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Research Question:
The literature review addresses this critical research question:”How do the multi-beam
capabilities and frequency agility of AESA radars enhance the detection and tracking
of low-observable targets compared to traditional PESA radars in modern fighter jets?”

Abstract:
This paper explores the abilities of AESA radars which makes them better contenders over
PESA radars in terms of tracking ability in modern fighter jets. While PESA radars improved
target acquisition without mechanical movement, they suffer from limitations like reduced
flexibility and vulnerability to jamming. AESA radars, with multi-beam capabilities and
frequency agility, offer superior performance, enabling better detection and tracking of stealth
targets. This study highlights AESA radars' strategic and tactical advantages in modern
military operations, enhancing situational awareness and combat effectiveness.

Background:
Radar, developed in the late 19th century and significantly advanced in the 1930s by British
Electrical Engineer Robert Watson-Watt,[1] is a technology that transmits radio signals to
detect, identify, and track various targets, leading to its essential role in both military and
civilian applications such as air traffic control, weather monitoring, and automotive safety
systems. In contemporary military operations, radar technology remains crucial for target
surveillance and reconnaissance, enabling forces to effectively detect and track aircraft,
missiles, ships, and ground vehicles for informed battlefield decision-making.

Initially, Radar systems called MSA radars were mechanically steered, meaning that they
had to be physically moved to face an object to detect it. This movement refers to the
moving of a circular or elliptical antenna plate, which is physically turned using a mechanical
gimbal system. This gimbal system allows the antenna to sweep across an airspace to
direct the radar beam towards a target object for detection. The physical movement
imposes certain limitations on MSA radars. Since the antenna can only scan a specific area
at any given time, this leads to delays in tracking moving targets, as the radar must turn to
follow the object after detecting it, resulting in potential tracking inaccuracies.

Fortunately, the advent of Passive Electronically Scanned Array(PESA) meant that radars
had greater target acquisition abilities without the need of physical movement. Passive
Electronically Scanned Array (PESA) radars, while an improvement over traditional
systems, have notable limitations —including flexibility issues, vulnerability to jamming,
environmental sensitivity, limited agility, and maintenance challenges. These constraints
stem from their reliance on a single transmitter and limited frequency agility, making them
vulnerable in complex operational environments.

The issues with Pesa Radars, however, were mitigated by the development of AESA
radars. Bringing about a New Era in radar Technology, AESA radars offer enhanced
capabilities like multi-beam operation, frequency agility and improved reliability. These
radars are integral to modern fighting systems, playing a critical role in maintaining territorial
superiority with effective defensive strategies whilst being financially viable.[2]



Historical Overview of Radar Technology
The foundations of radar technology can be traced back to the late 19th century,
particularly with Heinrich Hertz's pioneering experiments on electromagnetic waves. In the
late 1880s, Hertz demonstrated that radio waves could be reflected by metal objects,
establishing the principles that would later underpin radar systems. His work validated
James Clerk Maxwell's theoretical predictions about electromagnetic radiation.[3]

James Clerk Maxwell's Theoretical Predictions
James Clerk Maxwell, a Scottish physicist, made significant contributions to the
understanding of electromagnetism through his set of equations, now known as Maxwell's
equations[4]. These four partial differential equations describe how electric and magnetic
fields are generated and altered by each other and by charges and currents. Maxwell's
work unified the previously separate fields of electricity and magnetism into a single theory
of electromagnetism[4].

Maxwell predicted the existence of electromagnetic waves, which propagate through
space at the speed of light. His equations suggested that light itself is an electromagnetic
wave, and that other forms of electromagnetic radiation, such as radio waves, should also
exist. The four Maxwell's equations are:

1. Gauss’s Law for Electricity:

∇ × 𝐸 = ρ
ϵ
0

This equation describes how electric charges produce electric fields. The electric flux out of
a closed surface is proportional to the charge enclosed.

2. Gauss's Law for Magnetism:

∇ × 𝐵 = 0
This equation indicates that there are no "magnetic charges" analogous to electric charges;
magnetic field lines neither start nor end but form continuous loops.

3. Faraday's Law of Induction:

∇ × 𝐸 =− ∂𝐵
∂𝑡

This law states that a time-varying magnetic field creates an electric field. This principle is

the basis for the operation of electric generators and transformers.
4. Ampère's Law (with Maxwell's Addition):

∇ × 𝐵 = µ
0
𝐽 +µ

0
ϵ
0
∂𝐸
∂𝑡

This equation explains how magnetic fields are generated by electric currents and by
changing electric fields.
From these equations, Maxwell derived the wave equation for electromagnetic waves:

∇2𝐸 − µ
0
ϵ
0
∂2𝐸

∂𝑡2
= 0

∇2𝐵 − µ
0
ϵ
0
∂2𝐵

∂𝑡2
= 0



These wave equations describe how electric and magnetic fields propagate as waves at the

speed of light, , where:𝑐
𝑐 = 1

µ
0
ϵ
0

Heinrich Hertz's Experiments on Electromagnetic Waves

Heinrich Hertz's experiments were pivotal in proving Maxwell's theoretical predictions. Hertz
successfully generated and detected electromagnetic waves, demonstrating that these
waves behaved in accordance with Maxwell's equations. His work validated Maxwell's theory
by showing that electromagnetic waves could be reflected, refracted, polarized, and could
interfere with each other—properties that are essential for the operation of radar systems.

The Transmitter and Receiver Setup

Hertz's experimental setup involved a transmitter and a receiver that were instrumental in his
discovery. The transmitter consisted of metal rods connected to an induction coil, creating a
spark gap where electromagnetic waves were emitted. The frequency of these waves was
determined by the inductance (L) and capacitance (C) of the circuit, given by the equation:

𝑓 = 1
2π 𝐿𝐶

This relationship is fundamental in radar technology, especially in AESA radars, where
precise control of the frequency of emitted waves is essential for detecting and tracking
targets with high accuracy.

On the receiving end, Hertz used a similar setup where the incoming electromagnetic waves
induced an alternating current that produced a spark across a gap. This phenomenon is
explained by Faraday’s law of electromagnetic induction:

𝐸 =−
𝑑Φ

𝐵

𝑑𝑡

This principle underpins the detection mechanism in radar systems, where electromagnetic
waves emitted by the radar system reflect off objects, and the returned waves are detected
and analyzed to determine the object's position, speed, and other characteristics.

Propagation and Properties of Electromagnetic Waves

Hertz's experiments also confirmed that electromagnetic waves travel at the speed of light,
as predicted by Maxwell. The speed of light (c) in a vacuum is given by:

𝑐 = 1

µ
0
ϵ
0



Understanding the propagation speed of electromagnetic waves allows radar systems to
accurately calculate distances and the speed of moving objects. This capability is crucial in
modern radar systems, including AESA radars, which rely on precise timing and signal
processing to track low-observable targets.

Reflection and Refraction of Waves

Hertz's work explored how electromagnetic waves interact with different materials, leading
to the understanding of reflection and refraction principles. These principles are vital for
radar systems, as they rely on the reflection of radio waves off objects to detect and identify
them.
The ability of radar waves to penetrate certain materials while reflecting off others
enables radars to detect objects even through obstacles, a feature particularly enhanced
in AESA radars with their frequency agility.

Scientific Implications for Modern Radar Systems

The scientific principles established by James Clerk Maxwell and proven by Heinrich
Hertz are directly applicable to modern radar systems, particularly AESA radars. The
ability to control the frequency of the emitted waves, the precision in detecting reflected
waves, and the understanding of wave propagation are all critical to the operation of
AESA radars. Unlike traditional mechanically steered radars (MSA) and even Passive
Electronically Scanned Array (PESA) radars, AESA radars benefit from these principles
by offering superior multi-beam capabilities, allowing for the simultaneous tracking of
multiple targets across various frequencies.

Moreover, the frequency agility of AESA radars, which allows them to rapidly change
frequencies to avoid detection and jamming, is a direct application of Maxwell's and
Hertz's discoveries. By manipulating the LC circuit in each of the numerous
transmitter/receiver modules within an AESA radar, these systems can swiftly adapt to
changing operational environments, maintaining effectiveness even against sophisticated
countermeasures.

Building upon Hertz's scientific breakthroughs, the early 20th century saw the first
conceptualization of radar tech being used to detect objects at a distance by reflecting
electromagnetic waves.[9] These early prototypes utilised radiation belonging to the VHF
and the UHF frequency range focusing on pulse modulating signals( refers to when the
radar emits short bursts of radio waves then waits for the echo to come back, revealing
information such as distance to the target. Pulse modulation allowed multiple targets to be
engaged simultaneously thus it was an important development)[7]. Very High
Frequency(VHF) covers frequencies from 30 MHz to 300 MHz, while Ultra High
Frequency(UHF) spans from 300 MHz to 3 GHz.[15] Early radar prototypes utilised these
frequencies due to their advantageous propagation characteristics. VHF provided
longer-range detection with lower path loss, while UHF offered better resolution and
obstacle penetration for effective target tracking. The selection of VHF and UHF was also
influenced by the absorption characteristics of different frequencies when interacting with the
atmosphere and various materials. Frequencies lower than VHF are less effective for
precise tracking due to poor resolution capabilities, while higher frequencies face significant
attenuation due to atmospheric absorption, particularly from moisture in the air. The early
radar systems underwent rigorous testing in secret trials to evaluate their effectiveness in



detecting aircraft and other objects. For instance, a significant test was conducted by the
British Air Ministry at Bawdsey Manor, where radar prototypes successfully detected an RAF
Handley Page Heyford bomber, confirming the system's operational capabilities. [6]

Technical Overview of Radar Technology
Radar systems operate on the principle of using an antenna to send a short pulse signal,
which is then reflected back from a target. The system disconnects the transmitter after
the pulse is sent and switches to a receiver to analyze the signals reflected from the
target. By measuring the time it takes for the signal to return, the distance between the
radar and the object can be determined. The receiver processes this data and presents it
to a radar display, allowing the operator to visualise and interpret the results.

Radar Transmitters: Klystron Tubes and Magnetrons

Transmitters are crucial components in radar systems, typically employing devices
like Klystron tubes or Magnetrons to generate radio frequency signals.

● Klystron Tubes: These devices are used to boost radio frequency signals by sending
an electron beam through a tube, where it is shaped by an incoming signal. The
process creates bunches of electrons that help produce a stronger output signal.
Klystrons are favoured in radar systems due to their ability to generate high-power
signals consistently, which is essential for reliable performance, particularly in
high-precision radar applications.

● Magnetrons: In contrast, Magnetrons generate microwave power by using a
magnetic field to control the flow of electrons inside the tube, creating oscillations
at microwave frequencies. Magnetrons are known for their compact size and
cost-effectiveness, making them a common choice in radar systems. However,
they are less stable in frequency compared to Klystrons, which can be a drawback
in certain radar applications.

Evolution to Solid-State Devices and the Emergence of PESA Radars

In the 1960s, advancements in solid-state technology allowed for the development of
devices that could electronically control the delay of transmitter signals in radar
systems. This marked a significant shift away from earlier methods that relied on
mechanical adjustments to direct signals. These solid-state devices enabled the
creation of the first large-scale Passive Electronically Scanned Array (PESA) radars,
also known as phased array radars.

● PESA Radars: PESA systems are designed to receive a signal from a single source,
which is then divided into hundreds of separate paths. Each path undergoes
selective delays before reaching individual antennas. This allows the emitted radio
signals to overlap in space, creating interference patterns that can be manipulated
to strengthen the signal in specific directions while reducing it in others. This
capability is crucial for effectively targeting and tracking objects.

One of the key advantages of PESAs is their ability to electronically control these delays,



enabling rapid steering of the radar beam without the need for physical movement of the
antenna. This enhances the efficiency of scanning an area, allowing PESAs to quickly
cover large volumes of space. Advances in electronic technology further enabled PESAs to
generate multiple active beams simultaneously, allowing for broad area scanning while also
locking onto and tracking smaller, specific targets, such as aircraft or missiles equipped
with semi-active radar homing systems. The flexibility and efficiency of PESAs made them
popular in various applications, particularly on ships and large stationary installations
during the 1960s.

Active Electronically Scanned Array (AESA) Radars: A
Technological Leap

Building on the foundation laid by PESA technology, Active Electronically Scanned
Arrays (AESAs) emerged from further advancements in solid-state electronics. These
advancements addressed the size and performance limitations of earlier radar systems.

● Miniaturization and Integration: Traditional radar systems relied on larger devices
like Klystrons or traveling wave tubes for signal generation, contributing to their
bulkiness. However, the introduction of gallium arsenide microelectronics in the
1980s significantly reduced the size of receiver elements, allowing for more
compact designs comparable to handheld radios, only a few cubic centimeters in
size. This miniaturization was crucial for enhancing the flexibility and deployment of
radar systems across various platforms.

● Transmitter Innovations: Alongside the advancements in receiver technology, the
development of Junction Field-Effect Transistors (JFETs) and
Metal-Semiconductor Field-Effect Transistors (MESFETs) led to similar size
reductions on the transmitter side. These components were integrated into
amplifier-transmitters, incorporating
low-power solid-state waveform generators that could efficiently feed amplifiers,
thereby expanding the radar's frequency range. This led to the creation of
transmitter-receiver modules (TRMs), which consolidated the entire radar
assembly into a single, compact unit.

● Multi-Beam and Frequency Agility: multi-beam capabilities, generating multiple
independent beams simultaneously using Transmitter-Receiver Modules (TRMs)
on different frequencies, enhancing situational awareness and tracking multiple
targets in complex environments. The primary advantage of AESA radars over
PESA systems is their ability to operate on multiple independent frequencies.
Unlike PESAs, which generate signals at single frequencies using a limited number
of transmitters, each module in an AESA radar generates and radiates its own
unique signal. This capability allows AESA systems to create numerous
simultaneous "sub-beams," facilitating better recognition of targets operating at
different frequencies. As a result, AESAs can actively track a significantly larger
number of targets than PESAs.

Challenges and Noise in AESA Radars

One of the sophisticated features of AESA radars is their ability to produce composite
beams by combining signals from multiple frequencies. This is achieved through
post-processing of the signals received from several TRMs, allowing the radar to reconstruct



a display that mimics a single powerful beam being transmitted. However, this process
introduces a challenge: the noise present in each individual frequency is also captured and
adds to the overall noise profile of the radar outputs. This means that while AESA radars
can achieve greater tracking capability and frequency agility, they may also experience
increased noise, potentially complicating signal interpretation and target detection.
Overcoming this noise issue is critical for maximizing the effectiveness of AESA radars in
complex operational environments.

Multi-Beam Capabilities of AESA Radars

Active Electronically Scanned Array (AESA) radars offer the remarkable ability to generate
multiple independent radar beams simultaneously, thanks to numerous
Transmitter-Receiver Modules (TRMs) that operate on different frequencies. Each TRM can
transmit its own signal, enabling the system to create several "sub-beams" that can be
directed towards different targets concurrently. This capability is particularly beneficial for
tracking numerous targets in complex environments, providing enhanced situational
awareness and real-time data assessment.

In detecting low-observable targets—designed to minimize radar cross-section and evade
detection—the overlapping of signals from multiple beams facilitates improved tracking.
By utilizing different frequencies, the AESA radar can exploit frequency diversity to
recognize
subtle reflections from these stealthy targets, significantly improving detection rates.
Real-world applications in military aircraft, such as the F-35 Lightning II, showcase this
capability, where AESA systems can simultaneously monitor various threats while focusing
closely on high-priority targets, enhancing both combat readiness and situational
awareness.

Frequency Agility in AESA Radars

Frequency agility in AESA radars refers to the ability to change frequencies dynamically
during signal transmission. Advanced solid-state electronics enable individual TRMs within
the array to operate at different frequencies, either sequentially or simultaneously. This
agility allows the radar to adapt to varying operational environments, ensuring clear signal
transmission even in congested frequency bands.
One of the primary benefits of frequency agility is its significant impact on target tracking
and resistance to jamming. By frequently changing frequencies, AESA radars can maintain
clearer engagement with targets, making it difficult for enemy electronic jamming systems to
disrupt radar operations effectively. This capability provides AESA radars with superior
flexibility and resilience, particularly in modern electronic warfare scenarios where jamming
is prevalent.

Detection and Tracking of Low-Observable Targets

Low-observable or stealth targets are engineered to avoid detection by conventional radar
systems through designs that minimize radar cross-section. These stealth features,
including specific shapes, coatings, and electronic countermeasures, make it challenging for
standard radar systems to detect or track them effectively.



AESA radars, however, offer a substantial performance advantage in detecting and
tracking these elusive targets. Their multi-beam capabilities and frequency agility allow
AESA systems to employ multiple beams with varying frequencies, increasing the chances
of capturing reflections from stealth targets. The advanced signal processing techniques
utilized in AESA radars further enhance the ability to distinguish genuine reflections from
background noise, improving the likelihood of successfully identifying low-observable
targets.

Applications and Implications
Military Applications: AESA radar technology profoundly impacts modern military
operations, offering significant enhancements in surveillance, target acquisition, and
overall situational awareness. The integration of AESA systems into platforms such as
fighter jets and unmanned aerial vehicles revolutionizes combat capabilities, allowing for
adaptive responses to evolving threats in real-time.

Strategic and Tactical Advantages: AESA radars provide distinct strategic and tactical
advantages critical for achieving and maintaining air superiority. The ability to
simultaneously engage multiple targets increases the flexibility of air defense systems and
enhances a military's operational reach, allowing for preemptive and responsive actions
even in contested environments.

Broader Impacts: The advancement of AESA radar technology influences the global
military balance by potentially shifting power dynamics between nations. Countries that
integrate AESA systems into their air forces gain significant advantages over those relying
on legacy radar technologies, prompting a reevaluation of defense strategies and
alliances. The proliferation of AESA technology impacts global security, influencing how
nations approach defense spending and military readiness.

Conclusion
Summary of Findings: AESA radar technology represents a significant advancement
in radar capabilities, especially for detecting and tracking low-observable targets. The
multi-beam capabilities and frequency agility of AESA radars provide superior performance
over traditional systems, allowing for simultaneous tracking of multiple targets and
enhanced resilience against jamming. The continued evolution of AESA technology will play
a crucial role in shaping future military strategies and maintaining air superiority.

Implications for Future Research:Future research should focus on improving the
processing speeds and signal clarity of AESA radars. Studies exploring new materials and
technologies for further miniaturization, as well as enhancements in noise management,
could significantly impact radar performance. Comparative analyses with emerging radar
technologies, such as passive radar or microwave photonic radars, could provide valuable
insights into optimizing radar systems for various applications.Furthermore, Research on
AESA radars could aim to reduce noise by utilizing advanced signal processing
techniques, noise reduction algorithms, improved calibration, and adaptive filtering.

Final Thoughts: The significance of AESA radar technology in modern fighter jets is
crucial, as it shapes future military engagements. Its development is closely tied to



advancements in aerial warfare technologies, ensuring that air forces remain competitive in
increasingly sophisticated combat environments. The continued evolution of AESA systems
will be pivotal for maintaining air superiority and adapting to emerging threats, marking a
vital area of focus for defense innovation and research.
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