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Pulsed Radar
1. Introduction to Radar Systems
2. Radar Equation (Simplified)
3. Signal Detection with noise
4. False Alarm and detection probability
5. Pulse integration
6. Radar Block diagram
7. RADAR Antennas
8. Matched Filter
9. Radar Cross Section (RCS)
10. Other considerations of Radar Systems
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Radar Antennas

i. Antenna parameters and Basics
ii. Radar antenna patterns
iii. Resolution Angle
iv. Uncertainty volume (resolution Cell)
v. Polarization of electromagnetic waves
vi. Slotted and waveguide antennas
vii. Aperture antennas
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Antenna parameters and Basics

THE ANTENNA FUNCTIONS:
• As a transductor, it transforms an electrical signal 

into an Electromagnetic wave with an specific 
space orientation.

• In 2-D Radar Systems, among these functions, it 
determines the azimuth angle of the target.

• In 3-D Radar Systems, it provides the elevation 
angle of the target.
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Antenna parameters

In Transmission
The antenna, focus the energy 
to the target direction.
• The Directivity (D) or the 

maximum radiation gain.
• The antenna gain (G) 

related with the antenna 
radiation efficiency.

• The antenna radiation 
efficiency (ηr), as the looses 
between the transmitter 
output power and the 
radiated power.

In Reception
The antenna captures the energy 
coming from the target.
• The physical area of the 

antenna: Aphys
• The effective area of the 

antenna, Aeff which captures 
the transmitted power density 
of the electromagnetic wave. 

• The antenna illumination 
efficiency (ηi), or the ratio 
between the effective and the 
physical areas of the antenna,

Both roles related through
the reciprocity principle
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Antenna parameters and Basics
Antenna Directivity

The relationship between the power density radiated in one direction and at a distance R, 
relative to the power density radiated at the same distance from an isotropic antenna.

𝐷𝐷(𝜃𝜃,𝜙𝜙) =
𝒫𝒫(𝜃𝜃,𝜙𝜙)

�𝑃𝑃𝑡𝑡 4𝜋𝜋𝑅𝑅2
θ: azimuth angle
φ: elevation angle
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Antenna parameters and Basics

𝐷𝐷 =
𝒫𝒫𝑚𝑚𝑚𝑚𝑚𝑚
�𝑃𝑃𝑡𝑡 4𝜋𝜋𝑅𝑅2

Antenna Directivity

If no direction is specified, the Directivity means the power density radiated in the direction 
of maximum radiation

The looses between the transmitter output power and the radiated 
power are usually computed as the antenna radiation efficiency (ηr), 
as a reduction of the transmitted power.
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𝐺𝐺 𝜃𝜃,𝜙𝜙 =
𝒫𝒫(𝜃𝜃,𝜙𝜙)

�𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
4𝜋𝜋𝑅𝑅2

=
𝑃𝑃𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚𝑡𝑡𝑑𝑑𝑑𝑑
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

·
𝒫𝒫(𝜃𝜃,𝜙𝜙)

�𝑃𝑃𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚𝑡𝑡𝑑𝑑𝑑𝑑
4𝜋𝜋𝑅𝑅2

= 𝜂𝜂𝑑𝑑 · 𝐷𝐷 𝜃𝜃,𝜙𝜙

Antenna parameters and Basics
Antenna gain:

The relationship between the power density radiated in one direction and at a distance R, 
relative to the power density radiated at the same distance from an isotropic antenna by 
the power delivered to the antenna. It takes into account the radiation efficiency ηr.
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Antenna parameters and Basics
Effective Area

Capacity of the antenna to capture energy. Related with its physical 
dimensions through the antenna illumination efficiency ηi :

𝐴𝐴𝑑𝑑𝑒𝑒𝑒𝑒(𝜃𝜃,𝜙𝜙) = 𝜂𝜂𝑑𝑑𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝜃𝜃,𝜙𝜙)

𝑃𝑃𝑑𝑑 =
𝒫𝒫

4𝜋𝜋𝑅𝑅2 𝐴𝐴𝑑𝑑𝑒𝑒𝑒𝑒
𝒫𝒫

4𝜋𝜋𝑅𝑅2
(W/m2)
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Antenna parameters and Basics

RELATION BETWEEN GAIN AND EFFECTIVE AREA

Capacity of the antenna to capture energy. Related with its physical 
dimensions

λ: Carrier wavelength
𝐷𝐷
𝐴𝐴𝑑𝑑𝑒𝑒𝑒𝑒

=
4𝜋𝜋
𝜆𝜆2

And the radar equation for the same antenna in transmission and reception:

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
4 =

𝑃𝑃𝑡𝑡𝐷𝐷𝜎𝜎𝐴𝐴𝑑𝑑𝑒𝑒𝑒𝑒𝑛𝑛𝐸𝐸𝑑𝑑(𝑛𝑛)
4𝜋𝜋 2𝑘𝑘𝑇𝑇0𝐵𝐵𝐵𝐵 ⁄𝑆𝑆 𝑁𝑁 1

=
𝑃𝑃𝑡𝑡𝐷𝐷2𝜆𝜆2𝜎𝜎𝑛𝑛𝐸𝐸𝑑𝑑(𝑛𝑛)

4𝜋𝜋 3𝑘𝑘𝑇𝑇0𝐵𝐵𝐵𝐵 ⁄𝑆𝑆 𝑁𝑁 1
=

𝑃𝑃𝑡𝑡𝜎𝜎𝐴𝐴𝑑𝑑𝑒𝑒𝑒𝑒2 𝑛𝑛𝐸𝐸𝑑𝑑(𝑛𝑛)
4𝜋𝜋𝜆𝜆2𝑘𝑘𝑇𝑇0𝐵𝐵𝐵𝐵 ⁄𝑆𝑆 𝑁𝑁 1
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Antenna parameters and Basics

Diagram of radiation
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Antenna parameters and Basics

Diagram of radiation
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Antenna parameters and Basics

NEAR FIELD FRESNEL ZONE FAR FIELD
(Fraunhofer region)λ/2π 2D2/λ

Distance

Spherical wave “plane” wave 
[locally]
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Antenna parameters and Basics

NEAR FIELD FRESNEL ZONEλ/2π 2D2/λ

|E(ϕ,φ)|

Distance

Spherical wave “plane” wave 
[locally]

FAR FIELD
(Fraunhofer region)
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Antenna radiation pattern and aperture illumination

E(φ)x

y
-D/2

𝐸𝐸 𝜙𝜙 = �
⁄−𝐷𝐷 2

⁄+𝐷𝐷 2
𝐴𝐴(𝑧𝑧)𝑒𝑒𝑗𝑗2𝜋𝜋

𝑧𝑧
𝜆𝜆 sin 𝜙𝜙𝑑𝑑𝑧𝑧

+D/2

z

φ

A(z): Current distribution along the antenna

FAR FIELD RADIATION PATTERN

The electric far field pattern is the inverse Fourier 
transform of the aperture illumination.

Inverse Fourier Transform:

𝑠𝑠(𝑡𝑡) = �
−∞

+∞
𝑆𝑆(𝑓𝑓)𝑒𝑒𝑗𝑗2𝜋𝜋𝑒𝑒𝑡𝑡𝑑𝑑𝑓𝑓
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Antenna radiation pattern and aperture illumination

E(φ)x

y
-D/2

+D/2

z

φ

FAR FIELD RADIATION PATTERN

For an uniform current distribution over the aperture,

𝐴𝐴 𝑧𝑧 = 𝐴𝐴0Π
𝑧𝑧
𝐷𝐷

The electric far field becomes,

𝐸𝐸 𝜙𝜙 = 𝐴𝐴0 ∫ ⁄−𝑚𝑚 2
⁄𝑚𝑚 2 𝑒𝑒𝑗𝑗2𝜋𝜋

𝑧𝑧
𝜆𝜆 sin 𝜙𝜙 𝑑𝑑𝑧𝑧 = 𝐴𝐴0𝐷𝐷

sin 𝜋𝜋 ⁄𝐷𝐷 𝜆𝜆 sin 𝜙𝜙
𝜋𝜋 ⁄𝐷𝐷 𝜆𝜆 sin 𝜙𝜙

,

And after normalizing E(0)=1, then we obtain:

𝐸𝐸 𝜙𝜙 =
sin 𝜋𝜋 ⁄𝐷𝐷 𝜆𝜆 sin𝜙𝜙
𝜋𝜋 ⁄𝐷𝐷 𝜆𝜆 sin𝜙𝜙 = sinc 𝜋𝜋

𝐷𝐷
𝜆𝜆 sin𝜙𝜙
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Antenna radiation pattern and aperture illumination

Main lobe

sidelobes

𝐸𝐸 𝜙𝜙 = sinc 𝜋𝜋
𝐷𝐷
𝜆𝜆 sin𝜙𝜙

FAR FIELD RADIATION PATTERN

sinc 𝑥𝑥 =
sin𝑥𝑥
𝑥𝑥
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Antenna radiation pattern and aperture illumination
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Antenna radiation gain in terms of the beamwidth

𝐺𝐺 ≈
4𝜋𝜋

𝜃𝜃𝐵𝐵 𝑟𝑟𝑟𝑟𝑑𝑑 𝜙𝜙𝐵𝐵 (𝑟𝑟𝑟𝑟𝑑𝑑)

The antenna gain can be calculated from the antenna beamwidths 𝜃𝜃𝐵𝐵 and 𝜙𝜙𝐵𝐵 by 
the following approximated equations:

Rectangular beam, 
without sidelobes

𝐺𝐺 ≈
𝜋𝜋2

𝜃𝜃𝐵𝐵 𝑟𝑟𝑟𝑟𝑑𝑑 𝜙𝜙𝐵𝐵 (𝑟𝑟𝑟𝑟𝑑𝑑)
Gaussian beam

𝐺𝐺 ≈
26000

𝜃𝜃𝐵𝐵 ° 𝜙𝜙𝐵𝐵 (°)
Practical antennas,
from Warren Stutzman
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Antenna radiation pattern and aperture illumination

E(φ)x

y

-D/2

+D/2

z

φ

FAR FIELD RADIATION PATTERN

-b/2

+b/2

Bidimensional uniform 
aperture illumination

Bidimensional sinc
radiation pattern
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Antenna radiation pattern and aperture illumination

FAR FIELD RADIATION PATTERN

Bidimensional
uniform aperture 
illumination

Bidimensional
uniform aperture 
illumination
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Radar Antennas

i. Antenna parameters and Basics
ii. Radar antenna patterns
iii. Resolution Angle
iv. Uncertainty volume (resolution Cell)
v. Polarization of electromagnetic waves
vi. Slotted and waveguide antennas
vii. Aperture antennas
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Typical antenna 2D-Radar patterns
Fan Beam

RADIOLOCATION

Non symmetric lobe
Only high resolution in azimuth (not in elevation)
Only provides (r,φ) coordinates.
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FAN-BEAM ANTENNA (2D-Radar)

Fan-beam antennae pattern 
a) lateral view 
b) frontal view



RADIOLOCATION J. Mateu - J. Berenguer

Stacked antenna pattern (3D-Radar)

Made with a phased-array antenna.
Gives high resolution in azimuth and elevation
Provides (r, θ, φ) coordinates (3-D).
ATC applications
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Radar Antenna

• A narrow beam in azimuth combined with a wide beam in elevation is the
usual requirement in Air Traffic Control

• This combination is achieved through consideration to antenna (scanner) shape,
size, and height above the ground.

• Note that if a narrow beam is required, the antena dimensions must be large in
relation to wavelength.



RADIOLOCATION J. Mateu - J. Berenguer

Typical radar antenna
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PRIMARY 3D-RADAR

Última Tecnología radar 3D de medio y 
largo alcance para Aeropuertos y Vigilancia
de Rutas Aéreas
Proporciona información precisa sobre la 
posición de aeronaves, incluyendo la altura 
de vuelo. Estas capacidades de detección y 
estimación de posición 3D se consiguen  
Incluso en condiciones climáticas extremas, 
clutter terrestre e interferencias naturales
o artificiales, sea con aeronaves 
cooperativas o no-cooperativas.

Además de las capacidades de detección y 
seguimiento, el radar incluye un 
procesador meteorológico que 
proporciona al controlador información 
meteorológica necesaria para la gestión 
segura del tráfico aéreo.
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PRIMARY 3D-RADAR

High flexibility supported by modular, repetitive and redundant 
architecture providing soft-fail capability, in case of failure of any array 
element, and easy maintainability with a minimum number of spares.

Very reliable system:
MTBCF >20.000 hours,
MTTR < 30 minutes
System Availability > 99,99%.
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PRIMARY 3D-RADAR
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Pencil beam antenna pattern (3D-Radar)

Symmetric lobe
High space resolution
Provides (r, θ, φ) coordinates
Tracking target applications



BEAM

RADIOLOCATION J. Mateu

Several targets inside the 
antenna beam
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Multipath effects inside 
the antenna beam, due a 
ground reflections.



Wavelength antenna dependence

The height of the aerial above the ground must be considered 
with reference to wavelength.

For a given aerial height, the shorter the wavelength the more gaps 
in high coverage but the better will be the low coverage.

Conversely, for a given aerial height, the longer the wavelength the 
fewer gaps in high coverage but the low coverage will be poorer.

RADIOLOCATION J. Mateu



Wasted Energy

RADIOLOCATION J. Mateu

In ATC applications, the antenna 
has to be designed according to 
the expected targets behavior.
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In ATC applications, the antenna 
has to be designed according to 
the expected targets behavior.

Undetected target
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Antenna pattern adjusted to the 
ATC demands.
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Cosecant squared radar antenna pattern
Meets the ATC requirements.

𝐺𝐺 𝜙𝜙 = 𝐺𝐺0 csc2 𝜙𝜙
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Cosecant squared radar antenna pattern

1851-04

Alcance

Ángulo

Haz  CSC2

Valor máximo del
diagrama de CSC2

Altura

Alcance
máximo

Haz en
abanico

Máxima
altura

Elevación del punto
de potencia mitad en
el lóbulo principal

𝐺𝐺 𝜙𝜙 = 𝐺𝐺0 csc2 𝜙𝜙
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Cosecant squared radar antenna pattern

Ecuaciones del diagrama de antena de cosecante cuadrado 

Ecuación de cosecante cuadrado Condición Ecuación N.° 

( )
μ

μsen ; ( )( ) 3θθsen50,8πμ ⋅⋅=  3
3 θθ

0,88
θ

+≤≤
−  (10) 

( ) ( )
( )

2

1
1 








θ
θ

⋅θ
CSC
CSCG  máxθ≤θ≤θ+ 3  (11) 

Nivel mínimo de cosecante 
(ejemplo = −55 dB) 90θ≤θ≤θmáx  (12) 

( )

( )

( )
3

1
3

1

1

θ
θsen50,8π

θ
θsen50,8πsen

θG
⋅⋅








 ⋅⋅

=  31 θ=θ  (12a) 
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Cosecant squared radar antenna pattern
Vertical projection of the radiation pattern of an 
antenna with cosecant squared characteristic
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Stacked beam cosecant squared pattern
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Radar Antennas

i. Antenna parameters and Basics
ii. Radar antenna patterns
iii. Resolution Angle
iv. Uncertainty volume (resolution Cell)
v. Polarization of electromagnetic waves
vi. Slotted and waveguide antennas
vii. Aperture antennas
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Beamwidth antenna angle
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Ap
pr

ox
im

at
io

n

𝛿𝛿𝜃𝜃 = 𝜃𝜃(𝑑𝑑𝑚𝑚𝑑𝑑) · 𝑟𝑟

Angular resolution
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Radar Antennas

i. Antenna parameters and Basics
ii. Radar antenna patterns
iii. Resolution Angle
iv. Uncertainty volume (resolution Cell)
v. Polarization of electromagnetic waves
vi. Slotted and waveguide antennas
vii. Aperture antennas
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Angular Resolution Range Resolution

Uncertain volume

RADIOLOCATION

UNCERTAIN
VOLUME
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Uncertain volume

𝑉𝑉𝑑𝑑 = 𝛿𝛿𝜃𝜃𝐻𝐻𝛿𝛿𝜃𝜃𝑉𝑉𝛿𝛿𝑧𝑧 = 𝜃𝜃𝐻𝐻𝜃𝜃𝑉𝑉𝑅𝑅2
𝑐𝑐𝜏𝜏
2

= 𝜃𝜃𝐻𝐻𝜃𝜃𝑉𝑉𝑅𝑅2
𝑐𝑐

2𝐵𝐵

Beamwidths in azimuth and elevation in radians
Pulse bandwidth
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Radar Antennas

i. Antenna parameters and Basics
ii. Radar antenna patterns
iii. Resolution Angle
iv. Uncertainty volume (resolution Cell)
v. Polarization of electromagnetic waves
vi. Slotted and waveguide antennas
vii. Aperture antennas
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Planar waves polarization
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Planar waves polarization
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Linear, Circular and Elliptical Polarization
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Radar Antennas

i. Antenna parameters and Basics
ii. Radar antenna patterns
iii. Resolution Angle
iv. Uncertainty volume (resolution Cell)
v. Polarization of electromagnetic waves
vi. Slotted and waveguide antennas
vii. Aperture antennas
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Slotted antennas
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Marine Radar Antennas
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Radar Antennas

i. Antenna parameters and Basics
ii. Radar antenna patterns
iii. Resolution Angle
iv. Uncertainty volume (resolution Cell)
v. Polarization of electromagnetic waves
vi. Slotted and waveguide antennas
vii. Aperture antennas
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Aperture antennas

Horn antennas
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Horn Antennas
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Reflector Antennas
Feeder
(Horn antenna) 
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Parabolic reflectors
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Parabolic reflector antennas
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Parabolic offset reflector antenna
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Cassegrain parabolic antenna

Reduces the 
antenna blocking 
aperture by the 
transmitter.
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Cassegrain parabolic antenna
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Gregorian parabolic antenna
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Cylindrical parabolic reflector
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PRIMARY RADAR

Last mejores prestaciones con la última tecnología
Indra posee más de 40 años de experiencia en el diseño, 
fabricación, operación e integración de Sistemas , con una 
amplia gama de productos que cubren todas las
necesidades de nuestros clientes.

El Radar de Vigilancia Primario de Indra es un sistema
totalmente de estado sólido-que incorpora las últimas 
tecnologías para proporcionar características excepcionales en
términos de resolución de alcance, rango de detección
mínimo, fiabilidad y disponibilidad.

Asimismo, la solución PSR de Indra’s incorpora el algoritmo 
AMTA-IV y el uso del mapa síncrono de clutter que mejora la 
visibilidad y detección tangencial en entornos de fuerte 
clutter; por tanto, este sistema permite al controlador de 
tránsito aéreo la monitorización de todas las aeronaves en el 
espacio aéreo, de forma simultánea y sin interferencias.
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