Module 1: Fundamentals of Radar

This foundational module is designed to provide a robust understanding of the
core principles that govern all radar systems. We will meticulously explore the
mathematical framework that underpins radar operation, delve into the crucial
characteristic of a target's radar signature, and introduce the primary
classifications of radar types that set the stage for subsequent, more
specialized discussions.

1.1 Radar Equation and its Significance

The radar equation is the most fundamental mathematical relationship in radar
theory. It quantifies the power received by a radar system from a target,
relating it to the system's transmitted power, antenna characteristics, the
target's reflective properties, and its distance. This equation is indispensable
for radar system design, performance prediction, and understanding
operational limitations.

1.1.1 Derivation of the Basic Radar Equation

To fully grasp its implications, let's systematically derive the radar equation,
assuming a monostatic radar configuration (transmitter and receiver at the
same location):

1. Power Density from Isotropic Radiator: Imagine a point source radiating
power (Pt) uniformly in all directions. At a distance R from this source,
the power spreads over the surface of a sphere with radius R. The power
density (power per unit area) at this distance is:
Pdensity,isotropic=41mTR2Pt
Here, 41TR2 is the surface area of a sphere of radius R.

2. Power Density from Directional Antenna: Radar antennas are designed
to be directional, meaning they concentrate the transmitted power in a
specific direction. This concentration is quantified by the Transmitting
Antenna Gain (Gt). An antenna with gain Gt will effectively multiply the
isotropic power density by Gt in its main beam direction.
Pdensity,directed=4mTR2PtGt
This is the power density incident on the target located at range R.

3. Power Intercepted by the Target: When the radar wave reaches the
target, a portion of this incident power is intercepted and re-radiated.
The target's ability to intercept and scatter radar energy is characterized
by its Radar Cross-Section (RCS), denoted by o (sigma). RCS has units
of area (e.g., square meters). It represents an effective area that the
target presents to the radar.
Pintercepted=Pdensity,directedxoc=41mR2PtGto
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Power Density Reradiated by the Target at Receiver: The intercepted
power (Pintercepted) is then scattered by the target. For the purpose of
the basic radar equation, we assume this scattered power is re-radiated
isotropically (uniformly in all directions) from the target. The power
density of this scattered wave, back at the radar receiver (which is also
at distance R from the target), is:
Pscattered_density=41mwR2Pintercepted=41TR24mR2PtGto=(41)2R4PtGto
Notice the R4 term in the denominator. This arises because the energy
travels to the target (1/R2 spreading) and then back from the target to
the radar (1/R2 spreading again), resulting in a total 1/R4 dependency.
Received Power at Radar Antenna: The radar's receiving antenna
captures a portion of this scattered power. The amount of power
captured depends on the Effective Aperture Area (Ae) of the receiving
antenna. The effective aperture area is related to the antenna's gain and
the radar signal's wavelength (A).

For a receiving antenna, its gain (Gr) is related to its effective aperture
area (Ae) and the wavelength (A) by the formula:

Ae=41rGrA2

For a monostatic radar (where the same antenna is used for transmitting
and receiving, or identical antennas are used with Gt=Gr=G), the
received power (Pr) is:
Pr=Pscattered_densityxAe=(411)2R4PtGtox41TGrA2

Substituting Gt=Gr=G:

Pr=(41)3R4PtG2A20

This is the fundamental form of the monostatic radar equation.

1.1.2 Parameters of the Radar Equation

Let's break down each parameter and its significance:

Pr (Received Power): The power measured at the input of the radar
receiver, typically in Watts. This is the ultimate signal that the radar
processing chain must detect and analyze.

Pt (Transmitted Power): The peak power generated by the radar
transmitter, also in Watts. Higher transmitted power means more energy
is radiated, leading to potentially longer detection ranges.

G (Antenna Gain): A dimensionless ratio (often expressed in dB)
representing how well an antenna concentrates power in a particular
direction compared to an isotropic radiator. A higher gain means a
narrower beam and more focused energy. For example, a 30 dB gain
corresponds to a linear gain of 1030/10=1000.

A (Wavelength): The spatial period of the electromagnetic wave, in
meters. It is inversely related to the operating frequency (f) by the speed
of light (c): A=c/f.



o ¢=3%x108 m/s (speed of light in vacuum).
o For example, if f=3 GHz (3x109 Hz), then A=(3%108)/(3%x109)=0.1 m.
e 0 (Radar Cross-Section - RCS): The effective area of the target as seen
by the radar, in square meters. This is a measure of the target's ability to
intercept and scatter radar energy back to the receiver. A larger c means
a stronger echo.
¢ R (Range): The distance from the radar to the target, in meters. The R4
dependency is crucial. It means that if the range to a target doubles, the
received power drops by a factor of 24=16. This rapid decrease
highlights the challenge of long-range detection.

1.1.3 Minimum Detectable Signal (Smin) and Maximum Range (Rmax)

For a target to be detected, the received power (Pr) must exceed a certain
threshold, which is typically determined by the noise present in the radar
receiver. This threshold is known as the Minimum Detectable Signal (Smin).
Smin is the smallest signal power at the receiver input that can be reliably
detected above the noise floor.

Smin is fundamentally linked to the receiver's thermal noise and the required
Signal-to-Noise Ratio (SNR) for a given probability of detection. The noise
power (N) in a receiver is given by:

N=kTOBF

Where:

e ks Boltzmann's constant (1.38x10-23 Joules/Kelvin)

e TO is the standard noise temperature (usually taken as 290 Kelvin,
representing room temperature)

e B is the receiver's noise bandwidth in Hertz

e F is the receiver's Noise Figure (a dimensionless value greater than or
equal to 1, indicating how much the receiver degrades the SNR of the
signal).

To achieve a desired detection performance, a minimum SNR (SNRmin) is
required at the receiver output. Therefore, Smin is often expressed as:

Smin=NxSNRmin=kTOBF(SNRmin)

By substituting Smin for Pr in the radar equation, we can solve for the
Maximum Detectable Range (Rmax), which is the greatest distance at which a
target can be reliably detected:

Smin=(41)3Rmax4PtG2A20



Rearranging for Rmax:
Rmax=((41)3SminPtG2A20)1/4

This formula is critical for radar system design, as it directly specifies the
operational range given system parameters.

1.1.4 Numerical Example for Maximum Range Calculation:

Let's work through a detailed example:

A ground-based air surveillance radar has the following characteristics:

Peak Transmitted Power (Pt) = 250 kW (2.5x105 W)

Antenna Gain (G) = 35 dB

Operating Frequency (f) = 3 GHz

Minimum Detectable Signal (Smin) = -120 dBm (decibels relative to 1
milliwatt)

e Target Radar Cross-Section (o) = 5 m$72$

Step 1: Convert all units to linear (non-dB) scale.

e Antenna Gain G: 35 dB =1035/10=103.5=3162.28

e Minimum Detectable Signal Smin:
=120 dBm means 10-120/10 milliwatts = 10-12 milliwatts.
Since 1 milliwatt = 10-3 Watts,
Smin=10-12x10-3 W =10-15W

Step 2: Calculate the Wavelength (A).

e f=3 GHz = 3x109 Hz
o A=c/f=(3%x108 m/s)/(3%109 Hz)=0.1 m

Step 3: Substitute values into the Rmax equation.
Rmax=((41)3SminPtG2A20)1/4
Rmax=((41)3%(10-15)(2.5%105)%(3162.28)2x(0.1)2x5)1/4
First, calculate the denominator term:
(41m)3=(12.566)3=1984.4

Now, the numerator:

(2.5%105)%(10x106)%(0.01)x5

=(2.5%105)%(107)x(5%10-2)



=(2.5%5)x105+7-2=12.5%1010=1.25%1011

Substitute these back:
Rmax=(1984.4x10-151.25%x1011)1/4
Rmax=(1984.41.25x1011-(-15))1/4
Rmax=(0.00063%1026)1/4

Rmax=(6.3%x1022)1/4
Rmax=158.8%x1022/4=158.8%x105.5=158800 meters (approx)
Wait, let's re-calculate 1022/4. 105.5=105%10=3.16x105.
So, (6.3%x1022)1/4=(63%1021)1/4~(63)1/4%(1021)1/4
(63)1/4=2.8
(1021)1/4=105.25=105%x100.25=105%(10)1/4=105%1.778

So, Rmax=2.8x1.778%x105~4.97x105 meters.

Let's re-do the numerical part carefully.
G2=(3162.28)2=10%106=107

Numerator = 2.5%x105%107%(0.1)2x5=2.5%x105%107%0.01x5
=2.5%x5%0.01%1012=12.5%0.01%1012=0.125%1012=1.25%x1011
Denominator = (411)3%x10-15=1984.4x10-15

Rmax4=1984.4x10-151.25%x1011=1984.41.25%x1011-(-15)=0.000630%1026=6.30x%1
022

Rmax=(6.30%1022)1/4
Rmax=(630%1020)1/4
Rmax=(630)1/4%(1020)1/4=5.00x105 meters
Rmax=500 km

This calculation shows that under these conditions, the radar could detect a
target with a 5 m$722$ RCS at a maximum range of approximately 500
kilometers. This highlights the power of the radar equation in system design.



1.2 Radar Cross-Section (RCS)

The Radar Cross-Section (RCS), denoted as o, is a critical parameter in the
radar equation, representing the measure of a target's ability to reflect radar
signals back to the radar receiver. It is not necessarily the physical geometric
area of the object, but rather an "effective area" that would perfectly reflect a
radar signal isotropically (uniformly in all directions) to produce the same
received power as the actual target. RCS is measured in square meters (m2).

1.2.1 Definition of RCS
More formally, RCS is defined as:

o=4mxPower incident on target per unit areaPower reflected toward receiver
per unit solid angle

In simpler terms, it's a ratio that compares the power scattered back towards
the radar by a real target to the power scattered back by an ideal isotropic
reflector (a perfect sphere) of a certain area.

For practical purposes, when we have the received power, the RCS can be
extracted from the radar equation:

o=PtG2A2Pr(417)3R4

This definition emphasizes that RCS is derived from the power that actually
returns to the radar.

1.2.2 Factors Influencing RCS

RCS is a highly dynamic property, not a fixed characteristic, and can vary
significantly for the same object depending on several factors:

1. Target Size: As a general rule, larger objects tend to have larger RCS
values. A supertanker will have a much larger RCS than a small fishing
boat. However, this is not always strictly proportional; small design
changes can drastically alter RCS.

2. Target Shape and Geometry: This is the most dominant factor.

o Flat Plates/Corners: Surfaces perpendicular to the radar beam, or
dihedral/trihedral corner reflectors, can produce extremely high
RCS values due as they efficiently reflect energy back to the
source.

o Curved Surfaces: Smooth, continuously curved surfaces (like a
sphere) tend to scatter energy over a wider range of angles,
resulting in a lower RCS in any single direction.

o Edges and Discontinuities: Sharp edges, gaps, and seams on a
target can act as scattering centers, contributing to the overall
RCS.



3. Material Composition:

o Conductive Materials (Metals): Metals are excellent electrical
conductors and highly reflective to radar waves, typically
resulting in high RCS values.

o Dielectric Materials (Plastics, Composites): These materials are
less reflective. Their RCS contribution depends on their dielectric
constant and thickness.

o Radar-Absorbent Materials (RAM): Specifically engineered
materials designed to absorb incident radar energy, converting it
into heat rather than reflecting it. This significantly reduces RCS.
RAM effectiveness is often frequency-dependent.

4. Aspect Angle (Target Orientation): For most complex targets (like
aircraft or ships), the RCS varies dramatically as the target's orientation
relative to the radar changes. A target might have a very low RCS when
viewed from one angle (e.g., head-on for a stealth aircraft) but a very
high RCS when viewed from another (e.g., side-on). RCS is often plotted
as an "RCS signature" over a range of aspect angles.

5. Radar Frequency (Wavelength): The relationship between the radar's
wavelength (A) and the target's physical dimensions is critical:

o Rayleigh Region (Target Dimension <A): For targets much smaller
than the wavelength (e.g., raindrops, insects at microwave
frequencies), the RCS is proportional to (volume)2/A4.

o Resonance or Mie Region (Target Dimension=A): When the target
dimensions are comparable to the wavelength, complex
interactions occur, leading to significant fluctuations in RCS due
to constructive and destructive interference patterns. This region
is particularly challenging for RCS prediction.

o Optical or Geometric Optics Region (Target Dimension>>A): For
targets much larger than the wavelength (e.g., large aircraft at
high frequencies), the RCS tends to approach the geometric
cross-section of the target. Reflection becomes more like light
reflecting off a macroscopic object.

6. Polarization: The orientation of the electric field of the radar wave (e.g.,
horizontal, vertical, circular polarization) can affect how it interacts with
the target's shape and material, thus influencing the reflected signal and
RCS.

1.2.3 Methods of RCS Reduction (Stealth Technology)

RCS reduction, commonly known as stealth technology, is a multidisciplinary
engineering effort aimed at making objects less detectable by radar. The
primary methods include:

1. Shaping and Faceting:



o

Geometric Shaping: Designing the target's external contours to
deflect incident radar energy away from the radar receiver. Instead
of returning to the source, radar waves are bounced in other
directions. Examples include the sharp, angled facets of early
stealth aircraft (like the F-117 Nighthawk) or the blended curves of
modern designs (like the B-2 Spirit or F-22 Raptor).

Edge Alignment: Aligning the leading and trailing edges of wings,
control surfaces, and engine inlets/exhausts so that any
remaining reflections are concentrated into a few very narrow
"spikes™ that can be steered away from known threat radar
locations.

2. Radar-Absorbent Materials (RAM):

o

Mechanism: RAMs are specialized coatings or structural
components that convert incoming radar energy into heat rather
than reflecting it. They typically contain conductive particles (like
carbon fibers or iron particles) embedded in a dielectric matrix.
Types: Different types of RAM are designed to be effective at
specific frequency bands. For instance, resonant RAMs are tuned
to a particular frequency, while broadband RAMs provide
absorption over a wider spectrum.

Application: Applied as paints, coatings, or integrated into the
composite structures of stealth platforms.

3. Structural Design and Internal Configuration:

(¢]

Internal Component Shielding: Ensuring that internal components
(such as engines, weapons bays, or avionics) that could act as
strong reflectors are shielded or designed with RCS reduction in
mind. Engine fan blades, for example, are highly reflective and
often hidden within serpentine inlets.

Reduction of Discontinuities: Minimizing gaps, seams, rivets, and
openings on the surface, as these can create strong scattering
points.

Composite Materials: Utilizing non-metallic composite materials in
the construction. These materials can be transparent to radar or
have low reflectivity, especially when combined with RAM.

4. Active Cancellation/Jamming:

o

Active Cancellation: A theoretical approach where the platform
detects incoming radar signals and then transmits its own signals
with precisely the opposite phase, aiming to cancel out the
incoming radar waves. This is incredibly challenging to implement
effectively across a wide range of frequencies and angles for
complex targets.

Electronic Warfare (EW) Jamming: While not strictly RCS
reduction, jamming techniques can mask or confuse enemy
radars. This involves transmitting powerful noise or deceptive



signals to overwhelm or deceive the radar receiver, making it
difficult to detect or track the target.

RCS reduction is a trade-off. Extreme stealth often comes at the cost of
aerodynamic performance, maintenance complexity, and increased design and
manufacturing costs. Modern stealth designs represent a sophisticated
balance of these factors.

1.3 Introduction to Different Radar Types

While the fundamental principle of transmitting and receiving electromagnetic
waves remains constant, radar systems have evolved into various types, each
optimized for specific applications and operational environments. These
variations primarily stem from differences in the waveform transmitted and the
signal processing applied to the received echoes. Here, we briefly introduce
the main categories; a deeper dive into each will follow in subsequent
modules.

1.3.1 Continuous Wave (CW) Radar

e Concept: CW radar continuously transmits an unmodulated
electromagnetic wave (constant frequency and amplitude). It does not
send out pulses; instead, it maintains a continuous transmission.

e Principle of Operation: Its primary function is to detect the Doppler shift
in the frequency of the returned signal. When a target moves relative to
the radar, the frequency of the reflected wave changes. If the target is
moving towards the radar, the frequency increases (positive Doppler
shift); if it's moving away, the frequency decreases (negative Doppler
shift).

The Doppler frequency (fd) is directly proportional to the relative
velocity (vr) between the radar and the target and is given by:
fd=A2vr

Where A is the radar wavelength. The factor of 2 accounts for the
round-trip travel of the wave.

e System Architecture: CW radars typically require separate transmitting
and receiving antennas to prevent the strong transmitted signal from
directly saturating the sensitive receiver. The received signal is mixed
with a portion of the transmitted signal (often called the local oscillator)
in a mixer. The output of the mixer is the beat frequency, which is the
Doppler frequency.

e Key Advantage: Unmatched precision in measuring radial velocity
(velocity component directly towards or away from the radar). It's also
relatively simple and inexpensive to implement for short-range
applications.



o Key Limitation: Cannot determine target range. Since the transmission
is continuous, there is no discrete time reference (like a pulse edge) to
measure the time delay of the echo. It only tells you if something is
moving and how fast, but not how far away it is.

e Applications: Police speed guns, automatic door openers, motion
sensors, industrial flow measurement, baseball speed measurement.

1.3.2 Frequency Modulated Continuous Wave (FMCW) Radar

e Concept: FMCW radar transmits a continuous wave, but its frequency is
deliberately varied (modulated) over time, typically in a linear ramp (a
"chirp"”). This modulation provides the necessary time reference to
measure range.

e Principle of Operation:

o The radar transmits a frequency-modulated signal, usually a linear
sweep from a lower frequency (fmin) to an upper frequency (fmax)
over a defined time period (Tsweep).

o When this signal reflects off a target at range R and returns to the
radar, it arrives after a time delay (1=2R/c).

o Because the transmitted signal's frequency is constantly
changing, the received signal's frequency will be different from
the instantaneous frequency of the signal currently being
transmitted.

o By mixing the received signal with a portion of the currently
transmitted signal, a "beat frequency"” (fb) is generated. This beat
frequency is directly proportional to the time delay (1) and thus to
the target's range.

e The relationship is:
fb=TsweepBsweepx1=TsweepBsweep*xc2R
Where Bsweep is the total frequency deviation (fmax—fmin) during the
sweep.

From this, range can be determined:

R=2xBsweepfbxTsweepxc

If the target is also moving, a Doppler shift will be superimposed on the
beat frequency. More advanced FMCW techniques (e.g., using up- and
down-sweeps) allow for simultaneous measurement of both range and
velocity.

e Key Advantages:

o Can measure both range and velocity simultaneously.

o Operates at relatively low average transmitted power, which
reduces power consumption and makes it less detectable by
passive receivers.

o Offers excellent range resolution for a given bandwidth.



e Key Limitations: Signal processing can become more complex for
multiple targets, especially when separating range and velocity.

e Applications: Automotive collision avoidance systems, radar altimeters
(for aircraft height measurement), industrial level sensing, short-range
surveillance, ground penetrating radar (GPR) for close sensing.

1.3.3 Pulsed Radar

e Concept: Pulsed radar transmits short bursts (pulses) of high-power
electromagnetic energy and then "listens™ for echoes during the quiet
periods between transmitted pulses.

e Principle of Operation:

o A high-power transmitter generates short pulses of radio
frequency (RF) energy.

o These pulses are directed towards the target by an antenna.
Often, the same antenna is used for both transmitting and
receiving, with a device called a duplexer switching the antenna
between the transmitter and receiver.

o After transmitting a pulse, the radar system switches to a receive
mode and waits for echoes.

o The time taken for a pulse to travel to the target and return
(round-trip time, At) is measured.

o The range (R) to the target is then calculated using the formula:
R=2cxAt
Where c is the speed of light.

o Key parameters for pulsed radar include:

o Pulse Width (Tp): The duration of each transmitted pulse. Shorter
pulses generally lead to better range resolution.

o Pulse Repetition Frequency (PRF): The number of pulses
transmitted per second. PRF affects the maximum unambiguous
range.

o Pulse Repetition Interval (PRI): The time between the start of one
pulse and the start of the next (PRI=1/PRF).

e Key Advantages:

o Directly measures range, which is its primary advantage.

o Can also determine the angular position (azimuth and elevation)
of targets.

o Capable of achieving very long detection ranges due to high peak
transmitted power.

e Key Limitations:

o Minimum Detectable Range: Limited by the pulse width and the
time required for the duplexer to switch.

o Maximum Unambiguous Range: Limited by the PRI. If an echo
from a distant target arrives after the next pulse has been



transmitted, it can be mistakenly interpreted as a closer target
(range ambiguity).
o Requires high peak power, which can lead to larger, more
complex, and more expensive components.
e Applications: Air traffic control (ATC), military surveillance, weather
forecasting, maritime navigation, search and rescue, ground-based
weapon systems.

These three fundamental radar types form the basis for understanding more
advanced radar systems and their diverse applications, which will be explored
in subsequent modules. Each type represents a unique approach to utilizing
electromagnetic waves for target detection and characterization.
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