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SUMMARY 

It is well-known that the far-field of an arbitrary antenna may be 

calculated from near-field measurements. This approach to far-field 

determination is not new, but two important questions remain unanswered: 

1. How far apart should the near-field sample 

points be spaced? 

2. How can the amount of near-field data be 

reduced? 

To answer these questions, certain well-established communication 

techniques, centered around Fourier transform theory, are applied to the 

near-field measurement problem in this work. 

Another well-known technique used in this investigation is the 

expansion of an arbitrary electromagnetic field as a continuum of plane 

waves. If an electromagnetic field is specified over a planar surface, 

its amplitude is related to its plane wave wavenumber spectrum through a 

Fourier transform. Additionally, on a sphere of infinite radius (i.e., the 

far field), the same electromagnetic field is directly related to its 

wavenumber spectrum, but only for wavenumbers whose magnitude is less 

than 2rr/\. 

Using a scattering matrix approach, D. M. Kerns, Scientific Con

sultant to the Radio Standards Engineering Division of the National Bureau 

of Standards, has carefully analyzed the two antenna measurement system, 

and has concluded that the true wavenumber spectrum of the electromagnetic 

field may be found from the measured planar field if the complete 



electromagnetic characterization of the measuring probe is known. Then, 

if the electromagnetic field is measured on a plane located a finite 

distance from an antenna, Fourier transform techniques may be used to 

analyze the far-field calculation problem. 

Plane waves, with wavenumbers greater than 2TT/X, are attenuated 

with increasing wavenumber and with distance from the measurement plane. 

Once some arbitrary attenuation level and a distance from the antenna 

are selected, the sampling theorem from Fourier analysis can be used 

to choose the required sample spacing in the near field, sufficiently 

small to include all wavenumbers above the selected attenuation level. 

The sample spacing approaches an upper bound of \/2 at infinite 

separation from the antenna. 

Additional wavenumber limiting may be artificially effected 

through the use of low-pass spatial filtering of the measured near-field 

data. As the wavenumber limit of the low-pass filter decreases, the 

required post-filter sample spacing increases which, in effect, reduces 

the number of samples. The resulting wavenumber-limited data is found to 

contain all information necessary to calculate the far-field pattern of 

the antenna in well-defined angular sectors centered about the polar axis 

(the axis which is perpendicular to the measurement plane and passes 

through the origin of the selected system of coordinates). The angular 

size of these sectors is found to depend on the wavenumber limits of the 

low-pass filter. The far field over other sectors of interest can be 

found by applying wavenumber shifting (similar to the communication theory 

technique of frequency shifting) of the near-field data followed by the 

same low-pass filtering process. The number of post-filter samples 



needed to calculate a given sector of the far field can be predicted, 

and is shown to decrease monotonically with decreasing size of the sector. 

Even greater data minimization is possible for one-dimensional slices of 

the far-field pattern. 

This technique has been verified experimentally as follows: First, 

the complex on-axis polarization ratio of a far-field probe antenna was 

determined through a new measurement technique from a set of three on-axis 

polarization ratio measurements made with two other antennas. Second, the 

scattering properties of three probe antennas were determined by measuring 

two orthogonal components of their far-field patterns in both phase and 

amplitude. Third, the near fields of two X-band antennas were measured 

using the chosen probe. The measurement apparatus consists of an auto

mated, line-scanning mechanical positioner capable of scanning a 100" by 

100" planar surface with an accuracy of five thousandths of an inch. A 

newly developed phase/amplitude receiver was used to measure two ortho

gonal components of the near field in phase and amplitude. This informa

tion was read into a digital computer for low-pass filtering, wavenumber 

shifting, probe correction, and far-field calculation. Fourth, the 

calculated far fields of the two X-band antennas were compared to far-field 

patterns measured on a standard antenna range. 

Calculated and measured far-field patterns are shown to agree 

within the measurement accuracy of the far-field range. 
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CHAPTER I 

INTRODUCTION 

The determination of the far-field radiation pattern of an antenna 

is a problem rich in history (1), both as a direct far-field measurement 

problem and as an electromagnetic boundary value problem. 

Direct far-field measurement is well-suited for electrically small 

antennas, as conventional size antenna ranges can be constructed to yield 

accurate results. For electrically large antennas, however, the required 

size of the far-field antenna range becomes prohibitively large (2). 

Celestial bodies (3), satellites (4) and aircraft (5) have been used as 

sources of electromagnetic radiation to extend the size of the far-field 

range with only limited success. 

Another method of far-field determination is the solution of 

Maxwell's equations subject to the boundary conditions imposed by the 

antenna. Solution of the electromagnetic boundary value problem is 

possible in closed form for only the geometrically simplest of antennas. 

As the shape of the antenna is complicated with feed supports, mounting 

structure, mechanical imprecisions and irregular surfaces, many approxi

mations are introduced to simplify the resulting numerical problem. At 

best the solution is a first approximation to the true far field of the 

antenna. 

Recently a hybrid approach to far-field determination has been 

attracting the attention of those faced with far-field determination of 

electrically large and often complicated antennas. The hybrid approach 
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includes both measurement and calculation. The electromagnetic field near 

an antenna is measured on a specified surface enclosing the antenna and 

the far field is calculated from the measured near-field data. The hybrid 

approach has the dual advantages of eliminating the need for a large 

far-field range and of being applicable to arbitrary antennas. 

Brief History of Far-Field Determination 

from Near-Field Measurements 

Early work in near-field measurements attempted to directly 

implement Huygens' principle of secondary spherical waves (6-9). Use of 

Huygens1 principle required measurement of both the tangential electric 

and magnetic fields on a near-field surface. As the magnetic field was 

difficult to measure with accuracy, it was assumed to be directly propor

tional to the measured electric field as in a plane wave. 

Huygens' principle also required knowledge of the direction of 

propagation of the field at each point of the measurement surface. As 

the unknown direction of propagation could not be determined directly, it 

was assumed to be normal to the measurement surface. 

The near-field measuring probe was assumed to be ideal, measuring 

exactly the undistorted tangential electric field. The near-field 

measurement spacings were chosen to obtain smooth near-field measurement 

graphs on a trial and error basis. The amount of near-field data was 

usually very large and almost no data minimization was used. 

Experimentally, early work in near-field measurement was directed 

toward development of an ideal near-field measuring probe. Richmond and 

Tice (10) stated that an ideal probe should possess the following four 

qualities: 
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(1) The probe should not distort the field being measured. 

(2) The probe should be small enough to essentially measure 

the field at a point. 

(3) The probe should be linearly polarized. 

(4) The probe should provide the measuring equipment 

with an adequate signal. 

Two general classes of probes were developed to measure the 

tangential electric field. The first class provided a direct sample of 

the field. The second class provided an indirect sample of the field 

by measuring the backscattering from a small probe located on the 

measurement surface. 

Whiteside and King (11), Borts (12), and Woonton (13) worked with 

direct measurement probes and developed small dipole probes which closely 

approximated the ideal probe at low frequencies. Richmond and Tice (10) 

developed small dielectrically loaded waveguide probes which were useful 

in the microwave region and provided a good estimate of the field with

out probe correction. 

Justice and Rumsey (14), Harrington (15) and Plonsey (16) developed 

near-field scatterers and scattering systems which measured the near field 

indirectly. The significance of this method of measurement is that the 

probe size can be greatly reduced, reducing the distortion of the field 

due to the presence of the probe. 

In all of these early near-field measurement systems, measurement 

of the relative phase of the electromagnetic field was time-consuming and 

usually inaccurate. 

Although sophisticated probes and measuring systems were developed, 



many unjustifiable assumptions concerning the properties of the field being 

measured remained, until Booker and Clemmow (18) reformulated the far-field 

deterimination problem in terms of plane wave expansions. They showed 

that only two components of the tangential electric field were required 

to determine the complete far field and that knowledge of the direction 

of propagation at each near-field measurement point was not required. 

Brown (19) and Jull (20-22), working with line sources and using 

cylindrical wave expansions of the electromagnetic fields, also showed 

that only two components of the tangential electric field needed to be 

measured and that the direction of propagation of the measured field 

was not needed. They also made an important first step in correcting the 

calculated far-field patterns for the effect of the measuring probe. 

Sample spacing and data minimization, however, were not treated. 

Kerns (23) and Dayhoff (24), working with arbitrary antennas, and 

using plane wave expansions of the electromagnetic fields, characterized 

the two antenna measurement system by means of a scattering matrix of 

plane waves. For the special case of no multiple reflection between the 

two antennas, they were able to correct the calculated far-field patterns 

of an arbitrary antenna for the effects of an arbitrary, near-field 

measuring antenna, if the scattering parameters of the measuring antenna 

were known a priori. They also carried out the near-field measurements 

and far-field calculations and demonstrated that sample spacings as large 

as one wavelength could be used in certain cases, but reached no general 

conclusions concerning sample spacing for an arbitrary antenna. Some of 

their measured near-field data was eliminated by using statistical 

significance tests, but the amount of data minimization was minimal. 



Near-field measurements can now be performed quickly and easily 

through the use of newly developed phase/amplitude receivers. 

Need for a Sample Spacing Criterion 

and a Data Minimization Technique 

Through the years the hybrid approach to far-field determination 

has become more exact with the elimination of many unjustifiable assump

tions and has become more practical with the advent of modern phase and 

amplitude measurement equipment. Two important questions concerning the 

validity and practicality of the hybrid approach, however, remain 

unanswered: 

1. How far apart should the near-field sample 

points be spaced? 

2. How can the amount of near-field data be reduced? 

The trial and error approach to sample spacing of the past required 

many redundant measurements and calculations to iteratively arrive at a 

suitable sample spacing for a given antenna. The iterative process must 

then be repeated for each new antenna. Large sample spacings are pref

erable as smaller amounts of measurements and data are associated with 

the larger sample spacings for a given size antenna. 

Thus, an a priori sample spacing criterion is needed which will 

specify the largest sample spacing permissible for a given antenna and 

for a given distance from the antenna to the near-field plane of measure

ment . 

Near-field measurement presents a unique data collection and com

putation problem. As each point of the far-field radiation pattern 



depends on the entire near-field data, all the measured data must be 

stored for computation, usually in the memory of a digital computer. The 

storage capacity of even the largest digital computer is easily exceeded 

with the data storage requirement of electrically large antennas. 

Thus, a data minimization technique is needed to reduce the amount 

of near-field data required to calculate a given angular sector of a far-

field pattern. Data minimization may occur at the near-field measuring 

site or internal to the computer as a series operation which processes 

the data as it is read into the computer. 

Through the use of data minimization, the requirement for a 

digital computer can often be eliminated as in the determination of the 

principal plane far-field patterns. 

Purpose of this Research 

The purpose of this research is to further develop the near-field 

measurement technique for determination of antenna far-field patterns. 

Specifically, this research has a threefold objective: 

First, to establish a sample spacing criterion for near-field 

measurements made on a planar surface near an arbitrary antenna. This 

criterion should specify the spacings between near-field samples and the 

location of each sample within the measurement plane. The planar surface 

is preferred because a great reduction in the far-field computation process 

occurs for planar near-field surfaces. For a planar, near-field surface 

the far field can be related to the near field through a Fourier trans

form (25), allowing use of the Fast Fourier transform technique (26) to 

greatly reduce computer calculation time. 
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Second, to develop a near-field data minimization technique to 

significantly reduce the amount of data needed to calculate a given 

angular sector of the far-field radiation pattern. 

Third, to experimentally demonstrate the feasibility and practi

cality of far-field determination from near-field measurements. Use of 

the sample spacing criterion and the data minimization technique are 

included as part of this investigation. 
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CHAPTER II 

ANALYTICAL BASIS 

A great amount of insight may be gained about the nature of an 

electromagnetic field on a plane near a radiating structure, if it is 

decomposed into a continuum of plane waves. Specification of the complex 

amplitude of the continuum of plane waves takes the form of a two-dimen

sional Fourier transform of the complex two-dimensional electromagnetic 

field. As the plane wave amplitude spectrum so obtained is directly 

related to the far-field pattern of the antenna, a Fourier transform 

relationship is seen to exist between the two-dimensional near field and 

the radiated far field. Thus the well known results of Fourier analysis 

(27,28) may be applied to the problem of far-field determination from 

near-field measurements. The familiar one-dimensional time and frequency 

Fourier transform domains of linear system theory are replaced with the 

two-dimensional space and wavenumber domains of electromagnetic theory. 

The first application of the results of Fourier Analysis is used 

to arrive at a sample spacing criterion for two-dimensional near-field 

measurements. Cast in terms of the domains of electromagnetic theory, 

the sampling theorem of Fourier analysis (29) states that a two-

dimensional electromagnetic field, whose plane wave wavenumber spectrum 

has finite dimensions in the wavenumber domain, may be sampled at equally 

spaced intervals in each of the two spatial dimensions. The size of the 

two spatial intervals is determined from the magnitude of the two maximum 

wavenumber dimensions of the wavenumber spectrum. For large wavenumbers 



the amplitude of the wavenumber spectrum decays exponentially as the 

distance between the source of the electromagnetic field and the near-

field measurement plane is increased. Thus, as the near-field measure

ment plane is moved away from the antenna, the wavenumber spectrum of 

the two-dimensional electromagnetic near field becomes essentially wave-

number limited and the Fourier sampling theorem may be applied. 

In addition to the wavenumber limiting process observed with 

increasing distance from the antenna, another result of Fourier analysis 

may be applied to further limit the wavenumber spectrum of the measured 

near field. As the spatial sampling intervals are inversely proportional 

to the wavenumber limits of the wavenumber spectrum, decreasing the wave-

number limits increases the sampling intervals; this process, in effect, 

decreases the amount of near-field data. Familiar low-pass filtering 

(28) used, for example, in circuit theory to limit the frequency spec

trum of a time signal, can be used in the electromagnetic domains as 

well. In the electromagnetic domains a two-dimensional, low-pass filter 

can be used to limit the wavenumber spectrum of a two-dimensional elec

tromagnetic field. The electromagnetic field is first sampled in accord

ance with the sampling criterion resulting in a two-dimensional array of 

measured values. The array of measured values is then low-pass filtered 

and re-sampled in accordance with the sampling theorem; however, in this 

case, the wavenumber limits of the measured data have been reduced by 

the low-pass filter, increasing the post filter sample spacings. The 

result is a smaller array of measured near-field data. As the far-field 

pattern is directly proportional to the wavenumber spectrum, wavenumber 

limiting the wavenumber spectrum is equivalent to limiting the far-field 



pattern. Thus, great reductions in measured near-field data are possible 

when small regions of the far-field pattern are to be determined. Princi

pal plane far-field patterns are typical of small regions of the complete 

far-field pattern as they are equivalent to a one-dimensional slice of 

the two-dimensional wavenumber spectrum. 

To accurately determine the far-field radiation pattern from near-

field measurements, the effect of the presence of the near-field probe 

must be understood and taken into account. Using plane wave expansions 

of the electromagnetic field, Kerns (23) has shown that the true wave-

number spectrum of an antenna's two-dimensional near-field may be found 

from near-field measurements if the wavenumber spectrum of the near-field 

probe is known. Thus, the first step in the measurement procedure is 

the determination of the wavenumber spectrum of the near-field probe. As 

the near-field probe is designed to be electrically small, direct measure

ment of its far fi^ld is easily accomplished. The wavenumber spectrum of 

the probe is determined from the measured complex far-field pattern. In 

this connection it should be noted that the complex, on-axis polarization 

ratio of the far-field measuring antenna must be known a priori to correct 

the measured far-field patterns of the near-field probes. 

Having determined the complex polarization ratio of the far-field 

measuring antenna, the far field of the near-field probe may be measured 

and its wavenumber spectrum determined. The two-dimensional near field 

of an arbitrary antenna may then be measured with the near-field probe 

and its true wavenumber spectrum determined. The end result, the far-

field pattern of the arbitrary antenna, may be readily determined from 

the corrected wavenumber spectrum of the. measured near-field data. 
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Plane Wave Representation of Electromagnetic Fields 

It is well known that an electromagnetic field may be expanded as 

an infinite sum of plane waves (25) . The electric field of each of the 

plane waves has the form 

E(x,y,z,t) , A(k) e j(UJt " k ' ^ (2-1) 

where (JO is the angular frequency, k specifies the wavenumber, and r is 

the radius vector from the origin of the reference coordinate system 

—> 

shown in Figure 1. The vector k may be written in rectangular coor

dinates as 

k = kxax + kyay + kzaz (2"2) 

The electric field of each plane wave must satisfy the wave equation (25) 

2 
r\ O TT 

7 E(x,y,z,t) - (-j) E(x,y,z,t) = 0 (2-3) 

where X. is the free space wavelength. Substituting the plane wave 

expression, Equation (2-1), into the wave equation, Equation (2-3), 

results in a restriction on the magnitude of the vector wavenumber k 

2 
kx

2
 + k y

2 • k z
2 -_ <3f) = k Q

2 (2-4) 

Thus, in an unbounded medium, any two of the three wavenumber rectangular 

components may be chosen independently to specify the direction of propa

gation for a plane wave. 



• z 

Figure 1. Reference Coordinate System 

It is often convenient to write the rectangular components of 

the vector wavenumber k, with magnitude k , in terms of the spherical 

angles 9 and § of Figure 1 as 

k - k sin 9 cos x o 

k = k sin 9 sin 
y ° 

k = k cos 
z o 

(2-5) 

(2-6) 

(2-7) 

Then, obviously, Equation (2-4) is satisfied automatically. 

In general, the complex vector A is a function of the direction o 

propagation k. If the direction of propagation is known, only two of the 

three spatial vector components of A are needed to specify its spatial 

orientation as the third component may be found from the plane wave 

condition (25) 
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E • £ = 0 (2-8) 

With the choice of k and k to specify the direction of propaga-
x y 

tion, and the x and y vector components to specify the spatial orientation 

of the plane wave electric field, a sborthand notation is adopted for the 

complex vector amplitude of a plane wave: 

A(k ,k ) 
V X' y' 

Here the bar above the letter A represents the transverse (x and y) 

vector components. 

The amplitude of the continuum of plane waves which specify the 

transverse components of an electric field is given at any point on a 

plane by the well known relation (29) 

coco -i(kx-fky) 

A(kx,k ) = ̂  J J E(x,y,0) e ' X Y ' dxdy (2-9) 

where the z z 0 plane has been chosen without loss of generality and the 

time dependence of E has been dropped. Equation (2-9) is recognized as 

a two-dimensional Fourier transform of the transverse components of the 

two-dimensional electric field. Thus the inverse Fourier relationship 

reconstructs the electric field from its complex plane wave amplitude 

spectrum and is given by 

1 
i (k x + k y) 

*• x y
J
 ' E(x,y,0) = ^ J J A(kx,k ) e 3 dkxdk (2-10) 

•CO-00 
y 



The transverse electric field may also be reconstructed at any value of 

(x,y,z) in terms of the plane wave amplitude spectrum specified at the 

z = 0 plane as (30) 

2 , Z- 2 <2-U> 
00 00 

E(x,y,z) - j ^ 

j(k x + k y • Vk -k -k z) 
J X V O X V 

A(kx ,ky)e
 y y dkxdky 

I 
which in essence represents a superposition of simpler waves of the form 

of Equation (2-1). In general, this integral is difficult to evaluate; 

however, in the limit as the radius approaches infinity, the stationary 

phase method of integration (31) may be used to evaluate the integral. 

In this application of the method of stationary phase the equation is 

transformed from rectangular (x,y,z) coordinates to sperhical (^6,$) 

coordinates and the rectangular wavenumber coordinates (k ,k ) are given 

in terms of the spherical angles (9,<$). The transverse electric far 

field is then shown (31) to be 

-jk-r 
jk cos G e 

E(r,6,§) = — A(ks in G cos ^ k sin 8 sin $) 

2 2 2 <2-12) 
for k + k ' = k 

X y O 

0 elsewhere. 

2 9 ~- 2 
The restriction (k ) + (k ) - (k^) corresponds to all the real 

angles (8,$) of propagation. Other wavenumbers (k .k ) correspond to 
x y 

complex angles of propagation and to imaginary values of k . Plane waves 

with imaginary k attenuate as they travel in the z-direction and 
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are called evanescent waves. The x and y components of the electric field 

at infinite radius (i.e., the far field) therefore contain no evanescent 

waves and are directly related to the Fourier transform of the transverse 

components of the electric field at z - 0. 

Having found the transverse components of the electric far field, 

the z component is found from Equation (2-8) as 

E = ^r - (k E + k E ) (2-13) 
z k v x x y y / 

z
 J J 

The m a g n e t i c f i e l d a s s o c i a t e d w i t h t h e e l e c t r i c f i e l d of a p l a n e wave i s 

g i v e n by 

—» —* 

-» k . E , 
H = ; (2 -14) 

where 

Tl = vHJTT- (2-15) 

i s t h e c h a r a c t e r i s t i c impedance of a n o n - c o n d u c t i n g r e g i o n , w i t h 

d i e l e c t r i c c o n s t a n t e and p e r m e a b i l i t y M- . From E q u a t i o n (2 -14 ) t h e 

t h r e e components of t h e m a g n e t i c f i e l d may be found as 

H = - - 1 

X (JO, , * . 

M- z 

H 

— [k k E * (k Z f k ^ E l (2 -16 ) 
k z x y x y T 

= ~7^ [*(k 2 + k 2) E + k^k E ] (2-17) 
y u)(jkz ' - x y x x y y J ' 

H = —Z [- k E + k E 1 (2 -18 ) 
z ^[i L x x y yJ \ «/ 

Thus the complete vector electric and magnetic far field may be 

determined from the transverse components of the electric field on the 

z = 0 plane. 



Sample Spacing Criterion 

Attention is now focused on the wavenumber domain. The wavenumber 

domain is divided into two important regions, as shown in Figure 2. The 

region bounded by the circle of radius k contains wavenumber coordinates 

(k ,k ) such that x y 

k 2 + k 2 =k 2 (2-19) 
x y o 

For these wavenumbers k , the propagation constant in the z-direction, 
C* 

is specified from Equation (2-4) as 

k - ± J k 2 - k 2 - k 2 (2-20) 
z N o x y 

where the positive sign on the radical indicates propagation in the 

z = 0 half-space, and the negative sign indicates propagation in the 

z = 0 half-space. Plane waves with wavenumber coordinates satisfying 

Equation (2-19) have real propagation constants k and propagate with-

out attenuation. 

Plane waves with wavenumber coordinates (k ,k ) such that 
x x5 yy 

k 2 f k 2 > k 2 (2-21) 
x y o v ' 

result in imaginary values of 

z 
k --* W kxZ + k y Z " ko" <2-22> 

where the negative sign is chosen for the z — 0 half-space to ensure 

finite power of the electromagnetic fields. These plane waves are 
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Evanescent 
Waves 

- k 

Figure 2. Wavenumber Space 



called evanescent waves and decrease in amplitude with increasing 

distance in the z direction. More precisely, the amplitudes of the 

evanescent waves decrease exponentially at a rate specified by 

e
 k

*
2 + k

y
2

"
k

°
2 z

 £ o r k 2 t k 2 > k 2 
C x y o 

The exponential decrease of evanescent waves with increasing 

wavenumber and increasing distance from the z - 0 plane suggests that 

a wavenumber limiting process occurs for electromagnetic fields existing 

in an unbounded medium. If a wavenumber limit did exist the Fourier 

sampling theorem (29) could be applied to the near-field measurement 

problem. The two-dimensional Fourier sampling theorem, restated in 

terms of the domains of electromagnetic theory, states that any wave-

number limited electromagnetic field may be uniquely determined on a 

planar surface from samples located at the intersections of a rectangular 

lattice defined on the planar surface. The origin of the planar surface 

is chosen to coincide with one of the lattice intersections and the two 

planar axes are aligned parallel to the structure. The lattice spacings 

in the x and y directions are given by 

Ax z n/k^ (2-23) 

Ay = n/kym (2-24) 

where k and k are the magnitude of the largest k and k coordinates, 
xm ym to fa x y 

respectively, of the wavenumber spectrum of the electromagnetic field 

being sampled. Equations (2-23) and (2-24) show that the sample spacings 

approach zero for large wavenumber limits k and k , requiring large 



amounts of measurements and data. The electromagnetic field may be 

reconstructed from the samples through the well known relation (29) 

- c o - c o 

o „ s i n ( k x- i f l ) s i n ( k y-nTT) 
( x , y , 0 ) = ) ) E ( j - — , r — , 0 ) — — - —z ~r ( 2 -25 ) 

4, L KXm Kym (k x -^n) (Km
y
~

nTJ
> 

Z=~ca n--" 

An electromagnetic field composed entirely of radiating plane 

waves (e.g., the far field of an antenna) has maximum k„ and k wave-
x y 

numbers of k . The sample spacings for this field are given by 

Equations (2-23) and (2-24) as A/2. In general, however, the wavenumber 

spectrum of the electromagnetic field near a radiating structure will 

have no apparent wavenumber limit. Nevertheless, an approximate wave-

number limit can be determined as a function of the sample spacing and 

distance away from the radiating source. 
The maximum kv and k wavenumbers within a circle of radius k 

y m 

centered about the origin of wavenumber space are 

k z k k = J k 2 + k 2 ( 2 -26 ) 
xm ym m v x y x / 

where (k ,k ) lie on the circle of radius k . This maximum wave-v x' y' m 

number k may also be specified as a function of k through Equation 

(2-4) as 

km = V K
l
 - kzm2 C2-27) 

where k is the k associated with the wavenumber coordinates (k ,k ) 
zm z x' y

/ 

lying on the circle of radius k . Substituting this value of k into 

Equations (2-23) and (2-24) yields 
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A = A = A/2 
x y k ? 

1 - ( ™) 
ko 

(2-28) 

For imaginary values of k (i.e., evanescent waves) the sample spacings 

are seen to approach zero with increasing k 
rt^ ° ziti 

The imaginary value of k in Equation (2-28) may also be written 

as a function of the amplitude decay of all evanescent waves with 

k B k . The amplitude decay of evanescent waves may be expressed in 

decibels as 

-jkzmz 

oi = 20 log <e ) 

• j 20k z 
_ zm 
2.302585 

2 2 2 
for k • k > k * 

X y O 
(2-29) 

Solving this equation for k yields 

zm 

2.302585 a 

j20z 
for k 2 + k 2 > k 2 

x y o 
(2-30) 

Letting z z NX, where N is the number of wavelengths from the antenna to 

the near-field measurement plane, and substituting the value of k^^ from 

Equation (2-30) into Equation (2-28) gives 

zm 

A = A = A/2 x y 
Vi i (—?-)

2 

54.6N 

for k 2 + k 2> k 2 (2-31) 
x y o 

Figure 3 is a graph of Equation (2-31) for four values of N. 

Equation (2-31) specifies the required sample spacings in the 

measurement plane to accurately reproduce all plane waves which, having 
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Attenuation in Hundreds of Decibels 

Figure 3. Sample Spacing as a Function of Attenuation Level 
and Distance from Antenna, in Wavelengths ho 



traveled the distance to the measurement plane, have undergone an 

attenuation of less than some preselected amount. The amount of atten

uation is somewhat arbitrary, but should be selected to be much greater 

than the dynamic range of the near-field measurement equipment. In this 

research a 610 dB level of attenuation was chosen with the near-field 

plane ten wavelengths from the antenna. The dynamic range of the near-

field measurement equipment was 70 dB. From Equation (2-31), the 

required sample spacing for this level of attenuation and this distance 

from the antenna is seen to be A./3. 

Equation (2-31) is true for an arbitrary antenna; however, 

through the use of a priori information concerning the "Q", the direction 

of propagation and the angular size of a single beam antenna, the sample 

spacing may in certain cases be increased. As shown by Rhodes (32), a 

Q of zero is associated with an aperture field containing no evanescent 

waves. For a very low Q antenna, typical of wide-band, non-supergain 

antennas, the field on the near-field measurement plane is composed 

entirely of radiating waves with a maximum wavenumber of k . The sample 

spacings for this antenna, according to Equations (2-23) and (2-24) should 

be A./2 apart. 

Narrow-beam antennas with low values of Q are designed to concen

trate most of their radiated energy into small angular portions of the 

far field. In terms of the wavenumber domain, most of the plane wave 

wavenumber spectrum is located in a small, well-defined region of wave-

number space within the radiation circle. If the direction from the 

antenna to the far-field sector of energy concentration is known, the z 

axis of the near-field measurement plane can be aligned with it. This 



alignment places the origin of the wavenumber domain in the region of 

far-field energy concentration. The angular size of the far-field sector, 

if known a priori, can be used to determine the maximum radiating wave-

numbers through Equations (2-5) and (2-6) . Maximum radiating wavenumbers 

less than k correspond to sample spacings greater than A./2, as shown 

in Equations (2-23) and (2-24). 

As an example, let it be assumed that an antenna has a Q of zero. 

Thus no evanescent waves are assumed on the near-field measurement 

plane. Let it be further assumed that the antenna concentrates almost 

all of its energy into an angular region emcompassed by a two degree 

polar angle about the z-axis of the near-field measurement plane. In 

wavenumber space this angular region corresponds to a circular region 

centered about the origin with radius 

2 2 kx + K m x y 

k 2sin29 cos2§ * k 2sin29 sin2 

o o (2-32) 

= ko s i n 

z 0.0348995 kQ 

The sample spacings corresponding to this maximum wavenumber are deter• 

mined from Equations (2-23) and (2-24) as 

^ = ^ = 14.3X (2-33) 

thereby greatly reducing the number of near-field samples required to 

calculate the far-field pattern of the antenna through the use of 

a priori information. 
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Near-field Data Minimization 

In addition to the natural wavenumber limiting process observed 

with increasing distance from the antenna, other results of Fourier 

analysis may be applied to further limit the wavenumber spectrum of the 

measured electromagnetic field. 

As described earlier, the transverse electromagnetic field over 

a planar surface is related to its plane wave amplitude spectrum through 

a two-dimensional Fourier transform. This relationship is denoted as 

E(x,y) < = > A(kx,ky) (2-34) 

Let another two-dimensional Fourier transform pair of scalar functions 

be defined in the spatial and wavenumber domains as 

h(x,y) < = > H(kx,ky) (2-35) 

It is well known from Fourier analysis that the product 

M(kx,ky) = A(kx,ky)H(kx,ky) (2-36) 

has an inverse Fourier transform m(x,y) defined in the spatial domain as 

the spatial convolution (28) of E(x,y) with h(x,y) 

M (x,y) = J J ECn,S)h(Tl - x,§ - y)dT1d§ (2_37) 

A wavenumber limiting process of A(k ,k ) may be carried out if 

H(k ,k ) is specified as 
x y r 
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H(k ,k ) = 1 for Ik = k T ̂  and k = k v x y x1 xLP ' y yLP 

(2-38) 

= 0 elsewhere 

H(k ,k ) is then called an ideal low-pass filter with wavenumber limits 
x y 

k and k . This filter is ideal in two respects. First, when 
xLP yLP 

A(k ,k ) is multiplied by H(k ,k ) the product is wavenumber limited to 
x y' r J x y r 

exactly k T _. and k . Second, the amplitude of A(k ,k ) is unaltered J xLP yLP x Y 

in the low wavenumber pass region of the filter. The function H(k ,k ), 
x y 

as defined in Equation (2-38), has an inverse Fourier transform given by 

S i n ( kxLP X ) S l n ( kyLP y ) 

h(x,y) = 4k x L pk y L p ( k x L p X ) (ky[py) (2-39) 

Thus, wavenumber limiting may be performed in the wavenumber domain 

as 

A (k ,k ) - A(k ,k )H(k ,k ) (2-40) 
Lp x y x' y' v x y v ' 

where A (k ,k ) is the resulting wavenumber limited plane wave spectrum 
LP x y r ^ 

In the spatial domain, this operation is given by the convolution 

ELp(x,y) = 4k x L pk y L p 

•% <? sin k TT)01-x) sin k p(5-y) 

^"X^r -nr̂ -V, —CO —CO 

(2-41) 

where E (x,y) is the inverse Fourier transform of ^^(k ,k ) , and 
LP XP V x ŷ  ' 

represents the wavenumber limited transverse electromagnetic field. In 

the spatial domain, the output of a low-pass filter with wavenumber limits 

of k TT) and k may be sampled at distances 
XIJ if yljir 



A x = n / k x L p ( 2 - 4 2 ) 

Ay = n / k y L p ( 2 -43 ) 

depend ing o n l y on t h e wavenumber l i m i t s of t h e l o w - p a s s f i l t e r k , _ and 

k 
yLP 

Thus, to determine the plane wave spectrum of an antenna in a 

small wavenumber region centered about the origin of wavenumber space 

or, equivalently, to determine the far-field pattern of an antenna for 

a small angular region centered about the z-axis of the near-field 

measurement plane, low-pass filtering can be employed to increase the 

post-filter sample spacing and minimize the amount of near-field data 

required for the far-field calculation. Use of low-pass filtering of 

the measured near-field data allows an important trade-off to be made 

between the amount of post-filter data and the angular size of the 

calculated far-field pattern. 

Other small angular sectors of the far-field pattern of an 

antenna may be calculated from near-field measured data with equal 

degrees of data minimization. Two methods are available. 

The first method, which accomplishes data minimization for off-

axis sectors, involves the re-orientation of the near-field measurement 

plane. If the z axis of the measurement plane is aligned parallel with 

the direction from the antenna to the center of the angular sector of 

interest, this angular sector will appear centered about the origin of 

wavenumber space. Low-pass filtering may then be carried out as before. 

The second method utilizes another result of Fourier analysis. It 

is well known from Fourier analysis that the wavenumber spectrum of 
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A (k ,k ) = A(k - k _ k - k J (2-44) 
t x' y' v x xt' y yt 

formed through a wavenumber translation of A(k ,k ) by an amount 
x y 

(k ,_,k ) has an inverse Four ie r transform (23) v X t ' y t 

- j ( k x + k y) 
E t ( x , y ) = e y E ( x , y ) (2 -45 ) 

Thus, if the small sector of wavenumber space of interest has central 

coordinates (k t,k ) , the small sector may be translated to the origin 

of wavenumber space by multiplication of the measured electromagnetic 

field by the exponential function of Equation (2-45). In the spatial 

domain the wavenumber translation process is called heterodyning. With 

the heterodyning operation completed, the measured data may then be low-

pass filtered as before, the wavenumber limits of the low-pass filter 

being chosen by the angular size of the region of interest. (The chosen 

wavenumber limits also specify the post filter sample spacings and 

associated amount of data minimization.) Next, the heterodyned, low-

pass filtered, near-field data is Fourier transformed to obtain the 

translated, wavenumber-limited wavenumber spectrum of the measured electro' 

magnetic field. To correct for the heterodyning operation, the wavenumber 

spectrum must be translated to its proper location in the wavenumber 

domain as 

A(kx,ky) = At(kx 4 kxt,ky • kyt) (2-46) 

Thus, data minimization depends only on the angular size of the region 

of interest and not on its location in wavenumber space. 

So far, complete knowledge of E(x,y) has been assumed for all 
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values of (x,y). Experimentally, however, only amplitudes of E(x,y) 

above the noise level of the near-field measurement equipment can be 

recorded and, typically, only values down to -40 dB of the maximum 

near-field value are needed for accurate far-field determination. The 

result of near-field measurement is a finite, usually rectangular matrix 

of sample values. 

In addition to the practical limitation of the infinite measure

ment plane to a finite size, a low-pass filter of finite spatial dimen

sions is also desirable. The ideal low-pass filter specified in 

Equation (2-39) possesses infinite spatial dimensions, which makes it 

computationally undesirable. A low-pass filter is needed which is 

finite in spatial dimension and has good filter characteristics in the 

wavenumber domain. 

A Blackman low-pass filter (33) was chosen from a wide class of 

spatially finite low-pass filters. Figure 4 shows a Blackman low-pass 

filter with k^p = k ^ r 0.5kQ in the spatial and wavenumber domains. 

In comparison to the wavenumber limiting property of the ideal filter, 

the greatest value of the Blackman filter wavenumber spectrum, beyond 

its wavenumber limits, is -58 dB below its peak value at (0,0). In com

parison, however, to the non-distortion property of the ideal filter, 

the Blackman low-pass filter possesses a severe amplitude taper, 

requiring post filter correction. The Blackman low-pass filter is speci

fied in the wavenumber domain as 
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0.0 

ormalized hR(x,y) 

(a) Spatial Domain Characterization 

-70 dB 

HD(k ,k ) in Decibels 
0 d B ^ L ^ x ' y ; 

(b) Wavenumber Domain Characterization 

Figure 4. Blackman Low-pass Filter Characteristics 
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s i n k T s i n ( k T - TT) 

VW • y , 0 ' 8 ^ + °-5° - ( k T X - n ) (2-47) 
J x

 X X X X 

s i n ( k T + TT) s i n ( k T - 2rr) 

+ ° " 5 0 (k T \ TT) + 0 - 0 8
 ( k T

 X - 2TT) 
v x x x x 

s i n ( k T + 2 T T ) \ /
 s i n k T 

+ 0 .80 „ * X , „ x 0 . 8 4 ^ 
(k T + 2TT) 7V ' k T 

x x / N y y 

s i n (k T - TT) s i n ( k T + TT) 
+ 0 - 5 0 (k T V- n) + 0 - 5 0 (k / I rr) 

y y y y 

s i n ( k T - 2TT) s i n ( k T + 2TT) 

+ 0 - 0 8 ( k / - ^ ) + °-°8 (k T 7
+ 2.) 

y y y y 

and in the spatial domain as 

h„(x,y) = (0.42 + 0.5 cos ~ + 0.08 cos ^~ ) 
x xx 

(2-48) 

( 0 . 4 2 • 0 . 5 cos ^ i 0 . 0 8 cos jjr
32

 ) f o r | x | = T 
y y 

0 elsewhere. and )y| -T 

where 

T k z T k ,„_ = 3TT (2-49) 
x xLPB y yLPB K yj 

specifies the wavenumber limits k , „„ and k 
xLPB yLPB 

Having chosen the Blackman filter, the measured electromagnetic 



field is low-pass filtered in the spatial domain, as a spatial convolution 

ELpB(x,y) = J J E(U?)hB(T] - x, § - y) d ^ (2-50) 
_oo -oo 

The wavenumber limited near field is then sampled at distances 

AK "- n/kxLPB <2"51> 

% - " V P B <2"52> 

and Fourier transformed to the wavenumber domain. In the wavenumber 

domain the filter operation may be described as 

A (k ,k ) - A(k ,k) H (k ,k ) for Ik I =k T „ (2-53) 
LPB x y " x y Bv x' y' ' x1 xLPB v J 

and [k — k 
— 0 elsewhere y ' yLPB 

To correct for the amplitude taper of the Blackman low-pass character-

istics, the calculated spectrum A (k ,k ) is multiplied by the inverse 
LPB x' y

J F J 

of the wavenumber spectrum of the Blackman filter 

ALP ( kx>y - H (k ,k )' H (k ,fc ) = A ( W f ° r lkxl=kxLPB 
y B x' y B X y 

for |k |̂ k T ^ 1 y[ yLPB 
** 0 elsewhere. 

Thus, a non-ideal low-pass filter may be used provided that it has good 

wavenumber limiting properties, and provided also that post filter 

correction is applied. 

Many low-pass filters, including the ideal and Blackman filters, 
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have separable spatial and wavenumber functions. A separable spatial 

function may be written as 

h(x,y ) = hx(x) h2(y) (2-55) 

When this separable function is used in a convolution process, the convo' 

lution may be carried out one dimension at a time. Thus, 

^ °P 
ELp(x,y) zJa J[ E(l],g)h1(71 - x)h2(§ - y)dT]d? 

h2a - y) jE(71,g)h1(Tl - x)d, 

(2-56) 

A separable filter may be used to obtain one-dimensional slices 

of the two-dimensional wavenumber spectrum of an antenna. These one-

dimensional slices of the wavenumber domain correspond to the standard 

far-field range measurements (34) performed by fixing one of the two 

far-field angles and varying the other , Typical examples of these one-

dimensional slices are the principal plane patterns of an antenna. The 

filter function for one such principal plane slice is specified in 

wavenumber space as 

r sin If T sin (\c T - TT ̂  
(2-57) H (k ,k ) = T U (k ) 

s x y x o y 

sin k T sin (k T - TT) 
0.84 : * X + 0.50 

k T 
x x 

(k T - TT) 
X X 

sin (k T + TT) sin(k T - 2TT) 
+ 0.50 „ * X r— + 0.08 

+ 0.08 

(k T + TT) 
X X 

sin(k T + 2TT) 
X X  

(k T + 2TT) 
X X 

(k T - 2TT) 
X X 

f o r 'kxl=kxLPB 

0 elsewhere 



This separable filter is composed of an impulse in the k dimension and 

a one-dimensional Blackman filter function in the k dimension. The 

inverse Fourier transform for this filter function is specified in the 

spatial domain as 

(2-58) 
T 

h (x,y) - -^ (0.42 + 0.5 cos(^) f 0.08 cos(;^)) for |x| = T 
s 2rr i-K

 L
x x 

z 0 elsewhere. 

where the impulse transforms to l/2rr in the spatial domain. The con

volution of this separable filter with the measured near-field data has 

the form 

(2-59) 
ELPS(X> -

q» T 
X 
2^ 

0.42+0.5 cos k
(
^} 

+ 0.08 cos foi-*) 
L X 

E(Tl,§)d§ dT] 

showing that the filter operation in the y dimension is simply an inte

gration of the measured near-field values in the y-direction, leaving 

the filtered near field a function of x only. The one-dimensional output 

of this filter is then sampled at x spacings of 

^ = TT/k 
*LPB 

(2-60) 

and transformed to the wavenumber domain by a one-dimensional Fourier 

transform. Thus, even larger reductions in the amount of near-field data 

may be accomplished when only slices of the far-field patterns are to 

be calculated. 



Two examples of data minimization are given to illustrate the 

amount of data reduction possible through the use of low-pass filtering 

The near field in both examples is sampled at X/3 x and y spacings, as 

determined from Equation (2-31). 

The objective of the first example is to determine the amount of 

post-filter data required to calculate the far-field pattern of an 

antenna in a conical region about the z-axis of the near-field measure

ment plane. The conical far-field sector is shown in Figure 5. The 

Blackman low-pass filter, as specified in Equation (2-48), is used in 

this case with wavenumber limits of 

k 
xLPB 

k 
yLPB 

k k 2 a 2 

X V (2-61) 

: k sin o 

where 6 is the conical angle shown in Figure 5. 

Figure 5. Conical Far-field Sector 
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For this example, a 42.3A. by 42.3X aperture is sampled at A./3 sample 

spacings yielding a near-field data matrix of 

128 x 128 = 16,384 (2-62) 

t r ansve r se vec to r samples, measured in both amplitude and phase . From 

Equation (2 -49) , the s p a t i a l dimensions of the Blackman low-pass f i l t e r 

are given by 

2Tx x 2Ty -. 6 n / k x L p B x 6 n / k y L p B (2-63) 

square me te r s . With wavenumber l i m i t s of k , „ „ = k „„ = k ^ s i n ( 8 ) , the 
xLPB yLPB ° 

spatial dimensions of the filter become 

2T x 2T = 3X/sin G x 3X/sin 9 (2-64) 
x y 

At sample spacings of A./3 the number of samples required to specify the 

Blackman low-pass filter is 

9/sin G x 9/sin 6 = 81/sin28 (2-65) 

As the spatial convolution of an NX by NX function with an MX by MA 

function yields a (N + M) X by (N •¥• M) A function (26), the convolution 

of the measured near-field data with the Blackman filter produces a 

function of (42.3 + 3/sin(9))X by (42.3 + 3/sin(8))X spatial dimensions 

This matrix is then sampled at sample spacings of 

A 
x 

= A = rr /kosin 9 = X/2sin 9 (2-66) 

y i e l d i n g a matr ix con ta in ing 
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(84.5 sin 9 + 6 ) x (84.6 sin 9 f 6) = (84.6 sin 0 + 6 ) 2 (2-67) 

samples. This matrix is transformed to the wavenumber domain and the far 

field within the angular region determined. 

Figure 6 is a graph of the number of post-filter samples required 

to calculate the limited far-field pattern as a function of the angular 

limit of the region. Large reductions in near-field data are seen to be 

associated with small angular regions. For example, a 10 degree conical 

region can be calculated with 403 post filter samples in comparison to 

the 16,384 original near-field samples. 

The second data minimization example demonstrates that still 

greater data reduction is possible for principal plane far-field pattern 

calculation. Principal plane far-field patterns are typical of the 

infinite number of one-dimensional far-field patterns which may be 

determined. The symmetric sector of the xz plane to be determined is 

shown in Figure 7 and is bounded by the polar angle 9. 

Figure 7. Principal Plane Sector 
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The low-pass filter used in this example is the separable filter 

given by Equation (2-58) with wavenumber limit of 

k = k sin 9 cos 
xLPB o 

k sin 
(2-68) 

where cos(l) = 1. The 42.3A by 42.3A. near field of the antenna is 

again sampled at A/3 x and y spacings with a resulting matrix of 

128 x 128 = 16,384 (2-69) 

(generally complex) transverse vector samples. Filtering in the y 

dimension is accomplished, according to Equation (2-59), as an integra

tion of the near-field data in the y direction. The integration reduces 

the number of data values to 128. The 128 samples are then filtered in 

the x dimension with a one-dimensional Blackman filter. At a sample 

spacing of X/3 the number of samples required to specify the one dimen

sional Blackman filter with wavenumber limit of k T„„ = k sin(8) is 

xLPB o ' 

9/sin 8. The one-dimensional convolution yields (127 + 9/sin 0) samples, 

which, when sampled at the sample spacing associated with the wavenumber 

limit of the filter, yields (84.6 sin 8 + 6 ) post filter samples. The 

one-dimensaional, low-pass filtered, measurement matrix is then trans

formed to the wavenumber domain to determine the 8 sector of the princi

pal plane far-field pattern. 

Figure 8 shows a graph of the number of post-filter samples 

required to calculate the 8 sector of the principal plane far-field 

pattern as a function of 8. It can be seen that a 10 degree sector of 
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the principal plane pattern can be calculated with only 20 post-filter 

samples, a data reduction of almost three orders of magnitude. 

Thus the amount of near-field measurement data may be greatly 

reduced when only one-dimensional sectors of the far-field pattern are 

to be calculated. 

Scattering Approach to the Two Antenna Measurement System 

The vector far field, or equivalently, the vector plane wave 

amplitude spectrum, of an antenna radiating into half-space (z — 0) may 

in principle be obtained from a two dimensional Fourier transform of 

near-field values measured in a transverse (x,y) plane, as shown in 

Equation (2-12). However, the measurement of the near field is, in 

general, affected in a complicated way by the characteristics of the 

measuring antenna. Kerns (23) gives a method of rigorously correcting 

for the effects of a measuring antenna of arbitrary but known charac

teristics, under the assumption that the effects of multiple reflections 

between the two antennas are negligible. What follows is a summary of 

his work. 

The two-antenna measurement system is shown schematically in 

Figure 9. In both the receiving and radiating systems the antennas are 

connected to their respective load and source by shielded waveguides in 

which only the dominant mode is propagating. The source and load are 

housed in separate shielded structures. 

The volume V associated with the radiating system has two sur

faces through which electromagnetic propagation may occur. An incident 

traveling wave with complex amplitude AQ and an emerging traveling wave 
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BQ cross the waveguide surface S Q of the radiating system. A continuum 

of incident plane waves with complex amplitude B(kx,k ) and emerging 

plane waves with complex amplitude A(k ,k ) cross the planar surface S 

of the radiating system. The planar surface S is the z = 0 plane of 

the reference right-hand coordinate system Oxyz. A similar volume V1, 

with its associated surfaces of electromagnetic propagation S ' and S-, ', 

encloses the receiving antenna. With the load of the receiving system 

matched to its connecting waveguide, no incident traveling wave appears 

at S ', leaving only an emerging wave A ', A continuum of incident plane 

waves with amplitudes B'(k ,k ) and emerging plane waves with amplitudes 

A' (k ,k ) cross S-, ' of the receiving system. During the near-field 

measurement process the receiving system is moved throughout the z = d 

plane and its position is defined by the transverse vector P = xa + ya* . 
x y 

Thus the received signal A ' is a function of P and is written A ' (P). 

As the radiating system is assumed to be linear, a scattering 

matrix may be written for the emerging electromagnetic fields of the 

volume V in terms of the incident fields as 

Ao = sooBo * 
-00 -00 

Sni(k ,k ) • B(k ,k ) dk dk (2-70) 
01x x v x y' x y v } 

(2-71) 

A(k ,k ) = S" (k ,k )B + J Is (k ,k,r;JL, I ) • B(£ ,£ )di && 
x' y

J 10v x' Y o -i JL 11 x y x y v * x ' V x y 

using three types of scattering matrix elements: the scalar element S 

the vector elements S (k ,k ) and Sin(k ,k ) and the dyadic element 
u l x y i u x y 

li x y x' y' 

00 
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A similar scattering matrix may be written for the receiving system 

for each value of P as 

A ' -
0 

°ft °P 

-co -co 

S '(k ,k ) • B'(k ,k )dk dk 
01 x' yy v x' y ' x y 

(2-72) 

A'(k ,k ) = 
N X' y' 

S '(k ,k ;i ,i ) • B'(X , i )di di 11 v x' y' x' y '
 K

 x' y x y (2-73) 

where S^n '(k ,k ) is the vector scattering parameter and S '(k ,k ;& & ) 
01 v x' yy & F 11 Xs y' x' y 

is the dyadic scattering parameter of the receiving system. 

Considerable simplification of the two scattering matrices results, 

if scattering by the receiving system is considered to be negligible. 

This assumption makes A'(k ,k ) essentially zero, and it reduces the 
x y 

receiving scattering matrix to 

A » -
0 = J J v (

k
X'V '

 i , (
W

d
V\ (2-74) 

-CO —CO 

In a linear, homogeneous, isotropic and source-free region, the 

amplitude of the incident plane waves of one system may be given in terms 

of the amplitude of the emerging planes waves of the other as 

-jk-P -jk d 

B'(k ,k ) - A(k ,k ) e € 

x y x Y 

(2-75) 

B(k ,k ) = A'(k ,k ) e 

x y x y ^ 

tjk-P jkzd 
(2-76) 

As B(k ,k ) is directly related to A'(k ,k ) , it too is essentially zero 
x y J x y 

reducing the radiating system scattering matrix to 

A = S B 
0 00 0 

(2-77) 
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A(k ,k ) - S^Ak ,k )B„ 
x' yy " 10 x1 y 0 

(2-78) 

Equation (2-78) shows that, under these assumptions, the transmitting 

scattering parameter S (k ,k ) of the radiating antenna is directly 

related to the plane wave amplitude spectrum of the field on the z = 0 

plane. 

B'(k ,k ) may be determined from Equations (2-75) and (2-78) as 
x y 

a function of S (k ,k ). With this value of B'(k ,k ) the receiving 
10 x' y

J v x Y 

system's scattering equation becomes 
(2-79) 

A0^> = B0 J 
— OO —00 

-jk d 

Sm'(k ,k ) • S (k ,k ) e Z 

^ oi v x y io x' r ŵ dk dk x y 

which i s r e c o g n i z e d as a t w o - d i m e n s i o n a l F o u r i e r t r a n s f o r m . T a k i n g t h e 

i n v e r s e F o u r i e r t r a n s f o r m of E q u a t i o n (2 -79 ) y i e l d s 

- j k d J z 
S ! ( k ,k ) = S ' ( k , k ) • S (k ,k ) - ^ m 

m v x y
J 01 v x ' y

J i o x y ' (2TT) B ~°° - « 

(2-80) 

- jk -P 

A ' ( P ) e dp 
0 

Equation (2-80) determines one linear combination of the two com

ponents of S,̂ (k ,k ); in general, one must take two such sets of measure-

10 x y 

ments with "independent" antennas. In many cases a single antenna can be 

used in two different orientations, obtained, say, by a 90 degree rotation 

around the z-axis. An additional measurement equation is then obtained 

S"(k ,k ) - S "(k ,k ) • Sin(k ,k ) 
m v x' y' 01 v x y 10v x' Y 

(2-81) 

where S "(k ,k ) is the Fourier transform of the second set of near-field 
m x y 

data and S "(k ,k ) is the receiving scattering parameter of the receiving Ul x y 
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system for i t s new o r i e n t a t i o n . 

The two vec tor components of Snr t(k ,k ) may be found from 
r 10 x y 

Equations (2-80) and (2-81), the measurement equations, if the receiving 

characteristics S '(k ,k ) and S "(k ,k ) of the near-field measuring 

antenna are known, and the near-field data Fourier transforms S ' (k ,k ) 

and S "(k ,k ) are known. Since, as shown by Equation (2-78), A(k ,k ) 
m x y x y 

and S„„(k ,k ) differ by only a multiplicative constant, the far field of 10 x y J J r 

the antenna is readily determined from S,A(k ,k ) as 
J 10 x y 

- jk»r 
jk cos e e _ 2 2 , 

E(k ,k ) - — S (k ,k ) for k z +- k £ = k £ (2-82) 
v x' y ' ~ r 10 x' y7 x y o 

= 0 elsewhere 

Thus, the far field of an antenna is directly proportional to the 

wavenumber spectrum of the electromagnetic field over the near-field 

planar surface weighted by the wavenumber spectrum of the near-field probe 

Far-Field Measurement Equations 

As shown in the previous section, the wavenumber spectrum of the 

near-field probe must be known to correct the calculated wavenumber spec

trum of the near-field measurements. The purpose of this section is to 

develop equations for the determination of the wavenumber spectrum of an 

arbitrary antenna as a function of measured far-field data. 

The two antenna far-field measurement system to be analyzed is 

shown schematically in Figure 10. The receiving antenna is located on a 

far-field hemisphere of the radiating antenna in a fixed orientation with 

respect to the radius vector. The far-field condition implies (6) that 
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the field at each point of the far-field hemispherical surface is a plane 

wave propagating in the radial direction. Thus, for each receiving point 

on the far-field hemisphere, the direction of propagation relative to the 

receiving antenna is constant. 

The two-antenna measurement system is described as before using the 

scattering matrices of Equations (2-70) through (2-73) . The scattering 

matrices are reduced by applying several assumptions concerning the 

receiving antenna. If the receiving antenna is matched to its load, the 

scalar scattering parameter S ' of the receiving antenna is zero. If 

no multiple reflections exist between the radiating and receiving antenna, 

the emerging spectrum of plane waves from the receiving antenna is essen

tially zero, making the impinging spectrum of plane waves at the radiating 

antenna essentially zero. With these assumptions applied, the scattering 

matrix for the radiating system becomes 

AQ = S00BQ (2-83) 

A(k ,k ) = S (k ,k )B (2-84) 
x' yy 10 x' yy o 

and the scattering matrix for the receiving antenna then takes the form 

A ' z S '(k ,k ) • B'(k ,k )dk dk (2-85) 
0 J J 01 x y * y x y v } 

-co -co 

For far-field measurements made on a hemisphere of constant radius 

from the origin of the radiating antenna's coordinate system, the loca

tion of the receiving antenna is given by the wavenumber coordinates 

(k ,k ) . The wavenumber coordinates of the receiving antenna may also 
xp yp 
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be written in terms of the spherical angles 0 and $ of Figure (2-1) 

using Equations (2-5) and (2-6). 

From Equation (2-12) the far field at each (k sk ) position of 

the receiving antenna is seen to be a single plane wave which has an 

amplitude directly related to the emerging plane wave spectrum of the 

radiating system. The far-field plane wave in the (k ,k ) direction 
e J

 * xp' yp 
impinges at the receiving antenna in the receiving antenna's (k = 0 , 

k = 0) direction. This relationship is written as 

—» —» 
— ik • r 

jk cos 9 £3 
B'(0,0) = — ~ z A(k ,k ) (2-86) 

xp yp 

for each (k ,k ) position of the receiving antenna. 
xp yp 

Substituting Equations (2-86) and (2-84) into Equation (2-85) gives 

- jk«r 
jBQk cos 9 (3 

A'(k ,k ) = Q — S '(0,0) • S (k ,k ) (2-87) 
0 xp yp r 01 10 xp yp 

where the integral of Equation (2-85) vanishes for other values of k and 

k . Equation (2-87) is true for each (k ,k ) position of the receiving 
y ' xp yp b 

antenna. A second far-field measurement may be made for the receiving 

antenna rotated 90 degrees about its z1 axis, yielding a second relation 

—> —» 
- jk«r 

jB^k cos 9 © 
V(k ,k ) =

 2 S "(0,0) • S (k ,k ) (2-88) 
^ XP yP r 01 10 xp' yp7 

where S "(0,0) is the on-axis, transverse vector, scattering parameter 

of the receiving antenna for its new orientation. The two transverse 

vector components of S „(k ,k ) may then be determined from the two 
10 xp yp 

far-field measurement equations, (2-87) and (2-88). 



The above measurement equations may be normalized by the constant 

B0k e ^ 
0 o 

if the relative plane wave spectrum of the radiating antenna is to be 

determined. The normalized measurement equations are then given by 

A '(k ,k ) 
— x p y P - 5 / ( 0 , 0 ) • Snn(k ,k ) (2-89) 

cos 0 - 01 10v xp' yp' 

A. " (k ,k ) 
— X P ? y P = S "(0,0) • § (k ,k ) (2-90) 

cos 9 01 v ' ' 10 xp' yp' 

Thus, when far-field conditions apply, the wavenumber spectrum of 

an arbitrary antenna may be found point by point if the (k = 0, k =0) 

value of the receiving antenna's wavenumber spectrum is known. 

On-axis Polarization Ratio Measurement Equation 

To determine the wavenumber spectrum of a near-field probe from 

measured far-field data, S '(0,0) and S "(0,0) of the far-field 

receiving antenna must be known. The objective of this section is to 

determine the relative values S '(0,0) and S ''(0,0) of an arbitrary 

antenna as a function of the measured far-field polarization ratios of 

a group of three arbitrary antennas taken pairwise. It is understood 

that one of the three arbitrary antennas is the antenna for which the 

relative values S '(0,0) and S„ "(0,0) are to be determined. 

The two-antenna, far-field, on-axis measurement system is shown 

in Figure 11. For this far-field, on-axis measurement system the far-field 
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measurement equations, Equations (2-89) and (2-90) reduce to 

AN'(0,0) = SQ1'(0,0) • S1Q(0,0) (2-91) 

AN"(0,0) = 501"(0,0) • S1()(0,0) (2-92) 

where cos 0 = 1 for (k = 0, k z 0). The transverse vector components 

of Sn '(0,0) are explicitly displayed in terms of the coordinate system 

of the radiating antenna as 

SQ1'(0,0) = - Sxax + Syay (2-93) 

Let S "(0,0) be the on-axis point of the wavenumber spectrum of 

the receiving antenna of Figure 11 rotated 90 degrees such that the 

y1 axis of the receiving antenna is aligned with the x axis of the 

radiating antenna as shown in Figure 12. For this new orientation of 

the receiving antenna, Sn,"(0,0) may be expressed in terms of the x and y 

components of S„ '(0,0) as 

S01"(0,0) = Syax + Sxa7 (2-94) 

Kerns (24) has shown that the receiving and transmitting scattering 

parameters of an antenna obey a reciprocity relationship which for the 

on-axis case of the receiving antenna becomes 

S10'(0,0) : SQ1'(0,0) (2-95) 

If the receiving antenna of Figure 11 is rotated 90 degrees about the 

y axis and used as the radiating antenna, the transmitting scattering 
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parameter of this radiating antenna may be written 

S1Q(0,0) = Sxax f Syay (2-96) 

An additional subscript is used on the x and y components of the on-axis 

receiving and transmitting scattering parameters to denote which of the 

three arbitrary antennas is being referred to as #1, #2, or #3. 

The first far-field measurement is made using antenna #1 as the 

radiating antenna and antenna #2 as the receiving antenna oriented as 

shown in Figure 11. In terms of the scattering parameters of the two 

antennas, the measurement may be described by the normalized far-field 

measurement equation (2-91) as 

AN'(0,0) = S y lS y 2 - S ^ S ^ (2-97) 

Without changing the amplitude or phase of the excitation and 

without changing the z distance separating the two antennas, antenna #2 

is rotated about the z' axis, as shown in Figure 12. The received 

signal A''(0,0) is given by Equation (2-92) as 

V ( ° ' 0 ) = SxlSy2 * SylSx2 (2-98) 

The measured polarization ratio is formed by dividing Equation (2-98) by 

Equation (2-97) . Thus 

A "(0,0) S .S 0 f S _S n 
_ N _ ja_x2 yj_x2 

1,2 " A '(0,0) " S S 9 - S S Q
 K J 

N yl yz xl x2 
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Dividing numerator and denominator of Equation (2-99) by S S „ yields 

S S n xl i x2 

M 2 = 5 1
 Sy2 (2-100) 

1 _
 Sxl Sx2 
Syl Sy2 

At this point the true complex polarization ratios for each 

antenna can be defined as 

R, = ̂  , R9 = ̂  , and R = ^ - (2-101) 
1 Syl 2 y2 3 b

y3 

In terms of the complex polarization ratios, Equation (2-100) then 

becomes 

R-L 4- R2 

V = 1 - RXR2
 (2"102> 

The same measurement can be repeated for the antenna pair #1 and 

#3, with the resulting measured polarization ratio equation 

Rl * R3 
Ml,3 = 1 - R lR 3 < 2- 1 0 3 ) 

Similarly, for the antenna pair #2 and #3 

Ro "̂  ^3 
M„ _ = (2-104) 
2'3 1

 ~ R2 R3 

Equations (2-102), (2-103), and (2-104) may now be solved for R , 



R~, and R . The solution for R is 

R1 = - (B/A) • J (B/A)
2 * 1 (2-105) 

where 

A -"M2,3 " M1,2-M1,3-M1,2M1,3%,3 C2"106) 

and 

B = M 1 ; 2M 1 ;3-M 2 ;3M l i 3 - M ^ M ^ - 1 (2-107) 

Thus the far-field, complex polarization ratio of an arbitrary antenna 

may be found using Equation (2-105) and performing the six measurements 

outlined above. The relative values of S '(0,0) and S "(0,0) may then 

be found .from the complex polarization ratio. 
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CHAPTER III 

INSTRUMENTATION AND EQUIPMENT 

The measurement systems, described in this chapter, were imple

mented to demonstrate the feasibility and practicality of far-field 

determination from near-field measurement data. 

The near fields of two test antennas were measured on three 

different occasions with three different near-field measurement probes. 

Redundant measurements were made to demonstrate the repeatability of the 

calculated far-field patterns, independent of the measuring near-field 

probe for two non-symmetric antennas. The far fields of the two antennas 

were next measured directly on a standard far-field range for com

parison to the patterns calculated from the near-field measurements. 

To correct the calculated far-field patterns for the presence of 

the near-field probe, the probe's wavenumber spectrum was determined. 

As the probe antennas used were electrically small, their wavenumber spec

tra were most conveniently determined from their far-field amplitude and 

phase patterns. A single antenna was used to measure the far-field 

patterns of the probe antennas. This far-field antenna was located on a 

far-field hemispherical surface centered about the probe antenna in a 

fixed orientation with respect to the radius vector. In this configuration 

only the complex polarization ratio of the far field antenna was needed 

to correct the measured far-field patterns for the presence of the far-

field antenna. 

In summary, four measurement systems are described: the 
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polarization measurement system, the probe far-field measurement system, 

the near-field measurement system, and the test antenna far-field measure 

ment system. In addition to the instrumentation and equipment incorpo

rated in the four measurement systems, the two test antennas, three near-

field probe antennas, and the probe far-field antenna are described. 

Antennas and Probes 

Two X-band parabolic dish antennas were designed and constructed 

in order to measure their near fields and far fields. Photographs of 

the mounted large and small test antennas are shown in Figure 13(a) and 

Figure 13(b) respectively. The larger test antenna is center-fed with 

an open-ended waveguide located approximately at the focal point of its 

31-inch diameter parabolic dish reflector. The smaller test antenna is 

fed with .a small pyramidal horn located 20.5 degrees in azimuth from the 

main axis of its 25-inch diameter dish. No attempt was made to achieve 

symmetry of far-field patterns or any special characteristics in the 

design or construction of these antennas. A mount was also constructed 

to hold either of the test antennas and was covered with Spongex 12 CM 

Broadband Absorber. 

Three probe antennas were designed and constructed to measure the 

near fields of the two X-band test antennas described above. A photo

graph of the three near-field probe antennas and the far-field probe 

antenna is shown in Figure 13(c). The smallest probe is an open-ended 

section of RG-52U X-band waveguide with tapered edges at its mouth to 

reduce back scattering. The next largest probe is a 0.81 by 1.88 inch, 

X-band, pyramidal horn antenna with a 5.7 degree E-plane half angle 

flare and a 15.7 degree H-plane half angle flare. The largest near-field 



(a) Large Test Antenna (b) Small Test Antenna 

(c) From Left to Right: Open-ended Waveguide Probe, Small 
Horn Probe, Large Horn Probe, and Far - f i e ld Probe 

Figure 13. Test Antennas and Probes 
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probe is a 1.81 by 1.88 inch, X-band, pyramidal horn with a 22.8 degree 

E-plane half angle flare and a 15.7 degree H-plane half angle flare. All 

three probes measure seven inches in length and are fitted with a stan

dard X-band flange. 

A single 1.55 by 1.55 inch, pyramidal horn antenna with a 15.2 

degree E-plane half angle flare and a 8.2 degree H-plane half angle 

flare was designed and constructed to measure the far-field patterns of 

the three near-field probe antennas. The far-field probe antenna measures 

ten inches in length and is fitted with a standard X-band flange. 

Polarization Measurement System 

The complex polarization ratio of the far-field probe antenna is 

determined to correct the measured relative far-field amplitude and phase 

patterns of the three near-field probe antennas. As shown in Chapter II, 

the complex polarization ratio of the far-field probe may be determined 

from three measured on-axis polarization ratios. The measured polariza

tion ratio is recorded from each pair of antennas in a group of three 

antennas which include the far-field probe antenna. Thus the polarization 

measurement system must permit the measurement of the on-axis amplitude 

and phase of two orthogonal components of the far-field pattern. As each 

antenna must be in the far field of the other for this measurement, the 

antennas are separated by a distance greater than the sum of their indi

vidual far field distances. A schematic diagram of the polarization 

measurement system and the coordinate system used are shown in Figure 14. 

The receiving antenna is held in position by a rotary probe 

holder capable of complete rotation without changing the amplitude or 

phase of the signal passing through it. The rotary probe holder is a 
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hollow aluminum tube, 30 inches long and 3.5 inches in diameter. The 

holder houses an X-band waveguide mounted on eight centering posts, a 

waveguide to coaxial connector, a 10-inch section of RG-212U coaxial 

cable, a Scientific Atlanta Series 14-2 mixer, and a Scientific Atlanta 

Series 10-1 Rotary Joint connected in series. The rotary probe holder 

is transported to any point in a 100 by 100 inch plane by a Scientific 

Atlanta XY-motion Unit and associated Series 4100 Position Control and 

Indicator Unit. A mechanical scissor unit built into the xy-motion unit 

connects the rotary probe holder to a stationary point on the xy-motion 

unit with RG-214U RF cable and three rotary joints. This scissor unit 

enables movement of the receiving antenna throughout a 100 by 100 inch 

plane without changing the amplitude or phase of the received signal 

due to xy motion. A photograph of the transmitting antenna structure, 

rotary probe holder, and the xy-motion unit is shown in Figure 15. 

Microwave energy passes from the xy-motion unit to a Scientific 

Atlanta Series 1750 Wide Range Phase/Amplitude Receiving System through 

RG-214U RF cable lashed to rigid supports. The receiver provides direct 

reading of the relative amplitude of the received signal and the rela

tive difference in phase between the received signal and the phase of 

the microwave source output. The transmitting antenna is mounted on a 

Scientific Atlanta Z-motion Unit. The xy position of the transmitting 

antenna is fixed by its mounting structure; however, its z-position may 

be varied by the control and position indicator unit. 

The transmitting antenna is connected to a X-13 klystron by a 

non-moving RG-212U RF cable. The klystron is powered by a Narda Microwave 

Corporation Model 438 Klystron Power Supply. The output of the klystron 



Figure 15. Antenna Mounts Used in the Polarization Ratio Measurement System 
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is phase locked to a crystal frequency reference with a FEL Model 133-AK 

Klystron Synchronizer and its power output is continuously monitored with 

a Hewlett Packard Model 431B Power Meter to insure constant output energy. 

The frequency of the klystron is initially set and periodically checked 

with a MICROLAB/FXB Model X410B Frequency Meter connected in series with 

the power meter. 

The xy-motion unit, the z-motion unit, the rotary probe holder, 

the entire wall behind the xy-motion unit and much of the surrounding 

area are covered with B. F. Goodrich VHP-8 microwave absorbing material 

with a normal incident minimum absorption of 50 db at X-band. The 

receiver, xyz-motion control and position indicator unit, the klystron, 

klystron power supply, synchronizer, frequency meter, and power meter 

are located behind a wall of absorbing material away from the measurement 

area. 

Probe Measurement System 

The far-field amplitude and phase patterns of two orthogonal com

ponents of each of the three near-field probe antennas must be measured 

to determine their individual complex wavenumber spectra. An apparatus 

for accomplishing these measurements was designed and constructed, and 

is shown schematically in Figure 16. The two spherical motions which 

allow measurement of the far-field patterns over almost a complete hemi

sphere of each of the near-field probes are performed with separate 

rotation devices. 

A photograph of the near-field probe measurement system is shown 

in Figure 17(a). In this figure the elevation angle is approximately 

45 degrees and the azimuth angle is approximately 40 degrees. The 
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near-field probes which are used as transmitting antennas, are mounted 

on a standard azimuth turntable and positioned by a servo control unit. 

The azimuth mounting structure supports the near-field probes in a hori

zontal position at the end of a 20-inch, X-band waveguide mounted on 

eight adjustable centering posts. The structure places the mouth of 

each of the near-field probe antennas 24 inches above the azimuth turn

table and directly over the center of azimuth rotation. The near-field 

probes are connected to the X-band source through a variable attenuator 

mounted at the other end of the 20-inch X-band waveguide, a waveguide to 

coaxial adapter, an RG-212U RF cable and a rotary joint mounted in the 

base of the azimuth turntable concentric to the axis of the azimuth 

rotation. A Scientific Atlanta prototype phase locked source supplies 

9.68 GHz energy to the transmitting antenna. A 20-inch separation 

between the transmitting and receiving antennas is maintained by the 

elevation carriage. 

The far-field probe antenna is used as the receiving antenna and 

is rotated in elevation by an inverted swing carriage. This elevation 

carriage is supported by two V-bearings and counter-balanced to permit 

the carriage to rest at any elevation angle without a locking mechanism. 

The far-field probe antenna is supported on the elevation carriage by a 

four inch diameter, bearing mounted, aluminum tube whose axis of rotation 

is perpendicular to a far-field spherical surface. The far-field probe 

antenna is mounted within the aluminum tube on eight centering posts. A 

photograph of a rear view of the mounted far-field probe holder is shown 

in Figure 17(b). Also within the tube are a Scientific Atlanta Series 

14-1 Mixer, a ten inch length of RG-212U RF cable, and a Scientific 



Atlanta Series 10-1 Rotary Joint. The rotary joint is supported on six 

centering posts and is connected to the mixer with RF cable. The mixer 

is mounted directly on a standard waveguide to coaxial adapter fixed on 

the far-field probe antenna. 

The received signal is transmitted to the receiver via RG-212U RF 

cable and through another rotary joint located inside one of the the 

V-bearing shafts supporting the elevation carriage. A photograph of the 

V-bearing shaft housing the elevation rotary joint is shown in Figure 

17(c). The receiving apparatus thus allows the far-field probe to be 

rotated to receive energy associated with any tangential component of 

the far field of a near-field probe antenna at any elevation angle with

out amplitude or phase errors due to these motions. The other V-bearing 

shaft houses a ten inch pinhole telescope mounted on six centering posts 

and is shown in Figure 17(d). An elevation angle indicator is mounted 

on this V-bearing assembly and is also shown in Figure 17(d). 

A Scientific Atlanta Series 1750 Wide Range Phase/Amplitude 

Receiving System is used to determine the relative phase difference 

between the received signal and the source signal, and the relative 

amplitude of the received signal. The amplitude signal from the receiver 

passes through a Scientific Atlanta Model 333 Synchronous Detector to 

convert the 1000 Hz, amplitude-modulated amplitude signal to its equi

valent baseband signal. As the phase signal from the receiver is already 

in a baseband form, no conversion is necessary for it. The amplitude and 

phase signals are recorded on an Amplex Model 4000 analog tape recorder. 

All of the internal structural surfaces of the probe far-field measure

ment system are covered with Spongex 12 CM Broadband Absorber. The 



complete measurement system is located in a small anechoic room lined 

with Eccosorb FR-330 absorbing material. The receiver, source, detector, 

control unit, and recorder are located behind a wall of absorbing material 

within the anechoic room. 

Near-Field Measurement System 

A near-field measurement system was designed and constructed to 

measure the amplitude and phase of two orthogonal components of the near 

fields of the two test antennas. The near-field measurement apparatus is 

basically the same apparatus used to make the polarization ratio measure

ments described earlier. 

A schematic diagram of this system is given in Figure 18 and a 

photograph of the system is shown in Figure 19. The klystron with its 

associated power supply, synchronizer, frequency meter, and power monitor 

used to supply 9.68 GHz energy to the transmitting antennas, is the same 

source used in the polarization measurement system. The test antennas 

are used to transmit and are secured, together with their mount, on the 

z-motion unit. The near-field probes are used as receiving antennas and 

are held in position by the same rotary probe holder and xy-motion unit 

used in the polarization measurement system. Full use of the xy-motion 

unit is made in the near-field measurement system as the near-field 

probes are moved throughout a 53.1 by 53.1 inch xy planar surface in front 

of the test antenna being measured. Microwave connection to the receiver 

from both the receiving antenna and the microwave source are the same as 

described in the polarization measurement system. The same synchronous 

detector used in the probe measurement system is used to demodulate the 

amplitude output of the receiver. The baseband phase and amplitude 
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Figure 18. Schematic Diagram of the Near- f ie ld Measurement System 
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Figure 19. Near- f ie ld Measurement System 
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signals are recorded on a Honeywell Portable Recorder/Reproducer Model 

8100. 

The recorder also records an x position voltage derived from a 

microswitch mounted on the x-motion part of the xy-motion unit. When the 

xy-motion unit positions the probe antenna within the 53.1 inch x-

measurement area, the microswitch closes producing a voltage of eight 

volts at the recorder. When the probe is outside the x-measurement 

area, the microswitch closes and the voltage at the recorder is zero. 

As in the polarization measurement system the xy-motion unit, the 

z-motion unit, the rotary probe holder, the entire wall behind the 

xy-motion unit and much of the surrounding area is covered with B. F, 

Goodrich VHP-8 microwave absorbing material. The receiver, synchronous 

detector, recorder, xyz-motion control and position indicator unit, kly

stron, power meter, frequency meter, synchronizer, and klystron power 

supply are located behind a wall of absorbing material removed from the 

near-field measurement area. 

Far-Field Measurement System 

Georgia Tech's 700 foot, far-field antenna range was used to measure 

the far-field power patterns of the two test antennas. This far-field 

measurement system uses a 48-inch diameter parabolic dish antenna with a 

three dB beam width of approximately 1.8 degrees as the transmitting 

antenna, and is housed atop the Electrical Engineering Building at a 

height of approximately fifty-five feet above the ground. The test 

antenna is used as the receiving antenna and is mounted atop a specially 

fabricated receiving instrumentation room on the roof of the Georgia 
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Tech Engineering Experiment Station. 

A photograph of the receiving room and antenna positioner is shown 

in Figure 20. The antenna mounting platform is approximately 49 feet 

above the ground and 700 feet from the transmitting antenna. The receiving 

antenna, together with its mount, is mounted on an azimuth-over-elevation 

turntable and is capable of complete azimuth motion and an elevation 

motion of nine degrees up or down from horizontal. A schematic diagram 

of the far-field measurement system is given in Figure 21. 

The receiving antenna is connected to a Scientific Atlanta Series 

1600 Wide Range Receiver by RF cable and via a Scientific Atlanta Series 

14-1 Mixer and a Scientific Atlanta Series 10-1 Rotary Joint. The ampli

tude output of the receiver is fed directly into a Scientific Atlanta 

Series 1520 Rectangular Recorder which traces in ink the amplitude of the 

received power in decibels as a function of the azimuth angle of the 

receiving antenna. The azimuth rotation of the receiving antenna is con

trolled by a Scientific Atlanta 4100 Position Control Unit. The control 

unit also provides a servo position signal for the chart recorder keeping 

the chart and antenna position synchronized. The elevation angle of the 

antenna is controlled by a hand winch located at the base of the antenna 

positioner. 

Microwave energy at the transmitting end of the range is furnished 

by an X-13 klystron. A Narda Microwave Corporation Model 438 Klystron 

Power Supply supplies anode, reflector, and filament voltages to the 

klystron and a MICROLAB/FXB Model X410B frequency meter is used to set 

the frequency of the klystron to 9.68 GHz. The klystron is connected to 

the transmitting antenna by semirigid RF cable. The direction of the main 
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beam of the transmitting atenna may be adjusted a few degrees in azimuth 

and in elevation with hand cranks mounted on the supporting structure of 

the antenna. 
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CHAPTER IV 

MEASUREMENTS AND FAR-FIELD CALCULATION 

Detailed measured procedures are presented in this chapter for the 

four measurement systems described in Chapter III. The measurement pro

cedure for each measurement system is basically the same and is divided 

into four parts. 

First, the measurement system is mechanically aligned. A high 

degree of precision is required in this alignment as a distance of ten-

thousandths of an inch at the operating frequency of 9.68 GHz corresponds 

to an electrical phase shift of approximately three degrees. 

Second, stray radiation impinging at the receiving antenna is 

reduced below measurement capability. Absorbing material is used to 

cover all reflecting objects in the measurement area. Remaining reflec

tors are tested to determine if they are contributing stray radiation at 

the receiving antenna by means of the following absorption test: A set 

of measurements is taken for various positions of the receiving and trans

mitting antennas; the suspected reflector is covered with absorbing 

material and the measurements repeated. Any difference in the measure

ments indicate absorbing material is required to cover the reflector. 

Third, the accuracy of the measurement system is determined. A 

worst case estimate of the overall system amplitude and phase accuracy is 

provided by the sum of the amplitude and phase errors due to mechanical 

alignment error, equipment and instrumentation error, and the microwave 

source amplitude and frequency drift. 



Fourth, a data collection procedure is established on the location 

and number of measurements to be taken, on the recording of data, and on 

the particular measurements to be used as repeatability check points. 

Having completed the measurements, the data is displayed in tables or 

graphs. 

The measured data is used to calculate the far-field patterns of 

the two test antennas on a Univac 1108 digital computer. A block diagram 

of the computation process is given later in Figure 36, which features 

many possible variations of near-field probes, sample spacings, low-pass 

filter wavenumber limits, and wavenumber translations that may be used in 

the far-field determination. 

Polarization Ratio Measurement 

The xy-motion unit and the z-motion unit are mechanically aligned 

such that the z-axis of the z-motion is parallel to the earth and perpen

dicular to the xy-plane of the xy-motion unit. A precision bubble level 

is used to align the z-axis of the z-motion unit and the x-direction trav

erse bar of the xy-motion unit parallel to the earth with an accuracy of 

five arc-minutes. A precision clinometer is used to align the y-direction 

traverse bars of the xy-motion unit perpendicular to the earth with an 

accuracy of 30 arc-seconds. A transit and a precision square are used to 

set the z-axis of the z-motion unit perpendicular to the x-axis of the 

xy-motion unit with an accuracy of five arc-minutes. 

Next, the receiving antenna is centered to an accuracy of two-

thousandths of an inch in the rotary probe holder using a dial guage. The 

receiving and transmitting antennas are leveled with a small bubble level 

to an accuracy of five arc-minutes, and set to the same height above ground 
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by bringing them together with the z-motion unit and adjusting the 

position of the receiving probe with the xy-motion unit. 

The antennas are separated by a distance greater than the sum of 

their far-field distances and the absorption test is performed to elimi

nate stray radiation. To reduce stray radiation from the flanges of the 

probe antennas, a series of absorbing rings are placed around the wave

guide near the flanges and around the flanges themselves. These same 

absorbing rings are used in all subsequent measurements involving the 

probe antennas. 

The accuracy of the amplitude and phase measurements made with this 

system depends on the mechanical alignment of the transmitting and 

receiving antennas, the receiver accuracy, klystron amplitude and frequency 

drift, and the amplitude and phase changes occurring in the rotary joints. 

The error introduced by the misalignment of the receiving and transmitting 

antennas is difficult to analyze as all the probe antennas are nearly 

linearly polarized. The measured parallel component has a large amplitude 

and a phase which is insensitive to small changes in angle, making align

ment relatively unimportant. The measured cross component, however, has 

a very low amplitude and a phase which varies rapidly with off-axis angle. 

The specified accuracy of the receiver is 0.05 dB in amplitude and 0.1 

degree in phase. 

The klystron was continuously monitored in amplitude and found not 

to vary more than 0.05 dB during the measurement. The klystron synchro-

nizer is specified to maintain a frequency stability of one part in 10 

for long term operation. To analyze the effect of a small frequency change 

on the relative phase difference between the received signal and the 



reference signal, the two electrical path lengths are calculated in wave

lengths. The difference between the direct reference path from source to 

receiver and the source to transmitting antenna to receiving antenna to 

receiver path is approximately 700 wavelengths. An increase or decrease 

in frequency of one part in 10" produces a corresponding decrease or 

increase in the number of wavelengths of one part in 10 , yielding a 

change of phase of ±700 x 10"6 x 360 ss ±0.25 degree. 

The amplitude and phase variation of each of the four rotary joints 

in the system were measured with the receiver and found to have a maximum 

of 0.05 dB amplitude variation and a maximum of 0.2 degrees phase varia

tion at the operating frequency. 

Excluding the error in amplitude and phase due to mechanical mis

alignment of the system, the total accuracy of this measurement system 

is estimated to be 0.3 dB in amplitude and 1.5 degrees in phase. 

Two groups of three antennas are used in the polarization ratio 

measurement. The first group contains the far-field probe antenna, the 

small horn near-field probe, and the large horn near-field probe; the 

second group contains the far-field probe antenna, the large horn near-

field probe and the open-ended waveguide near-field probe. Two of the 

three antennas in a group are mounted on axes facing each other, one as 

the receiving antenna and the other as the transmitting antenna. With 

their y-axes (see Figure 14) aligned, the relative amplitude and phase of 

the received signal is set to zero dB and zero degrees phase. The 

receiving antenna is then rotated so that its y-axis is aligned with the 

x-axis of the transmitting antenna, and the relative amplitude and phase 

of the received signal are recorded as Measurement #1 in Table 1. This 



Table 1. Polarization Ratio Measurement Data 

Antennas Used 
(Probes) 

Measurement 

#1 

Measurement 

n 
First Group Amplitude 

(dB) 

Phase 
(Degrees) 

Amplitude 
(dB) 

Phase 
(Degrees) 

Large Horn - Far Field 

Small Horn - Far Field 

Small Horn - Large Horn 

-41.2 

-31.4 

-35.5 

-162 

-5 

+55 

-40.9 

-30.9 

-35.5 

-162 

-5 

+55 

Second Group Amplitude 

(dB) 

Phase 

(Degrees) 

Amplitude 

(dB) 

Phase 
(Degrees) 

Large Horn - Far Field 

Open-ended - Far Field 

Waveguide 

Open-ended - Large Horn 

Waveguide 

-42.2 

-37.4 

-32.9 

-95 

-105 

-160 

-42.1 

-38.2 

-32.9 

-80 

-109 

-160 

Table 2. Calculated Polarization Ratio 

Antenna 

Group 

Measurement 

Number 

Amplitude 
(dB) 

Phase 
(Degrees) 

First #1 -39.7 -64.5 

First #2 -39.4 -61.5 

Second #1 -39.4 -37.3 

Second #2 -39.2 -32.0 
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process is repeated three times, once, for each pair of the three antennas. 

Each of the above measurements is repeated and recorded in Table 1 as 

Measurement #2 and repeated for the second group of three antennas. The 

calculated polarization ratios of the far-field probe antenna, are given 

in Table 2. 

Probe Measurement 

The three axes of mechanical rotation, the azimuth rotation axis, 

the elevation rotation axis, and the far-field component rotation axis 

are aligned so as to intersect perpendicularly thus establishing a 

spherical coordinate system of rotation. The three rotary joints corres

ponding to the three axes of rotation are centered with an accuracy of 

two-thousandths of an inch, within their respective rotation units with 

a dial guage. The elevation axis of rotation is used as the reference 

for the other two axes, and is leveled from a reference level set with 

a precision bubble level having an accuracy of five arc-minutes. The pin

hole of a pinhole telescope is aligned with the axis of elevation rota

tion to an accuracy of two-thousandths of an inch with a dial guage. 

With the elevation carriage at zero degrees elevation, a plumb bob is 

hung from the center of the rotary far-field probe holder and is used to 

crudely align the rotation axis of the azimuth turntable to within one-

tenth of an inch. 

A special alignment jig, seven inches in length with a one-sixteenth 

inch diameter shaft mounted vertically at its end, is fitted to the near-

field probe mount of the azimuth turntable. With the aid of a dial guage 

the one-sixteenth inch diameter shaft is aligned concentric to the azimuth 

axis of rotation. This same shaft is then sighted through the pinhole 
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telescope and the location of the azimuth turntable adjusted to make the 

shaft appear stationary as the azimuth turntable is rotated. 

The far-field probe is aligned concentric with the axis of far-

field component rotation to an accuracy of two-thousandths of an inch 

with a dial guage. With the elevation carriage in its 90.0 degree 

position, the far-field probe holder unit is adjusted to make the far-

field probe level using a small bubble level with an accuracy of five 

arc-minutes. 

The open-ended waveguide near-field probe is installed replacing 

the special alignment jig. The well-defined phase centers of the open-

ended waveguide are used for final adjustment of the location of the 

near-field probe and azimuth turntable. The position of the open-ended 

waveguide probe and azimuth turntable is adjusted to produce a constant 

phase pattern in the 90.0 degree elevation far-field cut, and a symmetric 

phase pattern in the 90.0 degree azimuth far-field cut. The near-field 

probe is then leveled with a small bubble level to an accuracy of five 

arc-minutes, and the electrical alignment repeated. 

The total positional accuracy of the mechanical alignment is 

approximately five-thousandths of an inch and total angular accuracy is 

0.3 degrees. 

Stray radiation is minimized using the absorption test and the 

absorbing rings on the probe antennas. 

The accuracy of the amplitude and phase measurements of this system 

depends on the mechanical alignment of the system, the receiver accuracy, 

the drift in amplitude and frequency of the klystron, and the amplitude 

and phase changes occurring in the rotary joints. The amplitude changes 



due to the mechanical misalignment of five thousandths of an inch are 

small in comparison to the phase change of 1.5 degrees. The specifica

tions of the receiver accuracy are 0.05 dB and 0.1 degree phase as 

before. 

The amplitude of the klystron is monitored throughout the measure

ments and found to vary not more than 0.2 dB. As the klystron is phase-

locked to a crystal, the frequency is held constant to one part in 10 

for long term operation. The electrical path length difference between 

the reference path from the source to receiver and the signal path from 

the source to transmitting antenna to receiving antenna to approximately 

300 wavelengths corresponding to phase error of ± 0.11 degree with the 

above frequency change. 

The rotary joints are measured with the receiver and found to have 

a constant transmission coefficient to within 0.5 dB and 0.2 degree phase. 

The total accuracy of the system is, therefore, estimated to be 0.35 dB 

in amplitude and 2.5 degrees in phase. 

All large amplitude measurements taken with this system have a 

repeatability of 0.1 dB in amplitude and one degree in phase, and low 

amplitude (below -30 dB) measurements have a repeatability of one dB in 

amplitude and five degrees in phase. 

Continuous analog amplitude and phase data of the elevation and 

azimuth components of the far-field patterns of the probe antennas are 

taken as a function of azimuth angle for constant values of elevation 

angle. The elevation angle is varied in five degree increments from an 

elevation angle of 30.0 degrees to 150.0 degrees. The azimuth angle 

varies continuously and linearly from 10.0 degrees to 170.0 degrees. At 
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the start of every other azimuth sweep the elevation angle is set to 90.0 

degrees and the azimuth angle is set to 90.0 degrees, the far-field probe 

is rotated to receive the elevation component, and a reference check of 

amplitude and phase is made. This process is repeated for each of the 

three near-field probes. 

Figures 22, 23, and 24 show the measured amplitude and phase of the 

elevation and azimuth components of the far fields of the open-ended wave

guide probe, the small horn probe, and the large horn probe, respectively. 

The base coordinates for all graphs are the far-field azimuth angle and 

elevation angle. The ordinate for the amplitude graphs is decibels and 

the range from zero to -60 dB. The ordinate for the phase graphs is 

degrees of phase and range from zero to 360 degrees. 

Near-Field Measurement 

The z-axis of the z-motion unit is aligned parallel to the earth 

and perpendicular to the x-axis of the xy-motion unit as described for 

the polarization measurement system. An optical target is mounted on the 

side of the rotary probe holder and a precision transit is aligned in an 

xy-plane of the xy-motion unit such that the optical target appears at the 

same point in the transit sight at each end of the x-traverse of the rotary 

probe holder. With the transit level, an elevation sweep of the transit 

sight then forms an xy-plane perpendicular to the earth and contains the 

x-axis of the xy-motion unit. The xy-motion unit is further adjusted to 

make the optical target appear at the same point of the transit sight at 

each of the four corners of the 100 by 100 inch measurement area. Using 

the transit, the deviation of the probe location from a true plane is 

recorded throughout the measurement area at the intersections of a square 
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lattice, five inches in horizontal and vertical spacings, with an accuracy 

of five-thousandths of an inch. Figure 25 is a graph of the z-position 

error of the rotary probe holder in thousandths of an inch. The maximum 

error is found to be 40-thousandths of an inch. The error graph is 

tabulated and used to correct probe position information as part of the 

far-field computation process. 

The near-field probes are leveled in the rotary probe holder and 

centered within the rotary probe holder as in the polarization measure

ment. The transmitting test antenna is mounted together with its mount 

on the z-motion unit and aligned with the z-axis of the z-motion unit with 

an accuracy of 0.1 degree. The transmitting antenna is then moved with 

the xyz-control and position indicator unit to adjust the distance between 

the mouth of the near-field probe and. the closest point of the test antenna 

to 10.0 inches. The accuracy of the z-position of the z-motion unit and 

the xy-position of the xy-motion unit is given by the manufacturer as 

25-thousandths of an inch and is read directly from servo positioned 

dials on the control and indicator unit. 

Stray radiation is substantially reduced through application of 

the absorption test and use of absorbing rings on the near-field probes. 

A photograph of the xy-motion unit, the z-motion unit, a near-field probe 

mounted in the rotary probe holder, and a test antenna is given in 

Figure 26. Extensive use of absorbing material is to be noted in the 

photograph. 

The accuracy of the amplitude and phase measurements made with the 

near-field measurement system depends on the mechanical alignment accuracy 

of the system, the mechanical positional accuracy of the near-field probe, 
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the receiver amplitude and phase detection accuracy, the stability of 

the amplitude and frequency of the klystron, and the amplitude and phase 

changes of the signals passing through the rotary joints. These factors, 

which influence measurement accuracy, are identical to those of the 

polarization measurement system except for the additional positional 

accuracy of the near-field probe. To estimate this additional error, it 

is assumed that the z-position error is the only error which affects the 

phase measurements significantly. This error is estimated to be five-

thousandths of an inch, after correction of the measured data using the 

z-position error graph of Figure 25. The total accuracy of the near-field 

measurement system is, therefore, estimated to be 0.3 dB in amplitude and 

three degrees in phase. The repeatability of amplitude and phase measure

ments for signals having an amplitude greater than -40 dB is 0.2 dB in 

amplitude and three degrees in phase. 

Amplitude and phase data of the x- and y-components of the near 

field of the test antenna are recorded in analog form as a continuous 

function of the x-position of the near-field probe for fixed y positions. 

The y position is incremented in one-third wavelength steps for a total 

of 128 steps. The total measurement area is a 53.1 by 53.1 inch area, 

centered about the geometrical center of the test antenna. As the calcu

lated far-field phase patterns of the test antennas are not compared to 

measured far-field phase patterns, the exact location of the center is 

not important. Another channel of the recorder records the x-position 

voltage, as previously described, and provides accurate identification of 

the beginning and ending points of x-position data. 

Using a stable low frequency oscillator and the servo position 
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indicators of a Scientific Atlanta Series 4100 Rectangular Recorder, a 

graph of position versus time was made for a constant speed setting of 

the control unit. Figure 27 shows graphs of the difference between the 

true position versus time, and a superimposed linear relationship of 

position versus time. These error graphs are tabulated and are used to 

determine the true x position of the near-field probe. Figure 27(a) is 

the positional error for motion in the positive x direction. Figure 27(b) 

is the positional error for motion in the negative x direction. The near-

field measurement procedure is repeated for the three near-field probes 

and the two test antennas. 

Figures 28 through 33 show the near-field amplitude and phase data 

of the x and y components of the near fields of the two test antennas. 

The base coordinates for all graphs are the x and y coordinates within 

the near-field measurement plane. The ordinate for the amplitude measure

ment data is decibels and ranges from zero to -40 dB. The ordinate for 

the phase measurement data is degrees of phase and ranges from zero to 

360 degrees. The ordinate of the measured phase data is compressed to 

allow better visualization of the regions of slowly changing phase. 

Far-Field Measurement 

The transmitting antenna of the Georgia Tech far-field measurement 

range is aligned to illuminate the receiving antenna with the peak of the 

main beam of the transmitting antenna. A test antenna is mounted together 

with its mount on the receiving antenna positioner and aimed approximately 

in the direction of the transmitting antenna. The receiving antenna is 

connected, via a mixer and a rotary joint, to the receiver. The amplitude 

output of the receiver is monitored as the direction of the transmitting 



0.2 0.4 0.6 

Normalized Time 

(a) Travel in the Positive X Direction 

0.8 1.0 

0.2 0.4 0.6 

Normalized Time 

(b) Travel in the Negative X Direction 

0.8 " • 

Figure 27. X-posit ion Error Versus Normalized 
Time of the XY-motion Unit 



Relative Power 
in Decibels 

[a) Ampli tude o f the Y Component (b) Amplitude of the X Component 

A Relative Phase 
in Degrees 

Relative Phase 
in Degrees 

!c) Phase of the Y Component (d) Pftase Of the X Component 

Figure 28. Near-field Amplitude and Phase Patterns of 
the Large Test Antenna as Heasured with 
the Open-ended Waveguide Probe 



94 

^ Relative Power 
in Decibels 

a Relative Power 
in Decibels 

[a) Amplitude of the Y Component Amplitude of the X Component 

4 Relative Phase 
in Degrees 

ji Relative Phase 
in Dea trees 

d) Phase of the X Component 

Figure 29. Near-field Amplitude and Phase Patterns of 
the Large Test Antenna as Measured with 
the Small Horn Probe 



Relative Power 
in Decibels 

(a) Amplitude of the Y Component [b) Amplitude of the X Component 

n Relative Phase 
in Degrees 

a Relative Phase 

n Degrees 

'c) Phase of the Y Component (d) Phase of the X Component 

Figure 30. Near-field Amplitude and Phase Patterns of 
the Large Test Antenna as Measured with 
the Large Horn Probe 



96 

i Relative Power 
in Decibels 

4 Relative Power 
in Decibels 

(a) Amplitude of the Y Component Amplitude of the X Component 

4 Relative Phase 
i n Degrees 

4 Relative Phase 
i n Degrees 

[c) Phase of the Y Component 'd) Phase of the X Component 

Figure 31. Near-f ield Amplitude and Phase Patterns of 
the Small Test Antenna as Measured with 
the Open-ended Waveguide Probe 



Relative Power 
in Decibels 

[a) Amplitude of the Y Component b) Amplitude of the X Component 

Relative Phase 
in Degrees 

i Relative Phase 
i n Degrees 

Phase of the X Component 

Figure 32. N e a r - f i e l d Ampli tude and Phase Pat terns of 

the Small Test Antenna as Measured w i t h 

the Smal1 Horn Probe 



k Re la t i ve Power 
in Decibels 

[a) Amplitude of the Y Component (b) Amplitude of the X Component 

[c) Phase of the Y Component 

4 Relative Phase 
i n Deqrees 

Phase of the X Component 

Figure 33. Near-field Amplitude and Phase Patterns of 
the Small Test Antenna as Measured with 
the Large Horn Probe 



antenna is adjusted for maximum received amplitude. The direction of the 

receiving antenna is then adjusted for maximum received amplitude and the 

entire adjustment process repeated until the true maximum is found. 

Reference directions for the receiving antennas are established 

by optical alignment of the test antenna mount with the center of the 

transmitting antenna. 

Other elevation angles are set using a bubble level mounted inside 

a graduated protractor to an accuracy of 0.3 degrees. The azimuth angle 

is varied continuously with the servo control and indicator unit. 

Stray radiation due to ground reflection, tree and building reflec

tion cannot be eliminated in the usual manner, as the cost of absorbing 

material to cover such an area is prohibitive. 

The amplitude measurement accuracy of this system is dependent on 

the stray radiation level, the receiver accuracy, the klystron amplitude 

drift, and the change in the amplitude of the received signal as it passes 

through the rotary joint. The receiver is specified to have an amplitude 

measurement accuracy of 0.05 dB, and the specified amplitude variation of 

the rotary joint is 0.05 dB. The amplitude drift of the klystron was 

checked periodically throughout the measurements and found to be less than 

0.3 dB. 

To determine the level of stray radiation, each cut of the far-field 

pattern is repeated with the antenna upside-down. A difference in the two 

patterns indicates the presence of stray radiation. The difference between 

the two sets of measured patterns is shown as error bars on all measured 

far-field patterns. 

The far-field amplitude patterns of the two test antennas are 



recorded for continuous azimuth angles from 30 degrees to 150 degrees and 

for fixed values of elevation angle. The elevation angle is varied in one-

degree increments from 81 degrees to 99 degrees. At the beginning of every 

other azimuth sweep, the test antenna is positioned for maximum signal; 

an amplitude drift check is made, and the receiver is adjusted to compen

sate for the drift. To determine the repeatability of the measurement 

system, each pattern is recorded four times, twice in the normal configu

ration and twice in the upside-down configuration. From these measurements 

the repeatibility is determined to be 1 dB. Typical far-field amplitude 

patterns for the large test antenna are shown in Figure 34 and for the 

small test antenna in Figure 35. 

Far-field Calculation 

The calculation of the far-field power patterns of the two test 

antennas is performed on Georgia Tech*s Univac 1108 digital computer. The 

input data for the computation process consists of the measured transverse 

vector near fields of the two test antennas, the measured far fields of the 

three probe antennas, the polarization ratio of the far-field probe antenna, 

the z position error of the xy-motion unit and x position versus time error 

of the x-motion of the xy-motion unit. The measured near-field data of the 

two test antennas and the measured far-field data of the three probe 

antennas are converted from their original analog form to digital form on 

a Radiation Model 5020 Analog to Digital Converter. The digital form of 

the near-field and far-field data is recorded on digital magnetic tape and 

stored in the computer tape library. The polarization ratio of the far-

field probe, the x position error, and the z position error are in tabular 

form and are stored on computer cards. 
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The far-field computation process is shown in the block diagram of 

Figure 36. The computation process begins by reading into the computer 

the x-component of the near field of a particular test antenna as measured 

with a particular near-field probe. Using the read-in z position error 

table, the x-motion error table and x position voltage, the measured 

near field is corrected for the z position error of the near-field probe, 

and sampled every X/3 across the 42.3X measurement area for each x direc

tion traverse of the measuring probe. The resulting corrected x-component 

of the near field is then stored in a 128 by 128 complex array. Each 

point in this array represents the amplitude and phase of the x component 

in the near field, sampled one-third of a wavelength in the x and y direc

tions. Sample spacings larger than one-third of a wavelength may be 

employed by deleting samples from the original 128 by 128 array. 

The sampled, near-field data is next wavenumber-shifted by any 

pre-selected amount. The wavenumber shifting is carried out in the space 

domain as a heterodyning operation, as implied by Equation (2-45). The 

heterodyned data then passes through a simulated Blackman low-pass filter 

with variable cutoff wavenumbers• The low-pass filtering is performed in 

the space domain as a two-dimensional convolution of the near-field data 

with the filter's impulse response, as shown by Equation (2-41). The out

put of the low-pass filter is re-sampled at a sample spacing corresponding 

to the cutoff wavenumbers of the low-pass filter. 

Next, the minimized data is Fourier transformed with a two-

dimensional version of the Fast Fourier transform computation technique. 

The wavenumber spectrum of the measured near-field data is then corrected 

for the non-ideal, low-pass characteristics of the Blackman filter, and 
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wavenumber-shifted to correct for the pre-filtering wavenumber shift. 

Wavenumber shifting in wavenumber space is carried out as a two-dimensional 

translation of the wavenumber spectrum in wavenumber space. 

The filtered wavenumber spectrum of the x component of the measured 

near field is stored while the same sampling, wavenumber shifting, low-pass 

filtering, Fast Fourier transforming, filter correcting, and wavenumber 

shift correcting processes are applied to the y component of the measured 

near field. With both x and y components of the wavenumber spectrum 

stored, the far-field patterns of the near-field probe are read into the 

computer. 

The far-field patterns are first corrected for the presence of the 

far-field probe, as shown in Equations (2-89) and (2-90) using the read-in 

polarization ratio of the far-field probe. Next, the x and y components 

of the probe antenna's far-field are calculated from the elevation and 

azimuth components of the original far-field data, as the radial component 

of the far field is assumed to be zero. The far-field patterns are trans

formed from functions of azimuth and elevation to functions of the wave-

numbers k and k , as implied by Equations (2-5) and (2-6). Next, the 

x y 

wavenumber spectrum of the near-field probe, given in Equation (2-12), is 

obtained from the transverse vector far-field data. 

The stored wavenumber spectrum of the x and y components of the 

measured near field are corrected for the presence of the near-field probe, 

using the wavenumber spectrum of the probe. The true far-field patterns 

of the test antenna are then calculated from the true wavenumber spectrum 

of its near field. 

To compare the calculated far-field patterns to those measured on 



the far-field range, the calculated far-field patterns are transformed 

from wavenumber coordinates to azimuth and elevation coordinates, and 

selected far-field patterns are plotted on standard size far-field graph 

paper with a Cal Comp Model 763 numerical drawing machine. Clearly, many 

parameters of the computation process may be varied. 

Figure 37 shows three calculated far-field patterns of the large 

test antenna. Figure 38 shows three calculated far-field patterns of the 

small test antenna, each calculated using all 16,384 complex vector near-

field samples. 

Figure 39(a) shows a large portion of the calculated hemispherical 

far-field pattern of the large test antenna. The base coordinates in this 

figure are the wavenumbers k and k and the ordinate is the power in 

decibels. Figure 39(b) shows the calculated far-field pattern of the 

small test antenna. 

Figure 40(a) shows a principal plane pattern of the large test 

antenna calculated from near-field data taken with each of the three 

near-field probes. Figure 40(b) shows the same principal plane pattern 

of the large antenna calculated from the same near-field data without 

correction for the wavenumber spectrum of the probes. 

Calculated far-field patterns showing the results of variation 

in near-field sample spacing, the use of low-pass filtering, and the 

comparisons to measured far-field patterns are given in Chapter V. 
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CHAPTER V 

RESULTS 

The results of this dissertation research are threefold. 

First, a sample spacing criterion has been established which 

specifies the required sample spacing for near-field measurements taken 

on a planar surface. The sample spacing is a function of the distance 

from the antenna to the measurement plane and the desired level of 

attenuation of neglected evanescent waves. A sample spacing of A./3 in 

each planar direction was required for the near-field measurements of the 

two test antennas. 

Figure 41 shows the effect of increasing the sample spacings to X 

and 2X for three azimuth slices of tie calculated far-field patterns of 

the large test antenna. Figure 42 shows the effect of increasing the 

sample spacings to X and 2X for three slices of the calculated far-field 

patterns of the small test antenna. 

Second, a near-field data minimization technique was developed which 

utilizes two-dimensional, low-pass filtering to greatly reduce the amount 

of near-field data required to calculate small angular sectors of the far 

field. The amount of post filter data is directly proportional to the 

angular size of the far-field region to be calculated. The near fields 

of two test antennas were sampled at A/3 spacings over a planar surface 

with area greater than seven times the aperture area of the antenna 

resulting in a near-field measurement matrix of 128 x 128 = 16,384 com

plex, transverse vector samples. 
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Figure 43 shows three calculated azimuth slices of the far-field 

pattern of the large test antenna in which all 16,384 near-field samples 

were used. Superimposed on these patterns are patterns calculated with 

60 post-filter samples and 20 post-filter samples. Figure 44 shows 

similar results for the small test antenna. 

Third, this research has demonstrated that it is both feasible 

and practical to determine far-field patterns of an antenna using the 

hybrid approach. When near-field data minimization is incorporated in 

the near-field data collecting process, selected sectors or slices of the 

far-field pattern of the two test antennas may be determined with a data 

storage requirement of only 91 (as shown in Figure 10) complex vector 

samples. The small, post-filter data storage requirement often eliminates 

the need for a digital computer. From a practical point of view, however, 

the cost of an adequate, far-field range must be compared, in the final 

analysis, to the cost of the near-field measuring apparatus and far-field 

calculation equipment. 

Typical slices of the calculated far-field patterns of the large 

test antenna are compared to the same far-field slices measured on the 

Georgia Tech antenna range and are shown in Figure 45. A similar com

parison for the small test antenna is shown in Figure 46. The 

calculated and measured patterns are seen to agree to within the measure

ment accuracy of the far-field range, as determined in Chapter TV. 

Although 19 far-field slices of the far-field patterns of each 

test antenna were measured and calculated, only three have been displayed 

for the sake of brevity. The omitted far-field slices are in full agree

ment with the conclusions drawn from the representative far-field slices 

presented here. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

It is concluded that: 

(1) The near-field sample spacing criterion developed in this 

research makes it possible to accurately determine the far-field pattern 

of an arbitrary antenna from measured data taken at preselected points 

on a planar surface in the near-field of the antenna. Also, a priori 

information concerning the "Q", direction of propagation and beam width 

of single beam antennas, can be used to increase the sample spacings. 

(2) The near-field data minimization technique developed in this 

research can be used to greatly reduce the amount of near-field data 

required to calculate angular sectors of the far-field pattern of an 

arbitrary antenna. Principal plane patterns are typical of one-dimensiona 

far-field patterns for which great reductions in the amount of near-field 

data are possible. 

(3) The hybrid approach to far-field determination is feasible, 

accurate, and, for electrically large antennas, practical. 

It is recommended that three areas of research be undertaken to 

further advance the hybrid approach to far-field determination. 

(1) Determination of the required near-field measurement accuracy 

to accurately calculate the far-field pattern of an arbitrary antenna. 

(2) Examination of the effect of multiple reflections between the 

near-field probe and the test antenna on the calculated far-field pattern. 
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(3) Extension of this research to non-planar near-field 

measurement surfaces. 

It is recommended that near-field measurement and scattering matrix 

theory be used to analyze other electromagnetic field problems such as: 

(1) Determination of the scattering properties of passive devices, 

such as radomes, dielectric coverings, and antenna support structures. 

(2) Calculation of the far-field pattern of an arbitrary antenna 

enclosed in an arbitrary radome, when both the wavenumber spectrum of the 

antenna and scattering parameters of the radome are known a priori. 

(3) Synthesis of array antennas with arbitrary array elements 

whose wavenumber spectra are known a priori. 
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