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ABSTRACT 

 
This paper describes the analysis and development of microwave subsurface synthetic-
aperture imaging in the circular-scan mode with a four-antenna FMCW MIMO radar 
system. The objective is to improve the localization and correspondence capability of the 
imaging operation. 
 
 

INTRODUCTION 
 
Modern MIMO microwave systems can be applied to subsurface profiling, advancing the 
capability of ground penetrating radar (GPR) imaging. Conventional GPR imaging 
employs systems with a single-element antenna and simple coherent or wideband pulse as 
the illumination signal. This paper describes the application of a low-cost, light-weight, 
portable MIMO radar system, operating in stepped-frequency FMCW modality, to 
improve the performance of ground-penetrating radar (GPR) imaging. The transceiver 
array consists of four antenna elements and the frequency range is from 1 GHz to 2 GHz. 
The data-acquisition system is implemented in the form of a linear array, designed to 
perform circular scan for synthetic-aperture 3D imaging.  
 
The circular-scan format is advantageous in terms of localization and surface-subsurface 
correspondence. On the other hand, the image formation algorithm becomes more 
complex, due to the circular format of the synthetic aperture. To demonstrate the 
resolving capability and limitation, laboratory experiments have been conducted. For 
comparison and completeness, linear-scan mode imaging is also conducted. 
 
 
 
 
 
 



 
FMCW MIMO RADAR UNIT 

 
This MIMO radar unit is a low-cost, light-weight, low-power, portable ultra-wideband 
system. The total weight of the radar unit is 156 g with DC input and operating power 
level of 6 Watts. The RF transmit power is 50 mW. The MIMO radar is a fully-
programmable software-defined microwave system. It operates in the step-frequency 
FMCW format, with the operating frequency range from 1.0 GHz to 2.0 GHz. With the 
full 1 GHz bandwidth, the range resolution of this radar system is 15 cm in air. In the 
subsurface region, the wave propagation speed is scaled down by a factor of ε , where ε 
is the permittivity of the propagation medium. As a result, the range resolution is also 
scaled by the same factor. For GPR imaging experiments, the value of the permittivity is 
typically ranged from 5 to 10. Figure (1) shows the electronic component of the FMCW 
MIMO radar unit. This unit can support up to eight antennas. 
 

 
 

 
 

Figure (1): Electronic component of the 8-antenna FMCW MIMO radar unit. 
 
 
The frequency hopping rate is a variable, to be selected by the user, with the maximum 
frequency-hopping rate of 90,000 hops per second. The frequency hopping format is also 
reconfigurable. For typical imaging applications, the system steps through an elected 
frequency band with a designated frequency increment. Yet, for communication or 
secured imaging operations, random frequency hopping formats can be exercised. 
 
This system is designed to function with multiple transceiver antennas. The present 
model of this MIMO radar system can support up to 16 antenna elements. Each antenna 
element functions as a transmitter as well as receiver. During one transmit-receipt cycle, 
N stepped-frequency sequences are collected for each transmitting antenna. Thus, N2 
sequences are detected for one full data-acquisition period. As an antenna conducts the 
transmission-illumination signaling, it transmits a full sequence of coherent waveforms 
according to a selected step-frequency FMCW hopping format, and all antenna elements 



function as receivers. Therefore, this system can be classified as a multi-static MIMO 
step-frequency FMCW radar system. 
 
 

RANGE ESTIMATION 
 
Dynamic image formation from sub-aperture images is often the preferred modality in 
ground-penetrating radar (GPR) imaging for various practical purposes. As it is 
described, a sub-aperture image component can be formed form the range profiles 
produced over the sub-aperture. Thus, the first task for dynamic imaging with FMCW 
systems is to convert the data sequences to range profiles. 
 
For simplicity, the transmitted signal can be written in the form of,  

 
                                                   eT(t) = E exp(j2πfkt)                              (1) 
 

where fk = f0 + k Δf.  For a single target at a range distance R, the round-trip travel 
time is 

                                            τ = 2R/v                                        (2) 
 

where v is the propagation speed. Then, responding to this point reflector, the reflected 
signal detected by the transceiver is in the form of a weighted and delayed version of 
the transmitted waveform, 

 
       er(t) = AE exp(j2π fk (t- τ)) = AE exp(j2π fk (t - 2R/v))     (3) 

 
where the weighting coefficient A is due to the target reflectivity and propagation loss, 
and the delay is due to the round-trip travel time. At each frequency step, after 
demodulation, the received signal is a complex scalar, which can be simplified to the 
form of, 

 
          e(k) = er(t) eT*(t) = AE2 exp(-j2π fk τ) = AE2 exp(-j2π fk (2R/v))        (4) 

 
                                 = AE2 exp(-j2π (f0 + k Δf )(2R/v)) 
 
                                 = AE2 exp(-j2πf0 (2R/v)) exp(-j2πkΔf (2R/v)) 
 

Through the N frequency steps, a complete illumination cycle produces an N-point 
sequence {e(k)} from the demodulated received waveform. The term exp(-j2πkΔf 
(2R/v)) is the only one as a function of the frequency-stepping index k. To analyze this 
further, we match the core part of the sequence against the kernel of the FFT 
 

 
                       exp(-j2πkΔf (2R/v)) = exp(-j2πnk/N)                  (5) 

 
 



The match results in the relationship, 
 

                                          
N
n = 2Δf R/v                                   (6) 

 
It is then simplified down to a linear relationship between the FFT index n and the 
target range R, 

 

                     n = N (2Δf R/v) = 2(NΔf) R/v = 
v
B2 R                (7) 

 
where B is the bandwidth of the waveform, defined as B = NΔf. This means, for a 
point reflector at distance R, the demodulated received signal can be represented as the 

FFT spectrum of a point sequence δ(n - 
v
B2 R) and the  complex magnitude of the 

point sequence is AE2exp(-j2πf0 (2R/v)), 
 

 
          e(k) = er(t) eT*(t) = AE2 exp(-j2πf0 (2R/v))  exp(-j2πkΔf (2R/v))         (8) 

 

                                 = FFT { AE2 exp(-j2πf0 (2R/v)) δ(n - 
v
B2 R) } 

 
This suggests that the range profile and the demodulated signal are directly related as a 
Fourier-transform pair that each index n of the spectral sequence is corresponding to a 
range distance R, 
 

                           range distance = R  = (
B
v

2
) n                      (9) 

 
 
With this relationship, we can convert an FMCW output sequence into a range profile, 
by using a simple FFT operation. Subsequently, time-space image reconstruction can 
be performed by mapping the range profiles to the region of interest. 
 
Image formation in the time-space domain can function with mono-static, bi-static, 
and multi-static modalities, and the concept is simple. The formation of the image is 
from the complex target range profiles of the transmitter-receiver pairs. For each 
transmitter-receiver pair, a component of the image can be formed by projecting the 
range profiles to the entire region of interest. Each pixel in the region of interest has a 
unique range-distance index with respect to a transmitter-receiver pair, which is the 
sum of the distance from the transmitter to the pixel location and distance form the 
pixel to the receiver. Corresponding to this particular range-distance index, the 
complex amplitude of the range profile is sampled and placed onto the pixel. Each 
pixel receives contributions from the range profiles corresponding to all transmitter-



receiver pairs, and the image is formed accordingly. This means we can perform 
reconstruction of the sub-images from the range profiles locally from the transceiver 
pairs. And then the overall image can be constructed from sequential updating with 
new sub-images dynamically. 
 

 
LABORATORY EXPERIMENTS 

 
Laboratory experiments have been conducted with the MIMO radar system with 4 
antenna transceiver elements. To illustrate the image formation exercises, we first 
conducted a preliminary experiment with only two of the antenna transceivers, using 
one as the transmitter and the other one as the receiver. The operating frequency range 
is from 1GHz to 2GHz, with 128 uniformly spaced steps within the frequency band. 
Vivaldi antennas are used for high sensitivity, and the opening of the Vivaldi antennas 
is 15 cm, half wavelength corresponding to the lowest frequency of 1 GHz. The 
separation distance between the antennas is 45 cm. 
 
The second experiment was conducted over a similar walkway area near the Broida 
Hall, with the MIMO radar unit operating with 4 transceiver elements. The operating 
frequency range was also from 1 GHz to 2 GHz. The number of frequency steps was 
increased to 1024. Vivaldi antennas were also utilized as the transceiver elements. The 
separation distance between the antenna elements is 45 cm, so the total span of the 4-
element antenna array is 165 cm. Figure (2) is the laboratory prototype of the 4-
element MIMO GPR imaging array unit. 

 
 

 
 

Figure (2) is the laboratory prototype of the 4-element imaging array unit 
 
 
With the antenna transceiver array in the x-direction, a two-dimensional synthetic 
aperture was formed by a linear scan in the y-direction. The span of synthetic-aperture 
scan for this experiment was 1 meter. Figure (3) shows 5 sample cross-sections of the 
reconstructed subsurface profile of the walkway area at x = 28.58 cm, 19.06 cm, 0 cm, 
-19.06 cm, and -28.58 cm respectively. 
 



As it was discussed, the most common synthetic-aperture imaging format has been the 
scan of a linear array along a linear path with constant spatial increment.  The data format 
simplifies the signal processing procedure for image reconstruction, because of the 
implementation of convolution operation in linear form. 
 
 
 

 
 

Figure (3): Cross-sectional images of the subsurface region, at x = 28.58 cm, 19.06 
cm, 0 cm, -19.06 cm, and -28.58 cm 

 
 
One common problem for the linear scan mode is the correspondence of subsurface 
images to the surface profile, especially for the case of general survey of spread out areas. 
Therefore, circular synthetic-aperture scan has been discussed as an excellent alternative 
with simple and effective documentation procedure. The parameters for documentation 
consist of only the center of the scanned area and the orientation of the initial array 
position. It is particularly effective for localized survey. This is the main reason for the 
utilization of linear array for circular synthetic-aperture imaging. 
 
One significant technical element for the circular-scan modality is the non-uniform data-
acquisition position over the circular area. Relatively, the receiving positions are denser 
near the origin and sparse near the boundary. It requires an additional interpolation step 
in the image formation algorithm. In addition, the cross-range resolution remains non-
uniform over the region with better resolution near the center. To compensate for the 
discrepancy, one direct approach is the utilization of non-uniform array spacing. 
 
The most significant difference for this scan modality is within the image reconstruction 
algorithm. The received wavefield data will be first compiled in the polar coordinate 
system. For each array position, one sub-image can be formed from the superposition of 



the range profiles. The staging process, combining all sub-images from various array 
positions, can be implemented in the form of a circular convolution in the θ direction. 
Subsequently, the polar-coordinate subsurface image is converted back to the rectangular 
format for display and visualization. As a tradeoff, the circular-scan mode does involve 
additional steps in image formation and display. However, the change does not increase 
the computation complexity significantly. Figure (4) shows the laboratory experiment 
setup conducting a circular scan over a field-test region. Figure (5) shows the cross-
sectional image of a small metal spherical object. 

 
 

 
 

Figure (4) shows the laboratory experiment setup for a circular scan experiment 
 

 

 
 

 
Figure (5) shows the cross-sectional image of a small metal spherical object 

 
 

 
CONCLUSION 

 
In this paper, a low-cost, light-weight, low-power, portable, software-defined ultra-
wideband MIMO radar was introduced with three-dimensional GPR subsurface 
imaging presented as a direct application. Two versions of the backward propagation 
image reconstruction method were included in the presentation. Laboratory 
experiments with a four-transceiver unit were included to illustrate the resolving 
capability and system performance. 

 
Although multi-dimensional GPR imaging was utilized as the application in this 
paper, the MIMO radar system can be utilized in many other microwave imaging 
applications, in air or subsurface, with the antenna-array configurations in linear, 



planar, or circular form. Furthermore, it can operate especially effectively in synthetic-
aperture mode for greater aperture coverage. 

 
The capability of this ultra-wideband software-defined FMCW system was 
demonstrated typically with one single multi-antenna unit. Nonetheless, the research 
plan is to expand the scope significantly with multiple MIMO radar units operating in 
a coordinated manner, for large-scale sensing and imaging applications. Thus, the 
development of high-precision geolocation, synchronization, and networking will be 
tasks of great interest and importance. 
 
 

REFERENCES 
 
[1] Hunt, A. R., “Image formation through walls using a distributed radar sensor 

network,” SPIE Proceedings, Vol. 5778, pp. 169-174, 2005. 
[2] Goodman, J. W., Introduction to Fourier optics, McGraw Hill, New York, 1968. 
[3] Lee, H., “Formulation of the generalized backward projection method for acoustical 

imaging,” IEEE Transactions on Sonics and Ultrasonics, 31(3), pp. 157-161, 1984. 
[4] Lee, H., “Acoustical image reconstruction algorithms: structure, performance 

sensitivity, and limitation,” Proceedings of 1987 SPIE International Symposium on 
Pattern Recognition and Acoustical Imaging, 768, pp. 34-43, 1987. 

[5]  Lee, H., “An Overview of Synthetic-Aperture Image Reconstruction Algorithms for 
GPR Imaging with Pulse-Echo and Step-Frequency FMCW Systems,” Journal of 
Environmental and Engineering Geophysics, 8(2), pp. 105-114, June 2003. 

[6] Lockwood, S. J. and Lee, H., “Pulse-echo microwave imaging for NDE of civil 
structures, image reconstruction, enhancement, and object recognition,” International 
Journal of Imaging Systems and Technology, 8(4), pp. 407-412, 1997. 

[7] Mast, J., Lee, H., Chew, W., and Murtha, J. P., “Pulse-echo holographic techniques 
for microwave subsurface NDE,” Proceedings of the Conference on Nondestructive 
Evaluation of Civil Structures and Materials, pp. 177-191, 1990. 

[8] Mast, J., Lee, H., and Murtha, J. P., “Application of microwave pulse-echo radar 
imaging to the nondestructive evaluation of buildings,” International Journal of 
Imaging Systems and Technology, 4(3), 164-169, 1992. 

[9] Mast, J., Lee, H., and Murtha, J. P., “High-resolution microwave subsurface 
nondestructive evaluation of civil structures and materials,” International Advances in 
Nondestructive Testing, Vol. 17, pp. 207-250, 1994. 

[10] Whalen, A. D., Detection of signals in noise, Academic Press, New York, 1971. 
[11] Mensa, D. L., High resolution radar imaging, Artech House, 1981. 
 
 




