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ABSTRACT

In this paper, we present the recent results of theoretical development and software implementation of a
complete collection of high-performance image reconstruction algorithms designed for high-resolution
imaging for various data acquisition configurations.
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INTRODUCTION

The image formation algorithm is the core element of a sensing system. Traditionally, the design and
development of the image reconstruction algorithms have been system-specific, uniquely formulated
based on the configuration of the data acquisition hardware. In addition, corresponding to various
modeling techniques, approximations are applied to the mathematical formulation of the algorithms. As
a result, there exist a wide range of  imaging algorithms, lacking the fundamental consistency in terms of
algorithm structure, resolving capability, computation complexity, and system performance.

It is highly desirable to design and develop a complete collection of high-performance image formation
algorithms capable of conducting image reconstruction for sensing systems of various configurations
based on a single mathematical framework. By doing so, the performance of the sensing systems can be
greatly enhanced with a high-level of consistency and effectiveness.

Sensing systems can be classified into active and passive systems. In terms of illumination waveforms,
the signal can be coherent and wideband. And in the form of data-acquisition configurations, it can be
either monostatic or bistatic. Most sensing systems conduct wavefield collection with linear receiving
apertures. Yet, circular-aperture systems have been increasingly common in medical ultrasound, non-
destructive evaluation, and synthetic-aperture radar imaging.



In this paper, we present a complete sequence of image formation algorithms developed based on the
concept of backward wavefield propagation. These algorithms are capable of conducting image
reconstruction for both monostatic and bistatic configurations with either coherent or wideband
illumination.

Image reconstructions with ground-penetrating radar (GPR) and inverse synthetic-aperture radar (ISAR)
are included in this paper to demonstrate the capability of image formation with both linear and circular
aperture scanning paths.

IMAGE RECONSTRUCTION ALGORITHMS

Image reconstruction algorithms is the core component of this software system. The overall system
includes algorithms for six operating modes for both linear-aperture and circular-aperture
configurations. Thus, there are twelve algorithms in total. These twelve algorithms have been integrated
into one with common input-output peripherals for improved consistency and reliability. The basic
functions and characteristics of the algorithms are briefly described in this section.

1. Linear-Aperture Passive Coherent Systems:

Passive coherent system is the most fundamental operating mode of backward propagation image
formation. It involves a sequence of convolutions to migrate the wavefield backward to the source
region. In the spatial-frequency domain, the process becomes a linear filtering procedure. For linear-
aperture systems, the backward propagation process is known as a plane-to-plane computation
procedure, of which the transfer function between the spatial-frequency spectra of the wavefield at the
receiving aperture and a parallel plane in the source region is in closed form with propagation distance
as the defining variable[1,2]. By changing the range distance in the transfer function, we are able to
migrate the wavefield backward from the aperture to a selected source region to reconstruct the target
profile. The resolution in the cross-range direction is governed by the aperture size, range distance, and
operating wavelength. The resolution in the range direction is determined by the bandwidth, which is
quite limited due to the coherent nature of the system.

2. Linear-Aperture Passive Wideband Systems:

Passive wideband system is a direct extension of the passive coherent system. If we decompose the
wideband radiating waveform into a collection of coherent components, each subsystem can be treated
as a coherent system. Then we perform backward propagation for each coherent subsystem with the
corresponding transfer function. Thus each coherent subsystem can produce a coherent sub-image
through backward propagation and then the final image is the superposition of all coherent sub-images.
The cross-range resolution is governed by the aperture size, range distance, and the shortest wavelength
within the operating bandwidth. The range resolution is determined by the bandwidth of the radiating
waveform. Therefore, radiating with wider bandwidth can improve the range resolution directly. In
addition, because of the computation involved in the decomposition and superposition process
associated with wideband systems, parallel computing becomes an effective and significant element of
the software system.



3. Linear-Aperture Monostatic Coherent Systems:

The monostatic coherent operating modality represents the most fundamental level of active imaging,
which is also a direct extension of the passive coherent mode. Monostatic imaging mode is often
considered as a special case of active imaging that the transmitter and receiver are located at the same
position. Because of the need for the removal of the effect of illumination wavefield in order to obtain
the exact target profile, a demodulation process is common. For simplicity, the demodulation for
monostatic cases can be formulated in the form of a round-trip scaling. So, the computation complexity
can be reduced by modifying the passive coherent algorithm with an addition of scaling process, which
can be implemented in either time or frequency domain. With the round-trip scaling procedure, the
monostatic coherent algorithm functions in a manner similar to that of the passive coherent systems. The
resolution in both directions is improved by a factor of two due to the scaling, and the computation
complexity remains at the same level.

4. Linear-Aperture Monostatic Wideband Systems:

The algorithm structure for monostatic wideband systems is the combination of monostatic coherent
systems and passive wideband systems. This is to modify the passive wideband algorithm with the
addition of a round-trip scaling procedure in order to convert the algorithm from passive to active
monostatic mode[3,4]. The resolution in the range direction is governed by the bandwidth of the
illumination waveform and the cross-range resolution is defined by aperture size, range distance, and
shortest wavelength within the bandwidth. Overall, the resolution in all directions improves by a factor
of two over the equivalent passive wideband systems, due to the scaling factor. It involves a wideband-
to-coherent decomposition-superposition process. Therefore, parallel processing is an integrated
component of the algorithm. The computation complexity is at the same level of passive wideband
mode.

5. Linear-Aperture Bistatic Coherent Systems:

Bistatic imaging is a common and more complicated version of active imaging. The image formation
process involves the demodulation of the illumination wavefield in the precise manner instead of the
simplified version used in monostatic cases. As a result, in terms of algorithm structure, it requires a
two-track format. One of the tracks is the standard backward propagation procedure to migrate the
wavefield back to the target region and the other track is for the purpose of forward propagation for the
formulation of the illumination wavefield. The backward propagated wavefield is then demodulated by
the illumination wavefield in the target region in the space domain to produce the final image.
Resolution in both range and cross-range directions improves due to the offset of the spatial-frequency
spectral contents because of the bistatic illumination. The computation complexity is approximately
twice of the passive coherent mode because of the use of the twin-track structure of the algorithm.

6. Linear-Aperture Bastatic Wideband Systems:

The linear-aperture bistatic wideband system represents the most sophisticated and complex version of
the algorithms. Because of the bistatic illumination, it requires the twin-track structure to incorporate the
demodulation procedure into the image formation process. And due to the wideband illumination, it also



requires the wideband-to-coherence conversion and then the decomposition-superposition procedure.
This means each of the two tracks requires the parallel-processing structure. The wideband wavefield at
the receiving aperture is first decomposed into coherent sub-wavefield components and then backward
propagated to the target region to form a collection of coherent sub-images. Separately the wideband
illumination wavefield is decomposed into coherent components and forward propagated to the target
region to form a collection of coherent illumination sub-wavefield. Then each coherent sub-image needs
to be demodulated by the corresponding illumination sub-wavefield according to the wavelength index.
A superposition process combines all demodulated coherent sub-images into the final image. The
resolution in the cross-range direction is governed by the aperture size, range distance, and wavelength.
Range resolution is defined by the bandwidth of the illumination waveform. Resolution in all directions
improves due to the bistatic illumination. Computation complexity is significantly higher than the
monostatic wideband cases mainly due to the need for twin-track algorithm structure as well as the
sequence of space-domain wavefield demodulation procedures.

7. Circular-Aperture Passive Coherent Systems:

This modality is the circular-aperture version of the passive coherent algorithm. Similarly, it involves a
coherent backward propagation procedure to migrate the wavefield to the source region. However, the
backward propagation filtering process becomes more complex in circular mode. First, instead of the
plane-to-plane backward propagation procedure, the circular-aperture version requires the circle-to-
circle propagation procedure, which does not have a sequence of transfer functions in closed forms[5].
These transfer functions need to be numerically formulated and computed. Secondly, the linear
convolution used in the linear-aperture cases now becomes a circular convolution. In addition, it requires
an additional step to convert the images from the polar format to the rectangular coordinate system.
Thus, the computation complexity is considerably higher than its counter part in the linear-aperture
mode. Yet the basic concept remains largely the same. It should also be noted that for circular-aperture
imaging the resolution should not be formated in terms of range resolution and cross-range resolution
because these two parameters are heavily correlated especially for systems with large aperture spans.
Overall, the two key resolution parameters are the wavelength and angular aperture span.

8. Circular-Aperture Passive Wideband Systems:

Similarly, the passive wideband mode is the natural extension of the passive coherent format. It involves
the decomposition-superposition process to convert the wideband illumination to coherent sub-systems.
This also means the parallel computation becomes to play a crucial role in order to optimize image
formation. In terms of the procedure, the signals collected at receiving positions along the circular
aperture are first decomposed into single-frequency components and each represents a set of passive
coherent wavefield. Then each coherent wavefield is backward propagated to the target region with the
circle-to-circle version of the backward propagation algorithm, with a unique transfer function
corresponding to the operating coherent wavelength. The final image is the superposition of all coherent
sub-images, and the resolution is improved by the extension of the frequency band.

9. Circular-Aperture Monostatic Coherent Systems:

Monostatic coherent imaging represents the evolution from the passive mode to the active sensing
modality. Because of the nature of the monstatic data-acquisition configuration, it is a direct extension



of the passive coherent format. This is because the demodulation process for systems with active
illumination can be simplified down to a scaling process. As a result, the computation complexity of the
algorithm remains at the same level, except the scaling process which can be conducted in either time or
frequency domain. For monostatic systems, the resolution is improved by a factor of two in all directions
due to the scaling process.

10. Circular-Aperture Monostatic Wideband Systems:

Similar to the development in the linear-aperture cases, the monostatic wideband case for the circular-
aperture systems can be regarded as a combination of the passive wideband and monostatic coherent
mode. This involves repeating the monostatic coherent image formation process corresponding to the
use of multiple frequencies. Thus, it is often referred to as the multiple-frequency coherent mode. The
extension from the passive to monostatic active mode is taken care of by the round-trip scaling process.
And the wideband illumination requires the use of parallel processing of multiple coherent wavefields.
Overall, it involves the decomposition-superposition procedure for the use of wideband illumination,
parallel computation for the collection of wavefield components, and round-trip scaling for the
monostatic operating mode.

11. Circular-Aperture Bistatic Coherent Systems:

The bisstatic illumination mode is the case when the transmitter and receiver are separated. The
separation significantly changes the complexity of the algorithm and twin-track processing scheme is
then required. Similar to the equivalent case in the linear-aperture mode, it needs a coherent backward
propagation track for the formation of the preliminary image and a forward propagation track to form
the illumination wavefield. Then the preliminary image is demodulated by the illumination wavefield to
form the final image. Since it operates in the single-frequency coherent mode, parallel processing is not
required.

12. Circular-Aperture Bistatic Wideband Systems:

This version represents the most sophisticated and complex structure among all the algorithms. The
wideband illumination requires the decomposition-superposition processing procedure, which involves
the parallel processing implementation to optimize the backward wavefield propagation. The bistatic
illumination mode requires the use of twin-track structure for the backward propagation of the received
wavefield and forward propagation of illumination wavefield. And each of the coherent backward or
forward propagation is conducted in the circle-to-circle propagation format. A space-domain
demodulation process is needed for each coherent sub-image to remove the content of illumination
wavefield. In addition, it requires the coordinate conversion from the polar coordinate system used for
wavefield backward propagation and the rectangular coordinate system for the display of final image.

PARALLEL COMPUTING CAPABILITY

Backward propagation technique represents a complete set of high-performance image reconstruction
algorithms, formulated based on a unified theoretical framework. It is capable of high-resolution image
formation in near-field as well as far-field. The algorithm structure is sophisticated and complex. To
make the image reconstruction tasks practical, the implementation of parallel processing is critical.



The Linux systems are networked using a standard 10 Megabit Ethernet Local Area Network, using
TCP/IP as the transport protocol.  This capability provides for distribution of processing capability in
both the local area network, as well as across wide area networks using IP routers. The design of this
software package takes advantage of parallelism, allowing distribution of the processing functions
among multiple processors.  This capability makes use of the parallel virtual machine (PVM) library
developed by Oak Ridge National Laboratory.  In this implementation, processing functions are
controlled by a single master system and distributed among a group of slaves.  Each system runs under
the same operating environment and carries out commands issued by the master.  Results obtained in
performance evaluation indicate that for small numbers of machines there is a nearly linear improvement
in algorithm performance as a function of number of machines. The parallel computation capability can
function effectively with (a) one machine with multiple processors or (b) multiple networked machines.
It is implemented in an optimized manner such as the processing can be adaptive to any number of
machines. In addition, any machine of the networked system can function as the host (master).

EXPERIMENTS

The first experiment was conducted with a data set collected with a monostatic step-frequency ground-
penetrating radar system at 62 uniformly-spaced receiving positions along a linear path of 5.5m. At each
receiving position, 85 coherent wavefield samples are collected corresponding to 85 frequency steps
within the band from 200MHz to 620MHz. The linear-aperture monostatic multiple-frequency algorithm
was applied and Fig.(1) shows the reconstructed image of six metal plates underground. The plates are
of the size of 30cm and the depth ranges from 30cm to 180cm.

Fig.(1): Synthetic-aperture GPR image of six metal plated underground.

To demonstrate the image formation capability for circular-aperture systems, we conducted an image
reconstruction experiment with a near-field ISAR data set. The radius of the circular aperture is 10.68m.
There are 1226 receiving positions along a circular aperture of 180-degree span. The angular spacing
between receivers is 0.147 degree. The echoes of the linear-chirp illumination signal provide 128
frequency samples at each receiving position, with the frequency band from 7.8GHz to 10.8GHz. The
frequency spacing is 23.8MHz. Fig.(2) shows the reconstruction of the near-field target.



Fig.(2): ISAR image of a metal target.

CONCLUSION

In this paper, we documented the development of a complete collection of high-performance imaging
algorithms, consisting of components corresponding to twelve most fundamental imaging configurations
for linear or circular-aperture systems, monostatic or bistatic data-acquisition modalities, coherent of
wideband illuminations, and passive and active sensing. The algorithms have a high degree of
consistency and accuracy. In addition, the software system is fully capable of high-speed image
formation due to the parallel computing implementation. These algorithms not only can be utilized to
perform image reconstruction tasks directly in various applications such as radar and sonar imaging,
nondestruction eveluation, and medical imaging, but also can be used as components to be integrated
into high-level imaging algorithms for special-purpose systems.

ACKNOWLEDGMENT

This research project was in part supported by the National Science Foundation and the Naval Air
Warfare Center.

REFERENCES

[1] J. W. Goodman, Introduction to Fourier Optics, McGraw-Hill, New York, 1968.

[2] H. Lee and G. Wade, “Alternative Viewpoint on Wave Propagation’, IEEE Transactions on Sonics
and Ultrasonics, Vol. SU-30, No. 5, pp. 331-332, September 1983.

[3] J. E. Mast, H. Lee, and J. P. Murtha, “High-Resolution Microwave Subsurface Nondestructive
Evaluation for Civil Structures and Materials,” International Advances in Nondestructive Testing, Vol.
17, pp. 207-250,  1994.



[4] S. Koppenjan, C. M. Chen, D. Gardner, H. Wong, H. Lee, and S. J. Lockwood, “Multiple-Frequency
Synthetic-Aperture Imaging with A Lightweight Ground penetrating Radar System,” Journal of Applied
Geophysics, Vol. 43, pp. 251-258, 2000.

[5] W. R. Lewis and H. Lee, “High-Resolution Image Reconstruction Techniques for Circular Aperture
Array Imaging Systems,” Acoustical Imaging, Vol. 22, pp. 37-44, 1996.




