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ABSTRACT 
The numerical analysis used for efficient processing of 
spherical near-field data requires that the far-field 
pattern of the probe can be expressed using only 
azimuthal modes with indices of µ = ±1. (1)  If the 
probe satisfies this symmetry requirement, near-field 
data is only required for the two angles of probe 
rotation about its axis of χ = 0 and 90 degrees and 
numerical integration in χ is not required.  This 
reduces both measurement and computation time and 
so it is desirable to use probes that will satisfy the µ = 
±1 criteria.  Circularly symmetric probes can be 
constructed that reduce the higher order modes to 
very low levels and for probes like open ended 
rectangular waveguides (OEWG) the effect of the 
higher order modes can be reduced by using a 
measurement radius that reduces the subtended angle 
of the AUT.  Some analysis and simulation have been 
done to estimate the effect of using a probe with the 
higher order modes (2) – (6) and the following study is 
another effort to develop guidelines for the properties 
of the probe and the measurement radius that will 
reduce the effect of higher order modes to minimal 
levels.  This study is based on the observation that 
since the higher order probe azimuthal modes are 
directly related to the probe properties for rotation 
about its axis, the near-field data that should be most 
sensitive to these modes is a near-field polarization 
measurement.  This measurement is taken with the 
probe at a fixed (x,y,z) or (θ,φ,r) position and the 
probe is rotated about its axis by the angle .  The 
amplitude and phase received by the probe is 
measured as a function of the χ rotation angle.   A 
direct measurement using different probes would be 
desirable, but since the effect of the higher order 
modes is very small, other measurement errors would 
likely obscure the desired information.  This study 
uses the plane-wave transmission equation (7) to 
calculate the received signal for an AUT/probe 
combination where the probe is at any specified 
position and orientation in the near-field.  The plane 
wave spectrum for both the AUT and the probe are 
derived from measured planar or spherical near-field 
data.  The plane wave spectrum for the AUT is the 

same for all calculations and the receiving spectrum 
for the probe at each χ orientation is determined from 
the far-field pattern of the probe after it has been 
rotated by the angle χ.  The far-field pattern of the 
probe as derived from spherical near-field 
measurements can be filtered to include or exclude the 
higher order spherical modes, and the near-field 
polarization data can therefore be calculated to show 
the sensitivity to these higher order modes.  This 
approach focuses on the effect of the higher order 
spherical modes and completely excludes the effect of 
measurement errors.  The results of these calculations 
for different AUT/probe/measurement radius 
combinations will be shown.   
  

Keywords: near-field, measurements, near-field probe, 
spherical, spherical mode analysis.  

1.0 Introduction 

The spherical near-field theory is based on the 
transmission equation derived by Jensen (8) – (9) and 
further developed by Wacker (1) where the antenna under 
test and the probe are described by spherical mode 
coefficients that are the coefficients of basis functions that 
are solutions of Maxwell's equations for a spherical 
coordinate system.  In principle, the transmission equation 
is valid for any arbitrary test antenna and probe 
combination at any separation distance between the 
spherical coordinate system origin and the probe that is 
outside of the minimum sphere that will completely 
enclose the antenna under test.  The transmission equation 
is, 
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Where aW  is the amplitude and phase data measured by 
the probe at the radius a and the position defined by the 
spherical coordinates  and .    is the rotation angle of 

the probe about its z-axis.  The P’s are the spherical mode 
coefficients for the probe and the Q’s are the 
corresponding spherical mode coefficients for the antenna 
under test.  Mathematical orthogonality is used to solve 
the transmission equation in order to obtain the coupling 



product which is the product within the brackets of 
equation 1.  The result is shown in equation 2. 
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In order to perform the integration for the three angular 
variables θ,  and  using incrementally measured data, 

the data point spacing for all three angles must satisfy the 
sampling criteria for each variables.   Theoretical 
guidelines are available to specify the angular spacing in
θ and   in terms of the radius of the minimum sphere that 
will completely enclose the antenna.  Experimental tests 
on a given test antenna and probe can also be carried out 
to verify these guidelines by taking closely spaced data 
and comparing the far field pattern results when the data 
point spacing is increased.  For an arbitrary probe and 
measurement radius, satisfying the sampling criteria for 
the   variable would require measurements at small 
increments in   and numerical integration of the data in 
.  The required multiple measurements over the complete 
sphere for small increments in   would be very time-
consuming and the numerical integration could be both 
time-consuming and inaccurate.  To solve this problem, 
Wacker(1) proposed using a special probe that would 
have a symmetry in its far field pattern such that the 
spherical mode coefficients for the probe would be zero 
for all   values except 1   .  Such probes are referred to 
as first-order probes. When the probe satisfies this 
condition, measurements are only required for 

0 and 90 deg   and numerical integration of the data for 
the   variable is not required.  This greatly reduces the 
measurement time and results in a fast, efficient and 
accurate numerical technique to perform the calculations 
defined in equation 2.  The vast majority of the software 
used in processing spherical near-field data uses this 
numerical technique and the assumption that the probe 
satisfies the 1    requirement is implicit in using this 
software.  Probes can be constructed which satisfy this 
requirement to a very high degree by using a circularly 
symmetric probe aperture and a precise transition from 
rectangular to circular waveguide.  The spherical mode 
coefficients for 1    of carefully constructed probes are 
typically at least 40 dB below the first order modes.  But 
such special probes increase the cost of the measurement 
system and the probes may have a smaller bandwidth than 
similar rectangular open ended waveguide probes 
(OEWG).  It has been established that if the measurement 
radius is large enough, probes such as the OEWG can be 

used for spherical near-field measurements and the effect 
of their higher order modes will be negligible and the 
efficient data processing algorithms can be used without 
causing a significant error in the results.  There is only 
limited information on how large the radius must be and 
what the residual effects of the higher-order modes are.  
This study was undertaken to try and answer some of 
those questions using a technique that had not been tried 
before and that should be a very sensitive test. 

2.0 Simulation Concept 

Ideally it would be desirable to perform a series of 
spherical near-field measurements using two separate 
probes having identical far field patterns except for their 
pattern characteristics for rotation about the z-axes of the 
probes.  One probe would satisfy the first order mode 
requirements and have non-zero spherical mode 
coefficients for only 1   .  The second probe would 
have the same on-axis axial ratio and tilt angle and the 
same spherical mode coefficients for the 1    modes.  
However it would also have non-zero spherical mode 
coefficients for other  values.  This type of probe is 
referred to as a higher-order probe.  Complete spherical 
near-field measurements could be performed for different 
test antennas and measurement radii using the two 
different probes and the far field patterns calculated using 
the same efficient numerical algorithms which use only 
the 1    probe coefficients.  A comparison of the 
patterns, polarization, gain and other parameters could 
then be used to quantify the effect of the higher-order 
probe when using the software that assumes the probe is a 
first-order probe.   

Another conceptual measurement comparison would 
require fewer measurements and perhaps be a more 
sensitive test for the effect of differences in the two 
probes since it focuses on the specific near-field data that 
should be most sensitive to the probe characteristics 
described by the   coefficients.  In this measurement the 
first-order probe would be placed at a fixed radius and a 
fixed  and  position on the measurement sphere.  The 

probe would then be rotated about its z-axis in small 
increments and the received amplitude and phase 
recorded as a function of the rotation angle  .  This 
would produce a near-field polarization curve similar to 
those shown in Figure 14.  The same measurement would 
be repeated with the higher-order probe and the 
polarization patterns could then be compared and the 
differences used to estimate the effect that the higher-
order probe would have on far-field results.  This 
measurement comparison could then be repeated for other 
radii and  and  positions and for other test antennas.  

This measurement should be very sensitive to the µ mode 
properties of the probe since it is the probe’s property due 
to rotation about its z-axis that is different, the 
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Tests were also performed to demonstrate that the far-out 
side lobes of the AUT plane wave transmitting spectrum 
were not dominating the calculation of the polarization 
curves.  The far-out side lobes derived from the planar 
near-field data are not reliable due to truncation of the 
near-field data, and for an actual antenna may be much 
lower than represented in the AUT far-field pattern.  
When the spectrum is calculated by dividing by the cos(θ) 
these lobes are significantly increased at the far-out 
angles.  This can be seen in the high amplitude rings at 
the circular boundary of the plot in figures 9 and 11.  If 
these lobes were dominating the calculation of the 
polarization curves, it could lead to erroneous results.  To 
test this possibility, the polarization curves for some 
probe positions were recalculated after applying a filter to 
the plane wave transmitting specta.  In these tests, the 
spectrum amplitudes beyond the filter limit were set to 
zero before the calculation of the coupling product.  Filter 
limits of 90º, 80° and 40° were used and these filters did 
cause some change in the details of the polarization 
curves and the difference curves.  However the general 
shape of the curves and especially the level of the 
difference curves showed only minor changes.  This 
confirmed that since the same spectrum is used for both 
probes and as a result of the rapid phase change produced 
by the exponent in equation 3 near the boundary of the 
spectrum, these far-out lobes were not dominating the 
convolution product and leading to erroneous 
conclusions. 

3.0 Results Summary 

A large number of simulations were run for the slotted 
waveguide array antenna and for a standard gain horn at 
different X, Y and Z positions relative to the center of the 
antenna.  To draw general conclusions from these results, 
a large amount of data needs to be condensed into a 
manageable format.  The difference curves in figure 12 
contain the important information about the errors that 
could result in a spherical near-field measurement by 
using the higher-order probe and then processing the data 
with software assuming that it had been measured with a 
first-order probe.  The details of the polarization curves 
are not important and the amplitude difference in dB may 
have large spikes, but they are generally at low 
amplitudes.  The first step in condensing the data is to 
focus on the ERR/SIG difference curves and a set of these 
for different probe positions is shown in Figure 13.    
 

The difference curve for a given probe position is 
associated with a single point in the spherical near-field 
measurement array and is used to  

estimate the error at 
that single 
measurement point.  
The detailed shape 
of the difference 
curve is not 
important.  The 
overall level of the  
curve relative to the 
near field peak 
amplitude is a good 
measure of the 
probable error.  And 
so to include the full 
range of the 
difference curve in 
the estimated error, 
the RMS value of the 

ERR/SIG difference between the polarization amplitude 
curves as measured by the first order and higher-order 
probes was calculated for each test antenna and probe 
position and this RMS value is used as a predictor of the 
probable error in the spherical near-field measurement at 
that particular point.  From tables or graphs of the RMS 
value for a number of points in the near-field, conclusions 
can then be drawn about the overall measurement and 
calculation uncertainty.  The results for the slotted 
waveguide array are summarized in Table 1. 
 
Table 1-Summary of results for the slotted waveguide array as the AUT. 

PROBE 
POSITION IN 
WAVELENGTHS 

AUT X Y Z 

FF 
PAT 
DIM 

FILTER 
DEG 

RMS 
DIFF 
(DB) 

Array 0 0 10 512 90 -54 
Array 10 0 10 512 90 -80 
Array 20 0 10 512 90 -82 
Array 20 10 10 512 90 -63 
Array 20 20 10 512 90 -70 
Array 0 0 20 512 80 -68 
Array 0 0 20 1024 80 -68 
Array 0 0 40 1024 80 -79 
Array 10 0 40 1024 80 -55 
Array 20 0 40 512 80 -62 
Array 20 0 40 512 89 -62 
Array 0 0 80 512 80 -79 
Array 0 0 100 512 80 -71 
Array 10 0 100 512 80 -70 
Array 0 0 200 512 80 -65 
Array 0 0 200 1024 80 -82 
Array 10 0 200 512 80 -75 

 

All of the comparisons between the two probes have 
focused on the amplitude differences and phase 
differences have not been reported here.  Phase 
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differences in measured near-field data are very important 
and can lead to large differences in far-field patterns if the 
differences are large and have certain undesirable 
variation over the measurement surface.  Phase difference 
curves were produced for all of the simulations and 
examined and it was found that typically the phase 
differences were close to 0º or 180º.  There were some 
regions of larger differences similar to the amplitude 
spikes near-the nulls in the polarization curves. The 
observed phase differences should not change the 
conclusions based on the RMS amplitude differences.   

In addition to the results using the slotted array as the 
AUT, simulations were also produced for an X-band 
standard gain horn (SGH) operating at the same 
frequency as the array.  The results for the SGH are 
summarized in Table 2.  

Table 2-Summary of the results for the SGH. 

PROBE 
POSITION IN 

WAVELENGTHS 

AUT X Y Z 

FF 
PAT 
DIM 

FILTER 
DEG 

RMS 
DIFF 
(DB) 

SGH 0 0 10 256 90 -60 
SGH 0 0 20 512 80 -72 

SGH 0 0 40 512 80 -69 
SGH 0 6 10 512 80 -48 
SGH 6 0 10 512 80 -53 
SGH 0 10 20 256 80 -63 
SGH 0 6 20 256 90 -73 
SGH 0 10 20 256 90 -62 

 

4.0 Conclusions 

For both antennas and for all the near-field points used in 
the simulation the general characters of   the results were 
the same.  The polarization patterns for both the first-
order and higher-order probes were very similar but there 
were measurable differences indicating that the probes do 
produce different polarization patterns and would produce 
different far-field results if the standard spherical software 
was used.  The RMS amplitude differences were all near 
or below -50 dB relative to the peak of the near-field 
amplitude and a majority were in the -60 to -80 dB range.  
These levels are significantly below typical error levels 
for other sources such as scattering, alignment, multiple 
reflections and leakage. The RMS levels were generally 
higher when the probe was at a low amplitude location 
outside the aperture region of the AUT and these near-
field regions have less of an effect on the far-field 
patterns.  Some of the probe positions were near the 
minimum sphere radius and a few were actually inside of 
the minimum sphere.  When all of these facts are taken 
into consideration it is very unlikely that the errors caused 
by using an OEWG probe for near-field measurements in 

typical measurements could be distinguished from other 
larger error sources in an actual measurement.  The effect 
of using an OEWG probe in a typical measurement is 
probably at the noise level of most measurements.  This is 
true even when the measurement radius is close to the 
minimum sphere.  

 Further simulations could be done to apply error signals 
at the levels observed here to measured data using 
different functional forms for the errors as a function of 
position or measured signal level to quantify their effect 
on far-field parameters.  The effect of phase differences in 
the polarization curves should also be analyzed further. 

This simulation technique could also be used to determine 
the effect of using other probes that have higher levels for 
the higher order µ modes. 
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