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Abstract: Unmanned aerial vehicles (UAVs) are increasing in popularity in various sectors, simul-
taneously rasing the challenge of detecting those with low radar cross sections (RCS). This review
paper aims to assess the current state-of-the-art in radar technology, focusing on multiple-input
multiple-output (MIMO) and beamforming techniques, to address this growing concern. It explores
the challenges associated with detecting UAVs in urban settings and adverse weather conditions,
where traditional radar systems often do not succeed. This paper examines the existing literature and
technological advancements to understand how these methodologies can significantly boost detection
capabilities under the constraints of low RCS. In particular, MIMO technology, renowned for its
spatial multiplexing, and beamforming, with its directional signal enhancement, are evaluated for
their efficacy in the context of UAV surveillance and defense strategies. Ultimately, a comprehensive
comparison is presented, drawing on a variety of studies to illustrate the combined potential of
integrating these technologies, providing the way for future developments in radar system design
and UAYV detection.

Keywords: multiple-input multiple-output radar; beamforming; low radar cross section; unmanned
aerial vehicles detection; surveillance radar technologies

1. Introduction

Unmanned aerial vehicles (UAVs) have considerably expanded the horizons of con-
temporary surveillance and security, while simultaneously posing complicated challenges
to radar detection. A major concern is the detection of UAVs with low radar cross sections
(RCS) as they become more prevalent across a broad range of industries. Conventional
radar systems face inherent limitations when trying to track such unknown small targets,
increasing the need for sophisticated radar systems with advanced detection capabilities.

Multiple-input multiple-output (MIMO) technology has become popular in response
to those problems. By leveraging multiple antenna elements, MIMO radar enhances spatial
resolution and empowers the discrimination of targets, performing better than traditional
radar systems; meanwhile, beamforming techniques have risen to prominence for their
ability to focus the radar’s energy in specified directions, substantially improving the
signal-to-clutter ratio (SCR) and mitigating clutter, which is critical for the precise detection
of low RCS UAVs [1].

The purpose of this paper is to review the effectiveness of beamforming and MIMO
technologies specifically for low RCS UAV detection. The paper discusses the evaluation
of these technologies and their pivotal role in overcoming the complex challenges pre-
sented by UAV detection. By analyzing the capabilities and comparative advantages of
MIMO and beamforming, the paper illustrates their potential to consider radar detection
paradigms. The paper is organized carefully to present a critical review of the existing
literature, a detailed analysis of the technological merits, and provide a path for future
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research efforts and direct the advancement of radar technology by highlighting the inno-
vative contributions of MIMO and beamforming to the field. To ensure a comprehensive
review, we employed a systematic methodology for selecting and analyzing the relevant
literature to the detection of low RCS UAVs using MIMO and beamforming technologies.
Our search strategy included a combination of keywords such as “low RCS UAV detec-
tion”, “MIMO radar”, “Beamforming”, and “advanced radar technologies” across several
academic databases including IEEE Xplore, Scopus, and Google Scholar. The selection
criteria were focused on the relevance to the core topics, the novelty of the research, and
the contribution to the field of radar technology. This process led to the identification of 98
key references, including pioneering works as well as recent studies that provide insight
into both the theoretical basis and practical application of MIMO and beamforming for
UAV detection. The review explicitly considers the advantages and limitations of these
technologies, providing a balanced perspective that acknowledges potential biases inherent
in the available literature. By outlining this methodology, we aim to offer readers a clear
understanding of the scope and depth of our review, ensuring transparency and reliability
in our synthesis of the current state of the art.

The organization of this paper is outlined as follows: Section 2 provides a short
theoretical overview of low RCS UAVs, and Section 3 offers a brief review of the existing
radar-based detection technologies. The application of MIMO technology and beamforming
in the detection of low RCS UAVs is explored in Section 4. The future research directions
are presented in Section 5. Finally, the paper is concluded in Section 6.

2. Low Radar Cross Section Unmanned Aerial Vehicles

Detecting low RCS UAVs poses significant challenges due to their small size and ma-
terial composition, which often includes engineering plastics, leading to inadequate SNR
for radar detection [2]. Other sensor technologies also play a crucial role in the detection
of UAVs in addition to radar [3,4]. A few examples are electronic support measure (ESM)
systems, electro-optical (EO) sensors, infrared (IR) imaging, and acoustic detection meth-
ods [5]. There are distinct advantages to each technology when it comes to identifying and
tracking UAVs under different conditions, expanding their capabilities well beyond those
available with radar alone. Table 1 presents various sensors for UAV detection.

Table 1. Overview of the Different Technologies Used in Drone Detection [3,4].

Technology Method

Utilizes radar signatures generated from RF pulses to
detect small

Radar unmanned aircraft. Advanced algorithms help
differentiate drones
from other similar-sized objects like birds.

Scans and identifies drones by detecting the specific

Electronic Support -
frequencies

Measures (ESM) commonly used by drones. It includes capabilities to
geo-locate
these RF signals.

Electro-Optical (EO) Detects drones based on their visual signature.

Infrared (IR) Detects drones based on their heat signature.
Recognizes drones by the unique sound patterns of

. their motors,

Acoustic - T
using a pre-existing library of drone sounds for
identification.
Integrates multiple sensor types, such as acoustic and
optical,

Sensor Fusion to enhance detection capabilities and accuracy. This

multi-sensor
approach compensates for the limitations of
individual methods.
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According to Table 1, radar holds a significant advantage in detecting UAVs for
several reasons. Radar is a useful instrument in many operational scenarios because when
operating within the appropriate frequency band, it is less affected by weather and lighting
conditions [6] compared to other detection systems. Radar has a greater ability to reliably
detect UAVs than optical or acoustic sensors, which are sometimes constrained by factors
such as visibility or noise levels. Radar systems can also identify and monitor a UAV’s
velocity and range, which is vital information for assessing threats and preparing for
actions. The accuracy of speed detection is deemed so critical that it is the main focus of a
specific research study [7].

A potential hurdle for radar-based detection is that the small RCS of UAVs contributes
to weak radar returns, often buried in noise and clutter, making them difficult to distinguish
from the background [8]. To address this challenge, NATO has categorized UAVs based
on size and RCS, among other parameters, which are crucial for defining radar-based
detection capabilities. Table 2 presents these classifications, outlining the distinct features of
each UAV class, including weight range, operational altitude, mission radius, and payload
capacity. Understanding how to detect low RCS UAVs following NATO classification is,
therefore, essential [3,9]. Typically, Class I (micro, mini, and small) UAVs do not have a
high RCS as they are too small and made of plastic, making them hard to distinguish as
their radar signatures are similar to those of birds. Although Class Il UAVs are larger than
Class I, they may still have a relatively low RCS, especially if designed with stealthiness in
mind, resulting in a slightly higher RCS than Class I but lower than larger, manned aircraft.
Class III being larger and often designed for more complex missions, Class III UAVs might
have a higher RCS. However, they can employ advanced design techniques, such as low
observability technology, to reduce their RCS.

Table 2. UAV classification based on weight, altitude, and range [3].

NATO Standard Category  Weight (kg)  Altitude (m) Mission Radius (km) Payload (kg)

Class
Micro <2 <140 5 <1
Class I Mini 2-25 <1000 25 <10
Small 25-150 <1700 50 <50
Class I Medium 150-600 <3300 200-500 <200
Class III Large >600 >3300 >1000 >200

Moreover, in the context of low RCS UAV detection, the shape of UAVs significantly
influences their radar detectability [10,11]. A smaller UAV, like a toy drone made of light
materials, usually has a lower RCS, making it harder to detect. Conversely, professional
UAVs often have a higher RCS due to their larger sizes and complex materials [12]. Despite
their larger size, fixed-wing UAVs often have lower RCS due to their aerodynamically
efficient or smooth designs, unlike rotary-wing UAVs such as quadcopters, hexacopters,
or octocopters, which have higher RCS due to complex rotor blade designs producing
distinctive Doppler signatures, as illustrated in Figure 1. The authors in [13] explain
that the variety of UAV designs, from simple toys to advanced fixed-wing and rotary-
wing types, makes radar detection more difficult. This variety forces radar systems to
constantly improve and adopt new methods and technology for better UAV detection
and classification.

Additionally, in radar-based detection, some modern radar technologies, such as
frequency-modulated continuous-wave (FMCW) [14], and continuous-wave (CW)
radar [15], have enhanced capabilities in distinguishing UAVs from other objects. FMCW
radar, in particular, is adept at filtering out background noise and clutter, challenges that
are prevalent in urban and complex environments. The effectiveness of FMCW radar can be
attributed to the de-chirping process [16]. This involves mixing the received signal with the
transmitted chirp signal, which is crucial for accurately measuring the range and velocity
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of targets. One of the main challenges in FMCW radar performance is phase noise, which
affects the coherence between the transmitted and received signals, thereby impacting the
radar’s precision and SNR. The study [17] shows that phase noise can potentially originate
from components like the fractional-N phase-locked loop (Frac-N PLL). This noise can
significantly affect the radar’s precision by impacting the phase coherence between the
transmitted and received signals. The study demonstrated an approach for estimating the
effect of Frac-N PLL phase noise on FMCW radar precision, taking into account the actual
shape of the phase noise profile. Similarly, frequency ramp nonlinearity can lead to inaccu-
racies in the intermediate frequency (IF) signal and target range estimation. To combat these
issues, advanced signal processing techniques, such as the modified short-time Fourier
transform method using the short-time Chirp-Z transform, have been developed [18]. These
methods enhance the linearity of the IF signal and improve the accuracy of target range
estimation by mitigating the effects of phase noise and frequency ramp nonlinearity. Unlike
pulsed radar systems, where the amount of noise energy received is proportional to the
pulse width, FMCW radar leverages these sophisticated methodologies to refine its noise
rejection capabilities, thus, improving detection accuracy in challenging environments [19].

(a) Fixed-wing UAVs

Single Rotor Tricopter Quadcopter

Hexacopter Octocopter
(b) Rotary-wing UAVs

Figure 1. Categorization of drones.

This ability to discern UAVs in dense environments underscores the superiority of
radar in scenarios where other sensors might struggle. Furthermore, ref. [20] notes that
UAVs, often characterized by low-speed flight, are difficult to detect against stationary
or slow-moving clutter in urban and suburban areas, which highlights the value of ad-
vanced radar systems such as linear frequency-modulation continuous-wave (LEMCW).
Furthermore, ref. [21] extends our understanding of FMCW radar capabilities, specifically
in modeling micro-Doppler signatures of small UAVs, which is crucial for distinguishing
UAVs in complex radar environments. Building upon these advancements in FMCW radar,
the authors in [7] further enhance radar detection techniques specifically by addressing
the Doppler range compensation in step-frequency continuous-wave (SFCW) radar. This
research highlights the importance of advanced radar modifications to accurately detect
small, low RCS UAVs in complex environments.

On the other hand, CW radar operates by transmitting a continuous signal at a single
frequency, making it highly effective for measuring the velocity of targets via the Doppler ef-
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fect [22]. While CW radar does not inherently provide range information without additional
modulation techniques, it works best in scenarios where high-resolution velocity measure-
ments are critical. This makes CW radar particularly useful in applications where tracking
the movement and speed of UAVs is more important than determining their exact range.
In [23], the authors showcase how CW radar can detect drones by examining propeller
blade Doppler signatures. In contrast, ref. [24] focuses on classifying UAVs by analyzing
their propeller characteristics through sophisticated radar signal processing techniques.

Regarding the challenges in radar-based UAV detection, ref. [20] illustrates the com-
plexities of identifying low—small-slow UAVs (LSS-UAVs) within urban settings, where a
variety of objects may mask UAV signals, making it difficult to distinguish them from back-
ground clutter. It provides an in-depth analysis of the LFMCW radar systems’ detection
capabilities, exploring the complexity of signal processing in cluttered environments and
underscoring the pivotal role of velocity dimension detection and the adoption of broad
bandwidth signals, supported by Monte-Carlo simulations, to enhance detection efficacy in
densely populated areas. Ref. [4] explores the identification of drones and their controllers
using a variety of detection methods, as well as combined techniques that integrate these
different approaches. It highlights the challenge of distinguishing UAVs from other objects,
such as birds, since they can appear similar on radar screens due to their comparable RCS,
leading to potential misidentifications. In [25], the authors offer critical insights into the
RCS profiles of various UAV types, especially those operating at low altitudes and high
speeds. They highlight the requirement for advanced radar systems like inverse synthetic
aperture radar (ISAR), which can distinguish small RCS differences, a key factor in effective
UAV detection. Finally, ref. [26] outlines the challenge of detecting micro-UAVs that are
both slow-moving and have a small RCS. These UAVs are difficult to identify, as their radar
signals are weak and often lost in the noise and clutter of the environment. However, the
use of digital array radar (DAR) and digital beamforming (DBF) techniques can enhance
radar detection capabilities. By combining multiple surveillance beams simultaneously,
DAR can effectively monitor a broad area, allowing for extended focus on targets and
significantly improving Doppler resolution.

Following an investigation of the existing challenges associated with detecting low
RCS UAVs, it becomes necessary to augment the capabilities of radars with innovative
solutions. Among the technologies that have shown promise in this regard are multiple-
input multiple-output (MIMO) and beamforming. They play a critical role in significantly
improving the tracking and detection capabilities of UAVs and are at the forefront of radar
technology advancements. These technologies are discussed in detail in the following
sections, which explain how they work and what advantages they offer.

3. Insight into Radar-Based Detection Techniques
3.1. MIMO Technology in Radar Systems

Multiple-input multiple-output (MIMO) radar technology, a pivotal innovation in radar
systems, fundamentally employs multiple transmitting and receiving antennas [1,27,28]. This
approach significantly differs from the conventional monostatic radars by allowing each
antenna to operate independently, thereby creating a more complex and informative view
of the target area. The essence of MIMO lies in its utilization of these multiple antennas to
enhance communication performance, thereby improving target detection and resolution.
This improvement is achieved through spatial multiplexing and time diversity, achieved
by transmitting diverse waveforms from different antennas. Such an approach enables
the radar system to gather more data, constructing a more detailed image of the target
scene. Spatial multiplexing, in particular, leads to significant advancements in signal
processing, including better clutter rejection, enhanced target identification, and increased
robustness against interference. Additionally, the sensitivity of MIMO systems to phase
and positioning errors is a crucial aspect for understanding their impact on the accuracy
and reliability of MIMO radar systems [29], especially in configurations with dense or
randomly arranged antenna arrays. Table 3 offers a comparative analysis between MIMO



Remote Sens. 2024, 16, 1016

6 of 24

and conventional radar systems, considering the same hardware complexity and physical
antenna elements.

Table 3. Comparison between MIMO and Conventional Radar systems, taking into account the same
hardware complexity and the number of physical antenna elements.

Feature MIMO Radar Conventional Radar
Antenna Configuration Multiple transmit and Single transmit and
receive antennas receive antenna
Signal Diversity High (due to multiple Limited
independent pathways)
Spatial Resolution Higher (can distinguish Lower
closely spaced objects)
Target Identification Enhanced (due to diverse Standard
waveforms)
Robustness Against Interference Stronger (more data points Weaker
for processing)
Signal-to-Noise Ratio Improved Standard
Application in Complex More effective (benefits from Less effective
Environments spatial multiplexing)

Providing an insight into the details of MIMO radar [30] explores its application in
radar, a concept originally derived from communications that is particularly beneficial
in multipath fading environments. The paper gives information on several MIMO radar
configurations with a particular emphasis on within-aperture MIMO. This involves the
coherent combination of multiple orthogonal signals from transmitter elements of a phased
array upon reception. Additionally, Ref. [31] emphasizes how MIMO radar systems have
better parameter identifiability than conventional phased-array radars. This is explained by
the fact that MIMO radars’ inherent waveform diversity makes it possible to identify a much
greater number of targets. This improvement in target identification capacity highlights the
core benefit of MIMO radar systems and shows how they can be used in more productive
applications. Specifically, time division multiplexing (TDM) MIMO and frequency division
multiplexing (FDM) MIMO contribute distinctly to this diversity. TDM MIMO, where
transmit antennas send signals at different times, ensures temporal orthogonality, useful in
limited frequency environments or to avoid frequency interference [32]. Conversely, FDM
MIMO utilizes a unique frequency for each antenna, providing a rapid transmission and
frequency separation when temporal separation is not feasible [33].

Addressing the technical challenges and solutions, Ref. [34] investigates the argument
that MIMO radars are more effective than conventional radars in combating clutter and
repeater jammers. In this regard, a notable advancement is the introduction of adaptive—
adaptive array processing (AAAP), also known as cognitive adaptive array processing
(CAAP), which is a sophisticated radar jamming countermeasure that utilizes the locations
of jammers to optimize jammer cancellation. This method significantly reduces the need for
a large number of training samples and computational resources that conventional methods
like sample matrix inversion (SMI) typically require. With this method, the interference
covariance matrix calculation computational demands are significantly reduced, and it
can be applied to both MIMO and conventional array systems. By focusing on a more
efficient process for estimating the interference covariance matrix, crucial for effectively
filtering out jamming signals and maintaining the radar’s target detection capabilities,
AAAP enhances the radar’s resilience to interference. This provides significant advance-
ments over conventional techniques and is consistent with the digital beamforming trend.
The fundamentals of angle estimation and MIMO radar principles, including different
multiplexing techniques and the application of MIMO radar on mmWave sensors, are
covered in [35]. The focus is on using different antennas to transmit independently and
makes the use of adaptive techniques easier.
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Regarding novel methodologies and comparative analyses, Ref. [36] addresses two
categories of MIMO radars; collocated MIMO radars and statistical MIMO radars with
widely separated antennas. With its higher angle resolution and improved target parameter
identification, the former is recognized as a novel and promising idea in radar technology.
On the other hand, since statistical MIMO radars are essentially a component of multi-
site radar systems, they are criticized for not being innovative. Instead, in contrast to
conventional radar systems, Ref. [37] introduces the concept of a statistical MIMO radar,
which leverages target scattering diversity, significantly enhancing detection performance
in multiple-target scenarios. It uses spatial diversity to counteract fluctuations in target
RCS, thereby producing a more stable SNR. In [38], a new method called phased-MIMO
radar is presented. It combines the advantages of MIMO radar with collocated antennas
and phased-array radar’s coherent processing gain. This method improves robustness
against interference and boosts angular resolution. To enhance radar functions like detec-
tion and parameter estimation, Ref. [39] investigates the interaction between MIMO radar
and centralized processing. Despite signal bandwidth limitation, the paper shows how
MIMO radar can resolve scatterers with high resolution and locate targets with accuracy.
The article in [40] explores the use of MIMO techniques in radar systems, emphasizing
adaptive transmit and receive beamforming and better search radar scan performance.
The study highlights how MIMO radar offers significant improvements over conventional
radar methods, including better target resolution and clutter rejection.

When examining the state-of-the-art advancements in MIMO radar technology,
refs. [41-43] are essential, especially when talking about statistical MIMO radar and sophis-
ticated processing methods. Additionally, ref. [44] presents a significant development in
antenna design by applying compressive sensing integrated into a MIMO configuration
that can dramatically enhance radar imaging capabilities. With these advances in antenna
technology, MIMO radar systems in complex detection scenarios can attain higher angular
resolution and greater effectiveness.

Likewise, there have been some studies performed on the applications of MIMO
radar. These include automotive radar systems [45,46], maritime scenarios [47], and the
detection of stealthy air objects [48]. These references aim to draw attention to the various
and dynamic ways that MIMO radar technology is being used in modern situations,
highlighting its adaptability and significance.

3.2. Beamforming Technology in Radar Systems

As mentioned in [49], the idea of beamforming in radar systems involves adjusting the
signal’s phase and amplitude at each array element to direct the beam in the desired direc-
tion. Radar performance has been improved by this technique, which has developed from
conventional methods to sophisticated hybrid beamforming. In [50], beamforming benefits
are discussed with an emphasis on millimeter-wave (mmWave) hybrid beamformers with
spatial path index modulation. This innovation enhances spectral efficiency, a crucial
benefit for modern radar systems. In [51], the implementation of hybrid beamforming with
sub-arrayed MIMO radar in the mmWave band is discussed. It demonstrates a favorable
balance between sensing capabilities and communication efficiency. To further investigate
the variety of beamforming techniques, Table 4 categorizes the main methods employed
within both narrowband and wideband beamforming paradigms. Notably, while both nar-
rowband and wideband beamforming techniques have distinct applications, narrowband
beamforming is often considered superior for its enhanced accuracy in target detection and
localization under limited bandwidth conditions, a critical factor in many conventional
radar scenarios. This precision is crucial in applications such as aircraft tracking, weather
monitoring, navigation aids, and particularly in UAV detection, where the ability to ac-
curately localize and detect UAVs is important. The enhanced accuracy of narrowband
beamforming in such applications ensures the reliable monitoring and management of
UAVs in various operational contexts. Conversely, wideband beamforming with its broader
frequency range offers better resolution and is more adept at operating in complex or
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cluttered environments, making it a potentially more effective technique in advanced radar
systems [52-54]. The wider frequency range of wideband beamforming is advantageous
for special scenario applications such as through-the-wall radar detection and ground-
penetrating radar, due to its improved ability to better handle multipath propagation effects.
While wideband beamforming might also be applied in UAV characterization, offering
detailed information on UAYV features in cluttered environments, the focus on narrowband
beamforming for UAV detection is due to superior target localization capabilities.

Table 4. Categorization of Beamforming Techniques.

Main Category Technique Sub-Techniques
Narrowband Utilizes a single frequency band, Switchgd Beamformi'ng
Beamforming typically employing phase-shifting Adaptive Beamforming

for beam direction. Analog Beamforming
Digital Beamforming
Wideband Handlfes. awide frequency r ange,  Frequency-dependent Beamforming
Beamforming requiring complex processing Time-domain Beamforming

to accommodate different signal

Spatial-domain Beamforming

delays across the spectrum.

Subsequently, Table 5 provides a detailed and comprehensive overview of how these
techniques are applied in radar systems, explaining the specific advantages that each
type brings to radar technology [55-63], and Figure 2 depicts the various narrowband
beamforming techniques and modes of operation. A switched beamforming system in
radar operations highlights a network that steers predefined beams using a series of
switches (k1-k4) to control the direction of each beam (P1-P4). The initial signal in this
system is produced by digital baseband processing and is subsequently up-converted to
the proper frequency for transmission by the RF chain. The switch in the beamforming
network determines which of the predetermined beam paths is activated at any given time.
The control mechanism determines the optimal beam path for each target by assessing
which beam provides the highest SNR. Once the beam with the highest SNR is identified,
the system uses the corresponding key to switch to the appropriate beam path. This
configuration enables a straightforward but efficient method to focus radar energy on
several targets, with each beam able to be used by various users in the same coverage area.
When a radar system needs to quickly switch between beams to track multiple targets
or cover different areas of the surveillance area, the switched beamforming approach
becomes useful.

Table 5. Narrow Beamforming Techniques and Their Applications in Radar Systems.

Technique Application in Radar Systems Advantages
. Rapidly switches between
Switched Sector scanning and surveillance. predefined beams for quick
Beamforming coverage.
Adaptive Target tracking in variable Ad]u.sts begms dynam.lcally for
pive conditions optimal signal reception and
Beamforming ' interference mitigation.
Analog Cost-effective radar systems with Simplifies the ha;dwat}‘le sei‘tﬁfi and
i fixed or slow-moving targets reduces costs, though with less
Beamforming : flexibility.
o Advanced radar applications Allows for the simultaneous
Dlgltal. require accurate beam control for ~ formation of multiple beams and
Beamforming multiple targets. high-resolution target detection.
) Millimeter-wave radar COI:;EL?ES isjltzgoa?ig;%ﬁal
Hybrld. applications, particularly in 5G or formange and reguce svstem
Beamforming technologies. P Y

complexity.
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Digital RF Chain wy
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Processing —r w, Different HPBW
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Shift

(b) Adaptive Beamforming

Digital
i , One Beam

Baseband RF Chain Splitter
Processing ata Time
Analog Phase Array
Shift
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Digital RF Chain /
Basgban d RF Chain - Multiple Beams
- RF Chain Simultaneously
Processing RE Chain -
Array \
(d) Digital Beamforming
Digital RE Chain Splitter , Multiple Beams
Baseband With Less
Frreesdlry RF Chain Splitter \ RF Chains

Analog Phase  Sub Arrays
Shift
(e) Hybrid Beamforming

Figure 2. Various Beamforming Techniques.

Unlike switched beamforming, which relies on a static set of predefined beams, adap-
tive beamforming dynamically adjusts beam patterns to optimize signal reception and
transmission, adapting to changing environments and target movements. Each antenna
element is equipped with its own RF chain, which is essential for up-converting the digi-
tally processed baseband signals to the necessary radio frequencies. Weights (wl-w4) are
applied to control the phase shifts required for each antenna element’s signal during the
beamforming process’ adjustments. This system allows for the generation of several direc-
tionally variable beams with different half-power beam widths (HPBW), which guarantees
accurate focus and low interference. The advantage of adaptive beamforming is its accurate
direction-of-arrival (DOA) calculation, which facilitates better power consumption and
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interference control. Although adaptive beamforming is complex, its accuracy makes it
essential for contemporary radar systems functioning in dynamic, signal-dense settings.

In analog beamforming, digital baseband processing generates the initial signal, which
is then transmitted via a single RF chain. After being up-converted to the RF domain, the
signal is divided into several paths. Every path is linked to an analog phase shifter, which
applies a particular phase delay and is controlled by weights that are probably set in the
digital domain but used in the analog domain. These phase delays are crucial for steering
the beam in the desired direction, as they determine the constructive and destructive
interference patterns necessary for beamforming. The multiple signals, now phase-aligned
according to the weights, are combined in the antenna array to produce a single, focused
beam at a time. This configuration illustrates the simplicity of analog beamforming, which
is power-efficient and cost-effective due to its minimalistic use of hardware components.
However, this simplicity also means that analog beamforming systems have less flexibility
in adjusting to rapidly changing environments or complex beamforming needs, such as
those required for tracking multiple or fast-moving targets. The system works well in
situations where the targets move slowly or are stationary and the beam pattern is not
required to be quickly adjusted due to external factors.

Digital beamforming (DBF) allows the generation of multiple beams simultaneously by
giving each RF chain in the array independent control over the amplitude and phase of the
signal. This process, all conducted digitally before DAC conversion, affords precise beam
shaping and steering. Adjusting patterns for improved target resolution and interference
mitigation is one of DBF’s benefits, especially in receiving. High resolution and low
sidelobes are achieved with techniques such as adaptive pattern reducing and array element
pattern correction.

Finally, using the advantages of both analog and digital beamforming, hybrid beam-
forming effectively creates multiple beams with fewer RF chains. The process starts with
digital baseband processing, which directs signals through a minimal set of RF chains. A
splitter receives the signal from each chain and distributes it to analog phase shifters located
within subarrays. This configuration allows for the complex beam shaping and steering
capabilities typical of digital beamforming while maintaining the hardware simplicity of
analog beamforming. Hybrid beamforming, which is widely used in 5G networks, uses
precoding at both the baseband and RF levels to create the exact beam patterns required for
high FM-wave applications. This method offers a cost-effective alternative to fully digital
systems by dramatically cutting down on hardware expenses and power consumption,
without sacrificing the ability to manage multiple communication streams simultaneously.

Regarding insights into the challenges associated with beamforming, ref. [64] high-
lights a specific challenge, achieving high angular resolution. It highlights the complexities
involved in sustaining high-gain beams within FMCW radar systems, a key factor for pre-
cise target identification. Furthermore, ref. [65] investigates the complexities of designing
transmit and receive beamforming in MIMO radar systems among signal-dependent inter-
ference, highlighting computational challenges and proposing innovative solutions. The
authors in [66,67] highlight the transition from traditional analog beamforming methods to
advanced digital beamforming techniques in radar systems. This evolution is significant
for spaceborne SAR and FMCW MIMO radar networks, marking a pivotal point in the
development of radar technology. Additionally, refs. [68,69] detail the implementation of
digital beamforming in multi-channel SAR systems. This technique is shown to signifi-
cantly enhance system capabilities, notably in achieving finer resolution and broader swath
imaging. Such advancements are particularly important in remote sensing applications,
where capturing detailed imagery over large areas is essential. Ref. [70] shows the use of
overlapped subarray-based hybrid beamforming in millimeter-wave (mmWave) MIMO
radar systems. The paper in [71] investigates whether different beams and phase centers in
digital beamforming SAR systems are equivalent. This study adds to our knowledge of how
digital methods may approximate the features of conventional hardware configurations,
emphasizing the versatility of current beamforming technologies. In [72], the focus is on
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the application of hybrid beamforming in mmWave MIMO systems to mitigate intended
jamming. This aspect is crucial for maintaining the integrity and reliability of radar systems
in potentially hostile or adversarial environments, where external interference can pose
significant challenges.

Observing the most recent developments in beamforming radar technology, ref. [73]
discusses the implementation of the sparse iterative covariance-based estimation (SPICE)
algorithm for hyperparameter-free sparse source location in massive TDM-MIMO radar
systems. While traditional SPICE algorithms are effective in enhancing resolution and sup-
pressing sidelobes, they require numerous iterations involving complex, high-dimensional
matrix operations, making them impractical for real-time hardware implementation with
large-scale TDM-MIMO data. To address this issue, the paper introduces a subaperture-
recursive (SAR) SPICE method that enables the recursive refinement of location parameters
with each new block of received data, significantly reducing computational demands
and hardware requirements. This method is demonstrated through a high-throughput
architecture on an FPGA, showcasing rapid processing capabilities, as confirmed by the
experimental data from a cascaded MIMO radar system. The authors highlight the SAR
SPICE method’s potential for efficient and accurate source location in practical applications,
representing a significant advancement over conventional techniques and aligning with
the trend toward digital beamforming.

Ultimately, Table 6 offers a detailed comparison between radar systems, highlighting
the enhancements in the performance achieved through the integration of beamforming
technology, as opposed to systems that lack this advanced feature.

Table 6. Performance Achievements with the Application of Beamforming Technologies.

Feature Without Beamforming With Beamforming Explanation
Beamforming concentrates
Directional Poor Excellent signal energy in specific

directions, enhancing target

Signal Focus
detection.

Beamforming can filter out
signals from unwanted
directions, reducing
interference.

Interference Limited Superior
Management

Beamforming’s directional
focus is particularly
effective in cluttered
environments, leading to
clearer target detection.

Enhanced SNR and
directionality lead to more
accurate target detection.

Clutter Reduction Lower Higher

Target Detection Reduced Enhanced
Accuracy

Beamforming improves
spatial resolution by
focusing on narrower areas.
Spatial Lower Higher However, spatial resolution
Resolution depends on angular
resolution, which is limited
by the number of RX
orthogonal channels.

Beamforming tech adapts
effectively to various
environments, maintaining
performance.

Adaptability to Low High
Environment

Better directionality helps
in distinguishing targets
from clutter.

Efficiency in

Compromised Improved
Cluttered Areas
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3.3. MIMO and Beamforming Working Principle

In the former subsections, we conducted a comprehensive review of the advantages
offered by MIMO and beamforming technologies in radar systems, highlighting their
pivotal role in enhancing spatial resolution, target detection capabilities, and minimizing
interference. Building on this basis, we now turn our attention to the underlying principles
of these technologies, aiming to explain how they function and contribute to the advanced
performance of modern radar systems. Figure 3 illustrates the complexity of integrating
MIMO and beamforming in radar systems. The MIMO technology is mathematically
represented by the equation

Y=A(0)X+N 1)

where Y is the received signal matrix, A(0) is the steering matrix based on the arrival angle
6, X denotes the transmitted signal matrix, and N is the noise. Meanwhile, beamforming can
be characterized by the beamforming Gain, denoted as Ggg, which is a critical measure in
antenna array theory. It reflects the improvement in signal strength achieved by coherently
combining signals from multiple antenna elements to focus energy in a specific direction.
This gain is pivotal for enhancing the system’s detection capabilities and communication
quality by steering the beam toward a target or desired direction, thereby increasing the
signal-to-clutter ratio (SCR) and effectively mitigating clutter. The equation representing
beamforming is as follows:

2 ej(z%ndsin(efﬁo)) @)

n=0

Gar(o) = G(0) -

N-1 |

where G(0) is the gain of a single antenna element, N is the number of elements, 27” is
related to the phase of the signal and depends on the wavelength, A, of the transmitted
signal. It converts the physical distance, d, which is the distance between each antenna
element and angle () into a phase shift. sin(0) is the sine of the angle of beam steering,
which is the direction in which the beam is focused, and (6y) is the steering direction.

Beamforming technology significantly impacts radar systems by focusing the trans-
mission energy in a desired direction using the whole set of transmitting antennas at the
same time. Controlling the phase displacement between elements, the transmission beam
is steered in specific directions. As this, the set of transmitting antennas works as a phased
array with more elements, thus, increasing its transmission gain and reducing the pattern
half power beam width (HPBW). The HPBW is a critical parameter that determines the res-
olution of the radar and its ability to reject the clutter. It is defined as the width of the beam
at which the power drops to half of its peak value, and from beamforming composition,
the results are

HPB WSingleElement
Ntx

where HPBWs;yq1cElement 1S the HPBW of an individual antenna element, and Ny, is the total
number of transmitting antennas in the beamforming array. A lower HPBW improves the
radar system capability to focus signal energy to a specific direction, decreasing the amount
of signal energy sent to targets placed in different directions. This feature is particularly
appealing when dealing with high-clutter scenarios, as clutter back-scatter signals coming
from unwanted directions can saturate the radar receiver stage, reducing its sensitivity,
actually reducing detection capability for smaller targets.

HPBWBeamforming = 3)
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Conversely, MIMO radar technology uses the different transmitting antennas in sepa-
rate time windows, exploiting time diversity, to obtain a bigger amount of information for
image focusing. Therefore, the transmission HPBW for MIMO configuration results are as
follows:

HPBWmimo = HPBWSingleElement- 4

For the MIMO approach, each transmitting antenna provides a set of N,y signals that
can be used to produce a final radar image. With this, a MIMO image acquisition provides
Nix X Ny separate signals that can be related to an identical amount of virtual receiving
antenna elements, dramatically improving the cross-range resolution. In conclusion, The
beamforming technique improves the radar clutter rejection capability through better
energy focusing while reducing the cross-range resolution. Alternatively, the MIMO
approach maximizes the latter, but it is more exposed to desensitization issues, which can
reduce detection capability for smaller targets in cluttery environments.

Through the combined application of the MIMO and beamforming technologies, radar
systems can achieve unparalleled precision and flexibility in target detection and tracking,
representing a notable advancement in radar technology. However, the fusion of MIMO
and beamforming technologies transcends a simple mathematical equation, as it involves a
complex interplay between MIMQO's spatial diversity and beamforming’s directional gain.
This integration leads to a sophisticated radar system capable of superior performance in
challenging environments by effectively utilizing the spatial multiplexing of MIMO for
enhanced resolution and the focused energy delivery of beamforming for improved UAV
detection [74,75]. To conceptualize the fusion of MIMO and beamforming in radar systems,
we introduce an integrated equation:

Yintegr = A(Ggr - X) +N ®)

where Yintegr represents the received signal matrix, integrating the effects of both MIMO
and beamforming technologies. A is the steering matrix that encapsulates the essence of
the array’s spatial diversity. For a uniform linear array (ULA) with N antenna elements,
the steering vector a(6) for a particular direction 6 can be expressed as
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The full steering matrix A for the MIMO system can be constructed by concatenating
steering vectors for all desired steering angles (6). Gpr denotes the beamforming gain,
enhancing the signal strength in the beamformed directions; X is the transmitted signal
matrix from the MIMO system, which is enhanced by the beamforming gain for improved
directivity and focus; and N represents the noise matrix, accounting for the system’s inher-
ent and environmental noise. This formulation demonstrates the effective enhancement of
radar capabilities through the combined use of MIMO's spatial diversity and beamform-
ing’s focused energy delivery, enabling superior target detection and tracking performance,
especially in complex environments.

4. Application of MIMO and Beamforming in Low RCS UAV Detection

In our previous discussions, we explored the realms of MIMO and beamforming
technology in radar systems, as well as the details of detecting low RCS UAVs via radar.
Building upon these fundamental concepts, we now shift our focus to the collaborative
application of MIMO and beamforming technologies in the specific context of low RCS
UAV detection. Figure 4 shows a mindmap that helps us understand how these advanced
technologies work together.

Improved Target Directional
S ti Signal F
Enhanced Spatial cparation LIEHIREE
Resolution X 2 Reduced Clutter
" MIMO Beamforming —
Improved Signal- # Technology Technology ~ Adaptive
to-Noise-Ratio Y y Techniques
Application of MIMO &
Beamforming in Low RCS
UAV Detection
" 4 b . Advanced Surveillance
Concea.led Wy Challenges Combined # Methods
Detection with Low RCS Technological
Signal / UAVs Advantaies M=y Enhanced Detection
Interference 4 Capabilities

Future Research
Prospects

Environmental
Factors

Figure 4. Mindmap of MIMO and Beamforming in UAV Detection.

Referencing Figure 4, the heart of this integration is MIMO technology, well-known
for its enhanced spatial resolution and improved SNR. These attributes are pivotal in
detecting low RCS UAVs, which often blend into background noise. Complementing
MIMO, beamforming technology emerges as a critical player with its directional signal focus
and clutter removal. Through adaptive techniques, which involve the real-time calibration
of antenna patterns to focus on the desired signal while suppressing interference and noise,
beamforming enhances detection accuracy. These smart adjustments make it a valuable
asset in modern radar systems, adapting to the constantly changing environment and
maintaining optimal performance.

The mindmap further illuminates the challenges posed by low RCS UAVs, encom-
passing concealed detection difficulties, signal interference, and environmental factors that
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can adversely affect radar performance. However, the fusion of MIMO and beamforming
technologies presents a robust solution, not only enhancing detection capabilities but also
paving the way for advanced surveillance methods. This integration is a testament to the
evolving landscape of radar technology, where precision and adaptability are paramount.

4.1. MIMO Technology in Low RCS UAV Detection

This subsection presents a comprehensive study of low RCS UAV detection using
MIMO technology. The authors in [76] highlight the efficiency of MIMO radar technology
in UAV surveillance. They present the testing of an S-band MIMO scanning radar sys-
tem, specifically designed to address the challenges of tracking small, fast-moving targets.
Ref. [77] outlines the development of an S-band MIMO scanning radar system. It empha-
sizes employing sparse array optimization and a specialized calibration method for MIMO
radar arrays, and these techniques are adapted to enhance the detection of small drones.
Ref. [78] explores various radar technologies for UAV detection, underscoring challenges
like small RCS and complex flight patterns. It compares different systems: passive radar,
which relies on external electromagnetic sources; active multi-static radar, with multiple
transmitters and receivers for enhanced angles; MIMO radar, noted for its advanced target
detection and tracking; and cognitive radar, adaptable to environment and target dynamics.
Particularly, MIMO radar stands out for its enhanced UAV observation capabilities, which
demonstrate its usefulness in the developing field of UAV defense. The authors in [79]
specifically detail a MIMO OFDM radar system for UAV detection, emphasizing its setup
with software-defined radios and a 4 x 4 MIMO antenna array. This setup aims to enhance
angular resolution and enable effective drone detection, even in challenging conditions.
The aim of [80] is to introduce a sophisticated anti-drone framework that utilizes 3D FMCW
MIMO radar combined with a 2.4 GHz directional jammer, designed especially to protect re-
gions against unauthorized commercial drone operations. In [81], the authors demonstrate
the capabilities of MIMO radar for the detection and tracking of UAVs. They highlight the
effectiveness of MIMO radar technology in UAV surveillance by presenting experimental
results from a multi-sensor measurement campaign.

Ref. [82] is distinguished by its use of affordable MIMO CW radars and Doppler-only
localization techniques, with the study’s key contribution being the successful demon-
stration of the MIMO cyclic spectral density (MCSD) method’s effectiveness in drone
surveillance, as evidenced through simulations, experimental results, and a thorough anal-
ysis of performance and cost-efficiency. In [16], the study focuses on developing a MIMO
radar system using gallium nitride technology at 37.5 GHz, specifically for UAV detection.
This research includes a detailed system-level analysis, covering sub-system specifications
and performance evaluations, and highlights the radar system’s effectiveness in UAV
surveillance, with a particular emphasis on detecting small drones. The development of a
MIMO radar system, verified by simulations and experimental results, is presented in [83].
It makes use of a Doppler division multiple access (DDMA) waveform and sparse arrays to
improve angle estimation and suppress beam pattern grating lobes, thereby improving the
detection of low, slow, and small targets, like UAVs. Through the study in [84] the authors
present the results of an extensive measurement campaign that demonstrate the capabilities
of the MIMO radar-configurable in Ka-band (MIRA-CLE Ka), for identifying UAVs that are
used for spying or terrorist purposes, emphasizing the importance of advanced sensors and
techniques for monitoring UAVs. Ref. [85] indeed presents a study on various technologies
for detecting, localizing, and tracking unauthorized UAS and jammers, including MIMO
radar. It specifically highlights the advantages of MIMO radar, notably, its higher spatial di-
versity, which enhances its effectiveness in accurately detecting and estimating parameters
of small UAVs. This capability is particularly valuable for addressing challenges like small
RCS and the low-altitude, low-speed maneuvers of UAVs.

The study [86] extensively covers sensor technologies for UAS detection, emphasizing
MIMO radars for their enhanced detection sensitivity and real-time Doppler resolution. It
demonstrates how MIMO radars, using a 32-by-8 element L-Band receiver array, effectively



Remote Sens. 2024, 16, 1016

16 of 24

distinguish small drones from other objects like birds, employing machine learning for
precise identification. In the paper [87], the authors introduce a novel approach for detecting
low-observable moving targets using a frequency diverse array MIMO (FDA-MIMO) radar
system. They also present the space-range-Doppler focus (SRDF) processing technique,
which utilizes the high-resolution and flexible capabilities of FDA-MIMO radar, where
this approach is effective in differentiating moving targets from clutter, enhancing the
signal-to-clutter ratio, and providing precise measurements of the motion parameters of
these targets.

4.2. Beamforming Technology in Low RCS UAV Detection

When it comes to beamforming, in [88], the authors detail an advanced radar signal
processing technique for UAV detection, utilizing a multi-channel phased-array system
with beamforming. This approach, enhanced by super-resolution processing, significantly
enhances the radar’s capability to distinguish UAVs in complex scenarios, enhancing detec-
tion accuracy, particularly when multiple UAVs are present or in proximity to other objects,
showing the effectiveness of beamforming in challenging environments. In [89], the author
focuses on developing a compact radar system for small UAS, considering size, weight,
power, and range compatibility for sense and avoid capabilities. This radar, featuring a
four-element phased-array receiver, is adapted for detecting and avoiding other UAVs,
enhancing UAS safety. Key highlights include its multi-target tracking ability, minimal form
factor, and the use of beamforming techniques for efficient target detection and tracking.
In [90], the authors explore using a phase-interferometric approach with a dual-channel
Doppler radar for drone detection and tracking, focusing on differentiating drones from
similar small, low-flying objects like birds through micro-Doppler signature analysis. This
study employs beamforming techniques, specifically FFT-based beamforming, to measure
the angle-of-arrival of the detected targets, thereby enhancing drone trajectory tracking by
creating a combined 3-D range-Doppler-angle map from two channels. In [91], three dis-
tributed beamforming algorithms are introduced for UAV arrays, aiming to address the
positioning and signal phase errors that decrease beamforming effectiveness. The study
analyzes the array’s signal phase error model under near-field conditions and puts forth
solutions leveraging the extended Kalman filter (EKF), Kalman filter (KF), and unscented
Kalman filter (UKF), modified to the availability of the navigation data and noise charac-
teristics. In [5], the authors highlight the vital role of radar in C-UAS operations for UAV
detection, tracking, and classification. They emphasize the importance of high-performance
radars to counter UAS threats and discuss the challenges faced in C-UAS radar applications.
The paper also delves into the use of advanced digital beamforming techniques, such as
elemental and quasi-elemental, to enhance radar’s ability to precisely target and classify
aerial threats, thus, improving counter-UAS strategies.

In [92], the authors present an algorithm aimed at improving the detection of low,
slow, and small (LSS) targets, like UAVs, among significant ground clutter. This algorithm
utilizes a beamforming approach, particularly a transmit beam control method based on
second-order cone programming (SOCP), to effectively minimize ground clutter, especially
from moving targets such as small UAVs. This approach not only reduces energy spread
across the ground but also maintains the integrity of the main lobe and aligns to peak-
to-average power ratio (PAPR) constraints, ensuring the efficient use of emission power.
Another study emphasizing enhancing drone and airscrew signature detection in cluttered
environments using optimized beamforming techniques is presented in [93]. It examines
the impact of drone airscrews’ micro-Doppler signatures on passive radar’s ability to
detect and track drones. A significant feature of this research is the implementation of a
bi-dimensional tracker, which relies on the Kalman filter. This tracker is pivotal for both
tracking drones and extracting crucial features from their micro-Doppler signatures. The
work in [88] utilizes beamforming to enhance UAV detection, integrating echo energy
for improved accuracy. This technique’s advantage lies in its ability to boost signal-to-
noise ratios, leading to more precise UAV identification, especially in complex scenarios
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with multiple targets. The authors of [94] develop a radar system using beamforming
control within a two-dimensional electronic scanning active phased array. This approach
significantly improves the detection of low-altitude, slow-moving, small targets, especially
in environments with strong ground clutter. Another study [95] focuses on improving the
detection of small drones using passive radars (PRs) with digital video broadcasting signals.
The paper highlights the use of optimized beamforming techniques to enhance the signal-
to-interference ratio (SIR), and it mentions a specific two-stage frequency-domain spatial
filtering processing scheme. The study [88] presents an adaptive radar signal processor
designed for UAV detection, utilizing a multi-channel phased-array radar system. It tackles
the challenge of detecting closely spaced UAVs in range and Doppler, and the key to its
functionality is beamforming, which enhances detection and resolution by directing signal
transmission and reception.

4.3. Fusion of MIMO and Beamforming Technology in Low RCS UAV Detection

Highlighting the efficacy of MIMO technology and digital beamforming in UAV de-
tection, ref. [96] delves into creating a 2 x 2 MIMO radar utilizing software defined radio
(SDR) technology. It underscores the critical role of MIMO and beamforming in enhancing
the detection of low RCS, slow-moving UAVs within background clutter. The research
demonstrates MIMO’s advanced spatial resolution and target separation capabilities, ef-
fectively addressing UAV surveillance challenges. The study [97] combines MIMO radar
technology with the super-resolution MUSIC algorithm for UAV localization. The focus
is on using mmWave radar for reliable 3D localization of drones, enhanced by analyzing
micro-Doppler effects from rotating propellers. The application of MIMO provides spatial
diversity, improving detection, while the MUSIC algorithm, a form of beamforming, aids in
accurately estimating the drones’ locations. Another study [80] focuses on how MIMO and
digital beamforming technology are good at detecting UAVs. It uses MIMO radar because
it can pinpoint locations very well, along with beamforming to locate accurately. This
combination helps in effectively tracking and blocking small drones, which is important for
protecting important places. The advanced detection ability of MIMO radar and the precise
blocking power of beamforming work together to disrupt the controls of drones, which
shows how well MIMO radar and beamforming work together in stopping drone threats.
The paper [98] describes an advanced system designed for detecting and locating UAVs
using various signal features. It uses two key technologies: digital beamforming (DBF)
and MIMO. The DBF is integrated into the radar to improve its ability to search, especially
effective for finding micro-UAVs that are far away and moving slowly. Meanwhile, MIMO
imaging radar is used to identify and follow UAVs, managing to detect them up to 150 m
away even in environments with a lot of clutter. The authors of [99] discuss the use of
both MIMO and beamforming technologies for the detection, tracking, and classification of
aerial threats, particularly UAVs. They highlight the advantages of using MIMO radars,
which include dramatically improved refresh rates, effective performance against UAV
swarms, and the capability to eliminate ground clutter, thus, offering better performance
compared to conventional radars. Additionally, they note the use of digital and adaptive
beamforming techniques, which contribute to higher detection probabilities of small UAVs,
better angular resolution, and increased update plot frequency. This combination of MIMO
and beamforming technologies provides a robust framework for effectively handling the
challenges posed by small and agile aerial threats like UAVs. In paper [100], the radar
system combines FMCW MIMO and digital beamforming technologies for UAV swarming
tracking and collision avoidance scenarios. MIMO processing helps in effectively tracking
and avoiding collisions. Digital beamforming, performed after converting signals from ana-
log to digital, allows for precise control in the tracking process. This integration of MIMO
with digital beamforming enhances the system’s performance in managing UAV swarms.
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5. A Comparative Evaluation of MIMO and Beamforming Technologies for Low-RCS
UAV Detection

Following our previous discussions, we now turn our attention to a comprehensive
comparison of the above two technologies in the detection of low RCS UAVs, particularly
under conditions of equivalent hardware complexity. While both MIMO and beamform-
ing technologies have individually contributed to the advancements in UAV detection
capabilities, they present unique challenges and limitations that need to be addressed
to further their application in radar systems. To clarify these points at a glance, Table 7
compares the benefits and drawbacks of MIMO and beamforming technologies for low
RCS UAV detection.

MIMO technology improves target detection and spatial resolution by creating a
virtual array with multiple transmitters and receivers. This feature is particularly valuable
in scenarios requiring multiple target tracking and detailed spatial information. MIMO
offers these advantages with hardware complexity comparable to beamforming technology.
Nevertheless, the system’s complexity, due to the need for several transmitters and receivers,
increases hardware demands and poses potential scalability issues, making the system
more sensitive to interference and problems with signal coherence.

Table 7. Comparative Analysis of MIMO and Beamforming under Equivalent System Complexity.

Aspect MIMO Technology Beamforming Technology

Higher, utilizing the virtual array feature
. that allows for finer distinctions between
Spatial targets, even when the complexity of the
Resolution system is kept at the same level as
beamforming.

lower than MIMO under the same
complexity due to physical array
configuration limitations, despite beam
focusing capability.

Lower clutter rejection compared to
beamforming because MIMO systems’
Interference multiple signal paths can pick up more

Superior clutter rejection, as the focused
beam selectively minimizes clutter
impact, improving detection in cluttered

clutter signals, which could lessen their . .
Management effectiver%ess in highly cluttered env1rc1>nments with comparable system
environments. complexity.
Relatively limited to MIMO because
High, offering flexibility in various f&ff;rent civerage an}s\as require chanl%ing
Lo . . . e beam; however, this can potentially
Flexibility situations due to its ability to transmit reduce computational load through the

and process multiple independent

waveforms at the same fime. application of sophisticated techniques,

making it efficient in scenarios where
focused coverage is advantageous.

Effective at improving detection by Highly efficient because of the beam’s

Detection of

utilizing complex signal processing and

ability to precisely focus energy,
especially in cluttered environments. This

Low RCS Targets spatial diversity, but it may have could lead to improved detection of low
difficulties in areas with a lot of clutter. RCS targets under similar complexities
. . Generally more scalable in terms of
Potentially difficult because many har dwarZ however, the scalability
transmitters and receivers are required, advanta é mav be r,e duced by the need
Scalability but technological developments may 8 y Y

mitigate this and enable scalability even
in complex frameworks.

for sophisticated beamforming
techniques to match the complexity of
MIMO.

This complexity particularly affects the practical use of radar systems, especially when
trying to maintain performance in cluttered environments. Conversely, beamforming is
known for its directed energy focus and offers robust clutter rejection by focusing the
radar beam on specific targets. This focus enhances the signal-to-clutter Ratio (SCR),
helping in the detection of low RCS UAVs, particularly in cluttered environments. When
beamforming systems are designed with hardware complexity comparable to MIMO setups,
they retain their clutter rejection capabilities. However, to ensure comprehensive coverage
and effective target tracking, these systems must adeptly manage beam steering to balance
focus and field of view.
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6. Future Directions in Radar Technology

The future research aiming at further enhancing the adaptability and effectiveness
of radar systems will have a strong foundation due to the significant advancements in
radar detection capabilities made possible by the integration of MIMO and beamforming
technologies, especially for low RCS UAVs. The creation of sophisticated signal-processing
algorithms is one of the main areas that needs to be explored since it is essential to future
developments. The goal is to significantly improve signal clarity and noise reduction, which
will enhance the radar’s capacity to detect UAVs against a variety of backgrounds. To create
algorithms that provide target detection and identification capabilities across a range of
scenarios will include utilizing the spatial diversity of MIMO and the directional precision
of beamforming. The future studies should also focus on creative designs for radar systems
that emphasize simplicity without losing functionality. The development of methods such
as compressive sensing and multi-sensor fusion offers promising paths toward smaller
antennas without compromising the precision or reliability of data analysis. To facilitate
simple and rapid deployment across a range of platforms and environments, this mini-
mization effort should also involve an evaluation of system architectures. Additionally,
investigating cascade radar systems may open up new radar performance prospects by
enabling multiple sensing and data integration to enable more advanced tracking and
detection capabilities.

Furthermore, there is a chance to significantly increase target detection and system
efficiency with new beamforming techniques like adaptive and hybrid beamforming. Espe-
cially in difficult environments, digital beamforming integrated with MIMO systems may
result in improved resolution and clutter rejection. To overcome the existing constraints
and enable new radar capabilities, optimizing beamforming algorithms for improved direc-
tionality and focus, particularly in multi-target scenarios, will be essential. The potential
fusion of MIMO and beamforming with cutting-edge technologies like quantum radar and
artificial intelligence (Al)-based signal processing marks an exciting frontier. While Al and
machine learning algorithms may offer dynamic and adaptive signal processing and target
recognition capabilities, quantum radar may offer previously unavailable sensitivity and
detection capabilities. Radar systems could be completely transformed by this combination,
becoming faster, more intelligent, and able to handle threats that are becoming more and
more complex. The introduction of Al and machine learning into radar systems signals the
beginning of a new era of enhanced detection precision and real-time adaptability. As Al
continues to progress, radar systems may be able to dynamically modify their operational
parameters in response to changing environmental factors and threats, greatly enhancing
detection precision and system adaptability.

As radar technologies continue to advance, computational demands and the com-
plexity of integrating diverse technological components will also increase. The future
research must address these challenges to ensure the practical realization and deployment
of advancements, which involves developing effective computational frameworks and uni-
form integration techniques for various technologies all integrated into one radar system.
The fusion of MIMO and beamforming with these innovative approaches is going to take
radar systems into a new era, enhancing their capability to meet the complex challenges
of detecting low RCS UAVs. As the threat environment in the air continues to evolve,
radar technologies are being developed to identify and eliminate these threats, providing
continuous protection and monitoring in a rapidly changing landscape.

7. Conclusions

This paper presents an analysis of beamforming and MIMO technologies, highlighting
them as cutting-edge approaches for low RCS UAV detection. An in-depth review of the
literature and a critical evaluation of the recent technological advancements demonstrate
that MIMO, with its improved spatial resolution, and beamforming, with its accurate
signal directivity, represent significant improvements over conventional radar systems.
However, this comparative study also highlights the inherent difficulties that come with
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each technology, providing the framework for a more sophisticated comprehension of their
potential applications.

MIMO technology is popular for its spatial diversity and multiplexing, which greatly
improve target resolution and discrimination and assist to detect and track low RCS UAVs.
This makes it very efficient in environments that require precision in detail, but more
optimization is required due to its complexity and susceptibility to interference. On the
other hand, beamforming works best in situations where focused signal transmission
and clutter rejection are required. Its focused energy level enhances SCR and is crucial
in cluttered environments. However, its effectiveness in dynamic situations requiring
extensive coverage may be limited by the fixed patterns and demands for precise beam
steering, highlighting areas for integrated research and development.

To overcome individual limitations and achieve their integrated advantages in radar
system design and UAV detection, future research directions promise to explore the po-
tential of the fusion of MIMO and beamforming. The development of more intelligent,
flexible, and efficient radar systems is positioned to completely change how we respond
to the sophisticated aerial threats posed by low RCS UAVs. This is demonstrated by the
investigation of new radar system designs and the fusion with cutting-edge technologies
like Al and quantum radar.
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