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At the end of the Course, Student will be able to:

CO 1: Model the radar range equation.

CO 2 : Make use of the range equation in analytical
problems.

CO 3 : Explain the different types of radars and its
applications.

CO 4 : Classify the different tracking techniques.

CO 5 : Explain the performance of radar receiver systems.
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UNIT | : Basics of radar & radar equation

UNIT 11 : CW & FM radar

UNIT 1ll: MTI& Pulse doppler radar

UNIT IV: Tracking radar

UNIT V : Detection of Radar Signals in Noise & Radar
receivers
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Prerequisite

EMWaves,

antennas&
communications
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Text Books

Introduction to Radar Systems, Merrill I. Skolnik, TMH
Special Indian Edition, 2nd Edition, 2007.
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Unit-1 Outcomes

At the end of the unit, Student will be able to:
CO 1: Model the radar range equation.
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Contents

Basics of Radar:

Introduction, Maximum Unambiguous Range, simple Radar Range
Equation, Radar Block Diagram and Operation, Radar Frequencies and
Applications. Prediction of Range Performance, Minimum Detectable
Signal, Receiver Noise, lllustrative Problem:s.

Radar Equation:

Modified Radar Range Equation, SNR, probability of detection,
probability of False Alarm, Integration of Radar Pulses, Radar Cross
Section of Targets (simple targets - sphere, cone-sphere), Creeping
Wave, Transmitter Power, PRF and Range Ambiguities, System Losses
(qualitative treatment), lllustrative Problem:s.
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Learning Outcomes

At the end of this lecture, Student will be able to:
LOT: get an idea of Radar system

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 10
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Radar- full form

What it can do: detects and tracks targets, measures range, angle
and velocity.

What it can not do: can not sense colour, shape and size

Most common radar wave form is pulse modulated carrier.
Simple Radar Range equation

CTH
R==

R(km) = 0.15Tg(us)  or R(nmi) = 0.081 Tg(us)
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Each microsecond of round-trip travel
time corresponds to a distance or
0.081 nautical mile, 0.093 statute
mile, 150 meters, 164 yards, or 492-

feet.

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 12
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Plot of maximum unambiguous range as a function of the pulse repetition
frequency.
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Advantage of fm /pm

The technique of using a long, modulated pulse
to obtain the resolution of a short

pulse, but with the energy of a long pulse, is
known as pulse compression.

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 14
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The simple form of the radar equation

Power density from isotropic antenna =PA, /4n R?

PtG
Power density from directive antenna = : >
41TR
PtG o
Power density of echo signal at radar = > >
4TTR“ 4TTR
Power received by radar P, = P‘ G o A, = P' GA‘" o
4nR? 4nR? (4n)?R*
Maximum Unambiguous Range of radar
R P;G.Aeﬂ' 1/4
max (41{)2 Smin
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Summary

Range equation is derived

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 17
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Learning Outcomes

At the end of this lecture, Student will be able to:
LO2: explain the operation and applications of
radar

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 18
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Block diagram of a pulse radar
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(a) PPI presentation displaying range vs. angle (intensity modulation); (b) A-scope presentation
displaying amplitude vs. range (deflection modulation).
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Radar frequencies and the electromagnetic spectrum.
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Standard radar-frequency letter-band nomenclature

Band Nominal
designation frequency range

Specific radiolocation
{radar) bands based on
ITU assignments {or region 2

HF 3-30 MHz
VHF 30-300 MHz
UHF 300-1000 MHz
L 1000-2000 MHz
S 2000-4000 MHz
C 40008000 MHz
X 8000-12,000 MHz
K, 12.0-18 GHz

K 18-27 GHz
K, 27-40 GHz
mm 40-300 GHz

138-144 MHz
216-225
420-450 MHz
890-942
1215-1400 MHz
23002500 MHz
2700-3700
5250-5925 MHz
8500-10,680 MHz
13.4-14.0 GHz
15.7-17.7
24.05-2425 GHz
33.4-36.0 GHz
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APPLICATIONS OF RADAR

Air Traffic Control (A TC)
Aircraft Navigation.

Ship Safety.

Space.

Remote Sensing.

Law enforcement.
Military.

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 23
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Summery

the operation of radar is explained and applications
of radar are discussed

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 24
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) Learning Outcomes

At the end of this lecture, Student will be able to:
LO3: Predict Range Performance, relate Minimum
Detectable Signal with R __,

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 25
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PREDICTION OF RANGE PERFORMANCE

P,GA,a |'/*

R .=
max (41[)2 Smin

The predicted values of radar range are usually optimistic. In some
cases the actual range might be only half that predicted

electronic equipment operated in the field will experience more losses
statistical
unpredictable nature of several of the parameters

meteorological conditions along the propagation path and the
performance of the radar operator
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MINIMUM DETECTABLE SIGNAL

Threshold detection.

Threshold level X

Rms volue
of notse

Voitage

Time —>
Typical envelope of the radar receiver output as a function of time, A, and B, and C represent
signal plus noise, A and B would be valid detections, but Cis a missed detection
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MINIMUM DETECTABLE SIGNAL

A matched filter is one designed to maximize the output peak signal to average
noise (power) ratio

false alarm
The selection of the proper threshold level is a compromise that depends
upon how important it is if a mistake is made either by (1) failing to

recognize a signal that is present (probability of amiss) or by (2) falsely

indicating the presence of a signal when none exists (probability of a false
alarm).

Operator performance

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 28
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RECEIVER NOISE

thermal noise, or Johnson noise

The available thermal-noise power generated by a receiver: of
bandwidth Bn (in hertz) at a temperature T (degrees Kelvin) is
equal to

Available thermal-noise power= kTBn

k = Boltzmann's constant= 1.38 x 10 -23 J/deg

LG
Bl

where H(f) = frequency-response characteristic of IF amplifier

B, =

(filter) and fO = frequency of maximum response (usually occurs

at midband).
Bn is called noise bandwidth
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The bandwidth Bn is called-the noise bandwidth and is the

bandwidth of an equivalent rectangular filter whose noise power
output is the same as the filter with characteristic H(f).

The frequency-response characteristics of many practical radar

receivers are such that the 3-dB and the noise bandwidths do not
differ appreciably.
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the total noise at the output of the receiver may be considered to
be equal to the thermal-noise power obtained from an "ideal"

receiver multiplied by a factor called the noise figure. The noise
figure Fof a receiver is defined by the equation

F o= N, . noise out of practical receiver
" kTyB,G, noise out of ideal receiver at std temp T,

Si/N;
Fo=—tt
" 5./N,
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5@”1@//@ S umme ry

Prediction of Range Performance, Minimum
Detectable Signal and receiver noise are discussed

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 33
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) Learning Outcomes

At the end of this lecture, Student will be able to:
LO4: derive expressions for SNR, probability of
detection, probability of False Alarm

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 34
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SIGNAL-TO-NOISE RATIO

The noise entering the |F filter (the terms filter and amplifier are used

interchangeably) is assumed to be gaussian, with probability-density function

iven b
: Y 1 —p*

P(v) = \/27“#0 cXp Vo

If gaussian noise were passed through a narrowband IF filter-one whose
bandwidth is small compared with the midfrequency-the probability density of
the envelope of the noise voltage output is shown by Ricesto be
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The probability that the envelope of the noise voltage
will lie between the values of v,and V, is

V2 R R?
Probability (V, < R < V,) = JV Ve exp (..,_, ﬂ—-) dR
, 0

The probability that the noise voltage envelope will
exceed the voltage threshold V. is
Probability (Vr <R < o) = [m X exp ( K

Vi ¥O0

VI
= exp (WML) = P,
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Envelope of receiver output illustrating false alarms due to
noise. |
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T, = lim - T,
f N—-w N kz“;l )

L% o

1 Vi

T;, ex
= B P 20,
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{nFe) Summery

derived expressions for SNR, probability of
detection, probability of False Alarm

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 40
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Module5

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 41
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L) Learning Outcomes

At the end of this lecture, Student will be able to:
LO5: understand and apply false alarm times,
Integration of Radar Pulses

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 42
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Probability of False Alarm & detection

Thus far, a receiver with only a noise input has been discussed. Next, consider a sine
wave signal of amplitude A to be present along with noise at the input to the IF filter.
The frequency of the signal is the same as the IF midband frequency f,z The output of
the envelope detector has a probability-density function given by

8= 5 e = S5l

where 1,(2) is the modified Bessel function of zero order and argument Z. For Z large,
an asymptotic expansion for /o(Z) is

~ & 1 )
fn[Z) "w?i—n—(l +82 + -

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 43
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The probability that the signal will be detected (which is the probability of

detection) is the same as the probability that the envelope R will exceed the
predetermined threshold V. The probability- of detection Pdis therefore

R
n..~,| p,RJdR—' L wﬁexp(
T

Probability-density function for noise alone and for
signal-plus-noise, illustrating the process of threshold
detection.

Radar Systems

MSR Sekhar, Associate Professor, ECE
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INTEGRATION OF RADAR PULSES

Typical parameters for a ground-based search radar might be pulse repetition

frequency 300 Hz, 1.5° beamwidth, and antenna scan rate 5 rpm (30°%5).
These parameters result in 15 hits from a point target on each scan.

The process of summing all the radar echo pulses for the purpose of
improving detection is called integration

common radar integration method is the cathode-ray-tube display combined with the
integrating properties of the eye and brain of the radar operator

predetection, or coherent,
postdetection, or noncoherent detection

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 46
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Block diagram of a pulse radar

e

Duplexer }—e—{Transmitter Pulse
— madulator

)
J

Antenna
|
Low - noise = — :
RF |>—{Mixer}»—{ 'Fomphiier L | 2d | , | Video | | [pigpiqy
omplitier * (matched filter) detector amplifier

LO




fﬁﬂm\ Aditya Engineering College (A)
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In predetection integrator, integrated signal-to-noise (power) ratio
would be exactly n times that of a single pulse. Phase is preserved.

Integration efficiency Edn) = (S/N)y
t n(S/N),

where 1 = number or pulses integrated

(S/N),; = value of signal-to-noise ratio of a single pulse required to produce given probability
of detection (for n = 1)

(S/ N), = value of signal-to-noise ratio per pulse required to produce same probability of
detection when 1 pulses are integrated

The improvement in the signal-to-noise ratio when n pulses are integrated postdetection is
nE:(n) and is the integration-improvement factor.

integration loss in decibels is defined as L,(n) = 10 log [I/E;(n)]

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 48
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The radar equation with n pulses integrated can be written

R = P,GA.0
T (4n)*k Ty B, F.(S/N),
RS P,GA,anE;(n)

(47)*kT, B, F.(S/N),

Many practical integrators, however, have a" loss of memory" with time
YP Y

the electronic storage tube apply what is equivalent to an exponential weighting to the
integrated pulses; that is, if n pulses are integrated, the voltage out of the integrator is

V= 1; Viexp [— (i — 1)y]

exp ( -y) is the attenuation per pulse

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 49
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Summery

derived expressions for false alarm times and
Integration of Radar Pulses

MSR Sekhar, Associate Professor, ECE 15 May 2023 50
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Moduleb
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o) Learning Outcomes

At the end of this lecture, Student will be able to:
LOG6: solve problems, understand Radar cross
section of targets

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 52
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A Pulse Radar transmits a peak power of 1 Mega Watt. It has a PRT equal to 1000 micro sec and the

transmitted pulse width is 1 micro sec. Calculate (i)Maximum unambiguous range (ii) Average
Power (iii)Duty Cycle (iv) Energy transmitted & (v)Bandwidth

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 53
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(i) Maximum unambiguous range = ¢.T, /2 = 3x108 x1000x10° /2 = 150x10® mtrs = 150 Kms
(ii) Average Power = P, x t/ Tp= 1x10° 1x10¢ /(1000x10-¢ )= 1000 watts = Tkw

(iii) Duty Cycle = t/ Tp= 1x10-¢ /1000x10-°= 0.001

(iv) Energy transmitted = P, x t (Peak power xTime ) = 1x10% x1x10-°= 1 Joule

(v) Bandwidth = 1/t1=1/10%= 1Mhz

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 54
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The Bandwidth of I.F. Amplifier in a Radar Receiver is 1 MHZ. If the Threshold to noise ratio is 12.8
dB determine the False Alarm Time.

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 55
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False Alarm Time T;,= [1/B,z ] Exp V1 2 /2y, where B = 1X 106 HZ

Threshold to Noise Ratio = 12.8 dB

i.e. 10 Log,o[V 2 /2¢ ] =12.8db
V 2 /2y = Antilog [12.8/10] = 19.05
T,,= 1/(1X 10% ) Exp 19.05 = 187633284/10°= 187.6 Seconds

15 May 2023 56
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Example 3: The bandwidth of an IF amplifier is 1 MHz and the average false-alarm time that
could be tolerated is 15 min. Find the probability of a false alarm.

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 57
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The relationship between average false-alarm time T¢,, probability of a false alarm Py, and
the IF bandwidth B is given by : Pfa = 1/ Tfa . B

Substituting B = 1 MHz ie 10° and T,,=15 mnts. i.e. 900 secs.
we get PFA=1.11 X 10—

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 58
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What is the ratio of threshold voltage to the rms value of the noise voltage necessary to
achieve this false-alarm time?

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 59
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This is found out using the relationship PFA = Exp (V1 2 /2y, ) from which the ratio of
Threshold voltage to rms value of the noise voltage is given by

VT/ /Y0 = 2 In (1/Pfa) = 2 In 9X108 = 6.45 = 16.2dB

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 60
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What are the peak power and duty cycle of a radar whose average transmitter power is 200W,,
pulse width of 1us and a pulse repetition frequency of T000Hz?

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 61
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What are the peak power and duty cycle of a radar whose average transmitter power is 200W,,
pulse width of 1us and a pulse repetition frequency of T000Hz?

Duty cycle is % = 0.1%
Peak power= average power/ duty cycle = 200kW

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 62
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Radar cross section of target

The radar cross section of a target is the (fictional)area intercepting that
amount of power which, when scattered equally in all directions ,
produces an echo at the radar equal to that from the target

ower reflected toward source/unit solid angle . 2
o o= P JIII £ = lim 4?IRI

E,
incident power density/4n i J:

E;

where R = distance between radar and target
E, = reflected field strength at radar
Ei = strength of incident field at target

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 63
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In theory, the scattered field, and hence the radar cross section, can be determined by
solving Maxwell's equations with the proper boundary conditions applied.

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 64
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o

Measured
——=—=— Calculated

o

Echo area above a square wavelength, dB

¢
30 40 50 60 70 80 90
Angular orientation 8

Backscatter cross section of a long thin rod. (From Peters,?® .
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Radar cross section of a cone sphere with 159 half angle as a
function of the diameter in wavelengths.
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Summery

solved problems, understood Radar cross
section of targets

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 68
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frola) Learning Outcomes

At the end of this lecture, Student will be able to:
LO7: derive expressions for transmitter power, Pulse

repetition frequency and range ambiguities, System
losses:

Radar Systems MSR Sekhar, Associate Professor, ECE 15 May 2023 70
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" Transmitter power

* By :%:PtTfp
PayGAgonE;(n)
T @)Ky (Bp D Fn(S/N) 1 fp
* Radar equation in terms of energy E, (=P, /f)) contained in the
transmitted waveform:
EtGAgonE;(n)
(41)2KkTo (BpT)Fn(S/N)q

4
* Rmax

4
* Rmax =
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Pulse repetition frequency and range ambiguities
A n 8 A B ¢ A"
n N AN Ay 1 N s
T | |
‘4—"’—Runomb : |I
t=0 t=1/fp t=2/fp t=3/fp
Time (or range) —
(a)
ﬂ g C A
AN N
Range —
()
Range —
i ()
Radar Systems MSR Sekhar, Associate Professor, ECE
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System losses:

Two types: depending on whether they can be predicted beforehand or not

The antenna beam-shape loss, collapsing loss, and losses in the microwave plumbing are
examples of losses which can be calculated if the system configuration is known.

Losses not readily subject to calculation and which are less predictable include those due to field
degradation and to operator fatigue or lack of operator motivation.

Although the loss associated with any one factor may be small, there are many possible loss
mechanisms in a complete radar system, and their sum total can be significant.

* Plumbing loss:

Effected by Transmission line length, connections, frequency

loss to be inserted in the radar equation is twice the one-way loss.

insertion loss due to duplexer



finran)

In an S-band (3000 MHZz) radar, for example, the plumbing losses

might be as follows:
100 ft of RG-113/U Al waveguide transmission line (two-way) 1.0dB

Loss due to poor connections (estimate) 0.5 dB
Rotary-joint loss 0.4 dB
Duplexer loss 1.5 dB
Total plumbing loss 3.4 dB
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Beam shape loss:
The beam-shape loss is reduced by the ratio of the square of the maximum antenna gain at which the
pulses were transmitted divided by the square of the antenna gain at beam center

When there are a large number of pulses per beamwidth integrated, the scanning loss is

generally taken to be 1.6 dB for a fan beam scanning in one coordinate and 3.2 dB when
two-coordinate scanning is 3.2dB

scanning /oss

Limiting loss:

Limiting in the radar receiver can lower the probability of detection

Collapsing lOssIf the radar were to integrate additional noise samples along with the wanted
signal-to-noise pulses, the added noise results in a degradation called the collapsing loss

A collapsing loss can occur when the output of a high resolution radar is displayed on a device whose
resolution is coarser than that inherent in the radar.

A collapsing loss also results if the outputs of two (or more) radar receivers are
combined and only one contains signal while the other contains noise.
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Non ideal equipment:
set the threshold level slightly higher than calculated so as to insure a tolerable false alarm
time in the event of circuit instabilities. This increase in the threshold is equivalent to a loss

Operator loss:
The better action is to take steps to correct loss in operator performance rather than tolerate
by including it as a loss factor in the radar equation.

Field degradation:

Factors which contribute to field degradation are poor tuning, weak tubes, water in the
transmission lines, incorrect mixer-crystal current, deterioration of receiver noise figure, poor
TR tube recovery, loose cable connections, etc.

Other loss factors:
A radar designed to discriminate between moving targets and stationary objects (MT]I radar)
may introduce additional loss over a radar without this facility.
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derived expressions for transmitter power, Pulse
repetition frequency and range ambiguities, and
explained System losses
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Summary

CO 1: Modelled the radar range equation.
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Summary

Conclude Course Outcomes at the end of course
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