Science & Military 1/2024

DOI: https://doi.org/10.52651/sam.a.2024.1.15-25

@ 00

ADAPTIVE ALGORITHMS IN RADAR SIGNAL PROCESSING

Jana CONCOVA, Jan OCHODNICKY

Abstract: The development of modern technologies has fundamentally transformed the field of radar signal and data
processing. With the use of advanced algorithms and computational power, radars are now capable of extracting crucial
information from received signals, facilitating improved target identification and tracking. This article presents some
of the advanced technologies employed in radar signal and data processing and their impact on adaptability of radar systems.
It traces the evolution of radar technology from old systems to the present, emphasizing the benefits of adaptive radar signal
processing, which includes algorithms such as adaptive beamforming, Space-Time Adaptive Processing, and the integration
of Machine Learning and Artificial Intelligence. In conclusion, challenges, and future prospects in the field of radar systems
are discussed, with a focus on the potential integration of Artificial Intelligence methods, Cognitive radars, and Multiple Input
Multiple Output technologies. Despite technical obstacles, opportunities emerge to enhance the performance of radar systems

and achieve new levels of efficiency.
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1 INTRODUCTION

The development of modern technologies has
the field of evolved signal and data processing
in radars. These advancements have allowed for
more efficient and precise detection, low probability
of intercept (LPI), and electronic counter
measurements. With the use of advanced algorithms
and computational power, radars are now capable
of extracting valuable information from the received
signals, enabling better target identification
and tracking. This paper presents some of the latest
technologies used in radar signal and data processing
and their radar performance impact.

M. 1. Skolnik wrote in 1985: “Digital technology
has allowed significant new capabilities in signal and
data processing, and Very High-Speed Integrated
Circuit (VHSIC) offers the promise of even greater
performance. Most of the proposed radar applications
of VHSIC seem to be describable as doing more of
what is already being done. This is usually the case
for any new technology, but it would not be surprising
if, a decade hence, VHSIC is being used to achieve
some new radar capability not now being pursued.”
1] The following development proved him fully right,
and high-performance integrated circuits, such as
Field Programmable Gate Arrays (FPGAs), deeply
affected the development of radars. [2],[3],[4]

The construction of modern radar systems,
besides their specific features ensuring adaptability,
also includes FPGAs. These fields, along with the
corresponding adaptive algorithm, represent a
comprehensive solution for processing the received
signal. The choice of FPGA type and adaptive
algorithm depends on the type of radar system, the
environment in which the radar system is placed, and
the type of transmitted and received signal. Radar
systems that integrate FPGAs can provide a high
degree of adaptability and flexibility in radar signal
processing. [2],[31,[41,[5],[6]1,[7]

Nowadays, radar signal processing represents
a complex set of digital techniques not only
for receiving, but also for transmission and further
manipulation of radar signals with the aim
of obtaining high-quality information about the area
of interest. It includes a wide range of advanced
algorithms and computational methods, such
as waveform design, modulation, demodulation,
adaptive filtering, etc. which are applied to radar
signals to enhance their quality and extract vital target
information. These techniques enable radars
to achieve high-resolution imaging, accurate target
detection, improved signal-to-noise ratio, and other
advanced functionalities, thereby playing a crucial
role in the modernization and effectiveness of radar
systems. [8],[9],[10]

In radar signal processing, the focal points lie
in efficiency, speed, accuracy, and adaptability.
The adaptability of radar systems is achieved through
the incorporation of adaptive elements. These distinct
components leverage their inherent properties
and parameters to facilitate adaptive signal
transmission, reception, filtering, and processing.
[91,[10],[11],[12]

These modern technologies have innovated
the field of radar signal processing, enabling more
accurate and reliable information for various
applications, including military surveillance, weather
forecasting, and air traffic control. [10],[11]

The primary objective of this paper
is to represents a fundamental principles of adaptive
radar signa processing. The inception of this paper
delves into the intricacies of comparing technologies
employes in old radar systems with contemporary
advancements, primarily focusing on radar signal
processing. A crucial aspect of radar signal
processing, discussed in this article, is adaptability.
This is achieved through the utilization of a digital
signal processor with FPGA, where adaptive
algorithms such as adaptive beamforming
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or Space-Time Adaptive Processing (STAP)
can be programmed. In modern radars, ensuring
adaptivity also involves the incorporation of Machine
Learning (ML) or Artificial Intelligence (Al).
By constructing a comparative model, these
technologies can optimally identify a target in clutter
and noise. The future integration of these algorithms
may achieve faster processing, leading to real-time
radar signal processing in big interferences.

2 RADAR TECHNOLOGY EVOLUTION

One of the key advancements in the radar
technology evolution is the development of solid-
state radar systems. Unlike traditional radar systems
that utilize vacuum tubes, solid-state radars rely on
transistors and integrated circuits, resulting in smaller
and more efficient units. These modern radar systems
offer higher reliability, increased flexibility, and
improved radar signal processing capabilities,
making them suitable for a wide range
of applications, including weather monitoring, air
traffic control, and military operations. Additionally,
solid-state radars can generate highly accurate and
detailed images, allowing for precise detection and
tracking of targets in real-time. Overall, the evolution
of radar technology has revolutionized radar signal
processing capabilities and paved the way for more
sophisticated and efficient radar systems. [13],[14],
[15],[16]

Early radar systems, despite their innovative
design and capabilities, were not without their
limitations. One major drawback was their
susceptibility to interference and jamming, which
greatly impacted their effectiveness. Moreover, these
systems had limited range and resolution, making
it challenging to accurately detect and track fast-
moving objects. The inability to identify
and distinguish between multiple targets further
hindered their utility in complex military operations.
[13],[14]

In contrast, modern radar systems feature
advancements in coherent optimization. State-of-the-
art antennas, such as Active Electronically Scanned
Array (AESA) or Passive Electronically Scanned
Array (PESA), demonstrate the capability to sustain
phase coherence even under dynamic beam
characteristics. The utilization of a robust and stable
Transmitter (Tx), such as a solid-state Tx,
significantly enhances the level of phase coherence in
transmitted signals. Integrating a digital Receiver
(Rx) with a high dynamic range in modern systems
facilitates the maintenance of phase coherence and
enables precise Digital Signal Processing (DSP).
Consequently, DSP can achieve high coherence even
with non-coherent and unstable transmitters or fully
synthesized ones. This capability is particularly
effective in military applications, where full radar
adaptivity serves as a powerful tool for enhancing
radar capability. In military contexts, the adaptability
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of transmitted signals can reveal the actual state
of radar or scenario from the enemy's Electronic
Warfare (EW) or Electronic Intelligence (ELINT)
perspective. Radar's inherent chattiness further
underscores the significance of adaptivity, making
it clear that in military applications, adaptivity on the
receiving side alone is not only more effective but
also serves as a key aspect of Electronic Counter-
Countermeasures (ECCM). [15],[16]

Contemporary radar systems often incorporate
advanced technologies that enable the
synchronization of timing references, contributing
to high time coherence. The design of new radar
systems  prioritizes ~ coherence  optimization
throughout the entire system with fully adaptive
components. Advanced antennas, Tx, Rx collectively
contribute to a high degree of both phase and time
coherence. [15],[16]

As shown in Tab.l, in older radar systems,
antennas may exhibit limited capacity to maintain
phase coherence, particularly during antenna rotation.
Traditional Tx, such as klystrons or magnetrons, can
suffer from restricted phase stability, thereby
affecting the coherence of transmitted signals.
Besides, older receiver, like superheterodyne
or heterodyne Rx, may have coherence in received
signals influenced by the construction and quality
of amplifiers. [13],[14],[16]

Tab. 1 Difference between old and modern radar systems

MODERN
SYSTEM EARLY RADAR RADAR
AESA,
Parabola PESA
Antenna Dlpqles Active
Passive
components
components
Transmitter | Microwave tubes | Solid-state
Homodyne Software-
Receiver deﬁngd
Superheterodyne | Receiver
(SDR)
Analog-to-digital
Radar converter (ADC) v?nsti 5;%:‘8
Signal with Analog adaptive
Processing Signal Processor, ph
standard algorithms

Source: author.

Advancements in modern radar technology have
greatly improved the detection capabilities of radars.
Through the integration of sophisticated algorithms
and processing techniques, radars demonstrate
enhanced precision and accuracy in detecting
and tracking targets. The development of cognitive
radars further enhances adaptability and intelligence,
allowing automatic adjustments and performance
optimization based on the surrounding environment.
[14],[15],[16]
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The simplified block diagram of an advanced
technology radar is illustrated in Fig. 1. The Tx of this
radar is composed of semiconductor technology,
emitting a signal with frequency diversity.
This diversity involves the radar transmitting short
and long pulses to ensure discriminative capability
and radar range. These radars employ an adaptive
phased-array antenna system, PESA or AESA
and a receiver of the software-defined radio type.
Radar signal processing of the received signal
is carried out through DSP, which includes an FPGA
with a  programmed  adaptive  algorithm.
This algorithm is optimized to the type of radar
system, as well as its usage and environmental
conditions. [15], [16]

These advancements in modern radar technology
highlight the continuous efforts in radar signal
processing advancements for improved radar
capabilities. In conclusion, modern technologies have
greatly improved radar signal processing. The
use of advanced algorithms and ML techniques
allows for better target detection and tracking, as well
as enhanced identification of clutter and interference.
[16]

SOLID-STATE

Tx —$

Tx signal

PESA
(AESA)

echd signal of target
with noise and clutter

SOFTWARE- 4__’

DEFINED Rx

‘ DISPLAY &

DSP with FPGA USER
INTERFACE

preprocessing and target  representation of target detection
detection in clutter and noise

Fig. 1 Simplified block diagram of advanced technology
radar
Source: author.

3 ADAPTIVE RADAR SIGNAL PROCESSING

How we were mentioned, adaptive radar signal
processing has revolutionized the way we analyze and
interpret  received signal, particularly  with
the integration of DSP and FPGA. These advanced
technologies have significantly enhanced
the capabilities of radar systems, allowing for more
efficient and adaptive processing of signals. [17],[18]

Firstly, the incorporation of DSP in radar systems
has played a crucial role in the transition from analog
to DSP. ADC allows for the conversion of analog
signals collected by radar antennas into digital
signals, facilitating more precise manipulation
and analysis. This transformation enhances the radar's
ability to filter, modulate, and analyze data, providing

valuable insights into targets' positions, velocities,
and characteristics. [17],[18],[19]

Secondly, FPGAs have become integral in radar
signal processing, providing a versatile platform
adaptable to diverse radar system needs. The
programmable nature of FPGAs empowers radar
engineers to deploy adaptive algorithms finely tuned
to the radar's unique features and environmental
conditions. This flexibility is crucial for optimizing
radar performance across changing scenarios,
ensuring efficient and accurate radar signal
processing. [5],[6]

Implementation of DSP with FPGA in radar
systems enables the use of advanced adaptive
techniques. Adaptive filtering algorithms, for
instance, can be applied to mitigate interference,
improve signal-to-noise ratio, and enhance overall
radar accuracy and resolution. This collaborative
approach empowers radar systems to dynamically
adjust and optimize their performance, making them
more responsive to the challenges posed by complex
and dynamic operational environments. [18],[19]

In conclusion, the integration of DSP with FPGA
in radar systems represents a paradigm shift in radar
signal processing. These technologies not only
enhance the efficiency and precision of radar data
analysis but also enable adaptive strategies that
contribute to the overall effectiveness of radar
systems in diverse scenarios. [17],[18],[19]

The principle of adaptive radar signal processing
is illustrated in Figure 2. Adaptive radar signal
processing provides the capability for the parameters
of signal processing to dynamically adjust in real-
time based on the characteristics of the input signal.
In Figure 2, two radar systems are depicted, each
composed of N adaptive, phase-linear systems that
receive the reflected signal from the target. These
received signals undergo processing in an adaptive
processor, which, based on the parameters of the
input signal, generates weighting coefficients or
vectors. Subsequently, these coefficients undergo
filtering, optimization, and processing. The results
from both radar systems are then subjected to
spatiotemporal decoding. Following this process, the
output contains a signal that carries information about
the target. [17],[18],[19],[20]

Most used DSP technique in radars is pulse
compression. This technique allows for the separation
of echoes from different targets that are closely
spaced in time. By transmitting a long-coded pulse,
the radar can distinguish echoes from closely spaced
targets based on their unique codes. For pulse
compression using nonlinear or linear frequency
modulation (LFM) signals, the compressed signal y(z)
can be given by: [20], [21]

y(t)= T x(r)s(t—t)eijzm(H)(Fr)dt, )
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where x(7) is the received signal, s(#-7) represents
a time-shifted version of the reference signal
in waveform LFM s(z) by a time value T with a fj
is the center frequency. [20],[21]
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Fig. 2 Principle of adaptive radar signal processing
Source: author.

Pulse compression helps identify targets
in environments with high interference and enables
the radar to distinguish between closely spaced
targets. This technique is often implemented using
specialized radar signals with frequency diversity,
and digital processing techniques, including the use
of algorithms for pulse compression. [21],[22],[23]

Pulse compression with frequency diversity
is a key tool in many radar systems such as in the RL-
2000 radar, which structure of signal consists of four
pulses Pr_s with different frequency and two short
(Ps1, Pp) and long (Pg, Pu) pulses is in Fig. 3. This
radar is primary surveillance radar, which ensures
enhanced system stability and robust clutter
suppression, preventing false reports while
maintaining exceptional target detection capabilities
up to 150 kilometers. It includes improved
performance for target accuracy and resolution.
[21],[22],[23],[24]
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Fig. 3 Pulse signal with frequency diversity
Source: author.
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4 ADAPTIVE ALGORITHMS FOR RADAR
SIGNAL PROCESSING

One of the typical adaptive algorithms
that significantly enhance radar signal processing
capabilities in radars is adaptive beamforming.
This technique uses a phased array antenna system
to electronically steer the radar beam, allowing
for improved target detection and tracking. Another
innovation is the use of Space-Time Adaptive
Processing which is used for filtration spatio-
temporal data in time and frequency domain. This
procedure ensures the mitigation of undesired
interference and facilitates expedited processing
of incoming signals. Lastly, the integration of ML
algorithms into radar systems has facilitated
the automatic detection and classification of targets,
significantly reducing operator workload. [24], [25]

4.1 Adaptive beamforming

Adaptive beamforming is a crucial technique
in modern radar systems, revolutionizing radar signal
processing. This method allows real-time adjustment
of the beam pattern, effectively mitigating unwanted
noise and interference. By employing advanced
algorithms, adaptive beamforming enhances target
detection, tracking, and imaging capabilities, playing
a pivotal role in improving overall radar system
performance. [25],[26]

Through adaptive filtering, the algorithm
dynamically adjusts the beam pattern by modifying
the weights applied to individual antenna elements.
The purpose of adaptive beamforming is to improve
radar performance, specifically the signal-to-noise
ratio, spatial resolution, and overall sensitivity, in the
presence of interfering signals and noise. It involves
adjusting the weights applied to individual antennas
through adaptive filtering to optimize the received
signal. The output signal z(#) for an adaptive array
with N antennas elements and x(z) as the received
signal can be expressed as: [25],[26]

z(t) = w(t+1)

c+ x(t)” P(t)x(t)

where the weight vector w is iteratively updated using
the Recursive Least Squares (RLS) algorithm.
Variable P(z) is the inverse of the autocorrelation
matrix, ¢ denotes forgetting factor, x(z)" is the
complex conjugate of received signal and e(?)
is the error signal. [25],[26]

Adaptive beamforming in radar systems offers
several advantages over traditional methods. Firstly,
it enhances the radar's capability to detect and track
multiple targets concurrently. Adaptive beamforming
enables the system to reject interference, improving
its overall sensitivity and accuracy. Moreover, this
technique enhances the spatial resolution of the radar,
allowing for better target discrimination. Lastly,
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adaptive beamforming facilitates the reduction
of clutter and noise, resulting in improved detection
performance in complex environments. [25],[26],[27]

In real-world scenarios, adaptive beamforming
finds valuable use in radar systems for both military
and civilian purposes. Its effectiveness in tracking
moving targets, mitigating multi-path propagation
and interference, and improving radar imaging
capabilities highlights its significance in modern
radar technologies. Technological advancements,
including powerful computational tools and digital
beamforming techniques, have further improved
radar capabilities. Radars can now process complex
waveforms and extract valuable information from
cluttered environments. Digital beamforming
enhances the radar's ability to steer and shape its beam
pattern, significantly enhancing target detection
and tracking capabilities. [26],[27]

INICIALIZATION
CALCULATION OF COVARIANCE
MATRIX AND WEIGHT COEFFICIENTS

UPDATE BEAM PATTERN

[ CONVERGENCE CHECK ]

GENERATE OUTPUT
BEAM PATTERN

TARGET DETECTION

IS THIS OPTIMAL
TARGET
DETECTION?

Fig. 4 Flowchart of adaptive beamforming
Source: author.

The adaptive beamforming process (flowchart
is shown in Fig. 4, where received signals
are processed through the correct initialization
of algorithm parameters. Computations of the
covariance matrix and weight coefficients are applied
to update the beam pattern, allowing adaptation
to changing conditions in the environment.
The convergence process monitors whether
the adaptive system has reached a stable state. This
convergence process ensures stability, resulting in
a final beam pattern used for effective target
detection and localization in received signals.
Detecting a target in a mixture of signal and noise can
be a challenging process, and if it is not optimal, the
process is repeated from the step calculation of
covariance matrix and weight coefficients. [26], [27]

4.2 Space-Time Adaptive Processing

STAP is the optimized 2D filtration technique
in modern radar systems that removes interference
from received signal by radar. This algorithm
involves using precision filtration of angle
and Doppler frequency in spatial and time domain,
which causes completely elimination noise
and interference from received signal. [28],[29]

This method leverages knowledge about
the spatial characteristics of interference and target
signal to compute weight vectors, thereby minimizing
interference and enhancing target detection.
Its mathematical foundation is based on matrix
algebra and estimation theory. [29]

The advancement of the STAP algorithms
is closely intertwined with its diverse applications.
Successful implementation necessitates an in-depth
analysis of several aspects, including noise
characteristics,  performance and  accuracy,
computational capacity requirements, and other
factors like interference immunity, calibration
requirements, and dynamic range. [29],[30]

Each STAP algorithm is based on a flowchart
applied to the specific radar system, external
environment, and signal type in use. [31]

This flowchart is on Fig. 5 and illustrating
the principles of individual steps, this demonstrates
the correct configuration of the STAP algorithm.
Its application allows for accurate target detection
in received signals containing not only target
information but also clutter and interference. [31]
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PREPROCESSING
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DETECTION?

Fig. 5 Flowchart of STAP algorithm
Source: author.

The STAP typically operates on a matrix X(n,m),
encompassing input signals received by the radar,
where n represents pulse repetition frequency, and m
represents number of antennas elements. The
correlation operation is applied to this matrix,
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generating covariance matrix R(n,m), which
is interpreted as: [31]

R(n,m)=(%)*X(n,m)*X(n,m)", 3)

where J is the total number of input signals and
X(n,m)" is the complex conjugate of the matrix
X(n,m). [31]

Alternatively, correlation can be performed
between input signals and noise, yielding the
covariance matrix U(n,m), which is interpreted as:
[31]

Ulnm)=())s 3 8(nm)"s @

m=1

where M represents the number of antenna positions,
S(n,m) represents the noise and S(n,m)" is the
complex conjugate transpose of S(n,m). Output signal
after filtration and application of weight vectors Y (n)
is characterized as: [31]

Y(n):w(m)H X(n,m), 5)

where  w(m)? denotes the complex-conjugate
transpose of the weight vector, which is compute
from covariance matrix R(n,m) and U(n,m) and
X(n,m). [30],[31],[32]

This formula represents the basic STAP method,
from which have involved more contemporary,
potent, and precise STAP methods. Their accurate
implementation relies on comprehensive knowledge
of application parameters, investigated signals, and
the environment. [30],[31],[32]

4.3 Machine Learning and Artificial Intelligence
in radar signal processing algorithms

ML and AI are emerging as valuable tools
in radar signal processing. These techniques enable
the extraction of meaningful information from effect
radar signals. By leveraging advanced algorithms,
ML algorithms can effectively detect and classify
targets, track their movements, and even predict
future behaviors. The application of Al in radar signal
processing allows for more efficient and accurate
detection and identification of targets, enhancing
radar performance in various environments and
scenarios. These advancements in ML and Al
contribute to the continual improvement of radar
systems and their capability to support critical tasks
such as surveillance, object recognition, and threat
detection. [30],[34]

The process of ML in radar systems is derived
from the flowchart in Fig. 6, where received signals
are processed based on the correct initial initialization
of algorithm parameters. Data is collected from radar
sensors, encompassing signals from targets, noise,
and other influences. Following this, data undergo
preprocessing, noise removal, and identification

20

of relevant features for learning. The data is then
divided into training and testing sets to verify
the model. The selection of a suitable ML model,
such as neural networks or decision trees, is followed
by training the model on the training set. The model
is subsequently validated on the testing set, and its
parameters are optimized to improve performance.
After successful validation, the model is implemented
in real-time into the radar system for continuous
monitoring and target detection. If needed, adaptation
mechanisms  are  introduced for  dynamic
environments and changing radar conditions.
The overall performance of the model is regularly
monitored, and if it is not optimal, the process returns
to the model selection stage. [33],[34]
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SIGNAL
PROCESSING?

Fig. 6 Flowchart of ML
Source: author.

ML and Al have brought about a paradigm shift
in radar systems, significantly enhancing their
capabilities. These technologies play a pivotal role
in enabling radars to autonomously learn and adapt
in real-time, thereby enhancing the precision of target
detection, tracking, and classification. By leveraging
ML algorithms, radar systems can discern patterns
in return signals, facilitating predictive analysis
and informed decision-making.

Al algorithms contribute to the development
of adaptive radar systems that possess the ability
to self-optimize their parameters to effectively
operate in diverse and changing conditions. This
adaptability ensures optimal performance across
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various scenarios. In essence, the synergy between
ML and Al has become indispensable in modern
radar systems, equipping them to tackle the evolving
challenges presented by complex and dynamic
environments. [33],[34],[35]

These algorithms have greatly impacted radar
signal processing. These algorithms can analyze and
processing vast amounts of data to identify patterns
and make predictions. They can effectively filter out
noise and interference, improving signal quality. ML
techniques also enable the detection and classification
of targets, enhancing radar performance. Moreover,
these algorithms can adapt to changing environments
and learn from past experiences, making them highly
efficient in real-time signal processing applications in
radar systems.

For a nuanced ML model applied in radar,
consider a simple logistic regression model for binary
classification: [33],[34]

1
P(O=1]4)= o Bo B B B,4,) (6)

where P(Q=1|4) denotes probability of class 1 given
the input features 4, fo, B1, ..., Bu, are the model
parameters and A;, A, ..., A, are the input features.
For a more sophisticated ML model, let’s consider
a deep neural network (DNN) with multiple hidden
layers. The output y can be expressed as: [33], [34]

c=¢(W,#¢(W,*T+b,)+b,), (7)

where T is the input feature vector, Wi, W
are weight matrices, by, b, are bias vectors and ¢
is the activation function, such as the sigmoid
or rectification linear unit (ReLU). [33],[34],[35]
These expressions provide intricate formulations
for the corresponding radar signal processing
techniques. It is essential to recognize that practical
implementations may  necessitate  additional
consideration and variations tailored to the specific
requirements of the radar system. [34],[35],[36]
Another example of Al application in radar signal
processing is target recognition. Al algorithms can be
used to analyze radar signals and identify different
types of targets, such as aircraft, ships,
or automobiles. This is particularly useful in military
applications, where quickly and accurately
identifying targets is crucial for making strategic
decisions. Al can also help in the classification
of radar signals, enabling the detection of specific
objects or anomalies in the environment. Overall,
the use of Al in radar signal processing enhances
the capabilities and effectiveness of radar systems
in various domains. As we move further into the 21st
century, the field of radar signal processing has
experienced significant advancements, largely due
to modern technologies. The integration of advanced
algorithms and Al has allowed for improved target

detection, clutter suppression, and overall system
performance. Additionally, the utilization of high-
speed digital signal processors and parallel
computing techniques has enabled the processing
of massive amounts of data in real-time, enhancing
the radar's ability to track multiple targets
simultaneously. [34],[35],[36]

5 CHALLENGES AND FUTURE PROSPECTS

In the realm of radar systems, we encounter several
challenges that need to be successfully addressed
in the coming years. One of the primary issues
is the complexity of contemporary radar systems,
requiring advanced algorithms and cutting-edge
hardware architecture. The escalating demand
for real-time processing poses challenges in terms
of computational power and energy consumption.
(371, [38]

The integration of multiple radar systems
introduces challenges related to synchronization
and interference, necessitating precise solutions
to achieve effective coordination between systems.
Despite these challenges, future prospects emerge.
The application of AI methods, specifically deep
learning, has the potential to significantly enhance the
performance of radar systems, particularly in the
areas of detection, tracking, and target classification.
[371,[38]

New technologies, such as cognitive radars
and Multiple Input Multiple Output (MIMO) radars
show  promising potential for  enhancing
the capabilities of radar systems. The development in
the field of these advanced radar systems could bring
new dimensions to the analysis and radar data
processing. Despite technical challenges,
opportunities are emerging to advance radar systems
to a new level of performance and efficiency.
[371,[38],[39]

Cognitive radars, leveraging their adaptability and
intelligent decision-making capabilities, enable more
efficient utilization of available resources
and enhance target detection accuracy. [39],[40]

MIMO radars introduce an additional layer
of complexity with multiple antennas at both the input
and output, allowing for more precise localization and
tracking of targets. These technologies provide us
with tools to effectively address challenges associated
with interferences and various environmental
conditions. [41],[42]

The development in these systems is crucial for
optimizing real-time signal processing. Utilizing
advanced  algorithms, adaptive  approaches,
and parallel processing allows for more efficient
gathering and interpretation of radar data. What's
even more significant, these technologies enable
substantial improvements in performance, accuracy,
and processing speed, creating new possibilities for
the effective utilization of radar systems in various
scenarios and conditions. [38],[39],[40],[41],[42]
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6 CONCLUSION

The evolution of radar technology, coupled with
advancements in radar signal and data processing, has
significantly transformed the capabilities of radar
systems. The integration of digital technologies, such
as FPGAs and adaptive algorithms, has played
a pivotal role in enhancing radar performance. The
transition from early radar systems, with their
limitations in interference susceptibility and range
resolution, to modern solid-state radar systems
highlights the strides made in achieving higher
reliability, flexibility, and precision.

The utilization of adaptive radar signal
processing, including techniques like pulse
compression, adaptive beamforming, STAP, and the
integration of ML and Al, has empowered radar
systems to operate effectively in complex and
dynamic  environments.  These technologies
contribute to improved target detection, tracking, and
classification, ensuring enhanced adaptability and
intelligence.

The comparison between old and modern radar
systems underscores the benefits of advancements in
antenna technology, transmitter, and receiver
components, as well as radar signal processing
techniques. The adoption of solid-state components
phased array antennas, and software-defined
receivers has significantly improved radar coherence,
stability, and overall performance.

Challenges in the field of radar systems, such as
computational power requirements, synchronization
issues, and the complexity of contemporary systems,
are acknowledged. However, the future holds
promising prospects with the potential integration of
Al methods, cognitive radars, and MIMO radars.
These technologies aim to address current challenges
and further optimize radar systems for real-time
signal processing, adaptability, and efficiency.

In summary, the continuous development of radar
technology and signal processing techniques has
paved the way for more sophisticated, adaptable, and
efficient radar systems. As we navigate into the
future, the integration of cutting-edge technologies
and innovative approaches holds the key to
overcoming current challenges and unlocking new
dimensions in radar system capabilities.
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