http://dx.doi.org/10.21611/qirt.1996.011

Infrared imaging techniques for the measurement of
complex near-field antenna patterns

by J. Will"?, J. Norgard'?, C. Stubenrauch®, M. Seifert®

"University of Colorado, Colorado Springs, CO 80933, USA; SUN MicroSystems, Mountain View, CA
94043, USA; *US Air Force Academy, Colorado Sfrings, CO 80933, USA; *National Institute of Standards
and Technology, NIST/Boulder, CO 80303, USA; US Air Force Rome Laboratory, Rome, NY 13441, USA

Abstract

This paper describes the application of "plane-to-plane” (PTP) iterative Fourier processing to infrared
thermographic images of microwave fields to calculate the near-field and far-field patterns of radiating
antennas. The PTP technique allows recovery of the phase by combining intensity (magnitude)
measurements made on two planes, both in the radiating near field of the antenna under test. Starting
with an estimate of the phase and the measured magnitudes, Fourier processing techniques are used to
iteratively "propagate” between the planes to determine the correct phase distribution at each plane. We
describe the technique and show excellent comparisons made between predicted and measured resuits.

1. Introduction

Thermographic measurements of microwave fields have been previously developed for
mapping radiating field intensity patterns. It is necessary in most cases, however, to determine
the complex (magnitude and phase) antenna near-field pattern. The purpose of this work was
to develop and evaluate a technique for obtaining the necessary phase information from
thermographic measurements. This work is described in more detail in [1, 2].

Direct measurement of phase information in standard hard-wired near-field antenna ranges
requires the use of expensive vector measurement equipment and suffers from inaccurate
measurements, particularly at the higher frequencies, due to errors such as temperature-
induced cable length changes. As a resuit, several algorithms have been proposed in recent
years to retrieve phase information from phaseless (magnitude only) measurements.

Plane to plane (PTP) phase retrieval [3, 4, 5] was specifically developed for near-field
measurements of antennas. A closely related phase retrieval algorithm [6] has been
successfully implemented by Yaccarino and Rahmat-Samii with a bi-polar planar hard-wired
near-field measurement system using magnitude-only data measured over two planes
separated by only 2.560 A [7]. Further modifications and improvements to this technique have
been carried out by Rahmat-Samii et al. [8] and Junkin et al. [9, 10, 11]. The uniqueness of the
solution obtained from a plane-to-plane phase retrieval algorithm has been addressed by
several authors, most notably Isernia, Leone, and Pierri [12]. This paper shows an application
of PTP to the IR thermographic measurements of near-field antenna fields.

2. Plane-to-Plane (PTP) phase retrieval
2.1. Introduction of PTP technique

The setup used for PTP phase retrieval is shown in Fig. 1, and the phase retrieval process is
illustrated in Fig. 2. First, various variables and constants are defined and an estimate of the

magnitude and phase of the aperture field is made. This estimate is then "propagated" to
measurement plane 1 by Fourier transformation. A convergence error is then calculated as
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where M is the measured magnitude data and {Al is the calculated magnitude data at each pixel
location in the plane of interest. The calculated magnitude is then replaced with the measured
magnitude with the calculated phase retained. These complex data are then propagated by
Fourier techniques back to the original aperture plane. All data outside the antenna aperture
are then truncated, and the truncated data are propagated to the second measurement plane.
Again the convergence error is calculated and the calculated magnitude data replaced with the
measured magnitude at plane 2 with the calculated phase retained, and these data are then
propagated back to the aperture plane. At this point in the process, the change in the
convergence error from the previous iteration is checked, and if the change in convergence .
error is less than a set tolerance, the iterations are halted. If, however, the change in
convergence error is still sufficiently large, the iteration is repeated, starting with a truncation of
data outside the antenna aperture.

£=

The use of Fourier techniques for planar near-field to far-field transformations stems from
the pioneering work of Kerns and his development of the plane-wave scattering matrix theory
[13]. The planar near-field measurement was the first of the near-field techniques to be
developed, verified, and implemented as an operational method of obtaining antenna
parameters. An excelient review of the history of near-field antenna measurements is given by
Yaghijian in [14], and a practical guide to planar near-field measurements and transformations is
given by Newell in [15].

2.2. Basic measurement setup

A photograph of the measurement setup used in this work is shown in Fig. 3. A 36-element
patch array antenna was used as the test specimen. The thermal paper, with its backing
thermal insulator (poster board), is centered directly below the array antenna, oriented
horizontally, and sitting on a wooden perimeter frame. The thermal imaging camera is shown at
the bottom of the. photograph.

The two measurement planes selected for the 36-element patch array antenna were at a
distance of 32.4 cm and 45.0 cm. Since the array operates at a frequency of 4 GHz, these
distances were approximately 4.3 A and 6 A. The exact distances were arbitrary, with the goals
of being well outside the reactive near-field and having a plane separation of greater than one
wavelength, but not so far apart as to result in a large difference in peak thermal paper
temperatures,

2.3. Simulations

A set of simulations was performed before processing the thermally measured data. First,
the array antenna was measured by the National Institute of Standards and Technology
(NIST/Boulder) in their standard near-field antenna test range. The data provided by NIST on
the array consisted of a 57x57 element matrix of field magnitude and phase data spaced 3.175
cm apart (about 0.4 A) in a plane 38.1 ¢cm in front of the array. The near-field to far-field FFT
processing method discussed above was then used to compute the magnitude and phase of
the fields of the array at the two measurement planes selected for the IR thermal
measurements (32.4 cm and 45.0 cm). The magnitudes of these data were then used as an
initial simulation of the capabilities of the PTP algorithm.

Figure 4 is an overlay of the far-field pattern of the array as determined by the PTP algorithm
(dashed *) and from the original NIST complex data (solid +). As the figure iliustrates, the
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agreement between the PTP-determined far-field pattern and the "real" far-field pattern of the
array is excellent.

The PTP algorithm was then rerun with the NIST magnitude data truncated at amplitudes 20
dB or more below the peak as an estimate of the dynamic range of the thermal camera at the
University of Colorado at Colorado Springs (UCCS). The result of this simulation is shown in
figure 5. As illustrated in this figure, the PTP algorithm was able only to reconstruct the
antenna main-lobe and provide an indication of the location of the first two side-lobes (but not
the correct amplitudes for the side-lobes).

Obviously, the results from the simulations of the expected dynamic range from the UCCS
thermal camera are only marginally useful; however, modern 12-bit digitizing thermal cameras,
such as the camera available at Rome Laboratory, should have at least a 30 dB RF dynamic
range. The results of the PTP algorithm applied to data with a 30 dB dynamic range are
substantially better than those for data with only a 20 dB dynamic range, as shown in the
simulation results of figure 6. As shown in these simulations, data from thermograms collected
with a camera having a 30 dB RF dynamic range should be adequate for the PTP algorithm to
faithfully reproduce the far-field pattern of antennas such as the array tested in this paper.
Future work will show the validity of this simulation, and additional work will focus on
investigating the utility of the algorithm for other antennas, including some with lower side-
lobes.

2.4. IR thermogram results

Actual IR thermograms were then taken over these same measurement planes. Direct
comparison of the field magnitudes from the thermograms to the expected values based on the
NIST measured data confirmed that the thermal measurements from the thermal camera at
UCCS resulted in about 18 to 20 dB of usable dynamic range. The result of the PTP algorithm
on these data are shown in figure 7. The result of processing these thermograms is very
encouraging as it is approximately the same as the 20 dB dynamic range simulation.

Another useful measure of the success of the PTP algorithm is a plot of the convergence
error metric. Figure 8 shows an overlay of the convergence error metric of the PTP algorithm
for the four cases discussed above (full range simulation, 30 dB dynamic range simulation,
20 dB dynamic range simulation, and UCCS thermogram data). Several observations can be
made from this figure. First, the convergence metric settles to a stable value for each case in
less than 40 iterations, which represents only 2 to 3 minutes of processing time on a 486DX2-
100 processor for these matrix sizes. Second, the convergence metric stays stable for many
iterations (all runs were taken out for 200 iterations and all remained stable). Third, it appears
that the value of the convergence metric is a usable measure of how well the algorithm was
able to reconstruct the antenna far-field pattern. Since in actual practice, the antenna pattern
will be unknown to the user (or the user would not be trying to measure it), the convergence
metric may be very useful in determining the reliability of the PTP algorithm results.

3. Summary/Conclusions

In summary, the PTP iteration algorithm appears very well suited to the reconstruction of the
holographic far-field pattern from thermographic measurements on two near-field planes.
Additional research in the PTP technique should be pursued. First, a camera with greater
dynamic range, such as the camera available at Rome Laboratory, should be used to verify the
results of the 30 dB dynamic range simulation shown in this work. Furthermore, several
antenna styles with different side-lobe amplitudes should be measured in order to build
confidence in this technique.
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Fig. 4. PTP generated far-field from NIST
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dynamic range data.
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Fig. 8. Overlay of convergence error
metrics for various PTP runs.




