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[57] ABSTRACT

A three-axis motion tracking interferometer for use
with an article under test (AUT) is provided for mea-
surement and correction of position errors between the
AUT and a near-field probing sensor due to thermal
drift. The probing sensor is positioned at a plurality of
points relative to the AUT to perform a phase front
measurement of the AUT. Periodically, the probing
sensor is positioned at a subset of the plurality of points,
the subset being sufficient to define a geometric surface,
such as a plane, cylinder, or sphere. A distance change
measurement is performed between the AUT and the
probing sensor at each of the subset of points, and three-
axis components of relative motion between the AUT
and the probing sensor are calculated based upon the
distance change measurement. The phase front mea-
surement of the AUT can then be corrected based upon
the three-axis components.

28 Claims, 3 Drawing Sheets
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THREE-AXIS MOTION TRACKING
INTERFEROMETER FOR MEASUREMENT AND
CORRECTION OF POSITIONAL ERRORS
BETWEEN AN ARTICLE UNDER TEST AND A
MEASUREMENT PROBE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to position detection
systems, and more particularly, to a three-axis motion
tracking interferometer for measurement and correc-
tion of position errors between an article under test and
a near-field measurement probe due to thermal drift.

2. Description of Related Art

High performance antennas are increasingly- preva-
lent in the art as spacecraft, aircraft, ship and ground
vehicle mission requirements become more sophisti-
cated. One problem in the development and manufac-
ture of high performance antennas is the accurate mea-
surement of antenna performance. Traditionally, an-
tenna performance measurement was conducted by
placing the antenna at a remote location, and measuring
the amplitude response characteristics as a function of
orientation of the antenna in its operational range. Re-
quired measurement distances for high gain antennas
range from fifty feet to three miles or more. This mea-
surement technique, known as far-field testing, ‘suffers
from significant practical limitations, such as suscepti-
bility to weather effects, ground reflections, and in-
creasing real estate costs.

As an alternative to far-field testing, near-field testing
was developed. A near-field test is conducted in an
indoor test range using a probe to sample the field radi-
ated near the antenna or article under test (AUT). An
interferometer measures the interference between a pair
of signals that have traveled through two separate
paths, only one of which includes the AUT. The inter-
ferometer output is a measure of the complex gain (am-
plitude and phase response) of the AUT-probe transmis-
sion path relative to a reference path. A computer trans-
forms the measured phase front data to the far-field
angular equivalent using a Fourier transform technique,
producing the desired antenna electrical property mea-
surements.

The near-field measurement technique is also applica-
ble to other types of reflecting bodies, emitters/recep-
tors or transducers having other types of emitted wave-
forms, such as optical or acoustic waves, and is effective
in measuring performance of antennas, lenses, anechoic
chambers and compact ranges. The measuring probe
may act as both a transmitting antenna and a receiving
antenna for measuring a reflected phase front from a
reflecting body. The reflecting or transducing bodies
discussed herein are collectively referred to as antennas
or transducers.

To make accurate near-field measurements, all the
significant antenna energy must be sampled by the
probe. Highly directive antennas, such as reflectors and
waveguide phased arrays, send most of the energy in
the forward direction normal to the antenna aperture.
To test these types of antennas, a planar near-field scan-
ner is utilized. Precision positioning systems, such as
cartesian robots, are used to move the probe along a
planar raster pattern approximately normal to the an-
tenna aperture. Cylindrical and spherical scanners are
also possible, in which the AUT is rotated relative to a
measuring probe. To accurately reconstruct the mea-
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2

sured field, the probe must sample points at some mini-
mum spacing which is usually less than half the wave-
length of the antenna signal (A/2). Therefore, to achieve
an accurate near-field measurement, the precise position
of the probe and its planarity with respect to the AUT
is critical.

Obtaining high accuracy position information for the
probe relative to the test article has proven to be diffi-
cult to achieve. Undesired variations in the spacing
between the probe and the AUT can be experienced
due to thermally induced expansion and contraction
resulting from periodic cycling of the air conditioning
system within the test chamber. The temperature fluctu-
ations affect the near-field measurement in two signifi-
cant ways. First, the path length of the AUT-probe
transmission path varies systematically during the near-
field test. Second, the shape of the AUT mount and
near-field scanner mount distorts adversely effecting
azimuth and elevation of the AUT with respect to the
probe. Each of these effects ultimately result in errors in
the interference measurement.

Changes in path length are caused in part by thermal
drift of the phase reference cable which carries the
phase reference signal between the probe and the sta-
tionary RF measurement equipment. This path length
change would be incorrectly interpreted in the near-
field measurement as a change in distance in the z-axis
direction between the probe and the AUT, which can
significantly effect the interference measurement.
Highly flexible cable, such as comprised of Goretex, is
capable of maintaining electrical connection through-
out the travel of the probe, but tends to experience the
greatest amount of path length variation. For example,
a one meter length Goretex phase reference cable that
experiences a one degree Celsius temperature change at
12 GHz can have thermal drift of as much as 1.6 mils,
which equates to a 0.58 degree antenna measurement
error. Such an error would be outside of an acceptable
measurement range for certain high performance anten-
nas. Since near-field tests of large antenna arrays often
utilize much greater phase reference cable lengths, even
greater measurement errors can be experienced.

A second problem caused by temperature fluctuation
is in thermal drift of the AUT mount and scanmer
mount. The temperature fluctuations can result in azi-
muthal and elevational distortion of the AUT position
with respect to the probe. These distortions in AUT
position further result in distortion of the energy emit-
ted by the AUT, and decreased accuracy of the near-
field measurement.

Two approaches have been utilized in the prior art to
correct for the thermal expansion errors in the z-axis
component of drift. The first method is to perform a
single axis tie scan after completing the normal near-
field raster scan. In a tie scan, the probe is moved lin-
early across the field of measurement, obtaining dis-
tance measurements in the z-axis direction for a plural-
ity of points making up the linear tie scan. The tie scan
measurements can then be used to correct the phase
data obtained during the near-field raster scan. A disad-
vantage of this approach is that the points of the tie scan
at the outer peripheral area of the field of measurement
have reduced accuracy due to the low signal-to-noise
ratio in this region, resulting in some corruption of the
tie scan measurement data. Another disadvantage is that
only the z-axis component of drift can be measured, and



5,419,631

3
thermal drift in azimuth and elevation would not be
detected.

A related method is similar to the tie scan, but utilizes
individual linear points for repeated measurement of
thermal drift. During the near-field raster scan opera-
tion, the probe is periodically returned to one of the
points of the line to obtain phase correction data. To
minimize scanner travel time, the probe is moved to the
closest point of the line to the current probe position.
However, this approach does not allow for azimuth or
elevation measurements of thermal drift for the same
reasons as the previously discussed method.

Thus, a critical need exists to provide an accurate
measuring system for determining thermal drift be-
tween a probe and an article under test during a near-
field measurement. It would be particularly desirable to
obtain information concerning z-axis drift, as well as
azimuth and elevation changes.

SUMMARY OF THE INVENTION

Accordingly, the present invention provides a three-
axis motion tracking interferometer apparatus for use
with an article under test (AUT). The interferometer
includes a field probing sensor which is positioned at a
plurality of points relative to the AUT during a near-
field measurement of the AUT, either by manipulation
of the probe, or the AUT. The field probing sensor is
periodically returned to a subset of the plurality of
points, the subset being repeatable, spatially constant,
and sufficient to define a geometric shape, such as a
plane, cylinder or sphere. A distance measurement is
performed between the AUT and the probing sensor at
each of the subset of points, and three-axis components
of relative motion between the AUT and the probing
sensor are calculated based upon the distance measure-
ments. The near-field measurement of the AUT can
then be corrected based upon the three-axis compo-
nents, and the measurement uncertainty estimated.

In an embodiment of the present imvention, four
points are utilized for conducting the measurement. The
three-axis components which are measured include: (1)
change in distance in the z-axis direction between the
field probing sensor and the AUT; (2) change in AUT
elevation relative to the field probing semsor; and (3)
change in AUT azimuth relative to the field probing
sensor. By utilizing a fourth measurement point, errors
in each of the three-axis components can be further
calculated. v

In an alternative embodiment of the present inven-
tion, a two-axis motion tracking interferometer is pro-
vided for use with an article under test (AUT). The
interfereometer includes a field probing sensor which is
positioned at a plurality of points along a single axis
relative to the AUT to perform a phase front measure-
ment of the AUT. The probing sensor is positioned
periodically at a subset of the points disposed along a
generally linear pattern. A change in distance is mea-
sured between the AUT and the probing sensor at each
of the subset of points and two-axis components of rela-
tive motion between the AUT and the probing sensor
are calculated based upon the distance change measure-
ment. The phase front measurement of the AUT is then
corrected based upon the two-axis components. The
two-axis components include change in distance along a
z-axis between the field probing sensor and the AUT,
and either of change in elevation of the AUT relative to
the field probing sensor with respect to a y-axis phase
front measurement of the AUT or change in azimuth of
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4
the AUT relative to the field probing sensor with re-
spect to an x-axis phase front measurement of the AUT.

The present invention further provides a method for
determining relative position between an AUT and a
field probing sensor. The method comprises the steps
of: positioning the probing sensor relative to the AUT
at a plurality of points defining a geometric shape, such
as a plane, cylinder or sphere, or linear pattern; measur-
ing change in distance between the AUT and the prob-
ing sensor at each of the points; calculating two or
three-axis components of relative motion between the
AUT and the probing sensor based upon the distance
measurements; and correcting a near-field measurement
of the AUT based upon the two or three-axis compo-
nents. The method further comprises the step of deter-
mining errors in the two or three-axis component mea-
surements.

A more complete understanding of the three-axis
motion tracking interferometer apparatus will be af-
forded to those skilled in the art, as well as a realization
of additional advantages and objects thereof, by a con-
sideration of the following detailed description of the
preferred embodiment. Reference will be made to the
appended sheets of drawings which will be first de-
scribed briefly.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a near-field antenna measurement
system in accordance with the present invention;

FIG. 2 is a perspective view of a field probing sensor
and article under test (AUT), illustrating three-axis
components of relative motion between the field prob-
ing sensor and the AUT;

FIG. 3 is a perspective view as in FIG. 2 of a field
probing sensor and article under test (AUT) emitting a
phase front measured along a cylindrical surface; and

FIG. 4 is a perspective view as in FIG. 2 of a field
probing sensor and article under test (AUT) emitting a
phase front measured along a spherical surface.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring first to FIG. 1, a near-field antenna mea-
surement system is illustrated. An article under test
(AUT) 10 is secured to a test stand 14 and faces a carte-
sian positioning system or robot scanner 20. The AUT
10 has a feed horn 12 which directs RF power from an
aperture of the AUT.

A plane of the cartesian positioning system 20 is de-
fined by an x-axis rail 22 which is orthogonal to a y-axis
rail 24. The y-axis rail 24 is capable of horizontal move-
ment along the length of the x-axis rail 22. A probe
carriage 26 is provided on the y-axis rail 24, and is capa-
ble of vertical movement along the length of the rail. A
probing sensor 28 extends from the probe carriage 26
normal to the plane formed by the cartesian positioning
system 20. By operation of the x and y-axis rails 22, 24,
the probing sensor 28 can be manipulated to any point
along a cartesian plane.

To operate the near-field test system, the probing
sensor 28 is moved in a repeatable raster pattern relative
to the stationary AUT 10 to sample the RF energy
emitted from the AUT at a plurality of points. A motor
controller 34 controls the position of the probe carriage
26 causing it to move along the sample points. The
probing sensor 28 transmits an RF signal representative
of the RF energy received from the AUT 10 through a
phase reference cable 36 to a network analyzer 30, that
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receives and compiles the data. The network analyzer
30 measures the interference between the RF signal
received by the probing sensor and a separate RF signal
that has traveled through a reference path defined
within the network analyzer. The pair of propagating
wave fronts can be combined at the network analyzer
30 either by addition or multiplication, although most
microwave interferometers use the multiplicative tech-
nique. The interferometer output is a measure of the
complex gain (amplitude and phase response) of the
AUT-probing sensor transmission path relative to the
reference path. A computer 32 controls the operation of
the motor controller 34 and produces the far-field
equivalent transformation of the amplitude and phase
data by a Fourier transform technique.

The phase reference cable 36 carries the RF signal
between the moving probing sensor 28 and the station-
ary network analyzer 30. The constant movement of the
cable 36 as the probing sensor 28 travels along the raster
path introduces systematic stress forces into the cable
which tend to distort its electrical length. Such bending
stress can be largely offset by the use of rotary joints
(not shown) for the cable 36. Further, the thermal ef-
fects within the test chamber also result in undesired
changes in the electrical length of the cable 36 by ex-
paunsion and contraction of the conductive core of the
cable. As noted above, such electrical length changes
are interpreted by the network analyzer 30 as a z-axis
position error of the probing sensor 28.

Referring next to FIG. 2, the phase front 40 of the RF
energy radiated by the AUT 10 is illustrated. A phase
front is a surface having equal phase. An AUT may
have a variety of shapes, depending on the type and
function of the transducer. In FIG. 2, the phase front 40
is illustrated as a planar surface disposed in a plane
formed by the x and y-axes. The phase front 40 may also
be measured along a cylindrical surface, as illustrated in
FIG. 3, or along a spherical surface, as illustrated in
FIG. 4, depending on the ordinary use of the AUT. For
non-planar phase front geometries, 2 combination of

probing sensor movement and AUT rotation may be
" utilized to sample all the emitted phase front energy.

In FIG. 2, the probing sensor 28 is disposed perpen-
dicular to the phase front 40 in the z-axis direction. As
described above, changes in the electrical length of the
phase reference cable 36 appear to the network analyzer
30 as changes in the distance between the probing sen-
sor 28 and the phase front 40 in the z-axis direction.
Thermal fluctuations also effect the shape of the phase
front 40 in the directions of elevation and azimuth.
Elevational changes are shown by the arrows 42, and
azimuthal changes are shown by the arrows 44. The
elevational and azimuthal changes may be uniform,
such as a pivotal variation of the phase front 40 along
either or both of the x and y-axes, or may appear as a
curling of the phase front at a portion of the phase front.
While the precise shape of the phase front distortion is
unpredictable, a major component corresponds to solid
body motion which tends to be systematic with the
thermal fluctuations.

In the present invention, the extent of the variation
along the z-axis, as well as the elevational and azimuthal
changes, can be periodically determined, and the near-
field transformation corrected accordingly. At regular
time intervals, the raster scanning of the probing sensor
28 relative to the AUT 10 is interrupted, and the prob-
ing sensor is positioned sequentially at four distinct
points, illustrated in FIG. 2 as P, P;, P3, and Ps. The
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four points are not linear, but must be repeatable, spa-
tially constant, and define a geometric surface, such asa
plane, sphere or cylinder. FIG. 2 shows the four points
being non-linear and generally evenly spaced across the
phase front 40. In conducting near-field tesis of ex-
tremely large AUTs in which the raster scan time is
quite lengthy, it may be desirable to situate the four
points relative to a distinct quadrant or portion of the
phase front 40. FIGS. 3 and 4 show three of the four
points forming a gemerally triangular shape, and a
fourth point disposed generally within the triangular
shape. The fourth point is necessary to provide a curva-
ture measurement, as will be clear from the explanation
below.

At each of the points, the probing sensor 28 samples
the wave front 40 energy in the same manner as during
the normal near-field scan, except with a longer re-
ceiver integration time. The interferometer of the net-
work analyzer 30 performs a distance measurement
relative to the reference path for each of the points. The
measurement sample taken at each point provides a
measure of relative change of position, and is translated
to an absolute position measurement by comparison
with the near-field scan data. However, it is possible to
obtain absolute position measurements without resort to
the near-field data by using multiple frequency data.
After the measurements are conducted for each of the
points, the probing sensor 28 returns to the position in
which it previously stopped scanning, and resumes the
near-field scanning operation.

Measurement values from three of the points would
determine a planar surface. The solid body motion com-
ponent of the phase front 40 can be determined by mea-
suring the azimuth or elevation of the planar surface
relative to an ideal orthogonal surface lying in the x and
y-axes. In the planar case, the measurement value ob-
tained from the fourth point can be used to estimate
uncertainty errors in the previous three point measure-
ments. For example, FIG. 2 shows the phase front 40
being distorted in the upper right hand corner. Mea-
surement point P1 is deformed to a new location identi-
fied as Py’. A sample of the phase front 40 energy would
identify the distortion, and provide a measure of the
distortion uncertainty. In the circular or spherical case,
the fourth point would provide information regarding
the curvature of the phase front 40.

By performing the periodic measurement scan at
regular time intervals, an interpolated determination of
the time varying azimuth, elevation and z-axis motion of
the AUT 10 can be made. Moreover, time varying
higher order deformations, i.e., Zernike coefficients,
can also be determined if more than four points are
measured. Once the time varying values are deter-
mined, the far-field equivalent transformation of the
near-field measurement can be adjusted accordingly by
performing a time varying de-rotation and translation of
the phase front 40 that effectively nulls the thermal
drift. Alternatively, the distortion due to the thermal
fluctuations can be nulled by physically re-positioning
the probe sensor 28 along the z-axis with respect to the
phase front 40. Control servos within the probe carriage
26 permit adjustment of the probe sensor 28 to compen-
sate for the distortion effects.

In an alternative embodiment of the present inven-
tion, position errors between an AUT and a probing
sensor in a two-axis near-field scan can also be deter-
mined. In a two-axis scan, the probing sensor 28 is ma-
nipulated only in a single dimension, such as the x-axis









