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ABSTRACT 
In this paper, we describe a new method for improving 
the true-position accuracy of a very large, spherical near-
field measurement system.  The mechanical positioning 
subsystem consists of 10-meter diameter, 180° circular-
arc scanner and an MI Technologies MI-51230 azimuth 
rotator and position controller. 
 
The principle components of the error correction method 
are the error measurement system, the position correction 
algorithm, and a pair of very high precision, mechanical 
error correction stages.  Using a tracking laser 
interferometer, error maps are constructed for radial, 
planar and elevation errors.  A position correction 
algorithm utilizes these discrete-point error maps to 
generate error correction terms over the continuous range 
of the elevation axis.  The small position correction 
motions required in the radial and planar directions are 
performed using the mechanical correction stages.  
Corrections to the position of the elevation axis are made 
using the primary elevation axis drive.   
 
Results are presented that show the geometry of the 
spherical scanning system before and after error 
correction.  It is observed that the accuracy of the radial, 
planar and elevation axes can be significantly improved 
using the error correction system.  
  
Keywords: Spherical Near-Field, Error Correction, 
Tracking Laser Interferometer, Metrology  
 

1.0 Introduction 
 
Spherical near-field measurements are a standard for 
characterization of many classes of antennas.  Testing of 
antennas that have a large electrical aperture and that 

operate at high frequencies requires a spherical near-field 
scanning system that forms a large, highly accurate scan 
sphere.  MI Technologies has developed a very large, 
highly accurate spherical near-field scanning system that 
is based on high-precision alignment between a circular 
scanner and an azimuth positioner (Figure 1).  For the 
work described in this paper, the circular scanner is an MI 
Technologies Model MI-6850-5-180 scanner with a scan 
radius of 5 meters and an elevation travel of 180°.   The 
azimuth axis is an MI-51230 azimuth turntable with a 
high-accuracy encoder option.  The system is aligned 
using a tracking laser interferometer as the primary 
metrology tool.  Details of the construction and alignment 
of this system have been described in our earlier work.1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In some cases, the mechanical accuracy required to 
perform an effective spherical near-field analysis exceeds 

Figure 1: The spherical near-field measurement 
system 



that which can be achieved strictly through machining 
tolerances and mechanical alignment.  One approach to 
further improving system accuracy is to map geometry 
errors that are significant to spherical near-field analysis, 
then perform secondary corrections that improve system 
geometry.  In this paper, we describe a technique for 
mapping errors in the path that is circumscribed by the 
aperture of an RF test probe as the circular scanner moves 
through its travel.  We then describe the architecture of an 
error-correction system that uses the error maps to 
perform secondary corrections on three probe position 
errors.  Finally, we present measurements of the circular-
arc scanner that compare geometry between the 
uncorrected and corrected scan paths. 
 
2.0 Measurement of the Circular Scanner Scan Path 

 
Throughout the construction and alignment process we 
utilize an SMX Tracker 4000 tracking laser 
interferometer (SMX) to align components to one another 
and to gravity.  This instrument can track and measure the 
location of a corner-mirror target over distances of up to 
30 meters.  The relative positions of points located 
diametrically opposite one another on the 10 meter 
diameter scan sphere can be measured to an accuracy of 
0.06 mm.2  Software provided with the SMX allows the 
user to collect point data over a path, perform a least-
mean-squares registration of a perfect-form geometric 
entity to the point data, and construct spherical, 
cylindrical and Cartesian coordinate systems based on 
these best-fit geometric entities. 
 
In order to characterize geometric errors in the path that is 
traveled by the aperture of an RF probe we replace the 
probe with a “probe simulator” (Figure 2).  The probe 
simulator is designed to take the place of the actual RF 
probe on the circular scanner probe carriage.  The 
simulator is engineered to place the SMX corner mirror 
target at the point in space that is occupied by the RF 
probe aperture when the probe is on the carriage.  The 
simulator is also designed to have the same mass and 
bending characteristics as the RF probe so that its 
deflection under the influence of gravity mimics that of 
the RF probe.  Using the probe simulator, the corner 
mirror and the SMX, very precise measurements can be 
made of the actual path of the aperture of the RF probe as 
it moves around the scan circle.   
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 Figure 2: The probe simulator 
 

2.1 Definition of the spherical coordinate system 
 
As discussed above, the spherical near-field scanner is 
constructed by aligning a large circular-arc scanner with 
an azimuth rotator.  Each of these positioners has a 
cylindrical coordinate system that is inherent to its 
geometry.  A spherical system is formed by aligning the 
two cylindrical systems so that their axes are orthogonal 
to one another.  The elevation (θ) axis of the spherical 
system is formed by the circular-arc scanner.  This 
scanner consists of a set of nine track segments that are 
assembled and aligned to form a 180° circular arc.  A 
probe carriage engages the track plates and is driven 
around the arc, moving the probe aperture in a circle. 
 
The scan circle is defined by measuring the path of travel 
of the probe aperture as the carriage is moved around the 
arc.  As mentioned in Section 2.0, the probe aperture path 
is measured using a probe simulator to position the 
corner-mirror target at the aperture point.  The SMX is 
used to measure a set of points along the probe aperture 
path and the best-fit circle to the path is found.  This 
circle is the starting point for the construction of the 
spherical coordinate system.  The origin of the circle is 
used as the coordinate system origin and the vector that 
passes through the origin and is normal to the scan circle 
forms the θ-axis (Figure 1).   
 
Definition of the spherical near-field coordinate system is 
completed by bringing the azimuth rotator into alignment 
with the circular-arc scanner.  The axis of rotation of the 
azimuth axis is found using the SMX, then the orientation 
of the rotator is adjusted so that its axis is perpendicular 
to the θ-axis and parallel to the gravity vector (which is 
measured using a level function that is built into the 
SMX).  The projection of the measured azimuth axis into 



the plane of the best-fit scan circle defines the φ-axis of 
the spherical coordinate system. 
 

2.2 Spherical Near-Field Geometric Errors 
 
There are several different geometric errors that affect the 
overall accuracy of a spherical near-field measurement 
system.  An extensive analysis of these errors and their 
effects on spherical near-field measurements is beyond 
the scope of this paper.  Such an analysis may be found in 
References 3 and 4.  In our work, we have focused on 
measurement and correction of three geometric errors that 
are of particular importance in spherical near-field testing 
(Figure 3). These are: 

• Errors in the radial distance between the origin 
of the spherical near-field coordinate system and 
the aperture of the test probe (∆R error).  

 

• Errors caused by lateral motion of the probe 
aperture out of the plane of the scan circle (∆P 
error).  This lateral motion results in an error in 
the measured value of the azimuth angle. 

 

• Errors in the elevation angle error (∆θ error).  

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As discussed in Section 1.0, spherical n
antennas with a large electric aperture 
may require that the magnitude of th
less than that which can be achieved t

alignment alone.  Under these conditions, our approach is 
to build geometric error maps using the SMX, then 
implement an active, secondary correction to each error 
axis using servo-controlled positioning systems and the 
coordinated motion capabilities of the MI-4193 Position 
Controller.   

 
3.0 Secondary Error Correction Axes 

 
In order to implement the secondary correction in the R 
and P axes, a pair of orthogonally-mounted, linear stages 
are attached to the circular scanner probe carriage (Figure 
4).  The stages are oriented so that the lower stage moves 
the RF probe along a line parallel to the R axis and the 
upper stage moves the probe along a line parallel to the P 
axis.  A very high precision polarization stage is mounted 
to the front of the P-stage.   
 
Each of the linear axes utilizes a direct-drive, frameless, 
dc-servomotor to drive a precision-ground, low 
compliance ball screw.  The direct-drive motor and low-
compliance screw are used to drive the system backlash 
to zero.  The linear carriages move on recirculating-ball, 
linear bearing rails.  Position of the linear axes is 
measured using an optical linear encoder with a 
resolution of 0.15µm.  Positional accuracy of the linear 
stages has been measured to be better than 0.001 cm. 
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3.1 Construction of Error Maps 
 
The goal of circular scanner error mapping is to construct 
maps of errors in the spatial position of the aperture of the 
RF probe as a function of the elevation angle (θ).  As 
discussed in the previous section, we are mapping three 
error terms: 

Figure 4: Secondary correction stages 
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∆R(θT)=RM - RT  
∆P(θT)=PM - PT

∆θ(θT)=θM - θT
where: 
 
∆R(θT), ∆P(θT), ∆θ(θT)=Errors in the R, P and θ axes. 
RM, PM, θM = Measured values of the R, P and θ axes 
RT, PT, θ T = Target values of the R, P and θ axes 
 
The circular scanner error maps are constructed by 
stepping through a series of elevation angles from θ=0° to 
θ=180° in 0.5° increments.  At each point, the R, P, and θ 
values of the probe aperture position are measured.  
Using this information, along with the target values for 
each point, an error map is constructed for each axis. 
 
 

3.2 Implementation of the Error Correction 
Algorithm 

 
The MI-3001 Data Acquisition and Analysis Workstation 
and software provide the computer control of scanner 
error map data collection and verification operations.  
The un-corrected data is collected as a raster scan data 
collection in θ, P, and R, where the P and R positions are 
held at a fixed position of 0.  As the θ axis is stepped to a 
new position, the software generates a trigger that is sent 
to the SMX to trigger a measurement of the position of 
the corner mirror target.  The resultant θ, ∆P, and ∆R data 
points are collected and stored in the error map file that 
will be loaded to the MI-4193. 
 
A Visual Basic script that uses built-in low-level 
instrument controls for the MI-4193 controls the entire 
measurement process.  Scan plane correction verification 
is performed by the same script with the corrected θ-axis 
used instead of the raw θ-axis. 
 
The MI-4193 Position Controller is actively involved in 
the scan plane error mapping process as follows: 
 

• The MI-4193 provides the control of motion 
for the θ, P and R axes of the scanner. 

• The error map is a simple text file 
containing θ, ∆P, and ∆R that is loaded into 
the controller. 

• The controller can implement an error 
correction map through the use of its 
coordinated motion feature.  This error map 
can be applied real time to the θ, P, and R 
axes as the θ axis is moved or stepped. 

 

The MI-4193 implements coordinated motion through the 
use of Visual Basic scripts that are created using the MI-
3001 workstation and downloaded to the controller 
automatically.  These scripts combine one or more axes 
that are under the control of the MI-4193 into a “virtual 
axis” that can be controlled as a single entity.  As the 
virtual axis moves, functions in the scripts are called for 
each of the constituent axes in order to provide motion 
information for each axis.  
 
To make use of the error maps in this system, we 
constructed a virtual axis (Virtual θ), with three 
constituent physical axes, θ, P, and R.  For each of these 
physical axes, we created a function that accepts a Virtual 
θ angle as an input, and performs an interpolated lookup 
on the error map associated with the physical axis.  The 
resultant value that is produced from the lookup is 
returned as the commanded position for that axis. 
 
Under this control scheme, a “move” command to the 
Virtual θ axis triggers the following sequence of events: 
 

• An interpolated lookup on the θ error map table 
is performed using the Virtual θ commanded 
position to retrieve the commanded position for 
the θ axis. 

• An interpolated lookup on the P error map table 
is performed using the Virtual θ commanded 
position to retrieve the commanded position for 
the P axis. 

• An interpolated lookup on the R error map table 
is performed using the Virtual θ commanded 
position to retrieve the commanded position for 
the R axis. 

• The MI-4193 begins motion on all three axes (θ, 
P, and R), moving them to the positions returned 
from the three interpolated lookups. 

 
The move is complete when the three physical axes (θ, P, 
and R) are at their corrected positions.  This process is 
repeated each time the Virtual θ axis is commanded to 
move. 
 

4.0 Measured Results 
 
Figures 5, 6 and 7 plot the measured uncorrected and 
corrected values for ∆R, ∆P, and ∆θ, as a function of θ.  
The data that is plotted in these figures is summarized in 
Table 1.  This data was taken after the circular scanner 
was assembled from high-precision machined 
components, then finish-aligned using the SMX over a 
period of several days. 
 



In the case of the ∆R and ∆P errors, the peak-to-peak 
accuracies of +/-0.15 mm. and +/-0.38 mm. respectively 
very nearly represents the limit that can be achieved 
through machining tolerances and alignment.  
Implementation of the error correction scheme resulted in 
a ∆R accuracy of +0.05 mm./-0.03 mm. and a ∆P error of 
+/-0.05 mm. 
 
In the case of the elevation angle error, the uncorrected 
data shows that while the scanner was well-aligned, the 
scaling-factor for the incremental encoder that is used to 
measure the angle was not quite correct.  This is reflected 
in the slight negative slope in the plot of the uncorrected 
data.  Note, however, that the active error correction 
algorithm was able to compensate for this slight mis-
calibration, resulting in a very large increase in angular 
accuracy for this axis.  The corrected elevation angle 
accuracy was +0.0020°/-0.0005°.  (Note: After this data 
was taken the encoder scaling factor was re-calibrated, 
resulting in a significant increase in the uncorrected 
angular accuracy.) 
 

5.0 Summary 
 
In this paper we have described a scheme for minimizing 
three geometric errors that are critical in spherical near-
field testing.  The test system under consideration consists 
of a very large, circular-arc scanner aligned with an 
azimuth rotator.  In order to minimize radial, planar and 
elevation angle errors we first aligned the system to a 
very high degree of precision.  We then mapped the 
residual errors using a tracking laser interferometer.  In 
building these error maps, we made use of a probe 
simulator in order to make very precise, direct 
measurements of the path circumscribed by the aperture 
of an RF test probe as it travels around the scanner.   
 
We have demonstrated a scheme for using the probe 
aperture error maps to implement an active, secondary 
correction to the position of the probe.  This secondary 
correction utilizes a pair of very high-precision error 
correction stages and makes use of the coordinated-
motion capabilities of the MI-4193 Position Controller. 
 
We have presented measured data that demonstrates that 
error magnitudes can be greatly reduced using the error 
correction system.  The levels of accuracy achieved set a 
new standard of accuracy for large, spherical near-field 
measurement systems. 
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Figure 5: R-axis accuracy 
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Figure 6: P-axis accuracy 



 
 
 
 
 
 
 
 
 
 
 
 

  Uncorrected 
Accuracy 

Corrected 
Accuracy

R-Axis Error 
(mm.) 

+0.15 /      
-0.15 

+0.05 /    
-0.05 

P-Axis Error 
(mm.) 

+0.38 /      
-0.38 

+0.05 /    
-0.03 

Elevation Axis 
Error (Degrees) 

+0.0002 /    
-0.0630 

+0.0005 /  
-0.0020 

 
Table 1: Corrected and uncorrected accuracy 

 
of the circular-arc scanner. 
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