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The predetection signal-to-noise ratin (SNR) of a radar or communication
system is proportional to the power gain of the transmit antenna and the
directive gain of the receive antenna, and is inversely proportional to the
operating noise factor of the receiving system. The operating noise factor
is approximately equal to the product of the external noise factor and the
signal/noise processing factor when the system is external noise-iimited, as
is usually the case for over-the-horizon (OTH) radar. Unfortunately, the form
of the signal/noise equation that is employed for some applications, particular-
ly OTH radar, often does not explicitly yield these results rather than cquiva-
lent implicit results.
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ABSTRACT

The predetection signal-to-noise ratio (SNR) of a radar or communication system is

proportional to the power gain of the transmit antenna and the directive gain of the receive

antenna, and is inversely proportional to the operating noise factor of the receiving system. The
operating noise factor is approximately equal o the product of the external noise factor and the
signal/noise processing factor when the system is external noise-limited, as is usually the case
for over-the-horizon (OTH) radar. Unfortunately, the form of the signal/ncise equation that is
employed for some applications, particularly OTH radar, often does not explicitly yield these
results. It is recommended that the form of the signal/noise equation be amended to explicitly

yield these results rather than equivalent implicit resuits.
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SECTION 1

INTRODUCTION AND SUMMARY

The predetection signal-to-noise ratio (SNR) of a radar or communication system is
proportional to the power gain of the transmit antenna and the directive gain of the receive
antenna, and is inversely proportional to the operating noise factor of the receiving system. The
operating noise factor is approximately equal to the product of the external noise factor and the
signal/noise processing factor when the system is external noise-limited, as is usually the case
for over-the-horizon (OTH) radar. Unfortunately, the form of the signal/noise equation that is
employed for some applications, particularly OTH radar, often does not explicitly yield these
results. It is recommended that the form of the signai/noise equation be amended to explicitly

yield these results rather than equivalent implicit resuits.

The recommended form of the signal-to-noise equation that includes both internal and
external »ysiem noise and signal/noise processing losses is discussed in Section 2. The
recommended form conformis to the internationally-accepted definition of system cperating
noise factor but extended to include signal/noise processing. Other equivalent forms of the

signal/noise equation are discussed in Section 3.
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SECTION 2

RECOMMENDED FORM OF THE SIGNAL-TO-NOISE RADAR EQUATION

With reference to figure 1, the pre-detection signal-to-noise ratio s/n of a bistatic radar

system is given by (1)

S | v

s
- e N ~
2
_be O; d, A 1 (2o1)
2 2 ., . -
s n ané ,r; 4r ki, bf
n
incident | fraction |collecting
I power | of | area of
I density | reflected |receive
lon | power lantenna
ftarget | retumed | :

available signal power at the output terminals of the equivalent lossless recciving

system available noise power, after signal processing, but before threshold detection.

referred to the output terminals of the equivalent lossless receiving antenna (W)

where
S =
antenna (W)
no =
= ki bf
P =

- »p,/a,

2-1

= average power delivered to the transmut antenna (W)
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&

A

ref

transmitter available average power (W)

transmit transmission line loss factor accounting for the line absorption loss and the

antenna reflection loss (numeric 2 1). The factor a,, is evaluated in eq. (2-6).
transmit antenna power gain (numeric)
free-space slant range from the transmit antenna to the target (m)

. 2
excess propagation loss factor, over that of free space loss factor 477”, from the

transmit antenna to the target (numeric)
bistatic target radar cross-section (m?2) for a bistatic angle B.
free-space slant range from the target to the feceive antenna (m)

excess propagation loss factor, over that of free space loss factor 41t from
b4

the target to the reccive antenna (numeric)
receive antenna directive gain (numeric)

rf wavclength (m)

Boltzmann's constant = 1.38 x 10-23 J/k)
arbitrary reference noise temperature (k)

effective noise bandwidth of the receiving system(2) (Hz) = (1/ g, Jﬂovdv




&

maximum gain of the receiving system gain £.. within the frequency band

V, — V. of the principal response of the receiving system (numeric)

f

system operating noise factor of the receiving system (numeric).

We follow the convention that lower case letters denote numeric values of the parameters and that
upper case letters denote the parameters when expressed in dB [i.e. 10 log} (numeric value)].

The parameters of the transmitting system have been denoted by the subscript t to distinguish them

from those of the receiving system.

For an OTH radar system, the bistatic slant ranges r, and », are approximately equal and the
bistatic angle B = 0. Futhermore, the terrestrial propagation path losses are usually included in the

parameters g, d;, and O rather than in the parameters £, and £, Accordingly,

2 = one-way ionospheric excess propagation loss facior including focusing gain
P I} & o8

by a spherical ionosphere (2-3)

it

monostatic target radar cross-section (m?2) in the backscatter direction (B=0).

The earth multipath pattern (including the null on the radio horizon) and power absorption by the
eartn in the vicinity of the transmit and receive antennas are included in their respective power gaing
g and gr by considering the earth as part of their respective antenna ground plane systems. The

carth multipath pattern in the vicinity of the target is included in the target radar cross-section
g,
T.
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The system operating noise factor f, which includes both external and internal noises and is
based on an international CCIR definition of noise factor(2) but extended to include signal/necise

processing losses, is given by(1)
f = [fa + (ec - 1)([c / tref) + Zc(zm - 1)(tm / tre[)

+£c£m(£n - l)(tn /trzf) + fcf'ﬂ(’l(-f’ - 1)]fP (2-4)

where f, is the receive antenna external noise factor integrated over the antenna pattern function
(numeric); £..£,,,£, are the available loss factors of the receive antenna, matching network, and
transmission line, respectively (numeric 2 1); £,,1,,7, are the ambient temperatures (k) of the
receive antenna, matching network, and transmission line, respectively, and f, is the receiver
noise factor (numeric 2 1) and f, is the signal/noise processing factor (or simply, processing
factor). If the ambient temperatures of the antenna, matching network, and transmission line are

equal to the reference temperature ., then eq. (3) reduces to

f=ra-1v bt bf, . L=, =051, (2-5)

It is convenient to set £, = 288k because measurements of atmospheric noise and man-made

environmental noise are usually referenced to thermal noise at that temperature and because at that :
temperature 10 logq ktrer = -204.0059 dBj is approximately a whole number.

The available loss factors £,,£,,,£, and the receiver noise factor f, are evaluated in Ref. [1]
and wili not be repeated here. The available loss factors £,,£_, €, are a function of the impedance
parameters and source impedances of the respective circuits and are equal to the reciprocal of the
respective circuit efficiencies. The receiver noise factor f, is a function of the receiver source

admittance and the characteristic noise parameters f,, 7,» ¥, of the receiver where




o = the minimum noise factor for any possible source impedance

Iy = empirical noise parameters, with the dimension of resistance, which is a
measure of the noise factor sensitivity to a change in source impedance
Yno = source admittance for which f, = f.

The transmit transmission line loss factor @, is given be

a,=|t-Texp(-2vd,) ¢, (2-6)
where
I = voltage reflection coefficient at the transmit transmission line - matching network
interface (numeric) ]
Y. = complex propagation constant of the transmit transmission line (m-1)
d,, = length of transmit transmission line (m)
{,, = available loss factor of the transmit transmission line (numeric) given by

eq. (19) of Ref. [1].

The processing factor f, (numeric > 1) is the available power signal-to-noise ratio at the
output of a signal processor with a matched filter to that for the same signal processor but with a
weighted filter. The processing factor includes range and Doppler frequency processing and is
restricted to processing before ihreshold detection. Threshold detection is defined at the point at
which rf phase information is lost. The processing factor f, , for a radar system with range and

Doppler frequency processing, is given by

2-6




fp = f;'ange fDoppler
where (3), (4)

.frange = range processing factor (numeric 2 1
o o

=[1, j w( r)dz]j /[]l w, (1)dr]

Jpoppter = Doppler frequency processing factor (numeric > 1)
T T
=[t[wh (D)) /[ [ wy ()i P

o Q

w,(t) = weighting function (numeric) of range processing filter

wp(t) = weighting function (numeric) of Doppler freqency processing filter

T, = range window processing time interval (s)
T = coherent integration processing time interval (s)

For an external noise-limited system, the system operating noise factor given by eq. (2-4)

reduces to

f = f:zfp ’ fa >> Zczmlnfr -1 (2_8)

where £,,£,,¢,. f, arc system internal noise parameters generated by the receiving system

hardware. Substituting eq. (2-8) into eq. (2-1), the predetection signal-to-noise ratio reduces to

2-7




S _ P& VS 1

no Aml,r? Aml,rt  An f, ki bf,

fo>> 0,0 f,~1
(2:9)

It should be noted in eq. (2-9) that for an external noise-limited system, the predetection signal-to-
noise ratio is proportional to the transmit antenna power gain and receive antenna directive gain,
and is inversely proportional to the antenna external noise factor. Eq. (2-9) is a particularly useful
form of the signal/noise equation for OTH radar since OTH radar systems are usually designed to
be external noise-limited. However, eq. (2-1) is a preferred form of the signal/noise equation for

any radar system because it utilizes an internationally-accepted convention for defining the system

operating noise factor that includes both externally and internally-generated noise.

The external noise factor f, is given by )0

2R n/2
fo=t/,=0/4m) [ [£.0.6)d,(0,0) sin® a6 df
0 -n2 (2-10)

where

I, = effective sky temperature (deg k)

f(8,0)=1(0,0)/1,, =external noise factor angular distribution (numeric)

1,(0,9) = sky temperature angular distribution (deg k)
The International Radio Consultative Committee [CCIR (French)] has published statistical values
of f, for atmospheric noise based on measurements in the frequency range 0.01-20 MHz as a
function of location, hour, and scason (6):(7) and man-made noise based on measurements in the

frequency range 0.25-250 MHz as a function of type of location 8. CCIR claims that their values
of f, [denoted (f 2)CCIR] are normalized to correspond to those that would be measured with an

2-8




electrically-short ve:tical monopole element mounted on a ground plane of infinite extent and

infinite conductivity. The directive gain of such an antenna is given by ()

3sin’@, 0<60<m/2 rad

[d,(9,¢)]ccm:{ 0, —n/2<6<0 rad

(2-11)

Substituting eq. (2-11) into eq. (2-0), the CCIR external noise factor (f,)ccr is given by

2 w®/2

Feew= [ [U0.0cu 3sin°0 dbdy
° e (2-12)

where
[f(8,0))ceir = CCIR external noise factor angular distribution (numeric).

A receiving system's external noise factor f,, expressed in terms of CCIR external noise factor
(fJccnr, is found from eqs. (2-10) and (2-12) to be

fo=UDeew U ol (FDeein]

2r n/2
J £(0,¢) d,(6,¢) sinf d6 d¢
= (feer 555
[ | 146.0)ck 3sin*6 do dg
o o (2~13)

For isotropic external noise with a constant sky temperature angular distribution Z,,

fomUdeen=Fo » F(8.0)=1f(8,0)lci = constant = f (2-14)
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where
fso = tso / tref

because, by definition of directive gain,

27 pn/2 . 2 px/2 )
[7] d,sin6 do do = I j_m (d,)ecr Sin6 d6 d¢ = 4x

-nf2

(2-15)

It should be noted that in OTH radar systems the directive gain d,(6,¢) generally has a null on the
horizon (8 =1/ 2 rad) because of earth multipath. The directive gain of an OTH receiving

antenna is therefore appreciably different at angles near the horizon from that given by eq. (2-11)
which has a maximum on the horizon. The external noise factor f, can therefore be appreciably
different from (f.)CCrR even if £,(6,9) =[£,(8,0)]c;x # constant!

At least six of the parameters in the signal/noise equation (2-1) are dependent upon antenna
characteristics. The average power p, delivered to the transmit antenna is dependent upon the
mismatch input impedance of the transmit antenna. The transmit antenna power gain g, is a
function of the radiation pattern and ohmic losses of the transmit antenna (including its ground
plane system). The receive antenna directive gain d, is a function of the radiation pattern of the
receive antenna (including its ground plane system). The excess propagation loss factors ¢,, and
£, are functions of the gain patterns of the transmit and receive antennas, respectively. The
system operating noise factor f is a function of the radiation pattern and ohmic losses of the
receive antenna. A seventh parameter, the target radar cross-section 6 is a function of the
radiation patterns of both the transmit and receive antennas if earth multipath in the vicinity of the
target is included as part of the target radar cross-section. In OTH radar systems, the parameters

P., &, d,, and f are strongly dependent upon antenna characteristics, whereas the parameters 14 ’

£,,,and o, are weakly dependent upon antenna characteristics for a given mode of propagation.
The parameters £, £,,, and &, are usually approximated by considering only the central ray in

the scanned direction.
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SECTION 3
OTHER EQUIVALENT FORMS OF THE SIGNAL-TO-NOISE RADAR
EQUATION
For a radar system with Doppler frequency processing (as in the case of the OTH radar), the
effective noise bandwidth b of the receiving system is given by

b = Doppler frequency cell width = 1/ (3-1)

where 7 is the coherent integration time (s). If the noise power spectral density is uniform within
the bandwidth b, then the predetection signal-to-noise ratio is given by

s_ e
nonf, . (3-2)
where
n, = system available noise power spectral density, before signal processing, referred to
the output terminals of the equivalent lossless receive antenna (W/Hz =1J).
= kt f1f,=n/f,)= ntlf, 7 (3-3)
e = available signal energy, after signal processing, referred to the output terminals of

the equivalent lossless receive antenna (J)
= s/b = st (3-4)

We further note that the receive antenna power gain g, is related to the receive antenna directive

gain d, by




g =d, /£ =nd, (3-5)

where
£, = available loss factor of the receive antenna including ohmic losses of the elements
and ground plane system (numeric 2 1).
M. = 1/£, =radiation efficiency of the receive antenna (numeric < 1).

Substituting eqgs. (2-2), (2-3), (3-3)-(3-5) into eq. (2-1), the predetection signal-to-noise ratio is
given by

e_p& O &N _1
n, 4mr’ Anr® An ket ff

()

(3-6)
where

£=1,1,,f, = system loss factor (numeric 2 1)

L=Q1Lf)f =1 f,)f = modified system operating noise factor (numeric)

Eq. (3-6) is an equivalent form of the radar equation that is commonly employed for OTH radar
systems.(z'l) Please note that eq. (3-6) is equivalent to that of eq. (1) and reduces to eq. (2-9) for
an external noise-limited system. However, the disadvantages of eq. (3-6) are that it is an implicit
rather than explicit function of the receive antenna directive gain d, and system operating noise
factor f, and it utilizes a modified system operating noise factor f|, rather than the internationally-
accepted definition of system operating noise factor but extended to include signal/noise

processing. For an external noise-limited system, f, reduces to (1/£.) f, rather than f, .
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Another form of the radar equation that is commonly used for OTH radar system
performance estimation is given by

i_. prldx GT d,7\,2 i
n, 4Ttr2 47tr2 47{ nol (3_7)
where
Pa = average power radiated by the transmit antenna (W)
= (1/£cf)p[:nc{pl
d, = transmit antenna directive gain (numeric)
= lag: =(1 / ncx)gr
£, = available loss factor of the transmit antenna including ohmic losses of the

elements and ground plane system (numeric 2 1)
M, = 1/ £, =radiation efficiency of the transmit antenna (numeric < 1).
Eq. (3-7) is equivalent to that of eq. (2-1) and reduces to eq. (2-9) for an external noise-limited
system. However, the disadvantage of eq. (3-7) is that it is an implicit rather than explicit function
of the average power P, delivered to the transmit antenna and the system operating factor f .

[t is recommended that eq. (2-1), rather than egs. (3-6) and (3-7), be the form of the signal-
to-noise radar equation that is employed for radar systems. The advantages of eq. (2-1) are that it
employs an internationally-accepted definition of system operating noise factor but extended to
include signal/noise processing and it yields for an external noise-limited system a predetection
signal-to-noise ratio that is an explicit function of the transmit antenna power gain, receive antenna
directive gain, and the antenna gxternal noise factor.
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