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SECTION 1 - •

INTRODUCTION

The objective of this program was to define, develop, and demonstrate

a generalized technique for obtaining realistic GLINT data on aerospace model

targets. This technique, while of a general nature, is vital to the design

• of homing systems, proximity fuses, and countermeasures against such systems .

The problem of interest concerns an aerospace target being illuminated

• by a transmitter which may be on a missile or on the ground. This illumination

• signal produces a reflected field from the target. Interference effects

occurring between various reflection points on the target produce a scattering

pattern in space. In the far—field, these interference effects do not vary

significant ly with range. Thus , the scattering pattern is not range dependent.

In the near—zone , however , these interference effects  do vary with range.

It is Impossible to predict from far—zone measurements what the near—zone

field will look li~e. Thus the near—zon e problem is much more complex than

the far—zone case because of the nonuniform and nonpianar fields involved.

The near—zone radar cross—section (NZRCS) depends on frequency, polarization,

and target as in the case of the far—zone RCS and in addition depends on range

and antenna pattern.

Several techniques are, in principle, available for obtaining the near-

zone RCS of aerospace targets. Pour techniques that have been considered by

Georgia Tech include (1) direct measurement, (2) theoretical calculation,

(3) subarea matrix method , and (4) modal expansion technique. In the case

of the direct measurement technique , a full scale missile with seeker is

• pulled along a rail past a full size target and the received signal versus

time is record ed . This technique has the advantage of using the ac tual

• ____
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missile and seeker with a full size target and so no question of scaling is

involved. However, the data obtained from this technique is applicable only

to those traj ectories flown in the program and does not provide informa t ion

on other targets or effects due to changing the seeker. Another approach

is to employ theoretical calculations such as the geometrical theory of dif-

fraction, physical optics, moment methods, or other similar computational

techniques. Generally, such techniques are limited to targets of relatively

simple geometric shape. Complicated shapes and measured data on them are

difficult or impossible to include. A third technique that was considered

is the subarea matrix method. Using this technique, the RCS of small portions

of the target would be measured individually and would be stored in a corn—

puter. The overall RCS of the target would be obtained by combining the

illumination pattern and the measured scattering characteristics of the sub-

areas. Equipment problems such as positioner design and focusing system

design severely limit the application of this technique.

The fourth technique, the modal expansion technique, was the lt3thod

finally selected for investigation by Georgia Tech. This technique i8 based

on proven methods for determining antenna patterns in the far—zone from mea-

surements made in the near—zone. It can, in principle, be applied for both

monostatic and bistatic cross—section determination and, in addition, the

basic equisment was already available at Georgia Tech for performing these

measurements. The modal expansion technique requires the measurement of the

scattered fields from the target at evenly spaced points on a planar surface

near the target. This measured near—field data is Fourier transformed to

obtain the plane wave spectrum of the target. This plane wave spectrum can

be used to predict the scattered electric and magnetic fields at any distance

from the target between the measurement plane and infinity.

2
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There are a number of advantages to using the modal expansion technique.

The complete three dimensional pattern of the target is obtained instead of

just principal plane cuts. In addition, the cross polarization pattern is

also determined and its characteristics are known in principle for all ranges

from the measurement plane to infinity. In addition , the measurements can

be performed indoors , thee providing protection for the equipment and per—

sonnel. Weather problems are thu s eliminated , environmental testing is pos-

sible, and signals can be radiated at classified frequencies with greatly

reduced probability of being intercepted.

This report documents the present st ate of development of the modal

expansion technique for near—zone radar cross—section of complex targets and

determination of their glint characteristics. In Section II a brief review

of plane wave spectrum theory is presented. In Section III a new derivation

of probe correction equations is presented correcting previously published

errors in these equations. A new method for obtaining the probe character-

istics is presented in Section IV. This technique utilizes only a planar

scanner and assumes no a priori information about the probe. This characteri-

zation technique represents a significant saving in measurement time and in—

stallation costs since previous techniques have required the use of a separate

spherical positioning system to measur€~ probe radiation patterns . Section V

presents near—field glint measurements made on an P—lOS model aircraft. Con-

clusious and reco endations based on the results of this program are presented

in Section VI.
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SECTION II

PLANE WAVE SPECTRUM REPRESENTAT ION OF FIELDS

The electric field intensity in a linear, isotropic, homogeneous and

source—free region defined by z> 0 can be expressed [lJ for exp(jwt) time

variations as

— -
~~~~~ I jA(kx,ky)e

_J
~~

T dkxdky (1)

where

r xa
~ 

+ Ya y + za
5 the observation point (2)

— k + k~ + k;z the propagation vector (3)

— —k~—k~ the z component of the propagation vector (4)

k — -
~~~~~ - wv’~~ — the wavenumber in the medium z> 0 (5)

The plane wave spectrum A can be determined from (1) if the electric field

intensity is known on the z—O plane. Then

I j (xk +yk )
— A(k

~
,k,
) j  J f E(x,y,O)e X 

~ dxdy (6)

Only two components of E need to be used in (6) since the tnird component

of A can be determined from (1]

k
~
A
~ 
+ k

7
A
7 
+ k2A2 - 0 (7)

The magnetic field intensity can also be obtain ed from the plane wave spec-

tm. 11) and is given by

4
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dk
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(8)

LUsua lly E is zero (or at least below the system noise level) over most 
~~

-,

of the z—O plane. Hence, the Fourier transforms in (6) need only be per-

formed over a f ini te  region of x—y space. If the transform is done discrete— •

ly as on a computer, the resulting computation is expedited using the Fast

Fourier Transform algoriths. If two components of the true electric field

are known on the z—O plane, t hen (6) is used to calculate two corn—

ponents of the p lan e wave spectrum. The third component is obtained from

(7). The electric and magnetic fields can then be obtained anywhere in

the region z>O by using (1) and (8), respectively. The preceding com-

ments apply to both radiat ing antenna s and to scattered fields from targets.

When ~ is nonzero over only a f in i te  region of space , the near—field is

typically s p led on a rectangular grid in the x—y plane at 
~~ 

points per

row spaced t~x apart in the x—direction and on N rows spaced t~y apar t in the

y—direction . Fast Fourier Transforming this sampled data produces a sampled

spectrum on a rectangular grid of points in the k _ k
r 

plane of k—space. This

grid has N
~ 

points per row spaced ttk apart in the ks
_direction and N~ points

spaced ~~~ apart in the kr
_direction where

2i~
tncN

(9)

The spectrum function is periodic due to the sampling process with a period

of

S

I- — J~
_ 
~~~~~~~~~~~~~~ _ _
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kxp Ax

(10)

in the k and k~ directions , respectively. The spatial function is also

periodic due to Fourier Transform properties with a period of

x - A x N

y~, — A ’N~, (11)

in the x and y directions, respectively.

The measurement of the electric field intensity on the z—0 plane is

corrupted by the pattern characteristics of the measurement probe. The probe

characteristics must be removed from the measured data in order to obtain the

true electric field of the antenna or target under test. A new derivation

of the equations for removing the probe effects is presented in the next

section.

H
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SECTION I I I

CORRECTION FOR PROBE EFFECTS

The near-field data measured by the probe is a filtered ~ecsion of the

true near-field data, because the probe does not pick up energy from all

directions uniformly. The filtering process of the probe must be removed

from the measured data to obtain the true near—field data. This inverse

filtering process is called “probe correction” in flear—field studies.

The object (antenna or scatterer) producing the electric field of inter-

est is assumed to lie in the region z<O. A probe is placed at position

~~~—~~~~; +~~~; ~~~~~~p x  p y  p z

wherez >0 (see Figure 1). The voltage measured by the probe at this loca—

tion will be calculated next in terms of the plane wave spectra of the object

and the probe. A new derivation of the probe correction equations for near-

f ield data will be presented since a review of previously published [2,3J

probe correction equations revealed errors in them.

The electric field intensity produced by the oblect under test can

from (1) be expressed in the region z>O as

— f I X5
(k~,k~)e

_ik
~~ dk

~
dk
~ 

(12) 
-

while the magnetic field intensity in the same region can be obtained

from (7) and (8). The x and y components of this magnetic field are

~ax~~~ 
— I I  k;

h rkxkyAex+(k 2_k~)A ay Je
_i k T  dk

~
dk

~ 
(13)
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Object
Under Test

Figure 1. Probe measurement of target or antenna.
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Ray
(
~

) 
~~~~ ..L .! k;

h r (k 2_k~)Aax+kxkyAay Je _i
~~

T dk
~dk

7 
(14)

where A
~~ 

and Aay are the x and y components, respec t ively , of A .
Consider the probe first located in the region z<O. The x and y com-

ponents of the fields produced by the probe (when it is transmitting) at an

arbitrary point ~~~
‘ in the region z>O can be represented by analogy with (12)

• through (14) as

E , ~~~ — 11 ~‘px~~ x ky
)~~~~~ 

r dk~
dk

~

— * I I  Apy (kx ,ky )e~~~~
r dkxdky

~~~ I f  k;
u rk Xk

7
A

P~+(k 2_k~)A~~ Je
_ ik t dk~

dk
7

Hpy~(~’) — 
~~~~ I f  k;

l[(k 2_k~)A~~+kxkyA~~ 1e ik
~~ dk

~k7

The primed coordinate system used above to specif y the components of the probe

fields initially coincides with the unprimed system. This probe is then trans-

lated without rotation by the vector ~ and then rotated l80 in the xe p lane

as shown in Figure 1.

It is next necessary to have the probe fields expressed in ter ma of me—

primed coord inates in calculating the voltage induced in the pr.be at its asm

location . To do this first of all notice that the unit vector s aloeg the coor-

dinate axes are related by ~~~~~ ,
1 a1, a~~— a

7~ and 
~~~~

, - — . At the sane

observation poiat in space r ’ — i—P, hence

I ’ — 
~~~~~~~~ 

— x+xp

9
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$
y , — y — y p

z , — — z + z p

Thu in terms of the unprimed coordinate system, the x and y components of

the fields produced by the probe from its translated and rotated location are

E ( ~) — j~ I I  ~~~~~~~~~~~~~~~~~~ 
(15)

— .
~~~~~ I I  ~~~~~~~~~~~~~~~~ 

(16)

H ( ~ ) - ~J—~ i i  k;1rk~k7A~~(k1.k~)

+ (k2—k2)A (k ,k )]e~dk dk (17)
x py x y x y

H ( ~ ) — .r!.— J J  k~’E ( k 2—k 2)A (k ,k )

+ k k A (k ,k )Je~dk dk 
(18)

x y p y  I y x y

where

~~--j (-kx+kx + k v - k y - k z + k z )x x p  ~r y p  z z p

Let the surface S1 
be the z 0  plane and let S be a hemisphere of inf 1—

site radius, centered at ~~0 and existing in the region z~0. Assume that all

fields scattered back and forth between the probe and the object under test

are negligible. Let V be the volume bounded by S1 and S,,, in the region 
z>O.

Then by the reciprocity theorem (4J

10 
•

1~~_ 1~
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— 0 (~~~ xj j  —~~~x ij ) ~~ da fff ~~~~.7 ~~~~~~~~~ (19)
a p  p a  8~~~~ p

where 
~a 

and are the source currents producing the 
~a’ 

lia and the Li,, ii~,
fields, respectively, and is a unit vector normal to the surface and pointing

out of V.

In the region V, i— O while over S the integrand on the left side of the

last equation is identically zero (41. The volume integral of Ea
•J
p is simply

—v I (5] where I is the probe source current that produces E and B . Vpap p p p pa

is the voltage produced by the object under test in the probe when I~,—O. The

internal impedance of the probe source—current generator should still be con-

nected to the probe when is measured. From the preceding observations,

it can be sees that (19) can be rewritten as

—v i — i  + 1  + 1  + 1  (20)
p a p  a b c d

where

— 5 1 E~~Upy dxd y
-~~~ —

~~ z0

I — J J E  H dxciy• b ay px
• — “ -

~~~ z—O

I — — f /  E H dxdyc pl ay 0

Id a f  J E  H dxdyax v.0

These last four integrals can be evaluated in terms of the previous represen-

tations of the fields. Using (12) and (18) I~ can be written as

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

,..~~~~ L.A ~~~~~~~~~~
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‘a - 
~ ~ 1 ~ ‘ ~ A~~ (kX ,ky)[j~~~[(k 2_k;2 )

(2i~) un~ —
~~~ 

—
~~ 

—
~~~ 

—
~~ 

—
~~~ 

—~~~ z

-j[k x+k y-k’x+k’x +k’y-k’y +k’z I
A (k’,k’) + k’k’ A (k’,k’)]e 

X Y X X P Y Y P z P
px x y x y  py x y

dk dk dk’dk’dxdy ~21x y X y

Primes have been used on the probe integration variables to distinguish then

f rom those of the object-under-test variables. Interchange the order of inte—

gration in (21) and perform the x,y integration first. Note that [6]

jx(k’—k ) jy(—k -k’)
f I e ~ X e ~

‘ ~~ dxdy =

where ~ is the Dirac delta function. 
Integrating (21) with respect to x

and y and then k’ and k ’ y ields k’ -
~~ k and k’ + —k so that

x y I X Y Y

‘a 
= 

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

dk dkx y

Similarly

‘b — 
~~ ~~~ 

Aay
(kx~

ky)k;
’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

e~~’~~ dk dk

j and -

- j .L ~~~~~~~~~~~~ ( (k 2_k
~)Aax (kx~ky)+kxkyAay (kx~

ky) 1

~~~~~~ dk~
dk

~

• 

— 
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A~7
(k1.—k7

)k;
1 (kxky

Aax(kx iky)+(k
2_k

~
)Aay(kx~ky)1

~~~~~ dk dkx y

Combining (20) and the last four equations yielt~

= — I ‘1 ~)—V I — — f I ~A (k ,k )k (2(’ -~~- ~~A ~k ,-.‘ ) •~k • A (k — - )Jp a p  up t a x  x y z px y 
~~~~~~~ ~

+A (k ,k )k 4 
[ ?~ A (k ,— k ~ A (k ,— . ) ]ay x y z y p x  x ‘ py x y

e
_jk

~~ dk dk (22)
x y

Equation (22) gives the voltage V
pa produced in t~ - r by the object

under test when the probe is at position P. Usuall ’ a. A are to be

fou nd from the measured probe voltage and the known pr:be spectrum. Equation

(2 2 ) gives only one equation in terms of these two unknowns. Hence, a second

independent measurement must be made either with the same probe or with a dif-

ferent probe. The same probe in a different orientation will be used in this

derivation to obtain the second equation.

Consider a second orientation of the same probe produced by rotating the

probe 90 clockwise about the z’ axis so that the new Ix ’ axis now point s in I

the same direction as the old ly ’ axis (see Figur. 1). Call this non coordinate

system the double prime system. The unit vectors along the coordinat, axes

are now related by 
~~~

,, — 
~~~~~~ ~~~~~

“ — and ~~~,, — —
~~~~~. At the a.. observation

point in space r’ • ~=P and so

- (v—P).a1, - 
(j..

~). - y y  ——

13 ____________________________ 
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•‘ —

~~~~~~~

2” — —2+2p i I •
Thus, the fields produced by the probe from its second orientation in terms

of the unpri .ed coordinate system are

z~ 21(r) - 
~~ I I  A~~

(k1.k7
)eTdk

~
dk
7

E (~~) - ~ 5 5 A (k ,k )e tdk dkp2y 2w ~~~~ px x y x y

H~2~
(
~

) - 
~~~~ 

i i  k;
l L(k 2_k~)A~1+k1k

7
A~Y

)eT
dk~dk

7

H~2~G) - ~~~~~~~~~~ 
II k;~ (kxkyApx+(k 2_k~)A

py 1e Tdkxdky

where

T — —j(k y—k y +k x-k x —k z+k a )x x p y  y p z z p

Reciprocity is again used and (19) simplifies to (20) in the form

—V 1 — 1 + 1 + 1 + 1  (23)p2a p a b c d

where

‘a I f~~~~2 dxdyp y 2_0

Ib~~~~ f J E  H 2 dxdy
-~~~~~—— ay p  z0



l • 5 5 2 ~a dxdyC ~~~~~~~~ p x  y 12_ 0

~~ 1 E 2 Hax I dxdyI~~Y 2—0

• V~2 is the voltage induced in the probe in its second orientation by the

object under test. Substituting the “a” and the “p2” fields int o the firs t

integral yields

• 
ta (21)2 

~~~~~~~~~j J J I J  Aax (kx~ky )~~~~~ [k; k; ~~~~~~~~~~

+(k2_k;2)Apy (k~,k;)Je
vdk

xdkydk,
I
ç~dk;dxdy

where

v - -j(k x+k y+k’y-k’y +k’x—k ’x +k’z )
I y x x p  y )‘p z p

Using [61

jx (—k -k’) jy (—k —k ’)
1 1 e e Y X 

~~~~ — (2w) 26(k +k’)6(k+k’)

in the last equation and first integrating with respect to x and y and then

with respect to k and k yields k,~~ —k
7 

and k~,~~—k1 so that

— ~~ f J  A~~(k
1,k7

)k ’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •

dk1dk
7
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Similarly

1.,, - ~~ II Aay (kz~ky)k
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~ 

j~
dk dk

I - 
~~~~~~ f f A (—k ,—k )k~~ ((k 2—k 2 )A (k ,k )+k k A (k ,k )J

c up 
~~~~ 

py y x a y ax x y x y a y  x y

e~~~~
” dk dkx y

— -
~~~~~ if A~~(—k ~~—k1)k;1 (kxkyAax(k

x~
ky

)+(k 2_k
~

)Aay(kx~ky
)]

e
_jk

~~ dk dk

Combining (23) and the last four equations yields

~~p2a
1p 

- 
~~ ii (A (k

~
,k
7
)k;

1 (_2k
xkyApx

(_k
y~

_k
x
)_2(k2_k

~
)

+ Aay (k
x~
ky

)k ’ 
~~~~~~~~~~~~~~~~~~~

~~~~~ dk1dk7 
(24)

Next define the Fourier transforms of the measured probe voltages as

follows:

j ( k x + k y 3
Ams(kz~ky) • f f Vpe

(P)e ~ ‘~ )‘ p dx1,dY~ (25)

-~~~~~~ - _ _
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I
I

• • j [ k x + k  I
Amb (kx .k,) - 

~~~~~ I I V~~,~(~)e X ~ dz~d~~ (26)

Also, note tha t (61

~ I ZIP ,Y~
—k5z~+k1 p+k:;ryp dx dy

—jk z
— (2?) 2 e 2 

~ 6(k
~~
kx)6(k,

_k
y)

and that up — kn where n - the characteristic impedance of the z>0 medium.
Now perform the double Fourier transform of (22) and of (24) with

respect to x and y .  Using Equation (25) and the equat ions following it

one can obtain

—jkz
_A

ma (k
x~
k
y)(•_~W~

_)_ k2 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

+ Aay
(k
x~ky

)[k
xkyApx

(k
x)

_k
y
)_(k2_k

~)A
py

(k
x~

_k
y)J~

-jk a

=A b (k ,k )  (.
~~

)_ — 
C 
k {Aax

(k
x$kyflkxkyApx

(_k
y~
_k
x
)+(k2_k~)

Ap,
(_k

y~_k
X )1+A$Y (kX )k

Y
) ( ( k 2_k~~A (_k~~_ k ) + k k A (_k ,...k

)4 
- —

The last two equations can be rewrit ten in the following form (27)

A ( k , k )  • [_Ass (kx~
kY )T+A

*Y
(k

*
Ik~)VJ

_ikz*p (21)

• A1~,(k1,k~) • [ x ~~x~~~~~~~~~~~z:
1~y~~

J,
_J h1stp

H 
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which can be solved for the true spectrum of the object under test giving

Aax
(k
x~
ky

) — S [ m s 1 Y
Defl

m b 1 )
~ } e1~~~~~ (29)

Aay
(kxiky) - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(30)

where

U - •• (k 2_k
~

)Apx
(_k

y~
_k

x) - ~~~~~~~~~~~~~~~~~

V - -k k A (k ,-k ) + (k 2-.k2)A (k ,-k )
x y p x  x y x py x y

(31)

W — k1k~A~1(—k~~—k1) + (k 2 -k~)%~ (—k ~~—k1)

T - (k2—k2)A (k ,—k ) — k Ic A (k ,—k )
y px x y x y p y  x y

Den - kkz [Apx (kx i_k
y)Apx

(_k y~
_k

x)+Apy (kx~
_k

y )Apy (
~ ky~

_k
x)I

I r ~
S — 4ir

— probe source current

Ic - + /k
2 

- Ic2 
- Ic2

a x y
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Equations (29) and (30) ar e the f inal equations that were desired . They

show how to remove the effects of the probe f rom the measured da ta to obtain

the true spec t rum of the object under test . Equations (27) and (28) show -

how to compute the measured spec t rum from the pro be spectrum and the true

epect rum of the obj ect under test . A is the measured spectrum when the

probe is in the orientation for which its spe’rua is specified . Amb is the

measured spectrum obta ined when the probe is rotated 90’ clockwise as seen

looking from behind the probe toward the obj ect under test.
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SECTI(~ IV

A CHARACTERIZATION TECHN IQUE FOR NEAR-FIELD P 1~)BES

A new technique has been developed for characterizing near—field measure—

nest probes. The technique involves measurements made only with a planar

scanner and assumes that two identical probes are available. One of the two

identical probes is used to measure the other and from this data the plane

wave spectrum of the probe is obtained. An initial guess of the plane wave

spect rum of the probe is used as a start ing point and an automated, iterative

procedure modifies the guessed solution so that it matches the measured data

via a system of equations. The current probe characterization technique (2)

requires a separate spherical positioning system for measuring the probe .

Using it , the spher ical components of f ields are measured , recorded , and

converted to k—space data. This data is then interpolated and transformed

to obtain evenly spaced k—space data as is required for subsequent usage.

The new technique appears to offer advantages over the old technique in over-

all system cost.

A. Description of Technique

Cousider a particular point (k ,k )  in k-space at which the spectrum

of the probe is to be determined. Let this point be labeled Point 1

as shown in Figure 2. It is assumed that two electrically identical probes

are available and that one has been used to measure the other using a planar

scanner with a separation of z~ between the two probes. Since the probe and

antenna are ident ical , A~1 • Aax and A~7 
- Aay~ 

The basic approach of the

characterization technique is to guess the values of two components, and

of the probe spectrum and use these values to calculate the spectra Ams
and Amb tha t would be measured using such a probe. The estimated pr obe

I
20
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Figure 2. Location of points in k—space used in characterizing probe spectrum.
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spectrum components and are then systematically adjusted so that the

estimated measured spectra A and A b are forced to be equal to the actual

measured spectra A and A
mb~ 

respectively.

Calculating the spect rum of the measur ed field at one point in k—space

generally requires a knowledge of the probe spectrum at seven other points

in k—space. For example, f rom the probe characterization equations (27) ,

(28), and (31), it can be seen that the measured spectra Ama and Amb at

Point 1 of Figure 2 is a function of the probe spectrum at Points 1, 5, and

6 in Figure 2. Thus, the probe spectrum at Points 1, 5, and 6 mus t be guessed

• in order to calculate A and A at Point 1. Hence, six unknown quantities
ma tab

are to be determined from only two equations. To obtain more equations,

A and A can be evaluated at Points 5 and 6. However , this requires thatma tab

and Apy be known at Poin ts 1, 2 , 4 , 5, and 6. By proceeding in this

fashion one discovers tha t evaluation of A and A at Points 1—8 in Figurema tab

2 requires that A and A only be known at Points 1—8. Thus, 16 probe valuespx py
• (8 

~~~ and 8 ~~~ values) are guessed and substituted into Equations (27)

and (28) to produce 8 A and 8 A values. These estimated measured values
ma mb

are subtracted from the actual measured values, i.e. A — A and A — A• ma ma tab tab
producing 16 complex valued equations in 16 complex valued unknowns. The

solution technique tries to make these 16 equations zero simultaneously.

After solving for the probe values at these 8 points, another point

(k
x~
ky) is selected. The probe values at this point and at the seven addi—

tional points associated with it as shown in Figure 2 are then determined

• as in the preceding discussion. All k—space will be evaluated if each point

in one 45’ sector , for example the first 45’ of the first quadrant, of k—space

is stepped through as was Point 1 in the precedi ng discussion . Only 8 equa-

tions in 8 unknowns are requirtt~ along the line k1— O and the line k1k
7 

since

22 —
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Points 5—8 are identical to Points 1—4. At the Point k1 k
7
0 only two equa-

tions and 2 unknowns are needed .

Severa l techniques were tested fur  solving the system of equation.

described above. The most satisfactory method was a modified Levemberg—

Marquardt technique (7 ,8].

B. Discussion of Results

The new probe characterization technique has been applied to two X—band

horns designated PX— 5 and PX— 6, which are shown in Figure 3. Horn PX—5 is

an E—plane sectoral horn with an E—plane apertu re of 1.0 inches and an H—

plane aperture of 0.9 inches. Horn PX—6 is an E—plane sectoral horn with

corrugations on the inside E—plane walls. The aperture of this horn is 1.38

inches in the E—plane and 0.9 inches in the H-plane. Horn PX-5 has an E-plane

half—angle flare of 3.4’ while the corresponding angle for PX—6 is 4.7’ . All

measurements were made at 9.0 GHz to demonstrate tha t the technique could be

applied at a new frequency. All, previous X—band measurements made by Georgia

Tech were performed at 9.68 GUt since this was the only f requency for which

complet e probe data was available. This probe da ta was measured by Joy (2)

using a separate spherical probe positioning system.

Figures 4 and 5 show the amplitude of the measured paralle’. and cross

polarized voltages, respectively, for PX—5 measuring a second PX— 5 probe that - 
-

is tra n itting . Measur ement s were made every 0.5 inches (0. 38A) in x and

y and the probe. were separated 0.5 inches. The plane wave spectra of these

measured voltages are shown in Figures 6 through 9. The probe characterization

t echnique forces the guessed probe spectrum to match the measured spectrum at

each point in k—space . Figures 10 thr ough 13 show the predicted probe spectrum

for Probe PX—5 obtained using the new characteriz ation technique. Notic e that

both parallel— and cross—polarized components are obtained in both amplitude

and phase and that this inform ati on is obtained off as well as on the principal

planes . To check the val idity of the technique, the predicted probe spectra -
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shown in Figures 10—13 ware used to prsdtct the apecer . tha t would be obtained

with one P2— S probe nsesur Leg smother . This data is sh~~~ is Figures 14—17 -

Tb. good agr. .ne between these predicted spectr, and t hose actual ly a-

.ur ed, i.e. Figures 6- 4, ind icate tha t the now cha racteri za t ion t.cksiqu e

is performing properly.

A similar proc edure usa applied to Probe P1-6. Ytgur.s 1$ and 19 show

the plitud.s of the mesmired parallel and cross polarized volta ges, rsopsc—

t ively , for one P2-6 probe measur ing a second P1-6 probe that Is transmitting.

Measurements were made every 0.5 inches (0.3$A) in x and y the probe .

were sepa rated 0.5 inches. Th. plan e wave spectra of these measured volts$.s

are shown in figures 20—23. The calculated prob. spectra for P1—6 based on

this data are given in Figures 24—27. The predicted probe spectra ware the .

used to calculate the spectra that would be obtained measuring one P2—6 with

another P2—6 and this da ta is presented in Figures 28—3 1. The a$re~~~ne

between these pred icted measured spectra and those actually measured spectra

(Figures 20—23) is good although mot as close as tha t for P2—5.

Finally Prob e P2-6 was used to measure Probe PX— 5 which was transmitti ng.

The measured spec tra for this geometry using the same sample and pro be spacing

as before are shown in Figures 32-35 . The spectra for Probes PX—5 and P2—6

obtained using the new characterization techniques were then used to predict

the spectra that should be measured when PX—6 measures P2—S and this data is

given in Figures 36—39. An unknown but constant phase and amplitude error

was made between each of the three sets of measurements reported above. The

phase error produced a shift in the phase levels of Figures 33 versus 37 and

35 versus 39. The shape of the phase piuts , however, still shows agr rsemsn t.

The amplitude error produced a difference in absolute levels of the plota.

Th. good agreement among these last eight figures demonstrates that the

characterization techn ique is worki ng properly.
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Figure 37. Phase of pred icted vertical (parallel) component of measured
plane wave spectrum f or probe P1—6 measur ing P1—S as a tra m.—
mitter . The spectra of P2—S and P2—6 were calculated using
measured data .
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The preceding comparisons have shown that the new probe characterization

technique does predict the probe spectrum for both parallel— and cross—polari—

ration both on and off the principal planes. Accuracy of the technique is

diff icult to assess directly since no comparison probe data was available.

A comparison between predicted and actual measured spectra of one probe mea-

suring another showed the following : the parallel polarized component , i.e.

AIIA , generally agreed to within 0.5 dB in amplitude and 60 in phase , while

the cross polarized component, i.e. AMB, generally agreed to within 1.5 dB

in amplitude and 15° in phase nea r the pea ks of the cross polarized pattern

and had somewhat lower accuracy in the null regions. It is believed that the

errors in the predicted probe spectra are about half of these differences .

Calculation of PX—5’s spectrum required about 4 minutes, while that of PX—6

4 required about 5 minutes on the Georgia Tech CYBER 70 computer. Obtaining 
I -

comparable measuronents using Joy’s approach (21 requIres a separate spherical

measurement facil i ty,  measuring and recording sph.~rical component of the ¶

fields, conversion of these data expressed in spherical components to k—space

data , and interpolation of this data to obtain evenly spaced k—space data as

is required for subsequent usage. The new technique appears to o f fe r  advan-

tages over the old technique in overall system cost throug h elim ination of

both the need for a spherical positioning system and the need for many of the

tedious calculat ions required by the older method .
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SECTION V

GLINT MEASUREMEW1~S

The validity of the Plane—Wave Spectrum (or Moda l Expansion) Technique :
for near—zone radar cross—section application was demonstrated under a pre—

vioua contract (9 1 at Georgia Tech. Simple geometrical shapes such as fla t

plates as well as an P—i00 model aircraft were measured using simple wave—

guide horn antennas. It was demonstrated that the Plane—Wave Spectrum Tech-

nique could predict near—zone radar cross—section signals for these simple

antennas. The purpose of the present study is to validate the technique with

more complicated antennas as are typical for realistic missile seekers. The

apparatus used for this purpose is similar to that used in the previous con-

tract [9]. A horizontally polarized plane wave illuminator is used, as

illustrated in Figure 40, to il luminate the model aircraft with a plane wave.

Reflected energy from the target is measured by the probe antenna moving on

a planar surface. The previously measured probe characteristics are used to

remove robe effects from the near—field data, thus obtaining the scattered

field due to the target by itself. The signal received by a tracker antenna

c~n be computed using the measured scattered characteristics of the target

and the previously measured characteristics of the tracker antenna. The plane

vave illuminator is a six—foot diameter paraboloida l reflector with only the

upper half illuminated to avo id blockage due to the feed . A phase locked

klystron operating at 9.0 GHz was used as the signal source. Near—fie ld data

is obtained using an XYZ positioner developed by Scientific Atlanta that is

capable of moving a probe over a 100—inch by 100—inch plane with an accuracy

of +0.005 inc hes. The receiver portion of the syste. consists of a Scientific—

Atlanta phase—amplitud , receiver. The measuremen t process has been auto ma t ed

by Georgia Tech to permit mini—computer control of the entire data measure-

men t process.
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A. Tracker Measurements

The tracking antenna used in these measurements is a one—foot diameter
I

paraboloid with a single—plane monopulse feed at its foca l point. The t racker

was mounted f or characterization purposes so that it was vertically polarized

and such that the waveguide run to the feed vent over the top of the dish .

The difference port van then an azimuth plane difference channel. Figures

41 and 42 show the amplitudes of the measured parallel and cross polarized

voltages, respectively, for the sum channel. The x direction is horizontal

and the +y direction is up. The blockage produced by the waveguide run to

the feed can clearly be seen in Figure 41. The peak cross polarized voltage

is about 14 dB below the parallel. The measu red amplitudes of the voltages

of the parallel and cross polarized components for the difference cha nnel are

given in Figures 43 and 44 , respectively . The amplitudes of the plane wave

spectra corresponding to the measured voltages are given in Figures 45—48.

This data was corrected using the probe cha racterization data described in

Section IV. Measurement s were made of the tracker antenna using both Probe

PX—5 and PX—6. SInce the data is very similar , only that obtained using

Probe PX—5 is presented here . The fact that the calculated spectra of the

tracker are nearly identical using the t~w sets of probe data indicates tha t

the probe characterization data is very good. Removing probe characteristics

produces the plane wave spectra of the seeker shown in Figures 49—52. The

cross polarized signal of the sum channel is about 26 dB below the parallel

polarized sum channel. For the difference channel the cross polarized aig —

nal is down nea r ly 20 dB for the angular sector plotted.

B. Target Measurements

Ply—by measurements were made on e model of an F— 105 aircraft using a

single plane (two horn) monopulse tracking antenna . Figure 40 illustrates
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for sum channel of one—foot track er at 9 CRz using probe PX—5.
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the geometry used in the measurements. The 1/33 scale model of the F—lOS

aircraft was illuminated at 9 0Hz using an offset  fed , parabolic reflector

to generate a plane wave illumination on the model aircraft .  The illuminator

was horizontally polarized and illuminated the belly of the aircraft.  The

F—lOS was mounted with its wings vertical and was illuminated at an angle of

450 below the tail of the a i rcraf t .  Near—field measurements were made using

Probe PX— 5 on a plane 43.75 inches from the center of the aircraft .  Figure 53

shows the amplitud e of the parallel (i.e. , x) component and Figure 54 shown

the amp litude of the cross polarized (i.e. , y) component of the signa l measured

by PX— 5 a f te r  subtracting out the background signal. This near—field data

was transformed to k—space and probe effects were then removed. The resulting

plane wave spectrum due to the target alone is shown in Figures 55—58. Figure

55 shows the amplitude of the parallel polarized component of the plane wave

spectrum .

The measured spectrum of the “— 105 shown in Figures 55—58 and the pre—

viously measured spectrum of the one—foot monopulse tracking antenna (Figures

69—52) were used to predict the signal that would be observed using the tracker

over a plane 44.5 tncheb u.ld over a plane 54.5 inches from the target. These

distances correspond to easily obtainable separations on the near—field range.

The predicted signal received by both the sum and difference channels of the

monopulse antenna were calculated every 0.5 inches in x and y over a 128 x 128

grid. To validate these predictions , measurements were mad e using the mono—

pulse tracker for horizontal fly—bys separated by 6 inches in elevation over

bot h prediction planes. The tracker was oriented as an elevation—plane mono—

pulse tracker to match the polarization of the illuminator , a l though the

t racker ’s rad iation patterns were measured earlier wi th  it or iented as an

azimuth—plane nionopulse antenna. Measured data was recorded for both the
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s~~ and the difference channels every 0.5 inches along each of the horizontal

fly—by cuts. Figures 59—62 show a comparison of the parallel polarized su.

channel signals measured and computed for horizontal fly—by. . It should be

noticed tha t the agreement in amplitude and phase is quite good . Similar

data for the difference channel is shown in Figures 63—66 and again th. agree-

ment is quite good. Cross polarized signals could not be predicted as well

as shown in Figures 67 and 68. It I. felt that the difficulty in pred ictiag

cross pola~ized signals is the result of small positioning errors in the

measurement setup which can couple the strongly scattered parallel component

into the weakly scattered cross component being received. Tests wert~ run in

which the monopulse antenna was slightly rotated or the model aircraft slightly

repositioned. These changes produced substantial changes in cross polarized

signals, as would be expected from typical antenna cross polarization measure-

ments. It was thus concluded tha t accurate placement of the target and

accurate rotation of the probe and aonopulse antenna are required to make

accurate measurements of the cross polarized components . However , such care

was not exercised in performing this set of measurements.

Most tracking systems are not interested in the su. and difference chin—

nels by themselves. Instead, these two signals are used to produce error

signal, that drive tracking circuits which cause the antenna and missil, to

head toward the target. A typical monopulse tracker looks at the phase of

the difference channel relative to the su. channel to determine if the target

is to the left of (or below) or to the right of (or above) boresight . The

magnitude of the difference signal determines how far the target is from bore—

sight . An analysis of this signal processing technique (iOJ shows that the

sonopul.. system basically utilizes the ratio of the difference channel vol-

tage to the su. channel voltag, to derive the error signal. The phas. of
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figure 59. Comparison of measured and computed signal received by son
channel along line y • —6 thebes on & — 44.5 inch plane for
parallel polarization.
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parallel polarization.
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parallel polarization.
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Figure 67. Comparison of measured and computed signal received by son
channel along line y — 0 inches on a • 44.5 inch plane for cross
polarization.
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Lit indicates whether the target is to the left of (or below) or right or

(or above) boresight and the slops of this signal- can be calibrated to deter-

mine the angle of the target off boresight. Comparisons of Lit calculations

are shown in Figures 69-74. These figures have not been normalized in ~~~li—

tud e or phase but simply display the actual measured and calculated deta .

The er ror signal amplitude is plotted In decibel.. A Lit va lue of 1 (0 dl)

corresponds to an angle—error signal of roughly 5’, while a A/I value of

* —2 0 dl corr.sponds to 0.5. error in angle . It can be seen from these figures

that the error signal predicted by the aooopulse ant~~~a agrees quits veil

with those obtained from measured fly—bps . The phase of this error signal

is offset by about 150’ from that measured . The shaps of the phase curves,

however , agrees quite well, the differenc e in phas. signals appears to be

the result of an error made i.n measuring the aonopulse antenna . It appears

that one of the signals was measured with the coax to waveguide ada ptor rotated

180’, thus produc ing a 180’ phase shift in the seasur meents. In addition ,

coax cables were used to connect to th. input of the monopulse antenna during

its characteri za t ion measure ments and flexing in this cable probably produced

another 30’ phase error , thus giving the 150’ phase difference between cal-

culated and measured data . It can be seen from these f igures that the level

of the signal goes from large to small to large again as the seeker flies

from below through the center and above the target. Also, the phase of the

signal changes by 180’ when going from below the ta rget to above the target .

Thus, the plane wave spectmon techn ique does produce the right sense of change

In phas . error and ~~~lituds erro r for the .onopulse tracking ant~~~a.

Vertical fly-by calculations could be plotted although no sasur ents

were made to compare with these vertical fly—bye. Figures 75—76 show ver-

tical fly-by calculations . Tb. err or signal drops to a very low value as
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the tracker goes across the target and the phase angle chan ges by roughly

l80 as it crosses the target as is expec ted for a monopulse antenna .

Figure s 77 and 78 show the calculated phase of the error signal for

parallel polarizat ion over the two measuresent planes. The 180 pha se shift

in going from abov e to below the tar get can clearly be seen in this figure.

It can also be seen that thi s error signal applies mainly to the centra l

region where the target is located .

C. Data Reduction Techniques - -

A number of techniq uen were considered for reducing the qu antity of data

that must be measured or the quantity of data tha t must be processed in order

to utilize the Plane Wave Spectrum technique. One simple method for reducing

the quantity of data tha t must be measured is to increase the spacing between

samples of data. This pr ocess decreases the number of rows and columns of

data that must be measured. A conventional size probe is used in this approach.

The measured spectrum obtained using this approach is valid only over a

limited angular sector near the origin of k—space. Aliasing distortion pro—

duces a false spectrum beyond the central region of k—space. Hence, this

technique is not usable unless it is known a priori that only the region near

the origin of k—space is desired.

The false spec t rum may be eliminated by using a large measur esent probe.

The spect rum of the probe acts like a low pass filter and limits the spectrum

to point. near the or igin of k—space. Thus, the spacing between the sampler

may be increased and consequently the quantity of data tha t must be measured

can be decreased . However , the measured spectrum is, again, valid only over

the central region of k—space. The size of th is region depends on the spec-

trum of the large measurnent probe.
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An alternate technique for reducing the quantity of data involves various

filtering schemes . Analog filtering may be performed on the measured data

directly as it is measured or after it has been recorded on magnetic tape.

This approach requires a large number of measurement points , but the data

is subsequently reduced in quantity . Consequently, a much smaller array

must be Fourier transformed and a small array is then used for subsequent

dat a processing . The technique may also be imp lemented using digital f 11—

tering on a computer. All of the measured data is recorded on magnetic tape

and this data is filtered digitally in a fashion similar to the analog filtering

process described above. This technique has been described by Joy [2J and

can be used to obtain the field over an angular region of space located

anywhere in the visible region. Typically, -this techniqu e only provides

information over a limited region of space which is normally of interest

for pencil—beam antennas . However, for RCS problems data is usually required

over a large region of space , and so this type of processing is not appli—

cable. 
-

It appears that the most useful technique for RCS measurentents is to

measure the full quantity of data and to transform all of this data into

plane wave spectrum information. This spectrum can then be processed to

reduce its quantity but still provide a spectrum tha t is applicable over

all of k—space.
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CONCLUS IONS AND REOOPI(~ (DATIOWS

The modal expansion technique using the plane wave spectrum represents—

tion has been used to obtain glint characteristics of aerospace targets.

This technique allows one set of measurements of the field scattered by a

target to be used with the radiation patterns of a variety of antennas to

determine the tracking error signal produced from each of these antennas.

The technique has been demonstra ted with a model F—105 aircraft and a single

plane monopulse antenna at X—band . Computed and measured signals have been

compared f or both the sum channel and the difference channel. The measured

ratio of the difference to sins channel signals (which is a function of the

angular error) has also been compared with the calculated value. The excel-

lent agreement obtained in both amplitude and phase for measurements of the

parallel polarized component of the scattered field showø the basic accuracy

of the technique. This good agreement between measurement and prediction s

has been shown for sum channel signal , difference channel signal and their

ratio even at distances very c lose to the target . The agreement for cross

polarized reception has not been as accurate as tha t f or parallel polariza-

tion. Measurements performed under this contract have shown tha t accurate

position ing and rotation of the seeker and accurate positioning of th. tar-

get are required in order to make accurate cross—polarization predi ctions.

Several techniques for data reduction have been examined under this

program. Most of these techniques are applicable when data is required only

over a limited angular sector of space , the position of which is known a

priori. This approac h is often acceptable for antenna measurements. However,

for RCS measurements the data is usually required over a wide cone of viewing
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angles since the missile’s look—direction to the target may change nubstan-

tia ’ly during flight. It is thai recoumanded that a complete set of data

be measured and this data processed to reduce its quantity after its plane

wave spectrum has been obtained.

Also presented in this report is a new technique for characterizing

near—field measur ement probes. This tec hnique permits the same planar scan—

ner to be used for making the probe characterization measurements as is used

for making the RCS measurements. Current probe characterization techniques

require a separate spher ical posit ioning system for making the probe charac-

terization measurements. Thus, a substantial savings in facility cost can

be realized using this new probe characterization technique. Correct ions

are also presented in this report to errors tha t have appeared in the litera-

ture in the probe correction equations.

Several tasks remain to be undertaken in order to complete the develop-

ment of the near—field RCS measurement technique described in this report.

The measurements presented in this report were made at X—band on a 1/33 scale

model, corresponding to full scale measurements at VHF frequencies. To obtain

data on this model applicable to microwav e frequ encies , the aeasureaent wave-

length needs to be in the millimeter range. Antenna measur ements have been

made at 70 GUz on the Georgia Tech near—field range, and it is anticipated

that model RCS measurements can also be performed at millimeter wavelengths.

The need exists to reduce the size of the target illuminator. A smaller

illuminator would simplif y its positioning and would permit smaller bistatic

angles to be measured. Current near—zone RCS measurements have been relative

in nature. A calibration technique needs to be established to obtain abso-

lute RCS data from the near—zone measurements. Processing of th. near—field

data is currently performed on a large, general purpose computer . A member

110
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of disadvantages have resulted from this approach includi ng slow turn around

time and extra manpowe r required to transfer data. Improved opera tion would

be obtained by using a dedicated minicomputer with a disc system. This would

perm it on—site data reduction and processing and would reduce the data turn-

around problem. A substantial amount of software must be developed in order

to permit such operation on a minicomputer . In addition , data r educ t ion tech—

niques must be develoepd and implemented on a minicomputer system for elec—

tricaUy large targets. Techniques are available for doing each of the above

tasks and have been evaluated by Georgia Tech.
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NEAR-FIELD COMPUTATIO N USING BA$DPASS FILTERED DATA

A theoretical investigation of the number of plane waves required to

describe a small region of a scattering pattern was undertaken and a su ary

of this investigation is given below. Between the extremes of all visible

wavenu mber s at close—in near fields (and even invisible wavenumbers corres—

ponding to evanes cent waves in the very close—in near field ) and a single

wavenuaber at infinity, there exists a wavenuaber bandwidth vhlch describes

the significant field contribu tion s for most scatterers. This will now be

briefly explained . The field at an observation point is given by the integral

of a plane wave spectrum. The major contribu tion from the integrand comes

fro , its stationary pha se point . At this point the integrand i. slowly

oscillating and a net contribution to the value of the integral is made. At

increasing angles fro. the observation point dir ection , the integraud var ies

more and more rapidly, but with equal and opposing values, so now there is no

net contribution to the integral. Therefore , what this says is that although a

particular region of the PWS may have an integra nd resulting in significan t con-
tribu tion , such as the main beam or first sidelobe, the wavenuabers outside

that region have an integrand result with little or no net contribution.

An expression will now be developed f or the number of p,.ane waves required

to describe the significant field contributions to a particular major lobe based

on the 3 dB width of the lobe and on th. value k, of the largest visible wave-

number. Recall the uncertainty principle

(32)

where

and Rqustioe (32) becomes
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where Ax is the stan dard deviation or half the 3 dl width of the lobe.
Therefore , we define

A X — 2 A x  (34)

and Equation (33) becomes

A X A k > l  (35)

where the 3 dl width AX is as shown in Figure 79. The number of plane waves ,
n , required to describe the lobe is

Ak
(36)

x

where 6k is the wavenuaber -space sample increment given by

2k

where N is the total number of vavenumber—sp ace samples and

sin (38)

where em is the angular width of the pattern . Rewriting Equation (35)
as

(3~)

and substituting into Equation (~6), one obtains the expression for as

(40)

which i. in term s of the 3 dl lobe width sad wav 1er-.mpece imeromest.
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Pigurs 79. Diagram of the relatioo bstvsen the near—field sidelobe
location z~, the lobe 3-dR width AX , and the s.~~I..pmcing AX.
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At this point , an expression which determ ines the center of the desired

wavenumber region is needed . Referring to Figure 80, we express the rela—

tion ship between the 3 dl lobe widths, AX0, AX1, and the distance of the

measur oment plane Z 0 and the comput ed plane as

(41)

and solving for AX r we obtain

z
AX ‘ A X 0

—1 . (42)
1

The center of the region AX i~s

X Z1 tan 0 (43)

where O
~ 

is as defined in Figur e 81. Changing to wavenu aber— space coordin ates ,

the center of the wavenuniber region of interest is expressed as

( k )  — k  sin O . (44)
x center o c

Thus , Equations (40) and (44) are first order expressions for the size and

loca t ion of a wavenumber band pass filter that inc ludes the significant field - - 

-

~

contributions whic h describe a part icular near-field angular sector (main beam 
- 

- 
- 

- 

-

or sidelobe). I:
The bandpass filtered data approach to data reduction was tested on a - -

uniforml y illuminated 81 square aperture as indicated in Figur e 82. The —

plitude and phase over a 321 by 321 region of the near—field plan e was

obtained by using a simple spacing of 6* • Ay — 1/ 2 , t inas obtainin g a 64 x 64

arr ay of simalated near—field data points. The center line of the p1aa.~wavs
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Figure 80. Location of .sasur snt plame (a . ~ and computed
plans (a — Z 1) with r.sp.ct to the scatter ing structure.
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spectrum co.put.d using the discrete FF! fro. this s pled near—field on the

z—0 plan. of the uniformly illuminated 81 square aperture is shown in Figure 83.

Integ-retion of the PWS was perform ed over the entire 64 x 64 arra y of spectral

data using the livariate tntegration Algoritha . This effectively corresponded

to integration over all visible wavenu.bers (from —k to + k) .  The int egra-

tion was again performed employing a wavenuaber bandpaas filter from minus

.25 k0 to plus .25 k0 in both k
~ 

and k~. which corresponded to a 16 x 16

array centered in the wavenumber spectrum. The results of the integration

performed over the wavenumber limited region are compared to integration over

the entire PWS array in Figure 83. Only the cent er—line data representing

a single near—field “cut” is plotted . -

Integration over a 16 x 16 wavenuaber array results in good agreement

in the f irst  sidelobe region as well as the main beam. Integration over

smaller vavenuaber widths was also performed to nume rically verify the results

of Equat ion 44. The results of lov—pas filtering the wavenumber region to

.125 k0, which corresponds to integration over an 8 x 8 wavenumber array ,

are shown in Figure 84. Here , the near field computed from the low—pass f ii—

tered PWS is compared to the near field computed using the unfiltered PWS.

Again, very good agre ement is exhibited in the mai~. beam region with only —

minor discre pancies appear ing the first sidelobe. Therefore , it could be

said that Equation 44 provides a conservative est imate of the number of plane

waves r.quir~4 to describe a particular sector of interest , at least in the

main be t~aion. Because of the good agreement for the case of an 8 x 8 —

vavenumber arra y , further low—pais filtering of the spectral da ta was per—

formed to determine that a lower limit on th. number of plan. waves which

would adequately describ, the main bee. did exist for this part icular near —

fi.ld distauce (0.1 D 211). Figure 85 pres.nts the results of integration 
;_~ 
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I
over a 4 x 4 wavenumbsr array compared to integration owar the unfIltered

PWS . In this case, th. size of the wavea.b.r limited region eme not large

.nough to describe th. main beam , but good agreement vith the aaxl~~~ ampli-

tude was mainta ined . Thea. results thee support earlier asser t ions concerning

Equation 44. Figures $6 and $7 pres ent similar results for a near—field dis-

tanc e of 0.05 D2 /A .

Because of the vaven*abe r limiting, if the region of interest happened

to be in a region other then the center , bandpass filteri ng can be used to

describe the significant field contribution s in that region . Figure 88a

indicates t ’~ie spectra l region used to calculate th. field in the first side—

lobe using a 16 z 16 vavenuaber array (.25 k0). The results of the wave—

number limiting in the sidelobe region are presented in Figure 89 for ca lcu—

lations along the center—line path ind icated in Figur e 88b . The good agree-

ment of the results in the first sidelobe region ind icate that the ni~~ er of

plane waves used to deocribe the near—field region of inter est can be sig-

nificantly reduced and still provide an accurate description of the field

in that region. Figure 90 presents the results of integration over a .125

wavenumber bandwidth.
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