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Chapter 2: Pulse Radar 2.1 Basic Operation and Components

Summary Simplified block diagram of a pulse radar
* Basic operation and components: Signal waveform; Pulse repetition frequency;
Distance to target ambiguity. < | uplexer | | RFoscilator | | Pulse | swebro- |
—» modulator nizer
* Detection: Minimum detectable signal; Noise at detection characterization; Transmitter
Probability of detection and false alarm; Mean time between false alarms; Pulse
LNA Mi IF .
integration; Matched filter detection and correlators. > P ampiitier [P DS
* Radar Cross Section: Swerling fluctuations models; Probability of detection under Video
RCS fluctuations oscillator Processor
. ProMﬁects: Ground reflection, atmosphere, obstacles, scattering and Receiver
dispersion. !
Operator
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2.1 Basic Operation and Components 2.1 Basic Operation and Components
Notes:

Notes:
* The less sophisticated radars simply use a video amplifier to visualize the returned signals on
* The transmitter is mainly a radio-frequency (RF) oscillator, with the a monitor, in many cases a Plane Position Indicator (PPI), or a common computer like screen.
appropriate power at the required frequency band, and a pulse modulator. * Post-processing of the raw video includes digitalization, apply detection algorithms, and data

. . compress algorithms, before the information is transmitted to a remote location.
* The receiver is almost always of the super-heterodyne type; A second

. * Several pulse radar techniques have not been included in the previous schematic, such as
detector comes after the frequency conversion process.

MTI Processing, which is a must for filtering clutter e extracting Doppler information, and
* The same antenna may be used in a transmitter and receiver shared base by Pulse Compression, that allows the advantages of short duration pulses at reception, and

using a duplexer. longer duration at the transmitter

. . . . . . *  When MTl is used, phase sensitivity detectors are needed, and a number of returned pulses
* After detection, the raw video (that is, non-processed video) is obtained,
are to be stored in a memory to allow an effective filtering of the clutter and also process

containing all the possible information to be extracted. . .
the Doppler information.
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2.2 Transmitters for Pulse Radars

Transmitters, that generate short duration pulses with high energy
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content, should:

Generate the needed RF power;

Have enough bandwidth;

Be stable;

Have the capacity of handling the adequate waveforms;

Be efficient, reliable, easy maintenance, adequate lifetime, moderate
cost.
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2.2 Transmitters for Pulse Radars
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2.2 Transmitters for pulse Radars

The transmitter can be:

* A Power Oscillator Transmitter (POT): A self-excited oscillator (ex:
magnetron), that must have a high-power DC source to generate pulses

in a separate unit, the modulator;

* A Power-Amplifier Transmitter (PAT): A master oscillator coupled to a
power amplifier (MOPA) (Ex: Klystron, Travelling Wave Tube, Solid-state
Amplifier);
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* A special case of PAT is used in active antennas, when they have
dedicated amplifiers, either alone or in groups.

2.2 Transmitters for Pulse Radars

Maxil Peak/ A
Technology aximum eak/ Average | i cal gain Typical bandwidth
Power
Magnetron 95 GHz 1MW /500 W Fixed...10%
o Impatt diode 140 GHz 30wW/10wW Fixed...5%
q . 0.2% (elec.)
Extended interaction
oscillator (£10) 220 GHz 1kW/10W 4% (mech.)
X Octave/
Helix TWT 95 GHz 4 kw /200 W 40...60dB q
multioctave
Ring-loop TWT 18 GHz 8kw /400 W 40...60dB 5..15%
Coupled-cavity TWT 95 GHz 100 kW / 25 kW 40...60dB 5..15%
Extended interaction o 4
Klystron (EIK) 280 GHz 1kw/10W 40...50dB 0.5..1%
PAT 0.1...2% (inst.)
Klystron 35 GHz 50 kW / 5 kW 30...60dB
1...10% (mech.)
Crossed-Field amplifier
18 GHz 500 kW / 1 kW 10...20dB 5..15%
(CFA)
Solid state Silicon BIT 5 GHz 300W /30 W 5..10dB 10..25%
GaAs FET
30 GHz 15W /5 W 5..10dB 5..20%
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2.3 Radar Receiver

Receivers are usually of the heterodyne type, that make use of frequency conversion:

* The RF pulses go first through an RF amplifier, with a large bandwidth, and then
through a low noise amplifier (LNA);

¢ Pulses go then under a frequency conversion process to an intermediate
frequency, which is achieved after mixing with a local oscillator, followed by band-
pass filter;

* The intermediate frequency is the difference between the center frequency of the
incoming pulses and the local oscillator (LO) frequency;

¢ At the mixer, sum and difference frequencies are produced; For each frequency

there exists an image frequency that also converts to the intermediate frequency:

firrage = o 21,
Radar Systems — Antdnio Topa 10
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2.3 Radar Receiver

Frequency Conversion

X(f) Amplitude
x(£) - g« Phase x(t) baseband spectrum
s
X'(¢) = x(t)x cos(27 f.t)
X'(f)
» x(t) amplitude modulation
” _ el
7 Y !
x"(t) = x(t)x cos(27 f, 1) x cos(27 [, ,t) cos(A) cos(B) = %[COS(A + B) + cos(A — B)]
X“(f)4 down-conversion up-conversion
—// = = Vi ey
s YaRan /

The resulting spectrum is obtained by a shift and symmetric side-bands appear around f. ;
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2.3 Radar Receiver

Super-heterodyne receiver

o Mixer IF Amplifier

cos(A) cos(B) = % [cos(A + B) + cos(A — B)]

— The intermediate frequency (IF) is the frequency difference between the input signal
frequency and the fixed local oscillator (LO) frequency;

> fir=frr—fio

— The mixer produces the sum and difference frequencies; in the detection process, if an
image frequency is present it also converts to the intermediate frequency

f;'mage = fsignal * 2f IF

Radar Systems — Antdnio Topa 11
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2.3 Radar Receiver

Heterodyne receiver

RF input B
€ >
e M N .
fe=fio-fir fio fe=fotfir
K"f,,_>1 f, image frequency
IF input

Note: This receiver type calls for a process of image frequency supression, which is usually done by
carefully designing the RF stage with a bandwidth less than 2 £,

Radar Systems — Antdnio Topa 13
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2.3 Radar Receiver

Sensitivity Time Control (STC)

2.4 Duplexers

The high dynamic range requires a gain adjustment. Gain should be smaller for —oif

near targets and higher for distant targets.

"""""""""" '.'-‘"rm‘-"—f""""""""""" =

Can be built using several technologies:

" w

L
'“W"»..,..JL...‘

T T T T —>

30 4km 0 10 20 W LR

Ferrite circulators (hybrid-ring duplexer);

o o . . Coaxial or waveguide resonators;
STC circuits allow gain increase as time passes (swept gain attenuator), by means

of voltage control at the IF stage, thus controlling its gain. — TR e ATR valves;
When pulses end the voltage control bias re-starts the cycle. Ideally, gain variation — PIN diodes.
should compensate the returned pulse power varying as R*.
Radar Systems — Antdnio Topa 16 Radar Systems — Antdnio Topa 17
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2.4 Duplexers 2.5 Pulse Radar Waveform

Stub duplexer with TR and ATR valves o
Periodic sequence of modulated RF pulses

Y4 ‘ ki . ki ‘
: o o i
Transmitter 7 A — w % X
/T./ A t

477
* Pulse repetition time: T,
* Pulse repetition frequency: f, = 1/T, (prf)

IC 1 D * Pulse duration: T (also known as pulse width pw)
ATR-Tube 74 TR-Tube » Spectral bandwidth: ~2/t
* Dutycycle: /T, =ft
Receiver
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2.5 Pulse Radar Waveform

Distance to Target

Transmitted pulses

TN Detected returned pulses
- N - N\
“ _ RN \‘\
Pre N
PR b}
IMM‘ AAMAL
Wy Wiy
t
A A
TR TR
| —
R = Distance to target: R
- Two-way path: 2R _cTly _
e Return time: Ty R= > > ka = ISOXTR,m
Propagation velocity: ¢
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2.5 Pulse Radar Waveform
MUR vs PRF
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2.5 Pulse Radar Waveform

Range ambiguity due to periodicity

Return of which
transmitted pulse ?

When the two-way propagation time is higher than the time between two pulses in a
row, ambiguity occurs in the distance determination.

MUR — maximum unambiguous range

Note
cT c L .
MUR=R, ., =—2=—+ T, = prt (pulse repetition time)
' 2 2 fp P
[, = prf (pulse repetition frequency)
Radar Systems — Antdnio Topa 21
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2.5 Pulse Radar Waveform
Strategies to resolve range ambiguity

* Consider an unambiguous range goal R, to which corresponds a repetition frequency
prf.q. Choose prf, and prf, relatively prime, with respect to each other. As an example,
lets take prf, = N prf, and prf, = (N+1) prf,, where N is an integer.

* Within one period of the desired repetition time interval, the returns, corresponding to
the two prfs, coincide only at one location, which is the true unambiguous target
position.

* The time delay T, establishes the desired unambiguous range c/2prf,,. The time delays
t, and t, correspond to the time between the transmit of a pulse on each prf and
receipt of a target return.

* Assume that M, (M,) is the number of time intervals T, (T,), between the transmission
and reception, of a true target return.

Radar Systems — Antdnio Topa 24
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2.5 Pulse Radar Waveform 2.5 Pulse Radar Waveform

Strategies to resolve range ambiguity

T Strategies to resolve range ambiguity
2
Transmitted * Then, over the interval [0,T] the only possible cases are: Either M; = M,=M or M;+1 = M,.
4 | pulses prf,
| .
N e N Y N A s o O O O * Let’s consider the case t, < t,:
: ‘ T | : ‘ pulses prf, M o et
! i Mo e M =kt -
- : I Transmitted In this case t; + o t, + oyl thus we get M = oy and t, = MT; +t;
L, : | : pulses prf; (also t, = MT, + t;).
et |
PR [ M PR 1 FL T Received
| I | | pulses prf; The true target range is R = ct, /2
1 ! I
_'!—' : J|_L : 1 desied oRE * Considernow t;>t,:
| | , | 1 2
| -
I h } h — true target location It follows that t; + M- t, + M, thus we get M = (a-t)ity and t,; = MTy + t;
| | ‘ ! prfy prfz T1-T,
T > '
! ! } The true target range is now R = ct,,/2
‘ Ty=1/1a l
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2.5 Pulse Radar Waveform 2.5 Pulse Radar Waveform

Strategies to resolve range ambiguity
General remarks on range resolution attainable with a pulse radar

* Atlast, inthe case t;=t,: . . .
The target is in the first ambiguity range, then t,, = t; = t,. * WlthOUt mtra-pulse modulatlon:

AR>ct/2
where t is the pulse duration
(ex:t=1pus-> 150 m)

The true target range is R = ct,,/2

*  With intra-pulse modulation and compression:
AR>c/2B
where B is the pulse spectrum bandwidth
(ex: 100 MHz - 1.5 m)
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2.6 Minimum Detectable Signal

Issues to be considered:

¢ Detection noise: Noise statistical models;

* Probability of detection and false alarm;

* False alarm expected mean time;

* Coherent and non-coherent integration detection;

¢ Use of matched filters and correlators.

Radar Systems — Antdnio Topa 29

U™ 2.6 Minimum Detectable Signal

Envelope detection with threshold decision

From antenna }‘(T)
and low noise | Band Pass Envelope Low Pass Threshold "
Amp. — Fijier (IF) V(T Detector Filter = Detector -
to display
devices

Threshold Vy

At the IF pass-band filter output the voltage v(t) is:

v(t) = r(t) cos(wyt — d(t)) = v/(t) cos wgt + vy(t) sin wgt

Since cos(A — B) = cos(4) cos(B) + sin(4) sin(B)
v((t) = r(t) cos $(t) (In-phase component)

Vq(t) = r(t) sin &(t) (Quadrature component)

where r(t) = /v,z () + v3(t) is the to envelope, and the phase is ¢(t) = tan™(v, /v, ).

Radar Systems — Antdnio Topa 31
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2.6 Minimum Detectable Signal

Noise statistic model

Noise envelope at the receiver output in the absence of the signal

A )
. Detection
Threshold levclA threshold
— — — D —
Rms value
o of noise
o
5| - -
>° Noise rms value at
the output

Time —

* The noise amplitude level at the output is assumed to follow a Rayleigh distribution.
¢ Under the situations considered in the picture:
A - False detection (false alarm) if the peak value is due to noise;

B — Marginal detection;

C — No detection, if the peak value is due to a return from a target with not enough
power level, or masked by noise in destructive interference.

Radar Systems — Antdnio Topa 30
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2.6 Minimum Detectable Signal

Envelope detection with threshold decision

A target is detected when r(t) exceeds a threshold level V, considering the
following assumptions:

n(t) > V; False alarm/ false detection

s(t) +n(t) > vy True detection

The filter output envelope is a complex random variable composed either by noise,
or by noise plus signal, the latter being a sinusoidal signal with amplitude A.

e Inthe first case:
v(t)=n (1)

va(t)zna(t)

Radar Systems — Anté6nio Topa 32
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2.6 Minimum Detectable Signal

Envelope detection with threshold decision

* Inthe second case:
vl(t) =A+ nl(t) =r(t) cos P(t) = n, (t) = r(t) cos d(t) -
vQ(t) =n, (t) = r(t) sin d(t)

where n, (t) and n, () are un-correlated variables with null expected value

and have Gaussian distribution with variance W.

The joint probability distribution is then given by:

[ m+m)
f(n,n )=Lexp -1_e
Rl 2ny 2y

_ 1 ex( (rcosw—A)2+(rsin(p)2\
2y pL 2y J

Radar Systems — Anté6nio Topa
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Envelope detection with threshold decision
The probability density function p(r), is obtained after integration on the phase ¢:
2 r P+ AR)Y 1 2 (rAcose)
n= f(r, =—exp| — —| ex d
pr)= | ((ﬂ)dcowp( 2 2”,[0 L
Integration in ¢ can be made using the zeroth order modified Bessel function:
1 27
1,(B) :—j exp(fcos6)do
27 %0
Finally the Rice distribution function is obtained:
p(r)——exp _r +A2\ (rA\
L ) %
Radar Systems — Anténio Topa 35
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2.6 Minimum Detectable Signal

Envelope detection with threshold decision

The joint probability density function in terms of r(t), ¢(t) is then given by
flr,@)=f(n, ng) 1]

on, - ony

[V]= o 0p | C?S(p Treose with Jacobian |J|=r(t)
% % sing  rcos@

or  Op

Substituting in the previous expressions, we get:

f(r )_L N (_r2+A2\ N (rAcosg)
R G i

Radar Systems — Anténio Topa

2.6 Minimum Detectable Signal

Absence of Signal (noise only):

Envelope
detector

IF Amp.

In 1: White gaussian noise;

In 2: Narrow-band gaussian noise; gaussian probability density function:

po-e ()

In 3: at the output of the (ideal) envelope detector, Rice distribution simplifies to the
Rayleigh function:

p(r) = — 7e 2 where <r2> =2y

Radar Systems — Antdénio Topa
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2.6 Minimum Detectable Signal

Rayleigh distribution

Probability density function p(r) = *[’Le o

Expected (average) value

Mean square value (power)

2

29

p(R)

<r> = J.: rp(r)dr

Radar Systems — Antdnio Topa

- |
=15
Standard deviation rife
. o =./(r —<r>2
<r2>=fu e gy < >
4 =2 -Sv
:2(// 2
=0.655./y
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2.6 Minimum Detectable Signal

Probability of false alarm or false detection

Assuming that a detection

threshold is chosen, P, is given by:
plr) |

P,=P(r>V,)

Note: V2
T (SN
25!/ ( @T

is the detection threshold-to-noise ratio.

37 Radar Systems — Antdnio Topa 38

U™ 2.6 Minimum Detectable Signal U™ 2.6 Minimum Detectable Signal

False alarm time Average time between false alarms vs threshold to noise ratio

8 i Tk I Tie+1 | 10000 : T -1 year
5 g
i —)N«-tk _'l,.l‘_ et th+2 —>| |<— . i~ 6 months
3w Threshold ‘ r j
P VN S W I VR WA W A\ W0 W WY RMS Noise Voltage |/ ___ - 10001
k] E - 30 days
8 E 7 = 3
5} e F ln ]
2 A T 2 weets
s L i
& = 1 week
Time § o E
-3 E - 3days
1 N % C T 2days
Definition: |7, =<T, > T,=lim —Y'7T, s - 1
fa k fa V%wNAZ:;A § L _1day
‘é ‘O:— ?klzh
Assuming: |p _ <L > _<4L> 1 P E
fa = = ~ g F B
<L,> T, B, e :
i L i
Then: | | % Relations between false alarm time, b3 ER
T, = 7 B = ) e probability of false alarm, noise power, F 3
fa " ZiE ¥ detection bandwidth, and normalized voltage L TFi5min
threshold: on ) ) .
— ‘8 9 10 1 5 13 14 15
v 2y In(1/ P;,) Threshold—to-noise ratio ¥,/ 24, 9B
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2.6 Minimum Detectable Signal

Detection (with signal)

Envelope
detector

IF Amp.

Assumptions:

In 1: Sinusoidal signal with added white Gaussian noise;
In 2: Signal plus narrow-band Gaussian noise;

In 3: Envelope detector output, follows Rice distribution:

P A’
ro- rA
ps(=—e ¥ I| =
v v

Radar Systems — Antdnio Topa
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2.6 Minimum Detectable Signal

Probability of detection

No:ise aione
o6t
0.5+ Threshold
04 i Signal + noise
ps(r) VN 43
0.3
0.2
0.1
0
o]
2 Probability of detection, as
re+

Ne—

P e I[WA ]
B =] psdr
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function of the threshold, V;
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2.6 Minimum Detectable Signal

Probability of detection

The probability of detection can be expressed by the integral of the probability density
function between V; and infinite:

P, = ps(R)dR

Using the probability density function, p, , we can, alternatively, write:

Vv, A
Pd:f[ 1T/2’ 1/2]
w

74
or P, = g(P,,.SNR)
V; ] A
because relates with Pg, and with SNR.
1/2 1/2
Radar Systems — Antdnio Topa 42

2.6 Minimum Detectable Signal

Probability of detection

v, A
=f 1T/2 e
4 v

= g(P,,,SNR)

Recall:

red’
r r4
ps(r)=—e Io[—]
4

Probability of detection

174

1
1 3 5 7

9 1 3 % 7

Single pulse SNR - dB
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2.6 Minimum Detectable Signal

Probability of detection

7
=

10

o
2

~ 10
[ 10°

—

Py = ps(rydr

=f|—=
v

= g(P,,,SNR)

v, A

=
8
=
— -~
\!\| 3

P~

——]
—1

———

]

=

8
"
—
=
—
—

1/2

e~
~——]
Q‘

~—
—~——
—

Recall:

red?
ro- r4
ps(=—e ™ I| —
v v
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2.6 Minimum Detectable Signal

/

Probability of détection
=

=
=

/

\,\\ \\

070 / {
060
N /LT
A
0% G )MIO’"’IO“\D",U—W T
4 6 8 10 1 14 16 18

(SIN),, signal-to-noise ratio, dB
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Albersheim’s approximation

Albersheim proposed the following empirical expression, linking (S/N), P;and Pyt

SNR = A+0.124B+1.7B

where

A=In(0.62/P,) and B=In(P, (1-P,))

Notes:

e SNRis in linear units, not in dB;

* The error is less than 0.2 dB for Py, in the range103 e 107 and P, in the

range 0.1 e 0.9.

Radar Systems — Antdnio Topa
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2.6 Minimum Detectable Signal

SNR (dB) per pulse vs P, and P,

Py,
Pp 10° 10 10°  10% 107 10%  10° 1070 10" 10"
1 4.00 6.19 7.85 895 9.94 1044 1112 11.62 1216  12.65
2 5.57 7.35 875 9.81 1050 11.19 11.87 1231 1285 1325
= 6.75 825 9.50 1044 1110 1175 1237 1281 1325 13.65
4 7.87 885 1018 1087 11.56 1218 1275 1325 1365 14.00
5 844 9.45 1062 11.25 11.95 1260 13.11 1352 1400 1435
6 875 9.95 11.00 1175 1237 1288 1350 13.87 1425 14.62
7 9.56 1050 1150 1231 1275 1331 1387 1420 1459 1495
8 1018  11.12 12.05 12,62 1325 1375 1425 1455 1487 1525
9 1095 1185 1265 1331 1385 1425 1462 1500 1545 1575
95 11.50 1240 1312 13.65 1425 1464 1510 1545 1575 1612
98 1218 13.00 13.62 1425 1462 I5.12 1547 1585 1625 16.50
.99 12,62 13.37 1405 1450 1500 1538 1575 1612 1647 16.75
995 1285 13.65 1431 1475 1525 1571 1606 1637 1665 17.00
998 1331 14.05  14.62 1506 1553 16.05 1637 16.7 1689  17.25
.999 13.62 1425 1488 1525 1585 1613 1650 1685 1712 1744
9995 | 13.84 1450 1506 1555 1599 1635 1670 1698 17.35 17.55
9999 | 1438 1494 1544 1612 1650 1687 1712 17.35 17.62 17.87
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2.7 Pulse Integration

o
&5

Integration can be:
¢ Coherent (pre-detection);

¢ Non-coherent (post-detection).

Illumination time:

Ly = Qi
7

Number of returned pulses:

nzj;lumxp’:.f

_b,pf _6,prf
6, 6o

pm
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2.7 Pulse Integration

Coherent and non-coherent integration

Matched Coherent Amplitude Threshold | Detect
Filter Integrator Detector Device | No Detect

(Signal
Processor)

Coherent integrator localization

Matched Amplitude Non-coherent Threshold | Detect
Filter Detector Integrator Device | No Detect

Non-coherent integrator localization

Notes:
Analog integration uses analog filters;

Digital integration usually use FFT processors.

Radar Systems — Antdnio Topa 49
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2.7 Pulse Integration

Multiple pulse integration detection

Consider binary integration, for instance, in which the criterion is based on M detections on N attempts,

N > M. The probability of having k and only k detections is

Pk, N) = (2) Pi(1—P)N*

where P, is the probability of a true detection;

Then, the probability of a global true detection is

N

Be g (D)o n

k=M

Also, the probability of a global false alarm is

N

~ N . N_k
Pro = Z (k)P}a(lme)\ ¥

k=M

where Py, stands for only one attempt
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2.7 Pulse Integration

Multiple pulse integration detection

To reduce the probability of false alarms, several pulses can be combined before a detection

decision is made:
* Coherent integration: Pulses are added up before the envelope detector;

* Non-coherent integration: After each pulse envelope detection the results are added up

before decision;

* Binary integration: Each pulse is compared to a threshold level and the number of

crosses M, is used in the decision criterion;

¢ Cumulative detection: Particular case of binary integration, with M = 1.

Radar Systems — Anténio Topa 50
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2.7 Pulse Integration

Multiple pulse integration probability of detection

0.8

o2

o et iierreris

0
E M dB
I

Probability of a true detection for N=5 and M crosses binary integration detection when
the probability of false alarm per attempt is Py, =103,

Radar Systems — Anté6nio Topa 52



Qs O e
2.7 Pulse Integration 2.7 Pulse Integration

Integrator efficiency

Integrator efficiency o
Efficiency of a non- |E,(n) = (SNR)‘ 1
. . . . . . n nl —_— .
When n pulses are integrated with an ideal integrator, all with the same (SNR),, coherent integrator (SNR). v <Em =<1
E, (n) — with int
the SNR value after integration is exactly n times (SNR),. Then, the required (SNR) it
. . 1000 H Improvement factor  |Li(n)=nE(n)
(SNR), , per pulse to produce the same probability of detection and false alarms a7 ]
fre Integration loss L.(")ZN’](’K{E(”J
is 1 .
(SNR),,, = —(SNR), i
n %
E .\“‘ Gar
i i . X . = % i L 7 Improvement factor of a quadratic integrator
When the same n pulses are integrated with post detection, the resulting SNR is 10 as a function of the number of integrated
. L pulses and the probability of detection.
lower, due to part of the signal energy be converted to noise in the envelope 11/= ) )
b { - The false alarm number n; is defined as the
detector (a non-linear device). AT “ . | I inverse of Py,
I 10 100 1000 10,000
n, number of pulses integrated (postdetection)
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2.7 Pulse Integration 2.7 Pulse Integration

Empirical expressions for a non-coherent integrator

Non-coherent integrator
Non-coherent integrator

from antenna

and low noise |Matched Square Law EE—— resho
Amp. B utse 7 (D) Detector x(;)' 2"(’) 2" | "bencior Empirical estimate of the improvement factor as a function of the
’—. number of integrated pulses, and Py, and P:
Threshold V
Log, (1/ P,
, _ _ 1), = 6791 +0235P,)| 1+ 2280 L) ) )
A non-coherent integrator is usually implemented as an envelope 46.6
detector known as quadratic integrator.
Wn as quadratic integ x (1-0.14Log,, (n) + 0.01831(Log,, (1))
The output after the nt" pulse is proportional to the input square.
(error less than 0.8 dB).
Radar Systems — Antdnio Topa 56
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2.7 Pulse Integration

Empirical expressions for a non-coherent integrator
18 T T

16} o
L
L -~
14 o P
A
g 12 s
< e
2 10 e -
8 P
£ ~
£
G 8 s
€ e
: e
5 6 s
E L
s
4 s —— pd=.5, nfa=2
7z — pd=.8, nfa=6
2} // —— pd=.95, nfa=10
I _ . pd=.999, nfa=13
0 . Lo I I I 1
1 2 3 4 5678 10 20 30 50 70 100

Number of pulses
Improvement factor as a function of the number of integrated pulses, the probability of detection P
and the number of false alarm nfa=1/ P, sometimes, as in the picture, it is used nfa=log  (1/ P,)
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2.8 Matched filter detection

Detection using Linear Filters

Linear time invariant (LTI) systems theory

x(8) H D
E— ]7( t) .
X(H H(H h

Y()=XOHF)  H) =Fh®]  h() = FHHF)]
y(®) =x(®) *h(O) = ft x(Dh(t — )dt

Ataninstantintimet=t;

ye)= [ X(NHH(f)e " df
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2.7 Pulse Integration
Radar range equation with and without integrator

Range without

integration PGA 174
o
max 2/—9 (Af:Bn)
(47)° KT, Af (SNR),
. 1/4
Range with PGA.onE. (n)
integration R = 5
(47[) K]:quf(SNR)l,n

Note: (SNR), depends on the probability of detection and false alarm; (SNR), , also depends on
the integration type and on the number of integrated pulses.
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2.8 Matched filter detection

Maximum signal amplitude (peak value) at a filter output

Schwartz inequality:

"< j p*pdxj 0'0dx

equal sign if, and only if, P=constant x Q

‘ j P'Qdx

with — p* = g, (f)ef2m/ta Q =H()
Attheinput:  s;(t) = x(t) Flx@®)] = Si(f)
At the output: s, (t) = y(t) Fly®)] =S, (f) = Si(HH)

SOl af [ |Hf df

)= Si(f)H(f)e””“dfr <|
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2.8 Matched filter detection

Peak SNR at the filter output

Output noise power

<n;>_KT RNER
== [l

(matched load R, is assumed)

Energy at the output
S,(f ) df

E=éj si(t)dt:éj.

Schwartz inequality implies for SNR

si(t,) _2E
<n, > KT

Note: This value of SNR takes as reference the instant peak power of the
signal and the expected value of noise power.
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2.8 Matched filter detection

Matched filter and pulse response

* The input response, and the signal to be detected,
exhibit inverted time variation;

* To be possible to realize a matched filter, the
signal to be detected must have finite duration
and energy;

4] t—

e ¢ The maximum amplitude, at the output, occurs

after the input signal ends;

¢ Atime delay is necessary to allow realizability;
Else the pulse response would start before the
signal appearance at the input.

2] ! —>
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2.8 Matched filter detection

Matched filter and pulse response

it |H(/)=GS(f )™

the filter is referred to as matched filter.

Then the peak output value of SNR is
2E
KT

h,(t)= GI S’_* (f)e*ﬂ/!ﬂ,eizzgﬁdf
%{_/

H,(f)
For real signals s;(f)=5,(-f) we get

h,()=Gs,(t, =1)
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The filter pulse response is

e
2.8 Matched filter detection

Matched filters for the detection of rectangular shaped pulses

Matched filter Output of
frequency response matched filter

Input Signal function Envelope of

~— peak SNR = M.F. output

2 2EIN,
" I‘? _/\
o i b e
a) (b) G] (d)

a) Rectangular pulse (RF) ; b) frequency response of the matched filter;

c) Time response to the pulse; d) envelope of the matched filter output
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2.8 Matched filter detection

Efficiency of non-matched filters

TECNICO
LISBOA

(SN R)NB) loss when

Input signal Filter Optimal Byt compared to a
matched filter
Rectangular pulse rectangular 1.37 0.85
Rectangular pulse Gaussian 0.72 0.49
Gaussian pulse rectangular 0.72 0.49
Gaussian pulse Gaussian 0.44 0 (matched)
Rectangular pulse RLC pass-band 0.4 0.88
resonance circuit
Rectangular pulse 2 cascade RLC 0.613 0.56
tuned circuit
Rectangular pulse 5 cascade RLC 0.672 0.5

tunes filters

Radar Systems — Antdnio Topa

2.9 Correlator detection

Cross-correlation

At the input: signal plus noise

Matched filter output

Note: cross-correlation between
real functions v(t) and w(t)

xX(t)=s,(t)+n(t)

va‘.(t)=.|‘ V(T )w(T+t)dr

y(t)= j X(7)h(t—1)dr

= GJ x(t)s,(t,—t+7)dr
= GRx,.\'l (t[ _t)

If w(t)=v(t), R,(t)=R,(t)

is the self-correlation of v(t)

—

/

—
At the filter output it is obtained the cross-correlation between the
signal corrupted by noise and a delayed replica of the signal inverted in
time (pulse response of the matched filter)

Radar Systems — Antdnio Topa
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2.8 Matched filter detection

RLC and rectangular filters comparison

= etticiency of filter with respect to matched filter

Pt

TECNICO
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2.9 Correlator detection

j®)
[§e]

o
o

[}
w

(
Esy

(o)

I8}

Single-tuned (RLC)
resonant pass-band

|

L

|

T

T T

RF pulse, bandwidth B

Rectangular shaped
pass-band

1.0

2.0

3.0

~alt-power pandwidth times pulsewidtn, &7

Radar Systems — Anténio Topa

Cross-correlation

y(t):GRs,(t_tI)-i_GRrLsi(t_tl)

Signal to be
detected cross-

correlation

Filtered noise

r
&)

68

Note :R,(-t) = R, (1)
real signals

Detection can be performed, in an equivalent way, using a correlator

x(t)
(s:()+n(1))

Stored
inverted  —— T,

replica

r

delay

Radar Systems — Antdénio Topa
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2.9 Correlator detection

Matched filter vs correlator

Notes:

* The correlator tests the presence of the target at receiving instants T,. Thus,
the operation is repeated successively, which corresponds to a time
discretization. The searching time can be reduced using parallel processing.
The use of correlators can be highly efficient making use of appropriate
digital processing algorithms.

* Correlation detection can be seen as a time filtering technique whereas
matching filter detection is a frequency domain filtering.
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2.9 Radar Cross Section

Radiation and scattering

Total field

Re-radiated or
scattered field

http://www.met.reading.ac.uk/clouds/maxwell/
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2.9 Radar Cross Section
* Radiation and scattering;
* Target radar cross section;
* Swerling fluctuation models;
* Probability of detection with RCS fluctuations;

* Range equation considering fluctuations.
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e 2.9 Radar Cross Section

Radiation and scattering

Total field

Re-radiated or
scattered field

http://www.met.reading.ac.uk/clouds/maxwell/
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2.9 Radar Cross Section

Radiation and scattering

Incident field E,,.

—_
AN
—

Total field E,=E, +E;

o\
Ll X ) ™

e\
10

e

2
@
40
scattered o
or re-radiated field
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2.9 Radar Cross Section

Total RCS

= The previous definition considers the RCS mono-static case, or back-scatter
RCS, or simply the RCS. In the definition, a direction is assumed, and also

one reference polarization.

= Assuming a spherical coordinate system, the RCS is a function of the aspect
angle. If the total reflected power in all directions away from the target
(8,,9,) is to be considered, we obtain the total target cross-section for a

particular incident direction:

1 2 (7 .
0, =51, o, 101059, )sin(0,)d0.d9,
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2.9 Radar Cross Section

Equivale

nt radar cross section

Definition:

__ re-radiatedpower per solid angle unit
incident power density at the target

S o

x
@

5%'\\

The mono-static RCS definition considers the re-radiated power per solid unit angle in

the backscatter direction
EZ
Pu=0S8 = S
2Z ;
P.. E’ )| E,
=t = o =47R’| =
4zR*> 27 ’

TECNICO
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Radar Systems — Anténio Topa

Note: o depends on:

e material

e form and dimensions
e aspect angles

e frequency

e polarization
76

2.9 Radar Cross Section

Example:

10

Sphere

http://www.met.rdg.ac.uk/clouds/maxwell/index.html

T T LR I

/\ AV, VNV

LR

VAAAAM)

Rayleigh Tesonarice optics
region region regron Note: Rayleigh limit
L 1lidl R L1l for a metallic sphere
1 1 10 100 o 2ma)
O Rayleigh =97ma"| —
2ral A 2

Sphere cross-section as a function of the perimeter of the
maximum circle, to wavelength

Radar Systems — Antdénio Topa
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2-9 Radar Cross SeCtion 2.9 Radar Cross Section

Example: Two-point target
Example: Conical st

Sprere = { " Sprece

fo-get . target
i
Y

@

Figure 2-6 — Cone Geometry

Rodor 9,
v
( \ LOS
4zl .

i=2 1+coskismz9j I

o, A 2
a) 1=2 0':7rr2+—(tam9)4

167
b) 1=22
¢) 1=44 Figure 2-7 — Ideal Reentry Vehicle RCS — Nose-on Aspect
~ ::’a
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2.9 Radar Cross Section 2.9 Radar Cross Section

Example: Rectangular panel
Example: Reflectors with simple shapes
20
10
Circular Reflector Triangular Corner Reflector Chaff Dipole 0
.
~ W ’E‘ -10
7 s |
LOS /> r r LOS f ) g /'\ ‘
7 02 = | Il
4 - ""
T \2 Arr 5
o=—I\zr o= c=0934 -50
2 (=) 347
-80 60 -4 40 60 80

20
. 0
-RCSs of Some Simple Shapes e
-RCS of a Flat Plate
2
o= (k) sinc’ [kd sinfcos ;zﬁ]sim:2 [kwsin Gsin ¢] where

” sinc (x) = sin (7x) /(7x)

x0.5 [Jl —sin’ fcos’ ¢ + \/1 —sin’ @sin’ ¢}
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2.9 Radar Cross Section

Example: Aircraft

Experimental RCS of a B-26 measured at 3 GHz

Radar Systems — Antdnio Topa 84

2.11 RCS Fluctuations

* The amplitude of the returns is rarely constant in practice;

* These variations can be due to atmospheric conditions, to the side-lobe

antenna pattern, to equipment instabilities (receiver) or to random
fluctuations of the target radar cross-section;

* To take into account the target RCS fluctuations in the range prediction, one

can select a value that is not exceeded in a high percentage of the total
observations (ex: 95%, 99%), characterizing, thus, a minimum RCS;

* Inthe case of air targets, such as airplanes helicopters and missiles, the

minimum RCS is for frontal observations.

Radar Systems — Antdnio Topa 93
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2.9 Radar Cross Section

Typical radar cross sections at microwaves

Target RCS [m?]
Conventional missile 0.5
Small size airplane 1
Small size fighter 2
Big size fighter 6
Medium size bomber or jet airliner 20
Big size bomber or large airliner 40
Jumbo jet 100
Radar Systems — Anténio Topa
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2.11 RCS Fluctuations
Swerling Models
JI||||\|||||||||‘ ||||||\|||II||||\||||||III|II||||||”|||||_ J“llh'"llhlli | | hl"u |II|||‘V||II‘|||||1_
Swerling I Swerling 11
B T T
Swerling IIT Swerling IV

LT

Swerling V

Radar - IST — Antdnio Topa
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2.11 RCS Fluctuations

Swerling models

2.11 RCS Fluctuations

Swerling models
*  SW1/SW3 - Constant amplitude is assumed during a sweep and un-correlated amplitudes in

consecutive sweeps (scan-to-scan fluctuations); "
T T T T T
: : : S| SV A SR
[AX=] S VORI e R R e o3 g ol |
*  SW2/SW4 - Fast fluctuations, un-correlated pulse to pulse; e : : : -
0B _..__-.‘.. J
5 E
*  SW1/SW2 —The probability density function of a target having an equivalent reflecting area o, is - 0.4 __' ___________ |
given by: : _ :
1 *GL 02 L A ATUTUTRTT e S
plo)y=—e ™  (c>0) i : : ; : :
O-av : :
] i 1 T ———r i
*  SW3/SW4 —Isis assumed that: ] 1 2 3 4 q B
P o ()
plo)=—Fe ™ (c>0) Density Functions for Swerling RCS Models
av
Radar Systems — Antdnio Topa 9% Radar Systems — Anténio Topa
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2.11 RCS Fluctuations 2.11 RCS Fluctuations

Swerling models SW1 probability of detection

*  SW1 and SW2 models are more adequate for complex targets made of many
reflectors with approximately equal individual RCS; 0.9} -
0.8} Y d
/
*  SW3 and SW4 models are more adequate for targets that have a bigger reflector and 5 07 "
a fair number of smaller reflectors; 8 el ///
! 1
* Rice Distribution this mathematical model was developed to the case when there is a H o ;!
big reflector and a small number of equal individual RCS have smaller size: g o/
& 03} / /
I+s 55049 os(l+s ozt '
plo)y=—-=e 7 I)|2 osl+s) (6>0) /!
O-av Gav 01y ’ /
S
where P10 ) -5 6 5 1‘0 15 20 25 30
. SNR - dB
_ RCSof the major reflector
sum of the small reflectors RCS For the cases represented in the figure, P;,=10"12
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2.11 RCS Fluctuations

SW2 probability of detection

ISBOA

Probability of detection

ECNICO

2.11 RCS Fluctuations

Probability of detection, SW4 case

ISBOA

P robability of detection

1

0.9}

0.8

0.7

0.6 |

0.5}

0.4

0.3}

0.2

0.1}

0

-10

For the cases represented in the figure, P;,=10"°

Sistemas de Radar IST — A. Moreira

1F / L _ —_
.
0.8} / [ i
|
0.6 - ! ( 1
I
04 [
o
0.2} I I ,‘ —— np=1
' - - np=10
/ / ,‘ — np =50
. ) } i K l ‘ ‘7 npl=100
-10 -5 0 5 10 15 20 25 30

SNR - dB
For the cases represented in the figure, P;,=10"°

Sistemas de Radar IST — A. Moreira
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2.11 RCS Fluctuations

SW3 probability of detection

1 ‘ : — —
P

0.9 | 4 |

0.8} _
c

g 0.7} 1
S
2

o 0.6 4
o
S

> 0.5 |
s

@ 0.4 4
2
g

& 03} B

0.2} — np= |

np = 10
0.1 — np =50 4
— np=100
0 : .
-10 -5 0 5 10 15 20 25 30
SNR - dB
For the cases represented in the figure, P,,=10"°
102 Sistemas de Radar IST — A. Moreira 104
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2.11 RCS Fluctuations

Comparison of probability of detection for target with Swerling models

T T T T T T T
0991 542 3 N

098 ! B

| | 1 1 I ! |
-0 -5 0 5 015 20 25 30
Signai-to-noise ratio per pulse, dB

106 Radar Systems — Antdénio Topa

1-Sw1
2-SW2
3-Sw3
4- Sw4

5- No fluctuations,
sometimes called SW5

Note: P4 values shown in
the figure correspond to
10 pulse integration with
P,=10"¢
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2.11 RCS Fluctuations

Additional SNR per pulse as a function of the probability of detection

o

<}

[T T

The figure shows an

- estimate of the additional
SNR per pulse, relative to
the non-fluctuating case,
required as a function of
the probability of
detection

o

Additional SNR for 1 pulse detection, dB
o

207 B30T 60T 05 0708 080 6%
Probability of detection
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2.11 RCS Fluctuations

A simplified procedure for the radar range estimation

1- Determine (SNR), , without integration nor fluctuations, for given P, and Py,

2- Make use of the correct expressions for the relevant Swerling case considering the number of
integrated pulses.

Alternatively one can estimate an addition value (SNR),* (depending on the SW model)

(SNR)," s, = (SNR), (4, + L,

(dB)

Then, estimate the integration improvement factor, considering the proper fluctuation model

Use the radar range equation . ) R/'LZGzam,nEi(n) 1/4
_{ PAGo, nE,(n) T"
| 47 KT, Af(SNR), L,, (linear units)
Radar Systems — Antdnio Topa 110
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2.11 RCS Fluctuations

Integration improvement factor accounting for the fluctuation model

39

“Cose 4 ~ 50% Py
" _Coses 1 and 2 = 50, 90, B % Pa
“TCose 5 99% Fg
Cose 5~ 50% Po

=108

Integration improvement factor, dB
- s

g ) 100 1000
Number of integrated pulses, n

This figure shows estimates for the integration improvement factor for SW cases as a
function of the number of pulses (in the plot, nfa=8, P,=50,90 and 99%)
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2.11 RCS Fluctuations

Range in terms of the average power

Transmitted power

P,, peakvalue; P,, ,average value

for rectangular pulses

P, = Fe = P7 PRF L duty cycle
Tp Tp

Range equation

1/4
R — PavlszaavnEi (n)
" | (4n)’KT,, (Afr)‘PRF(SNR)l L,
e
~1

Note thatAft=1
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2.12 Propagation Effects

Propagation effects to be considered
— Reflection

— Refraction

— Diffraction

— Attenuation

— Losses

Atmospheric propagation effects

— Refraction
— Anomalous propagation conditions
— Wave attenuation in the atmosphere

Radar Systems — Anténio Topa 112

2.12 Propagation Effects

Reflection at a plane perfect electric conductive Earth

Flat Earth

Curved
Earth

A W

r esiny, — .Je— (cosy, )2

, =
E:sinwE + 4l,‘e—(ooswg)2

siny, —Afe—(cosw )2
sin\ug+ :—(cns\ug)l

Note: usually there in no need of considering corrections due to the the Earth curvature

Reflection coefficients Vertical polarization

“smoth”

Horizontal polarization Iy =

Radar Systems — Anténio Topa 114
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Reflection

2.12 Propagation Effects

Py

NS
fuse Specular
“reflector reflector
Some different types of reflection: diffuse, specular, corner
Radar Systems — Anténio Topa
w TECNICO
LISBOA . ff
Reflection at a plane perfect electric conductive Earth
Target g
Antenna R ;
' h‘
A 0
h T
A b

Ar = AB-AB Path difference between
"direct" an "reflected ray"

D*=AB —(h-h )
D*=AB -(h +h,)

Phase difference V= % +7
AR
O ~sinf = h—’u/ ~ 4,0 +7
R A

Radar Systems — Anténio Topa

(h+hY —(h—hY =4'B ~ 4B’

hh, = Arx(4B + AB)
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v 2.12 Propagation Effects

Reflection at a plane perfect electric conductive Earth

At the target

E - -2 (D7h,h - ((27h,h

2 oop—e TR =2 AR sin| 2l = F=|2sin| —

E, AR AR

Poe .o 27h, b,

P 4sin The so-called propagation
dir factor, F, is introduced here

At the receiver

Pe _ 16sin* 27t by
PdiV M

PG Vo 4 2ah,h,\ PG'Xo
e = T x16sin = T X
(47)°R AR (47)’R
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v 2.12 Propagation Effects

Refraction

At normal propagation conditions
— A good approximation is considering a linear path in a deformed Earth with

an equivalent radius

— where (ar= 6370 km)
1
k=
on
I+a;—
oh
“standard” value 91 __, ;05,1
oh
k=2
3
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v 2.12 Propagation Effects

Reflection at a plane perfect electric conductive Earth

F has a lobed structure with maxima

2l _ (2n+ 1)£ first maximum... 6 = A
IR 2 an,
and minima for 27h,h,
=nrx
AR

In the case of grazing incidence

J

hip : b, << 1sin* 2, ) (27,
AR AR AR
47P,G*a(h,h,)*

Note the dependence of the received power with R for this case
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v 2.12 Propagation Effects

Refraction
Refractivity N=(n-1)x10°
77.6 [ 4810 e:|
~——| p+
T T

* p=barometric pressure, mbar 1 mm Hg = 1.332 mbar

* e = water vapor partial pressure, mbar
* T = absolute temperature

Exponential model
N= Nse—h/Hr
N, = refractivity at the Earth surface

H, , scale factor (typical value, Hs 7.35 km)
h, heigth (km)
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v 2.12 Propagation Effects

Refraction

— Notes

—Distance to a target should be corrected considering the refraction index not equal to 1
(vacuum) and the non-homogeneity of the troposphere

— To deal with this issue ray-tracing should be used

— The following approximate expression can be used for targets at heights in the 15 to 65
thousand feet

v IR 50 km
ARm ~0.42 +0.0577 ka(NS /hk/'t) N 75 km
AR, ~0.42+0.1045R,, (N, /h,)"* |P 3 km
8.7 m
AR, correction (meter)
R,,, distance to target (km) estimated time delay assuming vacuum
N, refractivity at the Earth surface level
hyg target height (thousand feet; 1 ft = 0.3048 m)
hy, target height (km)
Radar Systems — Anténio Topa 122

v 2.12 Propagation Effects

Radar horizon due to refraction

h, d
Radar horizon is generally higher than the geometric,
Deformed due to refraction
equivalent /
Earth
a, 2 2, 2
(a,+h,) =d” +a;
2 _ g2
h+2ah, =d
d = .|2a,h

a

= \[2ka,h,

Radar Systems — Anténio Topa 124

v 2.12 Propagation Effects

Radar horizon due to refraction

RADAR LINE
OF ZIGHT

RADAR RANGE

OPTICAL RANGE
- 3 5577 MILES ROBJGIVEN
1 X WEATHER CONDITION
7.3 MILES
ALTITUDE

000 FEET
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v 2.12 Propagation Effects

Diffraction

Cearmetric
Line-of-Sght

W Front

m\nﬁ\ ‘ :
iy 2l

knife-edge effect

Diffraction occurs when an EM wave has an obstacle in its path. The phenomenon is
enhanced when the wavelength compares to the object dimensions
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v 2.12 Propagation Effects

Diffraction

Diffraction occurs when an EM wave has an obstacle in its path. The phenomenon is
enhanced when the wavelength compares to the object dimensions

Radar Systems — Anténio Topa 126

O™ 212 Propagation Effects

Atmospheric attenuation

Atmospheric attenuation

/ [ In the picture
— - atm. pressure: 76 cm Hg
-Temperature 15°C

-1% molecules of water vapor
(7.5 g water/m’);

Specific attenustion (dBkm)

i\ — Notice the absorption peaks due to
\\ water and oxygen

| 1l

Frequency (GHz)
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v 2.12 Propagation Effects

Fresnel ellipsoid

15t Fresnel ellipsoid radius at the obstacle area
1% Fresnel ellipsoid—

/ distance between foci + A/2

—

d,, D (km)
R, (m)
f (GHz)

Ex: d,=20 km, d,=30 km, f= 10 GHz — R,=20m

Note: in radio links is enough to guarantee a clear zone of ~ 0.5 R,

Radar Systems — Anténio Topa 128

v 2.12 Propagation Effects

Rain Attenuation

Specific absorption rate, v, (dB/km) is obtained by

Yr=k R*
where R (mm/h) is the precipitation rate, and k and o are given by

2
3 log f —b;
logk = Z a; exp{—[gfj] } +my log f +cp
J= j

b

4 2
o= Z[ai eXp{—(—log u _bi] ﬂ‘f mg log f +cq
i=1 Ci

k=ky ork,, and a=a, or a; according to polarization
and the coefficients a, b, ¢, my, ¢;, m, and c,are the next slide table

where
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v 2.12 Propagation Effects

Rain Attenuation

k coefficient for horizontal polarization as a function of frequency fficient for horizontal ization as a function of frequency

Ky coefficient
o, coefficient
8

Frequency (GHz) 083801 Frequency (GHz)

http://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.838-2-200304-S!!'PDF-E.pdf
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v 2.12 Propagation Effects

System loss

0838.02

132

The available transmitter output power differs from the power delivered to the antenna due to losses in the

waveguides, insertion loss in the duplexer, circulators, direction couplers and rotary joints as well as in

other p — wave components.

For the same reason the available power at the antenna terminals is not the same as the power delivered to

the receiver

These are called system losses. A los factor can thus be introduced L,

— Example of typical contribution to the system losses for an S-band radar, commonly used in

airports:
*  Waveguides (~30 m two-way) ~1 dB
«  Duplexer ~2 dB
« Rotary joint ~1 dB
« Connectors and bends ~0.3 dB
«  Other devices ~0.4 dB
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v 2.12 Propagation Effects

Rain Attenuation

[===200 mm/r
=150 mmhr- Monsoon
—— 100 mmvhr Tropical
=50 mmvhr- Downpour
=25 mm/r: Heavy rain
===12.5 mm/r. Medium rain
=25 mm/hr. Light rain
=025 mmr. Drizzle

Rain Attenuation (dB/km)

-

o1
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v 2.12 Propagation Effects

Range equation accounting for propagation effects and system losses

1/4

R - PXG*c nE,(n)F*
"™ | (47)’KT, 4 (SNR), L ,L L,

Note that accounting for propagation effects and system losses to estimate the maximum can
be difficult if losses are not duly characterized. In the expression above absorption due to
atmospheric gases and rain are accounted in terms

Besides the considered losses we could also include losses due to: beam-shape, scanning (in
the case of rapid scanning), radome (often used), and also signal processing losses

Radar Systems — Anténio Topa 137



