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ABSTRACT 

s r por pr es nts he objecti ves and resul a of an i nv stigation 

of he in erfer nee ef ec s of Fresnel region pheno ena , An lytical 

chni u a re describ d t h will enabl calculation of Fresn 1 region 

r di t i on p t erns for rnonop lse ant ennas, llip ically or i rregularly 

sh p d ap r r s , d ph ad arrays . Th 

d ocuai ng t chni u s, r di 1 E-f i ld in h Fr sn l r ion, ffec a of 

rean 1 r ion, t nna o an t erm couplin in he 

Fr an 1 r gion, and spuri ous fr qu ncy r pon re u:o pr s n • A 

uniqu m ur em n • t chni qu , call d Fr sn 1 r n focusin, b d, 

and eiv s t s i c.my for a feasible rn ans for obtaining th ar- i ld 

p t rn of larg ape ur nt nn with easur n s t . n w 11 within 

th -f i ld -Fr sn 1 re i on boundary. In comp rison w.i h o h r ans 

usjn the Sommerf i ld xpansion to produc sue r sul 

focuain t chni u pp ars t o h v many dv 

R commenda i ons for futur i nv s i a io i ncludin 

rrors and h i r f fec u n h la er chniqu r 

hls r port . 
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INTRODtJ CT IO 

The p se o hi r ·n report s t o pr sent t he r s ts of an 

1nv sti t i on o Fr sn 1 on pheno ena t hat may produce var ble inter-

fer ence par eter s. This st y was cond cted under Contr ct AF J0 {602) -

J020 for te om i . Dev o en Cen er . The bas ic o j ct ves of the study 

wer the exami nati on o various aperture ypes , d vel op ent of anal i cal 

echn ques for o t on of Fresnel re ion probl ms , an exami n t ion other 

ters th . would r sul in he descr i i on o he an nna radia io 

ch r ct r1s 1cs a posit i ons within e r snel re ion bounda i es . 

The invest ati on of methods t o extract t e f ar• d data of an antenna 

from measurements within the Fresnel r e i on ncludes a th oretical analysis of 
l a technique t hat had been su ested by Hou ardy as a pro i r.in way (Time/Fr -

quency Method) to acco ] is such nds . ect ion 1.1 scuss s various aspects 

of the analysis o this technique indicatin p amet rs t at res t in this 

techniqu bein unfeasible t heoretically and l so impract cal f r om an i nstru-

mentation aspect. Ano h r echni quo w s ormula·~ed th t ,.,es s a unique 

proach to t h1s pro lem. ect on 1 . 2 describ s t h esnel Ri n Harmonic 

ocusing te hnique th will enable t he measurem1:mt of the Fraunhof er pa tern 

at ran es from the ntenn per tur which are we.Ll wit i n t he Fresnel r e ion 

of he a tcnn • • he a1re op ont proce ur pr sent ed con s an a al s is 

in ion 1. 2. l of th 1 1ta ons to he Fresne,l appr ox · t on for a ar e 

vect or source dis r but i on and the r esultin • pli-

ca ons or pr od C n an rr y desi n hat w1ll produce a ar-field easure e 

:::h ac e is lC . he rra el e t si n pr ob em i~ solv d by i n a tr s-

f t n t co ex p ane a shown in Section 1 . 2. • T e ch cter istic 

1. H. H. Hou dy, 11.:>tudy an Des · of ime/ requency ear Zone ttern R n e " , I Techni cal Repor o., 1-F.sD-l _, r i1 ) 1 

Manuscr1p , r l eased by au hor for p c io on l S July ) L. 
l 

t 



of a physic ly r 

th character 

An exampl 

he f ar-fie d 

arr y are consi dered with r esp ct to obtaining 

re o ined vith a theor etical point source array. 

arr yo ei ht elements vhfoh will produce 

vei hting factor s shown in 

rtur with a r adius of 100 , and the array 

e 6. • Sftction 1.2.4 is a discussion 

of vari~ s t o e ance cos · erat o s or r ali nment and element ain 

when usi phJsic arr ay ele ents . It was found that the error magnification 

relative o th foe• s n f.\lnc on, shown p otted in f gure 7., does not 

prohibit ap ct on o he r esnel rin hannonic focusing technique as it 

has been f nd o do n ther approaches to the problem. 

Another por on of t e ontr ac includes 11 theoretical analysis of 

various t es o a, ertur s . ectlon 2.1 is a survey of var iou methods fo r 

cal ulatin , e , • on p t rns; a technique for calcula~ion of the pri-

y and seco ar onopulse patterns for both sum and difference modes of 

operation is i ncl ed in Section 2. 2. The method of analytically detennini g 

he Fr snel Zone r adiat on characteristics of t he difference mode is i llustrated 

vi ha deta ed example cal ulation in cti on 2.2.5. A four-step procedure 

1s iven which co · sts of ( ) determim.n a olynomial approximation for the 

partur i lum nation due o single pr imary antenna, (2) calculating an 

nalyt cal on . 0r th monopulse pe ure distribu ion, (J) odification 

of he aper ure d tribu i on by axpressin it i n a Fourier-Zernike Ser ies anct, 

) c c at on o he r sne Zone Pattern. Table l in the Ap enc1 of 

h s report · t e r s t of n I~ 7090 computer program to enable calcu-

tion of monop 1.se Fre nel :,one pat erns on a desk calculator and is utilized 

in the ex prob1 des r ibe • Sec ion 2 . 2 .6 illust rates the comparison of' 



the analytical and e eri ental res ts for the monopulse antenna. 

her apertures , for which theoretic analysis was conducted, include 

elliptical apertures n phased arrays . The el iptical apertures are defined 

as irr e r shaped aper tures other than circular or r ectangular shapes for 

the p oses of this treatment . A eneral technique was formulated utiliz ' ng 

a strip approx · tion techni e as described in Section 3.1. Experimental 

pa em s o· Jained by RADC per sonnel of an AN/TPS-lD antenna were used or 

.om arson (see c t on J .2) with the calc ated examples . Another compar i ­

on, usi n a cir cular aperture, was also used to indicate he adequacy of 

the technique . The t heoretical analysis erform d or phased arrays is 

cont ~i ed in Sect io o. and discusses the develo ment of a r esnel zone 

arra f •ctor ands tion t echn ' ques developed by Ishimaru2 for unequally 

spaced arr ays at arbitr ary f ' eld points . 

S ction 5.1 r ports on the r esults of an investi at ion of the spurious 

frequency response of~ simple prob d electroma netic horn, and compares 

the calculated patterns of a pyramidal h r n with its measured patterns. 

Section 5.2. descr ibes the res ts of an nvesti ation that was performed to 

aid in definin th far f ' eld -Fr snel re ion boundary for spurious frequencies. 

The effects of Fresnel zone r ound r flections and their influence 

upon the far f i eld- Fresnel re ion boundar are pr esented i n Section 6. 

A theor ical inves i gat i on was per formed t determine the antenna to 

an na cou l i n charac r i s ics i n the Fresnel zone, and results of the 

s udy, utiliz v r i ous siz circular and r ectangular apertures illuminated 

with uniform and taper i t r i butions , are pr ese 1ted in action 9. Other 

2. X. ! sfi ' "Th ory of Onequally~Spaced Arrays ; " IRE Transactions on 
r opo ation (AP-10) , ovemb r 1962, pp. 691-702 

3 



areas of inves at ion durin th s co t ract included the Fresnel region radial 

E-tield description and detocus i n techniques which may be used vith paraboloidal 

reflector s for o tai nin a small an le far-field pattern in the Fresnel zone. 

Descriptions of thee fort in thes areas are included in ections 7 and 10. 

Experiment v r ification of theoretical radiation patterns both on and off 

axis in t he Fresnel zone i s shown f or the case of a circular aperture (Section 8), 

other exper mental verification was performed also for the monopulse and 

AN/TPS-lD antennas , 

The conclusions drawn from the investigation conducted during the tenure 

of this oont ract are contained in Section 11 and recommendati ons for future 

ffort based upon the results are outlined in Section 12. 



1. S Or TF.C 

Orn .. o c1 .i • .,; .: • t> o • ., s co 

F r r i d rad· RVi.v a T ,,r ~ 

0 R I D DJ\TA 

::; t -. ,,:, uate echni 

F Nrl. ZONE 

s fo r obtainir,~ 

t ke. • the 

Frt: sn .,l r :,1011 . t ; met ,. ,,., ; ~ , osed t o accomplisn t his is 

d e r · i n a r I i.. J t Propulsion Labor tory , has been 

~ne su study du ri n th . fi r s part of thi s study 

a v w owar i ts f asibi lity. The t hod desc ribed cons s 

i all. of an 

f i l i:.: of an an 

o echni e fo r det cti n the compon n of t h r ad111 d 

i ated • h t e Fraunhof r fiel tem as cont i noo 

i n a o . ansion. Tis 1~ ac om li s d y lti lyin the fi ld , 

th r .., 

i ly scan d s ionar. 

fo r s ha rod ced b. h vari a i on of th 

a.tQ a . Th ha o re uenc corr s ndi 

s t n filt r d ou f m h resul i n , si na.1 . 

The follow descries i n de ai l 

es , a voltage o: 

osi i on fro 

o th ar iela 

th analysis of i.l 

r- ::;t . , erfonned with he a ssis ance of M p r Consul an , Dr. Glenn Ca.1 

u se 'Ins i u of ec ol o , who outlin d t h mathematic ill cri tique f 

is me od and indic ed som of the probl em areas associ a ed wi th its 

r c- i cal im lsn n 1,.1 ... r . 

1 . • ,ll 

T three i\1 l • bl soi t, ro se asur m " '.:> 

w h r 4,n • r :I 1 r, ,3l ; n p r a s s 0 vi us of 

i s 'v, a (I ,"'' I .J i s 1ad 0.J.' h • oft t h Ol .ti -

,. ~ j ,. 
t l t r a hs es 1 19 of t h 

1 
- · r (. ' ... . I ., " t"?"J r n ,, an re ort . 



It s o d b no d th t th se ra s are ade on axis wh re one would expect 

that th eff c of h other, somewhat s,ialler, t rms due to coefficients 

+l (9, ¢) , •2 9, ¢), ••• have am nimwn effect on 80(9, ¢) w ich has its 

maxilTIWTl en xis . An valuation of th coefficient13 at a point off axis shows 

tha tis is a very serious limitati on. 

The coefficients may be valuated off axis i n the same manner as for 
. 

the on axis case . Usin the generalization of Hougardy's equation (13) (See~ 

e 8) for th off axis case (Se also Secti on 2,1). 

1 

( 
- j kR) J up (R, ~) • jka2 ;-

fresnel 
(1) 

0 

w re F (r) • -c2 an w xpand the xponential i n a power series 

-
• J ~ (

2 
• L < -~r ( vt )". 

•o 

o • (1) b com s 

(2) 

Le us mak 

1 

f. 
u 

J 
0 

-
k-o 

m+l k 
(7)! u Jk(u) 

(m;i + k) 1 / 

. L. Luk , " n r s of B ssel Functions," McGraw Hill, 1962, p. 52 . 

6 



th n (2) becom s 

,,. 
ro:mel 

or 

lo e for u•0 this expression reduces to that giv n by Hougardy tor the on 
axis cas . The Sommerfeld coeffici ents ar given by 

-2 n+l 
B • - (-j)n+l (!!..) L n 2 k •o 

uk J/u) (k+l) 

l (n•k•2) ! 
ow if we calculate the coefficients at u•5 (i • 0.44° i n the example con­

sider d by Hougardy) Up (uJ;) • e.JJi~ ( 0. 0191 j + .. • • O.O~l6 J . o.,z2J 

♦• 6753 j ♦ .001916 - .000~144 j 
a6 

R7 R 

♦ .0000242 j ♦ .00000479 ♦ ... } 
R11 R12 

.0001138 
R9 

hus if w calculate the t h or tical error term in Hougard.v ' s equation (33) 
of h re rt we find 

(n-1) ! B (u• ~) n • 
(n-4) ! 3! 

.0982 j + .0689 

-. 0675 j - .0J8J 

+. 0166 j + .0064 

-.0020 j - .0006 • o.oJ~ • j 0.0453 

7 



thus the error term is much larger than the theoretical. Fraunhofer coefficient 

B (t.- 5) • .0191 j and the system would theoretically give a -27 .l db result 0 

i nstead of the desired -36. 7 db down !ror:i the on axis reading. This indicate■ 

that no nulls or side.lobe structure below abut 15 db can be predicted 

accurately due to the large magnitude of the error terms on the third h&monic. 

A second difficulty found is that a calculation of the points on the 

graph on page 19 of the r port fails to give agreement with the point nuaber 

4, whi ch i s the theor etical error due to these error terms in equation {JJ). 

This is a very important point since it is an error in the far field pattern 

on axis for the proposed systan. Ir the error terms are written out in 

de ail we haver 

-
L 
n•4 

(-1) (n-1)! B (0) n 

(n-u) ! JJ 
• 0.1311 - j 0.1961 

-0.1609 • j 0.0938 

+0.04.30 - j 0.0215 

• .0071 • j .0020 • 

• • .0061 - j .1218 

••• 

which gives an error of approximately 12.2% for the measuranent distance 

0.JD2/ >.. modulated with N • J, a far greater error than is shown in figure 5. 
Actually thi s error is nearly as large as that in method 6, the field 

easurement taken in the usual manner, which has an error of 17.5% compared 

to the tn1e far field measurement. 

Another eff t which is not considered is the possibility of a tt'.ird 

harmonic rlis ortion of the fundamental frequency. l\'en a Slll&ll amount ot 

third harmonic distort i on may destroy the desired signal since the fundamental 



is 107 db above the desired Jrd harmonic signal. A major aource ot third 

hamonic distortion is the &ff' ".)litude adjustJllent ot the probes to aimlate 

the voltage multiplication (1 • µF(t)] N•l. F.ach probe p J11Ust be adjusted 

by a factor [ 1 • µ~P] N•l as shown in .figure 1. 

The measurement method suggested, in the report, tor adjusting the prob•• 

has a r esolution accuracy of 0.002 db• 1.0002S and it an error ot thia 

magnitude is made in adjusting the voltage ot one ot the probes, tor exaple, 

the first probe, then by superposition the effect of this error mq be considered 

separately. (See figure 2 .) A harmonic analysis or this signal 1howa the 

amplitude of the third hannonic is c
3 

• A(0.1718) • 0.000043 or -87.3 db below 

the fundamental frequency. However, since the .f\lnd•ental is 107 db abo•• 

the desired third harmonic signal we are attempting to detect, the third 

hannonic distortion caused by this error in adjusting the probe is 19. 7 db 

above this signal, making detection impossible. This illlplies a rather ,ever• 

problem in adjusting the probes to sifflul.ate the voltage multiplication. 

Another problem in implt111enting such a system arises from the relatively 

high level of near (LO kc) neighbors of the signal which 111Ust be detected vith 

great accuracy if the system is to give good results. This matter i1 not 

mentioned in the report although the author seems aware or it because he 

specifies a crystal filter vith (IJ db of rejection 10 kc av~ t'l'Olll it1 center. 

A relatively simple calculation can be pertonned to COlll)Ute the neighboring 

(N-1) line. If we assume that equation (.31) is rigorously correct and nec].ect 

contributions trom n ! N • 1 whereupon all contribution■ come !1'0111 n • O and 

n • 1, we have 
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Vif V • V {~ (1 ♦ 9) 
Bl 

(1 • µcos 9) -1 } t co ♦- ♦ • • • , 9 • o R
0 R2 

0 

• v
0
{~ [ (µcos &)N • (µco s 9) -1] ~ N-1 } ♦ 2 (µcos 9) + ••• 

R 
0 

Since 

• ..L [cos p9 • p-1 2 
cos ( -2)8 • ···] 

his anal ys s we see ht o achi ve a LO db dynamic ran eon the pattem 

recorder a i lt r with r than 1L7 db rejectio~, at JO kc away from the 

hi rd hann ni c 1,- requirf!ld. 

Another probl m area, which is briefly discussed by the author, is that 

of the frequency stability of the t ransmitter. Some de ree of long-tenn 

stability is required because of th n cessity of adjusting the phase of the 

i dividual probes, a.ie to the large separation of the probes, a rather small 

change in frequ ncy cases an error int 

ad, usted by a hase t where 

hase ad ustment. Each pro e is 

Supoose the fr quency f varies from the calibration frequency f: 
0 

hen 

f • r • r 
0 

µJc R • 2Ll . 7 + 1,0078 (10-) 6f 
0 

r a degr of a r tJJ:.y of O. l radian is required in the has ~ ad, ustment 

en M (th deviation of the fre uency from the fixed calibration frequency) 

st be 1 ss than 0,1 me or L parts in 104. At least t his degree of long tenn 



frequency stability is required even it a closed loo system is used to 

obtain the local oscillator frequency. 

Another ma jor equipment problem is the third harmonic distortion in he 
mixer ald pre-amplifier since t his distorts the desired third harmonic signal. 
Here again this is a critical problem since the fundament frequency of the 
r eceiver signal is of much greater magnitude than the third harmonic. 

Thus 

B ~N (NB0 Vif V • V r """"="' cos N8 + R + m O o 211·~ o 
8i ) ( N-l) R~ ;N.2 cos (N-1)8 + ••• 

• VO ~ :: 1 coo N8 + ~ ( 1 + 

8
1 ) NB R cos (N-1)8 + ••• 

0 0 
(3) 

Equation (3) discloses two serious concerns, only the first of which 
is mentioned by the author. First, the amplitude of the N, - line is af licted 
by a factor µN/2 N-l • (.03) 3 /4 • 7 x 10-6 (for N•) andµ• .03). This leads 
to a "coefficient loss" of 107 db. Second, the amplitude of the (N-1) - line 

is ~ [ 1 + :~R ] • 200 (for N•) and • .03) relative to the N • line; that 
is, the nearest neighbor to the NO -line is about 45 db above it. The next 
nearest neighbor has been calculated similarly and is 87 db above it and hence 
we see a picture as shown in figure 3. 

Due to the limitations of the Time/Frequency technique for measuri.ng the 
far-field pattern in the Fresnel zone it was felt that no further investigation 
of this technique was warranted. Irxieed it was shown by Oalindo4 that the 
Sommerfeld expansion which v as used by Hougardy to develop this technique 

has no practical. value for extrapolation of near-field data to obtain a 

G. V.Oalindo, "lxtrapolation of Near-Field Data to Obtain t4 &r•Field Data," University of Cal.if., Report No. 6)-1, March 4, 196). 
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tar-field pattern. Thia is due to practical lillitationa ot such a ayatem, 

particularly ca se or the aagnitication or extrapolation errors. 

For this reason an altemate technique, vhich ia d1scu11ed in Section 

1.2, vas developed. Thia technique 1a baaieally dUferent tro11 that investi­

gated by Hougardy and Galindo in that it does not at Gllll)t to el1111nate higher 

order coet!i:ients from the Sommerfeld expansion. 

14 



1.2 An Array Model For Fresnel Zone Measurement of Far Field 

The re i on of validity oft Fresnel approximation t o the scalar 

Green's f ncti on for n ar ' tr ry sourced stribution nd field point 

correspondence determines thee ectromagnetic field regi n known a the 

Fresnel zone. ln the reciprocal concept, the Fresnel retardation f nction 

of a oint source r diatin to the receptor distribution consists of 

paraboloidal phase front approximation to the spherical on of the s calar 

Green's function. This res lts i phase str cture 

of the distribution that are called Fresnel rin s . The Fresnel approxima­

tion is useful · n very lorge geanetric region betwee the Fraunhofer zone 

and the near field z,ne for apertures that are large with res ect t o wave-

len th. The obj ective here i s to uti l i z the field str cture in 

metri c region by a Fresnel r i ng harmonic focu ing technique that wil er-

mit measuri n the so ce or receptor distribution's Fran ofer pattern t 

antenna r a es deep in the Fresnel zone. By properly sam lin the antenna 

field, or by arraying a number of point source with proper w i g t se 

and amplitude adjustments) on a radial line through the receptor distribution 

and spaced n harmonic increments of sane R fran any point near the center 

of the distribution, a plane wave can be synthesized on the lin through the 

distribution by virtue of the proper harmonic combination of Fresnel rin . 

This is a canplex analogy similar to the manner in which the properly 

wei ht d hannon c sine terms of the Fourier series can be made to synthe i z 

a unit step f nction. 

15 



1,2.l The Fr nel Approximation 

written 

The vector otential for an arbitrary time harmonic ource can 

follow. The coordinate sy tern ori in as shown in figure Lis 

near the center of he oorce distributi . 

A (R,8, ♦ ) 
x,y,1 

ikR" e 
F" dV (L) 

[ 
R' l R1 2 2 

kR" • kr l7r cost+ -, Cy-) sin Y 
l RI J 2 1 RI L L 2 .. •-, C,r) sin • cos ,--rr C,r) (si n T-sin-Y) 

+ •• ·] 

1 1 [ R' l R' 
2 

2 J ii" • R l ♦ lr cos ' ♦ ., ( 1r) ( cos ' • cos 'lf) + • • • 

The Fresnel a roximation to the scalar Green's tu.nction is the following1 

ikR" 
e 
111" 

kR 12 2 
':::""' 

8 
i kR-kR'cos + 'M sin l) 

7( 

Consequently two inequa ities must be satisfied. 

R Y kR13 2 2 'cos <<1 ~ sin , cos , < ,: (max. sin , cos , ~ .JBL ) (5) R • __ £ o 
2R 

n Th phase tolerance of~ radians is the tradi tional number tor maximum phase 

error in quadratic deviation .f'rCl!l an assumed linear distribution on an 

ertur. Th toler nco or e i v lent f i eld erro · due to linear phase 

d v t ion b t 1i . This is shown ln S ctio 6 on r aflections in the 

16 
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Figure 4. Coordinate System 
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r sn 1 zone. T ant symmetric with a maximum am l i t de n 
C 0 

n s an er 1· nc r 0 n i 
O lb• A WO imens onal a er-

t r , or n rt on, s a 

Con ently, S is co "dereQ 0 l yre son le number f or C b" 

pt e o r nc _. ii , r or d • symetric ant synnetric phase deviations 

on v e st · n ent tol ranee fo f i eld conformity t o t t 

oft ea sumed q drati c and near dis tri ton. Th serie r expansions 

ndicated f or h factor s of the seal r Green's function conver e r pi y, 

c. 

nd cone ently i ne alit es {5) define t e boundaries oft e Fr n zo c, 
... ~ 

wit maxi field error canparable to that of the '1 • criteri on for far 

field . Thu wit maximum error fr the equality sicn, the f ollowing 

i nequaliti apply at 11 an lee . 

P'raunhofer patterns R > 2D2/>.. , (D • 2R~ .• ) 

(6) 
Fr sn 1 ttern: R > J n o-3/B ). 

For the Frc> s11el zon fi ·1ld, smaller ran es ( R1cos'f can be used provi ded R 

me rror nc r e f an lar restri ctions of the field oi 

e vect or f el c onents i n the Fresn l zone are obtained by 

rformin t f o l o n o rations on t he r ectangular canponents of the 

v ctor otentia. 

- ~ -B V X A µ H 

2 llf, 2~ 

18 
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Te pher c l ctor com onents ar e obt aine fr an t he r ecta 

fol o . 

" " sin e sin • A.)• 
,, A R • sin e cos ♦ A x • cos 8 A z R X z ,. 

A I\ I\ A 8 • cos cos • A X ♦ cos e sin • Ai' - sin 8 A z e X z 
I\ A 

cos. >..) A • • • Sin • A X + • X 

a 
H~. 

V v.t. ;~ [} ~ 2 1 
-~(sinQAQ)+ Rninw ~ (R AR)+ &In; 

" 
rsTne 

~ 
2♦ 

l 
♦-
RsinQ 

~A ~ ~ \ 
• (si os ♦ ~ + sin Q sin • ~1/- + cos Q 'ij) 

cost= cos Q cos Q1 + s· n Q s ·n Q1 cos(♦-♦') 

~ .J a~ (7 
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~ cos ' ~ ~ • - sin 8 sin 81 sin(~◄•) 

~~ci•' • sin 8 cos 81 +cos 8 sin 8 1 cos (~◄ •) 

1 ~R • R 1 ~ cos 1! 
1r g;-~ • P ~ e, ~ 

All or the angular derivatives involve hi her order powers in i and are or 

R' th s order or less than the term Ir cos T, which is assumed to be 

ne ligible compared to unity by the Fresnel inequalities indicated in 

equation (5). Thus t e only maini nn or the operation (7) is the R 

tenn, 

The 1 ... considerations follow !or the magnetic intensity. 

V x 1 • J;r [ i- (ain 8 l.). :? ] 
"i [ aln 8 ~. ~ (RA~)] 

i 
+ Ir 

M 
1 ~ 1 ~ M ~A 

\ • If W'° • lfiinl' ( COi 8 COS ~ ~ + COi 8 sin ~ -s.J... • sin 8 ff ) 
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The field i s specified by either the electric or magnetic COlllponents. All 
the tenu in higher order powers of 1/R, which includes the radial field 
ccnponents, are negligible as the factor i' ft01 Y ccnpared to unity in the 
integrands of the vector potential. Numerical calculations ot the radial 
field ccnponenta in the forward area of the antenna at near ranges tor a 
specific case indicates these ca11ponent1 are quite aall ccnpared to the 
transverse ccnponents. (Thia subject is diacuaaed in Section 7 of this 
report). ConRequently a sate range tor true Fresnel patterns is trcn R • 
10 R1.(provided the i nequality far the phase variations is satisfied) out to 
the Fraunhofer boundary. For antennas large with respect to wavelength, the 
Fresnel zone is large. A useful measure of the size of the Presnel zone for 
a particular antenna is indicated by the number of Pr.eanel rings available. 
A Fresnel r i n~ is the annular region over which the phase changes by ft radians 
i n projection frcn an axial field point to the aperture. The nW11ber of 
Fresnel rings (N) for an axial field point is obtained frcn the quadratic 
phase variable in the Fresnel approximation. 

l 
N • -

" 
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Th s, or n ap rt re with ~ • l A, at R • l !t~, 10 Fresne rin r e 

available. The Fraun ofer bo ndary is the range at w ic} 1/~ the c ntr 

ring (disk) cover s t e apert e. 

For an antenna wit a c pletely general source function, t he Fre ne l 

zone field i s essenti ally an optic l f eld. Its vector characterist i c ·s a 

matter of transverse polarization. Consequently there i s no loss in 

enerali ty i n basin on arr y desi for Fresnel ring focusing on the scalar 

theory, nd t he notation is t ereby simplified. The essent al restri ction 

ari si n fr t his basi s is that the array elements must be confined t o the 

true Fresnel zone, as defined b the inequ lities (5). A diagram of the 

Fresnel zone boundary for a plane circular aperture vi th R' • 100}. is shown 
0 

in figure 5. 

1. 2. 2 Fresnel Ring Harmonic Focusing 

For linear polarization, or for one polarization C<lllponent, the 

Fresnel zone f i eld int nsity can b€ written as a scalar integral for arbi­

trary source distri wtion. 

E(R) • { f (R') e ikR" dV 
p 

The difference between the Fraunhofer and the Fresnel approximations consist 

of the quadratic phase variable. 

ikR" ik( -R' cos 
!.. ~ ~ 
R" R 

kR'' 2 
) 

8 
i 2R sin f 

Conseque tly, " . n l am l i n or processing which reduces the quadrat · c 

hase f ctor ·n he ' nt e ot ential to a factor of uni ty reduces 
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FRESNEL ZONE 
OUTER BOUNDARY 
AT R • (2021 

RANGE FOR 1 FRESNEL RING{ R • 1/8 (202/ ~} 

FRESNEL ZONE 
INNER BOUNDARY 

10 FRESNEL RINGS 

llMI • 100 l 
0 • 2001 

Ftcure 5. Freanel Zone Diaeram for Aperture Diameter s 200 I\ 
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the s 

iel 

the 

oint 

r Fresnel int e , 

i nts (R) o a 
n 

me f ctor i n2 
n 

may be esi ,n ted 
Qi n \ 

t o the Fra er inter r 1. n rr y o 

iuo throu the or i ti V 

e h e var i bl . The field int ens ty at hes 

follow: 

i ,2 2 
I r; . -n R J F(R') e ~ 

s n d 
n 

I/ 

h e v 1 e m y bes t rmonic int rv 1 o -1 
l • If each sam i nc 

point is ph se dj t ed by the factor i (R - ) 
e o n for en - fire conai i io1, 

the erie may be ven the ollowin re r esentation : 

( R ~ 
1
sin 'f ) 

2
' d ( ' ) 

0 

ikRo ( 
dV .. f;_ ~ F( .. ) ( f t n'f) • 

kR' 2 
kR

0
•arbitrary phase reference, 1--ri, Cn•array element weightin . 

(p sin Y•normali zed so rce posi tior r di s projection for array n l e). In 

v ma ner n lyt c nction, g (p2 sin2 Y), a factor oft e far - f i ld 

ntegrand can be synthes · zed. For a source distributio funct on i n a l ne, 

in the above integral, IR' sin Y describes the projected aperture for t he 

4 

( ) 



array angle. Since the function to be synthesized, 1(p2 sin2 f), is unity in 

the interval of p, I sin YI is arbitrary if all the array points are in the 

true Fresnel zone. Conseq ently the source function may occupy any volWlle in 

the focal danain of g(p). By rotating the antenna in the focal dC11U1in, the 

far-field transfer pattern may be obtained. Translation of the antenna 

within the focal dauin has negligible effect on the transfer characteristic. 

'nle convergence of the focal dauin is detemined by the number of terms in 

the series expansion of g(p). In principle an arbitrary number of terms are 
~NQ1(p sin T) 2 

available, wt the nearest array point, corresponding to nc • " 
D 

in the series, is limi ted by the Fresnel approximation. Consequently the 

more terms that are used, the more distant the farthest term. 'nle technique 

has most appeal for the case of antennas large vi th respect to wavelength, for 

which many Fresnel rings are available. The theoretical design problem 

consists of determining the array weighting for the desired focal danain 

with the nearest possible array for focusing convergence corresponding to 

the traditional far field criterion. Good convergence characteristics with 

the far field pattern range reduced by nearly an order of magnitude, are 

possible for an antenna with 10 Fresnel rings available. 
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1. 2.). 

I t is desired to obtain a canplex power aeries with a sum of unity. 
Consider th !ollowin trans!onnation11 

1~1(p si n T) 2 
i~ • .1~ • e • " • •• ro o • ""o• 

The Tqlor aeries has the npre1ent.ation1 

l r i(p-~ ) ':' 
·-. 0" ro n ■ o 

Thus the • merae power ot a is one ccaplex p011er 1erie1 vi th deairable 

properties. In this trans!oJ'llation r is an amplitude !actor or the 

uadratic phase variable, which ia the constant unity, and consequently z 
describa, a unit circular arc in the ccaplex plane !or the acalar Fresnel 
inte ratio. I t is desired to select a 1

0 
!or optillua !ocuaing properties. 

The Tqlor aeries re ion of comergence is a circular diak centered at z
0

• 

The radius ot the convergence rtt 1a deteJ'llined u !01101111 

( l)n -(n • l) (!( ) -1) C • • Z· 1 Z • I n 
C n -C n + l 

I • lz I • r 
0 0 

By referring to figure 6, 1 t can be seen that halt a eaaplete unit circle 

or z can n ver be covered by this aeries. Other 11ap1 of z an available, 

26 
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· I 

INTEGRATION PATH 
FOR ELEMENT 
WITH GAIN 

Ftcure 6. Complex Plane of tbe Focu1tnc Function 
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how ver, sue 

converge c . 

cov ra., of th 

s z • The derivities or z·1 have the same radi u of 

Th av la le coverage or ( 7) is defined by ~ < 2~ • Haxirr.un1 
- 0 

arc of z is o tained when cos p ■ r •1• The series (7) can 
0 0 

summ d a a eo tric se r i sand the error eatimated tor finite terms 

as f ollows, 

I ~ 
1- ~ +l 

P'. ■ (1- .! ) I 
1-~ z • 0 0 

1- z I ~n • (l _ i )N + l • li le1
~ t z 

0 0 0 

The usual ace pta le "focusing" error for Fraunhoter pattern is given y: 
rt 2 

t. l - 0 p I O < p < l;' •• 076-i .J8J, ,, I• .J91 
- - 0 0 

A design error smaller than , llq be used. BJ expanding the finite series 
i(~p ) 0 

• 0 ( 10) in powers or - , the array coetticitntl an obtained in general ro 
fonn. 
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Thus th arr y coefficients of ( ) are gi.ven by: 

(-l)n•l N! e•in o 
n en• CN•n)! n ! n • n • 1-N, ro > 1 

ro 

n gen r 1, , e last few tenns or (11) vill be negligi le compared to the 
as swL _rror, nd cos quently a larger N can be used thar: the number of 
array pi t s. 

The same proc dure may 

with the followin result: 

-2 followed for synthesizing the function z , 

For a fini te series swruned to N: 

t • (l+N ! )(l - ! )N n z z 
0 0 

N N n k k t (n•l)(l-x)n • I I (-1) x ~n+l)n! 
n O n O k•O (n-k) ! ! 

N+l 

N N 
I I • k•o n•k 

r.+~ I 

n-k 

The advant of this series is that the phaae interval of the 1st term is 

4~
01 

and assUlllin the availa ility of an arbitrary nU11ber of tenns, a 2n 

ph s cycl in the 1st tenn can be coveNd. Series based on the expansion 



-n of z have phase inte rval s of 2 n , and the larger the value of n, the 0 

more tenns h&t are required for the HIii degree of convergence. It is 
po 31 le rive seviral array weightin distributions that will work for 
the sam array element J)('Si tions. 

As si ple exampl~ of the fflflthod, t~ array coetticitnts for the series 
as d on thee -1 ansion of z were worked out for an aperture radius of 

100 . An array or onl)' eight element" was considered, which puts the ost 
l 2D

2 
distant 1 ment at about O (T). ( The 8th element could be discarded 
with no i ni!icant change in the result.) This ii the pattem range that 
has be n cons d red for other approaches to the problem. A brief 

-2 consideration of the series, baaed on the expansion of I for this problem, 
i ndicates that with 10 elements the pattern range can be contracted further. 
A rigorous anal.7sis or an optimua aerie ■ would inYolvt consideration of the 
effect of the array vei1ht1ng on error signal■• 

The aperture coverage vith specific error (t<i
0

) for the exaple 
0 

I considered is defined by 2 ':l!Cl)) • For a given aperture radius (h ) and o O ' 2 
frequency, the range I\ to the distant element is specified by 2 

0 
■ ~• 

The array lements are calibrated for end-fire pbue and equal amplitude 
-1 -ikR by the !actors n and e n. This might be acc0111pli1hed by using the 

far field of a standard gain horn at the focal center. Then the array 
weighting r ctor nc • - nlc l•in(n-~o) 11 superposed. The 1111plitude n n 
weighting factor s are shown in table 1. The resultant 1111plitude weight 

cn/c1 , is shown w th the array lay u of tigure 7. The 111axi.mwn value 
of c I h significance analogous to ugnitication or "apli tude n 
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Table 1 

ARRAY VIIOHTIIIG PACTOI 

" I<~ 

n In Cn l In CrJc1I 1CiJc1I !. { &R/>. X l,J >.) 

1 u.4o l.0000 1.0000 11.l&u I 4.23 

2 a.ao 2.0000 1.0000 286 X 2,12 

J 10.500 2.uooo o.eooo 127 X 1.41 

4 B.448o l.9200 0.48o0 n.6 X 1.06 
; 4.73088 l.0752 0.21;0 4$.8 X .BS 
6 l.89235 o.4Jol o.on1 Jl.8 X .n -
7 o.54061 0.1229 0.0176 23.,4 X .60 
8 0.10813 0.0246 0.0031 17.9 I .53 

9 o.oll'42 0.0033 o.00Cl4 

10 o.oous o.oooJ 

11 o.00004 



if the 
aperture ver physically focu ed at th r I\• The ha ad ust nt 
in(n- ) e o sc s th o t ' f ocal r adius point s a out th unit c · rcl of 

f i ure 6. This is al.ogous to con cal beam scannin or an end-fire array, 
ut i t is t rdinary scan in , since the em~nts are une ual.ly spaced. 

The hase c dition~ f or a~:ay f ocusing occurs at 2n multiples of , 
nd consequ tly th focusin will occur in rin s about t h c ntral.. 

di sk , so 1 n as t h F sn 1 qu al.. i tie s a.r sati sfi ed. The effect of 
amplitu aperture for an array element with gain i s 
repres nt in f igure 6. The f ocusin function g(p) (equation 9) for th 
problem cj t d is shown plotted in f i ure 8. An array desi n for the uppe r 
frequ ncy in ad sired band will work etter wi th a fixed aperture size 
at the l ow r frequencie s, rovided there is a separate phase cali ration 
for ch f r ,q e cy. 

J 
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1.2.u Error Considerations! 

An indication of th feasibility of Fresnel rmg 

must include conaidera ns on the tolerances for array alignm n an 

gain. These tolerances are est:iJllated for ndividual lements by usin h 

traditional crit r on f or Fr unhofer correspondence b tw en two ant nnas. 

statistical problem of integrated errors !or large array sumna ion is no 

considered. Consider th seal~ c.ase of rad ation from a uni formly wei h 

~ircular ap rture in he Fr sn 1 zone. 

RI " 

E(R) ik (1 + cos ij) l o 1 Eo !.. kR" R'd ' d , 

1 o R' 

"-1 -l R ~ R , l [ I n ') 2 _2R , _cos_._t] 2 << l ( R,) 2 
e ~ 1, c \ ,r - R ~ 

i\ I\ 

cos .., R•R' .. si n cos ( - ii,') 

In this case the f eld strength is given by the u, el funct on • 

E(t) e 1 8ikR -ikR 1 '2/ R~ u1(w,z) - _iu2 (w, z )~ 

' kR sin ~, E 
0 0 

CII 

I') 

5. O. N. Wata n "' i'h 
1952, p. 537 

of ss l onJ," Cambrid uni • Pr as, 



At the as p o i~ ran s 

'lbe a ymptotic !ield pattem iaA1 (t ), and th "error" patt rn i - .-r. A'-

1.'or probe to aperture transJ!li.ssion. ()i the lob peaks o!.J\.1,1 A 21 IA~ • 
In this sense the co1M10nly ac-:eptable . ttem error criterion has a maximum 

• value o! i lo . For the reciprocal concept, the normalized field from the 

probe on axis 111.wllinating the perture is given aa follows: 

•i 
• R1 2 ~ R1 2 kRo r. 

I_ • COS -e (-) + i lin ~ (-) 1 - • -
7> o R' R' 2R 8 0 0 

, 

'lbe max:lJlrum phaae derivation! is a 111easure or the ac"'eptable spheri 1 phas 

front CUrYature from the ae81JJWd plane phue front. The phase front c rv. , ·a 

criterion !or probes within the Fresnel zone should be within tr.is vaJ.u&. Th 

required probe position accuraey may be estimated from the U)mmel fun 

as fol.lova1 



.! - ½,Jo - · 1 )Jl - 1 [ 1 - C )2 ] I 

6 E c: - / (J - i ! J1) - • [ • - (- ) R \ 0 W ~ ] 

12 ' 2 
z << w: E-:= - (J - 2F) 

0 
0 (-;- ) ~ 

z: w; o E: 
R 

- i ~2 • , , 

e TR C-i-> (5 
) 

'The r adial pos • t i on error sensi t vi y gr ea r f or lar r v lu ~ o w d 

lier values of • or lar gl s ( > w) th lJJ c lo 

are i nvalid , but incr as d ' al d c eas ..,o .r anc , r e 

' 2 ,., 
kR kR 2 0 0 
-◄- sin ,. 

2R 2R 

For axial positions ( c: 0) -? u tion 13) r dl1C s 
' 2 kR ' 

.0 

E(R) a - 2· .e ~ s 

12 
() kii ' 2 

~ E • - 2 i e -rJr [- T' 

kR 12 
1 

=. 1 y [,r) °R 

1 



Conaequenti,, the crt terion usUlled r, r radial ~ s t1 . t, 1erM 1! t 

Thia ueuNa that the Nlative phaa front curv tur _ of the s.r:1ay po t, are 

vi.thin the ! criterion tor the r assumed rel&tl vah, at .h~ a~ rt.i.l'. 

'ftle angular poaition tolerance mar be simla?'q eat "-tei. 

I = VI 6F ::: 1F6s 

I 
,. "kR C0c5 868 

0 

'nma th• criterion for IDC'1lar al: gn.WWJrl ., s the • ,11.:,lfing • 

'kR~ t A/R )I f; •/16. 

la an eumple1 tor the ce • cf R~ 21 100 11. , at I .. l: I t 1 

! 68io < -ig • : 12 n 6. l5). 1 

0 

3 

l4) 



A the range for on Fre3n 

5¾ • 100 6F½_O' 

With uniform posi tion 

alignment r or the distar1 

nesr element . 

and inte rat d en-o a . For t,h 

... 
I .., . er !\: r 

~ on ,, 

distant element is bou Lr la v t ~ l ~ 

7) and the t heor tical w igh a er h le n·. 

result in a relat vely negli 

relative to the foe c.oo f ur.c.. ~i . J · S I •• .. 

nique, as it haa been foUtld. r· iJ) 

b yon 

qu nt, 

' 
~'"! t 

t. 

t he i c nt s l le cl s np~r oxi t e equn . o c r 

') 

r t i e t o the oc 3eu 3i eve , the rror cr ite on or the 

diatant element i s about an ... 0 : 

l.CMpta.ble value f vr ir. 
I 
I 

Fr3unhofer approxirna i on i riv 

consi deration of th r, g!' d r nd 'll 

a prob ble !actor of lt3S t. >it: fi ('J ~h .. ~ .. .. l 

aspe t of the pr~ lem 

The array poin t' { :.I.!_ ~, 

spheroidal d main ·.r ,!1qtl l! l .., 
,. 

-- • 

physical array ele.,en n, A I,:., ' , ~ d.! 

nruat, be ontalr.ed in -o d • To : . ~J , .._,n ~ 

in 

• f : :- " L..! '""• 

• S ~:h ~ 

, r. · LI 

1 l e 

• 1' 

•"'r 

~n 

. ,,1 



a o~t 17 db . 'l'h.is ts 

far field rang is wi hin h rang 

tolerance at the apertu.r 

ampli ude t per 

By r e!erring to tlna r eure 

Tl! • 

:r ! r 

a . 

lear t.na•J r 1 
) ne 1 .o 

co t&ined in the disk of comre g e obJ t z • If ,. ) ':.a. 

however, he nth lem•.t .LS 

to be unity. For he gain 

t r , ) for ~ n • ,ap r \ . , 

ci ed, 

For small 9 the lament t ".. rr. t • t, ~ : 

1 2 cos 9 2 1 - , 9 ' co 

~t the aperture ampli t de de J 
... .. , fo n ... 

f ) r , 

e arr y 

mer • 
For the aperture of the a.-rray SJu.UDple pr ~ l;, nJ &. j ~ 

The el ent pattern has the£ m : 

0 1(8) a coa 9 

.f 1r 

b 

This pattem hBJJ r~.::t'ive ain f 19 db . , .11nd h &npli ,11de aper e f - ,., 
on the focusi.n i neg] g bl • Al "'.r.!Ag f ::oo • ft. ~le ... ,,, ~ 

up to lS db is i.nd c ted for !..l'i l's.Mp l.e . W1 h th g • r. a av lab - pc-- • 
level vi th practical tra.nSII' :,I a &d qu~~ f , r p + .,~ .m measurer11ent . 

4o 



The array poir. s re too r ar 
I were used with an aperture of 0 

by over 1ooi. Secon ord r in ra 

to be negligible. 

Dish radiation : Sr • E
0
ei. 

? 

11/ 
Dipole radiation: ~ "' -

uffR 

,.. d 

T .:: ... , 1 0 

Dish aperture !teld . 'n::tt - 1. • / ~R - 'f 

Dipole reception. 

Eir < - i Sr (}) ej kR - ! 
2 l 

rd J;./0 r(~~: 2z ) , I ·I 

I /I <~ 
d o 1611R 

I 

F 

Fllr the ·aae or R • 10 R ,, l OOC , .. , "ne n r ,· ~· en 
C 

element gain !ac :>r of 100. 

One of the Jl'lOre strir, en . 

the necessary phas~ stab 'iy 

o h ' 

p a .... ., 

9 ') 
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long array. For th example ·oniJi er d, t a e re:i f quen--y t, b 
I 

of br;u 104).. Th 

hase stability, an the f a"'t l arnpll ud el i about 
1/4 the signal level on the largest wei gh d arr~ emen , , const tu e he 
most aerioua problema inheren in th sys em. As,umin ne random error 
signal problem can b cont.rolled, it h 3 b en hown that h nt re r unhcf r 
pattern can 1.n prtncipl b measured wit normal '!rror at a patt m ran 
reduced to 1/6 (or 1 as) the nonnal ran (R 2 ? /A) wit an rray of 7 or 
elelllents !or eneral an nna containect u sphere h di e er of 200 .• 
To the same degree of a ~ura .. y, an absolute gain meas rement • an be m d 
the array by uaing atan1ard gain hom int e call.brpti:n, and t e &pp ,pr ~ 

array facto:-. 

2 



2. 0 OP E AS 

2.1 Survey of Methods for culating o Circular 

Apertures v th Circularly D str • but ons 

This survey is included in this report as a disc ssi on o the relative 
accuracy, the li.mitat ons, and the ease of co utation of Fresnel patt erns 
of circular apertures with each of sever ava ab e m thods. In addit on 
the possibili ties of eneral 'zin each o hese methods o calculate the 
patterns of circular aperture monopulse an ennas was considered. 

There are tvo basically different point of departure or calculatin the 
Fresnel patterns of an antenna. Perhaps the start ng oint used most often 
is a scalar diffraction type inte ral 617 which, o its all terms of order 
higher than 1/r and ignores ed e effects due to the discont nui ty at the 
edge or the aperture. This inte~ral takes the form 

I 

j k J -jkr Z ( R, i, ~) • 4ff F(p, ~ -
8
-r-- ( l + -;) dA (15) 

A 

where E{R,Q, ~) is the complex ma nitude of the electric field intensity, 
r is the distanc from th aperture point o the field point, and F(p,rJ 
is the aperture distribution (see f 1 ure 9). The usual asswnption for 
circular apertures is that the phase is uniform r oss the aperture. How­
ever, tor a nonuniform p as ill nat on F(r ~) is complex and can 

par 
6. M. K. Hu,"S i eld o Lar e p r ure Ant nnas ,'' Syracuse Univ., Research Inst. yracus .Y. F' nal Repor, Pt. 2 (Apr 1 57) 7. R. A. Oerlock,•Study o Interference Aspects o Fresn 1 ion Pheno e Final Report Contract o. AF 30( 2)-2507. 
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<p,pl • Re { F{p ,~l~• i Im { F <r,~l } 
and the inte ral i ven in equa ion (1) 

ima inary p se arately. 

y be appl ed o her land 

A second method , which is or e exac , is ased o h in r ate v ,or 
3 wave equat ion 

dA (1 ) 

where 1.-nxff' and K -=rue ar 
- k 

the elec r ne c surface r en son 
8 the aper ure and •• ~ • his ethcd is thematic 1 oro s d 

seal equation may be der ived f ro t by ne ectin c rt n r s in th s 

expressio; however, cornput tion o 

qui te difficult . 

2.1 .1 

esne ie ds from this e r e3sion is 

Hansen and • 9 h f in ave per o ed n analysis o t e 

based upon the i nte rated vector wave equation . his is 

esnel fi 1d 

sirabl tart · 

point for co utin h Fresnel fie of nan , nna i nc th f ~ lds al.cul 

by this method satisfy Maxwell ' s quat ons sub 'ec o th boundary conditions 

a he so c . This m t ho akes i n o acco n in uct o i ld rms i ~ e , 

(l/r) 2 and hi her,and i ncludes th 1 ne n e ss t hee fee 

caused by discontinuities at theed e of he antenna h se te s are n c ss y 

to produce a field which is thematica ly r i orous j how ver they ar ne ec 

e si ni ficant only for wid 

an les ne th a erture and has li e e f ec . on the ield near 

8. S.S. Silver ''Micro aves - enna heo and Desi n 11 

Hill , pl • Vol 2 Rad . 
b. eris, Mc r \ -Hill 

9. .c. Hansen and L.L. i n,·· w Me hod of ar F eld n ys s;' I r ns . 
on Antennas Propa ation, Decem er. 1959, p 5 -L"7 , 



The tenns associated with higher powers o 1/r also r.ome si ificant near 
the antenna; however, the effec • of these erms becom s n li ible a , r d1 
distances reater than several antenna diameters . 

By expanding t e vector operator~ i n th abov n e r ss on 
is obtained which is reduc to an in i nit s res with co f ici nt s ich 
are inte rals of Bessel functions and inte rals o Ge enbau r polyno i na,j, ~. 
Some sample computations re perfo d by Hansen and 
co uter or a 10 apertur. h s ethod as he cop ation disadvan 
that a 1 e number of in egrals must b eva uated ; in addit ion, i on de i re~ 
to retain ri or and accuracy, a new co utat on mus b erformed for each 

lating a set of tables whi ch enhance t esnel pattern cal ul e ions . 
2.1.2 Me hod of Lomrne and Hu 

This method starts with the seal ffract i on in e ral and using 
approximat ons to s lify the n ys·s r educes the ' nte ral to Lo el 
functions. his was don by Lommel or th c of di -
tribution and was ener zed by H or rture dist butions oft e orm 

Nevton •s recursion formula s s t o r esne app oximation for r 
in the exponential unction nd t s a umed h t ~} ( + 

2
) ou s de h r 

exponent al . Since the pert e illumina on F (p,~) s ssumed to have 
circular svmm.etry, .• , ( p, fJ (p) S(R, , ¢) s nd ende t of 0. Hence 

i s uced to 

E(r, ) • 

46 

- kR e 
R ( p) J (kp sin ) 

0 
kp-

- 1R d 
~ p 



whi ch by a chan e of variable 
2 

"/ k i n k a (•~a, u • as n •,y • ,r-
the equation becomes 1 

'kR (TT + ~ \ J ~ ( E( R, 9) .. -1!-J e- ~ 21 F( ' ) 
0

(ur) e- 2 
0 

2 - r ) 

For F() a (l - c2)n 

(
TT '( 

E(r, ) •ve• jkR e• j 1•1) w~ (y, ) 

where 
n n lT1 <~a ) V 2( ,u) w11 ( , u) • <j) + 0 n n oV y y 

and CID 

u k (..,,,u) -I (-l) n (...:t...)2n+k J2n+k(u ) n•o u 
1J k ( ...,, u) is a el function of t wo v iab es. Thus he near i ld pa rn 

may e calculated by valuatin hes s r 'es for U k( ,u) and 
It should be not that due to then t re of the esn 1 app orlmat ion h s 

method is limited t o an rea a l east few ate ad e er s away f r om he 
aperture and to an an ar r ion i nclu in the man b am and h 
side lobes. 

rs f w 

Hans n nd in have computed patt rns for a 10 per e by his 
meth and comp ed the results to those co ute fro~ e vec or thod 
nd found that the Lommel ction method ave ood r es ts even at distanc 

only 10 away from he apart e . his etho shoul hav n v n clos 
correlation to computat ions ma e wi h rlo co ut r pro ~ 7 si nce 

di fraction i n e ral d r only i n th 
both st t wi th he sc 

approximat ' ons w ich pat r ns w r comp d y o 
ethods i n section 8 n identic r sul ts w re o t i n d. 

7 



2.1.3 Computer Progr am of the Scalar f ract on nteg~al 

Oer lock7 has per formed co u or the scaJar inte ral usin 
the relat ionship 

and exp ndi n 

,., . 
l + ~ • 2 

- j kr r 
!.,__ n term o r s r ies o products of es 1 functions 

and Legendre polynominals . Al ho h he bove pr oxi a on is the only 

one us din per formin the 

different co tr pro ram ust e pe for ed or e ch er re siz. This 

ifficulty was el minat d by modi yin the r a e var ab e ~o be nc ion 
of the ap rture s ze nd thus en iz ' n he pattern of 0 pertu 

so as t be abl e to co th patt rns for an bitrar y s ' z pe e. 
This appro 

of Lommel 

tion also shows up ·n th s n le r snel approx mation 

Hu . Th s e r sne fiel s fo un q al s z s 
c culated by this metho e th s 2 for corr spond ng v u s of R>./D • 



2. 2 Amplitude Monopul se Al tennas 

2. 2.1 Aperture Illumination from an Offset Feed 

The monopulae antenna to whic thi s s tu y was devo ed consisted of 

symmetrically about the foe 1 point of h re. l ~to as wn in fi re 10. 

However, results which wer o t ain d may ap l i d aiately to 
cir cular aJ rture 1 ns monopuls an as o on l s an nn ha n 
Casae rain subrefl ctor s and o monopul s at nn sh 

systems . T e only add ' tional co plicati on is ha 1.n 

C'nl \oro - h rn d 

re lectors ·:.he r ad ation block n of he ubreflec tor lffllS b r te eel f om 
the radiatfon pa~ ern pro uc. d by he main reflec tor . The follo'Win analys 
assumes that the radia ion t t rn of e h of t he monopul e horns are known 
and are identic 1 and that t he antenna dimens ons al"! known. I 'Will be 
as ed tha":. the displace ent, 6 of the pha e cen e of ch feed horn f rom 
the focal point be sufficiently smaller than the an enna rad us ~ch that the 
amplitude distribution across the per ure s pproxi .:-l l y h s as for 
an on-c nter feed . Fo the ono lse an enna w h w . cons dered, e ch feed 
an enn had approxim ly a c rcularly s 

" th f ollov:i.l. alysis we sh 11 ass e that 

i t i on pa ern. However, 

pli ud of the ape ure 
dis r bu fo:-1 of sin le horn is n by 

2 F(p , ) • F~(p) cos + F (p) s n 

wher F (p) d (p) r t h r d a on 

Thi is a ood ap rox 

rn in h ~ d plans 

on o h r d a on ro rt 

(17) 

0 

F( ~)F( • In h cs F~(p) • F (p) 

c ·str l ut ion . 

49 
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If he feed is moved l er ally as 11 i ance 6 in he di i on 

e • B fro t he fo l poi nt as shown in r· re 10 is creates non-o 

ni onn phase front across the rture. Howev r i 6 is iciently 

d h lane 0 
0 

sm 11 he phase ar i tion ~(p ) • 

antenna axis is a proxi ma el lin dis iv n by 

wt. re f is he focal len h nd s e b 

• Thus in neral he r ure 

I sin le of set f d will be i ven 'JY ( . ) F( )e 

whereC • p/ais the nonnalized radial coordin and " 

ra us . 

2. 2. 2 Ill nation ro Four Horn onopulse D 

Le us onsider h azimu ,h di of 

di. 

Jk 

f 

10 cto . 

i ut on 

Q cos 

our fe 

(1 ) 

r o a 

( - 0 

nn 

ono uls 
i n deta 1. Since tho s d h oh r dif er nee o e r adiation cha ace 

is ics may be c l cula ed in ne or.ly a ew of he mo o t an 
s eps will be shown for the sum od i n se t on 2. 2. L. For t th 

dif renc od Je ) ~ 1,2,3, deno 

illumination of the i - h ima fe 

phas condit on n the onopul~e c rcu 

f d out o h se wi h 2 and 3 (see i 

enna hen due 

wi h r im 

10. Y. T. Lo, "On he earn 
Tran . IRE , Vol. AP,-8 

l ) 

via io Fae or o A P 
a 1 60 p . 3u7-JL9 

a o 

ud o pertu 

the opposin 

an ennas 1 ct 

fl C r 11 

19) 
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(Note that this as umption req~ires that any utual cou lin ffe ton he 
hom patterns be negli ible. ) I s ssumed that the ri ary fees a e 
s trically placed such tha e1 • n-e2 .. -e

4 .. e3 
•ff , hen du o t h 

dif erence in coordinates of the feeds , he ph se oft e horns at the per­
ture is 

t1 (C,B) • _.3'C,8) • Ba g cos ( -81) 

, 4Cc,e) • ~ 2(C,!) • Ba QC cos (B+B1) 

So the to al aperture illumin tion i s iven by (wh re e 1ck 8) 

• .-je( cos (R+R1 )} 

(20) 

• 2 ' Fl ( r, ) {:sin [ 8 ' cos(B-81)] + sin L ce' cos(A+Rl i]} (2 
I 

I Now sin e 8 • k a8 i r the r al (8 < J for a well d si n d 1nono ul s 
antenna) he sin te:nns in (21) a proxima.ted by the f w 
tenns of the po r tieries 

, ] , ] c3
~', 

3 
3 sin [ C8 cos (B! e1) • [ce cos( i ) - . cos ( :t 1) + ---

(In he numerical exampl consider din 2. 2. 6 t h firs 5 enns were 
si nificant.) h n eq . (21) rtY reduc d to the des ' red fonn by h 
followi r onometric iden iti s. First by use of · he 1 pl an le 
formul sand the ov po r ser · s 



cos3 ~ • ¼ [3 cos~ + cos J ~] 

cos'~ • 1/16 (10 cos~ + 5 cos J ~ + 1 os 5 ( ] 
cos7 ~ • l /6L (35 cos l + 21 cos J ~ + 7 cos S ~ + 1 cos 7 ~J 
cos9 ~ • 1/256 [ 126 cos ~ + 8L cos 3 ~ + 36 os 5 ~ + 9 cos 7 + j_ cos ~ ) 

and by use of the fonnula 

cos m(B ! ~1) • cos m8 cos me1 + sin mB sin mB1 
We may r due (21) t o the followin form 

F~•( , e ) .. 2iF1 (C, B) { Pm(C) cos m • Rm(C ) in mA } 
m odd 

(2 ) 

where P d R ar polyno als i n odd powers of C wh ch re determi d by m m 
he above substitutions . Since the ssumed a e ture litude distribution 

(17 ) may e rewritten 

F1 (C , 8) • [ F~( C) • F (C)] • ! [ F ( ) • F (Cl] cos A (24) 

en by use of the id nt iti s , 
os 2 cos mB • ½ [ ~os (m+2) 

cos 2! sin mB • [ in (m-+ 2) 

+ cos (m- l ) A] 
+ si ( - (: ) a] 

The aperture di s r i bution may i en as a se i 
F• (C , 8) • { P ' m(C ) cos m 8 • R' (() i n if! } 

m odd 

d scr i ion ~f he monopuls a rture d s • bJ on. 
For hes ci 1 cas of 

1 L5° w my wr e 
as 

( 5) 

{26) 

i ve accu a 

econd p rt of (21) 
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sin [ c•• COi (8-i')) + sin [ ca• <ei>] • I [ P Ill(() cos 111B + Rll(C) sin m8 j 
"' odd 

... ] 

[~ ~ 2~t?ff ~ +co1)8 7il'm •mr;rr-• -~• 
(27) 

[ ~ ~ ~ ] +co1S8 •I5{;11'•~-~•· ••• 

[ 
,.,,,1 ill~ ] ♦ COi.,.. • ~ + ~ • ••• ♦ •••) 

Since the •thod or calculating the pattem rr011 this expression tor the 

aperture diat:ribution 11 the•- tor both the IUJll and difference 1110de we 

shall tint de:riw the corresponding expreHion tor the sua mode. 

2.2.) llluaination fl"Olll Four Horn Monopulse Sum Feed 

For the 1U11110de each or the four prifflary antenr.-.s are fed in phase, 

t.hua each has tha .... lllll)litude illumination function 

r1(C,8) • r2(C,8) • r3(C,8) • r4(C,8) 

Ttma the 1U11 or the four prillary reed aperture 111Wlinations is given by 

F1(C,8) • 2F1(C,8) {co• [ c•• COi (~-81)] • COi (c•• co•\B+St]} (28) 

Then by apand1ng the cosine teras in poWP,r series 

] 
[ce• cos C~!e1>] 2 (ce• cos (8!~1,] 4 

coa (c•• co1(8!~1> • 1 - 2! -- + 41 - ••• 



and expanding the cosn(A~1) in the r finit,e Fourier series 

cos2 C • ½ (1 + ~os 2~) 

cos4 , • ½ (3 + L cos 2! + l os 1,,) 

cos6 C ■3½ (10 + 15 cos 2, + 6 cos L~ + 1 ccs 6,) 

cos8 ~ • 1 (35 + 56 cos 21 + 28 cos L~ + 8 cos~+ 1 cos a,) 
m 

( ) 

cos10 ~• 1 (126 + 210 cos 2~ + 120 cos L, + L5 cos~+ 10 r.os 8~ m 
+ cos l.OC) 

and using the relationship 

cos m(A!,Al) • cos m8 cos me1 !. sin mf' sin ~l 

We may reduce (28) to the fonn 

m even 

where Qm(~) and Tm(') are . polynomials in even powers of , which are 

determined by the above substituti~ne. 

For the s cial case A1 -H,, (30) is somewhat simpler than in the 

eneral case and may be written 

... ] + ... } 

(30) 
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It uy be noted that in this case not only have all the sine terms cancelled, 

but also the cos 2e 1 cos ~, cos 108, ... terms have also cancalled. However', 

if F
1 

(C,8) is not independent or 8, i.e. if the primary reed pattem is not 

circularly sy,aMtric, all even cosine terms will appear in the expression tor 

r•t,e) . 



2.2.4 Fresnel Zone Radiation in Tenns of the Aperture Distribution 

Hu1 has shown that a particularly convenient fonn of wr ' ting the 

aperture distributinn ~sin t~m! of wha he calls a Fouri r-Zernike series 

F' (t:,M • [[ 
n>m>o 

(n11Teven 

(a cos m • b si n m) rf1(C} J'lll nm n (32) 

where 'cf (C} are the Zernike Polynomials which are defi ned in table II, where n 
a brief tabulation is given. However, it should be noted that his claim 

that any function may be written as a Fourier-Zernike series on the unit 

disk is not true, since the restriction that (n-m) be even, requires that 

even runctions ot C be associated with only even trigonometric tenns. Like­

wise the odd functions ot C 111Ust be as90ciated w1 th only the odd trigonometric 

tenns. However, this does not prevent writing (26} and (J>) in the ronn ot 

(32} 11" the principal plane aperture illuminations Fl(C)l F~(c) are written 

as even .functions or c; e.g. or the form F,(C) • a
0 

• 82~2 • ~c4 + •• • 

In this case the f'lnctions P~(C) and R'(C) in (26} contain only odd powers 

of r and only odd trigonometric terms are present. Likewise in (30} ~ (c) and 

R'(() are even polynomials associated with even Fourier tenns. m 

The desirable feature of Zerni ke polynomials is that they may be con-

veniently rewritten in tenns of th correct powers of C and (1-c2) such that 

the scalar diffraction integral 

(3J} 

(wher the variables are those shown i n figure9) ma b evaluated in tenns or 

a series expansion. More precisely we may write 

rl'1( c) • e n 
(n-m)/2 

L (34) 
'11"0 
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Uai~ the FN■nel approldaation tor r in (JJ) 

. i. r • I • 11 - p ■in e co■ ( ,.,) 

the rre-1 ngion field apnaaion can be vl'itten u 

l 2'r 

• j • •jkl•jy/2 J 1(1, •• ,> ..,__ aol"!pao.--

2" 0 

f r•('-I) .1uc co1(.-P)c11p .1f<1-ci) tdC (35) 

u • Ira ■in I 
a2 

v • T 

0 

Th., bJ aabltitution of the Fourier-Zemike aerie■ tor F' (C,J) into 05) and 
bJ UN of the idmtitie1 

J (uc) 
II 

and 

V..., mte (JS) in tea, of Zemike Pol.yrmial1 ot the W:<v,u) functiona 
y 

I( ··• .,> • 1~ •jk&-j,j' L L 3• c._ 001 ... bllll ■in .. > z:cw.> ()7) 
■ >n>o 
■,-n odd 

when 
(n-m)/2 

z"cw > • • • L c:n v;cv,u> (38) 
~ 
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t/1(...,,u) are generalized U>mJ al functions of two variables. heir m 
relationship to the lDmmel functions U (y,u) gi ven by ~atscn5 is i ndicated m 

by the following equation 

"( ) ( 2 )v m av w v,u • - u -· 
m .J 'a,y V 

A table of t hese run t ions wv'v,u) was c:or'lputed on l DM 7010 computer and .. g •: n m 

· n table l,,:,.p n i x I of this report. In order to use th se tabl~s t is 

most convenient to transfonn 07) to the fonn: 

-. } - '(kR-, 12) BlR,8,(4) • j~• • " L L (j)m (c cos mcp • d sin ""P} Wv( y, · ) {Ii mv m~ m 
m odd ....-o 

where - -C T \ 

l'IV L 
CV 

mn amn d • \ 
mv L 

c" b 
11111 mn 

A partial table of these coefficient C~ mny be found i n table 2, Volume II, 

where th are n the fonn of o ffi ci nts for Zern Ke olyn mials t'1(C}, n 
hr e hours of alculati ns ar n es sary on a dask calcu a or 

t o cc 1 e one Fresnel zone or Fraunhofer p t t rn once th coeffic ent 

an · d are known. For the monop lse antenna considered i n action 2.2.5 , mv 

f i t n tenns of the series (uO) were requi red to o t n resul s ~ith thre 

1 ce accurac, . H~wever, about nine terms of th c~r series for 

th su radiation arac t ~ri s 1cs ave ree plac accurac i n h sum 

A sp ci al case, which is of rti cul ar int rs , i s t h ar-fi wld 

radi ati on pattern ( a O i n ( )i In th s cas t he Lomm 

5, o. . Watson "Th ry of essol net on • " r- , , 1952 , p . 5J 55(1 
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o fini e sums of ss 1 Funct ns. 202 Althour,h the equ1va nt T calcul tion 
111ay be made from tabl e 1, ,.~Jn . 1 • . , i t is sol'lewhat simpler to evaluate the 
f i eld from the follow ng ana~ tic expr ssion which ho3 been given by Hu11 

) -jkR E(R, ,cp • j'fl L J •· {u) jn(a cos rrup • b sin m~) n l _ M M U Ou) 
m n 

where a are the coefficients in (J7). Note that (41) may be written lll1l 

!(R,'l ,,) • .1~:-· jkl [ 

n 

where 

J • {u) l ~<,> n; 

\ (a cos ~ • b sin mcp) L mn mn 

"' 
Thus , if only the far-field pattem is desired, the equation (37) need not 
be reduc-ad to the fonn ot (40). 

2.2.5 SllllJ)le Calculation or M nopulse Difference Pattem 

(42) 

This secti on shows n detail how to calculate the Fresnel zone radiation 
characteristics of the monopulse antenna de~ribed in the pre cding sections. 
A specific exampl6 will be considered, the difference pattern of the experi­
mental I-band monopulse antenna described in Section 2.2.6. To make these 
calculations, the following ar1111eters must be detennined. 

6 - lateral 1agonal displact!lfflent of the prilllary antenna frcm he focal point 

F~(C) ,F (() - radiation patterns or the primary antennas i n tw orthogonal planes 

~l - angula1 displacement of antenna 11 from ~ axis ( see figur • C') 

.B - beam dev1ation factor (See Lo 9 tor graphs of this functi on.) 

11. M. K. Hu, Modified Zemike Pol,no als and Their A plication to the Analysis of Fr sne Re~i on Fi elds, June Opt. Soc. or Am., Vol. 5J, No. 6 F b. 19 
6o 



f - focal 1 ngth of antenna 

a - radius of a rture 

F r he exam le considered 

• o.675 

\ . n/u 

•• 90 

f 21.8 (inches) 

a • 24 (inches) 

k • ~ ). 

then ' • kBa 8 ~ kBa ~ • ~ (. 90) ( 20>.) (;~~~) • 3.50 

Step 1. Polynomial approximation to F((C) and F](C) 

ls e . lainerl n s ction 2.2.3,F~(C) and fTI(r) must be written in the 
fonn r,<,> • •o • •2C2 • 84~ • ~C6 

FTI(c). bo. b2C2. b4e. b6C6 

The pat terns of th'l i ndividual primary antennas are shown i n figure 12 super-
m sed wi h h a J't'xima ion F~(') • r

1
(c) • r1(C) • 1 - (- • .4~ (h3). 

This equati on may be found by a curve fitting procedure. Since the odd powers 
of, ar not permissible i n this expansion no rigorous means (such as a 
Legendre polynomialexpansion) can be given for f'inding such an expression, 
however, fr MOst physically realizable aperture distributions, it is a 
sim le matter to obtain a r asonable a proximati on. It m~ be noted by 
examining figure 12 that a otter approximation could have been obtained if 
a linear term were permissible i n e ~ation (uJ). 
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Ft.cure 12. Pattern of a Slnlle Horn uNd in tbt llonopulN Antenna 
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Step 2. Th• Total Nonopuae Aperture lllwlination 

B.r letting , • 3.5 in equation 27 we find that 

sin [ t8' coa(p - f>) • sin [,e• cos(P • ! >] ~ 
rifo1, [•J.SOOO( - s.Js92c3 • 2.1Jss,5 - ,69Blc7 • .1069c9) 

co, 3~ [•1.1860c3 - 1.367Bc5 • .4189,7 - .on3,9] 
co, s, [- .2136f,5 • .1J9<>e7 - .oJ>sc9) 
COi 7P [- .Ol99C7 • .00764c9] 

COi 9P [ • ,0001!(
9
)) 

Multiplyiqr this uprealion by 2j r1(,) ve 1et (eq. 26) 

,, < cl Q< 2 {2_ 3 ( co, , [ J.SOOO( - 8, 8592,3 • 9 ,491i7,s - s·.m 3< 7 

• 1.8992,9 
- .3861C11 

• .0421,13 ] 

(44) 

• cos J~ [1.1a64(3 - J.1su2c5 • 2.so13c7 - 1.0313e9 • .2Jeec• - .2es1t13) 
• cos 5~ [ -.21'J(,(S • .4l.J2C7 - .2196(9 • .o864C' - .0122c13 ) 
• cos 1~ (-.0199, 7 • .0J16(9 - .0156(• • .oo.nc13 ) 
• co1 9~ [ .oooe,c9 - .0008,c • • ,ooo34c13]} 

This analytical approximation to the difference aperture distribution is 
plotted in tiguft 13 along with the experimental primary teed difference 
pattem. The corresponding :results tor the sum mode are shown in figure ll. 

(45) 

It should be noted that the above expression should differ frcm the experimental 

' result by the effect of the beam deviation factor Bon 0. 

Step 3. Reduction of the Aperture Distribution to a Fourier Zernike Serl ea 
In order to write the Fresnel radiation tams of generalized Lo"'"el 

I functions, we must rewrite the above polynomials P r) (see e uation 26,) l,1 

in a Zernik series 

P' (c> • ' • lf'(c> m L 1111 n 
n 

6) 
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IE I .I L--...a....., __ _., ___ ..,__ __ -+-~...,_---4 

.4 1--------+---~~---+---~--~ 

., 1--.....a. _ _... __ ____..__ __ ~--~------4 

DIFFERENCE PATTERN Of THE 
FOUR-HORN MONOPULSE FEED 
CALCULATED - - -
MEASURED 

.z 1--..... --+-----.---------t--~ 

0 ____ ...., _____ ..._ __ ....... __ ,_., __ __. 
0 .2 .4 ., .• 1.0 
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1.0 

PATTERN OF THE FOUR-HO 
IMONOPULSE FEED 
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0.4 ~ __ ....., __ _..,...,_ __ .,_ __ ....., __ _,. 

I 

0.1 
C 

, 
I 

1.0 

Fipl'e 14. Calculated and Mn111red Sum Pattern~ Four-Born llonopulN FNd 
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The polynomials If"( C) are a com 1 t e or t hoP,onal series on the lin r s ace of n 
I 

::lyno i al of h t y e Pm(() and th above Fourier coeffi ci nts a
1111 

ar g'.ven 

b 

1 
a1111 • (n + l) (2 - 6cm) J 

0 

where 

~ is the Kroneker delta ( • 1, 6 • O, Ill ~ 0) om oo om 

However, since the above expression becomes quite lengthy for lar en, 

(L6) 

a simpler method of calculating tho coefficients is to equate the coef f ici nts 

ot equal powers ot C• The following example for the cos 5P polynomial in 

equation (45) illustrates the methods 

Fl"'OJll equation (45) and table 2, th . n ·i x , ot Zernike polynomials ~ ( c) we 

m;:t, write 

-.27Y>~ + .L1J2C 7 - .2796(9 
+ .0861&("1 - .0122c13 

• n,,5 ((:) + a7,5 (-6,' • 1,1> + a9,7(21,' - 56C7 + J6C9) 

-i1,, ,-56~ • 2s2c7 - J&:Jc9 • 16Sc11> • 813,5(126,5-a40,7•19so,9 

-19aoc11 • n5c13>. 
Equating the ("3 coefficients gives 

-.0211 • 8:i.J,5 (712), 

Eqll ting the C" coefficient 

.0864 • 8i.1,,(165) • 8iJ,,(-198o) 

,_ • ,o 64 - ,oJJ8 ... .o~~~ • 3 18 (lo-4) 
11,s 16S • 



lquating the c9 coett1cient1 

-.2796 • a9,5 (J6) + -i.1,5 (-360) + -i,3,5(1980) 

•9 5 • ::!27%_• pL• ... ~ . •·;ill • -J. 64 (10-l) 

!:quating the , 7 coetticient1 

-.4132 - '7,5(7) + a9,5(-5~) • -i.1,5(252) • -i,3,5 (-840) 

a?,S • • 4132 - .20;9 - .0803 - ,o1J+4. ~ • 1•638 (lo-2) 

F.quating the~ coett1cient1 

-.21J6 • •55 <1> • '7,<-6> • a95c21> • -ii,s<-56> • -i3,5c126) 

-s,s • - .21J6 • .0983 • .0165 • .0118 • .0021. -.0188 

Nov ve aq UH (46) to calculate a,,S U a convenient check !or all the aboTe 
calculations lince a significant error in any ot the above calculations will 

show up in a5,S 

1 
"s,s • 12 J <-.21J6r! • .41J2c7 - .2196c9 • ,o861,c11 - .0122c13ic6 dC 

0 

-s.s • 12 I~ . ~ _ ~ . ~ _ ,0~2 l 
°S,S • 121-,0228 • ,029S • ,Ol7S • ,001,8 - ,0006) 

•5,5 • -.0788 

Which agree, with the above reault. 
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By this method the following table or significant coefficients, al'lll, 
may be calculated 

JII • l ) 5 7 9 
n • l .6439 

) -.7862 .4446 

s .3191 -.179S -.0788) 

7 -.07036 .0475S .016)8 -.OOS70 
9 .oo8JJ5 -.oo6SS -.00364 .00092 .oooJ6 

Table 2 Coefficients al'9l in lquation 08) tor the lxpeJ'imental Monopulse 
Antenna 

Step Ii. Calculation or a Fresnel Zone Pattem 

The tield of the monopulse antenna is given b7 equation (J7) i n terms 
of the above coefficients u 

y 
) •jkR•io. E(R,8,i, • - ~ "2 L 

m,n odd 

m-1 
(-1) T a cos me, t"(w) mn n m 

HoweYer, to use the available table of Lo11111e functions ve must first 
calcul at e th coefficients cmn in equation (40) 

-
Note that for each m the sWIIUtion should be ti,ancated at the NIH Yalue or n 

si nce al.though Z:(~) is aall, ( l((W
11

) I < 1), it1 c0111p0nent parts c~ ~(v,u) 
may not be mull and use or 1everal but not all or the1e tenis will cau1e 
signi.ricant errors. By truncating t his series at n■9, the above table 2 may 
e used along vi th t able 2, ne x , of modified Zernike Polynollrl.als to find 



C , e. • t mv 

• -3(-. 7862) - 8( . 3191} - 15(-.01036) - 2L( .oo J35) 

~ 1 • .6692 , 
In this manner the followin tabl of co ff cients c may b calculated mv 

m • l 3 5 7 9 

\I • 0 .ll48 . )061 .06 l .0048 .ooo· 
1 . 6692 .4645 .056 .0083 

2 1.0750 .4482 .1311 

3 . 5956 . 5504 

4 1.0502 

able 3. Coefficients c of he Lommel Functi ns i n F.quat on (LO) for th mv 
Experim ntal Monopulse Ant nna 

Thus fro table 3 we may calcul te the compl te small an ,l Fr sn 1 zon 

f eld of th an nna from the follow:in equation 
m-1 

4l'. \ (-1) 2 c cos m~ " (v,u) (R, ,q,) • _ ~ •jkR-J1 L mv m 
, v odd 

assumin the Lommel functions hav been tabulated at th d si r d r 
and an le u • kasi n t:i . 

In table l, the ppendi .· 1 a lis of Lommel functions ha_ b 

v n/ n/2 , n_,f 2n, Jn, 4n. T ·s enables calculations o made at th 

2D2 D2 D D2 D2 o2 2 
ran ,cs R • -, T' 2 , 3 i;r, hl' and the v ria le u is st d n 

r v ues u • 1, 2, J ... , 20 which enabl s calculations for th n 



beam nd roxima -ly the i r fo r sid -le s. he ft c 10n re ta 1 
th all h unc 'ons nee s on o h t V l 

on on • For ex le 

E(y n, u 10 

{.me (•.02 59 • j . 002 2> -.J>61 (-.0' 15J ... j . 001%> . 06 1 (-.oo J9 • .oos~ ) 
•. 92 (+·.002 J j . 002 2) -. h5 (-.00570 - J . 00090) .056 (•.00272 • • 
•1 . 0 50( . oo 3 • ( . 00139 + . 00097) - . 13 1 (+. 00 3 • 
•.5 56 -.001 2 . • ooo ) - . 550h ( . 00015 • j .oo JS) • . 004 (•.o 29 • . , 011 to) 
•1 . 0 02 ( . 001 • . • 00026) • .oo < • .005· • . . o 'u5 

• .G0OI: ( • . 0201 ~ j.00)78) 

(n~ 10, 0) • fl - jkR-3' (-,00317 + ,01111) 

terns at the dis ances 'V 2n and h are 
ot d alon w h h expe m nta pa t rns i n section 2. 2. o. 

Results 

A was construe ed t o i nd. ca th ount of 1a 0 

s w ch may e expected for he calcul t ions . tie 
s t nna i a four ho rn cluster the apert r of ah 

rns on s d • Eac horn has approximately a circularly symm'3 tr1c pattern 
s s i n f r 2 w1 h a roximately a s van db ap rture taper. The 

cons s s of 

Al ho 

fou r 

d 

0 

agic • ee hy rld and two wavegu de fl ees . 
e modes cannot obtained si ultan usly without 

d rcul ar SYffD'!le rlc d • s ribution for 9.Ch 

rns s oul be id ntical. T r efore twas 



f is ar i s ri in i a s r r 

T r fl c or fou r oo r r bol is ~Ti 2 • 1 

Al t ou , h des rabl o er t i n , b d of his ono u s s .L 

t h l ow r x-ban re i on, fr enc of 9 35 c was c sen t o 

has a sli t null c s d h a rtur • At t hi s frequ ncy h s 

ar r 1 c rical se aratio of 

ever , t e calcul at ions i llus r 

f ds a t his wavel t h . Ho,-

thod for a e ral case t e l:1r e 

valu of 9 1 • 3. 50 1s so what lar rt a i n t he design band. is assu res 

that the series expansions i n sections •• 4 will be ven ore rapidl co 

v ,rg nt i n h desi n and of any monopuls antenna an f r hi s 

Th Fraunhoff r d Fr s 1 z ne H-plan sum and dif f r nee a fo r 

his antenna ar shown i n f i res 15 tr ugh 22 at h 202 D 
s --, -. 

2) 

h calculated pat rns ay be calcul f ro t h abl of 

f unc ions i n table 1, Volum II, as descri be in th rec di O sec ons . Jt 

ay b s n tat f or sum nd diff r nee patt rns the ai n nd 

l o at on of i de lob s an be redic ed wi h a fair de re of ac urac as n 

the lobe f i ll~in in the Fresnel zone. Howev r i n th am litud oft side­

l obes t h re i s a significant di f r ence i n t h calculated and a ured patt m s. 
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). ILLIPTICAL APIRTUR&, AND APmuRBS OF OTHIR SHAPES 

The •thod1 previou1l1 con■idered tor Franel Jlecion antenna patten1 

caleulation vere llaited to the two 11.Jlll)le■t aperture 1hape1, rec~ar 

and circular, and required a unitona phue tront acro11 the aperture. Be­

cauN ot•the larp variet7 ot 1hape1 or llicrovave antenna■, it 11 deairable 

to have a aore 1eneral •thod ot Fre■nel 1one pattern calculation. Ideall7, 

thia •thod should be fiuible mough to 1ive a good appronution or the 

tield inten!ity tor an arbitraril.7 ahaped aperture and, in addition, ahould 

be capable ot predicting the field produced bJ a ahaped-beaa antenna in the 

Freanel region. The ettort 1n th11 area vu directed toward finding nch a 

general •thod or pattern c~utation that 11 aiaple enough to be carried 

out on a deak calculator in a relatively abort t1-. 

).1 Strip 9roxillation Method 

The •thod or calculation which vaa conaidered uaea a atrip approxi­

•tion ot the aperture. Thia 11 a powrtul technique lince it can be uaed 

tor aperture■ vi.th 1rnl\llarly ahaped outline• and a great variet7 or aper­

ture illwd.nation■• With the correct 110d1ticat1on tor the phue tel'lll this 

•thod •1 alao be pnerali1ed to include beam 1hapinc antennu. 

In order to reduce the calclllation tiM required tor th11 •thod, 

1 t ii 1101t convenient to take the 1trip1 perpendicular to the plane in which 

the pattem ia bei111 c011puted vhile ukinc the width (v) ot the ■tripe aall 

enough that 
2 

amin a if (47) 



is t. e s hor es ran e a • ~h he f el i ir • ( or 

or the A / PS- , w, sho chos le s an .5, s nee he cl o s 

is taken t 0 • R_ . 
11 

w ich is wice ea s ap r re i ensio ) . is 

ss s that the . rn at n the 1 ne o he narrow dim nsion has 

ch .acter sties . It ls os convenient o assume a uni form amplit ude acres 

e width of each s r i s nc i his case , ach s r h s t he famllar ~ u 
pa t ern. Therefor he s r ps sh uld e narrow eno h such that th r u in 

step funct ion approxi t es he ct al aper e istr ibution across the co -

ple e a rt • 

The use of t he scalar i f r ct . on integral to express the Fresn 1 field 

r sults in n express on for t he f iel of the for 

E (R, Q) • -fir If F(x
9 

y ) e• ,j kr dx dy 
s s 

If he rture is divid d nt 2 s r i s of width w • ¾ al.on th x- s 

wher , , is th aperture wi th i he X imension, and (x , y ) denotes the s s 
erture coordinates as shown in i e 23 . Then the total field from the 

pertur i he sum of the fields from each of the strips 

E (R,Q) wl 
n • -

En(R , Q) 

where is ven by n 

E (R,Q) •¾[f n (xs, Y ) - jkr dx dy (48) n 
s s 

t si nce we ass ina on acr oss each of the strips , (x y ) n s' s 
- (y ) • n s SU s 1 a le sne approxi t ion or , r , is used 

(see fl 4) . hen n the - Z 1 ne 

r ✓(x- ) 2 + Y s 2 + 12 (y .. 0) 
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Figur 23. tr p Approximation of an Elliptical Ap rtur 

y 

S• Q I ------
(X,O,Z) 
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-

r • t 2 ? 
- 2 (R 2 z2) XS s s , • X + 

r 2 xs 2 2 r ~ H. - T ' r s = + Ys s 

2 
r '¥ I< + 

rs 
• XS s in s·nce x • Rs n Q 

rtd h i r n eq 1 on l ~ par ted as f ollows: 

n ~ + w/2 

k:x2 f· ky2 I . ( ~ ) j - jkR 
(y s) - j ~ y j(kx 5 sin Q - ,J-) 

dxs 

n xn - w/2 

x i he c n er of the nth str i now let x
5 

• ~ +, ( , •rariable ). 

he 
x2 kx2 k, x 2 sin Q -

5 • kx sin Q + k , s in Q - n - ___!l - ki . s ~ n 2R R 2R 

' i nc n th 

( q. 7) 

h : 0 

Y. .. 1,J/?. 
l 

J 
- ·/2 

(Si c si 

2 
2 kt ) 

·on of in e r a ion k' < ' and our hypothesis ~ ~ 

> - i m li - "-

o d roxima 

.i k sin ~ s 

2 
kw <.,r R hs 

2 
i on ~ • 0 n we have 

w/2 
kx2 

in Q - ~ l / ej S( 
' j( - - N X 2R - n 

s 

-w/2 

X 
i Q . -i ) di 

(u9) 

(50) 



w/2 
2 J j (kxn s 

X - n Q - '2Jr ) j ' s n Qn d& -
-w/2 (51) 

2 
,j( s n) w ( sin ( k ! sin Q n) ) " ' - ~ 

(k 1 sin ~) 

(1 t • n 
w s ' n Q ) 

n 

+- w/2 
2 

kx2 I XS 

v(";!") 
j (1 s s - _ ) j (kXn sin Q - r'n) 2R XS • e 

¾ - w/2 (52) 

h s , we 
n 

() } eno 

J 
2 

Ys 
("t ) • Fn ( s) e• j k ~ dys n 

n 
(5 ) 

.... lize r 
2 

ial v r i ble "'t•; then (L9) becomes 

E ( ) - jw - j 
n ' R 

( kxn I ("W ) e j kXn sin Q - ~) 

(54) 
t t l sn 1 f i ld of the aperture frOll the following expression 

4 -Jk 
r:\1 , ) = _.J __ _ L 

n • - N 
~ 0 

kxn j(kx sin Q - ~) t! n ai 

(55 ) 

h s wo r s n h s l!lland pr sent no major difficulty unless Nia so large 
com a o s t oo 1 n thy for desk calculations. The remaining intergral, 

In(1 ) h fi l d in nsity on th axis of the nth line source which has an 
il n i n (y ) • 

n s 



a w ic he fiel in nsi y is e i r d, in he far fi 1 of the i -
t en · i n al r e uces o 

J 
/2 

Fn(ys) dys (56) 

• n/2 
Howev r, if we consi er points in the re nel zon of they imension of 
h strips, then t he into 

or which tables ar available . 

n orm illumination, then 

y be reduced o a sum o resnel i ntegr ls 

or example if F (y) • C, a constant n s n 

y 2 bn/2 
I (..,,) • CL n n 

y 2 
'k s e • 2R dy • , c 

s n 
e•j k 2R dy 

-b / n 2 

•2c~ 
(S7) 

where C(x) arxi S(x) ar he cosine and sine Fresnel integrals. A more gen­
eral approximation will have the form 

Such an xpression will give a ood approximation of the aperture field across 
most focused antennas. For an aperture which is not focused in they dimension 
F (y ) is complex arxi he r eal and ima inary parts may be treated separately. n s 
For an expression of the above form , I (y) may also be reduced to a sum of n 
Fr sn 1 inte rals; however, the expression is somewhat more complicated. It 
he illwnina ion of th n h s ri ay be approximated by an exprei,sion of the 

1 ss en ral form, Fn(y) • C
0 

+ c2 yi + c4 yM then the data computed by s n n n Gerlo~k7 may be used since it represen s he field of a re tangular aperture 
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on axis. In this case 

2 

In(,.) :i! t h (2n) R2 (2n, M,O) • j w2(2n) 12(2n,M,o)) (S l 
Thia method or calclilating the integral has the disadvantage that the incre­
•nt1 or M in Gerlock'• tables 111&,Y not be ■-all enougt. to pendt calculation 
at the de1ired ranges Md, in addition, the penli11ible toni 10! the aperture 
illuaination ia not eu!ticientl.J general. 

TM method described above requ.ires 111Jre ti.JIii to Mke the calculatlona 
than tor the case or a 11.Jlple aperture 1hape v 1th a 1yaatr·1.c aperture 
illuaination such u r~ctanplar or circular aperture,. Howver, this •thod . 
ll&J be uaed tor .,,t antenna■ which are encountered 1n practice it the phase 
and the intensity or the aperture illwdnation are known functiom of the aperture 
coordinates. Since the cOllll)ut.ation ot the field bJ tM.■ mthod ii quite 
lenct,hy, it vu telt that it would be convenient to calculate a norul.11ed 
table or tunctiona 

• 
HOVffer, an additional 11.llplification-, be obtaiMd tor apertures with 
1,-trr in the plane ot the desired tield calculation, since tor thi1 ca• 
In(y) • 1-n(y)• 

A Fresnel appronution lll8t be Uled tor~ in order to noral.11e that 
variable in teru ot u and.., 

(S9) 
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It was foun by omparison w h the exact express on for !n r a 40 
perture that t his a prox 

si , 
o .,, of leqs han .025 or 

~n 

re maximum error for the calc la ion 
n2 

• ~: ' R • ri> and u < • 

For a synvnetric aperture, the express on for Sn(v,u) may be reduqed to 

Fn(v,ul • • • J<:;l)

2 ~•jl~f (•1:j • • • (~ u h-d 
A program of thes functions was performed on an I 70 ital co t r 
o alculate these funct i ons for N • 4 nd a tabul tion i s ble .3 o 
h- J p .n ••• . These tables facilitate the calculation of he Fresnel f ld. 

for any symmetric aperture which may be approximated with ei ht tr s . 
These table reduce the calculations o evaluating the following expr ession 4 

E(v,ul • n~ In(~) Fn (y, u) (61) 

vhich, if In i s complex, consists of 16 lffllltiplications fo each V and u. 
Thus, about two hours are required to calculate a complete small angle F'--<!s­
nel pattern for 20 values of u. 

In order to indicate the degree of accuracy which is obtained in an 
idealized case these tables have been used to calculate two patterns, one 
at 2D2/A and another at D2/BA, for a hypothetical uniformly illwninated, 
circular apertur. A comparison of the strip approximation method with 
the scalar small-angle Fresnel method discussed in the section 2.1. has 
been made in figures 25 and 26. It is obviously impossible to get a good 

eometrical approximation of a circular aperture with eight strips of equal 
width; however, t he results agr e fairly well, vith the largest deviation 
being in the region of the infinite null on axis tor the D2/8i pattern. 
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From the above discussion it may be seen that the strip approximation 
•thod achieves the desired result ot being able to calculate the Fresnel 
1one radiation from an aperture vi.th an arbitrarr outline and arbitr&r7 
phue tront in the aperture. For apertures which have even syanetry in the 
plane ot interest table ) th n • ·~ may be uaed to IIIAke desk calculations 
ot the pattern in this plane. 
).2 Calculations of the ANftPS-lD Patt.erna 

The method described in Section ).l. vu used for calculating t he Fresnel 
patterns of an AN/TPS-lD. Thia antenna consists ot a sector of a paraboloidal 
renect,or ted b7 a hog horn. The aperture ot the renector is ~roximately 
rectangu.lar, hOVffer, the aperture illuaination lacks vertical synnetry since 
the horn is not at the center of the aperture but rather is placed beneath 
the retlector and directed upward u shown in figure 27. The reaul ting 
aperture Ulwunation may be approxilllately calculated tor the tvo aperiMntal 
principal plane pattern.. The a1IUlll)tion i1 aide that the field produced by 
the horn i1 the product of the fields in the two principal planes, and then 
the total field at varioua angles, subtended bJ the refiector, •1 be deter­
llined. 

The aperture field hu been calculated in this lllllMI" and the reaultant 
UlUllination is Wutrated in figure 27. An alternate •thod ot calculating 
the aperture distribution vu also uaed. Thie ..thod conaiated ot actual.11 
calculating the pattern tl'Oll ~he hog horn apertve ulUlling a unitora phue 
T'1,01110de in the aperture md projecting thil pattern on theapertun. The 
aperture distribution obtained by this •thod vu in close acr•••nt with that 
obtained trom the •uured priMz'7 patterns. It 1hould be noted that the tact 
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that the aperture is in the Fresnel zone ot the primary teed has a ne~ligible 

effe ton the aperture distribution. 

For the csl.culation of the &-plane patterns, the aperture vu divided into 
2H2 

eight equal strips. Since - • 43 1 (where H • height or each strip) and the 
~ 

cl.011est measured pattern vas at 30', it vas ulUMd that the •uureaents wre 

essentiall1 in the tar-tield or each strip, thus, I M7 be tound b7 integrating n 
the UlWlli.nation over each of the strips. The I calculated in this unner vere n 
used to calculate the I-plane patterns of the AN/TPS--lD which are shovn in 

figures 28 through )1. 

The ff.plane patterns were tound by breaking the aperture into five 

nrtical stripe and approximating the distribution across each strip by a 

polynominal of the fol'll 

2 4 6 
Pn(,) • ao • 12' • 84' + a6' 

Since the ranges at which the pattern meuur8118nt1 wre taken correspond to 

the values of M given by Oerlock,7 I Cv) may be calculated by equation (58) n 
as suggested in section 3.1. Thi!! method vu used to calculate the farfield 

and the D2/S,., ff.plane pattern and it vu round that there vu only a slight 

ditterence in the two calculated patterns. Although the intermediate patterns 

were not COllll)Uted it vas assumed that there vu little dniation in the theoreti­

cal H-pl.ane patterns throughout this rarwe. The naulting H-plane pattern 11 

1hovn in figure )2 plotted vith the ••sured H-plane patterns of the AH/rPS-lD. 

It M7 be noted that there is a significant difference betwen the calculated 

and the •aaured patterns. This uy be due to aneral tacton. First the 

effect ot reflector tolerances and teed detocua could cause the higher 11.de-

2 
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lobs and broa er ai n bellll which is evi ent in the measured patterns. The 
calcul t d 

lac), of 

addition 

i llumination mq al.so be slight ly in error due to the 
ci s an nna dimensions for calculating the illWftination. In 

eff -ct of ground r en .ections may be present in the measured 
H-plan pat rns and possibly to a lesser decree in the aeaaured I-plane 
atterns . 

In A endix III the details of the calculation or a Fresnel Zone E-plane 
patt rn of th A.N/l'PS-1D are shown. A s1111ple calculation of the strip 
'llllfflino ion function Fn(ys) is given and the evaluation or the expr ssion ( 1) 
at v • un is sown in detail. 



• PHA ED AfJtA YS 

The determination o t e e vector of an ar 1 r ry arr y t n 

rb trary f eld Jo nt re r s can :tc te canputer summat on oft e 

f eld vectors over 1 t ee ements er eac field po nt. The assum tion 

of a single rectangular vectcr pot nt1al for a large planar array of identi­

cal elements at ranges restricted tote areas of validity of the scalar 

Fresnel approximat on simplifies such a IUllll&tion to the determination of a 

single scalar field component. For nequally spaced arrays, the summation 

will assume its s:iJ'llplest form when the element positions are defined by a 

s n le spacing function. In general, however, d uble summation i ndices or 

at least two spacing functions will be nvolv . For the case of a single 

spa cin f nction, f the Gre n ' s function associated w th the element posi-

'"1 n os cr · tion not o i vely complic tod, t he simpl st summation is 

a 1la le via r~hm r , ., t cor y of neq lly cod a r y 1 
o the simple 

- 5 o 9 ~tr 1 ht l1n arr y it ni orm Sf)acin, or l pacin wi , 

Fresnel · o f : l · c-

s :ru ton is net no,d d. T e 

wit t la tion of t onomctr 

tions Fre n int gr l " . Ot . r '" av i1 C 

plicable to rtic l r 

extended to two 

t10 repres nta o . Th 

of e mentor orin laws. The th ory . n e 

robl ems for :u-ticular a IT y s n a d xci t c1 -

ci t em h s1z by these i l l tr t i nn • 

tat •Fresnel zone arra • i c or" i av · l ble or descri i n t ' cld. 

The ro lem of more ,oneral rray des n may bes mpl f d by us n the 

approach i n a r ow-by-row c- wnm on, or by summin in rray ·trl ps. 
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T ro lem my be explicitly s tated in spherical coordinate, w er t 
r :iJned coordina tes represent the element stribution. The origin i t th 

arr y cent r . T"~ • .. ctor i:ot enti l i -ritt;en as fol.ow : 

Th fi~l d c onen s • c : 

w e : _. • 
B µ I , 2nf , ks 2n/>.. , 11 z.✓ .Jr, 

The roblem s greatly simplified by the following restrictions. 

•-#! ~~ -k I -HI I >>l , R-t< I ~ k • 

In t his case : 

'iJ 'iJ • t_ ':! - k 
2 

,.;. , l(it) ~ 1w [ •ae • A♦; ] 
Ortho onal ~ponents of the transv~rse field have the relations 

Consequently, at a range of few array diameters, the field can be es cribed 

ti n. 
a. 

E(R) 

Since t an l e we n the ray fran a field point to an array element and 
thl' array normal is ssentially constant aver the array, and by virtue of the 
dentity of the elements and essential constancy of the space attenuation 



point to t he rr ~y lernents , t c i ld e r ession may be 

r tt n s follows : 

• (H) (62) 

n ' ! / • ft ' n2 2 
VI 81.• 

\.O 1 n •-2n~- n 

• E ) .: 
0 

lement ttern 

t 
' n , ,3nd phase. 

The ay factor of t he pl ·ne ·rray is an o ous to the usual focused aper­

ture integr · l problem were t int o 1 i n arra factor to t he cardio d 

p ttern of t e Ht;y ns wa ;::, t . 

A n Xcimpl ·, f or :◄ la:1:- r ra of el ectri c (or ma neti c) Hertz 

r, l s he f 1 : d would t ,rn t. followir: fo!"ffl. 

ikRn 
I\ 

LPn L 2 lkR ~ - ~ R A ,. e n 
J1 R n n 

s - i:os Q ::os I ♦ s '- ::, i l Q I cos <•-· I ) n n n n 

~ ' C/J S . n '- r ·r. ~ p [) e ft R n 

0 nate c ordir e or entcit:i 0 ·1: 

I\ 

L .. 
P e i~ , A :: .., s i n Q cos (• - • ~ ) H n n n 

E '-" 
i cos g s n I L k.Rn 

G R pn e 

E -= L KR 
♦ Pn e 
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Plane arraya of more CClllplicated el•enta uy be represented by the 

vector SWll of the rectangular CClllponent vector potentials. Consequently, 

the array factor !ona of equation (l) i 01' primary intere t. The only 

different thing about the ordinary tar field array factor of an equally 

spaced array is that the array !actor can be repreaented as a polynallinal 

an imply SUlllfted. A IUlll!lltion technique tor unequally spaced arrar-s at 

arbitrary field points has been dneloped by Iahimaru. The SWllllation may be 

represented on a cune expressed as follows. 

r(n) , r(n)• c(a•) o(I, t') n n (63) 

O(R;ft~) • appropriate Ck-een'• function. 
t+N • •N 

N N 1 dv-L L f(n) L 1'(v) 6(v-n) t(v) - · 21111v 
9 dv n11il 11••-n"'l o<e<l 

& 
6(v-n) delta !unction in range frm t to .. N. 

The !unction 1'(v) contains the continuous e.xtension of c(I•) and G(l;f•) as 

envelopes ot C(R~) and o(l;1~). With a change of variable, the sum i s wr -

ten as follows. 
(N) 

• ·f. r [ •< >] 
-i2,nv(a) E(R) 

~ ,~•> da II •n 

, (o) 

de • 1&1•1 , dv di m element density. 
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T m- s co er T s ro c y e t e 0 WO 

s r r y 01' r t. 

C r, ., ver tio at o ' I • ) e r E'-

0 0 C, : 

l 
♦ 

, H) ·I 2- l 
m) (n) ·I L I f( ) 

1 = .,. .., n-
t 

or em ts rr yed t e i nt r s c ions of r ct id, t h fo l o n 

r el tlo the m 11 ngle Fresn zon . 

.. • - ikR - - - ~ ~ G(R ; X I ) ( ; y I ) E:l = G( ; RI ) ' RI :: XI ♦ y. 

The quant ity R is inde endent of t he i nt egra t ion variables . Unequally spaced 

rrfJ.y ar eq ly fed . e tly, the f ollowin i a seful 

expressi o for the r id rray ' t t a li cable re ion for the snall an l e 

sc 1 r ·esnel ro at · on . 

ik 
G 

(x '
2
. _ xx •+ ~ _ ~) - · 2n(mu+nv) 

2R R 2R ft £ dv du d 
_r-:~ I Y' ax • ay 1 

T e con i n o s extens ·on of h ph sin for beam s teer ing in the dir ectjon 
XO YO 

f ' n rl by t he dir ec on cos· n s R R , has the f ollowin rcpr es ntation . 

I t 

C x' , y•) "' 

rr y s 

t e 

e 

X 
0 

- x' R 

a on s er ormed row-by-r ow on r ows of x 1, each row mu t 

ant ty : k(Y~
2 

- YY 'm) ntus the summat o TR a· 
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ti.a the following representation. 

E(ii) • LL r.,(n) e
1
k( 1'tl - ~•,.) 

ffl n 2a 

It the SWll!lation is perfomed in st.rip■ vi th each at.rip iven i ta average 
phase weight, the strip widths must 1ati11')' the following inequalities. 

As one example of the method, Iahi.Jllaru gives the following represent.a­
t on for a uniform line array in the far field in normalized variable • • 

. \ (-1)11(N-l)I (u) , u •ka sinQ, 21 • a(N) - 1(0). E(u) • L • 
111- -

E (u) 
"' 

1 f A(x) 

-1 

iY(x) -i(u+11nN)x ,, dx 

l 

x • narulized •source position tuncuon• 1(v). 

l 
lo(u) • ½ I A(x) •i(l(x)-wt) dx 

-1 

a_(u)• i0 (u•■aH) 
(-1)•(~l) • (-1)• ,{N even);(-l)~{~l). l,(N ock4). 

(64) 



For t e case of C{ s) s 11 

( =L • - l)m( ~l) C: ) 
(65) 

m 

no r s 1 y a on s : 

E( ) -= 
s ' n ( g) 

, d .. 2a 
g) 

Th s r · es r e r sent on o t h's .xpression i n eq at ·on ( ) r e r es abo t 
thre terms f or de at conver ence . The advantage of (65) is that it can 
b modi ·ed t o etermine t e Fresnel zone field in terms of ta ated Fresn 1 
i ntegr s> instead oft bulatin the ar ray summation for eac field point . 
This may be i lust.ra t ed by cons · derin the small angle Fre ne appr oximation 
to the Green's fun ction. The integral desired for the zer o order term is of 
the foll owi n form. 

~ 

1 ... J i kR" dx ' e 

~ .'(. 
l 

R"1 {ex•- 2 2 
) ♦ y ♦ 

I "° 
2 ~ 

k (R - ~} J 

Xi 

(66) 

.2} 1/2 xx• ,2 N X - R-- ·~ R 
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r 2 ~(x ) 
k (x •-x) 2 ., -2a dx 1 e i♦ ~ 

d~ 

J 
(-~) -xl 

2 2 ~ (x •-x) , d~ s- dx ', ♦ ... y 

In con ornu y t t tr di t onal p r meters for Fresnel ·nte r l t t oo s , 
t ~ f ollowi no t t ·on ntroduced . 

w 
2 

F w) 5. 
i n 

d,. C( w) + i S( w) e - , 2 

" w w 
C(w) f co (! ,.2) 

2 dT, S( w) .,. f (" 2 sin ' T ) dT • 
0 

\J 

r ,_) 1 • ~2 d~ /i-. [ F(w2) - F(vl )] 

~l 7.) 

Fr sn 1 nte l tabu ations are iven n Jahnke and &ftde13 for val es of v 
tow , 5J. . The integr ls for r er valuoe are accurately given by t he 

ym t oti c exp nsion of the error fu ction. 13 

13. E. Jahn 
and 3 • 
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. 1", 2 ( 1 l·i l•J•5 ♦ ••• ] 

,,---, - l _w ,,, 
I . l (' l 1 - (1 ,r•,l) ♦ (iffV )2 - (iffv~ )J 21 

, r \I l, -
~ tl 

-
" 

i lfw 

vir t of this express ·on , he conver gence of the array factor series is 
1L vid nt f r lar ar uments . Few more terms are required in the Fresnel 

zo hen in h f r field. In the far field (66) reduces to: 

- ikR 
Th nor l i zin f ctor i 

zxi Th quantity 'f (x) in (64) may be in-
t r pr t as he quadr t ic Fresn 1 zone phase variable. Thus t he zero order 
t rm ~ 

t, ( ) 
0 

1tA Short Table of Integrals," Ginn and Co., 

(67 ) 
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or the mt h or er r, h ph se var i ables i n (64) are gi ven by: 

kxx' x' kx'2 2 (~ ) 2 kR" - kR - ,r- - mtr x; + -,r- • lcR - kb + k . flJI. - b 

2 ..., m 2 x2 ~ R (t"x N) • flR + ~ l m trN, b • '-ff + a;:- + 12 

: (x , t ) 

he small angle Fr esnel aone array factor 111i•en bys 

By a ply ing equation (67), equation (68) reduces to 

Al thou h t he phys ical angle from the array nOl'lllal 

2 
lex l 

(65) when~ is small. 

ain•l (x/R) is limited 

kx2 , 
by he nequal ty i-1 ( i) • < j · the argument or the Fresnel integral is un-

1 ted in m. The angular usefulness or the array factor can be extended to 
2 cover the ent re Fr snel zone by morli fying b and v• or\ ln accordance 
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w i. V r e : 

1 x• ,2 [ - i>2 l<R" - n ♦ 

~ xl 

T cto [. - s e e t, o xa t o VO {'001 li ca 1-ng 

i ca t FTesne zo .c 01.:. y ss nt l .. y d -

f "no by t ty . 

kXXj_ < n 

2 

Fort e case of an rr y · t line r element density t t h con t nt 

rn s in v/ds will involve Fresnel integr ls as shown abov, and t c s lope 

term wi ll involve a sum of t.ri onanctr c functions and Fre~nel integrals . 

Other t b lation9 re ava l able for particular arr y ordering. 
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5. SPURIOOS ~UENCY CHARACTERISTIC 

5 .l Spurious Freguencz Response of Electromagnet e Hom 11\tennas 
The analv is of anu.Ma perfonnance at other than desiRl"l frequencies 

! omplicated by several onsiderationa. The antenna perfol'lftances becOllles 
more critically dependent on the anteMa diJnensioru, as the wavelength 
decreues and the d:ilftensiona bec011e electrically large enough that a 1111lti­
p.licit1 of higher order 11odes are generated by the ant,enna. When antennas 
are oaxially fed, the radiating efficiency of a coaxial mode is dependent 
on the :ilftpedance characu.ristic■ of the coaxial line. In both waveguide and 
oaial structures an1 d11continuit1 in the structure, such u a coMection 

or a probe can excite higher order •odes whose relative •plitude and 
phase ••1 be difficult to predict. 

Due to these c0111plication1 prfficms investigations of ~~ou frequency 
respanse have been essentially experillental. Both Salatil5 and Pnl.lara16 
han imestigated uperi■entally the gain and pattem configuration or 
coaially fed L- and S-band homa, reapectinly, onr a 10 to 1 range 1n 
frequancy. The effect or higher order IIIOdes on the radiation pattem or 
a hom is considerable since tha aperture d11t.ributian ii a !unction ot 
the Yectorial 81alatioa of all the ■odes present according to their phue 
and aplituda. Detelllining hom pattems trca the indiTidnal pattem or 
each ■ode is not diffi "ult but finding thl relati ft apli tude and phase ot 
each ot the aode1 in the aperture is a ditf icul t tuk 1'herl Nftnl. aode1 
are present. 

150. M. Salat1 and D. o. Lftua, "Hom Patt.ems lre Recorded to the TentJl Hanaon1c• 11.ectronica. Jan. 19, 1962, pp S6-:,8 
16.1. c. Pullara, and J. • ·• Jonn, "Radiation Characteri1tic1 of Antennu at Other than Design Frequenciea, • Ill National Conftntion Record, March 1961. 
10 



A me · hod f h mode • !"'U ! 1n a p_"'Ot>e-fed ele t.rc.ag-
horn h s been 7 de-r the effec s or 

0 d a r c od ' ha i.T·.:.U:ar taper . 
), re Oit n OU -~ _or a ".C ut r ,~· 0 for this honi; 

h we e :, he ro ~anp :it c_ s ·h , horn and ..., no easi ly 
1. ted or ot r yp o horn ~. 'l'heref a i.t wa .. elt that it would be 

t ·on i de_ t e ~ 1m er anc! more .: omm r.~ en ountered 
yramida hor-n ed by a : n ad ele~trl . This 

·,a r..u at ons ·ons dEi b.y and th . o u : & more lli table 
means o -hecking the ea"' b l ty of thie ~r.hn q~e y cmpar· son of 
cal "Ula ~d r e 1 ts w~ tt. t!xpe en tal e1a ta . 

The mEsthod des ,_ bed~ 7 may be ueed to ~termin tne modes set up by 
e pt'rJbe s n e .. he equa'J1ons given simplify to U·,ose of a simple probe it 

E ~ the e lat ve dleledr constant of the , El l.e tri od i• taken to 
q a u:rn ty. Thi~ method may also be used to determine the propagation ot 

t.he variou mode in the h<>n-1. The step approximatioo used there is an 
dapta on cf the te ::hn1que given by St~ven~ "1":o uses the VKB method to 
nd ap I ' ximate solu io.ns t o the equation for propagation of electro­

na(11leti1~ w v iri a h rn of arb trary shape . However it, was found tnat 
he assumpt. on oi a un form hase front in the aperture did not give a 

o fi en .ly good app oxi.mat on of th6 pattern ... of the individual modes 
radiated by the hom apeY-hl e . Therefore it was assumed that, t.he apressions 
0 he referan ed ork a~e the correc• phase and amp 1 tude at the center 

:. 10 Sr,· ~e 
01A Fr 

C, C 

on C 
S,-:1 nt 
) .. 229 

eri s i , of Hom Antennas 
A 1 • II F" , ,.. ai:. • u: ... :tepo, ,. , 

1 61. 
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ot t~ a erture and that the phase tront in the aperture vu ot the tom 

e •jk(t
2
/ 2 2c • Tl

2
/ 2tk). This 11 the ronn or the aperture tield u1ed bJ 

Br un:..8 to cal~late the radiated tields or the 'flio lftode ot electro­

magnetic home. The method ot Braun •&7 be lllodified and used to calculate 

the patterns or higher order mode resulting tran the non-unitora phase 1n 

the aperture. 

The atte.ms of robe fed pyraidal horn vere measured oTer a wide 

band of fre uencies and these measured patterns are showi in figure 33 and 

34. The rimary attems of this horn vere calculated in the principal 

pl es at the fundamental fr ency by the method described abOTe and a 

com ariso of the calc ated and measured patterns is shown in figure JS. 

C culat on of the pa ms at requencie above the design band vere 

restr ct.,ed to the H- 1 e since c u ati on of the H-plane pattem i s 

llf d by the h t only the T!
0
n modes affect the pattern in this 

lane . Th a ni c only two of the !our modes need be 

c l culated an s h har onic only four of the nineteen modes present 

need be c r.::ula ed. I s ho d be noted that this is not strictly the case 

r e takes into account h ha.,e variation in the aperture although it 

ted ha he H-plan field due to the ~ (mlo) modes is negli-

b red to t t of the TE
0
n modes. The pattem calculation at the 

... hird ( 7 .S c) s n relatively close agre•ent vi th the measured 

( 

1 

lts as ay een 

r. ) 

gure 'YJ• however, the calculated sixth hanamie 

fi gure 37 deviated considerably .frca the •uured 

I. H. r un, "Gain o llect.ranagnet e Homs•, Proc IRE, Jan. 1953, pp 109-115. 
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'rhu .s t r.l?' mt=thod r:v. gested17 seem to be a satisfactory means of 

:~alcula trn t e spurious requer,cy responi e of thie experimental horn at 
frequenc:1e~~ u t.o the Jrd ha:mon:i.0: but the resul t s ·eteriorate at hj gher 
frequencies . It should be no~ed that t he dimensions of the horn are rat her 
cr i t ical and t his int.:-odu.:-e.s one sour:::e of error . Figures 38 and 39 show 
a .,eries of ·omparati ve patterns of two different probe- fed horns which 
were both bu.i1 t to the same :s.pecific.ations; however .• t here i s a significant 
diffe ren•:·e m t,he pa ti..,e:ms o:.. the two hams at; the higher frequencies . 
Ano ther ~ou1·ce or t:i r ror rr1:-ly be t,he e:ciaten<:e of highel'." order modes in the 
coaxial feed 'i(>C't1on at frequenci ei:; above 9 gc . 

It shoul d be noted t hat the modes usea17 as the nonnal modes of the 
horn are only appl·oximations to the actual modes and that a slight e?Tor 

in the p:ropagation constants of the mode~ in the hoin could cause a sign.i­
ficant error ln the horn patterns . It should also be noted that there 
exis t s some coupl.i.ng between modes at t he throat and within the horn itself, 

,. 
which j s negl ected and may be significant . 

5 . 2 Fa:r.::!.).eld ~- r'resnel Region Boundary for HaJ:,nonical.ly Related Frequencies 
A rather general statement is made many times, .namely, that the far,. 

fiel d pat.tern shape is independent, of range . Investigation i nto this basic 
statement lo ically suggests a few basic questi cns such as : 

a . What, is mean t by the "far - field"? and 

b. Are any other :ond t-ions assumed when making the statement? 

The answe1.· to ·the fi,;•s t question can be qui te varied but. the use of the 
'2D2/x cr i t eri a is generally utilized by the antenna design engineer when 
various design parameters may be tightly contr olled. This defini tion 
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er ee ion 1 introduced when the subject m,tema 1.8 operat1.n1 

a tr ency &nlOfl cally related to the !'\a\d.lMntal trequancy. Thi 

scusei~ in Secti 5.1 hu 11howl tha the characterietics or the 

r ed pa tern pr od ced by an electralnagnet c horn chan19 rather drutically 

vha\ operating o·Yer a wide range or freq c1t1. A progr• vu conducted 

to dete e thl far-field-Fresnel region boundU"f u a tunction or hanlonic 

frequency v nus n a large aperture anteMa. The subject m,tenna, is a 

our-toot ter para loid&l t"efiector fed with a silllple pyraidal 

etic horn (used aa the !lpur ous response l'llodel) vhi ch i1 desi gned 

to o rate at 2.5 Oc. The electrical aperture size Tari.ea tran 101 to 1001 

vhen operati n onr a O l frequency range, therefore, the 1300-toot rW119 

was nee ssary to pr ovi de a distance of 'l!J2/ l at the 10th harmoni c. Radi-

t on a terns of the L and H-plane tor this antenna were meuured at 

t his ran e for the purpoae or actin s c<»1parieon pattema ar.ai nst those 

taken t spec fie frequenci s at other distances. Figures 40 through 43 

1 ustrate the L and K-p ane patterns obtained at 2.5, 5.o, 10.0, m,d 

15 at thfl ljOO•·foot r ge. The above frequencies, which are the furid-

taJ. , ec d, fourth, and 1:ixth hanllonice, wre chosen u the frequencies 

at which to invee t j gate the f ar-tield-Fresnel region bounclarJ. Their 

respective 2D2/). distances are 81, 162, )24, and 486 teet. Patt.em, wre 

obt&ined for the tunduental at each ot theN ranps wtlilt the second 

h&n10nic attem1 wre taken at all bu the 48().toot range. Thi tow-th 

hanlonic attema wre meuu.red at 163 and 324 and the sinh hanacmic 

patterns vere II uured only at the 486-foot rang • The original p tterna 

taken at l t et together w.1 th the Tariable r11119 pattem1 wre ccapand 

l 
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• o illustrate a what range the far- field-Fresnel zone boundar,t occurred 

f o· each harmonic frequency . 

::'om arif.on of the patterns obtained at he fundamental frequency 

i ndicates t hat little variation is noted with an increase of r ange beyond 

2n2/ 1 al.thou h some low level effects can be no ·ed in the sidelobes . Low 

level refl ctions can cause such effects and were expected . Si nce the main 

int erest was dir ectrd toward operation at harmonic frequencies , the E- and 

lf -pl an patterns obtained are contai ned i n fi ures hh hrough 49. The general 

conclusions that may be drawn seem to indica·te a t rend toward reproduction 

of pattern characteristics beyond the 2n2/1 range even when operating at 

higher harmonics . Some ::liscrepancies are noted bu since the major differ­

ences are noted when the patterns i nclude deep nulls in one or both planes 

of the pa lerns such deviations could bee ected . Even with the use of a 

t ransit to align the antenna for patterns such effects occurred . Further 

i nvestigat on in this area will requi r e an extremely low level of re­

flections, preferably no reflections, and extremely close tolerances on 

posi ionine the subject antenna . 
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6. l!rl'I S I HE RESNFL 1D E 

of r s r uir t or pa tem easurement of large 

h pract cal li a i ons o hei h, the leva on 
o a p nded f h ase of a larg antenna ay be 
vel 1. In si ua ions or t s na ure, propaga ion r nee ions ar 

easurem virtu or he i e an nna concep , 
so s T seed as t o vh ther renec ions extend the Fr en 1 
10 • A be r r ori eri.on is e a en t o be R 2 (2h • D) 2/ . 

I i 1 t h pu1 se ot t his I i on of the r rt to examine th err ot1 
or prop ation renection1 on a 1round plane for this 1ort or condition, The 
Nninc ot 202 />.. in enns or the worst o&H ot pover pattern deviation frolll 

the pattern at nfinite ranee 11 analysed, and th11 deviation 11 used to 
dev lop an roxiaatel y equivalent criterion for a1imuth pattern measurement 
over a ground ane. h procedure 1s t o illustr te th ph omena by com-
par th fferenc b tv n tr nsnission f m a field probe to an apertur 
an nna, and ransm11sion rro ~ field probe to an aperture antenna over a 

1 

round an • An i n t o ion of th Fresnel n pa ems of an 
rtu a f ... ss on o a field probe over an isotropic o o­

pl ren t i ons is d ~eloped , 

ld range of an an is enerally taken 

ow r pa tem i s i ndependent 
as nt nna i n 
:rob . For i c his s e 

C l 
sp 

nna' s f a rt r v h 1 ss o t phas d on an / r 



or 1/1 wav le f pl wav 111 • a on raveling along the radius 

v cor f f i s ant enna' s ff cti ve .radiation c nt r. 

T is is h basi s f or h 202/ cri e on. Obvi ously, for an antenna apert. re 

havin a sour ce dist ribu on wi h l ess weigh on h p riph ry of the aperture than 

t th cent r, th criterion will r qui r con ion h less d viation from 

h plan wave case th fo r an antenna tha is unifo y excited. Moreover, 

i i s i 

av nd 

r i al whe h r aximum phase differ nee betve n he s h rical 

th apertur c n r or p rip ery; t he 

unifo rmly w i hted aperture presents the case requiring the greatest control 

of tol ran e of the phase dispersion across h aperture. Since the aperture 

ension of 202 / 1s traditionally taken t o be th max:1.lffllJll one, tor the same 

r sons h circular a rt ·r ,, pr sen s th os s rin nt ase. The meaning 

of 2n2/ in t nna of altered field streng h can e determined by compu i ng 

. e soal r Fr sn 1 ione ttern of a circular a rture vi th unifo rm illumination , 

Put i the source dist ribution in prim d spher ical coordinat es, he fraction 

integr is iven by : 

E(R) • i k (1 • cos 9) 
4ff 

here 

R" • JR'+ R12 
- 2RR' 

and cos t • sin 9 c (q,- I) 

R" • R { I + ½ [(f )2 
t [ )2 

<<t ( f )2 . 
i ka2 eikR 

1 
E(R) 

,.., J . . - R 
0 

a 2ff ikR" 
I !,__ J J 0 " R 

0 0 

cos ' 

21i1io • t l - ff [ ] 2 • ft [ ] ) - ----) 
l ... 1 ,._ p • T , and cos 9 -

2 
!f-t2 

J (Zt)tdt w er Z • a sin 9 
0 

9 



• hus 

w r 

For 

!(lt) • 
( 1 ( -f , z) -1 v2 (-f . z)) 

• ( w l n+2 ( w l 2 J ( Z) ( w l 2( , Z) • \ (~l)n -. J (Z) :r - .:i=_ - -L 1. n• 2 2 (Z/ 2)2 2 
0 

W k.2 " 2 • 219 • ! 

J (Z) An(Z) 
...!!..- • 
(Z/2)n n1 

and ea2 R•-
). 

and 

J (Z) 

(~/2)4 

The tar-field pat tem 1a ./\ ( Z) , Since [ J ) 3 j'r « ( ~ J2 jr , the 2D2 / 
a ern s ven byt 

Thus • he •tru • axial fi eld s rength 11!1 m dified b ano her plaee 
adra ur si nal of a out % he !!ltreng h or the fi rst s1 , b t h 
w r dev ion is only about u%. Th deviation sig.nal vill caus null f 11- in 

of the rue pa tern, but at t !!lide obe peaks of A
1 (z) , 1A

2
(Z)I 1A

1 (z) . 
evi ion s nal will be smaller than that indicat ed for axial an les 

rea er han u 20° . Th s power pa ern dis ortion is he ani of 2n2/ 
fo-r prob ransn1ss on a ci rc ar ap r • re . Thus, a power v a ion rro r 
of ss an (ff/16) 2 on lobe p aks is assumed o be th f r-field. pa · rn 

0 • 
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For ransmission b wen wo dir c i ve an nnas, r ran e s 
r i r ed . I is known f h t h pover transfer 
be en • wo n enn s s p portion o h 

P~ I J ( x H2 - 2 x J\) • 

s 

wh r d Hare h V C or fi ld C wo an nnas and S is 

closin o o h uni no n. n 
order o find a sur ac u n which pon n s of bo h 

ar corr la d , he s SJ1C wo an nn s mus b pro a ly 
h sum of h ir far-fi ld ranges. 

For the c se of a point sour c ov r a round plan , he surtac s of 
const la i ve fi ld strength re surf c s of cons an phas dif f ere nee 
betwe n he source and i s mage, and hes surf ces are wn t o b hyperbolas 
of r volu i on bou t e source and j_ e ax.is . Consequ. n ly, wh n he 
hyp r loids ar sufficiently close t o eir conical asymptotes, the angular 

ffrac ion pattern 11 b ran e i nvariant . The equiphase surfaces of the 
poin source and 1 e re ellipsoids. With increasing ruige, he ellipsoid• 
rapidl a p ch h i r spher ical asymptotes . Thus the aeymp tic phase 
s rue u of a poin sour ce over a rf ct ground plane is identical to the 
poin sour in f r e space. Thei r field structure is different due t he 

a r of he point source and. image . Consequen ly, tor a 
r i nvarian ssion ro f i ld probe 

a e ,ur an enna ov r a ground lane , t he ra e s be suf:t'ici n ly 
h rs, ct o p ha th pli ude ta r across the 

vertical. an p rture is negli 1 le t o h sam de re t the spherical 

1 



ta r is ne 111bl by he 202/ criter ion. Le the coordina e syet• 
or ' n 

0 the urce or the image and 

a fi ld po n a 

'1_ • ✓ R2 
• h

2 
- 2hR n a 

and ~ • JR2 + h2 
+ 2hR ■in a 

It ( 1 r ♦ 2 ( i ) lin IY C 1, 

\ • R • ' • h lin ,. • f [ $ • !f lin .,. • if ■1n2 "] • , .. 

ond ~ • R • fe • h sin "' • ! [ $ • ,
3 

lin .,. • ~
2 

11n
2 

.,. ] + , .. 

h) 
• 2h !!!in a - -;j Bin a + ••• 

h2 
2 + a.. • 2a + - cos ... --1. R ~ ••• 

Th po nt (R,a) is given by s 

i\rlL . ik(JL+L) ( ) ·-;: : i i :1 [ • - ik yi1 - • ik(yJ\> l 
~ e i [kR • ~

2 
co.2 ,., ] kh) - - 21 i sin (kR sin a - 2 2ft 
ikR 

":: - 2 f!I n (kh si a) Lw- where R » h 

sin r,) 

h pr1nc p de ion s n t the •true• or asymptotic signal arises 
J 

f h 2 sin rv. Using the criterion developed on th l ob 2R 
ks ls in follo 

< n 
Io or R > h M 
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Cri ena of s sor do no ,ene rally have practic significance wi thout 

• he consi er a ion of r ssion between two antennas . 

The p blem of ran saion between a fi ld prob and l arg a rture 

an e na ov r a round lan i s nerally c lcula by swmdng the dir and 

reflec ed ra, from the fi ld probe h u h • he t a an nna pa tern to the 

a erture cent r. This is usually a ood procedur if the field probe i s i n 

the test an enna 's fr es ce far-field range. Consider this c se making 

he assumpt ions that he pr op ation t errain is isot pie (not necessarily 

homo eneous) , and tha the ra e is sufficiently l arge that the refi ction 

coefficient is essentially cons ant for the correspondence between all aperture 

poin s of the test antenna and field probe. (For convenience the reflection 

coefficient is taken t o be p ■ -1. ) The field probe i s st height \, an 

a erture point of the test antenna at h2, and R ia the hori zontal range . 

For this case t he reflected ray distance R
2 

is given bys 

Thus h asymtot c fi eld of t he probe i n this notation vari s over the v rtical 

dimension of he aperture antenna as followsr 

ik R + l 2 
( 

h 2+h 2) 
e 2R 
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ai nitica or t a ti ld ec es clearer by r !erring the v&J'iation to 

r, accoun i tor the tree 1pac1 range criteria, 

drop inc h haH oonatant,. 

h2 • h • y where - \ ! 7 ! f 
v - ve ica ap rture 1n1ion 

Fi - vertical aperture dpoint hei1ht 

h 2 • 2 + 2 f;y • 72 2 

.. ~ ti2 • 2 - r 

2
_? -,.,.t 

d a>L > u 
~ - A 

• 
• • 

d 

o ous t o 

ac 

an on , 

rtu 

sin 

15 

resaion for amplitude aper i n equation (69) is 

u e ap r conc11pt for i ncident ti ld from a pro i n th 

(69) 

. Ir t he agnitude ot the renection coefficient is less 

11 ud r re aion is or com ilea ed, but leas sev re. 

f!icient cross th vertical aperture 

order u the required r striction on 

tion coefficient. Ir th apertur antenna 

t probe, or focused or poi nt t the aource -
as plane "ti lt" e1+ in equat on (69) is 

t n oc sai , d th only factor to e summ d over he 

al ampli ude taper. 



If the aperture has symm tric v rt cal weil~hting , the antisymmetric er 

vari ati on in t he i nciden field c eels ou i n he in e r at ion. However, 

the an isymme .rte compon nt l-til drop out regardless of he erture wei h ing , 

i f sin i- t ) is maximiz d, In n r al , he apertu wei h 11 be a proximately 

syr,an c and be ter r esults 11 be obt ned if the prob hei ht is ad justed 

fo r maximum ransmission . o alizi th i n e ra ion over a unifo y 

weigh ed r c angular a. rture r esults i n the fac or: 

The cor s ondi factor for a circular ap rture is given by: 

si n [ k; ~ i • Jl [k:iw) / I k~w l ½ 

Thus the usual prop ation power transmission f actor , sin2 (kh:i_h/R) is 

modified at most by the factor ['~l / 1~ ll2 
sin \ 2R 2R • Consequently, he 

r e r equirement for the sp ci al case described above can be prescribed from 
t e free space ca .; as followsz 

1-(i r < (•i~ X J2 -.J I -
x2 

-

wh 
k1½_ w 

re x= - 2R 

and 
kh1w 

< TI 
R > 

16\w - 1 , 
J) 2n in ).. 

A or eneral appr oach the problem of r e i nvarian azimuth pa ern 
measu remen • h 1 ss conceptual arall 1 t o th f ree s o probl m, but mor 

math atical precision, is availabl by the following d velopmen . Th a rture 



is consi r d to s ultaneously receive tvo plane vaYea at ali htly 

diff ren elevation angles. Thus the el"iteria must pre10ribe a condition 

!or ich the elevation angular di.fference ii negligible co pared to the 

eleva i on angular wid h or any lobe. The aperture antenna can be conaidered 

o e divided in o a orizontal 1erie1 ot vertical , trips , each strip havinc 

ro ria e weig ting distribution. e a1imuth diffraction 11 determined 

by he orizon ·al wei gh ing on t e array or elemental v rtical stri antenna,. 

reneotion p ena perturb the vei hti ng along a vertical s rip, from 

W' h resul an ght i woul be for a single plane wave. The perturbation 

s be sufficiently negligible that the horizontal 

ve ht i n of t h ar ay is not disturbed. The greater the vertical. diJl\erudon, 

and th or rec angu ar the over all aperture weighting , the sharp r he 

ar r 1101 i on, and conaequently the more restrictive the 

elevation angular difference that must be maintained. On the ot her hand, the 

ctangular h ov rail weighting, the more independent the uimuth 

levation angle. Thu provided it is kept in mi.nd that 

h rn can chan e vith elevation angle, dneloping , . perturbation 

cri e on ar aper ure is nre restrictive than for o her 

or h uni fonn ci rcular aper ure, for example, e diffraction 

rn ep n e on h axial le. Since he axial angul r difference 

be ween 

snx h rec 
X ' 
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l a e wav s ill l ess ha or e ual o the eleva ion angular 
Jl (x) 

i ffract ion function ~ is no as sharp as the function 

ar dev loJJllent is more restrictive. 
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rr 

fin d by: 

h + n2 
R 

p (¾-) ~ p(+ l 

th amplit si n fac or back 

d r nee WV co n nts have 

wh hl ~ 

w r p (a) s h 

pr ac ic si ua iona when 1 rge 

fficient as function of a. For ost 

eMas ar used, the range is norm ly 

an he h i hts i nvolved d h cri r a conce the 

const cy of h r n c ion co f cien will b less res ric v han hat 

or h fr space a~i uth ern varia on of th an Ma at elevation 
fi-h:i ii+ 

les ~ and ,-- • For r c an ar aperture vi unifom w hting, 

h fr s 

• 
0 

sin ~ s n 9 cos • 

( 2"! si 9 co• 
• 

be of the fo nn 1 

sin (~ sin 9 sin 

~ sin 9 si n•) 

7 



Gin } r sin r cos n co:iin s o n r sp c 

0 rtur coo 

ditf ere oe or he el ev a 1o 

I ('1J_) • _.,._ __ 

, ain "l j 
('½_) • 11(u) u 

I (u) ain u ·-u 

y w 

S 0 

er ain (l!f oin "<l 

( J;l ain a2 l 
• 1( ) 

2 

h 

W V , 

The direct and reneoted a1 n&la summ d in t enna apertur have t he fonn 1 

I o g(~ ) [ cos ♦ - i sin ♦ ] - (u2) (co s ♦• 1 sin +) 

• c~s t [ (u1) - (u2)] - 1 ain ♦ [ ( 1> . (u2)] 

khhi •·~ 
tt* 1v 

2('1i_) • 2(u2) + 2 (ul) (u2) [sin
2 ♦ - cos2 ♦ ] 

• (g2(u) + (u)] sin2 [ 
2 

2 2 (u) ♦ ♦ ( ) ] - 4 a n t g (u) 

If 1 i acri d h s n2 ♦ n h only r ui r nt s : 

1 

f dn2 ♦ is no rri z d, comes: 

<< :sin2 t 

Diff C r ion 0 o a indic a 

ion !or • o. u s h d all (i . e ., an "azuruth cut" 

is n) < h h n or h firs • cr i e on t 

158 



~ - [ 
u cos u -1) 6u ~ u u !~ < (hj2 - - 3 sin u u 3 

- ti-~ kw h• ~ 
• 

2\ 
u - - ('f .:,- - 7r T 2 

, 
R 

kwh1 jji_ R > .Jl 
h1w 

u = - T R 
, 

16 3 

.d i n2 vis smal i i s r equi d ha 

½ ( ~~ )2 < u sin2♦ • (2k:~ 12 

w2 << 12 
- 2 
h 

In eneral i can only be assur ed t ha w 2h. Thus , t he compl t d criteria 1 

i s iven by: 

6g ~~~ [ 1. • 6g(u) l << I 
4g (u)sin2 ♦ 

½ [~ 12 [1 
2 

]< (RJ2 .~ 
12fi2 

I t i s observed t ha i f i t is as 
16h1w _ w 

ha R > --r- , ,and t ha h
1 

• h • 
2

, 

then 

2D2 

>. 

his corr sponds o e criterion : R > 2(2h+w)2/>.. The field s a 

R 
16h1w 
- are not Fresnel zone fields . 

A 
The quanti ty h does 

no ant r i nto th crit r i on b cause only azimuth pat ms ar consider d. 

Cri er i a anno be prescr ibed for elevation pa terns becaus the pat r n of 

he f i ld probe al so cha es wit h elevation. 

As a brief summary of t he f ar-field range c t eri on problem, the 

following comment s ar e ir.ade. Propa ation ro nd plane reflec ions do not 

• ext nd the Fresnel zo n , but he henornena may perturb t he hor izont w i h ing 
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or an ap r ure an enna, w oh f l!I u muth pattern at near ranges. 
If th erture ie vi ed n o a horizontal array of vert cal strip antennas, 
and he proper far field 1!11 nal 11 received from each strip, then the a1imuth 
pa tem will have t e tar fie d p.roperty. A reaaona e cri erion for "azimuth 
r;ut1" ha ie ap ro a ely equivalent to the tree apace pattern dietorti.on 
at R • 2D2/ , is R > l ~v/ , wher \ ie he fi ld probe height , and v 11 
he v~rtical a erture dimension . Thus a su s ,ed pa tem r·ange for large 

an ennas ie g1 ·e as follove: 

R > !f,- or l \•/ , which ver ia greater. 

ob ooneiaten vi h he tvo antenna rule, the asymptotic range of the tield 
probe (v i ch is relatively snall}, R 1 • ~ J t,_/>., should be added to th,, 
pattern range. 

To co plete the description or propagation reneotiona, an int91ral 
tomula i on !or varying renection phenomena in the Fresnel 1one 11 developed. 
Variation ot the refieetion ooeft1c11nt vill not complicate the theoretical 
approach aa long •• surf ace vave phenomena 11 neglipble. The Sol!llllerteld 
aolution to propagation over an arbitrary plane earth can be interpreted 

ow11yn. u1411, over lans vav a reneeted at varying elevation angles from the 
earth's wrtace. In he region or validity of the t .ree apace scalar integral., 
he field co nan s can be formula ed in this manner d rectly. The scalar 

intecral consider d for t e free-space case a first ie reintroduced vi.th an 
arbitrary 111 na ion rune ion. To tacili ate a superposition view, the 
origin or he coor na e f!IYS j ,s pl ced i n the real aperture center. 
Coordina point efini ions are. made as follova: 

1 



(R , 8, ) • fi ld 1in 

(R, /2 , 
0

) • r al ap ur point 

(2h, n/ 2, -n/2) • a e a rtur cen er 

(R', ff/2 , 
0 

• 

R" • 
0 

a rtur po nt 

J • a ertur int rel ative t o 

(2h) 2 • a• 2 - 2a1 (2h) cos !• 1))
112 

0 0 2 0 

(2h) 2 + R12 
• 2R1 (2h) sin •)1/ 2 

0 0 0 

Ft- • R' 2 - 2R 1R sin t cos(,~ 1 )l l/2 
o o o'J 

(ileal. apertur poi nt to field i nt d s ance) 

\ • ( i1 + RJ.2 
- 2 ' , oi n 8 coo (t-.{l )

1
/

2 

ap r ur" poi nt o f i ld oi t dis ance) 

cos ("~) - cos, cos ,,• si , sin '1. 

cos 
R' 

I• _2. COS I Si 
1 ~ o' 

2h+R1 sin " t • • 0 0 
R{ 

Ri • R 1 • f - --f si n cos ( ♦ ') 
0 

aperture center 

{ ( 
R' ) 2 2R1 

(2h) 2 • 2R' (2h) 
♦ 0 

sin ~ • 2R(2h) s n 9 s n .')_ 112 

R2 j 

[ 
R' 2 

-.~>] . [ ] R" ":: R • fr- R~ sin cos ( 0 
0 

a, 2 
- 2 2hR s nq, 1 Ki':' R • ½ - R~ sin cos ( • ') • ~2h + 2h sin sin • 0 g 

0 2 R 
E • r C r y ~- ray ft ld f (R, ) . p rtur ill n on 0 

0 0 

I ) • r n c ion co ffici n f or 0 . r n C 0 

by r Y orr spond in (R' 
o' 

I ) 
0 

i ld oin , (r 9 ). 



! k ff f' (R• ' ) e1k[ t R1 dR' ' 
__ , 

0 2TTR o ' 0 0 0 0 

-
2Ti1 J J p(R•,- 1 ) f (R1, -<,') 

1k2- (h. i Q .sinrp ) • e R 
0 0 0 0 

-1 R~ f s n I 1 [ 1 R' R' I • e 0 0 0 0 

he t i d rece ved by d pro i s t he s WO Si s . The 
apertur 11 

tunotione1 

na 1,on can b onceived as he superpod ion of t h wo 

and f • f (R', 1) vhve 0 0 0 

) RI~ •i P (R
0
1, ~ 1) ! ( R' , ' ) e - o R g 0 0 0 -

ilc:2h(~lin e sin ,> 1 t t e ,K • 1 a con■ an 

I 
0 

pha■e retardat i on ditterenoe defi ned by the t i eld point . I t p(RJ,-.~) 11 real, 
and t

0 
ha■ conat ant pha1e, then t1 ha■ a ph&H plane t hat 11 ,canned relative 

to t ho oonatant phuo plona of f 
O 

t hru t ho tlontion angle Bin· 1 ( 1i l , Thuo 
it t

0 
11 real, he pattern or t

1 1,1 pointed downward r he aperture axis 
at the elna i on angl defined. I f t he t wo functions are viewed inde enden ly 
as !

0 
in 1 e eo ric real posi ion, 111d r1 i n its g m r ic age position, 

hen an s ar point d nonnal t o h i r a r ur s , and the ld poin 
r c i ves ru h sid lob s of he funct ion. Reversal of th a of 

' i s t an o 0 i nvers on. I ! p(R', ~• ) a r al with 0 0 
cons an sign, bu • ymme ric , t e anpl i tud asymme ry will not cha e th 
pa t rn s ry of th i e radia ion associ ated vi th r

1
. For homogeneou 

smooth dielectric t er &in at rang II below the Brewst er angle, the magnitude 
ot p t or an aperture point will ecreue vi.th nor ealing angl e of' ren ection, 
such that the top ot th illuminat ion function i n the image aper t ur e will be 



more heavily weighted. This '11 have he effec of lowerin the effec ive 
radia ion center h. If f (R1, ~•) is com lex, 0 0 

11 be modifi d by p (R1 , -<D1) such as o cha 0 0 

h radia ion pa 

i s symm ry. 

rn of f
1 

If f is 
0 

s et c and defocused by a phase functi on concave o the fi ld di r ction, 
h ain beam in he ima e aper ure will be point d do ard. If f 

0 
is defocus d by a convex phase nction, he ima beam will be pointed 
upward by h variation of p. If f is symmetric and focus d, 0 d p(R 1 

""'"' o' ,...o 
passes hru t he Br wster an le near he idpoin of h aper ur , h main 
beam in the irn e aperture will t end to split i n the elevation pat rn. 

For large apertur es , the variation of p for vertical polarization is 
large in the Fresnel zone. Consider for example, an 85 1 dish with the radius 
a• 100~. The reflection coeffician for vertical polarization is coJ1111only 
given as: 

p • c' sin a - Jc, - cos2 a 
t' sin rt + Je• - cos

2 a 
where c I is the complex dielectri c constant and r, is the eleva ion angle. 
For S- band frequencies, it i s of n a ood asaump ion that th conduction 
curren i n t he nat terrai n is ve small compared t o the displacement 
current . For his case a small elevation angles: 

-:t, sin a - Jc - 1 
p ' 

c sin rt+ Ve - 1 

(Brewster le) 

For c • J - 8, the Brewster a 1 is 0 0 - 20 , and in most cases 11 not be 
i nvolved. If t he hei of th vertical dish antenna a ssumed is 2a, the 
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varia io o for a fi ld oin a h sa, elevat on is f m -1 .0 o •. 2 
hruou th Fresnel zon • A a ra e o 250 ', hioh is th s ance for on 

Fresnol ri ( 1 2D
2

) , t e reneet on eoetfio ent nri a i on across he 
vertioal. rtuN is -. 9 • o -. 7. A a range of 25 1, v ch is he distance 
t or 10 Freanel rings, p • . ) t

0 
• 0. 2. At this range p variea t hru the 

Brw1ter qle. ilft&lle.r ranges oarry into the near field. 
Fro the t om of the 11Upel1)0aed tielda 1

0 
and 'J_, it is clear tha he 

1're■nel zone tield structure cannot be extended by propagation over a ground . 
plane. The field stnicture within the FrHnel zone, however, is sufficiently 
oditied in ■ome 0a1e1 due to the Ta nation in renectione, t h t he Fresnel 

field t or l arge a rt.urea cann be analyzed by t retarded superpositi on of 
·tvo field componen s of on pa tern. For t e exam le ci ed, his would only 
be poaaible a R 4250 1 , where p 1a eaaential.l y cons ant . It can al.so be 
hown a arbi rary firs terrain {p complex) cannot extend the Fresnel 

zone, but in his case he phenol!lena cannot be illustrated by he simple 
procedun un ertaken above. In th event of surface-wave phenomena, however, 
the antenna vi most 11 ly no be large vi th respect to wavelength. 

16l 



7. ' IJ.LE F 

So of h o ·her f i ld 

co ponent in h Fr sn l fi r la iv co pon n o! e 

field . I is a c r c 1 , E, 

uain t h i n era d v c or w v equa ion iv by Sil r . 1 

+ 1 
4fl 

c curr nt in th rt r d K ~ is he 

magn tic curr nt in 

Greens function . 

e- jkr 
t • ,rr--- is h f r spac 

In th followin , w ah 11 consid r planar rt 

a plan V V, O'Wn in fi r _50 . is s 

then E • - 1),:xH (wh r is ·h OU no l 

nth v ctor op r ators g n by 8 (p . 87 ) 

- jkr l . - j kr 
\}- • + (j + xr ) - r 

kr k 

(i •Q){7 - j kr • [ ( - 1 + 1J. + ~ ) (j, r ) r - - (j + !.. ) j l ♦ 
kr (kr ) kr 

-4 l - j kr 
K x t • (j + - - K r 

ed by 
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P!gure &O. Coordinate ylt m and Surfac Current• in tbe Circular Aperture 
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... 
Assuming H • Hy Y 

... , A [R o J•r • - sin 8 cos~ - .i;;. cos r r 

Since the algebra ia shortened by consideration of the pattem in one plane 
and w are primarily int rest d in the order of magni .. ud of e radial E 
fi ld we shall consider on~ the radial fi ld in the E-pl&ne ((l) • 0 ) of he 
a rture. Thus 

,1 "'R • E • R 

• j:.z ff [( -1 • ~ • (~ )2 )( ~ sin 8 - ¥ cos )( ~ - ¥ sin 8 co ) 

expanding the integrand of th first i nt gral one obtains 

[ 
2 R sin ij cos 

Il • ~ - p 2 
r r 

~ - ~ sin 8 cos 
kr 

(R sin 8 + p cos ) 

It was found by c lculation of the remaining rms ha ·h ~ pow rs 
r predomina o~er t he o h r e in t h Fr sn l zone. Thus 
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j'!Ji J, ) + :rs J ( ~ COi 9 COi t kp p d 

en 

j'TI{ 2• k& l 
Ir ~ :J J J [ ~ + ¥ co1 9 co1 

" o o r 

+ cos ) • p 

.-jlcr 
- kp 

lcr 

p 

pd 

We 1ll&ll ua• th• Freanel approxilllation namelf lcr : kR - k&p sin e co, + i. 
2R 

1a tbe aponmtial and r 2 R 1n th• dencm.nator. Nov 1t the Ulual chanp 
of T&1'1ablN11 an Ul&de, ', 11&7 be a:prN1ed u a ,.,eral11ed U>IIIMl function 

or 

111 -v 001 8 (l + 001 I) 'r-:: la 
2R 

ka2 
vh re y • 2 and u • 

o! t h. p r 

jffl
7

-v (l + cos 8) 
r •--------

2 

•jkR-(1 _1) 
e "2 "i. (y,u) 

d ~ are th tune iona tabulated. in table l, 

and th r io ot tvti compon ta ot h ! i ld a gi v by 

, . 



Thus in th Fresn 1 zone I Er I is of h s order of magnitude as 

R I Ee I cos 8 and if R >> a the r di al E fie ld i s negligi ble comp red to the 
E8 co poner • . ;!'igure 51 shows a plo of both the principal f ld component 

and the radial f i eld componen at a distance of 200l for a 40l aperture 

h• 41.). Thus i may b seen ha th radial f i eld is si gni.fican compared 

to the principal oompon nt, only- at distances a few tenna radi i away from 

the aperture . 

7.2 Measurement of he Radi al Field Component 

The experimental de na i on of an arbitrari ly polarized f i ld is a 

di.fficult problem requirin a large number of measurements at each poin · to 

detemine the polarization ellipse at that point . HowffVer th problem is 

greatly simplified i f only t h relati ve anp udea of two orthogonal 

components such as Er and Eg are of i nteres . In this case a thin dipole 

oriented in th dir ction of the deai r d component has a voltage induced 

across the teminals whi ch is p porti onal o the component of the field 

oriented along t h dipole . How v r he di pole MUst b short nough that 

there is no aigni.fican ari ati on in th 

dipole . 

pli tude of he fi ld along the 

For th case of h fi lds r dia d by a larg aperture antenna the 

measurement problem i s f ur her si lifi ed since the f i elds vary suffi ciently 

slowly in the Frean 1 zone h r oonan di pol may be used . However, 

a serious problem is i n roduc d by th eff eo of the transmission line 

connecti ng th prob to th detection pment . Several met.hoda19 20 have 

19. K. Iizuka, ow to Masure Fi eld Pat em with Photo-S nsi tive Probes," Electroni cs , Vol. 36, pp 39-43 , J • 25, 1963. 

20. Hu, M. K. 11M asurements of Microwave E md H Field Di s 
Modulated Scattering Techni ques," IRE Transactions Vol . 

butions by uain 
Ml'T 8, May 1960 . 
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E-Plan Er and Ee F eld Com n nt1 of a Un.11ormly Qlumlnated Aperture 
Plotted V nu u a ka inG at a D ltanc I • 47r 



ssion 11n . 

such a po , od . Th b gn 1 f 14 he 

ion o an u o r qu n.cy d al 

o th diod • rd sin 1 i s r c ived by h t rans ing 

by Hu2 a rmanium diod i s od 1 ed by bis vol 

hod p poe 

ap ll throu h a 

hin, poorly conduc in hr 

Iizuka19 elimina sled wir es 

h a ad • h probe used by 

w:l t h a pho oc 11 which is mod 1 ed by chop d li h • dula 

sea t rin chni u will v ood r sul s fo r radi fi 1d m. asu 

if th diode nd dipol cross sec ion can b k pt hi n enou h to provide 

h dyn c r 1 field . How r , t should 

b not tha t his is p 

laborat recei vin sys · • 

bor ory chniqu d qu s a rather 
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PRBEL RIO MEASUR.DtlNTS OP A CIICUUJl APmT 

To detel"lline e gr e v ch eoret c;a d r ved radiati 
tor a circular aperture, sc ssed in Sec or hi re ort, ay 
re&l11ed in an actu te a, 

circular aperture ara oloi al 

teat antenna c si in or 

inches and an ad ustab e vu· 

ms re taken on a uO). 

ha focal 1 

-r f ed horn. 

$2 ShoVB t 

or 22-1/ 

asured rimary 
pattem ot the hom a <Ml in tigure 53 determined that the apll tude dia­
tribl.ltion aoro11 t.hl circular aperture vu circularly -,.net.ric Id.th a 12 
db taper. A 0011pan■on ot the thlontta&lly predicted and apel'iMnt&l 
I- and 11-plllll tar-tield patteml ot the te,t antanna an 1hom in ti.pre Su. 
To 111n1ai11 thl 1tt1ct ot p-ound ren1ction1 in tha heanel ,one t!w te1t 
antenna vu aoanted an a 38-t ot hicb lllodel rotator con1i1tin1 ot a t1ber-
1lu1 towr u•~ which can be ond along concrete trJQks to TIZ7 the 
te1t rmp. 

Radiation pattem1 were taken in oth the L. and Lplanea of the teat 
ant.Ma at a trequency ot 98.3S 11011. To insure that the signal source 
antenna tar field requiraent vu erlNMly ..n, an open-end waveguide 
ounted on a wooden tower v e used. lxperiJllent&l. patteme are canpared vi.th 
tho■• h r t c 1 predicted by the thod of Iii' tor no?'llalil d i s ances 
in tha P'reanel Region in figures 55 through SB. ~ nspection of these 
patteme it beC<llNs eTi.dent tha vhU the nvelope or the main lobe ot 
the radiation patterns can redicted vith fairly good accuracy using 
aatblllatical tecmi uee, the hysical 1m1 tatione or the tenna and the 
aeuUNMnt rac llty troduce unpredictable detail.a in the actual pa teme. 

) 
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Figure 52. X-Band Test Antenna
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lpeciticall.7, at nnp1 in the hunel legion vhlre the 1eparati011 
betwtn the 11F&]. if-.. ·-e and the test ant.ma 11 nrr aall, renection1 
fNII the towr 1tructure ,upporting the ■ il'lal 1ource •11 cauae 1011e of 
tha lob1D1 1n the pattem1. In addition the renector tolerance■, teed 
detoc\11, and aperture blocking by the teed may hne a 11011t1cant ettect 
an tba lover lnel 1idelobe1. 

l 
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9. ANTENNA CO L N N THE FRE KEL RE 0 

The on-axis over transfer between rectan ar ap rtures in the Fre1rwl 

region hu been tre ed . Jacobs2\ h retore, the effort in t • area hu 

en directed toward dev op ng an expre s on to des be the pov r transfer 

or coupling betv•• circular apertures. 

Th• use or a Fres Ng on gain expression ( sue a■ the one derived b)' 

22 Hu } can e ncorpora d n the Friis t.r ns sion tonnula to c c ate 

th pow r t r sf r tw en two anten w n th rat o of t eir perture 

areu is s f C ntly ar t at on of th antenna 
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ot 1a1n llu •a111nc onl7 vhan thl f1tld of ont u,tenna 11 1111 Uall7 a 

unifol'III plane vat ~•r the Ncond u,tenna. Thi ■ condition 11 not 

approziaatAd in the rn■ntl n1ion unle■s ont antAnna 11 auch IMlltr thar, the 

otblr. 

Hu22 bu dl•tloptd a qui tA .. ntral tol'IIUl.a for power tranai11ion 

betNtn u,o anteanu. llowe•tr, naluation or the couplin1 undlr thlN 

.. ntral condi tion1 vi tbo\lt. 1111plit71na approxiaat.iona i1 difticul t.. Thi• 

tonmla 1illplili11 co111idlrabl7 vbln the tollovina 11upt1on1 can be udl 

•• Bot.b anteanu U"I ut.cbld 10111111 planar 1p1rtun t7P1 antennu 

wit.b l1Marl7 pol&r111d Ullitona phul va1tront1 in the apertun. 

b. Thi rn1111l approziaat.ion holdl tor r, thl d.11t.u,oe bet.wen 

U'bi t.r117 point.I 011 IICb aptrtun • 

c. Mul.Upl• nn,ouoa oan be nt1l1oted, 

Undlr tblH n1tr10tion1 tht follow na Fn1ntl n11on couplin1 

tol'INla holda. Vhln the titld ot th• ranaittinc 1p1rture vei1httd by 

the aperture ill nation ot tht ncli•inc apertun 1 ■ intA1ratAd ~•r 

tht ncei~in1 apertun 

I\ JAiL 

vhare r1 d r 2 npnNnt tht illumination■ or 'i and '2 n1pectinl.J 

and a and r an 1hovn in ticun 59. Thie pONr tran1t1r foraula aq be 

(7) 

nduc d t o a ton na le to ,pee ti c calculations i n the Fresnel ng on 

b7 uaua.1 the u1ual Ill 

1 2 

l I 2 r ( l • r co e ) :tt 1 

Freane rox at ona 



(R, t , • l 

F r 59. Coor lnat for Tran mittin a.nd R c ivln Ant nna 
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and 

r :11 I - p 11n 8 co1 (t - ,> + h 
in w, c~ 'i• t.hl rn,nel n ion t11ld radiat.ed by 'i• 1• 1h1n b7 

fllUI w aq l'ftritl (70) u 

~. I f•a 'i 'a Uz1
2 

t { 1,1 a ~ '2 1,/ "a] 
ror uitoR11 1U\1111nated o1malar lfll'tvtt, one w1 t.h • radiu -i, ud the 
o\lllr wit.h radllll -a,1t vu 1h01m in lloUon 2,1, t.hat w aq write 

ii• ••jkl y ••j ( t • 1) Voo (~,u) 

Tbu tor ant.ennaa having uni!om Ulwlination r (p, ~) ■ l, Hu 1 s povtr 
tranat,r t ol'IIU.l.a ay vr tten u 

vbeN u
1(v,u ) and U (v, ) are LOIN f unctic,n havin 

\ Cv, ~) • ·~
0 

( -1)"(? ) n+k J n+k( u) 

• fs. ( - l)"(l./n+k /\ n+k(u) L -z (2n.k)I • O 

l 

( 70) 

en) 

( 72) 

(7J) 

(7 ) 



vbln A ( u) are the Lubda tUJJctiona tabulated by Jank• and ladl th11 p 
ezpre1■ion aq bl reduced to the tolloving radial int.e1ral becauN ot thl 

circular ayanetry ot the two apertu , s 

• 

Thia integr may be evaluated by a nwn rical integrat on. I t i s evident 

that &lid u n!er t o the coor din t system of th fr t ant n a st 

therefore cal.cul ted for var ous v u s of p . For these cal.cul t ons , 

y JU)' a suaed to be 

runctio~ u . Us of th n 

R. VR 2 - p 
0 

vhere R nn 
0 

where v -w • , 
- 0 ,--

which 

of 

R+) 
2 

s 

t. 

0 

C d 

cons t t over th 

Fresn l ap ro m 

2 

~ Ro • ½ 
0 

rt s ar 

s cond aperture in the L011Ml 

ion 

on on is , 

2 
1- C ) 

k 
t n • -,-

q u1 si l y s . f u 

t 0 • 'I 
0 

( 75) 

( 7 ) 
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oae-, 1111 t.bl Nlat.1onab1p1 

2 2 
1}Cv,u) • Y1(y,u) • 11n (l,;;--> 

2 2 
V2(y,u) • Vo(y,u)- COi (~) 

to com1ni1ntJ.7 calculate the Lcalel !unction, Un, when 

V (v,u) • (-l)n t. (-l)k (!)2k•n J'>L. (U) D V -•n •O 

( 77) 

( 78) 

11 a Lcalll tunct.ion ot 11cond kind. TblN an aon com1ni1nt than tht 

OftCU&l Qpn11ioa1 tort.bl Un (y, u) tU1Jot.ion1 1ino1 u 11 rather ■-ll 

(\& c 12) nen at t.bl cloN1t d11t.ar1O11 oon■idlnd and thlnton thl 11ri11 -
(74) 11 &1.owl7 com•rsent. 

Tbl abet• tol'll\ll11 "'" uNd to calculate th• 1ntA1rand, 1r1ph1 "'" 
dram ud a plan1Mter vu ,:11d to pertona the int11rat1on. BJ th11 

Mt.bod 1n1ral 11t1 ot 0un11 wen obtained 1howina the couplina bltv11n two 

utennu in the rr11nel n1ion tor YU'iou, d11tano11. ThlH cun11 an 
2 

plotted ill t1cun 60 u1irw a 1eneral111d ab1oi11a (»Dy)•o that th• ourv11 mq 

bl uNd to 11tiute th• coupl1n1 bltv11n 1p1rtun1 ot arbitr&r7 di1111tAr D. 

One 1ntenst1na n1ult vu o tained by ccaparin& th• n1ult1 ot these 

Fn1nel calculations vi th th tar-ti d Friis tranllll ion f omula own 

j '1 ti ure . Wh as no correlat on 1a expected n the FNsne on , 

1ince Friil tonnula I es po nt so re antennas, t sho d th 

tYen a o2 
/>.. t " ii a I ight error in th Fri 1 .t om •• For x , t 

vu t ound that for a un on y 1 l nated apertuN h FN ne f orm a 

o. a ove Ute Fri a t onn a. Braun 6 h a ah n that a 

11.ai ar ns t applies to electro net c orne and tha t N Jl\&,y an rror 

l 6 
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2 or the ordlr or l db in aeuurinc the gain or a hom at a distance or 2D /l. 
A set or correction curves were prepared by Braun to indicate the aagnitude 

or t~ error, and to nable the .iddi tion of '.l correc~ion factor to obtain th .. 

tnie gain of th horn. Fran the calculations which were made during this 

quarter, it has en s own that there is also an error in measuring the 

1ain or a circular aperture at 2D2 /A al though 1 t 11 1omevhat muller than 

!or a horn or s1ir~1ar i 11 (only 0.2 db tor a unitonn circu ar aperture). 

An nt uitiv reaso or he l arger deviation !or coupling between apertures 

can be seen by o serving that, at 2D2/A, the maxiJftU111 phase deviation between 

the two ap rtures 16 not n/8 es is the case for a single point and an 

apertu . t s r th r / ph s error tw en th c nter to ce ter phase 

and th p s fro t 

o her p rture. 

of on oppos te e of the 

62 s ows th cou l n tw n two r tures w th a par ol c 

1- (p/a. ) str ut on. H t f i eld fr th f i rst antenna ma, be 

due d to t h f i rs t d co d order Lommel functions s nc , 

>.R ~ • L 
2 

- j r cl\ >.R e-j(kR➔) y ~ (v,u) 

• ?-!! - J(<~) J[ -v (~ • J u2 )] 

ay due d y diff o to: 

E... j -.i 
-i · 

th pr o sly c cult d fu ct on u1 and u2 a:y us d. 
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WI aq then calculate th couplin between two apertures with parabol c 

ill\aination trCII 

2 

In tiguna 6) and 64 the ratio P .,IP t is plotted u a !unction ot the 

ratio •,/~ tor un tonn and parabolic illuainationa, nspecthel7. 
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10. DIFOCUSIN TIC._ UIS 

10.l Diaplac t of the Feed 

Seftral authors haft discussed aethoda of defocusing l arge aperture anttnnu to sillul.ate r un o er- 1d patt ma 1n the Fresnel acne. The tecmique caaaonl.y uaed tor renectors is to displace the pr1Jn&r7 source ot tbl U1tanna 1Upitl7 traa the focal point 1n a direction .,..7 tram the antanna. Thi• bu thl ettect ot tocu11n1 tbl aperture at a point 1n thl ,-.. .. 1 IOM, It thl antenna oe be pvtectly tocuNd at a point in the rr.-1 acme vitbolat oblnlinl tM aperture illuai.nation than a perfect 
1111&11 -ci- tar-tield pattem can be obtained bJ aeuuring the field 1n the tooal plane.23 

It 11 wll Imam that, tor a point 10urce acitation of a paraboloidal Ntleotor, ta beat hamboter pattem 11 obtained vi th thl point 1ource at tbl toau ot thl antenna. '?bu, thl paraboloid hu the propertJ that thl path lenct,h frca the toou1 to a d11tat point along the m.1 of the paraboloid rewlta 1n an additift inaphue condition and a aaxuna gain a1Gn1 tbl ail. To foe t!r, llltema at 1011a interMdiate point, thl path 1-ct,h ditfel'lllcel 1'1-c:a thl aperture plant to the field point llUSt be a\n1•1 ~eel 1n order to aA>roxiMte thl tar-field paitem. Since the •oan t of on-ail detoc111 1• the only ·,ariable which is aTailable, one cannot hope to equte thl path lengths rrca, •• •h point or tht par• oloidal renector. ~ conTenti onal technique is to equate the path length along the uia of 

23 J. v. Sherum, "Properties of Focused ApertUNa 1n the hanel Zone,• ID Transactiona, Vol. AP-10, July 1962, p 03, 
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the araboloid vi th that t d s of the a ertur. Us 

r ary 

2 

our e inov d aw y 

rraa the renector is g1 ven by --R [ 

R 
-♦ R-f 

vhtN r ■ is the focal length 

R ■ is the distance fran the aperture t o t field oint 
D ■ is the aperture dillfteter 

The •ount of detocue increuee u I decreuea and vhen D increues. 
Another technique, cal.led the ellipsoidal rt1!lector method, is avail l 

tor calculating the required detocua. This terihnique uses he property 
an III ipaoid focusea energy anating tr one foe 1 oint at the oth r ocal 
point. 'nrus, one choos s one focal oint or ellip oi ae the ocal po t 
of the anteMa and the oth r u the e ired point or r OCUS or he rene r. 
Then the derocua distance ii choa n to give the be t ap roxiaation of the 
elliptical. S"Urface by the parabolic surfac • Vi th t his m thod th def cu r 2 diatance ia iven by c • -

R-r 
and ia a011evhat les than that calculated fran t gecaietric an t hod 'or 
identical f o el length ( r) and rad a (R). 

To check these t cmiques, xperifflent&lly, " tema ave 

o2 2 vi th a derocused 4o>. araboli c re ct.or at distances 2i , ~ ! • 
Both the above method!! have been used to calculate the defoc d s anc ) . 
The defocused 9WI and difference monopulse pattema vere c011pared with 
far-field attema in figures 65 through 6 . The ellipsoidal. reneotor 
method g1 vea 1.:aevhat better reaul ta ince t approxiaati f?'0ffl which t i 
(c) is derived ii very good and its correctness is ot r s tr c • d to only 
the edge or the refiec tor• 
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10. 2 

The ethod of de ocusin a re nee tor by la uir y sp e d 

along the axis as 1eYeral di sadvantage, . The feed must be esi gned so a 

it 11 movable, and HYeral c on types of anteMU do o ve his fa ure . 

In addition, a different amount or defocus ay be needed 1n the tvo principal 

planes . This 11 true tor elliptically shaped d eai- s 1n 

The use of a l ens laced between the fee d t refiec r 

roouai ng haa neither or thee dieadYantagea . 

used 1n the two rincipal planes to achieYe s:1.mul tane s focusing a 

s•e point 1n both lanes; hoveYer, san ethod, such as tri d, 

deYi sed to hold the lens in osition. 

• 

The s pl st lens to esign is e single surf&ce l ns ( 

vhioh can be can uted fra11 the following cnnd tions vh r t 

or the inner surface are those of ash re about the ac al 

f re 0) 

oor a 

al oin • 

ii 1 ♦ l\X IX h ♦ X "x ftl • C 

(c • cons t d n la v e c c constant) 

Thi type of ens ocus s cal vaYe, vhos ce tr i s e es 

iaa e oint, on th ro al o t of t h feed. hu.s , ra:, v c ome fr 

r nite oint conver on t e focus of t h para l a. For h a rture 

s r butim to be t e ame n t resence an absence of th lena , 

the ra19 s ould conv r t e e an e . us as n l e l en l ve 

so e m h Chan d aper ure 1 na on. 

f i u ty e 1gnin a do le 

so tha nt fr C arallel, ( f 71) . 
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SURFACE 

ra,u.r, '70, llnllt lurfact Ltna for Oeloculinl a JttGtetor 

, / EQUIPHASE , r SURFACE 
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" = ( (,'I ) 

F' F 

FiCUr 71. Doubl Surfac L na or Antenna Focu11nc 



tvo requireaents are ade for the shape or the lens, both surfaces are 

uniquely defined by the t1110 conditions. Thi desired double surfa s 

aut satisfy the two conditions 

a. xx• + nx•x1 + i1i'i" • c 

! • ~ 
1 

Thi tint condition gins thl de1ired diJplac•ant or the iaap point and 
the second condition gifts thl parallel property or the inoidlnt and re­

trac tecl rll'I. 

The len1 •thod ot detoou1n1 hu the d11adTantqe that to achieTe 
toouain1 at d11tanoe1 ftl'J clo•• to the antenna the lena aut be autticientlJ 
larp that the 1n1l•• ot incid1nc1 do not becOM large enouch to cause 

••••re retlectiane tra. the lens eurtaces, i.e., the lens net be larger i f 
the antenna 11 to be focused closer to the aperuire since a larger defocus 
distance (t ) is required. 'nlWI the lens aa7 bec<111 so large that its 

aperture blockage and wight are significant disadTantape. 

The double surface lens, shown in figure 72,vu fabricated .tran 
Plexigl.us (polymethyl aethacrrlate). Thia lena vu designed to focus the 
four-toot diaeter renector (t/D • .4) at a distance of sixty feet or 
(J/8) D2/).. The xperiaent&l. •euUNMnte wr• pertonaed using the 110no­
pulae teed and the euuraenta are shown 1n figures 7) and 7S for the 
difference and S\111 patterns, respectintl7. Al.though the lena detocua pattern 
are not in ccaplete agretlftent vi.th the tar-field patterns, it can be seen 
that the lens haa a definite focusing prop rt7 bJ oaapari.son of the lens 
pattern with the corresponding 60 1 Fresnel 10ne ditferene and sWft a terns 
shown in figures 7 and 76. 
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Figure 73. MonopulM Antennn witb Defocuaing Lena In Poaitlon
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<me obvious di sadv of the en efoousi 

aperture blockin by' the len s pport 

o! this blocking s t o l ow r t 

focused a tem . The crease 

the exper1-ental anteMa s 

nan ais 

si l obe level or 

cated y ray t o 

ethod i he ef , o· 

r. 

he 

port.a d 

on t ord r of 1. 

clb tor a 20-db aidelobe level, and much gr ater t or lower side obe leTels . 
Thu.I, it would sea that where it 11 possible, de!ocuaing bf longitudinal 

aoYaent of the teed ia a more desirable method of far-field pattem 

aeuurt1Mnt in thl Frein• region. 

24c. L. Orq, -.tiJnating the !.ff ct ot 1 ed Su port Kaber Bl.ooldn 
Antenna Gain and S de Lobe Lenl, • Mi crowave Journal, Maro 1964, 

on 
. 8- 1 . 
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l • CO LU IO 

Thi a report presents a description oft tudy d ev 

Yarioua t.echniqu,a t o di! ne int.ertere nce aspects of Fresnel re on he-

nOMna f or a vu'i., t7 ot antenna types. A 1e erll. s tate t ma, a 

re1U'd1n1 the 111atheaaticll. approaohla t or dlt.el"llination ot t he dequacy 

of the phencatna deacription, naNl7 t hat t he ore pre s the def n ton 

nquind, the 110n c011pltx the aatheuti cal proce dure s become. Mat he­

utical ri10r or txactneaa 1a alao often acc011panit d by a ore compl x 

prooedun than t hoN Mthodl util i lina 11.Jllpl i fioation approxilllat1ona. The 

prooedue1 d11cu111d in th11 nport nlat.1 to lll'I' ap1rtun1 and an 

11111rall7 l1a1ted to .all anal•• oa each 1idl of the ant.Inna ui1, 1xctti't 

tor the rn,nel rtna tocu11111 t.lohni~ue which u, be uNd ovtr the 

c~l•te Yolua1 it de1ind. 

In approacbl1 h&'ft bttn dntloped vhicb tnablt dllk calculation, or 

t.bl rn,nel 10M radiation tor certain type• ot 110nopul11 ant.ennu, 

1ll1ptioal or irnplar abaped apertW"I antennu, and 11Jlple phutd array 

ant.ennu. A nev t.echn qu• vu de tlop•d vhich enables dettnnination of 

t bt tu titld patt.ern of a lara• aperture antenna vith rreanel reeion 

MU'\&l'nlnt.1. Thia Mt.hod vu aubjtct to a 1nat dial ot thloreticll anll.;•sia 

Md app1an to bt a ttuible Mt.bod ot obtaininc an adaquatl tar-ti t l d 

patten ot M antenna. 

A pnl1ainU7 111al7111 of a r>OYtl arrq or 1111plina 110dll for obt&ini 1 

the tar-titld dittract1on pat.tern ot ••17 lqt antennu at ran111 dHp in 

thl rn,nel aone bu bttn pnNntld in Section l.2 and ahovn to bt ftuiblt. 
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It wu ahown in thl 1111pl1 p obll that C com rgea r dl.y t o n gl n 
quant.it.111. '?hi auialll Yalu• of C , h ever, vu • relative to n e t 

toculin1 function. For thi 1l1Mnt, an error aignal a 11ultipli1d bJ I •• 
It wu al.10 aholrn that thl diatant 1l1Mnt1, w th the l arg11t array w1 ght, 

u. t.ha aoat 1nNna1t YI to pol1t1on1ng accurac7. Witl uniform weight an 

po1it.1on tolerance, thl error aignal on the tar heat • 1111 nt of a 10 

1l1Mnt UTIJ 11 onlf l.OS to 10.I of h rror si o 
2 ln error 111nal cornlJ)Ondins to the 2 D h. error tor th• ■UIJ)l• probl\111 

on tbl d11tant 1l1Mnt p1nut1 a po11t1on tol1ranc1 in the !ol'll &R(radial ) 

a l
1
(uplar) of (!)l,144.~ a J..2h. Tbe corr11pond1n1 near 1l1Mnt 

t.o11naoe 11 appl'GlialtllJ (•) 2J.4l a o.~. ConNquentl7, thl required -
ol"cllr of po1U,1oa tolll"IIIOI 11 quit.I t1uibl1. HowlYtr, due to the llTIJ 

• wicbt, relati't1 to tbl ua1 t tocu11ns twict1on, and thl tact that th• 

1l1Mnt 1i1nal.1 an l\alllld, the •l••nt error signal tolerance muat be at 

ltut an ordlr ot aacni tudl aon 1trincent than usual n order to o tain t e 
u1ual tolerance in arrq output. This requirement, plus the requ red 

phue 1tab1lit7 ~~r a HrJ lon array (e •• l , )., v • ch w th nth 

atate-ot-thl-art~ are the ■01t 11rioua pro l ms nherent n th sy tem. 

It wu ahown than an (end-! n) eleMnt gain of up to 15.d s pennies 

tor the 1111pl1 p:rebl••• ~ to w dt llt•nt spac ng, utu&l nteract on s 
ne&l,ipbl1. I. wu uo 1hown that ■utual couplina between the array and 

tbe t.e■t aritlnna 11 n1gl11ibl1. Other 1ourc11 of error that should be 

considl"d n a rigorou1 naluation w th statistical error an y s are 
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ThlN coetticients bee t a.rg , an the error n f C t. !1 

each el• nt 11 1natAr than one. n order to crea e t pat 
t.he maber of 1leMnt1 INlt , incnaeed for th11 ar 
arrq to hn• any utU1 t7, at eut ,1 ... n~• are 

o. r r ~ 

. Fort s 
Galindo indicate, tbl 1tat1.1tic&l error •acnification 1 1nat.er th 
llO. fM ■n1-.. elwnt tJTOr aa,nllicat.ioa !actor ie about 62.5. F r 
a NYID •1-nt arra,, 1t would bl about l.S x 105• BJ cont.rut, t 

■11'1aa tlwat error upU1oat1oa la tbl ■YUt■ted •••n •l••nt array 
11 4.4. Tbl ooettioitntl ot t.bl lut three 1lemnt1 ut 1111 than on,. 
TINI t.bl l\llllltld arra, ooa■Utut.11 a oon1idlrabl1 1-pron•nt onr .r, 
1ar111r approaohe1 to tbe problt. llcc:aendation1 for f~tUN 
or thl rn,nel rinc focu11n, techniq\M an contained in Secti 

ln•e1t11ation1 have &110 been pertonned to provide bas c c 
define the Fn1nel re1ion radiation ti lda of 110nopul e antenn 
apertures, and phued &rrlJI. Sect on 2 1ves a pr~(;:du r ca 

• 

the rn,nel 10ne f I d or a opu II ant nn C n1 atin O uur- r 
priaU'J t11d 1tructurt and a circu U' rt re conda.ry a 
2. dl1cribes the calculation proc dlaN invol•ed and show 

1.Mntal data on a teat antenna Cce'lpare1 !av ra 17 w th th 
Thie techniQ\M prOTidls an adequate ol tor pndict on of 
rn,nel n1ion pattern tor such an antenna u llu trated 
Section 2. 2.6. 

Thi proctd\ln tol'll\ll.ated t or calculating be Fresnel re 1 n 
an 1lliptic&ll7 or 1JT11'1l&rl1 1haped aperture ii dl1cri d n ct 

2 

S 0 

er-



Th l &r t o 

nte ral. c c u and c ar 

c r cul ar r tur v s o d. C c 

t U / - 1 te na as xam 

shown n Sect on ).2 . I t is not 

re s 

0 pr C 

C C 

a lilli tation ot the techni ue but that ON ace rat, · pre ct o may r 
a aoN preci •• description of the ll i nation f ct o d ade ate 

t 

tailed de1ign data t or the antenna. Extre e care mus al.s e exerc s d 
in Muurement techni ques to u1ure aat 1taction of pro er tr or 
c0111parilon. The 1111thod deHloped ii a powerful tool and use of a col\ uter 
tor problem, requirinc a larce maber ot 1U1U1ation 1tripa may bee 

nece11U7, 

Section pre11nta a discussion ot at chnique that ay ut liz d 
vi th phued arra,1. The eneral ! eld ro l m for an arb trary array w t 
known excitation can be suaMd y cOlllput.er ut, f or any arrays ot 
thi ia a d ff cult proble • F r tennin n th Fresn l on f i d 
of very larg arrays v th si ple confi r t io , ov v r, 
not th only re ort. Th array tran f orm t o heory aru C 

s 

C 

t , 

u d f or arrays t o o ta rel at v l y s m l e re o s i n t .nn o 
ready ta ulat d u ctions. A small angl Fresnel z e array f ct or or 

rect ular arrays of unifonn ele ents an l n ar w hin or l n ar 
lement densi ty t er ) , f or example, C n o ta.in d fro f 

tr ono tr c fu nc t ons d r s e nt r s . The t ho s u t r t d 
y cal.c l t n t ray f t or or f orm arr ys . 

2 3 



A 11.Jlpl• probe ted born 11 util zed s an ex le of the pro l of 

dltelWin nc thl 1puriou1 t"quenc7 reaponee of anten a at hanson c y 

non-h&n10nicall7 "lat.ed t"quanc111. The re1pon11 of such III antenna 

ccaplioated by t.be b11hlr order aodl1 pro uced at !re u1nc1t1 th1r than 

tbl tudalnt.al operat.1n1 ranc•. A Mthod of pNd1ctin1 thl aodl a true tun 

in a probe ted 1l1ctrcaapet1c horn hu been 1m11ti1at.1d "'ul ting in a 

tnorabl• pndict.ioa u 1hown in Section S.l at the tundaMntal and Jrd 

hUIIOnic tnqlllnc1••• llnlt1 at thl 6th ha.naonic vtN not too favorable 

ud nge1t. a 11•1n liait.ation ot apuriou1 tnquenc7 nlJ)OnH prediction 

at treq111nc111 hiper t.hu t.be lr'd hanaonic b7 the Mt.bod UHd. 

!bl Nnl t.1 of an 1sp1r1Mntal 1m11ti1ation to dltemne the dltini­

t.ion ot thl tar-field rn,nel n1ion boundary for hUIIO 1oall7 Nlatld 

trequanci11 11 pnNnt.ed in Section $. 2. Ruultant 1xp1rlMntal data 

iadicat.1 that t.be pat.tam npet.1t1oa bl70nd the 2D2/).. ranae, by in lar11, 

11 n1dlnt n1n wi\b operat.ion at h11hlr han1onic tnqu1nci11. 11:tn• 

U"I 111&1t. bl 1zcerc111d vhln acquirin1 data. 

Sect.ion 6 pn•nta thl n1ul ta or a th1ont1oal im11t. 1at1on or 

t.hl 1tt1ct.1 ot terrain Ntlectiona n th Fresnel re on upon the tar-

field FN1nel re1ion boundarf. It s concluded t hat the Fresnel re ion s 

not 1xt.endld by prop11ation ~•r a grOWld plane. n 10M cues, the f eld 

1tructW"I in thl rn,nel re11on could bl 1ui'fici1ntly od1!1ed btcauae ot 

ren1ction1 nch that the rre,nel "lion patterns tor larp apertures could 

not be analysed by thl 1Uptrpo1 tion ot two field co onenta u pre nted. 
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eor tica inv s t i tions o coup in of n r y i 

th Fr sn 1 r ion were co duct d nd r phs ar pr s nt in S ction t 

i strate the po er tr sfer as c ns of ran e , rt r 

s r bution . 

The radial E-field ( r ) is defined in Section 7 s hav . g the s e or der 

of agni tude u t 1 IE l cos 8 

The principal field compon,nt (EA) and the radi al fie d for a 01 apert r 

are plotted for a Fresnel region range of 2001. Investi1ation o! me as re1-

ment problems auociated with the radial E-field au1gesta uae of a thin 

radial dipole and the modulated dipole, scattering technique. The success of 

theae techniques dependll&rgelyupon the ability to maintain the field 

probe extremely 1mall 10 u not to disturb the radiating source antenna. 

The defocuaing techniquea i nvutigated utilize a monopulse model antenna 

and reaul ta of feed positioning indicate t hat the elli.psoidal reflector 

method give better results as shown in Section l C than that defin ng h 

feed displacemerit by eq atin path le gths at th e of th reflector. 

L ns def ocusin was also exami. n d , bit th pract ical p lie tion o such 

t chniqu s i ndicate that th probl ms encount rd iv provid al ns suppor, 

d pattern distortion caus d 

1 r e ap rtures . 

apert oc in woul 

It may be concluded fro th swnmari s a ov t at ade ate techn • s 

ar av la le t o define the Fresnel re ions al a 1 r p t er s 

of various types of ap rtur s includin circular , re c tang d i t " cal 

a rtur s al.on with monopulse antennas , nd phas d .rr ys . or h p os s 
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ot int.erterenc• predict o , e lo,..ent ot such analyti cal ~ 

can be initiated vith the un r s tandin , that, only at s s 

troa t.hl axil ot the antenna vill ade uate script n n 

re11on be obt.ained vi th the Nae nt atate-ot-thl-art. Fu.rt r v st 

into th11 ana 11 not rec en d except u it p rtai s to s c c 

exapl•• 1uch u 1haped beam ant,nnu or apecitic phased arrays. 

Othar anu an •uc111ted aa areas tor r tun inv 

Mndld 111 Ula next. Nction ot t is Nport, 

s .r co -



12. R! OHME T O S 

Bas d upon h cone sions dr wn ro i nv ion o r n 1 

ring rocusi t chn q , ie r co nd d t s udy b p r fo d o 

evalua e the effect v n ss o 1 rin focusin s s s s ic 

MaauNMnt devices o I r-f e d p tterns in th Fr sn 

1hould bl oriented toward applying state-or- he-art equ 

antennu vi th apertures re ter than 100). at maximum 

than j (2D2/l). A st t is 1c error analysis is firs 

should be baaed on the possible range or array wighti 

on. h s dy 

o est 

tern ran s o 1 s 

r qu , w ch 

func ion hin 

the clua deacribed in this report. To tacil1 tate h s study, th o-

Ntical teat antenna mi ht consist ot a unifol'fflly illuminated cir ular 

aperture, vhich wo ld h .Vi pattern requiring the 1110s s r i nt sys 

tolerance tor a given 

field, th.11 -,uld requ 

tunctiona of two va:·i bl 

rture diameter. For the small " F. sn 

abul tions of the lat and 2nd or r Lo 1 

1 2 t ran ea dovn to out ~(2D / ), or o r 

or the two variable s (w,c ) o bout 20n, The error s l s r ib t on 

would be detemin d fro 

element position toler c , d an stifflation of the magnitu an r 

rror c s r -

bu tion would b s d s lly with h arr y h i un ons, 

i ving at en on o ystem C r and band- d h. 

Consider ton shoul d ls e i n to h possibili y of c ss 

correl t h ou u s of d ff rent array wei h in ons or i ncr ~-

i dynamic r e , d di cri n i n ins r l ativ ly 

signals. 
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It ii turt. r reco nded t addi ional investi tion conce n 
Prean1l re1ion antenna- o- enna coupling be conducted wit s cific 
probla• application . Ix r n al ••suN nt9 houl d accOl'llp lnf any ch 
nplorat1on and u y w ll include t hl et!ect , or a high-powred sun illance 
or tnckinc radar at ot hlr location, vi thir. the Pre1nel reli,on where antennas 
.,. looeted. 

S1ncl it hu been concluded in Section ll that th11 1tudy and previous 
writ bu prertdad auf!10i1nt additional tool■ to de1cribe circular, rec­
taaplar Ind 1Wptical ap1rtU1"11 alona with aonopulN antenna, and phaeed 
UTlfl, U. oDl1 additional Pl'Ol1'• tbat tthnld bl 1n1 tiated 11 the appll­
oa\lola ot tMN techn1que1 o apeo1fic probl... P\u'thlr ltudJ 1n the ti1ld 
., ntia1 1-11114 •U\lrllllfttl lhcNld be oondlloted INt with relation to 
llplOltio p,obl.lu, Th11 applloation lbcNld 1nol\ldl an inwltication ot 
ooapllal obancteri1tic1 in tbl mar field with an atteapt to detel"lld.n• hov 
tbl wiv oontent uy be 11auured. 

It 11 not rec011111endld that t ar field pattem dltend.nation produced by 
110•11111t ot tha rlrt.ual !Nd point or a paraboloid defocu1ing techniqu s be 

ime1ti1ated furthe r, since the Fresnel r1na focusing approach N ms o 
nplOJ -,re powrtul techniques . The inff1tieat ion of spuri ous frequency 
l"IIJ>OftN haa 1.ndicated a t ion in applicati on of t he approach t alc n and 
no l"IC011111endati on1 for furth r inveati gation of analyti cal t echniques are 
suae1ted in this area. 
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0 • u, 0 -7 
l•l~l,u) /R~(Jff,u) • WI,W 

(U•4) 
o. o. 
o. o. 

(11■3) o. o. 
o. o. 

(l/•2) o. o. 
o. o. 

(ll-1) 
o. o. 
o. o. 

cU-o) 
I■(~(7, u)) Ia(~(l,u)) 

1•(~(7, u)) Re(~(7,u)) 

•• 9 •• 8 

o. 
o. 

o. 
o. 

o. 
o. 

I■(lt9( 7,u)) 

a.(1<7.ull 

I■(W-,(T,u)) 

a.(~(7,u)) 

•• 7 

TABLE 1 

OEmW.IZED WMMEL ruHCTIOKS 

o. o. 
o. o. 

o. o. 
o. o. 

o. Ia(~( /,u ) 

o. Re ~(l,u) ) 

Ia(~(7,a)) Ia(V~ (r, u) ) 

h(~(/,u)) Re(w;(/,u)) 

Ia(~(7,u)) I■( ~(l,u) ) 
0 

a.(~(7,u)) Re(~(/,u)) 

•• 6 • • 5 



JTIONS ~ (7,u) 

o. o. o. Ia(J;,(I, u)) Ia(~(/, )) 

o. o. o. Re(lfi I, u)) Re(~(l,u) ) 

o. I■('5( l,u)) Ia(~(l,u)) Im(~ _cT,u)) Ia(~( ,u)) 

o. a.('1(7,u)) Re(~( ,u)) Re(~{r,u)) 
J 

Re(~( ,u)) 

I■(l(/,u)) 
2 I■( W:a:u)) I■({ (1.Y.u)) Ia(l

2 
(/,l.u)) ) 111(,.(7,u)) 

) ) Re ( <7,u)) Re( 30',u)) R1 (W2 (/,u)) Re{Wi, { ,u)) Re ( ( ,u)) 

)) I■(;(r.u)) la(~(l,u)) I■(~(/,u)) Ia(~{7,u)) I■(~(/,u)) 
1 ' 

a. wi(l,u)) lle(i(l,u)) Re (~(/,u)) )) ie(,(/,u)) ie(W3(1,u)) 

)) rac~cl,u>> Ia(W~(l,u)) I■(W~ /,u)) Im{Wi{7,u)) Im(❖r,u)) 
0 

lle{W~(7,u)) Re(W~(/,u)) a.cw';_ cl,u)) )) le('\ c7,u) > Re(lic){l,u)) 

• • 4 •• 3 II • 2 • • l • 0 

2 



U• l ~ 0 .115 ·u• - -- --
1111 ' " . 

o . o . o. o . o . o . o . o. 001 . o . o 0 o. o. o. o. o. o. o . o. 0 . 00 71 .0• 062 

o. o. o. o . o. o . 0 . 0000 1 0.00022 o. 00 11 o.ou 7 o. o. o. o . 0 , 00001 0 .000 I 0, 0 ll .llll4 

o. o. o . 0 . 00000 0 ,00000 ,001)0 0 .000 o . oo . 0,0 I o . 0. 00000 0 . 00001 0 . 000 10 0 . 001 ' 0 , 0 1920 0 , l, l 

0, o. 0 . 00000 o .oo 00 0.0000 0.00000 0 , 0000 1 C. 0 0 11 o . oon0 o.o 0'5 0 o. o. o.o 000 0 .00000 0.0000 0.0000 0 ,00049 o.oo• o.o 121 . l01l 

. o 000 0.00000 0 .0000 0 . 00000 0. 00000 0.000o z 0 .0002.0 0 . 00 1 0 .015H o.on o 0 . 0000 0.00000 6. o GO 0 ,00000 0. 00002 o . 00( • O, OOH 0 . 01 4 l 0, llU 0, 42101 

•llitll 

o. 0 . o. 0 . o .. .. o. o. 0.00~01; 0.ozn o. o. o. o. o. o. o. o. 0,0lHZ 0 .01 ., 

o. o. o. o . 0 . 01.000lO O,OOOIZ o. 0,, ,OJZS4 o. o. o. o . o. o . 0,000 1 o .oona o.o O 2 0,0"641 

o. o . 0 0 LJ) o. o . o. o. O,U249 

o. o . 0,00000 0.00000 0. 00001 0 .00001 0.000•1 0.00274 0. 01 0 ,04 1 o. o. 0,00000 .oo 01 0,00009 0,00060 0.00)41 0.01 u o.o u s 0. 1 I 2 
------·-- ---

0,00000 0.00000 0,00000 .00000 0. 0000 0.00024 0.001 I 0.00664 0.0 5 0 .ouz 0. 00000 0,00000 0 .00001 0 .0000• 0,000 0 o.oon1 0.01 l o.onn 0, l 7 11 o. zn o 

222 



U• ) • 0.115)1116 ----_,., .. 
o. o. o. o . o. o. o. o. 0.00,1• o.ou01 o. o. o. o. o. o. o. o. 0.01 UI .06,.0 

o. o. o. o. o. 0.000) . oou, 0.00Hl O.OHl 6 o. o. o. o. o. o. 0.0010 o. oou, 0 .0101 0.0UH 

o. o . o. o. 0.00002 0.00011 o. o 059 o.oozu 0.00,11 o. )0li. 
J . o. o. 0.0001• 0 .0001• o.oo, 2 - o.o u•• O.O>Jh 0.0101 

o. o. 0.00000 0.00001 0. 0000, 0.000)0 0.00 1 0. 00 .. 1 o.ouu o.onu o. o. 0.00002 0.00011 o.ooou 0. 002'1 o. oo,. , 0. 01112 o.o .. n 0. 1020, 

o. 0000 0.00000 0.00001 0.0000• 0.00012 0,000 .. o.oon• 0,0110 o.ozu1 o.o.,u 0.00000 0,0000) o.ooou o.oo " o.oou, 0.0 IUI o.oou o. 1010• 0. UtO) o. 1060) 

• • • 
.. ,, .. 
o. o. o. 0 o. o. o._ o. 0e00Mt o.out1 o. o. o. o. o. o. o. o. o.01n• 0.MHI 

o. o. o. o. 0 o. 0,HUt llolHU o.oo,u o.oattl o. o. o. o. o. o. o.oo,u 0.OOltl O.OIMI 0.Mt,O 

o. o. 
o. o. 

o. o. 0.00001 0,0000, 0 otOI0 0.000,. o oou• 0,OOtO O OUt.l Ltltt o. o. o.ooou 0.00010 0.00111 o.oo,oe o.01u• o.u••• 0.0SIII 0.Mlt0 

0.00000 0.00001 0.0000, 0.000,0 0.0001• o.ooz•o o.oo.o o.oun o.ozon O,OIU• 0.0000, o.ooou 0. 00101 0.00111 o.ouu 0.01111 0.0Hll o. 10611 0.0111• -o.oiott 



U• I ,. o.,.,,.,. .. , .. 
•• o. o . o. =· o. o. o. 0.0010. o.ou,. • ~- o. o. o. o . o. o. 0.01111 0.11••· 

•• o. o. o . o. o. 0,00011 O,NU• • .... u o.ou,, ·1.-- a. • o. o. o . o.oo•oo 0.11,u OoOltH '·""' 
-1: I: I~ I: l:llfH l:IRII t:IIHt l:ltHt l:HHt l:IHH 

m- 0 , .. , - f;H .. ' . . 0 . ,., ·ur•· • •• 

• •• 

o. 
o. 

o. 

0 
o. 

•• o • • -. -- o. 

L .L o • o. 

0 L o. o. o. 

0,..... 1,00011 0,0.... O,NIIJ l,OOllf O,NIM 0,00111 ... ,,. o .... ,, ,....... o.,,... .., ... , ···'"' 0.01,,1 

') 

O,OIIH 0,OOIU 
1,Hf•o ..... ,,. 

I...Hill 0L001lJ 
0.011•, 0.01•1• 

O..HllL O. IMt 1 .,Q_.1Mt1 o.oo,,, 0.01110 0.011,1 

dlltt 
-o.01•u 

C 



U• 

.. ., ... 
o. 
o. 

o. 
"l. 

o. 

0 
o. 

o. 
o. 

' ,. 

o. 
o. 

o. 
o. 

o. 

o. 

O.?HH 

o. o. o. o. o. o. 0.001n o .... H o. o. o. o. o. o. o.oono 0.11 ... 

o. o. o. o. o.001u 0.0010• 0.00,H 0.11,tt o. o. o. o. 0.0001 o.oo,o O.OHll 0.1111, 

l:IHtf l:UIH 1-11u1 -0.1 

o.oooM 0.0010, o.oon, o.oos•1 o.oon, 0.001•• -o.oou, -o.11•M 0.0111• o.o> ,, o.ouff 0.0.,11 o.oz1•• -o.oi•tt -0.0•1•• -o.0001t 

.L. _L. 
o. o. o. 

o. o. 

a.._ _ _L_ 
o. o. 

_J_ 
o. 

LIi.Hi lellllt 
0.00111 OolllM 

_o__ OeHlOl I.IN.IUI IJllH.. AJHJL o. o.oo .. , 0.111,1 0.0011, -0.111•1 

225 



U• • , . • IUtl • .. ., ... 
o. •• o. •• o. t. 6. o. o. o. 

o. 
o. 

N!Y II h!NWH 

I: I: I: I: I: I: 
-+. I: I: I: l:IIU l:l!R 

6 

o. o. 

o.ooon 
O.OHU 

1:1111 

-1:IIH 

o. O,OOOtO 0.0001 o. 0.0011 I •O.OOOtO 

o.ooou ,.,oo .. •OoOOOI 1 
0.0011, •O.OOOtl •O.OOHI 

., .... ,. •o.oe11• •0.00011 
•OoN .. t •O.H••• 0.00111 

l·llt1 .-.--. 
-, ...... ..... , .. 

1·1111 ........ . -.-,· ....... , 
=1:1111 ~--.,.-,-
-1.••••1 -1 .. •••1 ·•·"'" ....... 
• mtt -1.dttl t 
0.0011• 0.0011, 



U• II ,. O.lHJHU 

.. ., ... 
o. o. o. o. o. o. o. o. 0.00001 -0.00011 o. o. o. o. o. o. o. o. -o.ooou -o.ooou 
o. o. o. o. o. o. 0.000,0 0.00001 -o.ooou -o.ooou • o. o. o. 0.00001 -o.oouo -o.ooou -0.00001 

o. o . . 
-o.ooot• -0.00001 o.ooot• - .ooo,o o.oo,u o.oouo 

o.oouo 0.00111 0.00,00 0.0010 0.00011 -o.oou, -o.oou, -0.0000. O.OOIO 0.000.0 ,.on44 o;nn, o.ozon ~ -J; 1n,1 -0.Hlll J.-o,oli o.oaut -0.01,11 

.. ., ... 
o. 0 0 L_ _Q._ ~-- o. _o_. -o.ooott -o.~u o. o. o. o. o. o. o. o. -0.00011 -0.00010 
o. o. o. o. o. o. 0_.,0Qffl •Qdtoll •Q,IOOU -o.oo~ o. o. o. o. o. o. -0.000,u -o.ooon -o.ooou o.0004, 

o. o. o. o. o.ooou -0.00011 -0.00111 -o.ooou o.ooou 0.000,1 

o. o. o.oooM 0.000•1 0 00001 •0 0toJ •Otffl•• ·Odttll ld.HJ• Q,OOOM o. o. o.oou, o.ooon -0.002•1 -o.oou, • 0.OOGH o.oou, o.oonz -o.ooua 
0.000,. -0.000,, -0.001,, -0.000•0 -o~' --o.oa•u -0.0,01,- -0.00•0• o.01uo -0.0IIH 



U• U • O. 7~Hll• - ---- -- - -- - - -- ----- -. ., .. 
o. o. o. o. o. o. o. o. -0 .0000I -0.0000• IS. o. o. o. o. o. o. o. -o.ooo u o.ooou 
o. o. o. 0. o. o. -0 .0000• -0.00010 -0. 0000, 0.0000, o. e. o. o. o. -0.000•1 -0.00019 0.0001• o.ooon 

o. o. 0.0000• -o.0ooa. -0.00001 ti . 0000• c.ooou - .oo ) -0.000,2 0.000,0 0.00011 0.00000 
o. o. o.oo u 0.0000, -0 .00010 -0.0001, -0.00011 .0001, o.ooou 0.00000 • a-. o.o"llff -o.oouo -o.oo, .. -o.Nnr o.ooth o.ooua 0.00001 •O,OOHl 

O.OOIM 0.OOlOI o.oo ll -0 .000 .. -o.ooau -o.ooon 0.000•2 0.00102 0.00001 -o.oo,oz ,,.HNI T.Gne, -o.o, I -o.ouu -o.oo~ o.uo,, 0.0lHO o.ooou -o.ou11 ·0 ,C,Ohl 

.,. ., I• t,!IU!llt ---· • 
~ - ,. 0, O, 0, .. L ·LMNJ Cl,OONJ • o. o. o. o. o. o . 0.0000, o.ooou 

.l 0 o. II• :-l,Htlt ·t.tltli o.ooou 0.0000• o. o. 0, o. -o.ooou o.ooou o.ooou 0.0000, ----- --.,., .. ·t,IHU --o.000t1 -0.0000 -o.ooou 

•• o. 0.00010 -o.ooou -o.ooon -o.ot0u 0.0000, o ooon 0.0000, -0.otOlO ~ o. - 0.0611• -o .OOUI -o.ooah o.HOH o.oou. o.ooon -o.ooan -o .ooa.• 
o ...... 0.OOOI - 0.000.• -o. OO0tJ -0.000.0 o.ooou 0.00011 0.000)0 -o.ooou -0. OOOtl .HUI -o.o,,n -o.Oa•l• -o.oaou o.oolu o.oalU o.oo,o -o.ouu - 0.01011 o.oo,n 

228 



U• U • o . .,.,, 11, 

111/Wl 

. o. o. o . o. o. o. o. 0.0000 a c.ooou o. o. o. o. o. o. o. o. O.OOOl l 0.00001 ---- ---- --
o. o. o. . o. o. -0.0000) "·00001 0.0000• 0.0000, 0. o. o. o. o. o. 0.0000• 0.00020 o.onou -o.ooou 

o. o. o. o. -0 . 00001 -0.0000• 0.0000, -0.0000, - • i[6l1 o:-nm -0.0002, -o. 00 

o. . -0.0000• -0 ,tlOOZl -o .ooou 0.0000) 0.00-.>1 o. 00&2 -0.00011 -o.ooou a-; o. ~.OO'l1' -O .OOH4 O.OOllil -0.00lH O.OOlh -o.lel -o.Ool u o.OOOH 

0.00011 -0.000,i -o.ooon - .OOOH o.ooou o.ooou 0.0000 -o.ooo•z -o.ooou o.ooou -'T.'R -0.01111· 0.1111 .. a.onH ;Alff -o.onu • o.fffft o.IDTI 

111/111 

o. o. o, o, ~J o. o. o. O,GOOOJ 0,0000& o. o. o. o. o. o. o. o. 0.00006 -0.00001 
-------

o. o. o. o. o. o. -0.00000 O,OOOQJ O,HOOI -0,0000J o. o. o. o. o. o. 0.00014 o.ooou -0.0000, -o.ooou 

o. o. o. o. o. o. o. o.oon• -0.000.0 -0.00001 

o. o. -0 .0001 .• -o.ooou -0 .00000 o.ooou o.ooou -0.0000• -o.ooou -0.0000, o. o. -0.00141 - 0 .00004 0.0010 o.oouo -0.0000 -o.oou, -0.000,, 0.0010 

-o.ooou . .O;>OU -o.oooH -0.00002 0.000,. 0.000'1 -o.ooou -0.00062 -o.ooou o.ooon -0 .011,0 -O.Ol 114 -0.00041 o.ou•• 0.0100 •0 .00Hl -o.ouu -o.oou, o.ouu o.oo,.. 

2d 



l C.• n. I 3 .. .. ,, .... 
o. o. o . o. o. o. o . 0.0000 1 o. o. o. o. o. o. o. o. -0 . 00000 -- ------ --------- - - --. o . o. o. o . . .u ' o.o l ·•0 .00000 o. o. o. o. - - o. 6. o.ooou -0.0000 -0.00011 

o. 0 . 0 . 0000• o.oo 0 ~ -o . oo O -0.0000 . om - -ti: od6 o -: . ocnr - - . RT• 
o. o. -0.00011 -0 .0000, 0.00010 0.0001, 0.00000 - 0.0001, -0.00001 --.----,ir------=---..-r---,i;wur· .oona-- -0.00000 - -0.oono -o.ooou 0.000•• 

•1 .... 11 •O.IMM •OoOOOll O.OOO•I 0o000ll , 00000 • .OOOt l - 0,000JO .,.,nn -o.NtR ~A" .neoa- .01 01 -:o.10.t1 6~61lf• 

----------. , .. - ---- - --- - - -
___ .Q.a ___ - .9. .0. o. ..R.UHO o. o. o. o. o. -0.0000, ------

-
-

-0 . 00002 
-0.0000• 

- .on 1 
• 002 

.0000, 

.0011 0 

-O.HOll 
-0.0000, 

0 ---- ____ 9 - ____ {! - - t,J>OOU LtlMt •__RaiHIL •.Llf!IOI o. o. o. o. o. 0.0000, -0.0000, -0.0000, O.ottMI ---- - - --
IIAil- -.L.Q~ •8111191 -a.aw1 a ..... , o.000Ol -o.ooou •0.OO0Zl 0.00010 o.ooou 

o. o . ·•·a:o. 0.0000, 0.00011 ,000 ) JOO · O.fUH. it.HH• o_,.H§lO o. o. o. ,. o .oou1 0.00011 -o.ooon - 0.000'6 o .ooou o.001u - 0.0000, 

-0.000.t -0.00011 0.00OJ0 0.0000 o.ooou • 0 , 000)1 -0 .00011 0.00011 0.0000 -o ooooz -o.o646J o.oo., 0,0I0M o.oou• •0.00HI -o.oo, .. 0.0OJlt o.oaon -0.0000 -o.o,ou 

2 

I 

7 

( 

l 



U• l C.• 0 .10 IU -- -- --- ----
•llllll 

. o. o. . o. o. o. o. -0.00000 -0.00001 o. o. o. o . o. o. o. o. -0.0000, 0.00000 

o. o. o. o. o. 0.00001 -0.00001 -0.0000 0.00000 ~ G"'. o. o. -0.00004 -0.0000, 0.00000 .0000, 

o. o. 0,00004 0 .0000, 0.0000• -0.0000, -0.00001 0.00000 0.00001 0.0000) .~ .Gfffl -G. •O,OOOtl 0,00002 0 .,00101 0,00040 •O.OOOH 

·0.00021 0.00020 0,00042 0 ,00020 •0,00025 •O,OOO)t 0,00001 O,OOOJt 0,0001• •O,OOOJ4 -0,0flfi -0-.--uTDle -r.oGQf - 0.HtU ·-0.Gff' O.OOOU O.OGOZ O.OOil •0.00112 -0.00SU 

U• 0 

... , .. 
o. o. o. o. o. o. o. L_ -0_._ouu ·G,OUU o. o. o. o. o. o. o. o. -0.00001 o.ooooz 

o. o. o. o. o. o. •01.00000 ·td.ltt& -t,tHll .LtttoJ o. o. o. o. o. o. -0.0000. -0.00002 0.0000, 0,00004 

o. o. o. o. o,ooooz • o. o. o. 
-0.00010 

o. 0.0000, -0.0000) -0.00001 -0.00002 0,OG0Ot 0.0000, -0.0000• -o.ooon -o.oootz -o.ooou o.ooou 0.OG0H -0.000,0 -o.oooeo 

o.ooou o.ooon o.ooon -o.ooou •O.OOOH -0.00011 O.OGIOJO 0.00016 -0.0001, -0.000,z o.nn o.oo.n -o.oon1 · O,OOtlZ -o.oo,h o.oon1 O.OOth -0.OG4'• -o.oo,u o.oon, 

31 



U• & ,. ,.1101 .. u .,, .. 
--

•• o. o . o. o. o. o. o. o.oou• O.HU• o. ,. o. r. o. o. o . o.oo,r. o.O?t•o 

•• o. o. o.ooou 0.0000 , ..... , '·"''" -r. 
• - , . "O.IOtOf O.ltffO O~lllh O.tflU 

,...... , . ..... ....... lelNlt I.NIi l 1.11111 0,17111 ···- ...... . ... , , ... ,, ,.,,,.. ,.,.... ,.,,,,, 

• a M 1e•nnea1 

- - -- ----
t. t. I: -t. -,~--- I!- - t. - l:IHH 1:11111 

• I! - -t.--- 1· -. f. -1:IIHI l:IHf - 1:lttH l:IWt 
I: I: I: I: l:■t t:llfl l:lfflt l:IH!t l:IHH 1·•1ttt .1 .. 

l:lllt 1:• 1.11ft: -l!lffll --l!ltlft 111"' .lttMtl 
, IU ....... 

··1111: 1:1111 ··• :IIIH- l:DIN -l!lml -1:Uffl ..... ,. ,. ,. 
····"' 

2 2 



• C.• 1. ~101 • 1 

Wl/iia 

o. o. o. o. o. o . o . 0. 00 .. , 0.00Jl o. o. o. o. o. o. o. o. 0.0100 0.otu, 

o. 0. . 0. 0. 0,000H 0,00J02 O,OIJH o.oou o. o. o. o. o. O,OOIJI o.ootn o.ou,, o.o,o., 
o. o. .. 
o. o. o.oo 00 0.00002 0,0001 l O,OOOH o.oou• 0,0HH o.uoo 0,HH? . -a-: T.mff o;oo-on o.mn 0,001•• o.on,o O.ffflo O.~•lOJ o.o•••1 
0,00000 0,00000 0,00001 0.0000, 0.000•• o. oo 1 o.oon, o.ouu o.ouu 0,011'1 D,UOO"O o;oo001 0.0-001' 0.00014 o.oun O.Ol4ll o.oou o.ntu e.rnn O.OIH4 

IJ• • • .. , ... 
o. 0 o. o. o. o. 0 Q, 0.0&0~• 0,0U0J o. o. o. o. o. o. o. o. 0.01,u o,o,..,, 

o. o. o. o. o. o. o.oou• o.oo,u 0,0l)H 0,0HH o. o. o. o. o. :, , O,OOHI O,OOHl o.uou 0.0,.1• 

o. o. o. o. 0.000 • 0,000'8 o. o. o. o. 0,00041 0.001 H 

o. o. 0.00002 o.ooon 0.000, o.oo .. 0,00410 0,0Utl 0.02u• 0,OHJ4 -0. ir. 0.00-011 o.ooo•t o.oou• o.oo,u O,OUH 0,0UH o.o .. ,. o.oz"• 

0.00000 0,00002 0. 0000• ,OOOJt 0.0010 o.oo•" o.ouu 0.ozu, 0,040Zl 0.ou•1 o.ooOH o.ooon 0.00100 0.oon• 0.01112 o.ouu 0.0 .. ,1 0,lOZh 0.0100 -0.cun 

3 



~ I __ ,. .,,01 _! u 

.. .,. 
o. o. o. o. ,. o. o. o. 

------- ------
•• o. o. o . 
•• o. o . o. 

o. o. o. . 
•• 0.0ONJ o.ooou 

.,,11111 0.111111" ...... , ...... O.OOCIM 0.OIIU 
tr 1.IIJH '·'"" 

t-

I: I: I: I: 
- -

o. 
o. 

o. 
o. 

o. o. o. 0 r00HI o.outa o. o. o. 0.0IHI o.oun 
--- ----

o. 0.00111 o.oo ... o.oun o.ouu o. 0.00Ht 0.00111 0.01.a, o.o,ou 

0.01101 
o.o ,. • 

0.0010 0.00 •• 1 o.ou.o 0.0UH o.ouu J;trffi- r.n,n T .fJUT T.lJJJ -o-.liff4 

o.oo,u 0.01.01 o.ou11 o.uu• o.ooou .mn • •. lll11 

---t. ---- -- _JJllli_ 1,1u.11 .. '·'"·· , .. ,, .. 
l:ll!H -t:fflH ., ..... -- '''''" ... ,... . .. , .. 

l:llftl l:lt2t 1:11111 l:ffl!I 1:111:1 .::• 
I: I: l:IRR 1:1111 1:1111 1:na1 l:ltlll l:ltftl 1:1112! .1:nt1. 
l:llffl 

23 



1, . 1 . 1. 5 10 1 • l 

•II• 

.) . o. o . o. o. o. o. o. o.oo,u • 01 o. o. o. o. o. o. o. o. oou• .0041 

,J . o. o. o. o.oo 0,001 0,0055 .oo 2) o. o. o. o. 0.0040• o.oo, o.oou -o.o 004 

o. o. o. o. o.oon o.oo, 0 0.000• ,0 IU a-:- - "5. - - - - .oo 0) o.o tU 0.00140 -o.o •u 

o. o. 0,00043 0,00101 o.ooz,o 0,00417 0,005 I o.oo,u 0.00221 -0 , 0)tl a. o. O.OOlJIJ O,OOJOI o.oc•u 0,0 l 01 o.oau• 0,0044l -0 .00111 •0 ,0 lH0 

. 027 o.ooon 0,00lH 0,0h0• o.oo,,. 0,010'7 o.oaou 0 ,00452 -o.ouo -o .oo•H 0,00)14 O.OOlh o. ourr o.oun o.0•H• 0.000• o. 62ou -o.ou,. -o .ouo, .ooo .. 

U.!. I -- ---.. , ... 
o. o. o. o. o. o. o. o. 0,00UI O,OOJU o. o. o. o. o. o. o. o. C,002'1 o.ooou 

o. o. o. o. o. o. 0,0OlU 0.002n 0,00272 .00117 o. o. c. o. o. o. o.oouo 0.002'1 0.00010 - .oozu 

o. o. o. o. 0,00IU 0 · ' ) ffll• - .~a , o. 0~ o. o. 0,00UI o . . .- -o .oozn - ,0051 l 

o. o. 0.0001• .001n 0.002 .. 0.00,12 o.oo,u 0.001 .. -o.ooa,o -o.oon, o. o. o.on .. o.oou, o.oon, o.oon• 0.00 .. 1 -o.oou• 0,00'10 -0.00,01 - - -- -
o.ooou o.ooa•• 0.00,01 ,00,0 0.001n 0.00101 0,0042• -o.oono -o.oona .oou, o.oo,u o.oun o.on•• o.on•, 0,04ll) 0,Oll?O - 0.010• -o.onu o.ouu o.o,o,. 

' 35 



U• • G• 1.n01••11 . ., .. 
o. o. o. o. o. o. o. o. 0.001" 0,00011 o. o. o. o. o. o. o. o. o. ooou -o .oou• 

o. o. o. o. o. o. 0.0010 o.oou 1 0.00011 - 0.00012 II• II. o. o. o. o. 0.001 J o.oooe• - 0.00101 -0.001)) 

-0.000,0 -0.0010 
•0.00 H -0.0010 ---·-

0, o. o.oozu o.oou1 o.oouo -0.000•• -o.oou, -o.001u • o. 0,,1 o.6o4ll -o.~n, -0.00 .. 1 -0.0001 o.oo•zo 

o.oouo O,OOJ.O 0.00• U 0 ,OOH• o.oouz 0 .OOHI - 0.0012' -o.oo,u •0.00JU 0.00lt? IJ.DUIY r;1rnu .onu -e.ouu -o.oouo -o.no • -0.01111 4".rllOl o.ou .. 

111/1111 

o. 0 o. - J o. 0 o. 0,0001& -0.00010 ,-:- . o. o. o. o. o. o. -o.ooo• T -0.0011• 

•• o. o. o. o. 0 0,00011 O,OOOH -o.ooou -o.ooou •• • o • o. o. o. o.ooou -0.0000 -0.00111 -0.00101 -----
o. 0 0 
o. o. o. o. 

o. o. 0.00UI 0 .00110 o.001u o.oou, - 0.0001• -o.oou, - 0.00lJJ 0.000•• o. o. o.oo, .. o.oo.o, 0.0OJtl - o.ocon -0.0001 -0.000, 0.001,, 0.00,•2 

O,OOIH o.oo,u 0.000• 0 .0001 0,0OJH - o.ooon •0 .0OJU - o.ooJ•• 0.00101 0.0001 o.Uott 0.01111 0.01111 o.uo,. - o.oouz - . oz t2 •0.0lltl o.oo•o o.ouoo o.oo• at 

23 



U• l l_ G• . S10 1 Ul . ., .. 
o. o. o. o . o. o . 0, o . -0 . 00004 - .00on 
o. o . o. 0. o. o . 0. 0. -0 . 0oou -0 .000,. 

o. o . o . o. o. o. 0 ,000)1 -0 . 00002 -0.00042 -0.0004' 
o. o. o. 0. o. o . -0 . 0001 4 -0.00010 -0 . 00011 , 00010 

o. o . o. 0. 0 . 0001• O,OOOB -0 . 00001 -0 . 000,. -0 . 000•1 -0.00000 --o. O. 00 l l -o . ooou -o . oou1 -0.0010 0.00001 0 , 001'4 

o. o . O. 00 l 0 .00 142 o. 0101 0 ,0000) -0 .000 - 0 .0011 -0 . 000 .OOll2 
o. o. o.o 0 0 0.00h4 -o.o 000 •0,00)5 -o.oon, -0 . 00004 0,00400 o.oon1 

o. oou, 0 , 00)'1 0.00 H . 002n 0. 000 1• -o.oo u •0 , 00)1 0 -0 . 0001 4 O. OO )Ol ,OO Ul o.ozu, o.onu 0. 01 ... o.OOlll -o . lll - o . ou .. -0 . 000 .. 0,02 ll I 0,0lZU -0 . 01 0 0 

•11•• 
0 o. L_ o. .0 _QI -0.00010 -.o.ooou o. o. o. o. o. o. o. o. •O.OOOJI -0.00004 

o. o. o. o. o. o. O,Q_OQOI -o.ooou ·0,0OOI0 -0.00001 o. o. o. o. o. o. •0,00041 -O.OOOH -0.00010 o.ooou 

0, 0 0 
• o . o. o . -0.00114 -o.ooou 0.000 .. o.ocon 

o. 0.00101 0.00010 o.ooou -0.0000 -o.ooon -o.ooou O.OOOH o.ooou o. o . 0.00)01 0.000.z -o.oouz -0.00141 -O.OOOlt O,OOZll o.001u ·O.OOlJl 

O.OOZH O.OO>Z4 0.002-. ,00044 -o.oouo - 0.00211 -o.ooon o.ouo• 0,00Zl4 • .OOH• 0,024h 0 .0111 . 0,00))) -0 .0101 -o.02on -0.00,11 o.ou,. O,OlUt •0,001)4 •0,0lltO 

3· 



2 

~- I . ., .. 
o. 
o. 

o. 
o. 

o.HJ .. 

. , ... -
I, 
o. 

o. 
o. 

o • 
•• 

o. 
o. 

o. 
-0- . 

0, 
o. 

o. 
o. 

•• o. 

G• 1.noHu 

o. o. o. o. o. o. -o .ooou -0 .0000. 
o. o. o. o. o. -0.0000, o.oc,01, 

o. o. o. o. -0 .000 J -o .ooozo •O.OOOOt o.ooou 
o. o. o. o. -o .ooo•z -0.0001' 0.00011 0.000•0 

o. 0.00001 -0.000,0 - o.ooou -o ooou o.ooc,. 0.00010 
o. -0.000 • -o.oooH -0.00011 0.000,. o.ooon -0 .0000> 

-0.000 .. -o.ooon 0.000•0 0.000•• -0.00000 
-o.ooau o.ootu o.ocu, -0.00001 • .OOZH 

o.ootH -0.001 .. •0oOOIOI 0.0OlH 0.Oot0I -0.0010, 
Jf • 0.-0 • ttoo -o.ouoo -0.00,,1 

o, 0, 0, o. o. 0, -o.ooot• 0.0000• 
o. o. o. o. o. o. o.oooe, o.ooou 

o. o. o, o. ·O,OotlJ ·O,otOH 0.0000, c.ooou 
o. o. o. o. -0.00011 0.0001• 0.000,c 0.00001 

O,tt.tat •O.Ntll •O tt0'4 •O.OOOM OoootlO O,tt0,1 O,ltOIY ·C,0004l 
-0.0011• -o.oo,., -o.ot1•• o.ooe,, 0.00111 o.oeo,, -o.oe11• -0.001,1 

OoNIM O.otttt •O.OOOM •0.00111 •O.otllO O.NO,Y OoOOIYI OootOtO -0.001•• •O.OOIIJ 
o.totOI ., .... ,, -o.,, ... -o.o, .. , o.00MI 0.01,,, o.oo,,, -0.0111, -0.010,, o.oo••· 



. ., ,. I .51014101 --- -
1111/Wl 

o . o. o. o . o. o . o. o. 0.00001 0.0000• 
o. o. o. o . o. o . o. o. 0.00012 0.0000• 

o . o. o. o . o . o . -0.00001 0.000oz 0.0000 o.ooon 
o . o. o. o . 0.0000• 0 .00021 0 .00012 -0.0001• 

o. o . -0.00017 - 0 .0001) 0.0000) 0.00016 0 .000 0 -o. oon 
o. o. -0.00040 0.00012 0.00052 o.o 0)0 - o.ooou • .00041 

o. o . -O. O OIi - 0 .000•1 -o.ooou 0.00001 o.ooo>t o.oooz• -o.ooou -o.ooon 
o. o. - -o.0~1t1 -o.oouz o.ooon 0.00111 0.00IU •0.001 lZ -0.001 U 0.00041 

O.OOOH -o.ooou -0.001'4 -0.00111 o.ooou 0.0010 o.ooot1 -o.ooon -o.001u 0.000,0 
-a-.omr - . 74 :-0.~1 U .Hh• o.ouu 0.001n 0.0011 -o.ouo, 0.00ZH 0.01 HZ 

... , ... 
o._ "°--'- 0... o_. 0.. o. Q_IL o. o.oo_oo" 0.00001 
o. o. o. o. o. o. o. o. 0.0000. -0.0000) 

o. o. o. o. 0 o._ O,HOOO 0.0000• 0.0000, -o.ooooz 
o. o. o. o. o. o. 0.0001, o.ooou - 0.0000. -0.0001 ♦ 

-0.00011 -0.00041 -0.00001 

o. o. -o.o~z -0.000,t -0.00000 0.0001• o._oou• -0,ffOOt -o._ooou -0.00001 
o. o. -0.00146 -0.000,1 o.ooau o.oouo -0.0000 -0.001 ♦2 -o.ooon 0.001,0 

-0.000", -o.oou, -0.0011, -0.00001 o.001u 0.00101 -0.0001• -o.oou, -o.ooou c.oou, 
-o.01u, -0.01110 -0.000,i o.01uz 0.0IO"Z -o.oono -o.oun -0.00210 0.0111♦ c.oo .. 



ye 

' • .,,., . ., .. 
o. o. o. o. o. o. o. o. 0, 00001 ·0,00000 . o. o. o. o • o. o. o. - 0.00001 -0.0000, 

o. o. o.0000~ 0.00000 -0.0000• 
o. o. -0.00001 -o.ooou -0.0000, 

- - --- ----·~ ·~ I: I: ·i:HHt l:IUU l•UH! :l:HIH ·••mt! -1.11111 -• • l -0.11 o.oooa. 

0.000 I 
o.oo&u 

-0.00011 
o. o. 

I: I: I: I: ••-• t,Wtt A,twl •A,MAAt ·O,OWt O,NMJ o. , o.NOo. --o.ooou -o.NOu 0.000& & o.ooon 

-o. o. 



U• 1• ~ 1.sron_!.11 

11111111• 

o . o . o . o . o . o. 0. -0 .00001 - .00001 
0. 0 . o. o. o. 0 . o. o. -0.00001 0.00000 

0. o. o . 0. 0. 0.00001 -0.00001 _,, . 0002 0.00000 
0. o . o. o . 0. o . -0.00005 -0.00001 0.00000 0.0000, 

o . o . 0 . 0. 0000• 0 .00001 - o . 0000J 
o . 0. 0001 0 -0 .0001' -0.00011 

o. o . 0.0000• 0 .000 11 0 . 00001 - 0 .00011 -o.0oou 0.00000 0. 000n 0.0000, 
o. o. 0.0010• o.oono - o. ooou -0 .00100 0.00001 0.001oz 0.000"0 -o.ooon 

1111/ 1111 

0 Q. !h • .Q.. o. o. o. -0 . 00001 - 0. 00000 
o. o. o. o . o. o. o. o . -0.00001 0 00001 

0. 0. 0. o. o . o. - 0,00001 -o .ooooz - 0.00000 0. 0000 1 
o. o. o . o. o . o. - 0.0000• -0.00001 o. ooou 0 . 0000" 

o. 0 0 MOOOJ -o.ooooz -0.00011~ - 11 . 1111,uu 11.a111111~ GaAIIII.Ql_ 
o. o . o. o . - 0. 00001 -0 .0001• - 0.00005 0.00016 O. OOOl) -0 . 00010 

o. o. 0. 00015 .00010 - 0. 00006 -o.ooou -0 .0000, 0.00011 0. 00010 -0~00001 
o. o. 0. 00062 -o .ooo>t -0.0000 - 0 .00021 o . ooon 0.00066 -0.000,i -0.00011 

o. coon 0.00014 0 . 0000 -o .oooz• - o . ooon -0.00021 0.00060 0.000,a -o . ooon -0 . 0000 
0.000• o.oou, - o . oo n5 -0 .00'25 -o . 001n o.oo,u O.OOU5 -0.000, -0.00106 0.00JH 



U• ,. 1 •• ,. • 

_!ll!_!a 

o. o. o. o. o. o. o. o. 0.0010• 0oHOU 
-,. o. o. o. o. o. o. o. o.oou• o.oun 

o. - o. o. o. o. o. o,oooot 0.0001• 0.010 J o. 11001 
e. - o. o. o. o. o. 0.00001 0.000.0 o.oot•• o.u•u 
o. I: o. I: o!orgg !:HHt l:HIH 1:11111 l:IUU 1·1P·1 •• o . o.o o 

• ••• - ---
o.oou, o.ouu 0 ... I.OOJIO o.ouu -o. ,,,,-

0.00000 0.00000 0.00000 o.ooott . :m-.lA l:N .oloal 

IA! & I• l1IHIHW 
WI -- -

''" O, Q. 0, o. ~-- .o.aun 0.OI0H 
o. o. o. o. o. o. o. o.oo,n o.ouu 

o. Ch 0 o. Q, Q, o_.uou O_,OUU o.uno o.ot~n 
o. o. o. o. o. o. o.ooon 0.00111 o.ouu 0.0Hl• 

Q.QAGU QoOA~H a.aun G1UlH o. o. 0.00002 o.ooou 0.000,0 o.oo .. , 0.01112 o.oJt .. 
o. o. o.otooo .00000 o.o 00) 0.0001• 0.QUll o oci•n 010••· 0,UlH 
o. o. 0.00000 0.00001 0.00001 0.000,z o.oon1 o.oazn o.o•oo o.oun 
0.00000 0.00000 0.00000 .ooooz o.ooou o.oouo 0.0O,?0 0.010, 0.011•• o.z1•u 
0.00000 0.00000 0.00001 0.000OI o.ooon o.oou1 o.ouu o.o,uo o.un 0.100 

2 2 



U• J ,. ,. ,u,zu .. , .. 
o. o. o. o. 0. 0. o. o. o.ouu O.OHOI o. 0. o. o. 0. 0. o. o. 0.00H0 o.oun 

o. 0. o. o. o. o. 0.0010• o.oou, o.oun 0.01,., o. 0. o. o . o. o. 0.00100 0.0011, O.OtH• 0.0UH 

o. o. o. 0.0000, 0.000•2 o.ooz 0 . o . o. o . 0. 00012 0.000•0 0.0020 

o. o. 0.00001 .0000, o.ooou 0 .00 I 10 0.00oz o.ou,. o.o,ou o. ,o,oo o. o. 0.000oz 0 .000 0 o.ooou 0. 021 t 0.0011 0.021•• o.o,oo o.o,n, 
---

0.00000 0.00000 0.0000, 0.000,, O.OOOH o.oon, 0.01,01 o.o,,u o.ouu o.u, .. 0.00000 0.0000) 0.000,. 0.00012 O.OOlU o.ou.- o.o,oo, 0.0IIH 0.11112 o.oau1 

. ., .. 
o. o. o. o . o. o. o. o. 0o0lHI o.°''" o. o. o. o. o. o. o. o. O.OotZl o.oo,.o 

o. o. o. o. o. 0.0010, o.oou, o.ouu o.ono, o. o. o. o . o. o. 0.0011, 0.00,01 0.0090 o.oono 

0 0 Q.QQJU llill.. _Q,._QJ_O.ll ._,QJ_lQJ_ o. o. o. o . 0.0010 0.00.-1 0.0101, o.ouu o.oon, 

o. o. 0.0000- 0 .00011 0.000, 0.0021• 0.00110 o. ouo 0.0.-11 o.o,no o. o. 0. 000 11 0 .0000 0.001 .. o.oo 2, 0.01)22 o.02u1 0.02H4 - 0.001.-

0. 0000 1 0.0000, 0.00011 o.ooon 0.00211 o.oou, 0.02411 0.049,S o.o .... o.o,ou 0. 0000, O.OOOZl 0.000 .. o.oo,., o. ouu o.o,on 0.0001 0.0HU o.ouu -o.ou,, 



I! I .,. 
t! 
•• f; 

Ml • 

I: 

I: 

I! l11!IUIII 

J: •• o. 
•• o. 

•• • •• • • •• 

'·'"" ........ -- '·"u· f;11111---.-;wJtr,;R 

It A, 1H111M 

I: I: I: 

I: I: 11 
•• 

o. 
•• 

o . 
•• 

o. o. o. o. •• o . 

o. O.NNI 0.NIM o. o ... ,u 0.NtOf 

....... '·'"'' o,,,, 0.111 6.or,1,- .01••• 

_ a. . 
•• •• •• •• 

I: 1. 
•• - --

1,11111 l,IUH l,IIMI 1.11111 .... 1 .. ....... ....... ....... 

OoNOII o.ottH Oofflft O.N•JJ OoOlt•l 0.01011 .16114 O.Nl44 O.OMII 0.010•• 0.011•1 o.o,••• 

2 

0.01111 0.OIH• 
O.OMH 0.00011 

0.0111, '·""' 0.00.01 ., ... ,, . 
o.oan• o oan, _ , ... ,,, -o.oas,, 

0 .,, •• -0.01,11 
- .tah1 --=•••"" -

1.w11 1.,un . ...... . ....... 
lelUM ,IUlt.. . 
'•""' ........ 

--- --
1.11111 l,UIU . ...... -o.oun 

--- -

0.0011• -0.0111• 
•O.Ol)tJ •0.04111 



U• 1 Ii • ,. 1•,,u.2 

Ml/lta 

o. o. o. o. o. o. o. Oil J .oo,, 
o. o. o. o. o. o. o. o. o.oooi- -o.oo•• 

o. o. o. o. o. o. o.oo n, .0060 0.0010 0.ou1 o. o. o. o. o. o. o.oonz o.002u -o.ooon -o.oo,u 

o. o. o. o. lU o oon, 0 ". - .oui• _ O. OHO - ,otlll - ti. o. o.oon• o.oono o.oo•u o.oo,u -o .oo•u -0.01010 

o. o. O.OOOI o.oozo• o.o o, o.oo,u o.010t• o. oo, o.oouz -0.010,0 o. o. o.ooul o.oo•u o.001u 0.01011 o.oon1 -o.o o,, -o.ouu -o.ouu 
-- ... -- -

0.000, o.oo,o o.oo,u .OOltl 0.010• 0.020a, 0.01•0 o.oo•o• -0.01 ... - .ozon .oou• 0.00111 0.01 ,u o.ouu 0.0•••1 o.oou 0.01.u -o.ouu -o.oou o.oo .. , 

it• .l __ • _ lu.U.lUil 
.. , , ... 
o. o. o. o. o. . o. o. 0.0001 0.00)0 o. o. o. o. o. o. o. -0 .00100 -0.00421 

o. . o. . o. o. o.00u1 • O•Z• o.oo 40 -0.00041 o. o. o. o. o. o. 0.00111 0 .0000 - 0 .0020 -o .oon• 

o. o. . 0 0 " o. oo•, --® ZI .ooon - ,0000 o. o. o. o. o.o ))2 0.002>1 -0.0010, -o . oo ' - .oo, •• 

o. . o.oou2 0.00291 0.00504 o.oo••• o.oo.,o 0 .002)4 -0 .00•11 -0. 0010) o. o. 0.00 5' . 00'14 o.o 121 o.o n• .oo,o -0 .0011• -o. 10 .. -0 .0000 

O. OU) 0. 002'1 . 00601 o.01ou o.o,,.,,. 0.014'5 o.oou• •0 .00hl -o. lU5 -0 .0000 0.00141 o.ouu o. ouH 0 . 0)Hl o. o~eo, 0.01 hi -O .Olt04 -o .ono1 -0.0 11 It .OUH 



I. •• o. ' o. o, o. .... , .. -0.0001• • •• •• •• o . •• •• -o.ooau •O.NIM 

•• •• • • o . o.otuo o.ot,u o.oot•• -0.00111 .-. o. o. o. o.ooou -0.00011 -o.oo,n -o.oon• ----
•• I: I: I: i:HIH 1:113 l:IUH -1:DH! :l:IIHt -1,unr 
,. 

-o. • ---- - -- - ----
_o_oo :~aH: -o.cos, ·O HJ• -o. • -o.ouo o .... ,. 

l:ffll '·ffl!I l:IL'II ::1u1· '·'lf.;f o.ootH •O.OOHt -o., .... ... ;;, ,. JI 1.6 -0.01011- -6.otaf O.Oltt? .... -

MPY M 1,111111M 
. 11 -·- - - -·- -- .. -. - - - ........ --· --
I:-- t: .. .... ___ . a... . ... •• . • . L - ....... •I.MUI •• •• •• •• •• •• .,.11,n . .... , .. 
t. t. I: I: - -1: - --- - la 1,11.UI . . IJNU ...... " •l,NIM •• .,.11111 ..... , .. ·•·""' . ....... . . . -·· ·- - -
I: I: I: I: 1·11111 1:mn lelftll ·•·••n •l,IIIH •l,MIH ·.016· ., . .,. .. -o.ooai -o.oou• o.ooan -----

Q,HU c.oo.,. 

-l!fliH 1:nw 1:1111 l:lffla -=-t.mr : :RIH-*HIH ·1:11111 l:UffH1fflt-

2 



U• I ,. lol41H 6 ... , .. 
o. o. o. o. o. o. o. o. -0.H0-11 -o.oo"• o. o. o. o. o. o. o. • •0.0OOH -0.00011 
o. o. o. o. o. o. 0.0000 -o.oon• -0.00101 •Cl.OO0H o. o. o. o. o. o. •0.00062 •0o00lOJ • 0.0OOH 0.00OH 
o. o. 

0-t.H__Olt 
0.0010, 

o. o. o.oozo 0.OOHl 0.001,1 -o.ooon -o.oouo -o.oou1 o.ooou o.oon1 o. ~- 6.if•lr o.oo,., -0.00114 •0. 00410 •0.00H• 0.000., o.oou1 o.oou• 
o.ooso, o.oo,n o.oo,to o.oo,n -0.0001• -o.oo, .. -o.oo,u 0.00001 o.oot•& 0.OOJtO f;"Ofil'r -0-.0lllr ~lrli ~;Miff - .onu -o.Ohd I.Hfft o.~ahi .ou,, -o.oatto 

Ml 

_.l.l 

o. 
o. 

o. 
o. 

II II l1UIIIHI 

---- ------ ---- -- ----L_ __ A.a - _a.._ _ - o. o. _ .L,_ _ •t.UIU •OJOMl o. o. o. o. o. o. -0.00011 o.ooou 

L O__t •t_,.tJOU •O,HOSt •O,HOJI -0.00001 o. o. o. o. o. -o.ooou -o.ooou 0.0001, 0.00011 

0 o.-- 0.01_100 0.001•1 o 0000, - ~uo -o. o.un •t.ftll• JdtU1 tJta•r 0.00141 •0.00011 -0.001'4 •0.00141 •0.00041 0.00114 0.00116 •O.otlll 
o.oo,,z 0.00,1, o.oo.t, 0.000,, - 0.00•01 - 0.00,1• -0.00111 0.00•11 0.00•1, -0.00111 0.011,, 0.01,,0 0.00111 - 0.01140 - 0.010•• -o.oo,o, 0.01,,1 0.01••1 -0.00111 -0.01,,, 



,- II 

I: 

. ., ... 
• •• 

• 
•• 

•• o. 

O.OOIH ....... 

2 

... ,.,,..,., 

::.m:1 
- -t.tttn ....... , ...... , ..... .. 

-t.oee.t ...... ,1 ....... , ...... . ....... . ..... , 
I: I: I: -1:la -1:lffl :J:IIH ·1:llltt l:IIH -1:11111 ----·· -- . -
I: l:IMI -1:1111 -:1:IRI :l:IHI 1!11m 
...... , .............. ◄·= .. •·•• ... ,,,n -e.11111 ... " 

o. o,. o. o. o. o. o. o. o. o. o. o. 

•• •• o. o. o . -o.ooen o. •• o. •• o. -o.ooeo• 

·l.alNU 
0. 0000 

o . 0.04"1• ....... , -0.otlff -o.ooou 0.0000 o. -0.00110 -o.oo, .. -o.ooan 0.0011, . ... ,.. 
0.0011• -0.00,11 - 0 .00111 o.oenz 0 .0010 o.ooM5 -o.oo,., •O.OIHI -0.01011 o.oo ... o.oa,u o.oo,aa 

-

.!""' o."au ., . .,... ;ioHl •t .... H - •t.Nlff 

o . -0.000GI o.ooou o. o.ooou o.ooou 

.ooou o.ooou O.NOH o.ooon o.ooon OoNOH 

IIJNU llaHltl , •• au O.OIOlt o.coou -o.ooou 

0.00101 o.oot,o -o.oottz O.OOOH -0.00111, •• OOl .. 

o.001u -o.ouoz -0.0010 -0.01141 -0.01111 0.01010 



"· ' . ., ... 
o. o. o. o. o. o. o. o. 0.0000• c.ooou o. o. o. o. o. o. o. o. o.ooou 0.0000• 

o. o. o. o • o. o. -o.ooou 0.0000, o.ooou ,.oooH •. --- - o. o. o. o. o. o.ooou 0.000,, o.ooon -0.000,1 ------·-- -
o. o. o. o. -0.0001• -0.000 • 0.000 0 • . o • -o.oo I• o.ooou o.ooon -------
o. o. •0.000 l -o.ooou -0.00061 0.000,0 o.ooou o.ooou -0.00011 -o.ooou o;- --o.- ·- -0.00"101 - 0.001•1 o.ooou 0.0010, 0.00110 -0.00111 -0.00111 o.ooou 

o.OOUI -0.001•0 -0.00111 -o.oon, 0.00061 o.oon1 O.OOlH -0.0011t •OoCHH O.OOOH -0.66'6' -o.or,t1 -t.oaul o.ouo 0.010• 0.001n -o.oon, -0.01111 o.001u o.01u, 

.. , , .. 
o. o. 0 0, o. o. o. o. O,OOOOI 0,0000. o. 0. 0. o. 0. o. o. o. o.ooon -0.00001 

o. o. o, o. o. o. 0.000oz o.ooou O,OOOOt •0,OCI006 o. o. o. o. o. 0.00011 o.ooou -0.00010 -0.00010 

0 
0. o. o. o. 

o. o. -0.000 .. - .000tt 0.000) 0.000• 0 o.ooou -o.ooou -0.000 .. -o ,ooou o. o. -0 . 00 1•1 0.0001• 0.001n o.oouo -o.ooou -o.ooan -o.ooou o.001u 

-0 .000•• • .001'1 -o .o 2n 0.00001 0.002n 0.0020, -0.00010 -o.oczn -0.00011 o.OOUI -o.ouu - . 011 .. 0.0000, O.OllH 0. 0l00 -0 .00•0, -o.ouo, -o .oon1 0.0111• .onn 
, 

' 

2 



. ., .. 
•• •• •• o. •• o . •• o . o., ... , •C.OONI •• •• o . o. o. o. •• o. -0.0000, -a.00001 

•• •• •• •• o . o. 0.00001 o.OOGOI •0.0OOII -0.0000, t. ,. •• o . o. o. 0.00011 -0.00001 -0.0001• -0.0000, 

I: ,~ I: I: ·1:1111 l:lllt ¾IIUI :1:111, :l:IIIU ·1:IIIH --
I! I: -1:IIR ·1:lffll l:lffll ....... ~·.-..r :tlffll ·• I:'' ·t.ut" ••• ,. . • ll7 t:ITH-
!·,n111 :a·a11· ·1·1111:--1;•1 '• -''""' ........ -i•"I" ~.,H1• ... • I • .,n, ;,a; ... ,.- ... ,uh ..... tf ..... I 

.,. 11 

" ''"'"'" !tltlll -----
_ta_ --•· l o_.. -·- _t.__ o. o. ... O.IHH -0.0000, o. o. o. o. o. o. o. o. -0.0000, -0.0000, 

•• o. h o .. ldtOIJ LffOll -O.OHH -a ..... , •• o. o. o. o. 0.00000 -0.00010 -0.00011 a.0000, 

o. -o.ooou 0.000,0 --· • 
0 "' _LIM ·tJttu• __ o. tNJJ_ J.ooo,i , .... ,. -0.00111 o.ooosz o.oou• -0.0000, 

: ~IHI ·t. .ooou - -, ... u, ~ l . tdffH _ o.oout •O•"OlO -o.oot00 •0.OOl'l 0.00.1• 0.0IOU -0.0001, -a.010n 

'50 



II• It , . 
.. ., .. 
o. o. o. o. o. o. o. o. -•·""' -, ..... , 
o. o. o. o. o. o. o. o. -0.00001 o.NOOI 

o. o_. __ o. o. o. o. 0.0000, -0.0000. -0.00001 o.NOOI 
J. • o. o . o. o. -0.0000• -0.00001 0.00001 o ...... 

o. o. o.o;uz o.oooot -o!om• ·1:WH l:IUH , •• 1 
• II. II. 11.15 I -i5.6Hlf -1.15 J o. • 

-o.ooor • .Al I •
0·1nr II. • l:lffll 1:11!1 -1:IIW 

-0.ONII 0.00011 o.ooan o.oooH -o.oaOt -0.00111 0.0000. 0oNIH , ... 
~

1., 
&.Rill 1.11111 '·"'" -O.N141 -o., " , ...... 

'·'"" I.AHi ..., .. ,-

... , .. 
9 Q o. o ... le. o. o. Q_.._ -o .. tooo, -Cl.HOH o. o. o. o. o. o. o. o. -0.00000 O.IIOOJ 

o. 0 , ..._ lL ·t-.OtotL ·OdOOM_ •IJOffl _latffll. 
o. o. o. o. o. o. -0.0000• -0.00001 0.0000. O.IIOO• 

o. o. o. o. -o.oooao -0.000,0 -0.0000, 0.00011 0.0001• -o.ooou 

o. o. -- o.oooJO 0.000&• -o ooou -0.900,0 -WOOOI O,OUU lLOHU •0.1.Jltll _ 
o. - o. 0.00H0 -0.000 .. -o.000t1 -o.ooon o.ooou o.ooon -o.oooH -0.00011 

o.oo, .. o.ooon -o.ooou -o.oo,u -0.000.a o.oou, 0.0010• -0.000ll -o.oou, o.oou, -0.00)t) -o.0HH -o.ooz .. o.oon, 0.OOH0 -0.0011• •0o0OIU 0.0010 



.. -----·-· - --- ,.,tJ., 
•• o. •• o • o • o, O.OOH• ,.otllO 
•• o. •• o. o . o. •OoOOOH 1.Htoo .. ..... 

-I! •• -t.111• , ...... . .. ,... ..) .... 
• .... - - I - ..... ,o· ., .... u ~ · ·"•" 

----. 
I! I! I! ·~ 1:• ,~1111 l:IIIH l:IIW l:UIH -1:HHI ,~ ,~ 1:• I;• l;a- -tllll 1:1111 l:IIH l:IHH l•H'0 -- .--111 

l'lm- • .... , 1:1:m . -....... - .... ·!ID:· • • ~l!mtH ..... . .,, ... 

NI & It . ,,., .. , 
..._ ____ .._ ___ leJUb_ l..al_WL o. o. •• •• -0.00100 •0.0Mtt 

I: 11 le •• •• . ...... 1,11111 1.11111 11 •••• , •• •• o • o. o. ....... , ..... t .. ...... . , ...... 
---,_ ... ~ .... u ~ - 1..JlJUA. _LU.JU_ ...... , o.Ntlt '·"'" o.ttn• , ..... , -, ...... 

-•~ .JAi.Ht ...... , .JJUtt ...... , O.NIH O.IIHJ -, . ., ... 
··1111: ·~1111: 11•- 011111 1:mu 1:au, l•H'1• l1HIM l1IIU• Jl1IHl! _ ,. •• . o o. ., ... • ... ,.a O.HIN O.OHOI 



U• ) ,. ••U )HU .. , .. 
o. o. o. o. o. o. o. o. 0.0IMJ o.tuu 
o. Cl. o. o. o. o. o. o. -0.00110 -o.oun 

o. o. 0 OHU o.o,no , ... ,' 
• 0.11101 -o.oon• -o., .... . 

o. o. o. o. 0.01110 1·m" l:llfH l:IHH l!WH -l~IHH II. •• •• •• I.I I . u 

•• o. '·'Ill) OvllA ··mn 1:UIH l:IIHI l:IHH l:HHI 4:mtl ,. ,. , .. •• , . 
OeONOI 0.00004 o ...... o.oou1 o.tttn ···r·· I.HID l1IP'1 -1:Hltl-T.liiii ,.,au .... ,. I.ARI i.11141 I.I Ill .... 

iu, .. 

L - L_ _L_ 0, la ..L.. t.l.ltff , ..... , ,.-- ·- o. o. o. o. o. •• •• . ....... -o.un, 

o. 0 11 I, l1NIH ...... l1lllff O•MltL , ; o. •• o. O.ONH . ...... ........ •O.IHM 

0 
o. 

o. o. 0.0000, o.ooon o.ooao. o.oon, .. - 5.looll 1.ooo.r o.ooa,, ...... 
0.00001 . 00001 0.00.11 o.oan 0 IJH0 ..... ., ....... ,!dllli 
0.00001 o.ooou o.oaott 0.01111 o.otto, ....... OeOIMI -0.111.a 

5 



---- -- --
t.-- -• L -- o. _L •• .. - • • ,.ute. ,.,u, . • o. •• o. •• •• •• o . ..... ,,. •GoOINI 

t ---- .lallHt _ .LJlltl l1IWJ J,NJU ....... -•·-" .. ... ,, . • ,.oatt, 

I: I: I: I: l:IIHt 1·1111 l1MIM l1IIIM 1111111 -1.11111 .. -r .... .,. ........ ·•·""' -, ...... 
I: I: l:■11 l:ltn 1:1111 l:IIIH 1:11111 -1:ltll -1:mt :1·11111 -.... 
1:1111 1:1111 1:1111 1:1111 1:11111 l:IHA l:IHH -1:HIU :1:IIIH :t:1111 

,. . .,,.. .. ··'"""' 

,...... ••-•• loONtl loNIII lolfflt t.11111 I.MIit O.OMM t.GIIIO •O.llffl I.Mil I.NIM 1.RAI I.Mn o.lJIII 1.14111 1.11111 o.~J4JY -o.64ltl -o.otttl 



U• ' ,. 
"•' UHO . ., .. 

o. o. o. o. o. o. o. o. 0.0NU o.oe,01 o. o. o. o. o. o. o. o. -o.oot .. •0.0UH 

o. o. o. o. o. o. o.oo••o o.oou, 0.00HI -0.00111 
0: I. o. o. o. 0.0000 -0.00111 -o .... ,. -o.ouu 

o. o.oo u o.oo-, 0.0011• 
o. o.o l6 o.oo,n o.oou, 

o. o.oo,n o.oou, -0.01•1• •i1u;:: o.HiH - .oo,,a -i.01 ,eo -o. 

o.ooon o.oo,u 0.0011, 0.OIUI 0oOINI 
O.RIII O.Nfto 0.01111 o.lJltl o.o4A, 

~ -------- -----
1.1111A •C.11116,_ o. o. o. o. o. o. o. -0.00.11 -o ... ,u 

11.111161 a.11111 1.111u -o.11U11. -o .... ,. ..... ,to ........ -o .... u 

I: I: A, A, A,WJ♦ l,Nttt A,M1U , .... , •O,NIN •l,NNt o. o. 0.001 n o.oou, ....... , ........ -o.oou• .. ..... , 
0 0 111061!1 11.IH!I 1,111!1 Q,IIIH ........ •l,ll&ll 
• o. 0.00616 0.000• -O.NIU •0oOI0lt -0.1101, o ...... 

0.OOIIO o.oou• o.oo, .. 0.0101 0.010•0 0.0lt6t o.oou, -o.!.uoi -o.ouro •ttftllt_ o.oou, o.oa•n o.on" O.OI .. • o.onn o.0110t -o.ozu, -o.o•oi• -o.oon• o.o, Ht 



- ~ !.-..!. - - - -- ----- -- --- - . ·- - - -- ---.,, .. 
o. o. o. o. o. o. ;) . o. o. oou - . 00)0 o. o. o. . o. o. o. o. -o.oou, -o.o • -----
o. o. o. o. o. . o.oo, .. o.oou, -o.oou, -o.oou o. o. o. o. o. -o .ooon -o .oou-. -o. ootn -o.oo, i 

o. •~iffl·. -i:fcOlU i;jff'l-:l!Hff • •9. il•rtt- • iO ~ I • • oo• - . i • . • , -=o.ou • - o.ooi• .. --·-··-
•• o! __ - - o.oo, .. O.NUJ o.oo.a, o.oon• o.oo,u -o.oou• -o.oo,u - 0.00.b ~- - ~1.· -5.AtU o.lt•f• ~D':oooO• -o.oo•u -o.oou, -o.ooaoo o.oott • ...... o.oo .. , 0,0UH O.OlHJ o.0&111 0.00111 -o.oon• -o.oa '" -0.001•• o.ouu 1.01111 0.1110, o.un, 0.11111 0.110• •0,0l•O -o.UM• -o.oa•n o.onu 0.11, .. 

Ml 1A " t,11111111 ----- ----·····- . - -· ----- --- --w1, .. 

•• . , o. o. 0, . o. •• -0.000•• -0.0011 o. o. o. o. o. o. o. o. -0.00111 -o .ooou .. ___ .. ____ - .. ---- ----·--· 
•• o. o. o. o. o. o.oou, •0,NHI ·0,OCIU0 -0.00110 •• o. o. o. o. c. -o.oou' -0.00,00 -0.00111 0.000, 

HUI Q1IIJII 1,IH!2 ·1,IHH • Jllll.-=ll•Qll \0 o.oo .. , -0.00011 -o.oo,o -o.oon, -0.00011 o.oo,u 
o. o. o.ou•~ 0.000, -'·""' o ... , ... •0!90U0 ~ .. tt.n, •0,ffHt g.04, ,-, o. T . 0.000 o.OOJlt 0.00111 -o.oon, -o.oou, -o.oon, 0.000• .,.::: ,,. 

o.oom• o.oott• o.ouu o.outt 0.0010 -v .OOHt •0.0JHI -o.otn• 0,00H1 o.oa•u o.oa o.outt o.onu o.01tn -o.oon, -0.0,ttl -o.o,ou 0.01111 0.0,ttl 0.001 U 



U• ll • 4. HH ! O 
-- - -111/ .. 

o. o. o. o. o. o . o. o. •0.001 II -o.11u, o. o. o. o. o. o. o. o. -o.ooou 0.OIH0 ---- ---o. o. o. o. o. o. 0.00011 -0 , 0010, -o.001u •0.NOIO a-. If. - -0. 
~ - o. -0.00111 -o.001u -0.00000 o ..... , 

:l~IIHl l;I u l!tm, • ---- -----· ---·-· -- -o. o. 0.00111 o ... ,., O.OO&lt -o.001oe -o. • •0,OOHt o,ogar l:llrff· -0.011111 11,RIU -0.,11..- -;-r:11llr· • 111 •.• t 
o.oout 0,Ol00t 0,0IHl 0 ..... 1 -o.oou• 

'·'l"t 1·"111-o-.unr -e;r,nr 0,111111 -o,RIM -I.HU I.I ll .. u • 

U• u ,. ,,1u111t1 .,, .. 
q Q.._ Q., - _g-L - - .o .. . o. o • _o. -, .... •0 • .NMl o. o. o. o. o. o. o. o. 0.0OOOJ 0.00011 ---· 

_. _ OL .Q •Q,Q.Q.l.'1 •JJH.U _ ·.lJlOU ll ■HOlt o. o. o. o. o. o. -o.ooon -o.ooon 0.00011 o.oouo ------ ·------ ---0 
- ~U -Q,HUt. ·11,IIIU lelHU lleHIH o. o. o. -o.ooon -0.00111 -0.000.1 0.0006' 0.0011, 0.000 .. 

o. o. 0.0021, o .oo, .. - 0.0 OH -0. 00244 - 0.00,.1 - 0.0000• o.oozao o.oou1 o. o. 0.001., - 0 .00100 - 0.00)44 -0 .00)14 0.000H o.oo•oa 0.00H4 -o.oozn --- -- - ----0.00IZl 0.00HO o.oo•n 0 .00010 -o . oon- -0. 00799 -0 .001• o.oouo 0.00H0 - 0.0011• o. oun o.ou., 0. 000,. -o .o, .. , - o.ozon •0 .0OJU o.ouu o.o,u, -0.oa.•1 • 0.0llll 

) ' 



v- .. - - - --- ·----- -- -
•. o. o. o. o. o. o. o. -o.ooou . oo· ~ 
•• o. o. o. o. o. o. o. 0.0001! 0 . 1) " ., - - -- -------- - -- -- ---o. o. o. •O.OOOH -o.ooon 0.00004 o.o D~ - o. o. -0.00011 0or'IG0H 0.000'4 0 .000 I 

•• ,. o • ,. o. o. -o.goo1 -o.aon ·1·m" ·1:au; l:IU:: .0011 , • 
,. o. -•· "" -o. Ill . " - f:ito• 

• 
• ··ar' -o·I"' -o:mu ;g-00110 -=I U°'i ,.ooua l·UC°' •O z:oH .,. " •I• Hl -;J. - .Mo 1 - • ll 1:0.ltf .. ., -.... 

... M ''"'""' lllll --
•• l o. g. o. o. o. o. . ...... , 0.0001 
•• •• o . o. o. o. o. o. 0,00014 0.00 B ---·---

lt_ o._ •O,.HO•~ -.1.0too• 0L000Jl o.ooou o. o. o. 0.0000, 0.00044 0.00040 -o.OOttl -----

910IUL l1HHI G,QQOOl O,OOOH -0.00001 -0.001 01 
•• o. o.oooa, -o.oo •• -o.oo, .. - 0.00011 o.ooon 0 !_00111 t,lltll -0.001, 
•• o . -o.ooau -o.oo,u -0.00101 0 .001 .. o.oo, .. O.OOOJ4 -o.oo,u -0.00114 
O.OIMl .... ,u -o.oou, - 0 .00111 -o.oun o.oouo o.oo,., 0.00114 •0,004H •O.OOJI) 
•· Alff" - .onn -6.olllT -o.oo, •• O.OOUJ O.OlH4 0.004'1 -0.01414 •O.OIIJI c.o II f 

2 



~~~ ... ~--~-!_r l HHU --- --
111,-.. 

o. o. o. o. o. o. o. o.ooou o.oco) o. o. o. o. o. o. o. o. 0 . 00011 -0 .0000. -------- - - - -- -o. o. o. o. o. o. -0 .0l)OU o.ooou o.ooou 0.0001 0 o. ll . o. o. o. o. o. ooou o.ooou 0.00001 -o.ooon 
o. 

-- -
-o.ooon -o.oouo -o.ooot• 0.0000 0. 00112 o.ooou •0.OOOtl -o.oou, -o: ou a ... -o.ooau o . 000t1 o.oou, o.ooon -o.ooan -0.00,04 0.00011 

. 
o.oou, -o.ooau - 0.0041' - 0.OOl4l 0.0011• o.oo .. , 0.0OHl -o.ooi•• -I.AMI - 0.01111 -o.n n, r.- :O-ITI1 .Oiffl • .Oft4l - • :Jfll• 

M• u ,. .,,111111.1 --- -- -
!.l -----

_J _ .Q. __o. _ L o. o. _Q._ _ ..o.uou 0.00001 o. o. o. o. o. o. o. 0.0000, -0.0001• 
o. 

...L... t.Httl JHU_....lJttll •A.Hill o. o. o. o. o.ooou 0.00001 •O.OOOlt -o.ooon 
- 0 

· 91HHl 11.00QH l, U H Q 11,IIHt ·11,UH& -1.1oou_ o. o. o. o. 0.00011 o.ooon 0.00011 •O.OOOM • 0.0OOH 0.00001 
o. o . -0 .00101 -0 .00010 o.oooa. 0.00091 o.ooon -o.u oo -0.00 10• -o . ~0 1) o. o. -o. oou, o.ooon o.oou, O.OOlH -o.ooon • 0.00lt1 - 0 .0001 1 0 . 001 tl ... -- - -- ---- ---------0 .00160 • 0 . 00 )'4 - 0 . 00))5 0 .00011 0 . 00)65 O.OOJOt - 0.001)1 - 0. U0 JH -0.000 .. o.oon, -O . OUH - .011 n 0 . 00011 O,OUH 0. 0 10,, -0 .000, -O .OU'6 - 0.00,)4 o.ou11 o.oo,n 

25 > 



•• 

-1: ----

I: 

o. 
•• 

o. 

I: 

- -- -- - ----
o. - o. o. o . o, o., ... , -0.0000• J . o. o. o. o. o. -0.00001 -o.ooou 

-t ·-t - 0 0·m1· o.NOU -,., ... , •0.NOIT o. o. 0 •O.NOOt -o.ooou -0.00004 
------- ---- -- -
I: I: 1:11116 l:llll -1:llfl :1:111tt :1:mft ·::ml: 

- -------------------- - - - -- - . - -
•• ,. I: ·1:llll ·1:lffl 1:11111 -1:mH :1:atll :1:IIIH ·1:ant l:Dm-

:::RNI :l:IIIH ·1:m l:IHH -1:llffl -1:fflH!IUH-=J:DID l:lht--;f!& 

WY 
llllL 

-t.--

• •• 
•• 

11 ,,uevne 

t: --- I!- .. 
•• 

• -1• -- - ··•·· .. . ~ ..... , •l•Hto' .. .. .. ..... , ....... , 
.. •• 11 ........ 
•Ooottll 0.NOI0 

•lLfft t o. •!.. Odfttt lt.ttilO :.t.dffH •1,HIH J~uuo. G.1MO♦ T --..tifll O.NIII loOfOIJ •0.00111 -0.00100 0oOO0M 0.OOIJS •0.00016 

O,MIII .O•JIDT -~.0001• 
0oll0•t •0oNOTJ •0.0111• 



U• .. , . 4. lUHltJ - -- --- -.,.,_. 
o. o. o. o. 0, o. o. •0,00004 -0.00004 a. o. o. o. Cl • 0 , o. o. - 0.00004 0.00001 

o. o. o. o. o. o. 0.0000, -0.0000, -0.00001 0.0000, r.--- r. -o. ~- o. o. -0.0000, -0.00001 0.00004 0.0001 I 
-- - -·- -

------ ---- ------

-0.00111 0.001M 0.001•1 0.00111 -0.001•1 -0.00140 0.0001, 0.00,11 o.ooot4 -0.oe,,1 '·°'"' · o.oaon o.oon, -o.oHn -o-=ntn - ~010.t "8;oron ~.Nnf" -o.ffffl - .0111 

! , .. ---- - --- - -----
_ii - _ _L_ - .lL o .. L _L._ - ~JIIII •G.JQIU o. o. o. o. o. o. o. 0.00001 0.0000. 

.L_ ...I. ~LIIU~ ~ •GaHttl ..LIHtt o. o. o. -0.0000, 0.00000 0.00001 0.0000, 

o. 0 0 -1.ooou •Q1IHH 1.aoou g.00011 o. o. o. o. -0.00014 -o.ooou -0.00002 o.ooou 0.00014 -0.0001• 

o. o. 0.00041 0.00021 -o.ooou -o.ooou -0.00011 0.00041 0.00011 •O,fOOJI o. o. O,OOOH -o.ooon -0.0010, -0.000,0 0.000'2 0.000,, -0.00064 -0.000,1 

0.0001• 0.00221 0.0010 -0.00100 -o.oozn -o.ooon O.Olltl 0.00111 -o.001n -o.001t1 -6.00'6) o.oo.o, -0.0001 -o.oo,u -o.oon2 O.OOIOt o.ootu -O.OHJt -o.oou, O,OOM4 



.. l .. , .,.)UJ~J. .,. 
a OhJM 

5 -o.cmu 
• o . o. o. o. o.CID006 o.OCIOtlt .0011 o.osm Pe Pe Ae Pe A,, ,A cmr, ,o ooneo ,o WJI -0 ot?ll 

A mmh Q Dm62 a m•-a2 QOl6tl O.aDDOJ -O.CIOOOI .o .• 4' -0.0,151 
- ---o.- 0.0000, O.CIOOJT g·= o.OJOtl o.ws, O,Tn R- o anon dlcmH cG lCP11 

I.Iii &::ft Q.auw o.ou o.a o. QJJm-.o.aen 

• I II ....... 
-. t t. ·- ·-t:- - --· t- ---t.-----

• 
- -t --·· -1:• J:ltffl ---.. ·---- - - -t. I: I: I: t. I: 4:■I .1:• ::1:11111 :t•lffl• •• • 

-+.-- I: I: I: -t.• l:IIW l:llltt -1:111! 1•Hlft ....... ... ,Ta ....... , 
I I: I: 1:• l:llt l:llm •·mu '•IIIH lalUH l■l!tll l ■ IIHL .. -.- •· au I.NIH ....... , ..... ,11 

1:• l:lllt 1:11111 1:111 1:IHt 1:nn1 l:IHft l:Htl! -1:HHt 



-~· -, - ,~ •.unnz• -------------- ---- . --- . , .. , ... 
o. o. o. o. o. o. o. o. 0.011•• O.O,ltl o. o. o. o. o. o. o. o. •0.0IIH -0.06041 

---- ------ -- --- - --- ----
o. o. o. o. o. o. 0.00111 0.0HH o.01H• o.ozt o. l>. 6. o. o. o. -0.0000, -0.00111 -0.CIIMt -o.on } 

o.o H• l•trt1 
-t.0UH -•·· , .. -

---- -
o. o. o.oooe1 0.111 n 0.00110 o.ou,. 0.otHl o.o .. u o. o. 1.11001 0.OIIM o.ooilo o.NHJ -o.,us. •Q.0tOH 

0.00000 0.NOOI 0.0000, 0.00011 o.oou• 0.OOHO o.ouu 0.OtHI 0.11 .. , o.OtH0 O.OOOill O.Nlll O.Htn o ... , . 0.1111, 0.01111 o.nou 0.0MH o.oi••• -o.1n0t 

--------- - ------ -----
o, o. o. ..h - _L_ - 0.. o. .._ _ t.flHt o.ouu o. o. o. o. o. o. o. o. . ... ., .. •O.MII• 

o. o. o. o. o. 9_._ t.dllli ,.1110 J>.tll.lM 1.ouo• o. o. o. o. o. o. -o.ooon -o.oo,n -o.01n• •0.H H 
----

0 ll1HUl ··••11 lalllH l ■HUJ 11.11111 -ij . o.ooou 0.000.1 -o.oen• -0.0111• -, . ., ... 
o. 

"· 0.0_ffl1 _ CuottN Od.Ult !.t.B'-11 tdilll _ t.UM O, . .U.t!t 0.11,u o. o. o.oto" o.ottH o.001u o.oe,o, 0.NttO O.NUJ -o.011u -0.01111 

0.00001 o.oooe, O.OOOM 0.001•1 o.ootu O.OIHO O.H~ll 0.011-0 - 0.0111, -, .. ,. .. o.ooon 0.00011 o.ooot0 o.oeu, 0.0100• o.o, ... o.o•s.• o.o., .. -o.ouu •O.Uflt 



. ' -----.. , .. 
•• 
•• 

I: 

•• •• •• o. 

•• 
•• 

o • 
o. 

o • , . 

o • 
o. 

o. 
o. 

o. 
o. 

----
o. 
o. 

o. 
o. 

o. 
o. 

• •••• ,. 0.001,, 
-0.011,, -o.o,,,, 

-------
•.•• ,,. • .• ,,., o.o,,,. -0.001•• • ....... -0.00411 •••• ,, •• -o.o,,,. 

... t 11••· ~,, •• , -o.,,,., Ii• -o.1t1, -o;o,,a, -o.o•M• 
_,e...., ...... ________ • ___ .... ...,. .. __ ,...••-11 ............ _,.r-• ......... rr-,•n••ra111r.o·- o • .,... •·tl" ...... 1 ~ •·U•H ~-·"·· , • ..,, 1.111• ,. m 1.11111 1.1111 ·T.Tam· - 1. n - •~rr-- -1.na to- ;-o.01t11 

• I M leMIHNt 
JJLII • --· - -- - ---
t.--- t:- --- ·I! --- • . - ... __ . t.. LIMU •I.Ntll o. •• •• . ...... , -o.ouu 

l!---t. JL __ . 1... tJMll ldltU IJtlU ·C,Ntl~ • o. •• o. -t . OIUO ·•·'"" . ..... ., -o.oano 
--- - --

l ■HHt l■IIUI -1.11111 : 0.11•11 ·•·'"" ........ 
• •• ··== Oolllff '·""lt-- 0-:1··· O.tJHt 0 l•" -o.11n• -, .. ,. .. • • •• o.HJM .... ,. . .... .... , .. ........ •O.HMI •Oollllt 

··-1· •.• ,u ....... . ...... '·""' ....... . ,.,., ·'"" -, . ., ... - o.011t• .... ' "1-;atJl DRH a.om, ...... , .. , .... . ...... ...... ,, . ... ., .. •0.IIMO 



• ' • •. 11uuz. 
---.,, .. 

o. o. o. o. o. o. o. o. 0.0OlO •0 .OOHI o. o. o. o. o. o. o. o. •0.00Hl -o.ou•• 
. o. . . o . o. 0.00H0 0.0001 0.0000, -o .oun o. o. o. o. o. o. -o.oo,. , · 0.OCIUl -o.o,on •0.Ol0U 

o. o. o. o. o.oono 0 . 00U) 0.00hl -o.o ,., 1-. - - -- i ;- o. ----0.000 1 -:.o.o , .. •O.OCIUJ -o.ouu 
~. o. 0.001•• .OOJ•• o.o, .. , o.oui• o.oun o.oou, -o.ouo -0.01111 o. D"; - o.tnH 0.11111 l.ff•ff 6.00Hf -o.otu, -o .ouu -o.oau• o.oou, 
o.ooott 0.002ft o.oou• o.o,•u o.u•u o.ouor o.H•H -o.oo,.o -o.o•uz -o.n••• 0.00,01 o.ocm o.o,uo o.ouu o.ouu o.o,no •0.OOth -o.o .. zs -0.0110) o.o,.,o 

--- •_ .l - lUIOU ----- - --- -- -- --. ., .. 
o. o. o. o. o. o. o. o. ·0.0O&U ·O.NHl o. o. o. o. o. o. o. o. -o.oo.o• -o.oo,u ---- ----
o. o. o. o. o. o. o.oo,u 0.00,11 -o.onu -o .oaon o. o. o. o. o. o. -o.ooio• -o.oo•u ·0.0HH •-CI. OOUt 

o. • - -- -- 9,Ull ...LUU\ Q,H.Ut •LH.lH ·.Ll.lltt o. o. o. o. -o.ooou •0.0OIU •0.OOHt •0.0Ottt O.Nltt 

o. o. o.oo,., o.oo .. , o.oon, 0.0001 0.00601 -o.oo•n •0.0UH -o.ouu o. o. o.oou, O.OOH• o.oo•oe o.ooou -o.oo .. , -o.oun -o.oou, 0.0l JH --- - --
o.ooin o.oo,., 0.0l0H 0.0UH o.o,u, .ouu 0.00,00 . .OUH •0.0N•J 0.OOHJ o.oo .. o o.ou•• o.o,,.. 0.011 .. o.onn o.ouu •0.OJ0lt •0.0JIH o.oo•H 0.0HU 

' ) 



.,. t 

I: I: I: l:llm -1:IIH -1:IHI :l:IWI :l:llH ·1:am 
•• ,. I: l:IAI l:B -1:llm :1:11111 :1:11,u ·1:UIH l:fflU 

WY b t,NHIMt 
. lltW 

t. t. t. I: I: t: I: t: :tiff! ... 

+.- I: I: I: -1:1111 •·1111 :1.1111 :1111111 :1.w.11 ..... ... ... ... ... ...... " ....... . ...... 
- •·am :1.m11 ·•·sw•. •l,NIH_ .... u, ... - -t. II -o. , ....... I.NIU 

•·M" o,utt• L_OHH .... u ....... -O.NU4 



U• ll Ci• •.21uu • - - -
.. ,, ... 
o. o. o. o. o. o. o. o. -0.00111 -o .oou• o. o. o. o. o. 0. o. o. o.ooou O.OOltt 

-- -
o. o. o. o. -0 .000.0 -o.oou• -0.001., o.ooou o. o. o. o. o. -o.001u -0.000•• o.oouz o.oouz 

. . o . . 0.0 u, -o . Oltl -0 .002•1 •O,OOIOJ .ooz• a. ~:- 0. 0~ -0.0 6~• -o.ooTh .ooou o.oon, o.oe,o, 

o. o. o.oo,n .OOJH 0.0010 -o .o 2•0 -0 .00,u - 0.00JU o.ooz•• o.oo•u o. o. o.odzn 0. 0001• -o.oon• -o .oo .. , •O.OOUJ o.oo•o, 0.COHJ .ooou 
----

.00HZ O.OUH o.ou J .001u -o.oo n1 -o.o u o · 0.0llJO o.ou•• 0.011 .. 0.00tlO o.ou,, o.ou,o o.ouu - ,OOlh -o.ozz•• -o.01n• 0.00.02 c.ouu O.OlOH -c .o,.u 

• u • t..Jlllllil - - - -
.. ., .. 
o. o. o. o. 0, o. o. o. -o.ooon O,Ntol o. o. o. o. o. o. o. o. o.ooou 0.0010 

- - -
o. o. o. o. o. o. -0.000•• -o.oou• -0.000~• C,OGUO o. o. o. o. o. o. -o.ooou O.OOOJZ 0.001 .. 0.0010 

o. 0 . IMHIH! --1 .11u1 ·l100UJ - t.H&U 1!1HHJ a.auu o. o. 0. o. -o.oouz -0.0010 -o.oeon o.001tt 0,00,)4 o.oo,u 

o. o. 0,00)01 0, 001-:, -O.otlll -o.mn• -o:ni.u 1 .i.tNtn t H4U .di.It• ,. o: o.'111 .. - .00 I -0 ,00HO -o. , .. o. , •• o.Ottiil o.oou• -o.oo.•• 
----

,.ou, •• 0.110.1 0.00111 -0 .0010• -o.oa..a -0 ,0lOH -o ..... ·~· -.t,~1 .ffffi- T.nrm -o.lotfi -0.61 .. -o.oattt -0.0 U 0,0,0t) -o.ouu -o.oua, 



.,. • , . t.HllltU . ., .. 
•• •• • • o. o . o. o. o. -0 .00011 o.ooou • • ... o. o. o . o. o. o.ooon 0.00011 

o. o. -0.00011 -0.00011 0.0000 O.OOUJ • .-; 0. o.1ton o.ooott 0.0001• 

•• ,. •• ,. ··111 .. ........ ... " ◄·111 .. ·•·;u .. ·1:IRH •. " 

I! t,11111Nt 

- ----------------- ---- - -------- ----------

I: I: t. I: :1:1111 

-•·'"'" ..... , .. •O.fflH -f. I ........ o ...... 

..,.__ --1 .... :llffl~. l:IIH 

1:■11 1:IIH l.■H 

..... ,. 
o.ouu 

:l:IIHI 

•Lff'l' -o.ouu 

.... ........ 
:t:11!!1 

-o.oouo 
o.ouu 

l 



U• U ,. ••llJUU• .,., .. 
o. o. o. o. o. o. o. o. o.ooou 0.00011 ~- o. o. o. o. o. o. o. o.ooou -o.ooou 
o. o. o. o. o. o. - 0.0000• o.ooon 0.0000 0.NOI0 
O". lr. 6. o. o. o. 0.00O•l o.ooou -0.000 1 -o.ooou 

o. o. -O.O0ll• - 0.00&1• - o.oootJ -0.01110 -0 .A0II o.oot)t - O.OOltl •0.OllJZ 
-0.00,11 0.001,. 

0.1111, -0.OIMI -O.OOMJ - o .... ,, o. oo,ot o.ott,o 0.NJJI - o.004•1 -o.Nltt 0.111,, -0.01•11 o.o.... 0.11,11 

• --- --- - - -_...._ ___ - o. -- - .A.a. 0 .....__ -- .l& O.IIIU OaNIU 
o. o. o. o. o. o. o. o. •0.Olttl -o.ooon 

::-- Q L t.lltlt JJIIU O,HOU •Cl,NOH o. o. o. o. o.ooou -0.00001 -o.oooH -o.ooon - ------
. - -

1.m.a l11UU · l1IIN•I ...... t 0.00011 •0.OOOH -0.000•• 0.00011 

l 
• 0 OOOtt 
0.0001 

-0.0001 o.oo,., o.oos1• 0.00Jtt -o.oo 0 •O.OOHt -o.ooou 0.0010 o. oo .. 0.0 Ht .oaou •0.00,.l -0.010, -0.00111 o.oun O.OH'4 



.,, .. 

. ,, .. 
. .. 
•• 

o. 
o. 

·ro 

l• •• UIH • 

•• o. 

•• 

• o • 
o,, 
o. 

o. 

• 

l, 
o. 

.I· 
•• 

·~-­o. 

o • 
o. 

o_,_ 
o • 

h. 
•• 

o. 
o. 

., 
o . 

o. 
o. 

-0.0000• -O.ootll 
-0.00010 -0.00001 

o.tttu -o,H.Oo• -0.00011 -0.00010 
-0.0000, -0.00011 -0.0000, 0.0001, 

0, "'" ...R..LHtt' 0.001,1 -0.000,, 

o ..... , o., ... , -0.001,0 -o.oo,o, 0.001,1 0.001,, -0.0001• o.oo 1• -0.0100, -0.0011• o.oo,o, 0.011•• -0.0010• -0.0111• 



U• l9 C• •• 21 llJ_ 4 .. , .. 
o. o. o. o. o. o. -0 . 00001 - .0000, o. o. o. o. o. o. o. -0 . 0000) 0.0000• 

o. o . o. . o. o. o.ooool - 0.00011 •O.OOOlO 0.0000, o. o. o. o. o. •O.OOOl I -0. 00001 0.00001 o.ooou 

o. o. -o.ooou 0.00001 0.OO0H ---. 0.00014 O.OOOH 0.0000, 

. o. o.ooou c .ooon 0.0001• -0.000,, •O.OOOH o.ooou 0.00012 0.0001• a. o. 1.HT~ o .ooou -o.ooroz -0.00111 0.00010 o.ocnn o.ooon -o.oou, 

- 0.00111 0.001H o.oon• .00140 -o . ooz.a -0 .00)2' o.ooon o.oono O.OOUJ •O.OOJI J o.oosn o.olOll 0.0042• -o.OOJJO -0.0HU 0.0OOH 0.Ol05' o.oon1 -o.oo••• -0.00,n 

. ., .. 
o. o. o. o. o. c. o. o. -0 . 0000, 0.00001 o. o. o. o. o. o. o. o. o.ooooz 0.0000, 

o. o. o. o. o. o. - 0.00001 -0.0000• 0.00000 0.00010 o. o. o. o. o. o. -0.00001 0.0000) o.ooou 0.0000• 

o. o. o. . 0 00004' -o. G1HQU ~u o. o. o. o. - 0.00010 -0.000l4 0.00011 o. ooou -o .ooozz 

o. o. 0.000•• o.ooou -0 . 000,. -o.ooou -0.00011 0.00H0 0.00044 -0.000.z o. o. o. ooou - 0 .000,1 -0 . 00101 - o.ooou 0.0010• 0.00011 - o.ooon -0 . 00 101 

O. OOlll 0.00)09 0. 00 114 -0 .00141 -0 . 00301 -0.000 U o.oozu o. oozu -0.00112 -o.oozn O. OOHJ .OOH• -o . oou, -o .oon• - 0. 0022• o.oonz o.oou, -o.oo,n - 0.0010 O.OOHl 



• . 1111 
VI 

o. o. 0 o. o. o. 
o. o, 

0 o· 0 

o. o. o. 
o. o. o. 

0 00000 0.00000... Q 00000 
.00000 0, 00000 0, 00000 

t_ _o-
o_. o, o, 
o. o. C 

o. o. o. o. 0 0 

0 0 0 - o. o. o. 
o. o. o. o. o. o. 
0 ,00000 o. o. 
0.00000 0.00000 o. 

• I 

l 

o. 
o. 
o. 
0 

o. 
o. 

0,00000 
0.00000 

o. 
o. 
o. 
0 

o. 
o. 
0.00001 
o. 
o. 
o. 

o. 0 
o. o. 

01 .} 
o. 1 

o. o. 
o. o. 
0, o. 
o. o. 
0.00002 0.0001) 
o. -0. ) 

o. l o. 192 
o. o. 

o. 
o. 

o. 
o. 

- _,_ 

o. 
o. 

o, 
o. 

o. 
o. 

0,0)116 
O. l 2 

o. 
o. 

-. 
- . 0 0 

-0, 051 
-o. ) 

0,075 
, l l 

) -. 101 
-. 67 

-. 



U• J 7 

0 0 0 0 
o. o. o. 
o. o. o. o. o. o. o.oocn .o.os o. o. o. 0, o. ,000 -0,0J 

0 
o. 
o. o. o. l v. o. l 
o. o. o. l o. o. l7 

0 

' o. o. o. 0. 0. o. o._ 0, -0.001 .. -o.oou o. o. o. o. o. o. o. o. -0.0UH -o.o,, .. 

o. o. o. 0 . 0 _Q_..Qilll :.ldOJll ·G.GHH o. o. o. o. o. o. -o.oo, .. -o.oou, -0.01111 -0.01001 

o. o. o. o. 0,000)9 0,001)4 o.oonz 0.00525 -o.oo, .. -0.05t01 
o . o. o. o . -0.00002 - 0.000 • -o.oozo •0,00.15 -o.onu -o.oun 
----

o. o . 0.00001 0.000H 0.00,n 0.00U5 0.01102 0,0 lfJ4 0.0000 ·0 .0ltll 
o. o. 0.0000• 0 .00020 0,00052 0,00010 -o.oou, ·0.0l2H -o.l'.lJ••o -0.02120 

o.oun 0.04202 o.o,au 0.OlOH - . "" o.o, 14 .02,11 0,0015) -o .0,414 •O.l'•H4 

73 



U• ' ,. ,.,,urur .,., .. 
o. o. o. o. o. o. o. o. - .0OtU -o.onn I. o. o. o. o. o. o. o. -0.010 .. -o.00t,• 

---o. o. o. o. o. o. o.001u o.ooon -0.01010 -o.041 n ,. o. o. o. o. o. -o.oo,u -o.ooua -0.01O4 • 0.00)U 

-0.00•1 
-0.0000• 

0.000,1 0.00106 o.oon• o.oon• o.ouu 0.0IU4 -0.0100 -o.ouo, • - --.;-JAH IS.NtM II.HIN T.lHJT ---: ~ -o.Ol•H -o.02tu o.oouz 

'·"'" 0."'4. o.oo, .. o.oou, 0.01•1, o.o,o.o o.0•111 0.011,r -0.01)40 -o. U0lt ··-" ...... 1.00111 f;Rfll 0.llUJ T.Qlff e.011n·- - ;t[l'Q -1. i]Ji .;,.oon• 

lll 

t.-- t. o. Q, lo o. o. o. -o.oott• -o.onu o. o. o. o. o. o. o. •0.0OJJ4 o.oo .. , 
----- -

-'-'- it. LJllll.. ·t,..Otill -wuo, -o.o,ou o. o. o. -0.0011, -o.oou, -0.00011 0.001oz -----·~ I: I: 11 l1RIII' l1IUU l1IUH ·ll1IHH -11.uu1 ·Sl1Hlll o. -0.00011 4 0.00Ul -o.ootn -o.ouoe -0.010,1 o.ou,. ---- -- - --- -

- dl.'9' -o °""z -o.oun o.o,, .. 
---0.00661 o.ouoe o.ouo, 0.01-IBt" o.om• -o.ouu •0.OtHI T.fffl4 .6h•f o.ouff .O lH -0.040O -o.ootz o.ou,, 

7 



U• ' Ci• t.42UHll . ., ... 
o. o. o. o. o. o. o. o. -o.oo,u -0.01, .. o-; (f. o. o. o. o. o. o. -0.00141 o.oo, .. 

o. o. o. o. o. o. o.ooon •0.0OJ0I -o.ou u -o.ouu -~ - -a: o. o. If. 6. -6".fUtY -0.00,11 •O.0OJH o.ouo 

0.0011• 0.00,,1 o.oo,.. 0.01,,, o.o,,,, 0.0,21• 0.01.,, -0.02•1• -o.o,,., -o.oo,o, 0.00,11 T.wur o.a1-ur o.ff1T4 CJ.llm.-- o.aron -~.~nn -o.o"Tiu --o.on,, ~.mn 

- ---
If!/• 

t o. o. o. o_, o. o .. o. -O,OOltt -o.oo••• o. o. o. o. o. o. o. -0.00001 0.010•~ 

o. - o. o. o. o. o. •0dttlt •0 ,H•I• -o,oo••t -o.oon• a. 0. l. o. o. o. •0.OOUI •0.!>OIH 0.00IH 0.014H 

I: I: I: 2• i1HIU •·111•~ :l1HIU ·ll1lllltH ·!MIUU _•GJUJ~ 0. •0,00IH •0• IOI -o.oou, -0.000, o.oo•u 0.01010 

o. o. 0o0OIH 0.0011• 0.00141 o.oo ... •l!_OOIU -0.010, -o.ouo o.oo•n o. o. 0.66"14' .00141 -o.ooot• -o.eo•n •O.OOttl -o.oo,o, O,0IIOJ 0.OI0lt 

0,OOIU o.oou• 0.01•1• 0.0UH o.ouu 0.0UH -o.oaou -0.0404' •O.0HH o.o,.,, ,.oour 0,0UH o. lt40 o.0UH o.oasn -o.otttt -o.no, -o.ouu o.onu 0.OtU4 



ye • ~ •.• uu,u .. , .. 
•• o. o. o. o. o. o. o. -o.oona • C.00H l • T. o. o. ,: o. o . o. o.oun o.o •• 
o. o. o. o. o. o. -I.NIH -o.ooua -o.oo,o o. 001' --.. -• o. o. 6. o. •0.NIH -o.oou J 0.0042' 0.01 , .. 

o. o. 
-0.0H•• o.oo,., • • .00,tO O.OU 71 

•• •• '·""' ... , .. '·""' O.NIU ....... •O.OUH -o.oo,o .0110) T. T. I.NT .. .w,n •1.NJJr -t".lltll •6.6ifH 0.00104 0.1,,., O.Oltl) ...... , . tUM 1.11 ... .. .,, .. '·°'"' ....... , .. . ., ... .... , ... o.oonJ ·""' .-.-.1....- T;ol'ffl"" -..,nw 1-;1on •T.tlTJI ;e.u,n .... ,nu o.oon• o.o..o O.OltH 

. , .. 
-----

• .._ -t.oun o.ooau •• o. O.OOJ 6 o.oo.,, 

·lJHU O OMU 
0.00.11 O.OOUI 

I: I: · I: I: =l:ltll -1:IHI :t:IHI ·1:IHH ·l•fflll 1.11,u .. " o.oono 

• - l!IRR -1:UI :l:R :1:1m ~:IHI ·1!ll!i, -l!llf''' o.oa n, • 
• Ult 0.001n . .. ,, .. 0.11 .. , 

··•11•• -0.0111• 

'6 



U• l1 • ---... , .. 
. o. o. o. 

o. o. 
"O. o. 

o. o . . 
o. o. 
a. a. 

0.0,,.1 o.ouoz 
O,,Ollff O.OllH 

U• 

•II-

o. o. 
o. o. 

o. o. - --• 
-----

o. 
o. 

o. 
o. 

. onu 

o. o • o. o. o. o. -o . coo u c.oou, o. o. o. o. o. 0.001'4 .OO)U 

o. o. o. o . -0 . 001" -0 . 00 20• 0. 0000 . o , o o. 0, o. -O. OOOZJ o.oouo 0. 00 11• . oou• 

0 - o . 00 H 1 -0 . 002 t o. oo u o .00 11 1 .ooo u o. oo u O. OUI -0.000 1 

0. 00•01 o.001u • 0,000H -0 . 005') - o.oo,n -o .ooo u 0.00'1) o. oo••• o.aoou - .oun -0.0040 -o .oo,o O. OOJ U o . oo n o o. oo , •• -0 .0011• 
---

0.0100 o.oon• -0.0001 - 0.01•0 - 0.011,e o.ouo O.OZUl 0 .0009' o.aon, -o .OlllO -o.ouz. - o.01n2 O.OUH a.no,, 0.00111 •0 .0HH 

1 

o. o. o. Q. L_ o~ OeHOtl O.NU1 o. o. o. o. o. o. o.ouu o.oeot1 

o. o. o. 0 •9-t.9fJ '-l - 1109' i.. H.ltJ Q.,OJh o: o • o. o. o.ooou .OOHZ 0,00,0t -o.oeo.,. 
------

0, 002•• 0.00011 •O. OOJJl - 0.00520 •O.COZll 0.00• 1' 0,001t4 O.OOOJI -o . o u o -o .oou• -o. oon, - 0.0000, 0.00,01 0.00,,1 -o.001u - 0.01001 

o.oaJ,, 0. 01121 0. 00,12 - .00,1 , -o. oa,,, -o.oaz,, o.oo.•z o.oa t1 1 o.oo••z -0 .01111 o.n111 o.OOi!J -0. 00,, 1 -o .oa ••• - o.oa•JJ 0.00111 o.oz,22 0.012•1 -o.ozz•, -0.01••1 



U• I) , . ••4l•Hll1 

.. ., .. 
o. o. 
o. o. 

o. o. 
o. 

•• o. ,. o. 

o.outt o ...... 

"·""" •I.Riff 

. ., .. 
o. 
o. o. 

o. o. ---o. • -----

o. 
o. o. 

o • 

o. o. o. o. o. o. 0.00114 o.ooau o. o. o. o. o. o. 0.000 .. -o .ooou 

o. o . o. o. -0.00010 0.000H 0.00101 o.oo, .. o. 11. o. o. 0.00100 0.001 .. 0.000•1 -o.oou 

0.00001 
-o;Hlto 

,.ooo., •0.OllH -0.00,,1 -O.NlH O,NIH o.oc,.. 0.0011, ·0.OIH J •-O.HJl4 --o.ou-n -0.0HU 0.NIU 0.N411 o.oo,u - o.oo,,e -0.00.04 

-o.oon• -o.ouu •0.0UH -o.ooon 0,0111) o.oano •0.00lOJ -0.01111 -o.onw - o .oun -o ooou 0.0IH• o.01u, -0.00'10 •0.0HII -o.ooou 

- - - -

•• 0. 0 O, fa o._ 0,00&0. O.NOtO o. o. o. o. o. o. 0.0000, •0.OOIOl 

o. o. o. o. o 9.ttH o.9411u 0,0000 - 0.00001 o. o. o. O.otHZ 0.OHtZ - o.ooou •0,001 ll 

-0.00111 -O.NUJ •O,OOltl 0,otOJ• o.onu o.~ .. , -0.001 11 -0 . 00H0 -o. ,.. -, ... 1'6 o.ooau o.oou, o.oou• -o.oo,n -o.oouo -o.ooou 

....... • , .... ,, - 0.001,, -0.0I0tO - 0.OOJJt 0.0011• 0.0111, -o.oooJ• - 0.01••· -o.oo,,. -o.otlll" -o.~u,, -o. hrt - .tt••• o.ouu 0.01100 - o.ocon - -0.010" -o.01ou o.o,n 



U• u c; . ,. ' " ,u .. , .. 
o. o. o. o. o. o. o. o. 0.000.a -0 .000 t o. o. o. o. o. o. o. -0 .000)1 - .00019 

-- ---
o. o. o. o. o. o. 0.0000 0. 0CI0ll 0.00011 •Cl.NOH o. l) . o. o. o. o. ~.ooon -o.ocoo, •0.0CI0O •Cl.000O 

o. o. 0, -0 .000 .. o.oo n 0. 00 Ul o.oouo -0 .0000 -o.o 20 -. o. o • .H ~- -0 .0001, 

o. o. -o.oozo, -o .oouo -o.ocoo o.oun o.oo,tt 0.00001 - 0.0OJU -o.oo,u . · CJ'.OOllt 0-."R0H O.HlJ4 o.oun --e.non -o.oou, -o.oozo, 0.001•1 

0.000.1 -o.oou• -o.oot•• -o.oou, o.oo,u 0 .0l0U 0.0~'42 -o.ootu -o.00t., o.oou, -a.a~ -a.otwJ -ll.ionr .ooau ll.mn 0.0H•4 -ll.OHH -iJ.0HOl W.HU1 t.lltU 

M• H ,. ,,,uu -- ----- - - - ----~,, .. 
0 0 1. 0 o. Q, Q. o. o. O,Offlt •0,0IO.l o. o. o. o. o. o. o. o. -o.ooou -0.000.• ------- ------
0 o. o. . o. o. 0 HH• QJUU .O,IOOU -o.ooon o. o. o. o. o. o. 0.00011 -0.000•• -0.00010 -0.0000 I 

o. o. 
o. o. 

o. o. -0. 001.- -o .ooou 0.001 JI 0.0020 0.00OH -o.oozu -o.oo,u o.ooon o. o. -o.oooh 0,00IH o.ooz11 o.oo ,. -o.ouu -0.OCl141 0.00111 O.OOMI 

o.oo.u -0.0010, -o.oo,u o.oou• 0 . 00HI o.oo,u -0.00,0t - 0.00tll o.ooou 0.01001 -o.oun -o.oo.u 0. 0001 o.ouu 0 .0Clltl -0 .0OIU -0.010, 0.000,, 0.01111 0.OCIH• 



U• l1 ,. ..,. I I . ., .. 
•• o. o. o. o. o. o. o. -o.ooou - 0.000-, • o. o. o. o. o. o . o. -o.ooou -o .ocioo ------ -o. o. o. o. o. o. o.o .. -0.00002 -0 .0000 -o.oo • -. : o. o. o. •• 0 , - 0.0001' -o.ooon •0,00tlH 0.000. ~ 

o. o. o. o.ooe., o. o,. 0 .000 • - .ooou •0.000'1 0,00 I . ---.. o. o. " .oo o• :; .ooou -o.o6o•• 0.000• o.o' 
o. -o.ott .. o ...... 0.001n O.Nllt -0.0010, -o.oo,n -0.00011 o.oou . "I.HIM O.llffl t;Allf" -0.NlO ..... ,.. -o.oeoo, o.oozu o.oouo ........ •O.NMJ O.OOOH ....... O.OIHO -0.MHl •O.OOHl -~.OOZH o.oo.n 0.00.01 -•·""' -a.NIil 0.0IJII ....... -1.oeu, -0.1101 -o.oon• 0.6UU 0.0l0t1 -0.000 

• ' .. , .. 
o. o. o. o. o. o. o. o. ·0 .000ll -o.ooou o. o. o. o. o. o. o. o. -0 .00010 • 110 17 

----
•• •• o. o . •• o. o.ooou -o.oooz, •0.000H - 0.000 0 •• o. o. o. o. o. - 0.0001 ·0.OG0U 0.0001, ... 

0 0 t.m,, ·~· ·9 099 ·0 O.HH 90., o. d. • l) • • •• -0 .000• o.oooh o.o o,' 
•• •• O.ONU ...... ··w .. -0.00011 - 0.00110 -o.0tc,, o.ooan 0.001 n 1;- •=- e.uu, O.IIUf -•· to ., ... , .. -o.ooou o.ocu, 0. 0llt -0.000•• ---- --· --- - ----....... ...... ,, 0.00111 o.OHH o.ooou -0.00.1• -0.000, o.o,a,a o.oo••' •0.00114 -t.OIIN ....... 0,0llll o.otou -1.ouu ........ o.oo,oe o.cun -o.oout - . IJ'l 

2 



U• l . .. 11, ., 

•lid 

o. o. o. o. 0 o. o. -o.ooou . .oa ,, 1 o. o. o. o. o. ~ o . o. o. ooo , c .000 1• .. 
o. o. o. o . o. u. - 0. 0001 1 - o. ooou - 0.0001 0.000 o. o. o. o. o. c. - 0. 00011 - o.o 000 0.0001, .o 021 

o. o. o. o. o. 0 0 · O,ll O<t - .000)1 0.000) o. o. c. 0- . . l). 02 • -0. 000 1 o.oo •1 o. i ooh - o. o 01 

o. o. 0.000•• 0 .001 U 0.00001 -0. 00120 - 0. 00 1 I O. OOOh 0.001'2 o.o 01 0 o. o. 0.001n - o.ooou - 0. 00110 -0.0011 l o.ooou o.oouo 0.0000, -o.oou• ----
- 0. 001 • 0 O. OOMl o. oo,o o.oou• -o. 04) -o. oo,o O.O ll 1 o.oon• o.oouo -o .oo, • o.oon, O.OIH4 O.OOJIO - 0 .00IU -0.0101'1 0.001,. O.OUOl o.oou, -0.0lll• -o .oo. • 

U• 0 • . .!J ~HH ------ - - - - -·- --- - . 
•lllltl 

o. o. o. o. o. o. o. o. -0.0000, .ooo . o. o. o. o. o. o. o. o. 0.00011 .00010 
---

o. o. o. o. o. o. 0.0001, - .0001) 0.0001 c. 00021 o. o. o. o. o. o. -0. 0000 0.011011 0.0001• -0.00001 

o. o. 0 0. 0000 • ,(JOOJ ~ -o . OH U Qll.19 Q, PQO•• 11 ooou o. - o. oooH -o .ooou 0.00020 0,0000 o.ooou -o.oon• • 

o. o. 0,00101 o.ooon -o.ooon - .001 0, 0,00004 O,OOIU 0.000.• -o.ooou o. o. ,.non -0.00lU -o.001h O, OOOZJ 0.0010 c.ooon -0,00IU -o.oou, 
- ----

0.002•• O, OOUl 0, 0 l.O ·O ,OOHI - .oo•n •0, 0 OU o.oou~ O,OOJZJ -o .oo,u -o .oo•o O,OlOl) o.oono -6.061ff •0 ,0IOh -o.001• J o.oo, .. o.oo .. , -0.0011 I -o.ooth o.oo•o 



0 0 

.. I .. ll,S66J7Gl&f 

0 0 
o. o. 

_ o 

2 2 

0 0 
o. 
o. o-:-
o. o. 
0,00001 _ .oooot 

• 0000 -0, 0000 

o ooo» o 001,s o.ooon - o.omJJ 

o, 
o. 

0 
o. 

0 
o. 72 

o, 
o. 

0 
o. 

0 02 
o. 

.(),0Ss' ! 
o. 

-0, 
o.o 

-o. 
o. 

75 
7 



• .l • 
... o. Q, 0, ('. .o 0 ":~l·,4 o. o. o. o. 0 , ('I , o, o. 

o. o. o. (' , o. - • , c,' .: -. I 
.. ( J, C\ ,0-..,"( 

o. 
o. o. 0, . ·,1 

-0 , 

00000 &OQU__ o_._ o. 0,02) S 0, 0, 17 ,097J 0,00000 0,00002 o. 1 1 o. s 0. 010 0, .0232S o. 17 

•- a. t\. Jl 

o. - - ..Q, o. .o. 0, 0, o, .o --0 . 711 o, o. o. 0. o. o. o. 0. o. 1 o. }lj 

"· o. e. o. o. 0. --0, f - --0. a. - - ..Q, -- 2a o. ..0, S7 --0 ... ~ 
Q. Q.. -°'Ul o. • lll o. o. o. o. ..0.00017 ..o. ..o.0on2 
o. o. o.ooooe 0,000).S o. Ut o. ) 0:0021--o. .a. o~ooool O,l)Q006 -0.00000 -0, 90 -o.o J1 
O. QDOQZ o:= ~ .o. 9,01 o._o ~ O,Ql I u o,00001i o. 1 0.011 0,012 .~ .0)12 

'3 



••• ,. 

I! 

t -
t. 

I: 
....... ...... 

I: 

t. 

• 
---
I: 
•• • .... ,. 
o.eoua 

1:111& 

I }- "8~-- I. •• •• 

•• •• 
•• •• 

I: I: -1:118 -1:ltU 

l!a ::UU .::nm ~:11111 
..... " ····t" o ...... . ..... , a.nm - 1.11 u ··°''" •. ,uu 

:: 
:i ...... . ..... 
:f:lllU 

l!l:I .. • II . ..... , ...... ., 

o. o. 

•• 
•• 

·••a•u •I, lH 

·1·111P • • • I 

:::UHi 
- 0. 0 l OU 
• O.o:too 

• O.OllJJ • 0.01011 
o.tos, z o. 01fJo 

--- -
-o.oo,a• -o.oo , • 
o.ouu o.ou o. 

•O,tllll O,MIOJ .. . ., . ........ 
-1. 11111 t.Mtlt. o.oa0t• o.oou 

·1·1f'H ... , l·n"· • "' 
• . OM U . .. 
o. o ll n. , " ' , 



U• 1 • 12.5 .. )1 0 . ., .. 
o. o. o. o. o. o. o. o. -0.0051' .OOHO o. o. o. o. o. o. o. o. o. oo .. o o.ouo 

o. o. o. o. o. o. -O.OOUI -O.OOUI -o.oo,u o.oun o. -0. o. o. o. o. -o.oo,u 0.0000 o.01ot1 o.onu 

o. o.ou .. 
• 0.01001 

o. o. O.OOlH o.on•• o.oos,o 1; .000• -0.00Hl -0.0lUJ -o.ouu o.onu o. o. ll.ff'aff -0.0-000-1 -o.001n -o.onu -0.00111 -o.oou, o.ouu O.OHh 

-- --
o.ooi•a 0.0000 o.oottO .01n• o.oaoo l) .OJ 0 -0.00101 -o.o., .. -o.onu o.ou,, o.ouu o.onn O.OlOH O.OlHO O.OhO - 0 .000h -o.ouo -o.ouu o.o>•U O.OlOt• 

-- -·- -- - -.. , .. 
o. o. o. ii . o. o. o. o. -o.oo,u o.oun o. o. o. o. o. o. o. o. 0.0010 0.0100 

o. o. o. o. o. o. -o.oo,u -0.00,lJ - 0.00IH 0.0,.01 o. o. o. I) . o. o. -0.00112 o.oozu 0.0100 0.01,0 

o. o. o. o. 0.00101 - 0.0000 -O.Qll1' ~.oi n, 
'"· 0. o. - 0.00111 -o.oou, o.oun 0.0101 

o. o. o.oon• 0 .0040 o.oo .. , o.oou, -o.001t• -o.ouu -o.ooau O.OHU o. o. o.ooon -o .ooou •0.00309 -o.oouz • O.OOHl o.ocu• 0.02,0• 0.0102 

- --
0.001,. 0.001n O.OIHI o.ouo 0.0101 0.0010 -o.ou .. -o.o,uo n. oozo• 0.010, 1 o.oo,u o.oo"' o.oi,ta o.outo 0.00540 -0.0UH -o.o, ... o.oouo o.ouu 0.01•11 

) 



U• • ,. u .,uH 4 .. , .. 
•• o. o. o . o. o. o. o . 0 . 0000 ,01111 o. o . o. o . o. o . 0 . 00 1 0 .oouo 

•• o. o. o . o. o. - 0.0011 - ,OOU4 0 , 002H o.ouu •• o. o. o. o. o. -o .ooool 0,00 )91 0,00111 0.00441 

•• o. o. o. 0 . 0000 - 0 . 00 1, - 0 .0041 -0 . 00 414 o.oo,a 1 0 ,0ZU) . -o. OT l -o .oo - .o Ol , 0 • 1 0,0 1110 0 .00010 

o. o. 0,OOMZ o.oo••• O, OOZh - o .oo l •0 ,0 10)1 -0 .0 I 2 0.0 11 .. O,O JU o. o. e.ae-oo, - .oou, •0,004U - o .oo • - 0.00011 0 . 0 1 u z 0 . 011'4 - . oouo 

1.0011, o.ou•• 0.01 .. o. ouo, O,O IUO - 0, 011)0 - o.o l - .01 l o.c,•u o.onn O.Olffl O.IUfl 0.01,n .0011, - o.ooao• -o.oz n • .OIH 0 ,OU14 o.o.u, - .ouaz 

• u_ • - - ---- - ----- - -. ., .. 
•• o. o. o . o. o . o . o. o.ooz I 0,0011 o. o. o. o. o . o. o. o. 0 , 004' ) 0 .000, 

o. o. o. o. o. • 0,002)9 -0 .001 00 o .oou o ,O IU4 6. 6. o. 0. o. 0, Oll 0 ,004 1 o . oono -o .oozu 

•• o • - . ox • - o .oo•o - o. 0 U 0,!lOIU ll•J . o. -o .o 111 0 ,0021 l o.oo, u 0 .00, .. •0,O0l 'll 

•• o . 0,00HI 0. 00 lJ -o.o o, - . oo• - o .oo,u O,OOO• l o. UH 0 ,01141 
•• o . -1 .0--.661 -o.oou, - o.o •41 -0.00,0, 0,0041• o .01u• O,OOHJ •0, 01114 

- -
'·"'"' 0.O&IH o.o,, .. o . 0un - o. o )4 , - o.ou, - . 0 211 .oo"o 0 , 04 14 O, OlH 0.01111 O'.Oll4' 0.610'6 -o.oou, - .cu , -0.0110 0,00h4 o.on 2 0, 0 l 40 - 0 .0'1 U 

.86 



U• l1 • u., .. H 4' 

.. .,_. 
o . o . o. o . o. o. O.OOJU .oo.,o 
o. o. o. o. o. o. o. o. o.oou, -c.oono 

o. o. o. . o. -0.00lH 0.000•• o.oo,u O,OOH4 
o. o. o. 0. o. o. 0.001n 0.00)41 0.00161 -0.00.01 

0. 0. o. ~ - .oouz · O, 0 ll -o.oozu o.oozn O,OOl4l o.on,a 
- 1'. -=-0.001 n o.~01.- ~."'RUT ~.IHU .000 14 -0.01110 

o. o. O.OOJU o.ooon -o.oo " -o.oo•n - 0.00)'4 0.0010 o.01u1 o.ooon 
o-. 0-. -0.00TJJ -o .oou• -0.00140 0.00041 fl.OO?U o.OOIU -0.00Hl -0.01011 

o.01•0t 0.01100 o.outt 0.00111 -o.ou,. -O.OU41 - 0.00J92 0.0111, o.ouu •O. OUH 
0.0-1411 O.IUH ~ HlJ -~.HJH -0.01'6' - 0.0010 u.OJOO o.onu -0.0ltO? -Cl.OOH 

uw~ 
.,,_. 
o. o. o. o. o. o. o. o. o.oouo 0.00101 
o. o. o. o. o. 0. o. o. 0.00020 -0 .0040 

-- --~-- - - -
o. o. 0. • o. o. - o.ooou o.oo,o. o.004U o.001u 
o. o. o. o. o. o. 0.001 .. 0.00101 - 0.00101 -0.00.21 

o. - . t l ·9•Hl'! • 9 , 0(llQt Q,HOQ9 0,00\U 0,00,U -11.001 .. 
o. o. o. -0.0000 0.001 41 0.001)1 0.00211 - 0.00)11 - 0.00,10 

o. o. o.oou, -0.00111 -0 .0002 - 0,00440 o.oozo1 0.009'5 0.00 .. 1 - 0.01 010 
G. o. -0.00111 -o .0010• •O.OOlll O.OOJH o.ooiu 0 .00llO -O.OOH2 • 0,011 1& 

0.01•0 O.OUH O,OQH2 -0.01011 - o.ouo, - o . oo, .. O,OlUi o.ozu, 0.00111 -0.0HH 
o.o u•o 0.00)'5 - o. Otl4 · O,OllU -0 .00'12 o .ouu 0.ou,4 0.00110 - o.onzo -o.ouu 



• u ---. ., .. 
o. o. o. o. o. o. o. o. . COll .o l 
o. o. o. o. o. o. -o.co,o, -c.oon r 
•• o. o. o. o. o. o.oo . . cu, .o 11 •Ci ,00U I 
. . a. ~- Cl. o.oouo 0 ,0 OU - 0.0010 - .co•, 

o. 0.00 l II 0 , 0 HI 0,00 IU - .oo, .. 
" -o .oo • -o.oo••• - .oo.,. 

•• o . -0.000.• -o.oo..o •O. O•O -o.ooon o.oo,,, ,.oc .. , -0.00 11 -o.ouo o. "G. -o.nn1 -o.001n o.oou, 0 .000, o.o ,. . .o )60 -o.oo 12 -0 .002,0 

•I o.out1 o.oo,n - 0.006,. •0 .0UH -o.ouo• O.OOUI ,OJ 10) ,Oll ' - 0.01••1 - .on,> •I O.NM1 •O.HAI ·O.O Jtl -o.ouo 0.0UICI o.ou, ,0110 • O,OJOO I -0 .0110 0.0 1 JU 

- ---- ---------. ., .. 
-- -• -I!- --- • _ J 9, • -" .. O,OOOtO -o.ota •• •• o. o . o. o. o. •0 OOlt0 - .oona 

tt. tdtllt OAKU o_.oont - ,OOlll 
. ,. o. o. 0.00, H - 0.0I0U •O.O t?O -o. II - ----

•C.IHU --1 •O,OCIOI 1 

( 
•• o. -0.OOMI •0,00IM o.oon• •·:ut'. ~

001n •0,006H - .po,•o C 
• • o.iRU . ..... o.Milf -o. ,. - 0661• -o . 0'10 o.oo,n 

_, o.Nt .. •0,Nl4l -o.ouu -o.ouu 1.0000• 0,114'1 o.o,.o, -o .oou 1 -o. UH - . ,., 
-c 

-t.lHlf .... , ... -6.TfHo o .... ,o o.o, .. , o.oat•• • O.O,H -o .onn - 0.000 1 o.onn 



• . .,.,. 
o. 

. 
o. 

o. 
er. 

l 

o. 

o. 

o. 
D. 

• l . HHOO --- -- -

o. o. o. o. o. o. -0 .0000 -,.ooan 
(I . o. o. o. o. o. - .oou, -0.00011 

o. . o • . 0.00101 o.ooou -0.000 t -o.oo,., 
c. o. o. o. ~.Hftl --0.~lfO -f.tflJl t . ..-.n 

-o.o ,,, -0 .001,1 0.00101 0.00•02 o.oo,,o -o.oo,,, -0 .00•1• - 0.0010, 
-0.0ffJT .oorn o.nu, .OOlU -o.ctno -ll .OOtU O.OOHI o ... , .. 

-o. 01 •• -o.oon• -o.ouu -o .oo,u o. o .. • o.oanz o.ooou -o.oau• -0.01110 o.oun 
- 0.011 11 - O.Ol .J46 -o. on, .0ll U 0.0101 0.0000 -o.o, ,u -o .ouu o.oau, 0.Olltl 

.,., .. 
o. 

o. 
o. 

o. 
o. 

o. 
o. 

o. 
o. 

o. 
o. 

o. . o. o. 0, 0, ·O.otOII -O.NUO o. o. o. o. o. -o .ooou O.f,MU 

---
o. o. o. Q,ffti1 •J_djfl• ~· ·Llt&H o. o. o. o. -0.00011 -0.00106 -o.oto .. O.NUZ 

-o.001t1 o.~OI o.oo,., O,OOH• -o.ooou -o.eoo, •0,OOH J I "JU . 
t.Hf ft 0.001•• o.0011~ -o.oou1 -o.o61t• -o.oe1•1 •~•• o.oo .. , 

-o.o ,,. -o.oaoo, -o.oo•t0 o.oo,, , 0.011•• o.oo•t• -0,01011 .o,zr• 0.00..1, 0.01101 
-t.mt - . ii T.Ulff .om, o:Uffl - .ouoo - . •U o.AlH o.ou.. o.tout 



U• U ,. u.tMnou 
- --.. , .. 

•• •• •• o. o. o. o . o • • 0. 0Ol6' -0.0IO,. o. •• 6. o. o. o. o. o. -o.ooou o ..... , 

•• o. o. o. o. o. 0.00016 •0.OGHl •0.0OGO -0.0000 e. o. ,. ?. o. o. -o.ooou -o.oton 0.0OOH o.otu• 

•• o. o. o.ooaH ... , .. 
•• •• ........ o.11a.1 . ... , .. -e.Gtu, •0.NJl0 0.00,00 o.eoo, ,. -1.wn1 .-.tn, O.li•I• o.oe1J1 

...... ,. ·•· "' .... , .. • .... 11 ..... ,, •O.IHU •G.Ollll · 0.NltO o.oun o.oo,u 7 -f;llffl'" ,._..,.,- , :,nn . . fir ... ff •• o.1JHT 0.01m o.ffill -•··••11 

•ti• 

t. - - t -·- I, t.. • o. 0, , .. . ....... , •Cl,flOOOO •• o. •• •• •• •• . .... , . 0,0009' 

I: I! ,_, ,._ •• It •t,INJJ .. _. .... , ...... ,~ o .... , • •• •• •• o . . ....... ....... , . ...... . ...... 
I: I: I: I: .l:IIU ••llft! :11mH ••.• u ..... u .... 1 .. ... ~. ..., . . ...... . ..... , ..... ,. 
•• •• m •:a :llttt -;f!UL1''- HI.Lt -t._~1 -'•ffJt• t•tll40 C -•• • . Ill O,INU O,NN4 O,NUO -o.oe,n ....... ~H --tfflt· '·'"" . .... , .. C r.tntr ·-o.ootn -1.onn 



_ U• 1, _ ,. az . , .. n o-u 
-----WI/ .. 

o. o. o. o. o. o. o. o. -o.ooou o.ooou o. o. o. o. o. o. o. o. 0 .00011 0 .000Jl 

o. o. o. . o. o . -o.ooon -0.000H 0.0001• O.OOOH o. o. o. o. o. o. -0.0001, o.ooou o.ooon 0.0000, 

WI /W/1. 

o. L 0 -'- L 0, t. t. O_-llOOI O.JOIJt o. o. o. o. o. o. o. o. o.ooon 0.1100, 

o. o. o. o. o. o. -o HtJ• -O,otU_J O,Ootl1 l.t_llllt o. o. o. o. o. o. 0.00011 O,OOOH 0.00010 -o.ooou 
o. 
o. o. - 0.00001 

o. o. -0 .00000 -0.001• 1 -o.oou• o.ooou 0.00,11 o. o. -o.oou, -0.0010, 0.0000 o.oo,o, o.ooon 
0.00.1 • o.oo••• o.oono .oton O.OOJH -o.eo,n 



APPIMl>n II 

ZIRIIII POUM<MALS 

I l 



TABLE 2 • ZERNIK! POLYNOMIALS 

m n 

0 0 l 

2 -1 + 2, 2 

4 l - 6C2 
+ 6c4 

6 - 1 + 12, 2 - Joc4 
+ 20, 6 

8 l - 2oc
2 

+ 90,4 - 11.ioc
6 

+ 70C.
8 

10 -1 + JOC2 - 210(4 + 560C6 - 6JOC
8 

+ 2,2c10 

1 2 1 - 42C 2 

+ L2o c

4 - 16Boc

6 

+ 3 1 5 oe;

8 

• 2772,, 10 + 92Lc12 

14 -1 + 56(:2 • 75oC4 + 4200C6 - ll:55oc8 
+ 166J 2ClO - 12012c12 + 3432 l4 

l l C 

3 -2, • x3 

5 Jc - 12c3 • 10,5 

7 -4c + JOc3 -60c' · + 15, ' 

9 5c - 60c3 + 210c' - 2soc7 + 126c9 

11 -6' + l05C3 - 560C' + 1260c7 - 1260c9 + L62c11 

13 7C - 168C3 + l26oC' - L2ooc7 + 69Joc9 - 554LC11 
+ l716C13 

m n 

2 2 ,2 

4 -JC2 
+ Lc4 

6 6C2 - 20(4 + 15C6 

8 -1oc2 
+ 6oc4 - 105c6 

+ 56'6 



3 

L 

6 

2:)4 

3 , ,3 

-4c3 • sc' 
7 1oc3 - JOC' + 2ic7 

9 -2oe3 
+ 10,,s - 168c7 + B4c9 

11 ;sc3 - 28oc' + 756(7 - 8Loe9 
+ 3JOC11 

13 -56(3 
+ 6JOC' • 2$20(7 

+ u62oc9 - 396oC11 
+ 1287c13 

14 c4 

,6 -sc:4. 6(6 

8 lS~ • 42C6 
+ 2ac8 

10, -Jst + 168c6 - ~,2,8 • 120,10 

12 1~ - s04e6 
+ 1260(:8 - 132oe10 

+ 49Sc12 

11, .. 126(4 
+ 12&>c6 - 462oc8 

+ 792oe10 - 6L;s,12 + 2002,14 

s ,,, 
7 -6(' + 1,1 

9 21c' - ,6( 7 • J6C9 

u -,6Cs • 2,2,1 - -'60C9 •· 165,11 
1.3 12,6(' - 840( 7 + 198oC9 • 1980C11 + 71S,c13 

6 

8 



7 7 ,1 

9 -Bc7 
+ 9C9 

ll 36( 7 • 90C9 + 55C11 

13 -12oc7 + 495C9 - 660C11 
+ 286c13 

8 a 
10 ·9C8 + lOClO 

12 4,Ca - llOClO + 66C12 

1h -16,,a ♦ 66oC10 - 8$8Cl2 + J64Cu 

9 9 

11 -1oc9 
+ 1ic11 

13 $5C9 • 132C11 • 7Bc13 



Jl>DIFIID Z!RNIU POLINCM:ULS OF L':>MMEL FUNCTIONS 
(n-,m) (n-m) 
--r. (-l)",n2)1 {* + v)1. 2 
L t:. V L V " • W ("'(1U.) • C W m mn m (n-m. ) (n+m) ( 1 ) 2 V•O T - V 1 T I " V-0 

(I) Polynomials ot odd. degree (m - odd) 

Z½ (W1) • ~ 
1 l Z3 (Wl) • ~. ) Wl 

Z§ (W1) • ~ - 8 Wi + 10 ~ 
0 

2i (Wl) • wl - 15 ~ + 45 ~ - )$ wf 

z~ (Wl) • ~ - 2L Vi + 126 ~ - 224 w~ + 126 i{ 
Z1i {Wl) •~•JS lfi + 280 ~ • 8uo Wi + 1050 ~ - 462 Vi 
Z1~ (V1) • ~ • 46 .Vi+ 540 ~ • 2~00 Wi + 4950 ~ - L752 Wi + 1716 ~ 

Z~ (w3) • w; 
Z~ (W)) • "j • 5 ~ 

Zi .(w 3) • w; - 12 ~ + 21 ~ 

Z~ (w3) • ·~ - 21 w;. + 84 ·~ - BL 'fi~ 

Zli (W3) • ~ • 32 ~ + 216 W3 - 480 w5 + 3.30 ~ 
Zi~(W3) • ~ • 45 ~ + 450 ~ - 1650 ~ . + 2470 ~ - 1287 W~ 



z~ (w,) • ~ 

Zi (W,) • Ws - 7 ~ 

z: cw,) • ~ - 16 r.1 + 36 ~ 

z1i cw,>• ,f, - 21 ~ + 135 ~ - :65 wg 

z15 (W,)• wf, - LO~ + 330 ~ - 880 W~ + 715 { 

z; (W7) • ~ 

zi (W7) • w; - 9 ~ 

z1i (W7)• w; - 20 ~ + 55 ~ 

z1; (w7)• w; - 33 ~ + 198 ~ - 286 w? 

z; (W9) • ~ 

z1~ (W9) ■ ~ - 11 ~ 

z1; (w9)• ~ - 24 ~ + 78 w~ 



(II) Polynomials of lven Degree 

z0 (W ) • w° 
0 0 0 

z~: (W0 ) • ~ • 2 ~ 

Z~ (W)•w°-6w1+6w2 a o o o o 

z0

6 . . (w ) • 'I" - 12 w1 + JO w2 - 20 -w3 
• • 0 0 0 0 0 

z0
8 (W ) • w° - 20 w1 + 90 w2 - lho w3 + 10 J 0 0 0 0 0 0 

z.. 00(w ) • 'fl' - JO w1 • 210 ;t - 56o w3 + 630 ~ · - 252 w' J.! 0 0 0 0 0 0 O 

z: (W2) • ~ 

~ <•2> •· ~ • h ~ 
z: (W2) • ~ • 101 ~ + 1$ ~ 

z: (112) • ~ - 18 ~ + 6) ~ - 56 Vi 
Zi~(~) • ~ • 28 ~ + 168 ~ • 336 ~ + 210 ~ 

~ (W4) • { 

~ (Wh) • ~ • 6 wt 
~ (W4) • { • 14 wt + 28 { 

Zi~ (WL)• { - 2L ~ + 108 { - 120 ~ 



z: (W6) • J6 

z; (w6) • ~ - a w}; 

z1~(w6) • ~ - 18 ~ + L5 w! 

z~ (w8) ■ ~ 

Zi~{W8) • is . 10 w1 
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ABLE 3 

TABL OF HE S RI AP PROXIMA' IO': PA ,., 

( 
2 ( l . , 2n ) 2n- l 

( 'V, u) • e·• J 128 Y e ·--s-n 

The f olloving is a list of c 

variables in he above eq tion 

er no a ions ud in t e tab es t or the 

R • Real µart of Fn('V, u) 

I • 

u • 

• n 

PI • ,,. 

ginary part o,f ( 'Y, 
n 

The ables were ca c ated f or 1
1 ( •n) • 1, 2, 3, for t he val s or 

y • n/ , /2 , , f , 2 , 3 , a U' ■ o, 0. 5, 0 1 5 20 . , . , .... , . he a lea 

are arr nged vi.t h a r .ed val 1e of on a ven page , 'V a co var a le 

and ua as a row variab e, i . e . the tables are arranged as: hown n • he fo o~n. ''. 

diagram. 



OAHKA .. -y ) = 

R • Ro F (y,u)) n 
I (• F ( y , )) 

U ( •u) • O .. 5 R ( • ( Re F n ( y , ' ) ) 

I (• I F (y,u)) n 

.30 -
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Re 
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AN/TPS-lD !3AI:PLE PAT1'mN CALCU'LATlOE 

The cal "'ulatJ on of ':.h Fresnel zone radiation patterns 01' the ~N/TPS~lD 
is s impl :if d. by • ... e act th t the retlector 1,s approx.imately a reotang• 
ul.a:r po:r ·ion of J:JH bo_oid. 'l'hua a plane wave is obtained across the 
aperture of he reflec ·or and th phase of the field in the aperture may 

bl:? n gh-~ted, TJs u1 . . e t.wo principal plane patterns ,of the hog-horn 

primary antenna wh ch are s om. i n figure III-1 and thu drawin of the 

re lee, .or . hown i n f 1 e I. I - 2 the aperture distribution may be calcu-

la ed. Tho phac. c~nter o he horn is assum to e located at the c nt r 
of the horn perture and the or i i n o the coor dinate system shown in 
f gure I II-1 is }oc ed at hiE1 phas c n er . The X and Y coordi nates of a 
po n on th reflecto'f' may be ob ained from th dimens i ons giv n n this 
figure and he Z coordinat e may be determined frol'l the equation of he p ra-

oloid: 

2 X Y2 • 162.L (Lo.6 - Z) 
Th fi ld of th recl,angular horn aperture is assumed to be the product 

of he 1eld i n each of the two pr inc ipal planes . 

F /') t h pl!? ture i brok n in t o ei ht s r ips each of width 21 inches , 
n e ch ::,!: het h ,, 6. L • nch s . The fi l d lon th center line of each 

o t rmine I (1' ), n • 1,2, J,4. To do this it 

i o c 1 u at th an les Q nd () subtend d by thes oenterl nes . 
The .ei.r.:,lfi 'f' _., pp ox1ma el y const nt alo a iv n c nterline nd may e 

ca c1.1lnt. y apply1n h~ law of cosines o ·h r ian le 00 1B. Th n les 

pprox t ly from t r ian l OC and OAB 
r ,s •c.t1v ly , for xam 1 

cos ., "' OA 2 + m5?. - "12 • 
A 2(0A)(0E ) 

QA ,. 5.l 
( 1 
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'lben the tield t the point A may be deterndn d from the principal plane 
0 0 patterns in figure 77, from the E plane pattern F 8( 2 ) • .270 and Fh(5,l ) • .9 L. 

'lbws F(Q,tf) • Fh(Q ) F
8

(t6) • (.285)(.9u4) • . 256. 
It was asswned that Q varied l nearly with the a rt "e coordinate y9 • y 
and the calculated f ield alon he c nter- lir,e of the fourth strip is 
shown in fi ur III- ) . S nc w are in th far fi ld of each strip r1_JY) 
may min d by in 

proc dur r:.: r d hro h for ch of th str ps , p rform n th nt-
e rat on with pl n me r for e ch of h four s trips , with the followin 
r sulta: 

I was normaliz o s plify h calcul ions , 

s t.h f 

I 

d y c le d f r o t bl ) , Vol II nd 
qu i on ( 1 ) o 

E('t, ) L Ir/1) n ('Y, u) 
n 

th c cu c; n ii, il f or -Y• 1r, (R • 3 r ) 
for u a O o.s, 1. 0, ···, 6. 0 ( 0 • o, •••, 16) not 

fr u k / 2 nQ, / 2 • 8 11 nd h t u ct Q y coincid nc ov his r n 
of u. his co d shown plo r im nt /T -
p _ of Vol I of h s r por . 
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Figure lll-3. Plot of F 4 (y ), the Bluminatlon Function of the Fourth 
Strip, vs. Ancle 8 and Aperture Coordinate y 
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