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Centers of Structures in Electromagnetism-A  Critical Analysis 

JORGEN APPEL-HANSEN 

Abstruct-Some principles for finding reference points or centers of 
structures in electromagnetism are outlined.  It is pointed  out  that  the 
centers which are found  depend on arbitrary  choices.  Since  some of 
the principles are based on Friis’s transmission  formula and the  radar 
equation, these are  given in forms  suitable for finding centers. The use 
of correction factors and near-field parameters  are  outlined. In 
particular, proper use of  different  near-field radar cross sections for 
plates  and spheres are ontlined. 

W 
I. INTRODUCTION 

HEN COMMUNICATION from one structure  to  another 
structure takes place, all parts of the  two  structures con- 

tribute more or less actively. Based on the  solution of  Max- 
well’s equations and  by defining several magnitudes, com- 
munication relations can be derived. The most often used 
relations  in  practice  are Friis’s transmission formula for one- 
way communication and the radar equation  for two-way 
communication. When using these relations, it is necessary 
to insert a  distance  between the  structures involved. This 
creates an ambiguity  problem because the  structures  are  not 
point objects. For distances  between the  structures  that are 
sufficiently large relative to  the  actual dimensions of the 
structures and the wavelength, the choice of reference points 
is not critical. At shorter distances, e.g., on test ranges such 
as anechoic  chambers, the results obtained  by using the  com- 
munication  relations may depend  significantly on  the chosen 
reference  points. 

The present work was initiated  from  the observation that 
during calibration of a  radar cross section measurement set 
up on a 10-m range using a 20-cm diameter sphere,  the results 
undergo  a change of about 0.2 dB with a change in  distance 
of 10 cm, e.g., if the crown point  on  the  front surface of the 
sphere is used as a  reference point instead of its geometric 
center [ 1 I .  

* The purpose of the present  paper is to outline several 
principles which may be used to find proper reference points 
for  structures  in electromagnetism. Since it is often required 
that some  electromagnetic  properties are described in  a simple 
manner by using the reference points,  they are called centers 
of the  structures.  The  fact  that  the final  results  depend on 
arbitrary choices is not unusual in electromagnetism; common 
examples are the impedance of a waveguide and the Q of a 
resonator, 

As it will be apparent  from  the following sections, near- 
field parameters  are  parameters  which use concepts and 
symbols analogous to  the corresponding true far-field para- 
meters. True far-field parameters  are  parameters found  in  the 
limit as the distance tends  to  infinity, e.g., gain, receiving 
cross section, and  radar cross section. Correction factors are 
factors to  true far-field parameters  taking into  account  the 
finite distance in a  communication  problem. The  product 
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of a correction  factor and the corresponding true far-field 
parameter  may be defined as a near-field parameter. In meas- 
urements, systematic  errors will be  present  in case correc- 
tion  factors  are  not used 141. 

In Section I1 some  examples of centers used in electro- 
magnestism are given. The  arbitrary choices adopted  in  the 
principles used to find  the centers are pointed out.  In  order 
to make a more detailed discussion of  some of the principles, 
a general communication relation is established in Section 111. 
In Section Iv this  relation is put  in a form analogous to 
Friis’s transmission formula and near-field correction factors 
are discussed. In Section V-A it is demonstrated  that two-way 
transmission may be considered as a special case of one-way 
transmission. Furthermore, a two-way transmission formula 
is cast in  a form analogous to  the radar equation, In Sections 
V-B and V-C different expressions  for near-field radar cross 
sections of large plates and spheres are discussed. For  further 
details the reader is referred to [ 31. 

11. PRINCIPLES FOR FINDING  CENTERS 

The field around a  radiating structure is usually described 
in phase and amplitude in  a smaller or larger region of space. 
The region may be specified by making use of a  reference 
point which  may  be called a center  of  radiation. In the case 
of an infinitesimal  radiator such as a  Hertzian  dipole, it is 
natural  (but  not required) to suggest the position of the 
dipole as the  center of radiation from which information is 
transformed to  other points in space. If the  radiator has some 
extent,  it is not straightforward to indicate a center of radia- 
tion. To  do this  a principle to be used has to be suggested. 

From a  mathematical point of view it is natural to apply 
a principle which may lead to some  computational conven- 
ience. Let us consider series expansion of fields. It is well- 
known  that  the  number of significant terms depends on the 
size of the radiating structure and the position of the origin 
of the applied coordinate system relative to  the radiating 
structure. Therefore, the  center of radiation  may  be  defined 
as the origin of the  coordinate  system which gives the mini- 
mum  number of significant terms  in  the expansion series. 
Let us refer to this  principle of riding  the  center of radia- 
tion as the minimum-number  principle. in order  to  apply 
the principle an arbitrary choice of criterion has to  be  made 
in the assessment of when a significant number of terms is 
reached. 

Let us illustrate  the minimum-number  principle by a 
consideration of spherical wave expansions. In this case 
the  number of significant terms depends on  the maximum 
value of a  modal index n which is required in order to have a 
satisfactory (specified arbitrarily) representation  of  the radi- 
ated field. It is found  that  the expansion  can often be trun- 
cated at n = ka,  where a is  the radius of the smallest sphere 
enclosing the  antenna and k is the wavenumber [ 51,  [ 7 ] .  
This fundamental observation leads to  the suggestion that  the 
first  choice of the position of the origin of the  coordinate 
system  should  be such  that a  sphere having its  center  at  the 
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origin and enclosing the radiating structure has a minimum 
radius. According to  the  truncation criterion n = ka, such  a 
choice is likely to give a small number of significant terms 
in the field expansion. From  the physical geometry of the 
radiator,  it is usually a simple matter  to make the first  choice. 
Then an  optimization process may follow in which the origin 
may  be varied about  the first  choice  in order to minimize the 
number of significant terms  in  accordance with  the minimum- 
number principle. 

It  should  be mentioned  that in the first  choice of the posi- 
tion  of  the origin, the  current  distribution  on  the radiating 
structure  may  be  taken  into  account.  For  example, if this has 
a well-defined aperture,  the first  choice of the position of the 
origin could be made so that  the sphere having its  center  at 
the chosen origin and enclosing the  aperture has a minimum 
radius. In  fact in the case of horn  antennas,  it has been dem- 
onstrated  that when the origin is chosen in  the middle of the 
aperture plane, fewer spherical waves are required than when 
the origin is located  at  the phase center of the  horn (defined 
such that  the phase pattern is flat over the main beam) [ 151. 

It is interesting  to  note  that in near-field scanning tech- 
niques, it  is often said that  the  center of rotation should  be 
chosen conveniently  in or close to  the  structure.  From  the 
above it is seen that  in case the  center of rotation is chosen 
as the  center of radiation found by  applying the minimum- 
number principle, computational convenience can be ex- 
pected. In practice,  mechanical stability and  alignment  pro- 
cedures may also influence the choice [4 ] .  

As another example of finding the  center of radiation let 
us consider the principle used in  determinig the phase center 
of a radiating structure.  The principle adopted is to find a 
point so that  the phase of the far-field is relatively constant 
over some  spherical  segment [8]. The  point which is found 
is referred to as the phase center and is considered as the 
center  from which radiation  emanates. It is understood  that 
if the phase center is determined  experimentally using con- 
ventional far-field techniques,  it  depends on the test dis- 
tance. Furthermore,  it must  depend on  the size of the spheri- 
ical sector  considered. In addition to this, since  measurements 
cannot be expected to give a perfect constant phase, the 
obtained  phase center will also depend on  the principle used 
to choose the final phase variation over the spherical sector 
considered.  Only for linear antennas and arrays that have 
special symmetrical  properties  in their  current  distribution, 
phase  centers  exist [ 101 in  theory. 

As an additional example of finding a  center of radiation, 
let us consider a principle used to find an amplitude  center. 
The principle adopted here is to  fiid  a  point  from which the 
field amplitude varies relatively closely to the inverse distance 
variation  in a specified  direction over some  distance range. 
Thus  the  obtained  amplitude  center depends on the choice 
of several parameters used in  applying the principle, e.g., in 
case of investigation of surface wave propagation over low 
density  medium [2 ] .  The choice of distance range may be 
made, e.g., by considering the series in powers of inverse 
distance  in  which  coupling  between antennas can be expressed 
[171. 

In  order to illustrate additional principles related to reflec- 
tion centers, let us consider a set up  for scattering measure- 
ments. Here, a  radar illuminates a scattering  object. As a 
result, a  current  distribution is generated on  the test object 
and a signal is detected  by  the radar. It  is said that  the  object 
scatters  a signal back to  the radar. The magnitude of this 

signal is calculated by making use of the  scattering cross 
section o of the  object. This is defined as 

I E, l 2  u =  lim 4rrR2- 
R-+- I Ei12 

where Ei is  the electric field intensity of an  (often) plane 
wave illumination of the  object, and E, is the scattered field 
at a  point which is characterized with respect to  the  object 
by using an appropriately chosen coordinate system. The 
parameter R is the distance  between the  point and the origin 
of the  coordinate  system.  It is noted  that u is found  by  letting 
R tend  to  infinity. Thus u is an example of a  true far-field 
parameter. It is understood  that  the value of u is independent 
of the choice of the position of the origin of the  coordinate 
system in  or  at  a  finite distance from  the  object [9]. 

The power P, received by the  radar is now calculated 
from  the  radar  equation as 

where P, is the power transmitted by the  radar, G is the gain 
of the  radar  antenna, A is its receiving cross section, and R is 
the distance  between the radar antenna and the  object. As 
discussed in  Section V two major principles can be used in 
order  to find apparent reflections centers and corresponding 
scattering cross sections. 

For  an  arbitrary  antenna  or  scatterer  the chosen principle 
depends on several factors. One factor is the manner  in  which 
the application of the principle is in  accordance with  a physi- 
cal interpretation of the  actual phenomena. For  example,  the 
principle of geometrical optics considers both  a receiving 
center and a reflection center as described in  Section V. 
Another  factor influencing the chosen principle is that  it 
may be required that  the obtained center is valuable for  a 
specific practical purpose.  For example,  in the case of the 
sphere,  a near-field cross section  corresponding to  the  crown 
point may be  chosen. This facilitates the  experimental cali- 
bration of a scattering  measurement  set up because the dis- 
tance  to  the crown point can be easily measured with, e.g., a 
meter  stick.  The description of the  different principles are 
given below in general terms  and illustrated for simple cases. 
Thus  it is hoped that  the reader  may get ideas to construct 
centers for  other cases whenever needed. 

111. COMMUNICATION RELATION 

I1 is  not new to consider any conveyance of information 
frcm  one  body  in space to another  body in  space as a com- 
munication  problem. Let us consider communication  between 
two bodies  and let us adopt  the terminology used in  electro- 
magnetism. 

In Fig. 1 let Body 1 be a  transmitting  body characterized 
by a  point A t  and let Body 2 be a receiving body characterized 
by a  point 0,. The points A t  and 0, are  points chosen arbi- 
trarily  in or  at  a finite  distance from  the bodies. Let R(A, ,  0,) 
be the distance  between the  points A ,  and O,., and let P, and 
P, be the  transmitted and received information, respectively. 
Furthermore,  let  the ability of Body 1 to transmit information 
to Body 2 be denoted G(A, ,  0,) and  let the ability of Body 2 
to receive information  from Body 1 be  denoted A ( A , ,  0,). 
Between the parameters  defined  above, it is postulated  that 
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Body 1 

Fig. 1. Communication  problem. 

there exists  a  communication  relation 

Radar Object 

Fig. 2. Two-way transmission  problem. 

V. TWO-WAY TRANSMISSION 

A .  General Consideration 

(3) In case Body  1 is a radar and Body 2 is a  scattering object 

We are now able to make  the  fundamental observation that 
we have only two  equations and generally more  than  two  un- 
knowns. As will be apparent  from  the following sections,  it 
is based on this observation that  the  fundamental problems in 
applying Friis’s transmission formula and the  radar  equation 
can be discussed. 

IV.  ONE-WAY TRANSMISSION 

Let us consider the case of transmission between two 
antennas and write the communication  relation  in  a form 
analogous to Friis’s transmission  formula (for A ,  # 0,) 

Here the  points A ,  and 0, may  be  referred to as the radiat- 
ing center of the  transmitting  antenna and the receiving center 
of the receiving antenna, respectively. The positions of these 
centers may be found using the following principle.  Suppose 
that P ,  and P, are  determined based on a theoretical model 
or based on  an  experiment.  Furthermore, suppose that we 
know  for arbitrarily  chosen  directions true far-field parameters 
for C and A .  By using these values for P,, P,, G, and A in 
(5), R ( A , ,  0,) may be calculated.  Any two  points A ,  and 
0, with an interspacing equal to R may be chosen as repre- 
senting the  transmitting  and receiving centers, respectively. 

Apparently, several arbitrary choices have been made 
above. In particular, it should  be noted  that some choices have 
to be  made in  the  construction of a theoretical model. For  an 
example of a theoretical model for  horn  antennas, see [ 11 1. 
Here the distance R ( A , ,  0,) is chosen equal  to  the distance 
between  the centers of the  horn apertures.  This  distance 
together with true far-field gain values are used in Friis’s 
transmission  formula and a so-called near-field gain correction 
factor is included in  the formula to  adjust for  the implica- 

P, received at another  point A,.. Thus in accordance with  the 
previous sections, the  communication relation is (for A ,  # A , )  

Several problems  are involved in order to introduce well- 
established quantities related to two-way  transmission in this 
equation. In particular, the relation is meaningless in case 
A ,  and A ,  are chosen to be one and the same point. In fact, 
this is a natural choice e the case of a monostatic radar. 
However it should  be noted  that  by using near-field com- 
munication relations P ,  may  be found in case A ,  is chosen 
to be at A , .  

Let us now consider the  transformation of power  from 
A ,  and A ,  via the scattering body and let us consider the 
radar equation (2).  Let Pt be a quantity which is impressed 
under  our  control  and  let P, be  a quantity which can be 
measured (or calculated). For G, u, and A ,  we use the  true 
far-field parameters  related to arbitrarily chosen directions. 
Insertion of the so determined quantities  into  (2) may  be 
used as a principle to find  a value for R .  Furthermore,  this 
value of R may be used to  make suggestion for  the  center 
of radiation of the  radar A , ,  the  center of reception 0, of 
the scattering body,  the  center of reflection 0, of the  body 
and the  center of reception.A, of the  radar, see Fig. 2 .  Now, 
let R ( A , ,  0,) be the distance  between A ,  and 0, and  let 
R(0, A , )  be the distance  between 0, and A,. Then from 
a  consideration of the  radar  equation  it seems most natural 
to  let R ( A , ,  U,), R(U,,   A,) ,  and R be related through 

R 4  = R 2 ( A t ,  Ur)R2(Ot, Ar) .  (7) 

Using the terminology introduced above, the general 
communication relation (3), may be cast in a form analogous 
to  the  radar  equation 

tions of the  arbitrary choices. It is not surprising that dif- 
ferent choices result in different correction  factors as it is P r =  
apparent  from  the  literature [ 6 ] ,  [ 121. The  theoretical correc- 
tion factors  may  be used to correct measured data. However 
corrections may also be based on measured data, e.g., in the @ t ,  o r ,  Ot ,  A r )  
case of the  extrapolation  technique [ 17 1 . 4 n ~  (0 t ,  A r )  

p t  

4~12 (A  t ,  Or) 
G(A, ,   Or)  

A ( O t ,  Arlo 
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Plane *:::I reflection >( 

Radar Caustic point 

Fig. 3. Infinite plane  problem. 

This form shall  now  be adopted  in  order to illustrate  two 
major principles in  accordance  with which centers A, ,  Or, O,, 
and A ,  can be  constructed. One  principle is the  radar principle 
in  which A t  = A ,  and 0, = 0,. The  other principle is the 
optics principle  in  which A ,  = A,,  but 0, may  be different 
from 0, as in geometrical  optics. Because (8) may be used 
in  accordance with geometrical optics,  it is called the  optics 
equation. Here, the two-way transmission problem is apparent 
from  the presence of two distances. 

B. In finite Plane 

For  an  infinite perfectly conducting plane  illuminated 
by  a  radar  located at a  distance R as shown in Fig. 3, nR2 
is given  as the  radar cross section  by [ 131. However from  (1) 
is obtained 

u = lim 4nR2 
R - t -  

since I E, 1 = I Ei 1 for  the present case. Thus in  accordance  with 
[ 191 a near-field radar cross section 4nR2 may be suggested. 

It shall now be shown  that nR2 is natural  to use when the 
radar principle is applied and that 4nR2 is natural  to use 
when the  optics principle is applied. First, by  considering 
transmission from  the image of  the radar in  the  plate  to 
the  radar itself, it is found  that 

P, P, = ~ 

4n( 2 R ) 2  
GA . 

Now, if the radar  principle is used and A ,  = A ,  and 0, = 0, 
are chosen at the  radar and the specular  reflection point, 
respectively, i.e., 

R(A,, 0,) = R(O,, A,)  = R.  (1 1) 

Equations (S), (lo), and (1 1 )  constrain the near-field radar 
cross section to  be nR2 in  accordance  with [ 131. 

If the optics  principle is used and A ,  and A ,  are chosen 
at  the position of the  radar,  but 0, at  the specular  reflection 
point and 0, at the image, i.e., 

R(Ot, A,) = 2R > ( 12) 
(S), ( lo),  and  (12) constrain the near-field radar cross sec- 
tion to be 4nR2 in  accordance with [ 191. It is seen that 
the  radar principle  considers the same path  length  for  the 
incident field and the reflected field, while the optics  principle 
uses different  path lengths as in  geometrical  optics. 

C. Sphere 
For a  sphere large in  terms of wavelength, a near-field radar 

cross section can be found  from (1) to be 

Radar 

point 
Fig. 4. Sphere  problem. 

where  a is the radius of the  sphere, and R is the distance from 
the crown point on the sphere to  the field point [ 191, see 
Fig. 4. For a + DO it is noted  that u -+ 4nR2, i.e., the  plate 
case. Therefore, it can be shown by making use of the  optics 
principle that if 0, is chosen at  the crown point and if Of 
is chosen inside the  sphere  at  the caustic point  for reflected 
rays, a value for P, obtained  from (8) will agree with a value 
of P, which can be  found  from simple  ray  tracing. 

With reference to  the result in  (13),  another near-field 
cross section 

is given for large spheres 191. For a -+ 00, o -+ nR2. Again, 
since for a -+ 03 the sphere  approaches  a  flat plate  at  the 
crown point,  the radar  principle can be used to  show, if 
0, and 0, are chosen at  the crown point,  the  correct value 
of P, is obtained. 

Applying the  radar principle, it may also be shown  that 

0, = na2 

can be used in the  radar  equation  together with  a  distance 

R ,  = 4-1 (16) 

From this  result  a more accurate  procedure for  the calibra- 
tion of a  scattering  measurement  set-up is derived. Since na 2 

is the geometrical optics  contribution in the  far field, it is 
concluded that  the use of the corresponding apparent reflec- 
tion  center  in  connection with  calibration will  give more 
accurate results  than the use of the geometric center,  the 
specular  reflection point,  or  the phase center of the  sphere 
together  with  the far-field cross section. However it should 
be noted  that since for a R 

d-) r R + a  
2 

the phase center is a  good approximation  for  the  apparent 
radar  reflection center  for  many practical set ups for which 
a <R. 

It is also concluded that since the far-field radar cross sec- 
tion oscillates around  the geometrical optics  contribution, 
a  more  accurate determination of the  apparent reflection 
center corresponding tc the far-field radar cross section 
oscillates around  the  points characterized  by the parabola 
given by  (1 7). In the case of a  radar having a  Hertzian dipole 
as antenna,  the oscillations of the  apparent reflection center is 
found by [ 141. In this work use was made of a field solution 
of the problem  presented  by [ 181. The osciUations around  the 
parabola were demonstrated. 
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VI. CONCLUSION 

It is demonstrated  that centers of structures  in electro- 
magnetism depends  on  arbitrary choices. Several principles 
for finding  phase, amplitude, and reflection  centers  are out- 
lined.  It is emphasized that uses of correction  factors and 
near-field parameters in the Friis‘s transmission formula and 
the  radar  equation  require specification of associated centers 
for  the  structures involved. 

In particular, using the  radar principle, an accurate refer- 
ence point  for  the  apparent reflection center of the sphere 
has been found. This can be used in calibration of a  scatter- 
ing measurement set  up. As another example, by applying 
the minimum-number  principle it should be possible to find 
a center of rotation  around which it is most  convenient to 
rotate  antennas in near-field scanning  techniques. 
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