T™ 86-1 TP

3ec4nica/ Memoranc/um

-

DERIVATION OF THE RADAR RANGE EQUATION
FOR A PULSE-DOPPLER RADAR WITH
RANGE AND VELOCITY GATING AND
COHERENT AND NONCOHERENT PULSE INTEGRATION

by

\ Dr. George Masters

AD-A170 354

U.S. Naval Test Pilot School

27 June 1986 D l IC

ELECTE
JUL 30 986

B

Approved for public release; distribution unlimited.

NAVAL AIR TEST CENTER
PATUXENT RIVER, MARYLAND

S X ¢

...... T e N LT T T A
ST e S e R R PR e Tt L AL S S
. . - P . - - - - - "= e " . - .. M T ~ -

‘ ST e e e MO AR AP T A

. « .
AT A -, - e L A \ LRSS A
AV PNAPRWN. 8, PR A AJ':A._(A_{:.'(. AR AV WAL e AT




e S Tl wt e e T T

et Sl LA 8 e B an A g ane ate - ue- ot ) AR St e nili e ol iR gt i it
AR S S A S A R A A A e A AR A A N A S A AR

PR
X

DEPARTMENT OF THE NAVY
NAVAL AIR TEST CENTER
PATUXENT RIVER, MARYLAND 20670-5304

T™M 86-1 TP
27 June 1986

The application of advanced radar signal processing techniques to the detection of airborne
moving targets is of increasing importance in air warfare. Several test programs at
NAVAIRTESTCEN, both current and planned, are concerned with the evaluation of radar
systems which utilize such advanced techniques. In order to facilitate the analysis of such
systems at NAVAIRTESTCEN, this technical memorandum sets forth the manner in which
factors accounting for the more common techniques may be incorporated into the radar

range equation.

ﬁ K. READY
ommander,

aval Air Test Center
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SUMMARY

The radar range equation is employed in test planning to predict the probability of target
detection for a given set of test conditions (target parameters, range, velocity, aspect angle,
radar parameters, etc.). This technical memorandum documents the detailed development of
the radar range equation including the effects of range gating, velocity gating, and both
predetection and postdetection pulse integration.
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THE BASIC RADAR RANGE EQUATION

Al B B Pl

The radar range equation may be written in a form expressing the signal-to-noise ratio
expected for a given set of radar and target parameters. In the following development. an
expression is derived for the signal-to-noise ratio to be expected when several modern signal
. processing techniques are employed. The development begins with the range equation for a \
basic, pulsed radar, and neglects propagation absorption and scattering losses. \

The radar equation for a pulsed radar without pulse integration and without range or )
velocity gating may be written:
A
PaGa®)lo )
(S/N)o = o
(4m3d{LsoNgR? ;
where: S
(§/N}s = Signal-to-Noise Ratio at Target Detection Filter (n.d.) !
Py = Average Power at Transmitter Output {W) A
Ga = Transmit/Receive Antenna Gain (n.d.) {
A = Carrier Wavelength (m) y
o = Target Radar Cross Section (m?) 3
dy = Transmitter Duty Cycle (n.d.) = Tpfy b
1, = Transmitted Pulse Width (sec)
fr = Pulse Repetition Frequency (Hz)
Lgo = Total System Losses Except for Those Associated with Gating and Pulse
Integration (n.d.)
Ng = Total Internal System Noise (W)
Ry = Range to the Target (m)

The system loss for the basic pulse radar is given by the equation:

Lgo = chdeerLda

where:
Lso = System Loss Factor (n.d.)
L¢ = One-Way Cable Loss (n.d.)
Ldx = Duplexer Loss (n.d.)
L, = Receiver Loss (n.d.)
Lda = Detection Algorithm Loss (n.d.)

The system noise, for a system dominated by internal noise, is given by the equation:

Ng = kToBifFn

. where: )
Ng = System Noise (W)
k - Boltzmann's Constant (W-sec/deg)
T, - Standard Reference Temperature = 290°K
Big - Intermediate Frequency Bandwidth (Hz) = 1/%p
Fn - Effective Receiver Noise Figure (n.d.)
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PREDETECTION PULSE INTEGRATION

When predetection (coherent) pulse integration is employed, the signal-to-noise ratio is
increased, except for processing losses, by a factor equal to the number of pulses coherently
integrated. Nj. Thus:

(S/N) = (S/N)o(Nci/Lgj) = (S/N)o(frTs/Lci)
wheres

(S/N}, - Signal-to-Noise Ratio of Basic Pulse Radar (n.d.)
($/NVo = PaGa®2%g/(4m3diLeoNR ¢+

ty = Pulse Repetition Frequency (Hz)

T, - Coherent {Predetection) Integration Sampling (Integration) Time (sec)
Lei = Losses Associated with Coherent Pulse Integration (n.d.)

Lo < LgLq (n.d.)

Ly = Sampling Loss (n.d.)

Lq - Quantization Loss (n.d.)

N = Number of Pulses Coherently Integrated (n.d.)

POSTDETECTION PULSE INTEGRATION

When postdetection (noncoherent) pulse integration is employed, the signal-to-noise ratio is
increased. except for processing losses, (L'nci)s by a factor equal to the number of pulses
tsamples) noncoherently integrated, Npcj. times the noncoherent integration efficiency
tactor, Eqeje Thus:

(S/N) = (S/N)5(NpciEnci/L'nci) = (S/N)olfsTnci/Lnci
Ors

(S/N) = (§/N)g(Tpci/TsLnci)

where:
fq = Predetection Sampling Frequency (Hz)
T, = Predetection Sampling Period (sec)
Thei = Noncoherent Integration Time (sec)
Lnci = Losses Associated with Noncoherent Integration, Including Efficiency Factor
: (n.d.)
- Lnci -~ (Npei)0+2 = (£5Tpci)0+2 (n.d.)
.:_-::: Nnci : Number of Samples Noncoherently Integrated (n.d.)
Cas
'C'j When both predetection (coherent) and postdetection (noncoherent) pulse integration are
R employed. the radar equation becomes:
o
: (S/N) = (S/N)o(fpTnci/Leilnei)
o~
o
>
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h RANGE GATING

When range gating is employed, two effects change the signal-to-noise ratio: range gate
eclipsing and range gate noise reduction. The effect of range gate eclipsing is to reduce the
. target return signal-to-noise ratio by losing that part of the return signal not within the
: range gate. The effect of range gate mismatch is to reduce the target return signal-to-noise
s ratio by increasing the noise received when the gate width is excessively large. These
; effects can be included in the range equation by defining two effective duty cycles in
k. addition to the transmitter duty cycle (see Skolnik, Radar Handbook, chapter 19). Thus:

(S/N) = (S/N)g(d2/dg) (n.d.)

N where:
= dy = Variable Received Gated-Pulse Duty Cycle due to Position of Target with
Pespect to the Range Gate
S d, = /T (n.d.)
) dg = Receiver Duty Cycle due to Range Gating
._.-i dg = Tg/Ty (n.d.)
Ty = Pulse Repetition Interval (sec)
¥ Tg = Range-Gate Interval (Width) (sec)
4 3 = Pulse Width (sec)
'.:', L " = Received Pulse Width (After Eclipsing) (sec) (This factor is defined in terms
of target range in the following material.)
Employing the foregoing expressions for d, and dg, the signal-to-noise ratio is given by:
, (S/N) = (S/N)o(Tp2Ty/Tp2 1) = (S/N)olT,/Tp)e(Tr/Tg)
.- or defining a range gate eclipsing gain, Grges (¢ 1) and a range gate noise-reduction gain,
3 Grgnr( 2. 1)
, (S/N) = (S/N)o GrgeGrgnr
Y. where:
’
,
% Grge = ("'r/"'p)2 and Grgnr = (Ty/tg)
L4
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The range gate eclipsing gain, C’rgo' 15 a function of the range of the target missile with
respect to the range gate, as well as the size of the range gate and the pulse width of the
radar. The range gate eclipsing gain is best represented by the following equations in terms
of the target and range gate times depicted below.

PULSE WIDTH, Tp I

B e e
|
|

|
!

GATED PULSE WIDTH, T. | t——

| -€ ] 3| RANGE GATE TIME WIDTH. Tg
¥ L
0 T. T, TisTp T,+1%g TIME =3
whoere:
T, Time tof Two-Way Propagation) Corresponding to Range of Target Missile
{sec)
Ty Iime Corresponding to Range of Inner Edge of Range Gate (sec)
T Range Gate Interval (Width) (sec)
) Transmitted Pulse Width {(sec)

In torms of range. Ty and Ty are given by the equations:

T; - 2R¢/C and Tg ZRg/C

1N Range to Target {m)
I Ruange 1o Inner Edge of Range Gate im)
- Velocity of Propagation (m/sec)
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:.'::::
:-‘ For a matched gate (tgrtp), the range gate eclipsing gain is given by the following
S expressions.
N
= Grge = 0
.\ ‘I
-~ .
.-_'- For Tg - tp STt STg.

. T
N Grge =(1 - _8__t)2
)

X T

"~::'\ P
o For Ty = Tg:
: "-.\ t g

X Grge = 1

'_::::: For Tg< Ty g Tg + 1gt
=
"n."".. Tt - Tg 2

' Grge - (l - "‘Tp—)

30

v For T¢ >Tg + Tgt
"_:'“';ﬁ Grge = 0

For a stretched gate (‘tg >tp), the range gate eclipsing gain is given by the following
- expressions.

For Tt <Tg - Tp:

L Grge = 0

(. For Tg - Tp< Tt <Tg:
AN

5
- 8¢ Tp
.». For Tg¢ Ty ¢ Tg + Tg - Tp?
Grge = 1

For Tg + Tg- Tp<Tt ¢Tg + Tg:

R
Y .1"n' RS ..'

@
e« ¢

.":-_ Ty -(Tg+ T —1:)2
e, Grge = (1 - _——g—_g—LT )
[ .:"". P
I
.
el For Ty >Tg + Tt |
™ g '8 :
J 0 Grge =0
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For a compressed gate (tg<tp). the range gate eclipsing gain is given by the following
eXpressions.,

For Tt < 'Tg ‘Tp: ‘
Grgv =0

For Ty -Tp¢Tr<Tg + Ty - Tyt

The range gate noise reduction gain is given by the equation:

Grgnr = (Tr/Tg) in.d.)
SELOCTTY GATING
“hen wveloeity gating (Doppler clutter filtering) is emploved to reduce external noise
“uttert the signal-to-noise ratio is reduced by the Doppler clutter filter loss tactor. L f.
I'hat qs:

{S/N) = (8/N),{1/Lg)

Itk COMPLETE RADAR. RANGE EQUATION

Mhen range gating, velocity gating. and both coherent and noncoherent pulse integration arc
. cmploved, the expression for the signal-to-noise ratio becomes:

W
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(S/N) - ‘S/N)u(frTn('i/LciLn(‘ier)((lrz/dg’
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REDUCTION TO THE BASIC RADAR RANGE EQUATION

When pulse integration and Doppler filtering are not employed:

£rThei = 1
Lei < Lpei =11
Leg=1

When range gating is not employed:

The signal-to-noise ratio is then given by:
(S/N) = (S/N)g = PaGa2220/(dM)3d{LyoNgR?

ALTERNATE FORMS OF THE RADAR RANGE EQUATION

The pulse integration and clutter filter losses can be incorporated into the total system loss
factor, Lg, to yield the equation:

Pac'a2 XZOTnciGrgeGrgnr
(4M3T,LNeR 4

(S/N) =

where:
Ls = LgoLcilncilct
or:

Lg= chdeerLdaLcianich
The radar equation can be solved for the maximum range for detection to yield the equation:

paGaZ12(JTn(:ic'x-ggc’l'gnr )ha
(4 m3tpLst(S/N)Min Det

RtMax =

Where:
R¢Max = Maximum Range for Detection (m)

(S/N)Min Det = Minimum Signal-to-Noise Ratio, at the Detection Filter, Required for
Detection (n.d.)
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