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A RA)AR STUDY OF WADERS
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SUMMARY

This is a prel iminary study of the radar charactel ist ics of lwo wader species'  lhe

dunfin, 9gi:LlEi!--e1pi!g, attd ttt" oystercatchef,' Ilaelratopu-s. ostrqlegus ' sone r:esull

at"  giv"t t  otr  t t r"  ""r len, Numenius aiquaEa' buE lhese are l imited because only lwo

were capluted. Fl ight and echo ai ta were oblained by rpans of a high-resolut iotr

auto-foi loving pulse raalai  f rom r ' ' i ld bi lds released from a 9oft  tower: '  A new

method of obtaining th€ nult i -aspect dynamic tadar echoing axea of a target ts

denonstrateal and values are given fot the dunl in and the oystercatcher '  Bird

act iv i ty noi lulat ion wavefotms, spectral  diagrarns aIId auto-correlat ion Junct ions

have been analysed fol  the three wader species.
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A?PENDICES

During the Nato-Cibralrar Bird Migrar ion Study! the ppf of an S_band (tocn)
survei l lance radar at Cibral lar revealed in the Autunm br.oai l  f ront movements of
large rne11-spaced echoes at dusk and duriDg the night.  Some of the novements
came from Europe heading south or south-wesr into Afr ica but others fron lhe east
could have or iginated fron any part  of  the Medirerranean and passeal into the
Iberian Peninsula. A proport ion of these targets,nany of which consisted of only
one ot two birds, wer.e sampled by an X-band (3cm) hieh_xesolur ion auromatrc_
cracklng radar and wingbeat spectra l rere obtained from the echo signal data. The
fundanental  f requencies of these spectr.a ranged fron 3.5 to 10 Hz and i t  is
possible that the birds producing then could have been waterfowl,  especial ly
ducks "

Waterfo\r l  occur rhroughout the world and nany species unitertake long migracions.
They can be hazardous to aircraft  because of their  s ize and numbers. Al though their
novements in sone paits hav€ often been studied by rai lar,  their  echoing area and
wingbeat spectra for ident i f icat ion purposes have not be;n extensively i rvest igared.
I lo\ ,never,  a study of the nal lard, An6s platyrhynchos, has recent ly revealed some of
their inportanr radar ch ar ac re r i sllil-J-lifl--

Al tetnat ively the echoes in quest ion could have been produceal by r ,raders, ie rela-
t ively long-legged shore-birds of smal1 ro medium size and which also uni lerrake
long rnigrat ions.

This paper is an inter in statement on an invest igar ion to aletemfne the r :adar
character ist ics (eg dynarnic echoi l lg area and ningbeat spectra) of waders in oraler
to elucidate further the data obtained during rhe Nato-Cibral tar i  Bird Uierat ion
5  t  u d y .

]NTROI]UCTION

BIRD SPECIES

Thete are ten relat ively common species of waders or shore-birds in Brirain \rhich
trdght be sui table candidates for examinat ion, Waders are not the easiest of  birds
to catch, however,  especial ly i " f ien there is a need !o have avai lable freshly_caught
birds for release a! a radar si te at a part icular t ime. During this tr ia l  Lnly
lhree species of wader nere obtained viz.  dunl in,  Cal idr is alpina, curfew, Numenius
arquaia and oystercatcher,  Haematopus ostralegus

The dunl in is one of the smal lest and most numerous \ , , /ai lers.  I ts average weight
is only 50 g but the peak vinrer populat ion in England, Scorland and Wales exceeals
300,00O birds and 1ar.ge conFacr f locks occur.  nunl in are widely disrr ibured and,
despite tbeir  sna11 size, have been involved in col l is ions with aircraft  and they
sre pert icular ly l roublesome at Vancouver Airport  in Canada.

In Bri tain the dunl in nests on noors and marshes but i t  is berter known outsiale
the bleeding season as a passage migrant and winr€r vis i tor \^,hen i t  f requents the
seashore and nud-f l5rs of both fresh af ld sett  vater.  Birds which br:eed as far
north as Greenland in the west and wesrern Siberia in the east f requeni our shores
and migrants winter as far sourh as North l test Afr ica. Movenents of dunl in nray,
therefore, be detectable bv radar at Cibxaltar.



The curlew, in contrast wirh the dunl in, . is the talgesr i rader i r  Burope (average

:: :9 '1t :  
t9o el  .  As a b-reedins bird in Bf, i ta in i t  is"nore . ." , , . "  .n."  rhe dunl in,nesElng on nools,  malshes and meadows, and outside the byeeding season i t  f requentrmud_flats and estual ies, The peak annual pop lat ion in Englani,  scottand andwal€s f lay exceed 50,OoO birds. Al though i t  i .  not generr l iy seen in large f locks,snal1 part ies nay occui on some air f ie lds and col l iJ ions wi ih arrcraft  have occurt(

Many of the cur lew irhich vinter in Brirain cone from Scandinavia, r^r i rh sone from
the Lov Countr ies and the USSR. Curle\ ,  f rom \orth ani l  Central  t r jurope winter inSouth,Europe and North Afr ica ani l  some rnay therefore be obser:vabIe by radar f tom

The oystercatcher is a mediunrsized wader (average weighr 55O B) which is very
comlon along coasts and in the breeding season i !  also occurs iocal ly in land. Thepeak vi [ ter populat ion in England, Scorland and I , Iales, augnenteal by birds fron rhe
Iaroes, Iceland, Scandinavia, rhe USSR and Eo11and, is in the otaler of  15O,OOO
birds. large f locks frequent ly occur and oyslercatchers often create a str ike
r i s k  o n  c o a s  L a 1  a i r f i c t d s .

During the-! .r inter nnnths rhe oystercarchel:  is widespread along the northern shores
of the Mediterranean and around the Iber ian peninsuia and henJe may be detecred
by radaf,  at  c ibral tar.

EXPERIMENTAI, WORK

3.1 Capture, Transport  and Release of Birds

The birds used in the tr : ia l  were at l  caughr ei ther in cannon neEs or mls! nets
under a l icence gr.anted by the Narure Conservancy Counci l .  They \ ,rere taken in the
late_ ev€ning or ear ly morning as they wete forced up the beach by i is ing t ides
at the high t ide roost ing places on the Dovey Estuaiy,  Dyfed. As soon as possibte
aftrer capture they were put into boxes or pi ;eon basicets- in which rhey ha<t plenry
of roon to stand and nove about ana r, ,ere t i tJn by road 65 Km to the raalar:  s i te at
Aberporth. Ove]:  a n, inbet of days, 2 cur lews, 23 dunl ins anal 25 oystercalchers
rder:e tr-ansported in this way and al l  f1eh, strongly on release. Most of the birds
vere.relaased r^ ' i th in eight hours of capture but some c€ught after nightfal l  t iere
retained longer than this for release the fol lowing morning,

The birds wcre released individual ly from a wooden box at rhe rop of a gofr (27.4n)
mel-al  lorrer using.e techniqua which had been perfecred rhe previous yeax wirh fer:al
pigc.ns Colurba l i l i ia var.  The box used (r ' ig 1) was or iginal ty inrenaleal for carry_
ing rabtr its-li?-i;-i1T![r1y \rider a! the base rhan ar the rop so rhat h,hen a nunber
o r  s u c h  b o x e s  w e r e  s t a c k e d  t o g e t h e r  t h e  v e n t i l a t i o n  h o l e s  c o u l d  n o t  b e  c u t  o f f .
Any su.h box of s ini lar proport ior \ , r 'ould sat isfy rhe present requirenent.  A netal
r lng l ras attached to the base of the box so that i t  could be hauled upside down up
the to\der.  The hinged 1id, then forning the f loor of the release box, vas f i t real
\ , I i th a sl id ing pin catch rhich could be acruated from rhe grouni l .  The pult  cord
for this release catch passed through a number of s imple wire loops bound with tape
onto the main rope to prevent ic fxom t\r isr ing around the main rope or fron being
blown by,the wind and foul ing on rhe torrer.  \hen the box was ar the rop of rhe
.." :"r  

*9 a-1i  uas ready, a sharp tus on the pul l  cora wirhdrew rhe peg ;nd the
DolEom or rhe oox swung open on i ts hinee a d the bi id droDDed our,

By attaching the tai l  end of rhe rope useLl to pult  rhe
of the box sone control  could be exerted over the box
too nuch ir l  the uind.

Genetal ly- two people were required ro handle the birds, pul1 up the box, iake care
of slack in the rope, operate the teLephone t ink with the radai,  pul t  rhe release
cord and lower the box asain.

box up the lower to the base
to prevent i t  f rom s\r inging



, 2  R a d a r ,  R e c o r d i n g  a n d  C o n p u t i n g  l a c i l i t i e s

The C-band (5,5 -  5.6 clr  navel€ngth) instrumenrat ion pulse radar used for rhese
experiments has a range ptecision of B feet and an anguLar precision of O.15
n i l i t a r y  m i l s  ( O . 0 J 8 A  d e g r a e s ) .  T h e  d i a m e t e r  o f  r h e  i a d a r :  r e s o l l t i o n  c e 1 1  a r  a
range of 10,000feet is aDproximately 140 feer.

Wind veloci t ies at appropriate al t i tudes and t imes were obtained by using one of the
instrumentat ion radars to track bal loon-borne ref lectots.

The radar can track autonat ical ly a sna11 target and generate 3 dimension posit ional
data in potar coordinates, anal an ampl i tude-r ihe record of the echo signal.  Fl ight
and rada! echo sigoal data togerhei with t ine (cr l , [  or ZT) code and voice dcscr ipt ion
of each radar larget were feccrded on nrdl t i - t rack nagnet ic tape for subsequent
a n a l y s i s .

Target l rajector.y dsta vere fed into the RAE dara and computing cenEre on siEe,
nhere polar coordinates \rere transfotnred into cartesian coordinates and veloci ty
and accelerat ion i . fotnarion ' r 'ere obtained by neans of mathematical  curve_f i t t ins
proceduleG.The quant ized nean signal 1evels were also converted to (S/N) rat ios and
r a n g e  d a t a  p a i r s .

3.3 Visual Acquisi t ion and Putt ing-on operat ions

The acquisi t ion and putt ing-on problenE encountered when deal ing with a tow level
moving target were described in some detai l  in a previous paper (1).  As a resulr
of lessons leaxnt in the mal lard tr ia ls great inrprovel l lents \r€ie made in the acquisi-
t ion and putt ing-on operat ions for this study.

The di f f icul l  pr:ob1en of \" /here to release the bird \ras solved by puEring i r  inro
a box and hoist ing i t  up a 90ft  tower. The top of the tower \ras ful ly i11lninated
by the radat beam and at a ktro\"n distance fron the radar.  A television camera with
a tel€photo lens, f ixed to the radar aerial ,  enabled the r iadar opetator to put ihe
radar on to the bird box visua11y. A telephone l ine to rhe tower solved the
conmunieat ion problens, Thus the radar could be set up in al l  three coordinares
and be ready fot acquisi t ion i f tnedietely the bird was released. Fulthennote the
ladaf,  opeiator rras able to watch the relesse of the bird on the tv viewer and fo11o\t
i ts novemenls dut ing the ini t ia l  t racking operat ion. Ee also had a l imited varning
of Bround clutter s i luat ions by watching the bird 's att i lude and picture background.

From the roof of  the radar bui lding, angulax dala from special  binoculars was used
to redi iect the radari  in those cases when i !  lost the bi id aftex release (the f ie ld
of v ie! . /  of  the tv viewe! l ras general ly too l imited for reacquisi t iof l ) .

RN SULTS

The results of the tr ia l  held on the 19th, 20th and 21st November 1975 rere highly
successful  with 22 out of 23 dunl ins, 12 out of 14 oystercatchers and both cur le! , /s
being track€d.

Not ohly did this show a great improvement in the nunbers of r :eleased birds auto-
fol loued by radar conpared with the earl ier mal lard tr ia l ,  but there raas an improve-
nent in l rack duret ion. l ,hereas the longest mal lard track lasted for 1OO seconds,
the average wader track was 240 seconds duxat ion. The longest track during these
vader tr ia ls \ras of a dunl in \rhich vas fol1o\,red for 595 seconds,

4 . 1  F I i g h t  C h  a r a c  c e r i  s  t i c s

a  p r e v i o u s  p a p e r  ( 1 ) .  W i t h  a  f e w
s e a  a n d  f o l l o w e d  l h e  c o a s r  l i n e  a n d ,
L o w a r d s  t h e  q e a .  M o s t  r , 7 e r e  l o s r  b y  r h e

A  m a p  o f  t h c  o p e r a L i o n a l  a r e a  w a s  g i v e n  i n
except ions a1l the waders f1e!, /  towards the
unl ike the mal lard, none dived inrnediately



radar l rhen they f lew behind the cl i f l  edge or into a region , lererat ing
clutter.  The waders f let t  in 1€ve1 I l igh: nuch l , rncer and more slowl] '
maltards ard abour ]OO-50O ft  higher.

The al t i lude of dunl in f l ights ranged troNr 600 lo 1000 feet ab ove sea level.  The

alt i tudes of oystercatcher f l ights ranged frcn 400 to 7o0 feet ASl.  In general

the dunl ins f lew higher Ehsn the oyster.catchets.

Air  speei ls obtained from 10 runs ranged Iron 20 to 29 knols for the dunl ins, and

25 to 36 kf lots for the oystereatcher:s,  when head end tai l  winds were less than

8  k n o t s .

4,2.1, Dynaldc Radar Echoing r ' , reas

we ne€d to know the echoing area chataclel ist ics of birds in oldel  to est inate
the neximuin distances lhey can be detected and trecked by redar.  Th€ echoing area
of any noving targe! nade of heterogenous mater ial  and co pl icated in shape is
vety di f f icul t  to measute end specify,  because i ts echoing area is a mult i -valued
quanl i ty which var ies wit l i  targel sspect and r iadat paraf letexs.

In the past we have nade stat ic radar echoing area meastrenrents on freshly ki11ed

birds "set" with their  wings close to lheir  bodies or oulstretched in f l ight.

The 6irds were rotated in azinuth end their  echoing areas \nere nreaslrred a! every

azimuth aEpect,  Echoing area diagranrs were plotted in azinuth ovex 180 degrees

fro head-on through broadside-on to tai l -on aspect.  Each diagram was plotted

for a single value of radar f tequency, radat aei ial  polar isar ion and aerial  elevat i(

angle.

Ho!r 'ever,  birals f lap their  wings ancl lhei t  body shape changes in fr ight '  and so i t

is desirable to measure their  echoing aleas under dynamic condit ions of f l ight '

Opportu[ i t ies have occulted to make dynanic echo area measurenent of birds in f l ight

al  sui tal le vel t ical  end horizontal  aspects. Stat ic and dynamic broadside-on

aspect echoing alee results agree fair l ] ' rne11' but in al l  cases i lynani c values

hdve been found to be snal ler !ha[ stat ic values (2).

Recent ly new tecording apparatus has been f i t ted lo the Abexporth IPS16 radars,

which has made i t  possible !o record cont inuously target signaL tr)  no;se rat io ar ld

radar range. With these faci l i t ies i t  has been Possible to measure and record lhe

relat ive signal to noise (s/N) lat io versus range of a refelence sphera of kno\tn

echoing arei  and short ly af lentards of f ly ing birds of a known species'  The echoinl

areas of the birds can then be calculated in tetns of the echoing area of the sPher(

3y exploi t ing the erral ic f l ight of  a released wi ld bird and using many birds of tht

6ane;pecies; a mult i -asPect value of dyiandc echoing area is createdt i "hich can be

specif ied as a nean value \ , t i !h l i rni ts of one or t ! . 'o standard devi at ions fron the mer

fn Appendix A i t  is shown that the f luctuaLions about the mean value are fair ly

symlelr ical .

In ptact ice there are l in i ts to the nunber of birds n'hich can be captur:ed and

rel ;aset l ,  anal the nurber of t lays the radar can be cbtained'  Consequent ly the resul l

given here are tentat i r /e and may be updated i t :  the future. Basical ly the method is

a good o". ,  because for the f i rst  Eine ihe echoing area is obtained from nanv birds

in a grea! var iely of aspecls in fu11 f l ig lE^ lurthermore the value is a precl ical

quant i ly because i t  has been c,btained by a radar during nomal operat ion'

The experimental  procedure and calculat ion of results are given in Appendi]r  A'  A

sudlrar,v of this work is given hefe:-

R a d a r  w a v e l e n g t h :  5 . 6  c n s i  A e r i a l  P o l a r i s a t i o n :  V e r t i c a l

The signal to noise (S/N) xat io obtained at che outpu! of a radar:  receiver systerr

f torn a rooving tatget of  echoing alea (d) is given by the l :adar range inverse fourth

Dover lanr eauat ion:



10  l cg  ( s , 'N )  =  10  l os  (K )  (o )  -  4 (1o  rog  R /Ro) ( 1 )

\rhere K is a constant for a known set of radar and propagat ion paraneters.

R is the radar (s1ant) range and R^ is the normal iz ing ranse, which
for the IPS16 operat ing on srnal l  birds is corwenient ly nade l  naut ical
n i  l e .

l \ c  l o e a r i r  l . n c  e r P  ' ^  r \ c  b d c e  1 0 ,

I f  al l  the quant i t ies axe measured or expressed in decibels (dB) \ ie can vr i te
e q u a t i o n  f I )  a r  a  l i n e a r  a q r  a t i o n  w i t h  n e g a t i v e  q l o p e :

Y ( d B )  =  b ( d B )  -  n x ( d B ) (2 )

R a d a r  e c h o i n g  a r e a  o f  1 2  i n c \  d i a  n e t a l  r e l e r e n c e  s p h e r e

At the radar operal ing r ,ravelenglh of 5.6 cn, the radar echoing area of the Epbere
is approximately 70o sq cm.

Dynamic radar echoing area of a dunl in

The dynamic radar echoing area of a dunl in r" 'as calculated by making use of the
(S/N) rat io versus normal ized range (R/Ro) rat io data obtained from the reference

spherie and a nu$er of dunl i rs,  and equat ions (1) and (2).

D ! ' n a m i c  R t A  o f  a  d L r n l i n  =  4  s q  c n  l l l  d B

where 4 sq cro is the average value and 13 dB is br ice the slandard deviat ion from

The (s/N) rat io and range data fot  the spher:e and lhe dunl ins were rneasured on the
same day. over thtee hundred pairs of data points oblained fron fourteen dunl in
f l ights \ . tere used to coinpute the mean value and standatd deviat ioi ] -

Dynandc radat echoing area of an oystercatcher

The dynarnic radar echoing of an oysEercatcher was calculated in the saoe \ ,ray as that
of the dunl in:

Dynamic REA of an oystercatch"t = l:lg-9g5-gg

where 13 sq cm is the average value and 15 dB is tuice the standard deviat ion from

The (SA) rat io 6nd range data for two sphere runs and two sets of oystercaicher
runs were made on di f ferent days. Over 18O pair :s of data points obtained from
e leven 

.  oysletcat che r f l ights vere used to conpute the mean value and standard

4.2.2 Bird Act iv i ty Modulat ion l , /aveforns

If  the relat ively slowly changing aver:age curlent conponet!  of  the bird echo signal
is rernoved there is lef t  a rapidly varying al ternat ing culrent component ca11ed
bir .d act iv i ty tdodulat ion (BAM). The BAM waveform is generated by periodic l t ing
f lapping and l iansient changes in body shape and novement.

General ly,  birds whose physical  dimensions are less than the radar wavelength
usual ly produce sinple periodic BAM wav€forns, whi le birds whose dinensiors are
larger than the radar wavelength produce conplex B}}I  ravefoms. Usual ly these BAM
\raveforms, sinple or complex, can be assessed by using an electronic analyzer to
extract the Fouriel  components of the ntavefom which are displayed as a spectrum



diaeran, This is true for steady f l ig lr t  such as during migrat ion'  but errat lc

{ l i ; t l t ,  such as sccurs rqhen a wi ld bird is teleased' af lects the cycl ic Paltern

of the waveforn"

The specErun of an "er:r iat ic" I IAM L?ave{oim .an suffer in two ways: the components

of thl  per iodic spectrtn can be leduced or 1os! and addit ional unwanled l luctuat ins

components can be introduced' The consequences of addit ional components can Lre

nit igated by f i l tet ing or,  bettex st i11 i f  they are caused by stat ionarv pseudo-

randiar effects,  by rrsing correlat ion techniques in place of or before spectrun

analysis.

The BAM Waveforns of Waders

The BAll \davefoims of tiro dunlins taken from runs O4D and O4I are shown in Fig 2'

These waveforrns are maale by a species \ thj  ch cont inuously f laPs i ts i r ings Both

recori ls n/ele teken after the birds had been in f l ight for aboul l  minule'  In both

rravefotns, al though there are stronPi per iodic amPli tud€- compon€nts, the over:a] l

pattern changes fron second to second' Furthelmore al lhougn cnere are some

toothl ike pattern sini lar i l ies they are not clear ly simi lat .

T h e B A M w a v e f o f i n s o t t u o o y s t e r c a t c h e l s a r e s h o v n i n l i g 2 b . A g a i n t h e r e a r e c y c l l c
components! the overal l  pal tern of which changes throughout '  Conparison of the

rrav;fonns reveals superf ic iai  patteYn sini la:r i t ies of a \ teak kind'

The BAM \raveforms oI two curlern€ are shoirn in l ig 2c. Again lhere are PatEern chang€

lhroughout each lecoral .  Conpal ison of the waveforns reveals patteln si t rr i lar i t ies

of a weak kind.

The str ik ing short  anal long tern l taveforn pal lern sindlat i t ies i thich are a fealure

of the BA]4 wavelotms geder; teal  by sma]1 bi tds on miSrat ion'  l ike the s\ t i f t '  A!5

9!111, afe elnos! elllile1y sbsen! in these wader BAM wavefofins '

T h e r e i s n o d o u b t i n t h e c a s e o f t h e s e r e l e a s e d b i r d s t h a t f l i g h t t e n d s t o b e e r l a t i
even some minules af let  l€Lease. Fuxtherrnore the physical  dinensions of these

r.raders are cornparab.Le Eo or greater:  than the r :adar f tavelength iD use'  IE seef ls possi

that bolh thes€ effects are responsible for these very complex f lucluat ing BAM vave-

forms thich in lhe for1] l  of  anpl i tude uavefof ins axe not easy !o lnterpreE'

4 . 2 , 3  T h e  S p e c t r a  o f  w a d e r s

The BAl l  waveforns of al l  the h'ader f l ighls were analyzed by means of an electtonic

; ; ;" ; ; - ;" ;1y;; . .  A movins "strobe" on the spec!rum displav coupled to an inrer-

pl i r t i . "  ."" i r r . tor,  perr l l i r ied the response peaks to be cal ibtated accutatelv '

The spectral  diagrans obtained from 5 dunl in,  run o4I,  are shordn in l is 3a'  The

;; ;  ; i ;s." '  is t ie analysis of a 40 second port ion of the BAM waveform obtained

after t ie bir id had been €lying about l  ninute'  The Fourier analysis \nas performed

on al l  ampfi t , jae ie.rels cf  th;  BAM waveiorn and then the resultant coeff ic ients

of the analysis were sr- f f inei l .  Tbe bcl ton ciagran is a Fourier analysis of the sane

BAM wavefof in.  but in this case cnlv the peak values rere av€rage' l  '

Both diagrams have proninent fundamenLal resPonses whose peak values occur at

5.5 I1z fJr the suft i ;d lour ier coeff ic ients and 5'6 Hz for the Peak value analysis '

Broad second' third and fourth harnonic responses occur at very much louer arnpl i lud

t h a n  t h e  f u n d a r e n t a l  i n  h o t h  s u n r  3 n d  P e a l '  s t e c r r u m  d : a g r a n s '

Speclr :al  di i rgrams obtained from eight dunl ins ar€ shown-in l ig 3b These are 40

second sum anafyses such as nent io;ed above bu! taken aftet  1or 2 minutes of f l igh

t ine, This is ihe reason for i  the funi lanental  speclral  aesponse of run o4I being

5.5 l lz rather than 5'5 l iz as in Tig 3a. Runs 04D, o4H, o4I,  o5B and 05E have



s i r . l a r  o v e r a l l  d i a g r a r o . s ,  $ h i l e  t u n s  0 1 C ,  O 4 F '  e n ( l  o 5 G  h a v e  s p e c t r a  w l c h  s t r o n g

b:cad harnonic r :esponses. Oftel :  the peak walues of Ehese barmonrc responses are

not si inpLe l lu1t ipbs c ' f  the Peak value of the fundaoental  I requency, al though the) '

are n l t ip les c:  sone element oi  the iurdanentaL response.

Note that lhere are a wide range of turrdanental  conrponent peaks fron ' '5 ro 1'7 Hz'

The oystetcatche:

TLe s,.rm and peak spectral  diagrans obtain€d from the oystercatcher,  run o3c'  axe

sior. ,n in Fig' l*a.  ioth diagtams have st long fundam€nta1 fr 'equency conponenls uhich

oeak at 4.9"H2. Harnonic xesponse occuls in bolh exanples '  but the second haxnonic

response is nore ptoninent i f l  ihc peak evaluat ion.

Spectral  i l iagrans obrained fron nine oystercatchers are shovn in Fig 4b'  In the

c ; s e  o f  t h e ; y s t e r c a t c h e t  a t L h o u g h  t h e  s p e c t x a l  d i a g r a n s  o f  f l i g h t  O 3 G  a t e  d i f f e r e n t

in Fig 4a and 4b the peak value of the fundamental  lesponse occurs et the same

treqrlJncy 4.9 l lz.  Some o.E lhe diagnans 1ik€ o3c have low-harmonic response' \nheteas

oth;rs l ike o3c, o3E. O6C and 06n have very strong harmonic responses'  The funda-

nrentsi  responses of the nine oystelcalchers ranges fron 4'9 ta 5'1 Hz'

The curle\ t

The spectral  c l iagrans lor sumned and peak values of a cur lew' run 06D' are given

in f ig Sa. Bolh diagrans Lave proninent fundaroenlal  responses and relal ively strong

harmonic responses, They are quite di f f€rent patterns and the peak values ot the

sun diagram and peak diagian are 4.1 ard 3'9 I lz respect ively '

The spectxal responses of cur lews '  runs O6D and 06E, are shov'n - in 
l ig 5b'  These

"rn "u. ai tgt .*" '  t  teragei l  over lO seconds ralher than 40 seconds'  The top diagrans

were enalyz;d f i rst ,  then the s€conal diagrans and so on This- method of analvsis

ef lables c;anges in the gpectral  pattern Eo be detected'  The fundamental  conponent

peak value ot 4,O t t .  lemains con;tant lhroughout this short  analysis for cur lew'
' f l ight 

O6D, but changes sl ight ly for cur leir ,  f l ight O6E, tron 3'7 lo 3'8 Hz'

4 , 2 . 4  T h e  c o t r e l a t i o n  F u n c t i o n s  o f  w a d e r s

The theory and use of correlat ion !echniques for conparing compl ex BAM waveforns or:

for "earci ing for the relal ively weak pexiodjc wing beat componen! in a BAM rJave-

form nut i la l ;d by severe f luctui t ions have been given in a previous paper (1) '

0bviously i t  is not easy to deal wi lh complex BAM waveforms such as is shot" 'n in

l ie Z, Uut lhe use of spectral  analvsis usual ly enables the pr inciple frequencv

t"!pon""" to be ident i f ied. Auto-coxrelat ion and cross-correlat ion are methods

which can be rel ieal  upon to deal with lhe mos! awkward cases of randonly I luctua-

t ing waveforms and they only fai l  i f  the signal is absent or verv badlv dislorted'

The nader \" /aveforos \ tere noj j '  o ser iously nut i lated to need correlar ion techniques'

but i t  seened vorthl thi le to iook at them l i i lh a correlaEor in order to simpl i fy

them and so inrprove nreasuring accuracy. An electronic correlaior $as Llsed to obtain

autocorrelat ion funcl ions.

The dunl in

The botton waveform in Fig 6 is lhe autocorrelat ion funcl ion of dunl in run o4I after

the BAM naveforn had been passed thr:ough a 20 l tz 1ow pass f i l lex '  l {ost of  the

randomly f luctual i . tg cooportetr t"  of  the BAM are conf ined !o the cenlra1 peak'  shich

is " t  alr"v t i rne zeio, a;d the adjacent sidelobes'  Al though the periodic cornponents

Ji" f  upp"."  at  bo!h si i les of the cenlral  lesponse are distorteC and relat ivelv smal l

in aDrpl i iude, they are nuch easier to interpret lhan the or igiral  BAM waveform (also

pass.d t t rro,rgt "  )o n, lo" pass f i l tet)  in Fig 2a'  The chief per iodic components

ir  i t l i "  tutolott"rat ion fun:t iof l  is 5.7 ! l2,  and this is nost c lear ly shown in the

t o p a u t o c o t r e l a t i o n f u n c l i o n f o r d u n l i n 0 4 I , w h e r e l h e 2 0 } l z f i l t e r w a s r e p l a c e d b y
a 9 Hz bandpass f i l ter" Again the f luctuat ing conrponenls of the BAM r. 'aveform are

conf i [eal  to the centre of the pattein and adjacent sidelobes, vi th t tLe Perrodrc



!!a!

conponents of low ampl i tude at each
in lhe c€ntre of the f igure is for
di f ference in the est inetes of the
uency and the fundamenle1 frequency

s i d e .  I h e  5 . 7  H z  s i n u s o i d s l  t i m j n g  w a v e f o r m
c o n p a r i s o n  p u r t o s e s .  N o c e  t h e r e  i s  a  s m a l l
fundamental  correlat ion periodic vaveforn f !cq-

t o u n d  b y  s p e c t r s l  A n a l y s i s .

T } ] . . u . r a i . r r . h o r

T h e  n u r o c o r r e l a r i o n  f u n c t i o n  f o r  t h F  o ] ' s t e r c d t  h e r ,
The very pronounced centrel  end 3 adjacent sidelobes
randomly f luctuet ing cotponents of the BAM waveforn.
di f ferelce betneen the value of 5 I Iz giv€n here tor
ponent and the peak tesponse of 4.9 Hz given in the

The crrlev

r u n  o 3 C ,  i s  s h o w n  i n  l  i s  7 ,
contar 'n nost of  the complex
Again we f ind there is a snal

the periodic fundanental  com-

The autocor:relat ion funct ion for the cur1er,r ,  tun o6D, is sho\. 'n in Fig 8. The
f luctuat ing frequency conponents are again proninent in the centre of the diagran.
In this case lhe est imated fundanenEal per iodic waveform is 4,2 Hz as compared to
4 . O  H z  o b t e i n e d  b y  s p e c t t a l  a n a l y s i s .

COM}MNIS AND CONCIUSIONS

1 36 birds wexe tracked successful ly out of  39, and the average track lasled
for a durat ion of 4ninutes. This remarkable imDrovement in results over those of
the nal lard tr ia ls nas due to

(a)
and
(b) b e t l e r  r e l e a s e ,  a c q u i s i t i o n  a n d  p u t t i n g - o n  f a c i l i t i e s

a more imaginat ive response and greater f lexibi l i ty in tr ia l  planning.

Although these advances gave successful  t i ia ls \ , / i th thxee species of vad€r and the
herr ine gu1l,  Larus argentatus, i t  is not possible to guarantee \rhat wi l l  happen
wiEh other species. Duck, for exanple, tend to seek the nearest water,  but the
better artangeftents should st i l1 result  in longer useJuL records.

2 The waders usual ly circ led the release point and then cl inbed in al t i tude
before sett l ing do\, 'n to a period of fair ly straighl  and level f l ight.  Ev€n in the
periods of fair ly uf l i foxm txajectory lhere r ,rere cont inuous aspect f luctuat ions.

3 Air  speeds ranged from 20 lo 29 knots for dunl ins f ly ing at al t i ludes 600 -

1000 f€el,  and 25 to 36 knols for oystercatchers f ly ing al  al t i tudes 4o0 - 700 fee
These speeds were measured when head and tal l  \ ' r inds ! , Iere less than 8 knots.

4 A new nethod of measuring, calculat ing and specify ing a mult i -aspecl walue
of dFaroic radar echoing area has been denonslrated. The dynamic RnA of a dunl in
is 4 sq cn + 13 dB and the dynamic REA of an oystercatcher is 13 sq cm + 15 dB.
fhe new method has also been uFed to obtain the dynanic REA of the herr ing gul1.
This bixd has been enployed as a referenc€ in Ehe past in other r ,rays of determining
radar echoing srea. A conparison of the di f fereni RnA Lesults on lhe herr ing gu11
shor,r ing the advantages of the new specif icat ion \^r i11 be xeported 1ater.

5 Released Faders l ike released mal lards generate very compl icated BAM wavefor in
\chich are di f f icul t  !o lnter.pret.  Usual ly spectral  analysis enables lhe periodic
conponents to be extracted, but in sone cases aid at 1o{r echo signals iE may be
necessary to use correlat ion techniqnes. Perhaps surpr is ingly for bi tds thdt f lap
along strongly and cont inuously sone of the l taders stopped f lapping for relacively
long periods.

The fuadanental frequency cotrponents from 9 oystercatcher BAM \.'avefomr records
oeasured l  nioute after release had an average value of 5.1 l lz,  a standard
d e v i a t i o n  o f  5 Z  a n d  a  r a n g e  o t  4 . 9 ' 5 , 7  l t z .  T h e  i n f l i g h t  f r e q u e n c y  v a t i a t i o n s  i n
tenns of lhe aver.age fundanental were 3 to 42 for duxations of 40 seconds for any
bird ( tota1 length of f l ight about 4 ninutes).  The lwo curlew BAM records gave an
avelage value of 4l lz and a range of 3,9 -  4.1 Hz. B dunl in BAM records gave an

9



components of lor ' r  anpl i tude at each side. T\e 5,1 Hz sinusoidal t iming \ ,3vcform
in the centre of the f igure is for confJar ison purposes Note th€re is a snr.r l  l
d i f ference in th€ est imetes of the fundanenla1 coxreLat ion periodic wavefornr freq-
uency and the fundamenla1 frequenc),  tound by spect la1 analysis.

The oystercatcher:

The autocorrelat ion funct ion for the o! 'ster:catcher,  run O3G, is shoun in Ir iS 7.
The very pronounced cent ls l  and 3 adjacent sidelobes contain most of che comJrLex
randomly f lucruat ing components of the BA] '{  nsvefor: in.  Agai we f ind there is a snslL
dif ference betrreen the value of 5 Hz given here for the periodic fundamentsl  com_
ponent and the peak response ot 4.9 Ez given in the spectral  diagram of I i8 4a.

The curlev

The autocorrelat ion funct ion for the cur lew, run 06D, is shovn in I ig 8. The
f luct l lat ing frequeicy components are again prominent in the centre of the diagram.
In this case the est imated fundanental  per iodic waveform is 4.2 Hz €s conpared to
4 . o  q 7  J b t a i n . d  b v  s p e c t r a l  a f l a l y s i s .

CO}O,fENTS AND CONCLI]SIONS

1 36 birds were l racked successful ly out of  39'  and the average track lasted

for a durat ion of  ninutes. This remarkable inprovenent in results over those of

the nal lard tr ia ls l ras due lo

(a) a more insginst ive response and greater f lexibi l i ly in Erial  pla[ning.

and
( b )  b e t t e !  r e l e a s e '  a c q u i s i t i o n  a n d  p u t t i n g - o n  f a c i l i t i e s

Although thes€ advances gav€ successful  t r ia ls with three species of wader:  and lhe

hert ing gul l ,  Larus argentatus, i t  is not possible to guarantee trhat r" i l ]  happen

\,r i th othet specles.- luckJor example, tend to seek the nealest watel ,  but the

b€tter at lang€nents should sl i l1 result  in longer useful  recor.ds.

2 The waders usual ly circ led the release point and then cl imbed in alLirude

before sett l ing i lown to a period of fair ly straight and leve1 fLight '  Even in the

periods of fair ly uni form trsjectory there \ texe cont inl lous aspe't  f luctuat ions'

3 Air  speeals ranged from 20 to 29 knots for dunl ins f ly ing at al t i ludes 600 -

looo feet,  lnd 25 to 36 knots for oystercatcher! :  f ly ing at al t i tudes 40o - 7oo feet '

These speeds w€t€ measured L'hen head and tai l  winds r , t€re less than 8 knots'

4 A ner^ '  melhod of neasuring, calculat ing and specify ing a mult i -aspect value

of d] 'nemic radar echoing area has been denonstrated, The dynami c RxA of a dunt in

is 4 sq cn + 13 dB af ld the dynamic REA of 3n oystelcatchel is 13 sq cm + 15 dB_

The ner.r  met-hod has elso beer rsred to obtain lhe dynamic REA of the herr ing gul1'

This bi td has been ernployed as a reference in the past in other \ tays of determining

raalar echoing area. A conrparison of the di f feren! REA results on the herr ing gu11

showing the advantageg of the new specif icat ion wi l l  be reported later '

5 R e l e a s e a l w a d e r s l i k e r e l e a s e d m a l l a r d s g e n e r a t e v e r y c o m p l i c a t e d B A l ' l w a v e f o l . n l s '
which ar:e di f f icul t  to i r lerpre!.  Usual ly speclral  analysis enables the pet iodic

components to be extracted, but in sone cases and at 1ow echo signals i t  nay be

nec;ssary to use corf ,elat ion techniques. Perhaps sr. fpr is ingly for birds that f lap

along st iongly and cont inuously some of the \ taders stopped f lappiDg fox r :elar ively

long periods.

The fundsmenlal  f requency conponents from 9 oystercatcher BAU i 'aveform recordB

measured l  niDute after rel€ase had an average value of 5.11{2, a slandard

deviat ion of 5Z and a range of 4.g -  5,7 Hz. The inf l ight f requency var iat ions in

terms of the average ful ldanental  Ltere 3 to 42 fox dutat ions of 40 seconds for any

bird ( tota1 length of f l ight about 4 ninutes).  The lnto cur lev BAM records gave an

average value of 4 l lz and a range of 3.9 -  4,L Hz. B dunl in BAM recoids gave an



a v " . a g e  o f  6 . 3  H z ,  a  s t a r d a r d  d e v i a E i o n  o f  t l z  a n d  a  r a n g e  o f  5 . 5  t o  7 , 7  H z
II t f l ight var iat ions were of the ord€r of 82.

Fron cine f i1n, Cri f f i ths (3) found the average wing beat frequency of 8 oyster-
c a t c h e r s  w a s  5 . 9 5  H z  r d i t h  a  s t a n d a r d  d e v i a l i o n  o f  9 2  a n d  a  r a n e e  o f  5 . 3  -  6 . 3  H z .
F i v e  c u r l e w s  g a v e  a n  a v e r a g e  o t  4 . 6 4  H z  a n d  a  r a n g e  o f  4 . 5  -  4 . 9  H z .  1 3  d u n l i n s
gave an average of 11.91 l tz,  a standard deviat ior of  92 and a range of 1o.7 to
1 3  H z .

Cornparison of the radar and cine-camera results for the oystercaachers and cut lews
sholr  reasonable agreenent,  but the dunl in results are matkedly di f fetent.  cr i f f i th 's
resul ls have often been higher lhan any radar results and di f ferences up to 20%
have been found, but lhese do not explain the di f ferences in the dunl in results
given here.

A possible explanat ion l ies in work dooe by Vaughn (5).  He shons io Fig l la of
his paper the BAM fundanental  f requency component of a semi-palnated sandpiper,
c a l i d r i s  p u s i l l u s ,  f a l l i n g  f r o n  1 1 . 3  E z  E o  7 , l  H z  i n  a b o u t  5 0  s e c o n d s  a f t e r  r e l e a s e .
20 seconds after release the BAM fundanental  was st i11 above 10 Hz. Cri f f i ths
s p e c i f i c a l l y  s t a t e s  t h a t  s e v e r a l  s p e c i e s  o f  s n a l 1  b i r d s  w e r e  f i l m e d  a l t e r  b e i n g
released by hand. Almost al l  the f i lu records ! , /ete short  possibly only 5 seconds
or so. Consequent ly i f  dunl in behaved l ike the sandpiper ( they have already been
shorn to be nore var iable than the oystercatcher) and were hand released the avelage
value obtained by the cine-canera could be much higher lhan the radar value obtained
a ninute after release. A convincing explanat ion of the di f ferences l ' i r l  probably
have to ar,rai t  the sinul taneous radai and cine-camera recordine of another batch of
d u n l i n s .

6 Serious departures from the periodic BAM waveforrn generated by ving f lapping
do affec! measuremen! accuracy. Indeed the relat iveLy large rapid aspect changes
character ist ic of  released rnal lard and the l raders used in this exercise produced
distorted BA}I raveforms which could not be roeasured accurately using the slectrun
analyser,  Correlat ion techniques vrete used to improve these neasurements al ld they
yielded sl ight ly higher velues thar the spectrum results.
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APPENDIX A

DI'IIAMIC MDAR ECHO]NG AREAS OI BIRDS

B y  e \ T ' l o i t i n g  t h e  e r r a t i c  f t i g h r  o i  a  r e l e a s e d  r i l d  b i r d  a n d  h y  u s i n g  n a n y  b i r d s  o f
the sane species, a f luctuat ing (nlu1t i -aspect) distr ibut ion of the echoinB area
is created. The echoing area of each species is given as a mean value, plus and
ni inus two standald deviat ions fxon the rnean. we sho!,r  thal  the distr ibut ions of
(S/N) rat ios about the mean values are approximately gaussian, and consequent ly two
standard deviat ions about the aver:age value are a measure al  952 ot the ecboing area
f l u c t u a t i o n s .

Note that al l  values are ro'rnded off  to l -wo decinal places, but s ix places oJ decinals
were used in the calculat ions.

the method and calculat ions are as fol lovs:-

12 inch diameter metal  reference sphere

Trielve inc-h dianeter netal  spheres carr ied by bal loons lrere tracked and their :  relat ive
(S/N) rat ios and radar ranges i , rere recor.ded at 5 second intervals.  A graph of a
typical  sphere run, 03A, made dur. ing the wader tr ia ls is sho\" 'n in l ' ig 9.  The vert i -
ca1 scale is the reiat ive signal to noise rat io in dB, and the horizontal  scale is
the nornal ised radar tange rat io i l t  dB.

Note that when the radar (s1ant) range R is l  naut ical  mi1e, the normal ised range
(R/Ro) rat io in dB = 0, and when R is 0.5 naut icat mi les and 2 naut icsl  i les
respecl ively,  the [ormal ised range rat ios are -3 dB and +3 dB. Each value of the
sphere (S/N) ral io has been plotted at the appropriate valu€ of normal ised tange
rat io.  Using a progralnl ie to conpute the least-square f i t  and cotrelat ion coeff ic ient
of 75 pairs of data points a f i rst  degree funct ion rvas sought.  A straight l ine
- . , , " r i ^ -  ^ f  t s l " o  f ^ l , f i .  -

( s / N )  d B  =  5 5 . 3 4  d B  -  3 . 9 5  ( R / R o )  d B (1A)

r , /as found to give lhe best f i l  \^, i th a sanple cortelat ion coeff ic ient r  = -O.99 (the

negat ive cotrelat ion coeff ic ienl  occui.s because the (S/N) rat io decreases as range
increases).  with such an exce11€nt f i t  the populat ion cof ielat ion coeff ic ient
p  =  - 0 . 9 8  t o ' o . 9 9  a t  9 5 2  c o n f i d e n c e  l e v e l .  T h e  l i n e a r  e q u a l i o n  ( 1 A )  h a s  b e e n
drar^ 'n through the data points in ! ' ig 9. Ideal ly one might expecl the slope of
equat ion (1A) to be -4 €nd idenl ica1 to that of  the funct ional equat ion (1) in
chapter 4, but equat ion (1A) is best descr ibed as an 51 equat ion ( the descript ior
given by i {BS (4) to an equal ion with a stal is l ical  distr ibut ion in the vert ical  y
plane only) becar.rse the measured values of the (S/N) rat io f luctuate about the
nean value. There are also uncertaint ies in lhe value of the (R/Ro) rat io,  but in
lhis project thet i  r . iere very smaLl and can be neglected.

The chief reason for scatter on the (S/N) rat io results is because the echoing area
of lhe sphere includes f luclual ing echoinS srea cortr ibul ions from the shrouds and
the ha1loon, which alrbough smal l  are not negl igible.

The dunl in

A graph of the results taken front L4 dunl in f l iehts
parameters vere ident ical  with those used during the
e\?ected vi th birds showing al l  aspects fron head-on
posit ions there is a l r ide scat ler on the (s/N) ral io

shown in Fig 10. The radar
sphere run. As night be
throlrgh broadside-on lo tai l -on

1A



UF i ig the least-square f i !
e luat ions were ob tained: -

{ s / N )  d B  =  1 3 . 0 0  d B  -

(R/Ro) dB = f  . i l9 dB - dB

3 . 8 5  ( R / R o )

o . r 1  ( s / N )

(2A)

(28)

s a m p l e  c a r r e l a t i o n  c o e f f i c i e n t  r  =  - 0 . 6 5

p o p u l a L i o r  c o r r e l a t i o n  c o e f f i c i e n t  I  =  - 0 . 5 /  t o  - o ' 7 1  a t  9 5 2  c o n f i d e n c .  r e w e r

Average dynanic RIA of a dunl in (over a large nurber of di f ferent aspecrs) is

The straight l ine oblained fron equat ion (2A) is shor. 'Tl  plot ted over the e: 'Ter inental
E c a t t e r  ' ' i a g r a r  i r L  r , ' i g  1 0  i t a o  d i f f e r e n t  e q r r a t i . o n s  a r e  g e n e r a t e d  b e c a u s e  e s t i n a t i n g
y fron x is not just r l r r  teverse of est inat ing x from y except when the correlat ion
c o e f t i c i e n t r = i 1 ) ,

The dynamic radar echoinB area of the dunl in is computed by f i rst  f inding rhe
centre of scattex diagran'  using the of straighc l ines given by equat ions
( 2 A )  a n d  ( 2 B ) .  T h i s  o c c u r s  a t  :  r e l a l i v e  ( S / N )  r a t i o  o t  4 4 . A 2  d R  a n d  w h e n  t h e
normal ised range ral io is -2.86 dB. lnsert ing this range r ial io into equat ion (1A)
we obtain the relat ive (S/N) rat io for the 7o0 sq cn r :eference sphere as 66.68 dB.
As the sph€re and dunl in results were obtained at c lose range h' i th ident ical  radar
DaraneLers \ , /e can wrtte:-

( 6 6 . 6 8 '  4 4 . 0 2  =  2 2 . 6 6  C , B  b e l o w  7 o 0  s q  c m )  =  4  s q  c n  a p p r o x .

A measure of lhe f luctuat ing charactexist ics of the dunl in 's echoing area as r ls
aspect changes can be obtained by drawing a slraight l ine, using the funct ional
equat ion (1),  chapter 4, through the cross-over point of  lhe (s/N) data and then
calculat ing the slandard deviat ion of al l  data points from this neaD value l ine.
The distr ibut ion of (S/N) rat io f luctuat ions about the mean is shor"n in the histogram'
F i g  1 1 ,  f o r  3 0 5  d a t a  p o i n t s .  S u p e r i r P o s e d  o n  t h e  ( S / N )  r a t i o  d i s t r i b u t i o n  i s  l h e
eclt ivalent gaussian distr ibut ion and b) '  comparison n'e nole lhe f luctuat ions ar:e
fair ly synmetr ical  about the nrean, and the standerd deviat ion is approxi luteLv 6.6 dB'

The oystercatcher

.A graph of results taLen from 11 oystercatcher f l ights is shorm in Fig 10. The radar
par.aneters of t r ia i  O3were ident ical  \^7r ' th those of sphere xun 03A' i ,7hi le thos€ of 06
r, / i  th those of sphere run o7A (not shorm) nLade on di f fetent days. The radar para-
neters of t r ia l  06 r .esu1!s hsve been adjusted to permit  lhem to be used with those of
r r i a l  0 3 ,  U s i n g  t h e  l e a s t - s q u a r e  f i t  p r o g r a n n e  o n  1 8 1  p a i r s  o f  d a t a  P o i n t s ,  t w o  r e -
e r e  i s i o n  e o u a t i o n s  w e r €  o b t d i n e d : -

( s / N )  d B  =  3 8 . 8 9  d B  -  3 . 8 9  ( R / R o )  d B

( R / R o )  d B  =  4 . 6 1  d B  -  o . 1 5  ( S / N )  d B

s a n p l e  c o r r e l a t i o n  c o e f f i c i e n t  r  =  - O , 7 2

(34 )

(38 )

p o p u l a t i o n  c o r r e l a t i o n  c o e f f i c i e n r  p  =  - 0 . 6 4  t ' a  - o . 1 1  a t  9 5 2  c o n f i d e n c e  1 e v e l

The straight l ine obtained lronl  equat ion (3A) is shown plotted over:  the experimenlal
scatter diagram in r ig 10. The dynamic echoing area of lhe oystercatcher is computed
in the same vay as for the dunl in.  The cross-over of l ines given by equat ions (3A)

and (3B) r ls at  a (s/N) rat ia of 46.52 dB and at the normal ised range rat io of -2.13 dB
The (S/N) rat io for the 70o sq cn r :eference sptrere is 63.75 dB aE that range raEio.

2A



l lence we can wri te:  -

Average dynami c nEA of an oystercatcher (over a large numbex of di f ferent aspects)
i s  ( 5 3 . 7 5  -  4 6 . 5 2  =  1 7 . 2 3  d B  b e l o w  7 o 0  s q  c m )  =  l l  s q  c m  a p p r o x .

The distr ibut ion of (S/N) rat io f luctuat ions about the mean is shown in the histogran,
Fig 11 for 181 dala poinls.  As with the dlrnl in results,  lhe f luctuacions are fair ly
symetxical  about the mean, and the standaxd deviat ion is approximately 7.4 dB.
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