
FIELD STRENGTH OVER '1'1-IE SEA UNDER 
VARIOUS CONDITIONS OF AT?vIOSPI-IERIC 

REFRACTION 
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~ 1. INTRODUCTION 

T B perim nts to bed 'rihed in this paper formed part of a more exrcnsi,,:c 
investigation which was und r ken to e' mine and compare the behaviour 
of e ntime -wa e radar un er nditions of normal and anom 0 . 

propa ti n. The' ve-l ngth tudied were Wcm., 3 em. od l·r m. No 
t t gear w a 'aiJabl to determine th pow r ou ut and recei er nsitivlty of 
th tran ittin and r ei iog uipm ot: reJati\'e m UT ments f i I 

wer obtain d by cali ration of th nle J by m n f pul d 
al nent at int iar fr ne '. 
The xperimc:n \' r . ned out t a it in rth Wal 0 t hore f the 

on E tu' ry. lookio out o\" r Beaum ris Bay and th Iri h~. '-ano 
itions w r osen and t ted, giving aerial hei hts of between 20 and ~ t 

abo e mean I 1. The ti range' s up to ± 12 ~ t at pc-in . 
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The 'lwrtical distribution oj radar jield strength over the SNI 239 

T,ccessary to use an outboard motor in t.he Jinghy anJ to pro t:ed down 
wind, which of course meant that the range was changing Juring a series 
of readings; 

(c) at 1·25 em. the signal was seldom of workable strength beyond 17000 yarJs. 

Observations were also taken on an autogyro at longer ranges, but as it was not 
possible to detect the autob')'ro on 1·25 em. the results of these experiments are not 
reported. ~ 
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on the as:,umption that signal strength varied inver~ely as the fourth power of the 
ran~e and by scaling the target heights up or down proportionately to the range. 
The observations were then plotted in the form of decibels against height and 
were compared with a theoretic:!l signal-strength distribution calculated on the 
basis of fiat-earth theory; flat-earth theory is of course inappropriate to the 
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The vertical distribution of radar fi ld strength over the sea 241 

situation under examination, but the accuracy of tIlt: observations docs not warrant 
the greater labour which curved-earth theory inv lye , and the thcoretical fiat
earth signal-strength distribution may be u J as a convenient but arbitrary 
yard-stick against which the effects of refraction can be ~ d. 

l\letcorological measurements formed a part of th data which were collected 
for purpose~ of the wid~r aspect th sc investigations but no data are available 
which can be regarded asrck..'ant to the experiments now under <.1iscussion. As a 
matter of day-ta-day routine it was customary to recognize ., W . A.P." (i.e. 
1\. nomalous Propagation) or~ "strong A.P." nder . A.P. long-distance land 
echoes, e.g. from thc Isle of Man, were visibl on 10 em..and 3 em. but no echoes 
from shipping at corresponding ranges; under strong A.P. ceJIO from shipping 
were observable at ranges of 100 00 yard r more on 10 COl. an<.1 3 em. 
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floating objects, such as buoys, which were often detectable on 1·25 cm. but not on 
10 cm. in spite of the very much greater power of the latter. 

These results provide some practical confinuation of the prediction, made on 
theoretical grounds by Scott and Pearcey (1943), that anomalous propagation 
would be experienced on 1·25 cm. to a much greater extent than on 10cm. 
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Abstract 

Results of further measurements of 3- and lO-em reflection coeffi 
cients of sea atar tor small grazing angles are reported. The 
vaJ.ues for verticaJ. polarization are in good agreement with t orr 
for a Both sea, hile the Talue for bor! zontal polarization ar 
10 er than tho e predicted by theor;y, falliDg as low as 0.6. The 
values obtained for horizontal polarization are higher, Y. , 

han those pllb11 ed previousl;r 1n BL .Report 478. 

W. T. Fishback 
P.J. Rubenstein 

Approved by: 

/a/ Donald E. Kerr 
ChairaBn, Group 42 

lsI E. K. Purcell 
Acting Division Head 

T1tle page 
Table of Cont nte 
10 number d p BS 
5 page B of figure 



TABLE OF CONTENTS
 

Introduct on----------------------l 

~pment-------------------------l 
~ 

easuremen t Technique---------2 

Reduction of the Records- -------4 
Discussion ----------------------5 
Conclusione----------- - ------8 

Bibllography------------------- --10 



I NTliODUC!C ION 

!Chis report descri es measure nts of the effective plan -wave 

refl ction coefficient of sea water at 'Wave1eIlgtha of 3 and 10 om. These 
1 

measurement are an extension of the 'WOrk begun last year. The magni

tude of the reflection coefficient was deter in d from the ratio of sig
,

nsl strength8 at the maxima. and minima in an interferenc pattern, meas 

ured with a one-vq tran mt Bsion path bet een a fixed ground station and 

an airplane flying at constant height toward the ground station. The 

phase shift on reflection was not determined. 

Figures I and 2 shoy the results at 10 c for calm ea 'Water 

on vertical and horizontal poleriSlations, respect! e17: Figures 3 and 4 

show the corresponding r salt at 3 em. The dot repre ent the observed 

values olp. the magnitude f th refl ctton coefficient, plott d as a 

function 01 grazing angl (colDplement of th angle of incidence); the 

theoretical values for smooth BBa vater are given for comparison (solid 

lines). 

It Yill be seen that the observed values for vertical polar1z!r 

tion scatter about the theoretical curve at both wav lengths. With bcrl 

zontal polarization, howe? r. th observed ...eluss fell consistentlY' below 

the theoretical line. The observed points indicate TalU of p bet en 

1.0 and 0.6. th	 scatt r being large even within. a single s t of obBerv~ 

tiona.	 The re alta at 10 cm indicate higher values of p tlum those pre
1 

vioau)" reported. 

For numbered references con ult the b1bllograph)" at the end of this 
re ort. 

1 
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~UIP T 

The transmitter used for the lo-em mea w.oements employed a 

K1Y'stron operating at 10.0 em and delivering a ew POWI' output of about 

3 atts. Th ou t moDi tored by a temperature-compensated thermistor 

bridge circuit. The rem transmitter used a British CV-129 reflez tl'P , 

velocl ty-modulated tube operating at 3.2 c and delivering a ew output 

f about 75 milli att. A CI78tal onitor was ueed. 

The C receivers used were developed for other purposes anL 
2 

vill be described in detail in another report. Th8Y' 1'e uipped with 

antomatic frequ neT control and with anto tic gain control on one, t 

or thr e of their four interm 41at -frequency stages, the aatomatic gain 

control Toltage being amplified and made to drive a 0-1 m1l1iamper 

Esterline-Angus r cord1Dg milliammeter. The minimum detectable po l' 

a t 130 db below I watt for the lo-om receivers and 116 db belo 

1 watt for the 3-om receiver. With the automatic gaiD control ttiDgs 

usually used, Ii fall-.cale range of 50 db Was availabl at 3 em and of 

65 to 75 db at 10 em. 

On the lo-c path IS-inch paraboloidal ant nnas were ueed on 

the ground stations while the plan ee.rried a 12-ineh paraboloid; both 

ueed ~ dipole feed. The )-cm equipment originally uled S-1nch wav

gUide-feed paraboloids. Later the antenna in the plane was replaced bT 

one of a t of S-inch paraboloid cut to ha.ve an aperture of S x 5 

inche. These epacial antenna.s (one for each polarization) increased 

the b am 1dth in azimuth to give add.1 tiona! tolera:o.ce for errors 1.n the 

plane t heading. The measured full b am width to half po r pointe in 



the horizontal plane for these antennas are 13 end 14.5 degree for hori

zontal and vertical polarization, respectively.· 

The source of power in the plane as a 24-voli d.c. to ll5-voli 

40O-cycle rotary converter With a voltage regulator placed betw en the 

converter end the equ.1pmellt. In most of the ork the grolUld station w • 

a mobile truck Bystem which carried 1t own well-reguJ.a.ted 5-vo1t 60

cyol JIIQ tor-generator; a vol tags regulator .8.8 al s use d Wi th the 3-c 

equipment. Radio cOlIllIIlm1caUon va. maintained bet en the ruck and pl e. 

The course used during the exp rlment is at bearing of 43 

degrees Tru.e from Deer I lend, in :Boston Harbor, pas lng through Eastern 

Point 1n G1ouces't r. It 1s shown in Figure 5 The plane flew out a. 

far as desired on this couree, turned, and headed to ard Deer Island, 

fly1ng with as nearly constant alt1tud , bearing, and speed as poe ible. 

At th beginning of the run the antenna in the plane 'Was leveled and cor

rected in azimuth for crab. When infor d by re.d1o that the plane was 

on course, the operators of the ground at t10n tuned in the signal on th 

rece!vers and rotated the antennas in anmuth for maximum signal. The 

automatic frequency control on the receivers usually held thi 19nal in 

tune throughout the flight. An observer riding in the co-pUot l seat 

of the plane noted all errors in altitude and bear1ng, and time of pa" 

sage over or near kno landmarks (Thacher I land, Eastern Point, Halfw8l' 

.We are indebted to Group 54, the Radiation Laboratory, for the construc
tion and pattern measurement II. these sp clal 8I1tennae. 
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Rock. and the rece!ver station). Thi information was placed directly 

on the record with a side pen record r, making possible a correlation 

with navigation rror and an approximate distance calibration. The 

receiver and recorder combinations w re calibrated h dq ith 10

and 3-cm eignaJ. generators., 

Three general procedure. wer used durint; the experi ent: 

originally the 10-c receiver was carri d in the plane and the tran 

mitter wa placed on Deer Island. 25 f et above ean Bea level; later. 

the transmitter was carri d in the plan and recei rs were placed on 

the Island. 25 and 70 feet abOVi mean sea level; final17. both 3- and 

10-C1lI transmitters were carried in the plane with their corre pond..1.D€ 

rec iTers placed on the Island. 18 and 25 f et abOTe sea 1 vel, respec

tivel • 

:Because the lobe structur becomes increasingly fine a8 trans

mitter and receiver heights are raised, the plene was al,,~ flolm at 

altitudes of 1000 f et or le s when the 3-cl1 equipment was b ing operated. 

Flights at higher altitudes would have put impossibl;r sever requirements 

on the navigation aocuracy of the plane in order to obtain saUsfacto17 

cross- acUon of the lobe tructur. When onl7 lo-em equi ent a being 

operated, it wa possible to fl,. as high as 5000 feet; ind ed, it ¥as 

often pre:ferab1e since the greater etabUit,. of the air ads navigatioD 

asler at that height• 

• When the rece1vers were at the ground statioD. the into ation trans
mitted by cod1.Dg on the 6-mc communications band. .A rel83' operating :fro 
the communications receiver activated the side pen recorder. 



~he greatest d1f:ficult;y 'With this technique of measuring refl e

tion coefficients is k:eeplD& the plan accurately n oour e. In order 

to make a flight at all. it was necessary that vielbillt;y be exception 

el17 good end that wind speecis in the first 1000 feet be quite low. Con

sequently all results pUblished here ar for calm sea vat r; th extent 

to which the reflection coefficient is a funct on of water rougbne cannot 

b eaBur d b1' this method.. 

Figures 6 and 7 are record of a flight at 500 feet mad on 

Febru.ary 16. 1944, with vertical polarization; Figure g end 9 show a 

similar f 19ht made with horizontal polarization the same dq. The di 

tance of the plane from Deer leland and the receiver calibration in db 

below 1 watt are arked directly on the r cord. The navigation diffl

cw.t1 I are ver'1 cl arly ho1Dl in tu e flights: since the beam width, 

of the 3-cm antennas ar 1 BS than thoa at 10 em and Bille the finer 

lobe tructur at 3 c akes altitude errors more important, it would be 

expected that the 3-cm records beuld b mar erratic: than those at 10 

c: .. Th1 is clear1.7 the case in the records ho • 

:BEDUCTIOR OF THE BECOlUlS 

When the tenna pattern is broad, it 11 easily holm that tor 

a BJIIOoth spherical surface p. the me.gni tude of the reflection coeff10ient, 

1s given by 

p =1 Emax/Emtn - 1 
DE IE otl 

max min 

where E and _.. _ are the electric :t'1eld etrsD&ths at adjacent maxima 
max ......",. 

and minima. in the interf renee pattern and D is the div rg DC factor, a 
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geometrical quantity which expresses th divergence of a ave reflected 

fro a spherical surface.. Th value of D and the grazing angle can b 

determined at the adj acent maxims. and min a and us d in conjunction W1 th 

the differenc 111. signal lev 1 at the maximum and minim to det rm1ne p 

for the given value of the grazing angle. The method cannot be u d vh n 

eit r the divergence factor or the gr zing engl varies appr ciabl;r 

t een the aximum and minimum being COD. idered. 

It will b noticed that as p approa.che 1.0 th db dif'f renee 

bet en maxima and 1n1ma beeo e8 greater and ~roacheB infinity. If 

tbe db dlfferene beeome great enough, the 1.gna1 1 vel at a. m1n1mml. 

ill fall bela m1n1Ilum det ctable power and it will b impossible to 

measure the db dif'ferenc bet" e the maximum and m1J:l.illll1ll. I t bas be 

found that valuss of Dp higher than 0.96 eannot be measured acc at 11 

vi th this equipment. In general, ho ever, the signal level at a mini..mtDl 

did not fall below mln11DWD detectable power dur1ng these exper nts. 

:Before 81X¥ record va accepted ae eatiBf'actol'1 it was requir d 

that the max1mum lignal value obey the r8l1&e attenua.tion law 
2 

Pover Received =Constant/Rang 

and that the positions of maxima and lnima check the po lUons prelil.cte4 

by spherical earth theol'1. In view of the lov helghts of th receivers, 

•	 In the e experiments it has been declc1Bd to a 8t1J1le the geo etrical ex
pres ion for the divergence factor correct d to 11lDlp all d perture. 
fro theory in the quantiv p. 
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this enta1l d fairly accurate knowledge o£ height of tide dur1ng the 8%

peri ent. The e two check serv d to eliminate those r cords or part 

of records in which plan navigation was poor and gav a partial check 

on the existence of anomalous propagation, to be discussed below. 

DI SCUSSIOli 

Observations made this year on 3 c and both this year and last 

year on 10 em indicate that the effective reflection coefflci nt of calm 

sea wat r for vertical polarization i in quite good agree ent with the 

th orT for a ooth se The use of the theoretical values in determin

tng radar coverage shonJ.d prove satisfactory.' 

Observed value for horizontal polar! aUon fall belo he 

theoretical curve on both ~e1engths and ho a much greater scatter 

than on vertical polarization. I·inch of this scatteT is believed to be 

real and tends to bear out sim.1lar COnCll1Blons from the Admiralty Signal. 
3 

Establishment in England. A suggested cause for this scatter and for 

the 10 values observed is the roughness of the reflecting surface. At 

one time it was even thought that a very str1k1n.g correlation had been 

found between the value of p observed and the direction of wave travel 

wi th respect to the path. Th correlation indicated that high vala of 

"	 It should be pointed out that the theoretical curve shown in Figure 3 1s 
dr ~ for a dle1ectrlcoon tant of 35 and a conductivity of 17 mho/meter. 
These values have been tentatively s\18g8sted by Professor A. R. von Rippel of 
tm •I. T. staff as an improve ent over the value f. - 55 and d =11 
mho/m ter freqQ8ntly quoted for this wavelength. These latter value give a 
theoretical reflection coef.fic1ent curve that falls below the one shown. 
The observed point8 ar in b tter agreement with the former at of 
constant. 
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p accompany wave travel along the path and low value s accompany ave travel 

acroBs the path. More exact information on ldnd (and presumably vav ) 

direction and failure to reproduce the correlation has tended to discount 

1ts value. It 18 now believed that the reflection area on the path u ed 

would be 80 C10S8 to Deer'I land when th low receiver locations er 

used that land reflection and disturbances created by underwater obet 

c1e ould prevent ~ unidirectional wav trav 1. It does B em probable, 

ho vert that the agnitude of th reflection coefficient shoul be de

pendent a.pon th condit1 n of the surfac; the effects of indiv1dn.al 

wavel ts ~ canes a short period scatter superposed on a general 1 vel 

depending upon the ave amplitude and poss1b1 direction of tr e1. If 

such a ~th sis 1s true, the results hown here can be construe to 

show the range of values to be expected 1dth calm sea water. 

If th magnitude of the reflection coefficient 1s a function 

of surface rOQ&hneae. it might be expected that the extent to which rough

ness affects ite magnitude would depend upon th surfac area illuminated 

and consequently upon the transmitter and receiver heights. The various 

combinations of recelTer and transmitter heights listed prevlousl7 were 

chosen in an effort to study this variation. It as found that ther 

was no appreciable variation of the magnitUde of the reflection co ff1

cient at 10 em for a ground station height variation from 25 to 125 feet 

and for a plane al. tltllde variation froe 500 to 5000 feet. The height. 

were oho en to simulate actual tactical conditions, and the resUlt. 

should be directly applicable to op rational systems. 

Reflection coefficient. have frequently been measured at con
4.5 

tant and extremely short ranges using variable heights, both height. 
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being small. Since e. very smell reflection area i8 u d nth thi method.. 

rOU8hness cannot become predominant and. values obtained in thi8 manner 

are usually higher and in better agreement with theory for a smooth. 

face than those obtai d with the method discussed in this re rt. It 

1s believed that the use of a technique involving long ranges and greater 

height giTeS ore 1n:f'ormation of tact cal u • 

Th difference t en these t 0 tecbnl usa 1s even mar pr 

nounaed in the 08 of land reflection. High reflection coefficients 
5 

he: e been measured u the short-rang , low-height methodj tUBe 

of the technique di SCU8Sed her haa indicated that no r flection can 
1 

depended POll. in the microwave region. The implication in thee re

sulte is that the ground is capable of ran ctag radio "av 8 in. the 

microwav region, but that surfac roughne a i great 8J1ough. to prev nt 

any ~cular reflection of radiation fro oat radar stations. If a 

etation site 1e such as to approXimate the geometry of the short-range. 

low-height method, specular reflection a'¥ oc There ar well-anthen• 

ticated cas s of land reflection in the microwave r gion. but in flYerT 

one reported to th1.-s group the tranamtter height hae be n Ie 8 than 25 

feet and the site has been near an airpor run Eq 0 e:z:trem ly flat land 

containing little or no vegetation. This 1 probably the only case in 

which epecaJ.ar ran ctlon of microwaves can take p ace over land. 

The re ts obtained th1s year for sea water reflection with 

horizontal polarization at 10 em are consistently higher than thoae mea&
l 

ured last year. While surface roughness mq be re8ponB1bl for part of 

thll1 difference. wind data indicate no great difference bet. en the set 
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of observations. Th at obTloue explena.tlon for this disparity 11 8 

1n ~ t1me cODstant of the receiver-recorder oomblnatio • ith th 

equipment used last year a time of 3 s conde was required for a 90 per 

cent respon e to fllll-scale defl cUon. That response time hu now been 

reduced to 0.3 S8COndS, which corresponds t appro at 11' 0.01 mUe 

for the plane I 8 usual. ground 8p Obae at10ns made thi year on a 

high lIpeed met r end the racel er output meter. both in eerie with th 

recorder. ahow that tihe r corder mq fill to register th full. depth of 

inima evell when the spacing between adJacent maxima and minim is con

6iderab13 greater than 0.01 mil I. Indeed it ha been frequently no

ticed in the cord obta1ned in he 1 t t year that mini a in th 

inter! renee pattern tend to be even sharper tlum would be predicted b7 

the017. This poi t 1s well ill trated in Figar s 6 8Dd 8. In order to 

avoid errore introduced by the time constant. valu s of (J at gradDg 

angles greater than 5 degree. wr not determined.- It 1 believed that 

the recorder will giTs full response up to this angle; it 1 quite po 81

ble. however, that with last year's s10 er time constant the recorder 

failed to register the ful depth of m:iUma.. 

In any e%psrimentB involving transmission over conslderable 

d1 tances the effects of the at ollp r cannot be neglected. The calcu

lations of the diverge e fector and grazing angle. as 11 a the posi

tionl of maxima and minima, re made for an idealized standard at 8

pher hav1JJ& a gradient of modified index of refraction '11th height of 

-Navigation difficulties frequently confused the iuterferenc pattern 
enough at 3 em that it was deemed wiee to lim! t the grazing angle to ev D. 

mall valu.es. 
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3- 6 x 10- g per foot (corr spondiD& to an effective earth radiu '4/3
6.7 

times the true radiu.s) For other atmospheric conditions the poa1

tions of msxima and m1D1ma ~ be Bh.1ftsd. the pattern m~ be more or 

less "washed out." and the inverse square law variation with distance 

q be violat d. The r qUirement that the r ceived. signal check th in-

vers quare 1 :w end the position of maxima and minima was impo ed in an 

attempt to detect the presenc of non-atandar conditions. Failure of 

the record to eet either of these requirem ts was construed a 8 ...i

dane of anomalou propagation, and the record was not orkea up. a 

further check ans ound.1Dge of the lower atmoaphere wr made prior 

to the aq l 15 night never p08sible. 8,9 

Aa a further atmospheric complication there 1 a growing amount 

of evldenc that e. low-lflng dnct DI81' a1"~1 be pr sent over water dn.e to 

the verr Bbarp decree. e 1n 'Vapor pr s ure with height. Th height of this 

duct i not knoB, but it 1 probabl that it can Dtrap neither 10 nor 3 
6 

o waves. While this duct apparently has no radical effect on the re

ceived signal. it mq possibly affect the depth of the minima obeerv d. 

If such a odification corresponds to e. Virtual decrea in reflection 

coefficient, the result printed here can be considered reliable and 

u ed In coverage calculations. 1£, however, the JIl1n1Jlla are filled up 

whi1 the maxima are 888ent1ally unaffected, the result .baWD. here 1D

dicate too low a value of P, and the maximum rang obtained by a radar 

Be~ (in the max1.ma of the lobe atruotur ) will be great T than would be 

pr dieted using the. valu • Since so little 1e bo abo t ~h11S pbe

nomenon, about the 0%117 conelusion that can be drawn 1s that values of 
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, shown here can be considered a minimum values* It ahould be emphas Bed 

that the reflection coefficient values given here can be used in coverage 

calculations only for standard at orological conditionsi reliable resulte 

mq p08sib1, b obtai d for the case of a very low duct such as mq ex

1st over water all the ti.dt , b t once the anomalous eff cte becD e at all 

pronounced the interf rene pattern becom B 0 distorted that the retlec

tion coefficient no lODger ha ign1ficant meaning at low grazing angles, 

especlal1y below one degre • 

CONCLUSIONS 

The values of reflection coet! oient report d here do not give 

a f1nal answer to the problem of Bea water reflection. At pr sent no 

adequate explanatIon 16 available for the fact that the varlati of, 

wi h gr iIlg aJ:Jg1e for v rtical polarization is in good agree nt vith 

theor'7 for a smooth sea. but that the variation fo hor! ontal polarha

tion does not 8&rae with theoretical Blues and sbo an extreme scatter 

in a very sbort time interval. In add1 Uon. while surface roughnss i 

Buspected to be en important factor in determining the magni tude of 

no quantitativ measurements of the effect it prodD..ce hav been obtain d, 

nor 1 1t likely that theT ever 1d.11 be obtained usiDg the technique de

scribed here. The results given in this report ar probably r liable for 

the 11mited caee of reflection from calm sea ater. They indicate that 

the coverage resulting from sea reft ctlon will not be rellably increased 

bT as much 8 a factor of two ln the cas of bor! l'IontaJ. p larlzation and 

in. the case of vertical polarization it will be that pr dieted usi theo

retical vall1 8 .for a ooth sea. 

W. T. Fishback 

P.	 J. Rubenstein 

lq 4, 1944 
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h.	 appllcatlon ot It.tlltlc 1 .. 'hodl In anT fl.1d of In••ring or 

nle.leary t 10•••'a,. ID It. de.elop..nt in order 

thlr pro re.. can b. e. To • 1 w1ll ttr.' delcrib. 10" of 

tertetic. of two important th.matical tooll u••tul 1n Itatlet1cRl 

pr.dlctlon~ ot round- •• pro ,tlon and will thin 4e-anltrate their 

applicabilIty to the d. orlptlon at rAdIo prop .tlon o.er irregular terr n 

by lIIana ot an • lee 1\ .hould b••tr••••d at the out.et' t thl1 1. 

Interl. report on method~ whIch have b••n found uI.ful 1n & field in whIch 

Dew nd b.tter nn Yltl are balD« d.veloped al~olt dally. l' e 

thod I will d scrib. h v been uI.tul to UI In Itlmulftting our thlu~."& 

on thi • .ub .~t ~nd I paee th ala to '1'- t thie t1 merely TO 

r s r rt and not ~e co 4 r ••aroh. 

SLI O. 1 

rlt 10 t 01 I will de erlb. 1 the 1.1 h dt etrt 10n 

or dom .. Lord aIel h lolved the prob1 m ot d.ter nl the pro 

dlltrl '10 of eintnlt d I. of the re ult nt v ctor. o tfl DJ dI' 

b7 ddt to ether, h ndOIl reI til' 1> .. , ber ot v 0 or • 

te. u a	 our co_ndl tlOD 11 ted 1st t 1I' 2' n' 

found bl\t 1tude t t r ItR.nt. An otif 

t 11 1. tor It.: the probl'l 111ty, p, tMt valu h n X 

will occur 1 e to t nu t e qu \ltT r ~ 

ov.r e four r quire enr'
 

or thie d1e 1 Uon r (1) t • um of the ener i, of tbe 1 4i ytc!: ~l
 

It 
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e in ldu y e or 11 co.....··-4 

1 , ( ) t ot eAch co~on.n\ 

1 y of b en 0 

nUllber of anent yeotor. nn~\ b auft1elen\

O. 2 

,I 11 Jl ho'W 

• ye tour r h r. the effect of r. oin" the nuaber, n, ot• 
OIiplOntml veo'orl. II parUoul.r« p. paper h • "" oon Net d. in
 

4h·tribu 4. r of 11 udal will lie on a Itrai ht
.' 
• 

of ai 11 on•• • dl.tribuU n. here for n unit 

oa r.1a'i ..e root-wlD-aq re .uu. In 

c \0 h r. 1'0 , of n. • ••• 41.14.4 b7 
I 

• roo - y It c ••1117 'be t the root-"aA- • 

, .- 1, ,1 'h. I'l' 1.7. \0 •-
n 1. allOf 11 •• 4.. ot 'h. 
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0 y of i of 'h. r.8Ul , ot Il l' 

aD,~c~h '0 A 1.1 

ftnJ~.' tor • 2, 
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pa:n JUnlu..~r I'JraJlD, 1 ,fr a 
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at p..ll of the Y loh 11 de of I 
MV8. A. 181 d1ltrl

bu.ted mp11tude could equ lly well be en ed in of Yalu e ede 

tor 80 1tled reeDtu of the tl t tor le. the tan. • 
a 11 tude I, e 1 0 0.8 'he root n-.qurre value ot 

NO. 3 

di.tr1bu\lon of the Ine' n'sneou! Tolt • Y, 

to be expected fro. a 71eiKh dl,trlbuted Y otor vith lit de. amdt 

random ph e (w t +-~). '1'bi TaU • Il8.Y be deter.lned .lapl)' ob 

co anent of tha Tector alo the reel art. and we f1 that 'hi' Tolt 11 

d1.tr1buted In ~ nor~l dletrtbatlon vith 8 mean Yalue of ,ero ~nd a 

deTl tlon rI I1r. 
In a>lt of our racl10 pro tlon .tudla. the reeeiTad field' r etltie4 

co tlnuGUI reco erl or41 117 oY1de 

reoor I of t ......rl \to ot th i o lUTe li\ ot tbe .-"
 anYe10 r h r ot \he In.tantan • T. el r 

pollUTe or or r in r 0 lcul.lo ot 

the lei Uon no tv er ..il\lon vill be e of 11)1 

e 

belore bal 

Tol Y. I 4t 100 ot e 

Tol 1\ 1, n

• I 

'0 poi , 
vi1l 

, 1" 10 (1 • 

• 

, o.er r , 1" • 

1 wS,11 
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re~lt&Dt tiel , _, to b expect d in pro tion oYer a 1800tb earth a

intI vit in the 1 1 bt ~ b eonliderld to be the .Iator ~ of • 

direc' ••e, O. plut • round-retl~cted ve, Over a laooth .pherlcal 

th the -retlee .e Will be ker t the direct vs.e not onl,. 

beoAule 10.. of 1 , ener i 10 t by b orption but ftllo bee .e ot 

d.1.e	 nce 01 e on reflection at the cur.ed .urf ee of the earth. 

OYlr rtb 1t i. on.eDlent to con.ider the «round-reflected 

.e be r n of lar nu r ot co nent .ector. vtth randoa 

relaU.e h t • etor aaJ be oonlieSered to VI itl 

de ned 1 th ot t.be th tro. the tren••itti anten to 

the corr pondl 01 t and thence to th rloei.l antenDA. bl 

o ce poln r 1 eU lurf el, corr I ondl to the fe. r 1 

co t y loc tion on t rf tor leh thl p AI 

t.h 1e th 1 el ther ••inlm. or dma. enI 

the	 tf cl tl7 ro tr qu n 

at 1 cl Iflc! nn 1, thAt I, nct too n r to r 11n Incldene8, 

1 t will to Ive ot the 1n i.ldu 1 co onent .eotor. 

vill o r cSt I. Dd r tb e elrena. nc I 

all valu of h r.!l Uy. bet eD thl eo otor. Are equsl17 

11 11'. 'fl d rip ion ot ye over roU«h 

71e1 dl.trlbu d • d7' 

t 1 e 17 de@eribed y It~ root.  pH tu e, 

If t re DO dd1tl0 10 In the ro d-r8tleete ye ner dUI 

to ro hn , r 11 tud , , would I 11 b qUAl to thft 11tu , 

, of h ve r fleeted tro. the oth .. rt • or the pr t, It 11 b 

lutrlcl nt to 1 t o wher t, U 11y 1•• t un! 7,• 

trt.b 1! 
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bic d.not•• the .o.r", in the ro h-.~rth ground-refl.ct.d v V8 r.lative to 

that in th dir.ct vave. 

r thAt the v.ctor lum of the dir.ot 

o' plu. the lei,h-diltrlbuted ro~h- rth ground-reflected WAY' would 

alia be di.trlbuted in a AAll.1g h di,trlbut1on but thi. doe. not follow be

nent vector. ~ • il. in thi. ca.e. not 1can.. at t f"ct thAt the co o 
o 

co red to th ot-au Rq ro vAlue of ~ll of tbe co nent ... 

. II 

On t 8 s11dl Ie .ho~n thl explcted dl.trlbutloo of ~ re.ult t when 

2 i.thl ener", of one of the Ind.1vlduRl component vectors, r pre,ent..d 01' o' 

not , 1 1n co r1.on to t tots1 .o.r repre.ented b7 C-:' r)' It. 

will be noted thRt the dletributlon of the relultant •.». 11 7lel1:h d1 tr1

buted only for very l~r~e ue til of k.· th t 19. onll for T.ry lu • 

of .ult l~-c wpo ent lei h-dl~trlbut d ener co red to the 11n"le

co onftnt direct wave ener~y. Such 1 r~. Yalue. of k would be I c d only 

1n e.n \UtuAulll Itt tion wh re the direct w Te 1. eu r ••••d. for 8%8 1, 

by of trA ItH " direct d from th.. ,.eta_l rec i nr 

towI!rd t,ne elnter of .,tty of thf'! 1 of t e r e1vl~ nn in the 

rO\ur.h ,-round. 

J.t k: beeo r d .11"r, t t I. a t b 00 

11 0:1 to t e dlrflc t "'Ava f!ner~. the elop 0 th l!Itri uti n 

beeo 11er. Th'! Ihould be noted in connftctlon with AteI' 1m n 1 

rillul teo 

Th result. shown here 0 ftl,o be u~ed In the CR..e where the ind1vl 

co onent T etor do not ve co letelT r dam relstlve p • COD Ider •• 

1 
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a 0 aonceptl to c t 11 r ed by 7ing 

10 t. In 

t t fro de of 
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0 11 0 :poin• 
or t 0 d in • t an ot wi t • II1d
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.,
'1.refleo 4: 1 

re e4 b)" reflecUo dx t • tbe .ca'tered enerC7. 

for hi' .11de i\ o 14 be Doted ,hat the root • 

• re refl tiOA oefrielent 1. eo.-what lar.r t the 1 er r 

? 

I '1111 rn no" to It 4i .tOD of the _---....--==1 t de. of the.e cround 

reflection coefficient.. On t 1_ .11de \be point. plo'tet rapr••ent root-

re u o th gro reflection coefflcient •• ah point 1, 

the ob\ 1n.d fro out 40 e rate d.ter.ination.. fhe cirole. 

Joined b7 • d .hed curve denote value... red over 1 d OD Poa whil. 

the ro•••• joined by • do~ted eurve repr. t val .. lI1lred. over lu 

on 123 If'he r .olid OUrwl aorr••pond. to a rlfl.otion coefflc ent 

calculAted on t AI.umptloD that the rth 1., oth 4 ~ be repre.ented 

by a dill otric oon.tant equal to 30; thu., the•• value. corr. ond to the 

product or plane v ve reflectlon eo.fflolent .ultlp1i.4 by a tiver oe 

factor to allov ror the .rfect. of earth'. curva'ure in re dine th. eDlr 

in tbe r fleete4 waVI. Th. low value. of reflection coefflclent at the 

.horter 41 tance. are elu.ed by earth ab.orpUon neAr the 'P 

an.le whUe the low v lu•• at l&r~ dl.tances are due to the larpr 

diver enc. ex~.cted near ~ra.i inoldence. Th. lovlr 10114 e oorre. 0 41 

to • ert' law ot rlfl.ction fro. 4ittu.e .urfaae.; thu., accordi to 'hi. 
l"v. the ener reflected i' proportlonal to the co.ine of the e of 

Inoldence. LRabert'. lav do•• not .p.olfy the "CUi of the refleottoD 

4 tbi8 hll beln •••u_d In the •• curv•• to be 'he plane earth refle 

.e 

r 
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THE RAYLEIGH DISTRIBUTION OR RANDOM WALK
 

2Er 
2= E, + ... 2 2Ej +... +En 

if (I) E~ is a constant, i.e. the mean energy in the 

reflected wave is a constant 

and (2) E~ < < E~ for i = I to n 

and (3) The phase of each component vector E j is random 

and (4) n is sufficiently large 

then (I) The probability that the resultant Eswill be greater 

than X is given by the cumulative Rayleigh distribution: 

P 
(E s > x) 

2/ 2)
=e-(X Er 

and (2) The phase of the resultant vector Eswill also be random 
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THE RESULTANT OF n UNIT VECTORS WITH RANDOM RELATIVE PHASE
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VALUES OF X DISTRIBUTED ACCORDING 

'? I I TO THE RAYLEIGH DISTRIBUTION 
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," THE NORMAL DISTRIBUTION OF VOLTAGE, rv-,
 
DERIVED FROM A RAYLEIGH DISTRIBUTED
 

VECTOR OF AMPLITUDE Es
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wt t ¢ 

0/= E sin (wt+¢)s 
-(XI E2)

if (I) p(E >X) = e r s 

and (2) all values of (wt t¢) are equally likely. 
ex> 

then p (v > X) e= i~TI J l12dY 

(Xi2/E r ) 

mean value of '1r = a 
standard deviation of 'V = root-mean-square voltage = E 112r 
Er = root-mean-square value of the amplitude Es 
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VECTOR REPRESENTATION OF DIRECT AND
 
GROUND -REFLECTED WAVES FOR SMOOTH OR ROUGH EARTH
 

Ground-Reflected 
Wove 
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/'Direct Wove Eo /'

/' 
/' 

/~ Resultant Wove at 
/' Receiving Antenna 

/
/ 

o. SMOOTH EARTH
 

DIrect Wove Eo 

___ --- E Resultant Wove at 
Receiving Antenna 

b. ROUGH EARTH 

NATIONAL BUREAU OF STANDARDS
 
CENTRAL RADIO PROPAGATION LABORATORY
 

MAY 1949
 

Multiple Ground-Reflected Waves 
,E::: 22222 

I Er ;: E, of E2 + E3 +E4 +E5 +E6 ) 



THE SUM OF A DIRECT WAVE PLUS A RAYLEIGH DISTRIBUTED
 

GROUND- REFLECTED WAVE
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GEOMETRY OF AtR-TO-AIR PROPAGATION EXPERIMENT
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FIELD INTENSITY VARIATIONS OBSERVED IN
 
AIR-TO-AI'R PROPAGATION OVER IRREGULAR TERRAIN
 

ALTITUDE OF BOTH AIRCRAFT 9800 FEET
 

FREQUENCY 328.2 Mc/s
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DiSTRIBUTION OF OBSERVED EFFECTIVE INTENSITY OF
 
GROUND REFLECTED WAVE, ER , RElATJVE TO THE
 

DIRECT WAVE I ED I FOR TWO AIRCRAFT
 
FLYING OVER iRREGULAR TERRAiN
 

FREQUENCY 328 MC/S i ALTITUDE 10,000 FEET 

fiAT IO~AL BUREAU OF STANDARDS (~ 
CE NT r:AL RADIO PROPAGATION LABORATORY 

I SEPTEMBER 1948 
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128-148 MILES 

Values of ER /Eo distributed in accordance with the Rayleigh distribution 

P= IOOe-(ER/Eo)Y(E~/Ed)2 

would be on the straight line with slope -I
 

(From data token by Col/ins Radio Company, Cedar Rapids, Iowa)
 



EFFECTIVE REFLECTION COEFFICIENT OF THE GROUND
 
FOR AIR-TO-AIR RADIO PROPAGATION
 

BOTH AIRCRAFT AT AN ALTITUDE OF 9800 FEET OVER LAND
 
VERTICAL POLARIZATION
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EFFECTIVE REFLECTION COEFFICIENT OF THE GROUND
 
FOR AIR-TO-AIR RADIO PROPAGATION
 

BOTH AIRCRAFT AT AN ALTITUDE OF 9800 FEET OVER LAKE MICHIGAN
 
VERTICAL POLARIZATION
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