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CONSIDERATIONS AFFECTING THE CHOICE OF FREQUENCY FOR SURVEILLANCE RADAR S

E J Dod sworth

RRE TECHNICAL NOTE 797
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Range performance in the clear , when no clutter or ECM is present , is largely

ind ependent of frequency if the aperture size of the receive aerial ~s held

constant although there is a small but steady fal l in performance as the

fre~uericy is raised because of increasing receiver noise factor and atmospheric

attenuation. If the beamwidth r~ ther than the aperture size is held constant

he performaric~ falls sharply as the frequency increases. The optimum fre—

~~~erv~y wi l l  be that g i vin g  the preferred beamwidth w i t h  the max imu m acceptable

er~al s t e .

C1~ t~ er :r :rn he ~~~~~~~ the sea, and from rain is examined and it is shown

t~iat it becomes scre severe as the frequency is increased . Clutter from

birus hc~ ev e r t~~ c raes less severe at higher frequencies.

• 1~ ec’r i s t an  p
~-r:~ :1a ~e bandwidth is assumed the range performance in the

presen e o~ ncise jamming improves as the frequency is increased . Performance

i chat : ~an improve as the i~requency is increased unless any sort of MTI
pr~~essirig s involves , ~rien a low frequency is to be preferred.,

N

~~

NTS 

~
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3 Performance in  C l u t t e r

.1 x c f l  C 1’, t t er

3.2 ham Clutter and Attenun~ jon

3.
3 . ~ 11 ~1 an i  • n.f Cl /

.5 ~ t1 c rcJ h i n  Cl’ ’ ter

~~ . Bir~ s

3.7 Sea ~L~tter

Performanc e against Efh’i

~.l Noise Jamming

2
~~f Chaff
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1 iNTh ;~~ C~~i N

We are  con s~ derin~ here .cr ,nd —b as e d  s u r v e i l l a n c e  r~ dar s  whose iu n o t ~ on is

the detection and bservation of the movenen ’ s of a i r ~ r cr ’t ~n a l ar oe volume

ot spa ‘ e  . .~~~~~ ~~~~~~ enu r ranze w i t h  w h i ch  we are concerned is b:~~ d~ y from

0.2 mHz to 1 ~Hlz .

We co n s i d e r  f i r s t  ‘;ai’~~~~s facto rs  which  a l f e t the pc t o rm an c e  i n  the clear —

that is when the performance is ~n a f f e te~ b ,i clutte~ • or interference.

Clu t te r  is the generic  term for the  cnwar~~ed o ‘hoes f rom s c~h th~ ogs as the

ground , vegeta t ion  and t rees et ° , man—made sL r c c ~ res cm the ~rouni , the se a ,

birds , and r a in , which m L y  obs~~~r /  the wan~ ed rad ac echo x ’r~~o t i ~ tcr~ et

aircraft . E0t ( E lec t ronic  C o u n t e r  t e ’ a res ) in ’l des echoes or si gnals

• re elved from man—made sources s:~ h as a lcu d ct’ paras~~ ic eflcct:rs

(‘Chaff ’) or jamming , which are deliberat i:; in te ndel to obsccre the e:’hoes

from the target aircraft . In terfereri~ e implIes a man— :naie s~~ aal t h a t

accidentall b has the same effect. The effe t of frec ,en;y on the r.ost comn,or~
forms of clutter and ECM is  considered la ter .

It should be unioi’stocd that as we are primaril :; o’1:erne~f wi~
1 i the e f f ~~~t s

of freqneri”v change all other paratne~ ers crc t~ be ass :med i ~n s ta nt  .nless

some specific referenc e is made to them .

2 PERFOPIiAiI E IN ‘I’HE CLEAR

2.1 The Pa’lar Equation

Ch r a e  at which a r a da r  can det~’ t  ~ri ~~~~~~~~ in the d le ~ . that is wiH .
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the performance unaffected by clutter , ECM , or interference of any kind , is
:ridamentally dependent on the ratio of the total energy received by the

radar after reflection from the aircraft during the observation time to the

mean thermal noise power per unit bandwidth in the radar receiver . With a

radar pr’o’ essinE (integrating) n pulses before a decision about the presence

-cr abson ‘e of a t ar get is mad e the observation time — sometimes called the

integration time or dwell t im e — is the interval that elapses between the
th . thst ar t or  the x t r a m su a tt e d  pulse and the start of the (x ÷ n) trans—

nitt ed pulse. in a mechanically scanned radar the observation time is usually

the time during which the aerial moves through an angle equal to the one—

wa -c half—power beamwidth .

in practice losses inevitably occur and restrict the performance and these

oar~ be divided into twc broad classes — those that directly affect the

— ocaritity of siinal energy available at the receiver input terminals and those

that res it ficui in e f ’ r’i cient processing of the available energy . Losses of

the first class often arise merely b1r defi nition — for example , if the trans—

citter cctp :t Dower is measured at the transmitter terminals the losses in

the feeder between transmitter and aerial must be allowed for but if the

ransmitter power is measured at the aerial terminals no such allowance is

• necessary . The second class of losses arise from departures from the

• optimum method of signal processing in the receiver and from the fading

characteristics of the target echoes , the latter being to some extent de—

pendent on the transmitted waveform.

It may be noted here that if the receiver has the so—called matched filter

characteristic appropriate to  the transmitted waveform — see for example

Skolnik (1) (p bo9 ) — the range performance of the radar in the clear is

• independent of the actual waveform. The matched filter gives the optimu m

signal noise power ratio at the output of the receiver and this is equal to

the ratio of signal energy to noise power per unit bandwidth at the inpu t

of the re;eiver.

The ratio of total received energy in the observation time to the mean noise

p ucer per ml t bandwidth can be written , for a radar in free space, in one

of’ the many possible forms of the radar equation , as:—

E 
— 

1 1 P. T
d . ‘T 

_____ 
1

LA B ~1I R ~ 
~ ( N F ) ( k

whore E s the to tal signal energy applied to the receiver i nput terminals
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during the observation time

N is the effective mean noise power per unit bandwidth at the

receiver input terminals .

LA is a factor accounting for the first class of losses.

LB 
is a factor accounting for the second class of losses .

P is the mean transmitter power .

Td is the observation time.

GT is the peak gain of the transmit aerial at the elevation angle of

the target aircraft.

R is the range of the target aircraft.

o is the echoing area of the target aircraft.

— A is the effective area of the aperture of the receiver aerial as

seen from the target aircraft.

(NP) is the receiver noise factor.

(kT0
) is the product of Boltzman’s constant and a noise temperature
of 290°K.

In Eq 1 we have assumed , for simplicity, an aerial noise temperature of

290°K and this is discussed in more detail in section 2.3. Some possible

misinterpretations of Eq 1 may be avoided if it is remembered that the pro-

duct (P.T
~
) is the total energy output of the transmitter dur ing the obser-

vation time .

For the commonly—encountered case of a radar scanning in azimuth at constant

speed and covering the same elevation angle on each scan , we have:—

- I
Tä~~~~~~~~~

. D  (2)

where eA 
is the azimuth half—power beamwidth,

a is the total azimuth angle scanned (usually a 211).

D is the data interval, the time taken to complete one scan.

We can also write:—

Const. (3
A ~~

where ~ is the total elevation angle covered ,
the constant depends on the illumination taper across the transmit

14
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aerial aperture in both planes.

We can select some desired level of performance in terms of the probabilities

of detection and false alarm by assigning an appropriate value to (L
B
.E/N)

an~ , for this level of performance , we obtain by substituting Eq 2 and Eq 3
in Eq 1 and rearranging:—

R~~~ 
.

~~

_ . (NP ) A . -. ( 14 )

Although we ass une: a particular method of scanning to arrive at Eq 14, the

result is in fact quite independent of the scanning method or sequence if the

t r a n s m i tt e r  energy d i s t r i b u t i o n  is the same over the same solid angle .

We can regard the data interval, the target echoing area and the angular

dimensions of the scan as design requirements so that the term is a

constant for a particular case , and as the radar designer does not have much

scope for reducing losses or improving the receiver noise factor, the only

parameters that can be freely chosen to achieve the required performance

are the transmitter mean power P and the receive aerial aperture A.

If we regard the aerial aperture as constant the range performance is in-

dependent of frequency except for second—order effects such as the variaticn
of receiver noise factor with frequency. However, a fixed—size aperture

and a change in frequency implies a change of beamwidth and there are some

circumstances in which we might wish to maintain a constant bearnwidth

rather than a constant aperture size when scaling in frequency. In that

case we can say:—

Const f r z \
• 2

where f is the radar frequency

eE is the half—power beamwidth of the receiver beam in elevation.

Substituting Eq 5 in Eq 14 gives:—

R14 1 P 1 Dc 6t [NP)~~~ 2
0A 8E

1
or R f~

2

So for a constant size aperture the range is independent of frequency but

for constant beaniwidth it is inversely proportional to the square root of

5
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frequency. It is likely that the constant aperture condition will apply

at low radar frequencies where a constant beamwidth would requi re unaccept-

ably large apertures while the constant  beamwidth condi t ion  is more likely

to apply at high radar frequencies where the consta:t aperture condit ion

could lead to unacceptably narrow beans .

There is an intermediate case in which we choose to keep e i the r  the elevation

or a z imu t h  apert :re cons ’ ant and also ma in ta in  a ocnctant bearr:wYith n the

other dimension.  h-c r thi s case:—

R a

2. 1 Transmitter  it wer and Rece iver  Noise  Fac to r

The ef fec t  of frequency on the level of t r a n s m i t t e r  power avai lable  to t h e

radar dep ends on the assompt ions  made. For example , j f ’  we c -wisider a trans-

mit ter  valve .~caled to operate on some o t h e r  I ’r e o uen cy  by mi itipl :ing all

the relevant dimensions by the same factor and assume tha t  the l im i t i n g

condi t ion  is the power per u n i t  area of cooling s ,r f ace  the  ou tpu t  power

would be proportional to f~~~. However , am ~c’:aninatic n of manufacturers ’
ca :aL J /~~es t er cs to show tira ’ the hi hest pow er’ avn I i~~~i e r n  ex i st i  N~

valves is proportional to for f r e t  - • les p 1 1~. Cd~ or a t .  This

t r end  probab ly reflects the maximum d e’ a ± i s  th’~t ace U -~‘~n :,ude in tc~ pas~
r a t h e r  than the th~ i ’insio iinith’ I t s .  the  r ’h ~ x ’ i ’ ,nc ‘ her  ma:.’ be sit-

uations where i t  would be more r e a l i s t ic  to assume ~~at the ~~~-: power’ avn,i l—

abl e f ro m the s’~~pl . c mains or :enerat:u~ set  is r’iw i n  s ~h :uses  ‘cc

‘c ax ’ia t ion at’ o t p t pc cr ei ’ ’ri th fr’ec a tI c ill re?l~- - the if ‘11 t: of t r c : i r —

mitte r  eff’i ciency ani in  c~ nera1 efficiency s v i rt e a l l y  I ud eponilent of

fres,cerio :c over the range we ar e consid’- t ’i ri h e r e .

Receiver  noise factor does show a stead:; i r : ’ease w i t h  f’ rc t ’ eri ;y. Examina-

t ion of manufacturers ’ ad ve r ti s e n~ n~ s for  b road—b an d  s o l i d — s ate I c - c— n o i s e

amp l i f i e r s  in 10714 showed that th e  best  noise  f ac t o r s  c f”0~r r i  f d l l n w ~-d

f ai r l;  closelu  the ia - c :—

(N ~~) = 2 + (0 .5  x lO )f dR (7 \

3 .bs ec t n t  inDr’ u - ;emer it s  in  t ’cci nc l 0 : , will  er ’ t i  c i ,  r cs~-l t  i n lam - c  r•rf ~
at to rr cam ‘iii s

2 .~~ Aerial Noi r” t emp o  r at  - r e

In 2e:ticn ~- .I i t  ‘-Tar asscmi’d ‘or s i r : . p i i - c i ty ’L e ‘ t  h~- ~~~~ n ;  r p- mY

han-iwidtln ~~- the recei v r~r imp .t t e r m i n a l s  was ‘1 ‘.‘~~~~~ h: ~~~~~ - ‘ kT wh ‘
~~ , is

I :_~ ~~~~~~ I~~~~~_~



the -u r s e  when th e  at’ rial noise temperature is b9u°K. If however the aerial

noise t~ mpei’at , O c  is some other value it is better to work in terms of the

system noise temperature at the receiver input terminals. By rear rangi ng

expr ess ions  q’;oted by lkolr tik (2)  (p t - — 3 h )  the system noise temperature

is given by:—

( T  - T  )
T = (liF) T — 

0 a
S 0

r

‘ - r e  I’ is  thc u - t ’~ al noise  t er sucrat cre
a -

1 is th~ loss l ’ru ’tor of the t ransrn iss icn  line between the aerial

t o ,  : l l l a l s  and t i r e  receiver  terminals ( the no i se  temperature of

this line being assu med to be

L’h e noise Domes cci’ cit bandwidth is then kT -- - 5

cr ’~’es fo r  1 ore civen  by Skolnik (2 )  (p t — ~~~) for a tmp ica l  case i nvolving
a r c  I ‘ car:; ass ;cpti ons about g m l a c ~~i noise , sun  no ise  t emperat  — r c a , etc but

i t  is also shcwn that the calues o iven  need cor rec t ion  for a ne c l ec  ted con—

o c t  d , e  o cr oun d noise temperature , the correc t ion  involving f u r t h e r

arb i t r ’ a r ;  ass .ncc ians . The corrected value i s : —

O. t ,7~ T — 25~4
Ta + 2)0 ( 9 )

“here T i s  the aerlni n-ci sc  temperature given by Skolnik ’ s :e~~;e

La 
is a loss factor accounting for ohmic loss in the aerial.

r al . ,e3 of aerial noise t emper ature  obtained in this way are given in

lab le I and plotted in Fig 1, for an elevation angle of 1°. B e o w a freqyon cy
of 500 i~~z tu e aerial noise temperature is virtually independent  of elevation

an f,e. At higher ñ’eq ;encies i t  decreases as the elevation angle increases.

7
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Table I . Aerial Noise Temperature at 10 Elevation Angle

With correction for ground , T
Without Ground a

Frequency Correction. Ta 
La = 1.0 (0dB) L = 1.b (1dB)

GHz °K 
t
?1 °K

0.2 55U 17 1471

0.3 hOe 214’ 255

0.5 110 132 l(,5

1.0 o7 0- 135

2.0 3 01 132

3 . 0  f5 ~3
5.0 ‘;9 0~-

10.0 8 1 111

The error resulting from the assumption of an aerial noise tempera t crc of

290°K instead of an estimated value as above is not usu al ly  very large
but it does increase as the noise factor is reduced .

2.14 Aerial Aperture Size

As noted in Section 2.1 above the range performance is independent of

frequency if the aerial aperture size is constant but is inversely pro-

portional to the square root of frequency if the beamwizi t-ii is held constant .

In most situations there is an upper limi t to the sizcr  of the aerial aper-

tur e which is imposed by purely practical considerations . In a static

installation with a rotating aerial the maximum apert;cre dimensions may be

as great as 15 to 20 metres wi thout causing d i f f i cu l ty  but  i n  a highly

mobile radar the acceptable maximum may be no more than about 2 .5  metres .

Consequently , there will always be some frequency below which the size of

the aerial and not a desired beamwidth will be the controlling factor.

In one sense thi s must be the optimum frequency since i t  combines the

desired beamwidth wi th the maximum s ize  of aerial and so gives the best

range performance.

For an illumi nat ion  taper across the ape r tcr e  g i v i n g  reasonably low s i d e —

lobes we might t ake :—

8
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= 0
a

where ~ is the radar wavelength

is the horizontal dimension of the aperture

then 8\(3.6 X 10 ) ‘11— 
8 . 1A a

If we take = 18 tailliradians as a typical figure we can calculate

optimum frequencies for various aperture dimensions , as in Table II. The

relative r ange is also tabulated , assuming that both aperture dimensions

are scaled proportionately and that all other radar parameters are constant.

Table II. Aperture Size and Frequency for Beamwidth of 18 mrad.

Aperture Relative(Fr eque ncyDimension Range

in 0Hz
1-c 1.25 L00

8 2. 5  0.71

14 5.0 0.50

2 10.0 0.35

2.5 Atmospheric  Attenuation

One of the losses included in the factor LA 
in Eq 1 in Section 2.1 is

that due to attenuation resulting from absorption by the oxygen and water

vapour in the atmosphere . This loss is greatest at low elevation angles

and slowly increases with fre~urency. The figures in Table III are for

an elevation angle of 10 and were -:‘ alculated for the ICAO standard atmos—
- - phere with the addition of a water vapour density of 7 g/m3 at ground

level decreasing exponentially wi th height; they are taken from curves in

Skolnik (2) (p 2—3 ).

9
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Table III. Two—wa-- ~
‘ mcospheric Attenuation at 10 Elevation

Two—way At tenuation

Frequency

Range lou n—mi les Range 200 n—ni les

0hz dB rb

0.2 0.3 0.0

0.3 0.5 0.5

0.5 0.—) 1.2

1.0 1.14 1.8

2.0 1.7 2.1

3.0 1.0 2.2

5.0 2.0

2.7 3.1

2.6 Echoing yrea of Aircraft

The figures in Table IV below are echo ing  area nee s r e m en t s  on model air—

craft at scaled fr’eauencies reported b:; Wi lkins and Woolcoc1~ (3 ~~. In

ca-sb case they are mean values over a range of ~ 5
0 in yaw , from h~~ d— on ,

with the aircraft pitched up at an angle of 3
0~

Table IV. Echoing Area of A i rc ra f t

Mean Echoing Area

- 

Air- raft Frequency
Vertical Horizontal Circular

Polarisation lolarisation Polarisation~

2 2 20Hz in in in

HS 125 0.63 5.7 7.0 2.2

1.28 19.9 15.8 11.5

2.9 7.3 7.5 5.0

Canberra 0. r 5  13.c 11.14 3.0
1.32 7. - 114.14 5.5

3.02 lO.u le :u  0.7

10
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It will be apparent from these figures that no simple general relationship be-

tween the echoing ai’~-a of an aircraft and frequency exists. The best ~ssump—

tion , if no measurements on ‘he par °it’alar aircraft of in t e r e s t  are available ,

is that the echoing area is independent of frequency.

2. - ’ Re f l ec t ion  i ron the Earth

The e~’fe-c t of r’€-fl e- ’tions from the earth ‘an be simpl y demonstrate d in pr’in’-iple

by considering t b -c  mode l  illustrated in Fig 2, in which we assume a flat perf’e-t ly

reflect inc e a r t h  wi th no atmosphere and a radar  target  at long raage so that the

direct and re f lec ted  I-al/ s ‘an be regarded as parallel.

We assume the aerial i s  used for both transmiss in-c and re- -eption and has a

colas d i a g r a m  given by :—

1 
- 1.oc- 5 (e — e ) 2

A (e  - e )  = exp - 

~ L 8E 

c e ] } (12 )

where e is the elevation angle of the beam axis.

The amp l i t -ide  of ’ the field at the distant target is then:—

A (G
~ 

- e )  - A (e  + e )  cos (14~ h sinG ) (13 )

where ii is the height of the radar aerial above the earth’s surface.

i-ic have asstinecr reflection without change of amplitude but with II phase change .

Fig 3 has been plotted from Eq 13 allowing for two—way tranmission for a parti-

cular case.

It will be seen f-ha’ c-be effect of increasing the radar frequency — that is ,

increasing the ratio - is to give more but narrower lobes and in particular
to reduce the elevation angle of the first maximum.

In practice the detailed behaviour will be affected by many factors including

the earth ’ s curvature , refraction in the atmosphere , the roughness and reflecting

properties of the surface , the polarisation of the radar transmission , etc .

The subject is discussed by Kerr (14).

The lobing is often ignored at frequencies of 3 GHz and upwards , partly because

the surface becomes relatively rougher as the frequency increases and partly

because the lobes become very narrow . Nevertheless , there are occasions - such

as when observing low-fly’ing aircraft over a calm sea - when they may be

significant.

2.0 Anomalous Propagation

Normal refraction in the atmosphere bend s radio waves downwards but
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meteorological conditions can occur in which the waves have the same radius

of curvature as the earth or are even bent back towards the earth’s surface.

A duct, loosely analogous to a waveguide , is then said to be formed and propaga-

tion over many hundreds of miles with little loss can occur in such a duct: this

is usually referred to as anomalous propagation.

The lowest frequency that can propagate in such a duct is given by Kerr (14)
(p 21) in an expression which can be rearranged to give:-

f . = (3.~ l x 10
11
) d 3/2 (114)

in]. fl

where d is the height of the duct in metres .

This lowest frequency does not represent a sharp c t-off; lower frequencies

still may be strongly affected .

Shallow ducts form more easily and more often than deep ones so that anomalous

propagation is more likely to be encountered at high frequencies than at low.

Bean et al (5) have produced world-wide charts showing the percentage of the
time that trapping of various frequencies can be expected during the four seasons

of the year. These charts show a probability of 2% can be expected in parts of

the UK at frequencies of 300 hll-Iz and upwards during part of the year .

2. Conclus ion

b ’ith the single exception of reflection from the earth’s surface , all the facto;v;

we have considered above result in better performanc e at low frequencies than

at high . Changes due to such things as receiver noise factor and atmospheric

attenuation , although significant , are small compared to the effect of the

aerial aperture size.

Suppose we have a given size of aperture and consider the effect of increas - -

the frequency from some low value. The signal/noise ratio for a target at

fixed range, or the range at which some probability of’ detection is achiev ed ,
will both fall slowly because of noise factor and atmospheric attenuation elf - ts

and the beamwidth in both planes will decrease inversely with the frequency

increase. Eventually the beamwidth will fall to the minimum acceptable value

and this will be at the maximum acceptable frequency. Any further icc’ r’ease of

frcq ;erc ’,v m ;st be a’ucnpanied by a reduction in aperture s iz e  to  maintain ccc-

stant bearswi--it -i a ’ ,d f-his results in a rapid loss of performance. This is

illustrated in Fig 14 which was based on the noise f’-ac tc-r var -i ation of Eq 7,

an aerial tempera’;re of 290°K , a ta rge t at 100 n miles range and 10 elevatl on

12

iii— 
—— —a’



r~
w 

~~~~~~~~~~~~~~~~~~~~

--
~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~~~~~~

- - ‘  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,
~~~~~~~~~~~~~~~

, 

so that the atmospheric attenuation is given in Table III, the target being

situated at the peak of the beam, free space propagation , and all other para-

meters independent of frequency. Three different aperture sizes are shown in

Fig 14 with maximum frequencies  of 1.5, 3 ,  and 1- 0Hz respectively before the

minimum bea:awidth is reached .

3 PERFLI-J -i PICE IN iff
3.1 Ground -I’iutter

dr ound c lu t t e r  is the term used to describe unwanted echoes from the ground
i t se l f ’ , or from objects on the ground , such as plants or buildings.  A feature
of ground cl ’rt t cr  is that i t  is always present as it consists of reflection

ti-on essentially fixed objects for although the branches of trees , for example ,
nay move in the wi nd the tree does not change in position. An exception arises

u-ith reflections from vehicles moving on the ground which can strictly be re-
garded as ground clutter but we shall not consider them here .

A :omm0rly accepted model for ground clutter visualises a distributed component

act a discre’- e component . The distributed component is the sum of contr ibut ions
t r a m  many small distributed scatterers , whose mean value varies from place to

place wi th the n a tu r e  at ’ the terrain (for example , t own or country) and its
re-cgraphioal features (a hill may be strongly illuminated by the radar and
return a strong clutter signal but a valley behind it will be in shadow and

retcrn a -u-eriE or no signal). The discrete component consists of echoes from

randomly dist~
-
~~b --ted point sources representing such f eatures as aeri al masts ,

farm silos , ‘,cater towers , specular -reflections from suitably sited buildings ,

etc .

The dis t r ibuted component can be conveniently characterised in terms of a

scrf’ace reflectivity which is the echoing area per unit area of surface and

i s  normally -designated by o
~
.

Barton (6) gives a relationship between a and wavelength which restated in

terms of frequency is:—

-12 2 2
= (1.067 x 10 ) f in /tn (15)

and this is stated to be a bad case , exceeded over 10% of the surface area
a,t short. range in mountainous countryside.

idathanson (7) (p 2r14 ) suggests that a tends to increase with frequency but

not faster  than linearly wi th frequency , although figures that he quotes do

not indicate any strong systematic variation wi th frequency .

S 13
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The effective echoing area of distributed clutter per radar resolution cell

will be given by:-

CTa = R . 9 . — ao A 2 o

where c is the velocity of propagation.

-r is the radar pulse length .

If we assume that 
~ 0 

is proportional to frequency the effective echoing area

of the clutter becomes independent of frequency if the horizontal dimension of

the aerial aperture is constant or it increases linearly with frequency if the

azimuth beamwidth is constant.

2cr the discrete component, Barton (6- ) takes an echoing area of lO~ m~ , iniep-

endent of frequency. If the area of the resolution cell is changed , the dis-
crete component changes differently to the distributed corap c rie :t , since it

is the probability of a discrete clutter element being included in the cell

that will alter and not he echoing arcu,.

The simple model out l ined  above p r e d i ct s  tha t  a chance of’ si z e of c-eso~ ’~t i u c .

cell will produce a pr op-u ‘ i - ~:i ’’te chan ge in the echoing area of di s r i  b ’~’ed

clutter. However , Warden (8) has shown that in pract ice the change i s  con-

siderably ~sreat er ’  and cor sea’ ently a mere complex model is needed .

An empirical model that broadly fits experimental measurements at at ieas sncc

radar sites assumes that the distributed component is not ‘uniforml y distr ib

b :t concentrated in~ c a number of randomly pjaced snail patches . i’Ji’~~, the

resolution cell is reduced in area (by r u  - ‘ f t i - ~ ei ther the azimuth hearwidtb

-or the p- ,lse length or both ) t he r e  is then sume probabilit-’c ‘eat i f  will con-
ta in  no clutter; at the same time a t a r ’  chose cells that do ‘c -o ruc a i n  c l u t t e r

0
m’u~ t be increased in order to maintain the same average ‘calr e over the area of

the original large cell.

As we are here concerned only with ti re eft ’ect~ of changing frequency and any

resul t ing change in beamwidth ;-,‘e shall assume that the pulse length is fixed .

We shall again assume that the distributed component is proportional to fre-

quency and that the discrete component is i n - l e p e r r d ~’:rt of frequency .

Suppose that there is a probability p that a s us Cu -c e reflectivity a is ex—1 ol
ceeded in a resolution cell when the azimuth bea~ nidth is and t he  frequency

is f1. If the bea~ iidth is changed to 
- 
the empirical model gives the pro-

bability that the cell will still contain clutter as Pt = p. p1, where:—

‘14
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log p = 0.3 log (8
~~ / 8A 1)  (i~T)

Z’i,e sut’face reflectivity , 0O2~ 
in the new cell at a frequency f

2 
is then giver.

by:- 

= ~~~~~~~ . 

~~~

• 

~~~~~ 

(17)

i’be echoing area of the clutter in the resolution cell will be a a 9 . a ,ci AlL jl
for the origin’ l cell arid 0

C2 ~ e~~. 002 
for the new cell so that:-

0c2 6A2 9A2 002 1 9A2
0cl 

— 9Al 0oJ~ 
— 

P f

This is conveniently expressed by s u b s t i t u t i n g  Eq 16- and taking logarithms:-

10 log (0 2/a l) 7 log 
~~~~~~~~ 

+ 10 log (f~ /f. ) dB

= 10 log (f2/f 1) dB whe n the bearnw idth is constant
(18 )

and = 3 log (f2/f1) dB when the azimuth aperture of

the aerial is constant . (19 )

• Warden (8) has shown that ground clutter per resolution cell taken over all
rcurg es can be considered to have a log—normal distribution whose standard

deviation is typically 20 dB. The median of the distribution is arbitrary

as it depend s on the number of cells without clutter that happen to be in—

cluded . We will ascurce that the median value is 1.0 in
2 
at some frequency f,

arr-d also t r uncate the distribution at a maximum echoi ng ar ea of + 50 dB rela—
2

- 
-
. 

‘ 
tive t o l r a

We assume that the median of the distribution has an echoing area determined

- 
‘ solely by the d i s t r ibu ted  component . Taking the known probability and echoing

area of the median at frequency f as a starting point we can calculate from
En l~ and Eq 18 or Eq 19 the change in probability and echoing area resulting

from a change in Frequency. We also assume that the maximum echoing area is

entirely or e to ‘-he discrete component so that- a change in frequency will riot

affect the echoing area and will affect the probability only if the beamwidth

changes. We thus have two points on the new distribution and can join them

wi th  a curve mainta in ing the log—normal distribution , as in Figs 5 and - . The

resulting estimate of the changed distribution does not pret-end to any precision
but should indicate trends.
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It will be seen that from Fig 5 that an increase of frequency wi th constant

aerial aperture will reduce the ground clutter as the reduction of beamwidth

more than offsets the increase in surface reflectivity and the standard devia-

tion falls slowly. Fig 6 shows that an increase in frequency with constant

beaniwidth increases the median value but reduces the standard deviation . There

is no experimental confirmation of these predictions .

As s ta ted above it has been shown tha t  a reduction in the area of the resoluti on

cell can produce a more than proportionate change in the echoing area and the

empirical model just described reproduces this effect. However , it is to be

expec ted that the effec t will occur over only a limited range of cefl arer t .

Wi th cells of large area the probability of encountering no cl-ut ter  patanes

nay be zero and the echoing area will then be proportional to the area of the

oell. With cells having one dimension comparable with the ci’ rnensions of a

-clutter patch a fur-titer reduction in that  d imens ion  is ag ai -~ likely to result

in a prctpcrt -cn-~~e reduction of clutter.

I’. i s known tea’. the  echoi ng area reduction is more t h a n  p r -oort io n al  to the
area of re s-~-l ~tf c-n cell f o r  beaniwidths in the rar ,ge 9 to 3d mi ll i rad i ans ant

pulse iengths  in the range 0.5 to 10 microseconds but i t  is not known if’ these

‘;alues represent real limits to flue effect.

3.2 Ra in Clutter and Attenuation

The e c hoin g aren of a single rain drop when viewed with linear polarisation

and at a wacelength large compared with the drop size is given by Batt-an (9)
(p 39) as:-

= 0.93 . - i ’ (20)

where d is the diame~er of the drop.

y is the radar wavelength.

The radar reflectivity of rain is the echoing area per unit vol- rae and depends

on the summation of -d over all the drops in the volume and this in turn de-

pends on the precipitation rate. A commonly accepted relationship between

drop size and rainfall rate is (see Battan (9) (p 89)):—

1. - 6 3d = 200 p mm /rn (21)

where p is the rainfall rate in mm/hour.

it-

~~~~~ 
, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
::1I~~ ~~:‘ 

.

- - 
~~~~~

- -

~~~~ 

-

~~~~~~~~~



Combining Eq 20 and Eq ~l, changing units  and converting wavelength to fre-

quency leads to the following expression for radar reflectivity:—

= (7.u5 x i~ - ’
~~) . p

Lea 
t ’~ m2/m3 (22)

This expression is plottcd in i’ig 7.

flue e-choi~ .’ ar-en of a radar resolution cell filled with rain will be propor-

tional to the product 9
E ~ ) ,  other things being equal.

1t the t ’r’:auelu’l’ is uh -ur~~e’t but the beamwidths in azimuth and elevation are
14

both held ~onstant ~ne echoing area of the rain will vary as f

1ff one b-:’-c uiwidth is ,etci ‘ u~ stu,rrt und the other allowed to vary inversely as

the frequency by holding Ite relevan t aperture dimension constant the echoing

area of the rain will var ,- as f3 .

If both aperture dim en s i o n s  are na int a~ ned constant the echoing area of the

ra in will vary as f’~ .

A secondary e f f e ct  on radar performance arises from attenuation in rain.

Nathanson (7) (p 197 ) has summarised the results of a number of workers and
gives a mean curve which is fitted by the equation :-

log A 1.6 - log (f x ie~~ ) - 3.0 (23)

where A is tire c—way attenuation in dB/km/mm/hour of rain.

11fnis attenuation begins to be noticeable at frequencies of 3 GHz and can be

• quite severe at high frequencies. Table V gives values calculated from Eq 23,

for a t t enua t ion  over a 50 km path in rain falling at a rate of 14mm/hour.

TABLE V ft-to-tray Attenuation over 50 km in 14mm/hour of Rain

Frequency Attenuation

GHz dB

I 0.2

2 u.7

— 

10 114.2
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3.3 NTI

The performance of MTI systems can be expressed i n  v a r i ou s  vays , the  most

generally useful of which is the MTI improvement Factor whi lu ran L-e de f i n e d

as the clutter/noise ratio at the input of t h e  idTJ ‘ar , ’- ej l e r  d~ v~ de-i by the

clutter/noise ratio at the output of the canceller . to- ~-!T1 Impro v emen t

Factor is derived by Barton (10) (pp 210 — f - l ~- t )  for ’ s i t r g l c  and double carr -cel la—

tion and Skolnik (2) (p 17 — 114) adds the relationshIp for tr~~’!e cancellat ion

and the expressions are given in Able VI below. These expu-~szIons assume

a linear receiver and that the ratio 
~~~~~ 

is small , where r’ is the sttuntar

deviation of the clutter spec i~rum (assumed to be ‘a- erriuru in shape aui to hav e
zero mean) and f5 is the radar prf. in practice a tfrc itirug receivec s -

employed to control the faJse alarm i- a t e  in the r e s i d u e  f r om stron g clutter

and the Itaprovetuent Factor is then degraded . ~-Tard artd Shot-dec (11) have c o t —

culated the Improvement Factor with a limiting receiver and the approximate

expressions in Table VI are obtained by f i t t i n g  s t ra igh t  l inec to their  res ,t t s .

TABLE VI I-ill Improvement Factor

Improvement Factor with
- Cancellation
- 

- Linear Rece ive r  Har d-Limi  ted Receiver

f 2 C - l .7~
I n c  

~~~ 
(
~) O t U  (~

Double 
- 

—

~~~~~ 
(fr) 

-‘ 

0.038 

f -l.75
Triple -.

~~
--

~~ ~~
—

~~~~
- 0.Ctl

148n \ r - ’

UTI systems operating at constan t prf are insens i tive  to targets moving with
velocities which make the doppler frequency equal to a multiple of the prf.

These co—called blind speed s occur when the radial velteity is:—

c .f
V
B 

- b. ~__r 
(214)

trite re b = 0 , 1, 2 

lien-re he II rot blind speed (when b = 1) is Icc- er — -ri he op- hng L-~”cee:,

blind speeds is smaller as t ine rad ar [‘ran c’nc’c is i i  - i -eas el.

‘9
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The use of s’aggered pulse intervals (see Skolnik (2) (p 7 — 38) can make
the sensit ivi ty much more independen t of velocity — except for velocities

near zero.

3.t~ MTI and ;round Clutter

W i t h  ground clutter we will assume that the doppler spectrum due to internal

mo ’liorn of tine clutter is negligible compared wi th the spectrum resulting froin

the aerial scanning .

It ’ we assume a ‘a ssian beam shape the standard deviation of the scanning
spectr -a. is ( Skolnik (2)  (p 17 — 9)):—

,ç. (25)

‘chore ii is number -of pulse intervals in th~ time taken to scan through one

hal t’—po-ar~-r b ~~ Id th .

For an aerial rotating at constant speed ,

a = . D - ç (Re )

From Eq 25 and 26,

She ratio of 
~~
/
~r 

is obviously independent of radar frequency if the azimuth

c-oarn-idth is constant and is directly proportional to frequency if the hori—

zotctal aperture dimension is constant.

It was -assumed fn Section 3.1 that the strongest returns from ground - -lutter

come front discrete sources and that their echoing area is independent of

rodar frequency , although the probability of one falling in a resolut i on ct-Il

may be a function of frequency in some circumstances . These strongest re -rr.s

are roost likely to be limited in the receiver and will show the poorest

Improvement Factor.

Section 3.3 shows that with hard—limited clutter the Improvement Fac~or is
~ 175proportional to (r
E__) 

— 
for all degrees of cancellation. Hence for t i .e

strongest clutter the residue after cancellation wa ll be rndepenietu of Fr’.--

quency if the azimuth beamwidth is constant and proportional to f
]~~ 5 if io-

horizontal aperture dimension is constant.
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3.5 MTI and Rain C lutter

Rain clutter differs from ground clutter in many wa ’s b -
, we - -an per ’ i -

note that rain has a mean velocity due to m ovem ent wi t h th e  i’.-~~ - , : and a wo-L

wider dopp ler spectrum due to turbulence and wind s tn e ’ti - t i . -  - - ‘c ,~ ‘

speed across the vertical extent of’ the beam . We as. e that  th e op e- -t i ’

Is wide enough to enable us to ycnor e the scanning mod ,la’ton - t o -- t o  aerial

motion and that the ~TI is adjus’cd to gi- ,.- optimum - -an- -~-lla’ f o r . ~ ~he

wind velocity . To obtain a simple formulation for t h e  spent r or: we r ”—a- i ’
ourselves to the case of a gaussian shape ranarn i t and re- a -  ‘J C per - - i  1 can

completely filled with rain and a l i n e a r  - - n i r d  sheav wi th }iei gh~ .

Following Nathanson (7) (pp 205 — 212 ) wi th some s (aiplit ’in’it (or, i -can b..

shown that the standard deviation of the radial velo- - it ,,’ of t he  ra~ :, is:-

v
~~ 

= (1 + 0.09 (K.R.OE)
2)2 rn/sec (28 )

where K is the vertical wind shear fradient in m/se-2 m .

When the wind shear is severe this can be approximated by: -

v d — 0•~- ~
Fi. P

~
.o
E
) (: -~-~)

The standard deviation of tile doppler spectrum is lien :—

2.v  .f
sd

and 
~ (2 .~~ x i o

~~~
)K .R . o E .f (30)

iier~ce we ha-f e — a & .f.

~
‘ r E

From 3ect ior. 3.2 we nave the echoing area of the rain in the resolution cell ,

14
“

Fro m d€-c t io r ~ 3.3, taking double cancellation as an example , we have the MTI

Improve me nt  Factor.

f _ 14

- 

i 
~ 

(-
~ ~ 

for a linear receiver.

f 375
a for a hard—limited receiver.
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,he can ’elln-r ti ln r e s i d u e  =

a . . l~~ for a l in ear  receiver

&A~ 
6E 

~~~~~~~ for a hard limiting r-ecei-.- er.

can now il’aw up table -111 showi ng how the cancelled rain residue will

~ -pend on frequency in various cases .

TABLE hil Frequency Dependence of Cancelled Rain Residue (Double Cancellation)

Azimuth Elevation Frequency Dependence of Residue with

Beamwidth beamwiutri 
________________ _________________________

Linear Receiver Hard—Limited Receiver -

- ----- ±--- ______  _ _ _ _ _ _ _ _

- , 8 ‘ .75- -ons - .ant - ( onstant  f f

-i 7 14 .75 -
a f Constant  a f a f

Constant a f~~ a a

-1 - -l 2 2- a f  c z f  a f ~

L~~~~~~~~~~~~~~~~~~_ __ _

For a radar with a fan transmit beam and a pencil receive beam the same fre-
quency dependence will hold but the doppler spectrum will be wider because of

the cne—way polar diagram of the receive beats. Instead of Eq 28 we have:—

V
d 

= (1 + 0.18 (K.R.e
E)
2
)
~ / (31)

3.6 Birds

r c llon (12) has shown that at a frequency where the physical size of the bird

is stoall compared with the radar wavelength it will behave as a Rayleigh

scatterer and the response will be proportional to f14. At high frequencies

where the wavelength is small compared with the size of the bird the response

will -i~ r:! as f~~~. He has further shown that by normalising against the weight

of the bird a single characteristic c~n be obtained for all birds and this is

shown in Fig ° . From this the maximum echoing area of a bird is:-
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- (2.oR x l0~~ ). w3 m2 
- (32)

where W is the weight in grams.

The maximum echoing area occurs at a frequency given by:-
-l

f = (5.55 x 1U~ ). W Hz (33)

The probability of observing a bird , or a group of birds , wi t.l a particular

echoing area will naturally depend on the statistics of the bird populati on

in the vicinity of’ the radar. Pollon has estimated the echoing area probability

distribution for birds in Burma and in the YS A  and has shot-rn that  these  d is—

tributions are quite close to one obtained experirnier~tally by Eas twood and

Rider (13 ) in England . hollon also shows the e f fe ct of radar Ia -eqiu en ’cy on the 

Doing a m a  dis t r ibut ion and Pig ~) is derived f’ro-nn his ren- rits. Over the

frecuenoy r’a,01 -
~~ 1 to 1-3 Ills t h e  ecl ,~-ing area is ro-;gnl:-: proporti- - , ci to f~~.

Fig lb is de rived t i -cr c East -~-roo d and R id er ’ s results an-i shxo c chat the dis—

t n i b  tion can be appr-ux ’ ::eted bc a loc-e -rnal curve with stanr ard deviation of

7 dB .  d o t n b in i n g  the f l ~~fl r e su lt s  enab les  t he redian v a lu e  of’ the  distribution

to be est imat ec  to be ( 7 -  — 1- log f) -dB relat .: ye to lrc

There is no experinental Can - -nt -n-re about the eFFec t or sn ze ci radar rasol -t r on

cell (which would be aI’~’eu ted if’ change of l ’rn  ,enc:j at f’eutv-d tb . b caur~i d t r , ) .

Jruless tine ba rids were very - den se]y distributed it is u-ore likely f-~ a f f e c t  - inc

pr’ohab~ lity of a Di i’d echo 0cc-cr-i- i no in a r--snl rtion cell t h a n  ‘-o nha~,ge the
actu a l  echoing area .

3 .7  lea h otter

A commonly used model :‘ or sea clutter has the cln t~ e r - power varying as (Range)~~
out to some c r i t i ca l  i’ar -~ac R-r ama t nereaf’t en van-vi :~g oS (F,nn~ 

‘
. Such a

model has been derived by Katzin (114) on the basis of a constan t surface re-

flectivity (echoing area pea- unit of sea s- nr-fa-u e and l l i t e i  t ’erenc e be t wee n a

dire-c t ray and one reflected from the s.nrt ’aee or ’ the sea. hat-sin gives an

expression for the critlual range for a tam -at ril ih i aly l i s t i - i t : r t e - i  i n  Del g1u

R = (3 14)

where h is the hei gh’; of the radar above LIne sea

H is the height of the top of the tar- ct.
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ilq 314 sa n: be m’ewrit~ ern in terms of the grazing angle at the critical range:—

s in  
~ 

= -
~~~~~ (35)

K a r r i  p o in t s  c-u t that ‘wlte : this expression is applied to sea “lutter the

tam-g~ t De ign -nt H must be t~n , -ch less than ‘he nineasi ,r-enl wave height.

:t. i n y k  ( 2 )  (p  3 -  — 15) however q- ,ut-:s E~ 35 tar- se-a - ‘latter and puts H as

tite n~”n ae :nelgbt ex ue~ ded b:. 1- 1 ot ’ ‘ l ie W O t e s .

Cnis approan’h seems to be nnsatisr ’a for-’,’ be ass sacs reilf 2ction from a

part ci’ the wave wb ’se height. ab c-ic an rrdef ’ no - i  reflecting su r f a c e  cannot

be easily estimated and in any case there seen , :  little reason why this heioht

si cu iid be independent of t h e  r a z i n :  an le .

~-i~ ti:ereoot’e prefer a purely ennipir ical cpD c -c - - ~b. This is based on values of

10 log °~ ~~ is the surface relfecti-;ity in m /rnr~ ) tabulated b~,’ 1cthanas on (7)
(ip 2314 to 23u) for a wide range of fr equ enc i e s  and grazing angles . :Iachanson ’s

ces are a digest of result-s oict - -i:n ei ercperi:nlen’ all3 b;. a larse rrunnrber of

-rorkers in the field .

,-bn enpia-i s-si ex p r e s s i o n  a-Dish hi-c-sill-c fits ihati-nainson ’ S figures for all t ’re—

an’oencies from 0.5 0Hz to 35 hHz for sea states 2 to 5 when the radar is usinu
horizontal polarisa ion is:-

1t iog~~ = _l 1i + lO l o g f + l 5 log H~~~~lO 1og (~~~~~~~ ) (3 6)

cru d when vertical poicrisa ti orn is used :—

11 log a = -38 + 15 log H + it: log ( ~~~ ) ( 3 7 )
l+~~

where H is the significant wave height (the average height of the one-third

highest waves).

x = (1. 15 x lO
_8

) f ~ H~
~ is the grazing angle in radians , taking the earth’s curvature

into account .

Eq 3 is plotted in Fig 11 for three frequencies showing the variation of’

10 log 
~ 

with grazing angle and Eq 37 is plotted in Fig 12 for the same
frequencies.

The echoing area of’ sea clutter per resolution cell will be proportional to

~~ 
d O). e will change with frequency as usual if a constant ape rture
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dimension is assumed .

It will be apparent that there is no simple relationship between sea clutter

and frequency.

14 PERFORMANCE AGAINST ECI-~

14.1 Noise Ja mming

If we assume a single jammer mediating whi t- noise  at a pus-er’ level such the.t

the received jammer power in the radar receiver is na5c-1 , greater than the

thermal noise level , we can derive the appropriate radar eo ath ~~n in a manner

similar to that used in Section 2.1 but the performance will now depend on

the ratio -of t-:-tanl energy received from the target during the observation time

to the received jamming noise power per unit bandwidth . We -c an write:-

E 1 P.Td .GT a ~R ~h.1 7
.bf

- ‘L 
TI R

2 
~~~~~ 

. F~ .G~ .lOO

where L is a factor representing all the appropriate losses.

GE 
is the peak gain of the radar receive aerial in. the direction of

the target .

°SL is the peak gain of the radar receive aerial in the -direct ion of
the ja nun er , 0’SL and GR being meeso-e-d in the same observation period .

is the range of the jarnxner .

P,,~. is the mean power of the jammer .

G~ is the gain of the jammer aerial in the direction of the radar’.

b is the pei’:-erntage bandwidth of the j arnmer.

Eq 38 can be rearranged to give:-

2
E 1 1 P GT.

Td 
GR 

R~ . h . f .  (3~~)
~~~~~~

= 
~~~~~~~~~~~~~~~~~~~~~ G ’

~~~~~~~

Now, failing any evidence to the contrary , it is reasonable to assume that

the ratio of radar transmitter power to jammer transmitter power , is

independent of frequency; it can be seen from Eq 2 aci d Eq 3 that GT Td is
constant; the jammer aerial gain G~ can also reasonably be assumed to be

independent of frequency; and G
R/GSL 

can be presumed to be constant as long
as the beamwldth is unchanged . It’ the beamwidth does change GR,/GSL can be
assumed independent of frequency in the near side—lobe but trot in the far s ide—

lobe region , because there the aerial can be taken as having a constant absolute

C
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gain on the average while G
E 
will increase if the beamwidth is reduced .

However, if we ignore this rather special case and any change of losses or

target ec irohi g area with frequency we can deduce from Eq 39 that at a constant

level or’ performance in terms of t~ i-get detect ion:—

H

ari d ‘ouse Q- ~en1. la that- a l i l t - i :  radar frequency i s  desirable to combat noise

jamming .

in tile above  we hat- c :ss~mea that the radar tar-get and the jamming source are

sep-crated u n  spa-ce out tin t -re stay be occasions when the radar  target  is itself

‘he  ~lamnn :I ng source. In: thi s c SSC R = R~ and we have:—

R ~
Icr the sc— eli e- sel 1’—s - :m ’ee ni nn o - - c r -ge t .

The use of a m armot-i i’~ - it - r L -e -- eive Dear . tnninimises the solid angle in which the
jam-nIcer is most e f fec t ive  and this would be a further reason for choosing a
high fceq ency if the aerial aperture dimensions are fixed .

14.~ Chaff

The most t n S c f i l  basis for assessing the effect of frequency on chaff is
px -oic ably to consider tine ec -ioing area per unit weight of fully dispersed
chaff’. Tire eshoi y area of a radar resolution cell can then be assumed to be

tire produc t of the nc - naDer of dipoles in the cell and the average echoing ar ea

per dipole .

The avem-age echoina rca per dipole when cut to the optimum length is quoted

by Uathan sorr (7 )  (p 223 ) a.s O.1D72 . The optimum length is itself proportional

to A and so inversely pr-cpo ::icr al to frequency.

If we assume tb-at the diuoles are c-n t  from material of the same width and

thickness the number per un it weight will be proportional to frequency and
the echoing area per unit weight inversely proportional to frequency. However ,

if the width and thickness of the material are both inversely proportional to
f’reqi:ency (or the diameter is inversely proportional to frequency if the
material i~ in filamentary form) the echoing area per unit weight will also be

proportional to frequency .
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As a general assumption it is probably reasonable to ass-~rnne a situation between

these extremes and take the echoing area per unit weigh t as be irunc independent

of frequency. This assumption will also cover the ‘-ru se of chaff bundles con-

taini ng mixed lengths which can be chosen to prov ide  s :bs 4 an t i t~~ 1’,’ con s tant

echoing area over several octaves.

When the chaff is dispersed at -con stan t. l e n s i  , ‘ — nC -uS ’ an ‘rei, ng per Uni t

volume — the echoing area per r’esol ~tiUL st-fl with ta ~ e n r  cdl -can tille d uiti n

chaff will be proportional to ( o ,  . 6 ) .  C r i s  will be i:n ~ a of fr e q u e n cy

if both beamwidt:hs are constant, pr-opL- n- i - n ’ ~l ‘ c- :‘~~ 13 ‘ C of ‘ c ep e r t - ~r e

dimensions is constant , and proportional an n ’ i t ’ t- . ‘ I i  rro ~~r~ n - c

are constant. If the chaff is in a t h i n  itcc!’ so ~het ‘ tne ert1-:al

of the beam is rnot - filled , the encir o-i ru. ar-ce . ru 11 o a tsr .  r ’pn r ~:x t oa~ ion

depend on the -azinsanth bea~~id ln on i l ~,- a n d  will i-c props r ’ T h r ,al to if’ the

horizontal aperture dimension is constant.

If h- iI is used against chaff , the performan ce wi l l -icpe n ,i -on tn -nt- echo:ng area.

ci ’ the chaff and on its doppler spec ru: wiu u ’i . cart ‘cc est nnca ed in ‘he same

Wa:? as that of rain in Cection 3 .5 . If we again as s— , n ~c a thin lae’er of c h a f f

Eq 30 needs snodiii catiorr with the thickn ess of the char ’ layer replencing tine

vt-rh cal extent  of the beam Re1, and ate sm - rc n r at  ‘aLe doppler spec trrncc is then
- 

prapor-:iomial to f .  The ~Ii Improvement Factcr’ with a linear receiver sill he

- itI anal to a’ ’ , f’ , or f~
’ 
, -d epemnciin1: on whether si~:gl~ , double or

triple acm,nrellation is oonsidered . As tir e fi- ec-ceI :i- i ; , ncre a rr es the  de~ eriora-

cion of InDr-oveaent Factor more than offsets the red— s ccci echoirig area obraint-:

wi th constant aperture size.

:onsea :emn ly, so t  a radar withot- t i-hTi a hi free rency iS to be prefer-mt-ri c -or-

working in —chaff it ’ this enables the beamriwiJ’,h to be a ’s-d ic ed , hint if -rTI is

used a low frequen cy is desirable .

5 COIIC LUSICILi

For a radar opera ing ~he clear , with no sin t t er’ or ECu , ‘l ~t- macye perf-oi-rria nce

is not a rapid funct io n of frequency as lorc a as the size of - he aerial aper rome

is maintained constant as it is affected only by the in-creasing rec”-iver noise

f ac to r  an-i the u n - c r e a s i n g  atmospheric a t t e nn : ation as t h e t ’req -rentcy is raised

ari d by the more ‘oraplicate-i vaichetion of aerial noise t --srnp’--r-atrnre . However ,

‘,:i th a cons -ar t aerial aperture ‘ b n e  be arr~ id th wil l  d~-”rea se as - in ’- t ’r e q r o en c y

increases .
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u n  practice there will be some maximum acceptable size of aerial dictated by

mechanical or operational considerations and there will be some maximum accept-

able beanwicith determined by —considerations of angular accuracy or resolution .

‘The opti mn ,tma frequency will  t heir be that whi ch gives the maximum acceptable

benrnsridth with the maximum acceptable aerial size. At frequencies lower than

‘ i r i s  opti- nnn ~:. the be’cnniwidthn will be too gr eat  aria at hi her l ’reqcnerntnie: the

a -am ,ge pe r ’n ’ormanc e will be reduced .

- a c  r e a s o n :  icr  p n ’e ’ r r r - i r : g  a higher ’  to a lower fr’eq’nency is that  this makes

re f lec t ion s  I ’ m-a n :  t h e  gre rn-i  less s e m c o r s  end puts th e  fi r s t  i n t erference lobe

at e lower eieur’.t on angle. 
-

iile c u t e - n t  of cr’ u neric 0- on gr’o rut  c ln t t e r  is not well established but it is

b e l i e ’ c - t  y-nat ‘ti c- saa ’or n ges t  c lut t e r  echoes are l kely to be from d i sc rean

— ocj ects  and Lii ’. -h e  e ch o in g  ai- - -a  of these  ca m be megan -ted as independent  of

n r c : ,  cm n cy . If -siie of fr’e~~- :eti-cy i-es n i t s  in  change of’ size of r e sciut i  cr~
sell it is -:he probability of fin-tinny one of these d i s c r e t e  echoes in  the

cell that changes ano not th e maximum echoing area. If ha rd—l imi ted  PH is

used to remove ground c lu t t e r  the cancelled residue is propor t iona l  to f L75

r-ui th  a co ns t an t  tori  zc-n :al apert- :  cc dimension and is ind epend en t  of f r e c : e n a r c

if ’ the azimnu t-~c beamwidth is cons m n a rn t .

the effect  of :‘reqroennc’y is mush mor e marked with rain c lu t t e r  than  wi th ground

~lut t ea ’ a,xnd the peri ’or ranum n ce falls r a p i d l y  as the frequency is ra ised .

tnt t-it :ea clut ter  tru e  eft’e - -
- of ±‘rc-acnelncy is more complicated but in most

si rc na nn , s t an ces  the clutter increases as the frequency increases.

The echoes from birds tend to be reduced as frequency increases .

-~i’h s -stems hocing a constant percentage bandwidth the range in the presence

of noise jamminr increases as the frequency is raised .

In the ~r’esenOe of chaff a low frequency is to be preferred when some I ’oi-n of

:-:gi pr-ocessing is involved .

to s- r nrrarise:- by operating at a high frequency we can obtain b e t t e r  ranns e

in the pr’-n’enc~’ of noise jamming , less clutter from bird s, and an acceptable

heanrrsidth from a snnsnll acr id , T n t  the  range performance in the clear a-ill be

red n e e d be- ne st- ci’ th,e sm all ac -s-i ni l  and ~b n e  radar will be more suscept ible  to

ground c lut ter , ra in  c l - - ’ ’ er , sea ci n t t e r  and chaff than one at lower frequency.
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is raised because of increasing receiver noise factor and a tmosp heric attenau tion.
[1 th e beamwid th rather than the aperture size is held constant the performance
falls sharp ly as the frequency increases.

Clutter from the ground , the sea and from rain becomes more severe as the frequency
increases. Clutter from birds is less severe at hi gh frequencies.

With constant percentage band wid th performance in noise jamming improves as the
frequency is :aised but a low frequency is to be preferred for chaff.


