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- RANGE : SHORT, MIDEUM, LONG RANGE

- FUNCTION : SURVEILLANCE, TRACKING

- INFORMATION : 1D, 2D, 3D, 4D, IMAGE(SAR)

- FREQUENCY : HF, UHF, L, S, C, X, Ku, Millimeter

- PROCESSING : MTI, DOPPLER, LPI, SAR, UWB

- PRF : LPRF, MPRF, HPRF

- OBJECT : A/IC, SHIP, MISSILE, VEHICLE,
WEATHER, Human Body

- PLATFORM  : GROUND, SHIPBORNE, AIRBORNE
SPACEBORNE, VEHICLE
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Radar Classifications

@ RADAR : RAdio Detection And Ranging.
- transmit electromagnetic energy into a specific volume to search for targets.
- targets will reflect portions of this energy back to the radar.

Radar Signal Target information : range,
processing velocity, angular position
Target |dentification

\ 4
\ 4

Echoes

m] Classification
Type : Platform, Frequency Band, Antenna Type, Waveform, Mission, Function

1) Platform : Ground based, airborne, spaceborne, ship based radar.
2) Mission : weather, acquisition and search, tracking, TWS, fire control,
Early warning, Over the Horizon, Terrain Following,
Terrain Avoidance Radar.
3) Phased Array Radar : Active Array, Passive Array
4) Waveform type : CW, FMCW, Pulsed (Doppler) Radar-LPRF, MPRF, HPRF

KEES Radar Society 2004 National Radar Workshop & Tutorial



Radar Frequency Band

5) Operating frequency
Letter Frequency New band Letter Frequency New band
Designation (GHz) designation Designation (GHz) designation
HF 0.003-0.03 A X-band 8.0-12.5 1<10.0; J>10.0
VHF 0.03-0.3 A<0.25, B>0.25 Ku-band 12.5-18.0 J
UHF 0.3-1.0 B<0.5, C>0.5 K-band 18.0-26.5 J<20.0; K>20.0
L-band 1.0-2.0 D Ka-band 26.5-40.0 K
S-band 2.0-4.0 E<3.0, F>3.0 MMW Normally>34.0 | L<60.0; M>60.0
C-band 4.0-8.0 G<6.0, H>6.0

- L-band : primarily ground based and ship based systems,

long range military and air traffic control search operation.

- S-band : Most ground and ship based medium range radar

- C-band : Most weather detection radar systems,

medium range search, fire control and metric instrumentation radar.
- X-band : Small Size of the antenna =» Airborne Radar

- Ku, K, Ka - band : severe weather and atmospheric attenuation,

short range applications police traffic radar, terrain avoidance.
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Shipborne Radar  : EGIS & dl0|CH
Airborne Radar : AWACS ZD| 32|
Spaceborne Radar : RadarSat ¥/ & SAR

e
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AN/FPS — 117

712l 5] 2llo]C}

- 3D phased array antenna radar

- Frequency : L-band

- Detection range : 200-250nm
- -Coverage (Az/El/Altitude)

# | :360deg/100k ft/-6 to 20deg

- Peak power : 24.75kW

PO
.....
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BMEWS

I
7|35 gloict

- Phase steered array Radar

- Frequency : UHF

. 84ft

- 2560 Active Elements

- Diameter
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AN/MPQ-53

PATRIOT
Radar

CH=% glo|C}

-Frequency : G/H-band
-Detection range : 3-170km
-Max No. of target tracks : 100
-Search Sector :
120deg(Az)/90deg(El)
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ASR 23SS Primary Surveillance Radar
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-L-band(1250-1350MHz)
- Range : 185 — 463km
-Peak power : 21/40 KW
-Beamwidth : 25deg(Az)
-Antenna gain : 36dBi
-Builder : Raytheon
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NEXRAD (WSR-88D)

71 glojch

- Next Generation Weather Radar

. - Frequency : S-band(2.7-3GHZ)

- Peak power : 750kW

- Detection range : 248nm(460km)
-Antenna type : center-feed, Parabolic dish
- Diameter : 9m
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AN/FPS-118
OTH Radar

£TM 0| A
£HX] 2l0|CH

FM/CW Bistatic Doppler Radar
Frequency :5-28 MHz

Coverage : 2.2 million square miles

- Max CW radiated power : 1,000kW

~_Txand Rx separation : 160km
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Planetary Radar - Deep space station

- Mission : observations of nearby asteroids

- Frequency : S/X-band

- Antenna Diameter : 64m

- Range : 16 billion kilometers

- Accuracy : 3,850m° surface is maintained
within 1cm.

- NASA
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Shlpborne Radar - CG-62 AEGIS

- Radar : AN/SPS-49(V)1(air search)
- Frequency : L-band
- Detection range : 250nm
- PRF : 280, 800, 1000 Hz




E-3 Sentry AWACS

U.S.AIR FORCE.

-Radar : AN/APY-1/2

multi-mode surveillance radar
-Detection range : 200mile(375.5km)
-Frequency : S-band
- Northrop Grumman




F-16 ) i ng Falco

—Radar : AN/APG-66 (F-16A) , — Detection Range : 48km(downlook), 72km(uplook)
AN/APG-68 (F-16C) — Beamwidth : 3.2deg(Az) X 4.86deg(El)
— Frequency : |/J - band — Antenna size : 74cm(length) X 48cm(width)
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—Radar : AN/APG-65, AN/APG-73
(upgrade of APG-65)
— Frequency : |I/J — band

— Detection Range : 80nm(Maximum)

F-18 Hornet

—Max No. of target tracks : 10
—Beamwidth : 3.3deg(Az) X 5.3deg(El)

— Raytheon
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UAYV Radar - TESAR

RQ-1 Predator
- Radar : AN/ZPQ-1 Tactical Endurance SAR
w | Impulse response 3dB width : 0.3m +/10%
- Range : 4.4 - 10.8km
- Squint angle : 70 — 110 deg.
- Swath width : 800m at 25-35m/s
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~ Airborne Radar - SAR
- .._-_:*q-#‘w

L

-

- ‘ - Platform : DC-8 alrcraft

, - Frequency : P/L/C-band
- Range resolution : 7.5/ 3.75/ 1.875m
- Peak power : 1/6/2 kW (P/L/C)

- Swath width : 10km(nominal) / 17km(max)
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Spaceborne Radar - SAR

Radarsat-2

: CSA, MDA (HLtCH
: 2003 0| &
: Radarsat-1 2% 28, 4974
: C-8H € SAR, Full Polarization
12-100MHz Bandwidth
200Gbit SSR, 400Mbps
2x105Mbps CIOIEH &3
OFH[ LY : 15 x 1.4m, TR module (750kg)
=" 2| : 10km - 500km




Space Shuttle Radar - SAR

=2t : NASA/JPL, NIMA, DLR(0| =, =€)
t”/\f 2000 2 11 17:43 GMT
S AIZEH: 11 5A12t 382
3 Global DTM 3 X}& lj“(In‘[erfelrometry)
60m baseline OHHI LI OFAE & X
HL . =9 +60 ~-56%, 225km swath
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Over The Horizon Radar

U.S. Navy ROTHR =>» Relocatable Over the
Horizon Radar (ROTHR)

2.6-km Receiving Array

< U.S. Navy Over The Horizon Radar >
Frequency range : 5 ~ 28MHz

KEES Radar Society 2004 National Radar Workshop & Tutorial



BMEWS

< Ballistic Missile Early Warning System >
Operating Frequency : 245MHz
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AEGIS

< U.S. Navy AEGIS >
Operating frequency : S-band
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AWACS

U.S.AIR FORC

< Airborne Warning And Control System >
Operating frequency : S-band
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Radar Sensor Information

Rl

Detection Range =7 High Range/Azimuth

Resolution Image
Az/EL AR =R0O H0ICH A

Resolution R
Doppler Velocity [, =— -

/ A

sin 2m(fe + fot sin 2m(fy + fgt

TARGET
SIGNAL l 1 T/R
MIXER SWITCH ANTENNA

PROCESSING
‘ 1 sin 27(f + fiplt ? sin 27 fot
/THANSW DETECTION
:[ f— 7 Rect LOCAL RF
o : 2 = OSCILLA- kgl TRANS-
IL‘ f TOR MITTER
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PHYSICAL RESOLUTION CELL

[ IRANGE
(A/D SAMPLING PERIOD)
PW=PULSE WIDTH

JANGLE
(BEAMWIDTH)

(IDOPPLER FREQUENCY
(DOPPLER FILTER)
DWELL TIME
= TIME OF ENERGY

TRANSMISSION

A/D SAMPLES

:<— “'—: PROPORTIONAL TO
1
-3dB PW BANDWIDTH
|
| | N
TIME
ELEV BW ' |
[
AZ BW <
| PROPORTIONAL TO
1
-3dB ANTENNA DIM.

PROPORTIONAL TO

T DWELL TIME

FREQUENCY
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Radar Design Requirement

4@ Requirement

* Mission requirement — Target RCS

* Detection : high P,, low £;.

* Accuracy : Range, Angle, Doppler
* Resolution : Range / Azimuth / Elevation
* Clutter Rejection : Waveform,

Signal Processor
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Radar Design Type : Trade-Off

cw uied
Fully Fully Non
Coherent Coherent Coherent
)
TWT
Type Information Characteristics
Coherent Range, Precise System, Complicate & Expensive
Doppler
Non Coherent Range Only Simple, Low Cost
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Radar Design Procedure

Mission Analysis

A4

Sensor Requirement

Sensor Design

System Parameters

|
Weight, Volume,
Size, Power, Reliability

v

Subsystem/module
Parts/ SW design

Implementation

« Environmental limits

* Applicable technology & components
* Radar frequency selection imits

* mechanical or electrical scan Ant.

* Choice of polalization

* Radar waveform

* Type of processing : MT| or
pulse Doppler MTD

* Transmitting power :Tube/MPM or
Solid—state

KEES Radar Society
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A/C Mission Sensor Design

Mission Based Top-Down Approach

Mission Requirement

v

Air Safety Requirement
Obstacle Awareness

Moving Target
Weather/Clutter Map

Air/Ground Surveillance

Navigation Information

\ 4

v

Operating Frequency
Detection Range

Sensor Requirement

Operating Mode
Weight/Volume/Power

\ 4

System Specification

A 4

System Analysis

Performance ?

Target Model
Prob. Of Detection

KEES Radar Society

Design Dev. & TE

Z0U4 1

\National Radar Workshop & Tutorial



Radar Range Measurement

®| Pulse

Transmitter/ |
: Modulator
Time |

Control

\ » | Signal
processor

<A simplified pulsed radar block diagram>

Receiver

- Target’s range R, is computed by measuring the time delay At,

bt
2

R (1.1)

* ¢=3x10sm/s

* factor 2 1s needed to account for the two-way time delay
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Train of pulses for Measurement

- In general, a pulsed radar transmits and receives a train of pulse.

transmitted pulses
- >
) IPP - —
pulse 1|t pulse 2 pulse 3 |_| time
e
r
At Hpulse 1 I_I pulse 2 I_Ipulse 3 .
received pulses | | echo |_echo echo »“me

< Train of transmitted and received pulses >

- [PP : inter pulse period T, 7 : pulse width
- IPP is referred to as the Pulse Repetition Interval (PRI)
- PRF = Inverse of the PRI (f,).

__ b _1 (1.2)
" PRI T
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Range Ambiguity

- Radar transmitting duty cycle (factor)d, is defined,

- Radar average transmitted power is P =Pxd,

- Pulse energy is

EP:})IT:PavT:})aV/f;

d=t/T

- Unambiguous Range R, . : Range corresponding to the two-way time delay T,

h: T c
t =10 I=1/fr Ru:C—:—
PRI _
transmitted pulses "EI pulse 1 —| pulse 2 time or range
i
5] oo
echol echo 2 time orrange
received pulses —
R = c A
R At
-~
Ru
- L

R,

< Range ambiguity >
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Example 1.1

EXI1.1) A airborne pulsed radar has peak power P=10KW, and uses two
PRF f ,=10KHz, f,,= 30KHz, What are the required pulse width so
that P, =1500W? And compute pulse energy.

Sol) d =29 o5

‘" 10x10°

The pulse repetition interval are

1

T 10x10°
1

" 30x10°
7, =0.15xT, =15us
7, =0.15xT, =5us

=0.1ms

1

=0.0333ms

2

E, =Pr, =10x10°x15x107° =0.15J
E,, =P7,=10x10"x5x10" =0.05J
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Range Resolution

- Range resolution AR, is radar metric that describes its ability to detect
target in close proximity to each other as distinct objects.

- The distance between minimum range R, . and maximum range R
is divided into M range bin, each of AR,

. resolved in cross range (azimuth)

M = Rmax _Rmin (16)
AR
Cluster 2 """,
A [ I |§: I@.\}l [
cross range ﬂ | : 4y < Resolving targets in range and cross range >
B R T
range | : “ q;-l | * target within the same range bin can be
Cluster 1 ®

I
| | I

Cluster 3

\ o

- Two target located at range R1 and R2, the difference those two ranges as AR

(t,—t) O
AR=R,-R, = . d
= (1.7)
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Range Resolution

— Two targets are separated by cz/4

R, R,
incident pulse B s -
- _.._b
T
. : 4 (a)
return o return
reflectedﬁlse_ (ot k\\\ o2
tat] tgt2 + shaded area has returns !
- 3 > . , from both targets :
ECT “““““““““
AR should be greater or equal to
cr/2
— Two targets are separated by cz/2
R, R, ct ¢

AR="=—"
o 2 2B

| 2 o 1 1dth

reflected pulses return ‘ return Narrow puise widt

tgtl tgt2 . .
T T =>» Fine Resolution
"" "'i" > tgtl tgt2
=>» Reduce Avg Power

(a) Two unresolved targets. (b) Two resolved targe =» Pulse Compression
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Example 1.2

EX 1.2) unambiguous range of 100 km, and a bandwidth 0.5Mhz,
Compute the required PRF, PRI, AR, and 7 .

Sol)
8
prF =5 =219 1500
2r,  2x10
1 1
PRI = = =0.6667 ms
PRF 1500
8
AR — c _ 3x10 6:300m
2B 2x0.5x10
z__2AR_2><300_2
¢ 3x100
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Doppler Effect of Target Motion

- Doppler frequency to extract target radial velocity (range rate)

and to distinguish between moving and stationary targets (MTI)

A Ao .
/ closing target
_ I\ %@ - A closing target will cause the
j h A YA reflected equiphase wavefronts
radar
QRN to get closer to each other.
(smaller wavelength)
A 7N s
/' \/ opening target . .
o [ - An opening target will cause the
<
; VA reflected equiphase wavefronts
radar \
R to expand. (larger wavelength)

= incident
reflected —-— — — —

< Effect of target motion on the reflected equiphase waveforms >
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Doppler Frequency Derivation (1)

trailing leading
edge edge
—— at time
incident pulse | qg— S =CT | 3 r=1,
E—
d_.
-
, : at time
reflected pulse | L=ct I=<58 t = ty+ At
- —
leading trailing
edge edge
! c+v 20 19
Ja=to—fo=———h~So=— /o (1.25)
cC—U C—U
20 20
fdz_f()zj (Oov<<c c=4f,) (1.26)
C

KEES Radar Society 2004 National Radar Workshop & Tutorial



Doppler Frequency Derivation (2)

< Closing target with velocity v >
- the range to the target at any time ¢ , R(t)
R(t) =R, - z)(t — tO) (1.27) R, :therange at time ¢, (time reference)

- the signal received by the radar x,(¢)
x,(t)=x(t—w(2)) (1.28)  x(¢): transmitted signal

l//(t)zz(RO—vt+vto) (1.29)
C
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Doppler Frequency Derivation (2)

- substituting Eq.(1.29) into Eq.(1.28)

X, (t) = x((l + 2—0} — woj (1.30) ¥, : constant phase
C
v, =20 20, (1.31)
C C
- compression or scaling factor 7
2
y=1+ 7” (1.32)
- using Eq.(1.32), rewrite Eq.(1.30)
x(t)=x(y—w,) (1.33)

* a time-compressed version of the returned signal from a stationary target
* based on the scaling property of the Fourier transform
— the spectrum of the received signal will be expanded in frequency
by a factor of }
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Doppler Frequency Derivation (2)

- consider the special case

x(¢)= y(t)cos wyt (1.34)

w, : radar center frequency in radians per second

e received signal x (¢)

x,(t)= y(t —w, )cos(myt — ) (1.35)

* Fourier transform of Eq.(1.35)

Xr(w):zly(y(;"—wo}ry(;‘ﬁrwon (1.36)

KEES Radar Society 2004 National Radar Workshop & Tutorial



Doppler Frequency Derivation (2)

- where for simplicity the effects of the constant phase ¥,have been ignored
- band pass spectrum — centered at sinstead of w,
- difference between the two values incurred due to the target motion

Wy = Wo =MW (137) «— y=1+@, w=2nf
C
f=2r =27” (1.38) —— same as Eq.(1.26)
C

- for a receding target the Doppler shift [, =—20/4
A

-
_—

amplitude
amplitude

Ja '¢ _,| fa  —
S > >
Jo frequency Jfo frequency
closing target receding target

< Spectra of radar received signal >
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Doppler Frequency Effect

- Doppler frequency depends on radial velocity

A ~*
| NV
% o L N
4@ @%@ o %
tgtl tgt2 tgt3

< Targetl generates zero Doppler. Target2 generates maximum Doppler. Target3 is in-between >

- General expression for /.

1, Zi—UCOSQ (1.39)

cosf =cosd, cosl,

0, : elvation angle

for an opening target ~  0,:azimuth angle

f, = _2_0 cos @ (1.40) < Radial velocity is proportional to

the azimuth and elevation angles >
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Example 1.3

- Compute the Doppler frequency measured by the radar shown in the figure

A = 0.03m ]
.- Viarger = 175 m/sec
I -
@}%_.} _____ __ _lineofsight {.1%@ _
STl ) target
EE—— _
V,adar = 250 m/sec B
250+175
f,=2 ( ) 28 3KH:
0.03

Similarly, if the target were opening the Doppler frequency is

_2(250—175)

= =5KHz
Ja 0.03
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MATLAB Function “doppler_freq.m”

£, - tdr|= doppler _ freq( freq,ang,tv,indicator)

Symbol Description Units Status
freq radar operating frequency Hz input
ang aspect angle degrees input

tv target velocity m/sec input
indicator [ for closing target, O otherwise none input
fd Doppler frequency Hz output
tdr time dilation factor ratio T’/ T none guIpus

1.freq =10GHz,ang =0°,tv=175m/ s,indicator =1
Output = tdr = 0.99999883333401

2.freq =10GHz,ang =0°,tv =175m/ s,indicator =0
Output - tdr = 1.00000116666735
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Coherence — Continuity of Phase

- COHERENT
* the phase of any two transmitted pulse is consistent (Fig .a)

e to maintain an integer multiple of wavelengths between the equiphase
wavefront (Fig .b) using STALO

- COHERENT-ON-RECEIVER (or quasi-coherent)
« stores a record of the phase of transmitted phase

AN ANN—ANN—

(a) Phase continuity between consecutive pulses.

pulse n+1 pu}se n

d1stance

(b)

(b) Maintaining an integer multiple of wavelengths between the
equiphase wavefronts of any two successive pulses
guarantees coherency.
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Doppler Frequency Extraction

- coherence : refer to extract the received signal phase
- only coherent or coherent-on-receiver radars — extract Doppler inform.

I = L1¢(t) (1.14) /, :instantaneous frequency
2 dt

go(t) : signal phase
Ex) signal
x(t)=cos(pm,t —p,) (1.42) y :scaling factor

@, : constant phase

1 =%, (1.43) <« w,=2xaf,
fl.:y(1+2—uj:f0+270 (144) <« c=if
C
E Doppler shift
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Radar System Parameters

- Frequency ( 1) - Scan Coverage

- Detection Range( R ) - Scan Rate

- PRF (Pulse Repetition Frequency) - Antenna Beam Width (©;)

- Pulse Width (1) - Antenna Gain ( G )

- System Bandwidth ( B, ) - Receiver Noise Figure ( F,)

- Range Resolution( AR ) - RCS (Radar Cross Section, O)
- Peak Power ( P,) - Prob of False Alarm ( Py, )

- Max Average Power (P, ) - Prob. of Detection ( Py, )

1/4

[ P.G*XoT, f t
(47)°(SNR) kT F L
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Radar Equation — Derivation

(1) peak power density (p ) 1n case of omni antenna

P :
P, = eak transmitted power watzts (1.45)
area of a sphere

P

_ t
A7R*

(1.46) (assuming a losses propagation medium)

- case of directional antenna

2
A4, = Cf (1.47) A,:ant. effective aperture  G. ant. gain
T
A,=pA (1.48) 0<p<lI PO : aperture efficiency

p=0.7
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Power Density at R

(3) power density P, (distant R, antenna gain G )

PG
P, =— 1.49
P 4nR? ( )
- the radar radiated energy impinges on a target
— the amount of the radiated energy is proportional to target RCS

(4) RCS (Radar Cross Section)
: defined as the ratio of the power reflected back to the radar to the
power density incident on the target

P
o=—"m (1.50) P :reflected power
D
(5) total power delivered to the radar signal processor by the ant.
2
p, =199 4 (151 e 4=
(47R? Y 4r
PG* 2o
=t 1.52
wopr U

KEES Radar Society 2004 National Radar Workshop & Tutorial



Radar Range Equation

~
|

PG* Ao 14

647T)3éimh1_

O 47
G:
HEHA
A _
0= 7p, » 9=,

CGe 47D Dy _ 4r A,
' A2 A2

p PG, 0Ag

* (4)R*
= K4RO- where K = PTGTzAE
R'L, (47)° Lg

L¢ =radar system loss

L, = propagation path loss

KEES Radar Society
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Maximum Radar Range = MDS

(6) maximum radar range R__

200 \Va
R = ((ZtG){Z o j (1.53)
T min

S . :minimum detectable siganl power

* in order to double the radar maximum range — P sixteen times
— A, four times
(7) In practical, the returned signal received corrupted with noise
* noise : random, described by Power Spectral Density function
* noise power N

N = Noise PSD x B (1.54) B:radar operating bandwidth

* input noise power to a lossless ant.
N.=kT.B (1.55) k:1.38x107*joule/degree Kelvin (Boltzman's constant)

T, : effective noise temperature in degree Kelvin
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Radar Equation with SNR

(8) noise figure(F) : the fidelity of a radar receiver is described by a figure of
merit (

SNR)Z _ Si /Nl

(SNR),  S,/N,
(SNR),,(SNR),: signal to noise ratio (SNR) at input and output of the receiver
- Eq.(1.55) rearranging

(1.56)

S. = kT .BF(SNR), (1.57)
S = kT,BF(SNR), (1.58) (SNR), - PG 2o
- substituting Eq.(1.58) into Eq.(1.53) ° (471-)3 /(];BFLR4
1/4
R = Pthfo' (1.59) Radar losses
="\ @nyrzr(se),_ |
PG’ X0
SNR) = t 1.60
(SNR), (47) kT, BFR* (1.60)
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Example 1.4

- A certain C-band radar with the following parameters:
Peak power P, =1.5MW , operating frequency f, = 5.6GHz, antenna gain G = 45dB,

effective temperature 7, = 290K, pulse width 7 = 0.2 4 sec.
The radar threshold is (SNR)

Compute the maximum range.

= 20dB. Assume target cross section ¢ = 0.1m”.

min

1 1

solution : the radar bandwidthis B=—=————=5MHz
7 02x10
: 10°
the wavelenthis 1=- = 3x10 5 =0.054m
fo  5.6x10
(R*) =P +G*+ 1> +o—(4x) —kT,B—F —(SNR), )
P 2 | 6> |kt | (4n) | F [(SMR), | @
61.761 | —25.421 90dB |[-136.987| 32.976 3dB 20dB -10

R*=61.761+90-25.352-10-32.976+136.987 —3-20=197.420dB

R4 — 10197.420/10 — 55208X 1018m4
R =86.199km
The maximum detection range is 8§6.2 Km
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MATLAB Function “radar_eqg.m”

[out _ par] =radar _eq(pt, freq, g,sigma,te,b,nf ,loss,input _par,option
,res _deltal,res delta2, pt  percentl, pt  percent2)

Symbol Description Units Status
pt peak power KW input

freg frequency Hz input

g antenna gain dB input
sigma target cross section m? input

te effective temperature Kelvin input

b bandwidth Hz input

nf noise figure dB input

loss radar losses dB input
input_par SNR, or R . dB, or Km input
aprion 1 means input_par = SNR none input

2 means input_par = R
res_delral res deltal (sigma - deltal) dB input
res_delta? res delta?2 (sigma + delta2) dB input
pt_percentl pt * pt_percentl % none input
pit_percent2 pt * pt_percent2% none input
out_par R for option = 1 Km, or dB output
SNR for aption = 2
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MATLAB Function “radar_eqg.m”

< gaak pcm'arE‘i 8dB, defaull RC5=-10dBsm, RCS-delta2=-20dBsm, RCE+deltal=-5dBsm »

I 1 | ] 1 1

% —_— default RCE
g MW —— RCS-deha2 |
- — — RCS+deltal
= e .
£ 150 ~ option 1
g 100 )
S " default RCS :0.1m
50
£ deltal : 5dB
E L ] I i 1 | | |
2 0 12 14 16 S15: mdmﬁz . 4 % B/ B delta? - 104B
yE. < RCS=-10dBsm, defauv]p e u'r;?t-.rc:ernt‘iE Lpt-%! EcﬂﬂE! percent2*pt=E4 BdB>
EDIEE I ¥ F ¥ 1 1
g S — default power .
- — percentt®ot | default Power :1.5MW
§ —— percentZpt percentl: 0.5
T 100
3 percent? 2
e %0
£
= ‘0 2 14 16 18 20 2 24 B B I

Minimurn SNR required for detection - dB
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MATLAB Function “radar_eqg.m”

< peak power=61.8dB, default RCS=-10dBsm, RCS-deltal=-15dBsm, RCD-delta2=-20dBsm >
E-D T T T T T T T

s

40

SNR - dB

30r

L

— default RCS
— RCS-deltal
- RCS-deltaZ

20
10 1

< RCS=-10d
70

2 14 16 18
Bsm, default pmgﬁeﬁg"

20 22

24

% 28

30

=58 8dB, percent2*pt=64 848 >

B0

50

oMR - dB

40

— default power
— percent]™pt
— percent2*pt

30
10 1

18 a0 2
Detection range - Km

option 2

default RCS :0.1m"
deltal : 5dB

delta?2 :10dB

default Power :1.5MW
percentl : 0.5
percent?2 2
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Low PRF Radar Equation

Parameters

P = Pd, :Average transmitted power

d =% : Transmission duty factor

d ==1-1f, (1.62) : Receiving duty factor

for low PRF radars (T>>7) receiving duty factoris d, = 1.

I = ’}—p =>n,=TF, (1.63) : Time on target = Dwell Time
n, : number of pulses that strikes the target

f. :radar PRF
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Low PRF Radar Equation

-Single pulse radar equation

P 22{2
(SNR), = — LG40
(47)" R kT BFL
-Integrated pulses
PG’ Xon
(SNR), = TR £
" (4rx) R°kT,BFL

-Using Eq.(1.63) and B=1/T
PG*XVoT
(SNR) =G AoL)T

» (4n)’ R*kT FL

(1.64)

(1.65)

(1.66)
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MATLAB “lprf req.m”

-The function “Iprf req.m” computes (SNR),,,.

-Plot SNR vs range for three sets of coherently integrated pulses

Symbol Description Units Status
pt peak power KW input
freq frequency Hz input

g antenna gain dB input
sigma target cross section m? input
te effective temperature Kelvin input

b bandwidth H; input

nf noise figure dB input
loss radar losses dB input
range target range Km input
prf PRF H: input
np number of pulses none input
npl choice 1 for np none input
np2 choice 2 for np none input
res_delta res deltal (sigma - delta) dB input
pt_percent pt * pt_percent% none input
snr_out SNR dB output

SMR - dB

70

]

a0

40

a0

20

10

-10
0

< peak power=61.8dB, RCS=-10dBsm, np=1, np1=10 , np2=100 =

— np1

— np2 ]

alll

|
100

| |
150 200
Range - Km

|
250

|
300

|
350

400

KEES Radar Society

2004 National Radar Workshop & Tutorial



MATLAB “lprf req.m”

- Plot of SNR vs number of coherently integrated pulses for two choices of
the default RCS and Peak power

oy

SNR - dB

30
 — default HCS
a0k —— RC5-delta _
10 —
|:| = -
_1':' 1 1 1 1 1 1 1 1 1
] S0 100 150 200 250 300 350 400 450 S00

SNR - dB

peak pnwer—51 gdB, range =250km, default RCS=-10dbsm , RCS-delta=-20dBsm =

= RCS=-10dEsm, rgdnugrghﬁéaﬂcnh e aulliy;:lg:[n? é%dﬁ%ﬂs pt*percent B4 5dB =

A0
— default pnwer
30 F —— pt ™ percent 4
20 .
10 .
D 1 1 1 1 1 1 1 1 1
O 50 100 150 200 250 300 350 400 450 S00

Fumber of coherently integrated pulses

- Integrating a limited number of pulses can significantly enhance the SNR;
however, integrating large amount of pulses does not provide any further

major improvement.
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High PRF Radar Equation

-Single pulse radar equation for a high PRF Radar

PG Pod;
(47)’ R*kT BFLd,

(1.67)

—-d.~d =7vf B=1/T

AR — PG Aot f,T (1.68)
(47)’ R*kT FL

- finally
PG XoT (1.69)

SNR = —«~ 2~
(47)° R*kT FL
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MATLAB “hprf _reg.m”

- Plot of SNR vs range for three duty cycle choices

Symbol Deseription Units Status
pt peak power KW input
freq frequency Hz input
g anfenna gain dB input
sigma target cross section m? input
dt duty cycle none input

fi time on target seconds input
range target range Km input
te effective temperature Kelvin input
nf noise figure dB input
loss radar losses dB input
prf PRF Hz input
tau pulse width seconds input
dtl duty cycle choice 1 none input
dar2 duty cycle choice 2 none input
ShIr_out SNR dB output

ShR - dB

40

3h

< pav=44.8dB(dt=0.3), pav10=37dB(dt1=0.05), pav20=43dB(di2=0.2) >

T T T T T T T T
: : : : : : |t
N N N . N . N — it
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Example 1.5

- Compute the single pulse SNR for a high PRF radar with the following
Parameters: peak power P,=100KW, antenna gain G=20dB, operating frequency
f,=5.6GHz, losses L=8dB, noise figure F=5dB, effective temperature T,=400K,

dwell interval T;=2s, duty factor dt=0.3. The range of interest is R=50Km.
Assume target RCS 0=0.01m?.

(SNR) , =(P,+G*+ XV +0+T —(4n)’ -R*-kT-F-1L),

solution

(SNR) ,, =44.771+40-25.42-20+3.01-32.976+202.581
—187.959-5-8=11.006dB
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Surveillance Radar Equation

- Surveillance or search radars continuously scan a specified volume in space
searching for targets.

- 2D Radar =» (a): fan search pattern , (b): stacked search pattern

s T T

elevation
azimuth

(a) (b)

(a) pattern radar = steered in azimuth.
(b) pattern radar = steered in azimuth and elevation.
(employed by phased array radar)
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Surveillance Radar Equation

- Search volume : search solid angle &
- Antenna 3dB beam width : 8, and &,

antenna
beam width

-number of antenna beam position (Ng)

Q Q E ‘ X volume
n = = T ) e -
=00, 0" (1.70)
- for a circular aperture of diameter D < A cut in space showing the antenna
A beam width and the search volume >

- when aperture tapering is used, 6, , =1.25/D
Substituting Eq.(1.71) into Eq.(1.70)

n,=—0 (1.72)
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Surveillance Radar Equation

- Time on target (expressed in terms of 7 :scan time)

2
T, = L = TSCZ/I T.. :Scan time (1.73)
n, D"Q
- Search Radar Equation
P.G°XoT X
_ avSG 2 (1.74)
(47)" R kT, FLD"Q
- using Eq.(1.47) in Eq.(1.74)
SNR = P"ZAGZ;C A= rD?/4 (aperture area) (1.75)
16R" kT, LF()

- Power aperture product : Fo 4

- Computed to meet predetermined SNR and RCS for a given search volume
defined by *2
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Example 1.6

- Compute the power aperture product for an X-band radar

Parameter => SNR = 15dB; L=8dB; T,=900 degree Kelvin; =2° T ,=2.5sec;
F=5dB. Assume a -10dBsm target cross section, and R=250Km.

Compute the Peak transmitted power corresponding to 30% duty factor, if the
antenna gain 1s 45dB.

Solution: Solid angle coverage : Q) = L. —29.132dB

(57.23)
(SNR) , =(P,, + A+0c+T_, ~16—R*—kT.-L-F -Q) ,
15=P, +A4-10+3.979-12.041-215.918+199.054-5—-8+29.133
power aperture product : P+ A=33.793dB

radar wavelength : 2 =0.03m

2
A= 3’1 =3.550dB; = P, =-A+33.793=30.243dB=10>"% =1057.548W
T
P= I;W _1057588 _ 3 5516k

t
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MATLAB “power_aperture eqg.m”

-Plots of peak power vs. aperture area and the power aperture product vs. range

Symbol Description Units Status
snr sensitivity snr dB input
freq frequency Hz input
isc scan time seconds input
sigma target cross section m? input
dt duty cycle none input
range larget range Km input
te effective temperature Kelvin input
nf noise figure dB input
loss radar losses dB input
az_angle search volume azimuth extent degrees input
el_angle | search volume elevation extent degrees input
g antenna gain dB input
res_deltal res delta 1 (sigma - deltal) dB input
res_delta? res delta? (sigma + delta2) dB input
ap power aperture product dB output
aperture antenna aperture m? output
pt peak power KW output
pav average power KW output

Power aperture product - dB

Peak power - K

B0

a0

40

30

< RCS =-10dBsm, RCS+deltal = 0dBsm, RCS-delta2 = -20dBsm =

— default RCS 4
— RCE-deltaZ
—— RCES+deltal

1 1 1 1 1 1 1 1
100 180 200 280 300 350 400 450 a0
Range - Kim

10 15 20 25 30 35 40 45 50
Aperture in squared meters
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Radar Equation with Jamming

m| ECM (Electronic Countermeasure)

—> chaff, radar decoys, radar RCS alteration, and radar jamming

m Jammers

1) Barrage jammers
: Attempt to increase the noise level across the entire radar operating BW.
Can be deployed in the main beam or in side lobes of the radar antenna.
2) Deceptive jammers (repeaters)
: Carry receiving devices on board in order to analyze the radar’s transmission,
and then send back false target-like signals in order to confuse the radar.
(1) spot noise repeaters — measures the transmitted radar signal BW and then
jams only a specific range of frequencies.
(2) deceptive repeaters — sends back altered signals that make the target
appear in some false position (ghosts).
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Self-Screen Jammers (SSJ)

- Escort jammers can also be treated as SSJs if they appear at the same range
as that of the targets.

- Single pulse power received by radar at R

PG’ Ao
P ="
" (4r)’R'L (1.76)
- Received Power from an SSJ jammer at R
PG, AB
P —_JJ
SSJ 47Z'R2 BJLJ (177)
- Substituting Eq.(1.47) into Eq.(1.77)
2
PG, G B (1.78)

' 47R* Az B,L,
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Self-Screen Jammers (SSJ)

- Radar Eq. for a SSJ case

S  PGoB)L,
S., 47P,G,R°BL

(1.79)

- ratio S/Sgq; 18 less than unity since the jamming power is greater than the
target signal power.

- as the target becomes closer to the radar, there will be a certain range such
that the ratio S/Sqq; 1s equal to unity. This range is the crossover or burn-
through range.

1/2
HGAB,L, j (1.80)

R =
( CO)SSJ (47ZPJGJBL

R, : crossover range
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MATLAB “ssj req.m”

- calculates the crossover range and generates plots of relative S and Sq;

versus range and generates plots of relative S and Sqgy

Symbol Description Units Status
pt radar peak power Kw input

g radar antenna gain dB input
sigma target cross section m? input
freg radar operating frequency H; input
b radar operating bandwidth Hz input
loss radar losses dB input
Dj Jjammer peak power KW input

bj jammer bandwidth Hz input

g jammer antenna gain dB input
lossj Jjammer losses dB input
BR_range burn-through range Km output

Relative signal ar jamming amplitude - dB

40

20

D0 e
)

B0 -k

............
|||||

[y '
"""""""""

b0 — Target echo |
':EEE—SSJ |

..............
|||||

..............

1°

10"

10°

Hange normalized 1o crossover range
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Stand-Off Jammer (SOJ)

- SOJ emit ECM signals from long ranges which are beyond the defense’s

lethal capability. Received power from an SOJ jammer at range R; is

_PG, ¥G' B

P, = 1.81
¥ 47R? 4n B,L, (1.8
- SOJ Radar equation is
S  PG’RoB,L
= ! ’ L/ =§=8,) (1.82)
S, 47P,G,G'R*BL
PG'RB,L, )
Rep)soy =| Atz 1.83
(Reo)sas ( 47[PJGJG,BL] (1.83)
- Detection range i1s
RD — (Rco)SOJ (184)

(S /S50, )min

where (S/Sq;),.;, = min.value of the signal —to— jammer power ratio

min

such that target detection can occur.
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Range Reduction Factor

- Consider a radar system whose detection range R in the absence of jamming,

_ PG*%o
(47)’ kT BFLR*

(SNR), (1.85)

- Range Reduction Factor (RRF) refers to the reduction in the radar
detection range due to jamming. In the presence of jamming the effective

detection range is,

R, = Rx RRF (1.86)

- Jammer power 1n the radar receiver is,

P, =J B=kI,B (1.87)
where J, = output power spectral density of barrage jammer

T, = jammer effective temperature
- Total jammer plus noise power in the radar receiver is

N.+P, =kT.B+kT,B (1.88)
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Range Reduction Factor

- The radar detection range 1s limited by the receiver signal-to-noise plus

interference ratio rather than SNR.

212
S |- 3 FG Ao . (1.89)
Py, +N ) (47Vk(T,+T,)BFLR

- The amount of reduction in the signal-to-noise plus interference ratio because

of the jammer effect can be computed from the difference between Eqs.(1.85)
and (1.89)

y =10.0x% log[l + %j (dBs) (1.90)
- The RRF 1s
-7
RRF =104 (1.91)
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Range Reduction Factor

The function “range red fac.m’ implements Eqs.(1.90) and (1.91)

Symbol Description Units Status
te radar effective temperature K input
pj jammer peak power KW input
gj jammer antenna gain dB input
g radar antenna gain on jammer dB input
freq radar operating frequency Hz input
bj Jjammer bandwidth Hz input
rangej radar to jammer range Km input
loss] Jjammer losses dB input
te o/ a/ a freq bj rangej loss/
730K 150KW 3dB 40d8B 10GHz TMHz 40Km 1dB
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MATLAB Function “range_red _fac.m”

Range reduction factor

0.25

0.2

0.15

0.1

0.05

0 ' — -1
10 10
WWavelength in meters

< Range reduction factor versus

radar operating wavelength >

10

Range reduction factor

0.032

0.03

0.025

0.026

0.024

0.022

0.02

0.018

0.016

0.014

0.012

200 400 500 500 1000 1200 1400 1600

Radar to jammer range - Km

< Range reduction factor versus

radar to jammer range>
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Bi-static Radar Equation

- Monostatic radar : use the same ant. for both transmitting and receiving.

- Bi-static radar : use transmit and receive ant. placed in different locations.

target

A synchronization link
—> extract maximum target

information at Rx

receiver

i <Bistatic radar geometry>

- Bistatic radar = measured bistatic RCS(0p)
Casel. small bistatic angle -> Dbistatic RCS = monostatic RCS
Case2. bistatic angle approaches 180° - bistatic RCS becomes large and

approximated by - _And?
LR

max 12
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Bistatic Radar Equation

(1) The power density at the target is

_ b6,

) T
o 47R’

(1.93)

(2) The effective power scattered off a target with bistatic RCS 0Oy 1s
P'=P,o, (1.94)
(3) The power density at the receiver ant. is

P - P’ _boy
" AnR? 4R’

(1.93)

where R, =range from the radar transmitter to the target

R.=range from the target to the receiver

P.o PGo
=y = (1.96)
47R°  (47) R'R:
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Bistatic Radar Equation

(4) The total power delivered to the signal processor by a recetver ant. with A,

— })thGB Ae
(47) R°R

(1.97)

Dr

Sudstituting (G, A°/4r) for A, yields
_ PGG X0,
Y (4x)'R’R’

(1.98)

(5) when transmitter and receiver losses, L, and L, ,are taken into
consideration, the bi-static radar equation i1s

_ PGG Aoy
” (47 R’R’LL L

t7r—p

(1.99)

where L =medium propagation loss
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Radar Losses

m| Radar Losses
- Receiver SNR o< (1 /losses)
- Losses increase = drop in SNR = decreasing the probability of detection.

(1) Transmit and Receive Losses (typically, 1 to 2 dBs)
- Occur between the radar Tx and ant. Input port and between the ant.

output port and receiver front end. = often called plumbing losses

(2) Antenna Pattern Loss and Scan LossS
- Radar equation assumed maximum ant. gain.
—> target is located along the ant. boresight axis.
- The loss in the SNR due to not having max. ant. gain on the target at all
time 1s called ant. pattern (shape) loss.
- Consider a sinx/x ant. radiation pattern (next page), average ant. gain over

#+6&/2. about the boresight axis is = next page!!
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Atmospheric & Collapsing Losses

(3) Atmospheric Loss

- Atmospheric attenuation is a function of the radar operating frequency, target

range, and elevation angle. Atmospheric attenuation can be as high as a few dBs.
(4) Collapsing loss
- When the number of integrated returned noise pulses is larger than the target

returned pulses, a drop in the SNR occurs. The collapsing loss factor is

n+m
P =

(1.102)
n

where n =the number of pulses containing
both signal and noise

m = the number of pulses containing noise only.

< Illustration of collapsing loss. Noise source

In cells 1,2,4, and 5 converge to increase

the noise level in cell3>
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Processing Losses

(5) Processing Losses
a. Detector Approximation :

- The output voltage signal of a radar receiver (linear detector) is

v(t) = \/ vy (t)+ Vé () where (v;,v,) =in— phase and quadrature components.

- For a radar using a square law detector,

VA(t) = v () + vy (1)

- Since 1n real hardware the operation of squares and square roots are
time consuming, many algorithms have been developed for detector

approximation.=> typically 0.5 to 1 dB
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CFAR Losses

b. Constant False Alarm Rate (CFAR) Losses
- Radar detection threshold 1s constantly adjusted as a function of the
receiver noise level
—> maintain a constant false alarm rate.
- CFAR processor : keep the number of false alarms under control in a
changing and unknown background of interference.
- CFAR processing can cause a loss in the SNR level on the order of 1dB.

- Adaptive CFAR / Nonparametric CFAR / Nonlinear receiver techniques.
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Quantization Loss & Range Gate Straddle

c. Quantization Loss
- Finite word length (number of bits) and quantization noise cause and
increase in the noise power density at the output of the ADC.

- A/D noise level is q*/12  ( q :quantization level)

d. Range gate straddle
- Radar receiver 1s mechanized as a series of contiguous range gate.
- Each range gate 1s implemented as an integrator matched to the Tx
pulse width.
- The smoothed target return envelope is normally straddled to cover more

than one range gate.
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Doppler Filter Straddle

e. Doppler Filter Straddle
- Doppler filter spectrum is spread (widened) due to weighting functions.
- The target doppler freq. can fall anywhere between two doppler filters,

signal loss occurs.

effective fop = cross+ver frequency
bandwidth

/4/ l\\i = cut off frequency

HHHHH

| X X IX! [ : { .flrfquency
fl
(‘ 1
-fl’..‘ﬂ
Doppler filters before windowing
crossover frequency = f.

effective cutoff frequency = f,,
bandwidth quency =

. ' < due to weighting, the crossover freq. f. is

! '/ frequency smaller than the filter cutoff freq. f, which

: >
£ Je normally corresponds to the 3dB power point >

Doppler filters after windowing
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MATLAB Program and Function

Matlab-based Source Code : www.crcpress.com
1.1 pulse train
1.2 range resolution
1.3 doppler frequency
1.4 radar equation
1.5 LPRF radar equation
1.6 HPRF radar equation
1.7power-aperture radar equation
1.8 SSJ radar equation
1.9 SOJ radar equation

1.10 range reduction factor
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