave) anechoic chamber, as depicted in
Figure 8b. The measured Tx beam steering patterns, obtained through analog beamforming,
demonstrated a peak gain of approximately 15 dBi. The 3 dB beam scanning range covered
±45◦ in the XZ-plane; beyond this range, grating lobes emerged, making those angles
unsuitable for radar operation. Additionally, the radiation pattern of a single sub-array
was measured, as shown in Figure 8d, to indirectly assess the received (Rx) radiation
characteristics. The average measured HPBW in the XZ-plane was approximately 80◦,
confirming the Rx array’s suitability for target detection in short-range radar applications.



Drones 2025, 9, 453 10 of 14

 
(a) 

(b) 

   
(c)  (d) 

-90 -60 -30 0 30 60 90
-15

-10

-5

0

5

10

15

20
Co-pol.

Port1
Port2
Port3
Port4

Cross-pol.
Port1 Port2
Port3 Port4

A
ct

iv
e 

an
te

n
n

a 
g

ai
n

 (
d

B
m

)

Beam angle (°)

Avg:~80°

Figure 8. Proposed hybrid beamforming radar with (a) implementation, (b) radiation pattern
measurement setup, (c) measured analog beam steering patterns for Tx, and (d) measured single
sub-array radiation pattern for Rx in the XZ-plane.

3.4. Small Drone Detection Test

To evaluate the real-world radar sensing capabilities of the proposed radar module, a
detection experiment was conducted in a semi-anechoic chamber using a compact quad-
copter drone as the target, as shown in Figure 9a. The drone’s overall dimensions, including
the wings and landing legs, measured 159 mm × 203 mm × 70 mm, while the core body
alone measured 138 mm × 81 mm × 58 mm, representative of the typical small aerial
platforms used in civilian and security applications. To comprehensively assess detection
performance across both azimuth and elevation angles, two sets of measurements were
performed. For the azimuth range-angle experiment, the drone was positioned 4 m from
the radar and moved horizontally to generate varying azimuth angles. For the elevation
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range-angle experiment, the drone was again placed 4 m away but moved vertically to
produce different elevation angles, as illustrated in Figure 9a.

 
(a) 

 
(b) 

 
(c) 

Figure 9. Drone detection test with (a) measurement description, (b) measured azimuth direction
profile, and (c) measured elevation direction profile results.
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The measured azimuth range-angle maps are shown in Figure 9b. The radar success-
fully detected the drone at azimuth angles of up to ±60◦, but detection failed beyond ±75◦.
The measured elevation range-angle maps, presented in Figure 9c, focused exclusively on
airborne targets by considering only elevation angles above ground level. The diagonal
distance, D, from the radar to the drone at each elevation angle was also indicated. The
radar reliably detected the drone at elevation angles of up to 45◦, while detection at 60◦

showed noticeably weaker signal intensity, suggesting that reliable detection at this angle
may be limited under practical conditions.

4. Discussion
To quantitatively evaluate the proposed radar’s ability to detect small aerial targets

such as a compact quadcopter, the radar range equation can be considered. It describes the
relationship between the transmitted power, antenna characteristics, propagation loss, and
the received echo power after reflection from the target. The maximum detectable range
Rmax in relation to the signal-to-noise ratio (SNR) is given by [31]

Rmax =

(
Pt · Gt · Gr · λ2 · σ

(4π)3 · SNRmin · k · T0 · B · F · L

) 1
4

(17)

where Pt, Gt, Gr, σ, L, k, T0, B, and F represent the Tx power, Tx antenna gain, Rx antenna
gain, radar cross-section (RCS), system losses, Boltzmann constant (1.38 × 10−23 J/K), sys-
tem temperature, Rx bandwidth, and Rx noise factor, respectively. Based on the radar pa-
rameters applied in the experiment, the following conditions were considered for detection
range estimation. The total transmit power Pt was −4 dBm, equivalent to approximately
0.4 mW, and the transmit antenna exhibited a gain of 15 dBi, corresponding to a linear
gain factor of approximately 31.6. The receive antenna had an average gain of 8 dBi, corre-
sponding to a linear factor of 6.31. The operating wavelength λ at 24 GHz was calculated as
approximately 0.0125 m. The RCS of the target drone was estimated at 0.0142 m2 based on
its physical dimensions. Additionally, the receiver’s noise figure, when converted to a noise
factor, was approximately 39.8. As the complete radar system was fully integrated, system
losses were assumed negligible, and the minimum required SNR for small drone detection
was set at approximately 0 dB. Finally, since the experiment focused on verifying hybrid
beamforming techniques for target detection rather than range resolution, the receiver
bandwidth was narrowly set to 1 MHz.

Using these parameters within a radar link budget analysis, the calculated maximum
detection distance Rmax was approximately 4.86 m. According to Figure 9c, the elevation
angle at 45◦ corresponded to a diagonal distance of 4.2 m, which was within the calculated
Rmax, and thus, the target was reliably detected. At an elevation angle of 60◦, corresponding
to a distance of 5.8 m, the detection on the range-angle map was weaker and less distinct,
as this exceeded the calculated Rmax for the minimum SNR of 0 dB, confirming that the
measurement aligned well with the budget analysis. Overall, the small drone detection
results show strong agreement with the theoretical expectations derived from the radar
range equation, which accounts for transmitted power, antenna gains, target RCS, propaga-
tion effects, and system losses. The radar equation thus provides a robust framework for
interpreting experimental observations and guides the design and optimization of radar
systems for short-range detection scenarios. It enables a quantitative understanding of how
key parameters influence system performance and supports the development of efficient
sensing strategies for UAV monitoring and related applications.
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5. Conclusions
This paper has presented the design, implementation, and experimental validation of a

compact 24 GHz hybrid beamforming radar system that integrates series-fed array antennas
with a multi-channel CMOS radar IC for efficient small drone detection. By combining
analog beamforming on the transmitter side with multi-channel digital reception on the
receiver side, the proposed radar achieves an effective balance between system simplicity,
low hardware complexity, and high spatial resolution. The integration of four 1 × 4
series-fed patch antenna sub-arrays directly onto a multilayer PCB, along with a 4Tx
and 4Rx CMOS radar transceiver IC, enables a compact, low-cost, and power-efficient
solution suitable for short-range surveillance applications. The experimental validation
included comprehensive small drone detection tests, where the radar reliably detected
a compact quadcopter at azimuth angles of up to ±60◦ and elevation angles of up to
45◦, closely matching the theoretical predictions derived from the radar range equation
and link budget analysis. Although real-time tracking remains future work, this paper
presents a practical and scalable radar architecture that integrates compact antenna design,
hybrid beamforming, and CMOS radar technology to address the challenges of detecting
low-RCS aerial targets in short-range applications. These results provide valuable insights
into the co-design of antenna arrays and radar circuits for high-performance, low-power
sensing platforms, paving the way for future UAV surveillance, security monitoring, and
autonomous navigation systems.
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