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ABSTRACT 
 
This paper provides the overview of the concept of reconfigurable imaging systems with 
programmable FMCW probing waveforms. The reconfigurable modality is applied to 
both the transceiver aperture arrays and the probing signals for the optimization of the 
resolving capability. The applications include both microwave and acoustical imaging. 
 
 

INTRODUCTION 
 
Traditionally, the data acquisition of imaging systems has been operating with fixed 
transceiver arrays and predetermined illumination waveforms. The fixed physical array 
configurations have been largely linear or planar, for computation simplicity. And the 
development of probing waveforms started with the coherent modality with narrow-band 
illumination. The coherent illumination waveforms were then replaced by wideband 
signals to operate in the pulse-echo format for the improvement of range resolution.  
 
This paper presents the concept of dynamic imaging modality for the optimization of the 
performance of imaging systems, with reconfigurable transceiver arrays and illumination 
signals. The reconfigurable array allows us to actively optimize the aperture coverage for 
superior resolution. To achieve reconfigurable illumination waveforms, programmable 
stepped-frequency FMCW modality is employed. This concept has been applied to 
imaging experiments for acoustical and microwave range, for applications in medical 
ultrasound and radar imaging. 
 
 
 
 
 
 



 
MULTI-FREQUENCY COHERENT BACKWARD PROPAGATION 

 
The coherent backward propagation image reconstruction is in the form of 
 

ŝ(x, y, z; λ) = g(x, y, z; λ) *  h*(x, y, z; λ) 
 

                                                  = 
R

 g(x’,y’,z’; λ) h*(x - x’, y – y’, z - z’; λ) dx’dy’dz’ 

 
                        = 

R

 g(x’,y’,z’; λ) h*(r; λ) dx’dy’dz’ 

 
where R is the receiver aperture region, g(x, y, z; λ) denotes the coherent received 
wavefield, corresponding to the single wavelength λ detected at the aperture, h(r; λ) is the 
Green’s function, and  
 

r = ((x - x’)2 + (y - y’)2 +(z - z’)2)1/2 
 
If we repeat the data-acquisition process by varying the wavelength, λ becomes a 
variable. And the final image is the superposition of all the coherent sub-images 
 

ŝ(x, y, z) = 
Λ

 ŝ(x, y, z; λ)  dλ 

 
                                                    = 

Λ


R

 g(x’,y’,z’; λ) h*(r; λ) dx’dy’dz’ dλ 

 
where Λ  denoted the span of the wavelength variation. The four-dimensional integration 
can be partitioned into two steps. One is the integration over the aperture region R, and 
the other is the superposition over the wavelength span of Λ . These two integration steps 
are independent and the order can be reversed, 
 

ŝ(x, y, z) = 
R


Λ

g(x’,y’,z’; λ) h*(r; λ) dλ  dx’dy’dz’ 

 
                                           = 

R

 ŝ(x’,y’,z’; r)  dx’dy’dz’ 

 
The order of the classical procedure is first to produce the coherent sub-images 
 

ŝ(x, y, z; λ) = 
R

 g(x’,y’,z’; λ) h*(r; λ) dx’dy’dz’ 

 



The integration is in the space domain. And the subsequent superposition of all the 
coherent sub-images produces the final image 
 

ŝ(x, y, z) = 
Λ

 ŝ(x, y, z; λ) dλ 

 
Alternatively, we can also reverse the order by first computing the range profiles with the 
integration in the frequency domain 
 

ŝ(x’,y’,z’; r)  =  
Λ

g(x’,y’,z’; λ) h*(r; λ) dλ  

 
and the final image is the superposition of all the range profiles 

 
ŝ(x, y, z) = 

R

 ŝ(x’,y’,z’; r)   dx’dy’dz’ 

 
 
 

RANGE ESTIMATION 
 

Of great interest and importance is the one-dimensional integration operation 
 

ŝ(x’,y’,z’;  r) =  
Λ

g(x’,y’,z’; λ) h*(r; λ) dλ  

 
                                        = 

Λ

g(x’,y’,z’; λ) (-1/jλr’) exp(-j2πr/λ) dλ 

 
If we consider the change of variable, from wavelength to frequency,  
 

 f = v/λ 
 
and 
 

df = - v/λ2 dλ = f  (-1/λ) dλ, 
 
the equation becomes 
 

ŝ(x’,y’,z’; r)  = 
Λ

 g(x’,y’,z’; λ) h*(r; λ) dλ  

 
                                    = (-1/jr) 

Β

(1/f) g(x’,y’,z’; f)  exp (-j2πrf/v) df 

 



where B is the frequency band. The term (1/f) g(x’,y’,z’; f)  can be regarded as the 
wavefield function with frequency-dependent weighting. The weighting factor can also 
be modified to compensate for frequency-dependent propagation loss. 
 
The other term exp (-j2πrf/v) can be described as the Fourier transform kernel, 
 
 

exp (-j2πrf/v) = exp(j2πf(-r/v)) 
 
evaluated at 
 

t =  - (r/v) 
 
 
At each receiver position (x’,y’,z’), the integration for range distance profile ŝ (x’,y’,z’; r) 
can be described as the inverse Fourier transform of the weighted wavefield (-1/jr)(1/f) 
g(x’,y’,z’; f), evaluated at t =  - (r/v). This also means the range profile at each receiver 
position can be computed by a simple Fourier transform. 
 

 
MICROWAVE IMAGING 

 
The hardware system used for imaging is a stepped-frequency FMCW radar operating over a 
frequency range of 500 MHz to 2 GHz. The instantaneous peak output power of the radar 
over the frequency band is 17 dBm, while the average output level depends on the number of 
stepped frequencies specified by the user. There are 16 user selectable hopping rates that 
vary from 5 to 90,000 data points per second. All of the system operating parameters are 
controlled by user through a software interface, and can subsequently be tailored for specific 
operating objectives. The open interface allows users to acquire, store, and replay data, as 
well as to develop, test, and implement special signal processing algorithms for imaging, 
detection,  and motion estimation. 
 
An antenna switch interface board allows the radar to operate with an array of four, eight, or 
sixteen linear/planar Vivaldi antennas in a MIMO mode. The antennas are directional with 
beam-widths covering approximately 60° at 500 MHz to 30° at 2 GHz. The gain varies 
between 5.5 and 10 dBi over this same frequency band. These antennas were placed 
approximately 33 cm apart. Each of the antennas can act as a transmitter or receiver but only 
a single pair is active at a time. In operation, the antenna array is scanned end to end 
sequentially through all of the transmit/receive antenna pairs, with a complete frequency 
sweep taken for each pair. The fast data acquisition rates available mean that for practical 
applications, each antenna pair in the same sweep can be treated as being approximately 
simultaneous. 
 
Scanning the array produces a set of data from each antenna pair that can be transformed into 
a high-resolution range profile of all the scatters in the field of view. A complete image 
frame uses the set of data associated with scanning through all the transmit/receive pairs in 



the array a single time. Conventionally, complex superposition of data from the antenna pairs 
is performed to produce a reconstructed image of the illuminated scene. Figure (1) shows the 
8-antenna version of the FMCW microwave system. 
 

 

 
 

 
Figure (1): 8-antenna version of the FMCW microwave system 

 
 

For field experiments of detecting moving elements with small sub-resolution displacement, 
breathing machines with adjustable breathing rates and depths are used as simulators for 
stationary individuals. Each breathing machine is constructed of a 0.43 m diameter slightly 
convex metal plate attached to a linear bearing that is driven by an electric motor to produce 
a horizontal sinusoidal motion. The typical setting for the breathing depth was 1.3 cm, while 
the period varied between 0.2 Hz and 0.33 Hz to simulate the typical range of human 
breathing rates. Figure (2) shows the 4-antenna radar unit and the setup of the outdoor field 
experiment.  
 

 

      
 

 
Figure (2): 4-antenna radar unit of the field experiment 

 
 



For accuracy, two breathing machines were stationed in the target area, operating at the 
breathing rates of 0.2 Hz (12 breaths per minute) and 0.28 Hz (17 breaths per minute) 
respectively.  
 
The data acquisition was conducted by the radar system with 4 antennas, operating in FMCW 
mode. The operating frequency band was from 0.5 GHz to 2.0 GHz. The system scanned 
through 1024 frequency steps in 0.035 seconds, generating 12 bi-static tracks of data 
sequences corresponding to 12 transceiver pairs. The data sequences were then converted to 
12 range profiles by Fourier transformation. Figure (3) show a typical range profile, and 
Figure (4) is the reconstructed image of the targets. 
 
 

 
Figure (3): A range profile from one transceiver pair 

 
 
 

 
 

Figure (4): Reconstructed image of the targets 
 
 
 

MEDEICAL ULTRASOUND SYSTEM 
 
Similar concept can be applied to medical ultrasound imaging with flexible transceiver 
arrays. Figure (5) shows the laboratory prototype of the flexible ultrasound array. As 
described previously, the functionality and mathematical formulation of the stepped-
frequency FMCW data-acquisition format indicates that time-delay profiles are the 

1st machine

2nd machine

wall



Fourier transform of the acquired spectral data sequences. Since a spectral data sequence 
is collected corresponding to a pair of transceiver elements, there is a unique time-delay 
profile associated with each transceiver pair. Subsequently, the time-delay profiles are 
scaled by the propagation speed for the conversion to range profiles for the space-time 
image reconstruction.  

 
 

 
 

Figure (5): Laboratory prototype of the flexible ultrasound array 
 
 
The image formation method for the acoustical imaging system is similar. Minor 
modifications have been performed to accommodate the limitation in memory allocation 
and computation efficiency. Given the coordinates of the transducer elements, space-time 
image reconstruction is achieved by mapping multi-static range profiles onto a discrete 
2D matrix of range bins. From the perspective of a particular element pair, each bin is 
characterized by a total range distance, Rtotal = R1+R2. If a point target were to exist at 
that bin location, Rtotal denotes the range traveled by the acoustic wave from the 
transmitter, to the target, and then to the receiver. The range profile for that element pair 
is referenced, and the complex magnitude located at the index Rtotal is added to the bin 
location of the image matrix. This procedure repeats and information provided by each 
element pair is superimposed onto the image matrix.  
 
The mathematical duality between stepped-frequency FMCW data and pulse-echo time-
delay profiles permits the theoretical time-delay profiles to be converted to FMCW data 
through an FFT operation. Appropriate frequency components in the spectra were 
selected to model the desired limited bandwidth of the system. The modified spectra were 
then converted back to form band-limited time-delay profiles for image formation. 
 
The superposition process forms the final image, from all the range profiles, mono-static, 
bi-static, or multi-static. For the simulation, full 3600 transceiver array aperture is 
maintained in order to visualize the effect of frequency bandwidth to resolution. Figure 
(6) shows 4 images from probing signals corresponding to 25%, 50%, 75%, and 100% of 
the available bandwidth. 

 



 
 

 
 

Figure (6): Images corresponding to various bandwidths of the probing waveforms 
 

 
SYSTEM RECONFIGURABILITY 

 
The reconfigurability of the FMCW imaging systems consists of two basic components. One 
is the reconfigurability of the physical transceiver arrays. It is achieved by dynamically 
redistributing the discrete transceiver elements, in order to optimize the resolution in the 
cross-range direction. The other component is the reconfigurability of the probing signals, for 
the improvement of the range resolution. 

 
The power spectrum of the probing signals governs the range resolution. In general, the 
operating bandwidth of the probing signals is bounded by the available bandwidth of the 
transceivers. Yet, within the available bandwidth, the spectrum of the probing waveforms can 
be modified by adjusting the complex amplitude of the FMCW sequence with programmable 
electronics, to achieve the desired waveforms. Alternatively, the adjustment can be 
conducted by giving a complex weighting of the received FMCW sequence. This is 
especially effective when the frequency-dependent propagation attenuation can be 
determined. 
 
Because the major portion of the computation involved in the convolution integral of the 
backward propagation procedure is performed in the range-estimation process for FMCW 
systems, the structured configuration of the transceiver array becomes unnecessary. As a 
result, we can rearrange the distribution of the transceivers, corresponding to the wavelengths 
of the FMCW frequencies such that the coverage of the spatial-frequency spectrum can be 
improved and hence the resolution of the cross-range resolution can be enhanced. 

 
 
 



 
IMAGING OF TIME-VARYING OBJECTS 

 
The conventional approach is to form one instantaneous image frame form the 12 range 
profiles through complex superposition. Subsequently, motion detection can be conducted 
from the image sequence. However, this image-sequence based method is ineffective in 
separating the breathing movement from stationary background component. 

 
One full scan cycle, for all 12 transceiver pairs, requires approximately 0.42 second. Then, as 
an example, during a period of 54 seconds, each transceiver pair will produce 128 range 
profiles. If we perform an additional Fourier transformation with respect to time, a two-
dimensional range profile can be constructed. This implies the breathing components of the 
range profiles can now be separated from the stationary background distribution. Figure (7) 
shows the separation of the time-varying components from the stationary portion of the range 
profile. The remaining DC component of the two-dimensional range profile is corresponding 
to the stationary background structure. This allows us to form a separate image of breathing 
elements from the background.  
 

 
 

 
 

Figure (7): 2D spectrum of the data sequences from one transceiver pair 
 
 
More effectively, we can superimpose the breathing component to the stationary background, 
as shown in Figure (8), with colored version for the breathing elements and standard grey-
scale image for the background wall. 

 
 



 
 
 

Figure (8): Composite image of the breathing elements and the background wall 
 
This technique illustrates the capability of imaging time-varying distribution with FMCW 
systems. This approach is not limited to microwave applications. It can be extended to blood-
flow imaging in medical ultrasound with slight modifications. 
 
 

CONCLUSION 
 

The focus of this paper is the overview of reconfigurability analysis of imaging systems with 
FMCW probing waveforms. The feasibility of reconfigurable imaging originates from the 
relaxation of structured transceiver arrays. As a tradeoff, it requires uniformly spaced 
frequency distribution of the probing FMCW waveforms. The reconfigurability includes the 
flexibility of transceiver-array structure for the improvement of cross-range resolution. In 
addition, the FMCW modality allows frequency editing for dynamical adjustment of the 
probing waveforms for optimization of range resolution. 

 
The direct applications include both microwave and ultrasound imaging. Furthermore, the 
FMCW modality can also be implemented for the imaging of time-varying distribution for 
applications of breathing detection and blood-flow measurement. 
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