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Learning Objectives

The learning objectives are a preview of the information you are expected to learn in this chapter. This first
chapter of the Radartutorial deals with mathematically basics of Radar Technology. This chapter provides the
basis for understanding the subsequent chapter on the specific sub system modules. It is intended to give a
background in radar theory, including radar principles, propagation, radar signals, resolution and the radar
equation. At the end of this chapter, students should understand the fundamentals of radar and recognize the
key performance parameters associated with primary radar specifications.

The student should be able to:
1 explain the basic operation of a pulse radar system;
define range, bearing, and altitude as they relate to a radar system;
discuss how pulse width, peak power, and beam width affect radar performance;

1
1
1 describe the factors that contribute to or deteriorate from radar resolution;
1 know the advantages of a frequency diversity radar;

1

using a block diagram, describe the basic function, principles of operation, and
interrelationships of the basic units of a radar system.

Preamble

The basic principle of operation of primary radar is simple to understand. However, the theory can
be quite complex. An understanding of the theory is essential in order to be able to specify and
operate primary radar systems correctly. The implementation and operation of primary radars
systems involve a wide range of disciplines such as building works, heavy mechanical and electrical
engineering, high power microwave engineering, and advanced high speed signal and data
processing techniques. Some laws of nature have a greater importance here.

Basic Principle of Operation

Radar measurement of range, or distance, is made possible because of the properties of radiated
electromagnetic energy:

9 This energy normally travels through space in a straight line, at a constant speed, and
will vary only slightly because of atmospheric and weather conditions.

(The effects atmosphere and weather have on this energy will be discussed later; however, for this
discussion on determining range, these effects will be temporarily ignored.)

i Electromagnetic energy travels through air at approximately the speed of light :
A 300,000 kilometers per second or
A 186,000 statute miles per second or
A 162,000 nautical miles per second.

1 Reflection of electromagnetic waves

The electromagnetic waves are reflected if they meet an electrically leading surface. If these
reflected waves are received again at the place of their origin, then that means an obstacle
is in the propagation direction.

These principles can basically be implemented in a radar system, and allow the determination of the
distance, the direction and the height of the reflecting object.
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Historical Overview

Neither a single nation nor a single person is able to
say, that he (or it) is the inventor of the radar
method. One must look at the fRadarothan an
accumulation of many developments and
improvements earlier, which scientists of several
nations parallel made share. There are nevertheless
some milestones with the discovery of important
basic knowledge and important inventions:

Fi ur e 1: rJ,drtiIutaldag
produced in 1940 by Telefunken (Germany)
1865 The English physicist James Clerk Maxwell developed his electro-magnetic light
theory (Description of the electro-magnetic waves and her propagation)

1886 The German physicist Heinrich Rudolf Hertz  discovers the electro-magnetic
waves and proves the theory of Maxwell with that.

1904 The German high frequency engineer Christian Hllsmeyer invents the
firelemobiloskopoto the traffic supervision on the water. He measures the running
time of electro-magnetic waves to a metal object (ship) and back. A calculation of
the distance is thus possible. This is the first practical radar test. Hilsmeyer
registers his invention to the patent in Germany and in the United Kingdom.

1917 The French engineer Lucien Lévy invents the super-heterodyne receiver. He
uses as first the denominationil nt er medi at anddludesgha e ncy
possibility of double heterodyning.

1921 The invention of the Magnetron as an efficient transmitting tube by the US-
American physicist Albert Wallace Hull

1922 The American electrical engineers Albert H. Taylor and Leo C. Young of the
Naval Research Laboratory (USA) locate a wooden ship for the first time.

1930 Lawrence A. Hyland (also of the Naval Research Laboratory), locates an aircraft
for the first time.

1931 A ship is equipped with radar. As antennae are used parabolic dishes with horn
radiators.

1936 The development of the Klystron by the technicians George F. Metcalf and
William C. Hahn , both from General Electric. This will be an important
component in radar units as an amplifier or an oscillator tube.

1940 Different radar equipments are developed in the USA, Russia, Germany, France

and Japan.
|
The reasoning to use of electric magnetic waves to the locating of L.Lﬂl
ships has been registered of the engineer of Diisseldorf, Christian o @
Hulsmeyer, already 1904 in Germany and England as a patent. PATE l‘:ﬂ;ﬁ:’“'”
One finds the illustration in the patent specification of a steamer wnss e LY § Sy
which detects an approaching ship with help of the backscattering. . .l 2 il e

Tests carried out on the Rhine River had in principle yielded the
usefulness of this method.

Figure 2: Cover of the patent s



Radartutorial (www.radartutorial.eu)

Radar Basic Principles

The electronic principle on which radar
operates is very similar to the principle of
sound-wave reflection. If you shout in the
direction of a sound-reflecting object (like a
rocky canyon or cave), you will hear an echo.
If you know the speed of sound in air, you can
then estimate the distance and general
direction of the object. The time required for
an echo to return can be roughly converted to
distance if the speed of sound is known.

Figure 3: Radar principle

Radar uses electromagnetic energy pulses in

much the same way, as shown in Figure 3. The radio-frequency (RF) energy is transmitted to and
reflected from the reflecting object. A small portion of the reflected energy returns to the radar set.
This returned energy is called an ECHO, just as it is in sound terminology. Radar sets use the echo
to determine the direction and distance of the reflecting object.

The word radar is a contraction of

RAdio Detecting And Ranging

As implied by this contraction, radars are used to detect the presence of an aim (as object of
detection) and to determine its location. The contraction implies that the quantity measured is range.
While this is correct, modern radars are also used to measure range and angle.

The following figure shows the operating principle of primary radar. The radar antenna illuminates
the target with a microwave signal, which is then reflected and picked up by a receiving device. The
electrical signal picked up by the receiving antenna is called echo or return. The radar signal is
generated by a powerful transmitter and received by a highly sensitive receiver.

uise

¢ransmitted P

transmitter [—~| duplexer [—| receiver

transmitter - duplexer—- ahtenna - electromagnetic wave=aim

display = receiver-=duplexer = antenna-= echo sighal = aim

Figure 4: Block diagram of a primary rader sughal flow
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Signal Routing
1 The radar transmitter produces short duration high-power RF- pulses of energy.

1 The duplexer alternately switches the antenna between the transmitter and receiver so that
only one antenna need be used. This switching is necessary because the high-power pulses
of the transmitter would destroy the receiver if energy were allowed to enter the receiver.

1 The antenna transfers the transmitter energy to signals in space with the required
distribution and efficiency. This process is applied in an identical way on reception.

1 The transmitted pulses are radiated into space by the antenna as an electromagnetic wave.
This wave travels in a straight line with a constant velocity and will be reflected by an aim.

The antenna receives the back scattered echo signals.
During reception the duplexer lead the weakly echo signals to the receiver.

The hypersensitive receiver amplifies and demodulates the received RF-signals. The
receiver provides video signals on the output.

1 The indicator should present to the observer a continuous, easily understandable, graphic
picture of the relative position of radar targets.

All targets produce a diffuse reflection i.e. it is reflected in a wide number of directions. The reflected
signal is also called scattering. Backscatter is the term given to reflections in the opposite direction
to the incident rays.

Radar signals can be displayed on the traditional plan position indicator (PPI) or other more
advanced radar display systems. A PPl has a rotating vector with the radar at the origin, which
indicates the pointing direction of the antenna and hence the bearing of targets. It shows a map-like
picture of the area covered by the radar beam.

Signal Timing

Most functions of a radar set are time-dependent. Time synchronization between the transmitter and
receiver of a radar set is required for range measurement. Radar systems radiate each pulse during
transmit time (or Pulse Width U, wait for returning echoes during listening or rest time, and then
radiate the next pulse, as shown in Figure 5.

A so called synchronizer coordinates the timing for range determination and supplies the
synchronizing signals for the radar. It sent simultaneously signals to the transmitter, which sends a
new pulse, and to the indicator, and other associated circuits.

The time between the beginning of ltralnsmltted transmit _tlme”or_._‘ -
one pulse and the start of the next pulse Pulse Width U
pulse is called pulse-repetition time | | | T _
(PRT) and is equal to the reciprocal ] | lecho []
of PRF as follows: ' pulse
1 T
PRT=—— !
PRF —.-maﬂmm.m _— =mbﬂhm

The Pulse Repetition Frequency 1 rest |l
(PRF) of the radar system is the recelving time  + time
number of pulses that are T
transmitted  per ~second. The | = | Pulse Repetition Time (PRT)or
frequency of pulse transmission Pulse Repetition Period (PRP)
affects the maximum range that can 1
be displayed, as we shall see later.

Figure 5: A typical radar time line
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Ranging

The distance of the aim is determined from the running time of the high-frequency transmitted signal
and the propagation c,. The actual range of a target from the radar is known as slant range. Slant
range is the line of sight distance between the radar and the object illuminated. While ground range
is the horizontal distance between the emitter and its target and its calculation requires knowledge
of the target's elevation. Since the waves travel to a target and back, the round trip time is divided
by two in order to obtain the time the wave took to reach the target. Therefore the following formula
arises for the slant range:

tdelay @O R is the slant range
R - tgelay IS the time taken for the signal to travel to the target
2 and return

cO is the speed of light (approximately 3-10° m/s)

If the respective running time tqeiay is known, then the distance R between a target and the radar set
can be calculated by using this equation.

Maximum Unambiguous Range

A problem with pulsed radars and range measurement is how to unambiguously determine the
range to the target if the target returns a strong echo. This problem arises because of the fact that
pulsed radars typically transmit a sequence of pulses. The radar receiver measures the time
between the leading edges of the last transmitting pulse and the echo pulse. It is possible that an
echo will be received from a long range target after the transmission of a second transmitting pulse.

L

400

?

ri

=T T T
0 100 200 0 100 200 0 km
Figure 6: a secesmteep echo in a distance ok#Cfssumes a wrong range of 100 k

rim

In this case, the radar will determine the wrong time interval and therefore the wrong range. The
measurement process assumes that the pulse is associated with the second transmitted pulse and
declares a much reduced range for the target. This is called range ambiguity and occurs where
there are strong targets at a range in excess of the pulse repetition time. The pulse repetition time
defines a maximum unambiguous range. To increase the value of the unambiguous range, it is
necessary to increase the PRT, this means: to reduce the PRF.

Echo signals arriving after the reception time are placed either into the

1 transmit time where they remain unconsidered since the radar equipment isn't ready to
receive during this time, or
9 into the following reception time where they lead to measuring failures (ambiguous returns).

The maximum unambiguous range for given radar system can be determined by using the formula:

Rmamb: ( PRT -[) @2

The pulse repetition time (PRT) of the radar is important when determining the maximum range
because target return-times that exceed the PRT of the radar system appear at incorrect locations
(ranges) on the radar screen. Returns that appear at these incorrect ranges are referred as
ambiguous returns or second time around (second-sweep) echoes. The pulse width U in this
equation indicates that the complete echo impulse must be received.
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Radar Waveforms Minimum Range

The minimum detectable range (or blind distance) is also a consideration. When the leading edge of
the echo pulse falls inside the transmitting pulse, it is impossible to determine the fround trip timeq
which means that the distance cannot be measured. The minimum detectable range R, depends
on the transmitters pulse with U and the recovery time trecovery Of the duplexer.

_ ([ +trecove ) Q
I%nin - 2 -

The receiver does not listen during the transmitting pulse, because it needs to be disconnected from
the transmitter during transmission to avoid damage. In that case, the echo pulse comes from a
very close target. Targets at a range equivalent to the pulse width from the radar are not detected. A
typical value of 1 ps for the pulse width of short range radar corresponds to a minimum range of
about 150 m, which is generally acceptable. However, radars with a longer pulse width suffer a
relatively large minimum range, notably pulse compression radars, which can use pulse lengths of
the order of tens or even hundreds of microseconds. Typical pulse width Ufor

1 Air-defense radar: upto 800 s  (Ruyin=120km 1)

1 ATC air surveillance radar: 1.5 ps (Rmin = 250 m)

9 surface movement radar: 100 ns (Rmin =25 m)
Slant Range

Cause by the fact that the radar unit measures a
slope range, the radar measures different ranges of
two airplanes, which exactly one above the other flies
(therefore having the same topographical distance to

the radar unit exactly). %

This false measurement could be corrected by
software, or module in modern radar sets with digital
signal processing. These software modules then

must also especially be adapted on the geographical “

coordinates of the radar site, however. The “m=
calculation is very complicated and also requires

some weather data to the correction.

_ _ _ _ Figure 7:iBerent height causes a different slant
Direction determinatio n

Bearing

The direction to the target is determined by the directivity of n L
the antenna. Directivity, sometimes known as the directive ’ - T =
gain, is the ability of the antenna to concentrate the ¢

transmitted energy in a particular direction. An antenna with f !

high directivity is also called a directive antenna. By measuring 270° - 90°
the direction in which the antenna is pointing when the echo is ! !
received, both the azimuth and elevation angles from the radar \ y

to the object or target can be determined. The accuracy of ~ L

angular measurement is determined by the directivity, which is 180°
a function of the size of the antenna. Figure 8: True Bearing
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The True Bearing (referenced to true north) of a radar target is the angle between true north and a
line pointed directly at the target. This angle is measured in the horizontal plane and in a clockwise
direction from true north. The bearing angle to the radar target may also be measured in a
clockwise direction from the centerline of your own ship or aircraft and is referred to as the relative

bearing .

The rapid and accurate transmission of the bearing information between the turntable with the

mounted antenna and the scopes can be carried out for

1 servo systems and
9 counting of azimuth change pulses.

Servo systems are used in older radar antennas and missile launchers and works with help of
devices like synchro torque transmitters and synchro torque receivers. In other radar units we find a
system of Azimuth-Change-Pulses (ACP). In every rotation of the antenna a coder sends many
pulses, these are then counted in the scopes. Some radar sets work completely without or with a

partial mechanical motion. These radars employ
electronic phase scanning in bearing and/or in elevation
(phased-array-antenna).

Elevation Angle

The elevation angle is the angle between the horizontal
plane and the line of sight, measured in the vertical
pl ane. The Gr eek l etter
elevation angle. The elevation angle is positive above
the horizon (0° elevation angle), but negative below the
horizon.

Height

The height of a target over the earth's surface is called
height or altitude. This is denominated by the letter H
(like: Height) in the following formulae and figures. True
altitude is the actual airplane distance above mean sea
level. The altitude can be calculated with the values of
di stance R and el evation
where:

R= aims slant range

U= measured elevation angle

re = earth's equivalent radius (about 6370 km)

In practice, however, the propagation of electromagnetic waves is
also subject to refraction, this means, the transmitted beam of the
radar unit isn't a straight side of this triangle but this side is also bent @

and it depends on:

the transmitted wavelength,
the barometric pressure,
the air temperature and

the atmospheric humidity.

= =4 =4 =4

Therefore all these equations are an approximation only.

igure 9: Definition of elevation angle

Altitude Height

Y, ————

1—
Ground Level
— Main Sea Level

Figure 10: Altitude vs. Height

angle U, as shown i

2

: . R
H—R-sme+2re

Figure 11: Calculation of heig

foi
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Accuracy

Accuracy is the degree of conformance between the estimated or measured position and/or the
velocity of a platform at a given time and its true position or velocity. Radio navigation performance
accuracy is usually presented as a statistical measure of system error. Accuracy should not be
confused with radar resolution.

The stated value of required
accuracy represents the
uncertainty of the reported value
with respect to the true value
and indicates the interval in Specified Azimuth Accuracy
which the true value lies with a "Sliding Window" ATCRBS (and ARSR)

stated probability. The ; Monopulse ATCRBSIMode S
recommended probability level is -
95 per cent, which corresponds - ;

to 2 standard deviations of the %0 100 150 200 250

mean for a normal (Gaussian) pistance from Radar (nmi)
L . . Fi 12: D d f th f th
distribution of the variable. The 'gure ependence o the accuracy ot the range

. (Source: MIT Lincoln Laboratory)
assumption that all known

correction are taken into account implies that the errors in the reported values will have a mean
value (or bias) close to zero.

J En Route Separation Standard

(-]

f-N

Nautical Miles
(7]

L]

Any residual bias should be small compared with the stated accuracy requirement. The true value is
that value which, under operational conditions, characterizes perfectly the variable to be measured
or observed over the representative time, area and/or volume interval required, taking into account
siting and exposure.

Radar Resolution

The target resolution of radar is its ability to distinguish between targets that are very close in either
range or bearing. Weapons-control radar, which requires great precision, should be able to
distinguish between targets that are only yards apart. Search radar is usually less precise and only
distinguishes between targets that are hundreds of yards or even miles apart. Radar resolution is
usually divided into two categories; range resolution and angular (bearing) resolution.

Angular Resolution

Angular resolution is the minimum angular

separation at which two equal targets at the same 2]

range can be separated. The angular resolution R 2 '(“
characteristics of a radar are determined by the /T//; <
antenna beam width represented by the -3 dB
angle U which i s-paverf(-8dBg -(—<
points. The half-power points of the antenna
radiation pattern (i.e. the -3 dB beam width) are
normally specified as the limits of the antenna
beam width for the purpose of defining angular resolution; two identical targets at the same distance
are, therefore, resolved in angle if they are separated by more than the antenna beam width. An

i mportant remark has to be made i mmedi atel y:
directivity of the radar antenna, the better the bearing resolution.

Figurel3: angular resolution

The angular resolution as a distance between two targets depends on the slant-range and can be
calculated with help of the following formula:

SA ¢2R @no [ n] U = antenna beam width (Theta)

2 Si = angular resolution as a distance between the two targets
R = slant range aims - antenna
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Range Resolution

Range resolution is the ability of a radar system to distinguish between two or more targets on the
same bearing but at different ranges. The degree of range resolution depends on the width of the
transmitted pulse, the types and sizes of targets, and the efficiency of the receiver and indicator.
Pulse width is the primary factor in range resolution. A well-designed radar system, with all other
factors at maximum efficiency, should be able to distinguish targets separated by one-half the pulse
width time. Therefore, the theoretical range resolution of a radar system can be calculated from the
following formula:

= ﬂ Co= speed of light
§=22 [n]

U= transmitters pulse width
S = range resolution as a distance between the two targets

T=1ps T=1us
[=—300 m—s EBO m |=—300 m—=| EOO 111—-1‘\
Figure 14: Two aims wilsmall spacing Figure 15: Two aims, when the spacing is large enou

In a pulse compression system, the range-resolution of the radar is given by the bandwidth of the
transmitted pulse (Bi), not by its pulse width.

5 C0 Co = speed of light
Sr ZBI [ rd Bix = band width of the transmitted pulse
X

S = range resolution as a distance between the two targets

This allows very high resolution to be obtained with long pulses, thus with a higher average power.

Resolution Cell

The range and angular resolutions lead to the resolution cell. The meaning of this cell is very clear:
unless one can rely on eventual different Doppler shifts it is impossible to distinguish two targets
which are located inside the same

resolution cell.

The shorter the pulse with U(or the broader B
the spectrum of the transmitted pulse) and \

—_—

the narrower the aperture angle are, the A/
smaller the resolution cell, and the higher 4 el O,
the interference immunity of the radar TR CoT
station is. 2

Figure 16fhe resolution cell

10
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Theoretical Maximum Range Equation

The radar equation represents the physical dependences of the transmit power, that is the wave
propagation up to the receiving of the echo-signals. Furthermore one can assess the performance
of the radar with the radar equation. The received energy is an extremely small part of the
transmitted energy. How small is it?

é 2 24D .
p=Re-J ©
g(40) ®* 10

The radar equation relates the important parameters affecting the received signal of radar. The
derivation is explained in many texts'. Now we want to study, what kinds of factors are expressed in
this radar equation.

P, is the peak power transmitted by the radar. This is a known value of the radar. It is
important to know because the power returned is directly related to the transmitted power.

P, is the power returned to the radar from a target.
This is an unknown value of the radar, but it is one that is directly calculated. To detect a
target, this power must be greater than the minimum detectable signal of the receiver.

Antenna Gain

The antenna gain of the radar is a known value. This is a G
measure of the antenna's ability to focus outgoing energy into
the directed beam. 2 2
G= maximum radiation intensit o 4n) R L '

average radiation intensity

Antenna gain describes the degree to which an antenna concentrates electromagnetic energy in a
narrow angular beam. The two parameters associated with the gain of an antenna are the directive
gain and directivity. The gain of an antenna serves as a figure of merit relative to an isotropic source
with the directivity of an isotropic antenna being equal to 1. The power received from a given target
is directly related to the square of the antenna gain, while the antenna is used both for transmitting
and receiving.

- . ']

1 The antenna gain increases the transmitted /
power in one desired direction. /

1 The reference is an isotropic antenna,

which equally transmits in any arbitrary _ :
direction. K\\\

For example, if the focused beam has 50 times the  Figure 16: Pattern of a highly directional antenna

power of an omni directional antenna with the compared with a {shiiped isotropic pattern

same transmitter power, the directional antenna

has a gain of 50 (or 17 Decibels).

Ki ngsl ey aUnders@andingRagagSysiems ™, Scitech Publishing, -18814¢2106® 9 9,

A. Ho v Kadar SystenaDesign &ind Analysis 0 , Art ech House 1988006-147™age 5, | SBN:
E. Na Rddar DesigmPrincifles 0, Mc-@ili Boak Company 1969, Page 7, ISBN: 978-1891121098

C h &mand Michiowave Wireles s Systems o, John Wil ey and Sons, -0£2/0361993 Page 198
B. W. Radetltdridl o, Ahttp:// www. radartutorial.eu/internetsite/O01.

OXTO®n

11

Page
0

, I S
basic



Antenna Aperture
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Remember: the same antenna is used during transmission and
reception. In case of transmission the whole energy will be

processed by the antenna.

In case of receiving, the antenna has got the same gain, but the antenna receives a part of the
incoming energy only. But as a second effect is that of the antenna's aperture, which describes how
well an antenna can pick up power from an incoming electromagnetic wave.

As a receiver, antenna aperture can be visualized as the area of a circle constructed broadside to
incoming radiation where all radiation passing within the circle is delivered by the antenna to a

mat ched |

oad.

Thus

i ncomi

ng

power

density

available power from antenna (watts). Antenna gain is directly proportional to aperture. An isotropic

antenna has an aperture of & |

The di mensi

ons of

an

antenna

depend of

. An adtenna with a gain of G has an apertureof G A & /

their

expression of the radart r a n s mfrequeney. Bhé higher the frequency, the smaller the antenna,
or the higher is its gain by equal dimensions.

Large dish antennas like radar antennas have an aperture nearly equal to their physical area, and
have got a gain of normally 32 up to 40 Decibels. Changes of the quality of the antenna (antenna-
irregularities, like deformations or ice) have a very big influence.

Radar Cross Section

The size and ability of a target to reflect radar energy can be
summarized into a single term, C, known as the radar cross-
section RCS, which has units of m2. If absolutely all of the
incident radar energy on the target were reflected equally in all
directions, then the radar cross section would be equal to the
target's cross-sectional area as seen by the transmitter. In practice, some energy is absorbed and
the reflected energy is not distributed equally in all directions. Therefore, the radar cross-section is
quite difficult to estimate and is normally determined by measurement.

The target radar cross sectional area depends of:

1T the
features,

airplaneobs

physical

9 the direction of the illuminating radar,
9 the radar transmitters frequency,
1 used material types of the reflecting surface.

Targets RCS[m? |RCS [dB]

Jumbo Jet 100 20
jet airliner 206 4 13 ¢é
large fighter 6 7.8
helicopter 3 4.7
four-passenger jet 2 3
small aircraft 1 0

stealth jet 0.1 é| -10 -20

Table 1: Examples of Radar Cross Section

geometry and

exter.i

Figure 17: the experimental radar cross secti
B-26 aircraft at 3 GHz frequency as a functior

azimuth angle (after Skolnik)
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