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ABSTRACT  
RF tomography has great potential in defense and homeland security applications. A distributed sensing research facility 
is under development at Air Force Research Lab. To develop a RF tomographic imaging system for the facility, 
preliminary experiments have been performed in an indoor range with 12 radar sensors distributed on a circle of 3m 
radius. Ultra-wideband pulses are used to illuminate single and multiple metallic targets. The echoes received by 
distributed sensors were processed and combined for tomography reconstruction. Traditional matched filter algorithm 
and truncated singular value decomposition (SVD) algorithm are compared in terms of their complexity, accuracy, and 
suitability for distributed processing. A new algorithm is proposed for shape reconstruction, which jointly estimates the 
object boundary and scatter points on the waveform’s propagation path. The results show that the new algorithm allows 
accurate reconstruction of object shape, which is not available through the matched filter and truncated SVD algorithms. 
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1. INTRODUCTION  
Due to its capability to fuse spatial and frequency diversity, radio frequency (RF) tomography has been studied in the 
past decades for different applications. For example, Wicks etc. proposed narrow band tomographic radar to track 
moving targets for security and surveillance [1]. Lo Monte etc. used RF tomography for underground imaging [2-3]. 
Hamilton etc. proposed propagation models for non-cooperative localization using wireless sensor network tomography 
[4]. In medical community, Gilmore etc. prototyped an ultra-wideband tomographic imaging system for soft-tissue 
imaging [5]. Generally speaking, RF tomography is an inverse scattering problem. The analogy between RF tomography 
and computed tomography in medical domain was recognized long time ago [6-9]. The existing RF tomography systems 
can be classified into two categories according to the techniques used [10]. The first category is based on radar 
techniques with applications in localization and target tracking [1, 4, 11-14]. The second category is based on 
tomographic techniques aimed at reconstruction of parameters of a region of interest [2-3, 5, 15-16]. Most systems in the 
first category enjoy computationally efficient time-domain algorithms, while systems in the second category usually 
employ iterative inversion algorithms. The experiments and simulation setup described in this paper fall into the first 
category. However, our interests in exploring the capability of shape reconstruction leads to an iterative algorithm, which 
jointly estimates the scatter points on waveform propagation path and object boundary. 

 

The existing RF tomography imaging systems are mostly narrowband or multifrequency. The reconstruction results of 
such kind of systems are sensitive to the operating frequency because the illuminating fields may interact with the object 
and excite resonance. When ultra-wideband (UWB) pulse is used in operation, the concern of resonant character is 
greatly reduced. UWB pulse can also provides very high range resolution, which makes accurate shape reconstruction a 
more achievable task. In our experiments, we have adopted UWB pulse to illuminate metallic objects with an intention 
to reconstruct boundary profile of the objects. Due to its role in target recognition, shape reconstruction is an important 
topic in RF imaging [17-23]. The developed methods include Kirchhoff approximation [17-19], iterative inverse 
scattering approach [22], and point source method [23]. The objects in consideration are usually perfect conductors or 
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metallic. Our method is based on physical optics or Kirchhoff approximation. When scatters surface is flat relative to the 
impinging wavelength and not interacting, physical optics model is a fairly accurate approximation. With a multistatic 
circular geometry setup, UWB pulse’s time of arrival for each Tx/Rx pair contains the information of scatter location. 
However, all the points on the elliptical locus formed by the Tx/Rx pair and the distance derived from time of arrival are 
potential solutions for the scatter location. Equipped with reasonable amount of distributed sensors, we solve the shape 
reconstruction problem through a joint estimation of scatter locations and object boundary. This paper is organized as 
follows. Section 2 describes the multistatic geometric setup of the imaging system, followed by the discussion of 
reconstruction algorithms in Section 3. The experimental and simulation results are presented in Section 4. Section 5 
concludes the paper with future research directions 

 

2. SYSTEM SETUP 
2.1 Multistatic geometry 

RF tomography imaging systems usually have a multistatic geometry setup. The radar sensors are located on a circle or a 
closed curve, and can beam at different directions as necessary. Each sensor serves either as a transmitter, a receiver or 
both. The transmitted waveforms can be single frequency, multi-frequency, or broadband. The spatial diversity of 
distributed sensors enables a 360 degree view of the scene through sensor information fusion. While the general goal is 
to reconstruct the spatial and electrical properties of a specific region of interest, we are more focused on the 
reconstruction of object boundary. 

2.2 Sensor distribution 

A distributed sensing research facility is being developed in Air Force Research Lab (AFRL). Figure 1 shows an aerial 
view of the facility. It’s composed of 12 radar sensors located on a circle of 100m radius. Each sensor is mounted on a 
tower and elevated 15.24m above the ground. The sensor is capable to transmit arbitrary waveforms between 200MHz 
and 1GHz. The expected usages include the generation of complex EM environment, RF tomography, noise radar 
imaging, hybrid sensor imaging and distributed sensing. 

 
Figure 1 Distributed sensing facility in AFRL. 

 
Figure 2 Sensor distribution in the indoor range. 

As the distributed sensing research facility is still under development, experiments with the same set up scaled down to a 
3m circle have been performed in an indoor range of AFRL. The non-uniform sensor distribution is shown in Figure 2. 
Each node is a 2-18GHz quad-ridged horn antenna. Sensor nodes are connected a vector network analyzer (VNA) and a 
digital oscilloscope through ultra-wideband cable. UWB pulse of 10GHz is synthesized by VNA to illuminate spherical 
metallic objects in the scene.   

2.3 Simulation 

To validate the reconstruction algorithm and explore how sampling impacts shape reconstruction accuracy, numerical 
simulations have been performed for different number of sensors uniformly distributed on a circle. The echoes are 
simulated through a time delay of the UWB pulse corresponding to the length of the propagation path. 
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3. RECONSTRUCTION ALGORITHMS 
RF tomography reconstruction algorithms are discussed in this section. Two traditional reconstruction algorithms, 
including matched filter processing and truncated SVD algorithms, are discussed first. Based on the characteristic of 
reflection tomography, an iterative expectation maximization algorithm is proposed for shape reconstruction.  
 
3.1 Truncated SVD 

For a bistatic transmitter/receiver pair, let ்ݔ and ݔோ represent the locations of the transmitter and receiver, separately. 
For an isotropic point scatter located at ݔ, the time delay associated with the path (்ݔ, ,ݔ ௗݐ ோ) isݔ	 = ்ݔ|) − |ݔ ݔ|+ −  represent the transmitted UWB pulse. Assuming delta function as (ݐ) ோ|)/ܿ, where ܿ is the speed of light. Letݔ
impulse response, the received waveform can be written as  

(ݐ)ݎ  = ݐ)ܽ − ௗ)݁ଶగఏݐ +  (1) (ݐ)݊

where ܽ is the attenuation coefficient affected by the reflectivity of the scatter and the distances |்ݔ − ݔ| and |ݔ −  is the additive noise. Writing this equation for ܰ pixels in the reconstruction image and (ݐ)݊ is a random phase, and ߠ ,|ோݔ
discretizing waveforms in vector format will lead to a set of system equations, 

࢘  = ࢇࡼ +  (2) 

where ࢘ is a ܯ × 1 vector representing the sum of echoes from all the scatters, ࡼ is a ܯ ×ܰ matrix with the delayed 
pulse corresponding to each pixel’s location stored in column, ࢇ is a ܰ × 1 vector of the unknown attenuation 
coefficients, and  is the noise vector. This inverse problem can be solved through different techniques. An efficient way 
to invert the matrix ࡼ is through singular value decomposition (SVD). The obtained singular values are usually put in 
descending order. Small singular values are associated with the directions prone to noise. A threshold can be applied to 
the singular values to cutoff the contributions from these directions, which is usually referred as truncated SVD method.  

 

Truncated SVD algorithm is a tomographic approach with a fairly high computational complexity of ܱ(ܰଷ).  The costly 
inversion can be done offline so that tomography reconstruction can be performed in real time by multiplying the stored 
inverse of ࡼ with the received waveform. The simplicity makes it suitable for parallel processing in a multistatic setup. 
The number of pixels ܰ that can be handled by a node’s FPGA will determine the image resolution.  

3.2 Matched filter 

Matched filter, or back projection, is a traditional reconstruction algorithm in radar processing [1]. When solving Eqn. 
(2), the attenuation vector ࢇ can be estimated through, 

ෝࢇ  = ࢘ுࡼ = ࢇࡼுࡼ +  (3) ,ுࡼ

as long as the dynamic range of singular values of ࡼ is limited. The estimation can be regarded as a convolution between 
the true attenuation ࢇ and a point spread function (PSF)	ࡼுࡼ. The footprint of PSF depends on the transmitted 
waveform as well as the spatial relationship between pixels. Due to the back projection mechanism, the reflectivity of a 
pixel will spread to the whole elliptical locus formed by the pixel and foci (்ݔ,  ோ௫). The width of the stroke isݔ
determined by the time duration of the waveform. The longer the pulse duration, the wider the spread in the normal 
direction of the locus. As UWB pulse is used in our experiment, each scatter will form an ellipse of a narrow stroke in 
the reconstructed tomography.  

3.3 Shape reconstruction through expectation maximization 

The extremely high range resolution provided by UWB pulse allows us to explore the possibility of shape 
reconstruction. The metallic objects in our experiments are impenetrable. It’s reasonable to assume the waveform 
propagation can be approximated through physical optics model because the radii of object surface curvature is much 
larger than the wavelength and the scatter is not interacting. For an object with convex shape, each bistatic 
transmitter/receiver pair can illuminate only one scatter point on the metallic object. But the truncated SVD algorithm 
and back projection cannot distinguish the scatter point from other points on the locus.  

Let ߛ be the closed curve representing an object’s boundary and ܺ = ,ଵݔ} ⋯,ଶݔ ,  ߛ } be the set of scatter points inݔ
associated with the ܭ Tx/Rx pairs. If the object boundary ߛ is known, it’s easy to calculate the set of scatter points ܺ 
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from the transmitter and receiver locations. On the other hand, if ܺ is known, ߛ can be estimated from ܺ. This 
relationship between ߛ and ܺ leads us to an expectation maximization (EM) type algorithm for shape reconstruction. The 
basic idea is to alternately estimate ߛ and ܺ until convergence. ߛ is initialized as the boundary of the region confined by 
the ܭ elliptical loci. Given ߛ(௧), find the minimum distance between ߛ(௧) and the ݅-th locus, and the two points associated 
with this distance. The scatter point ݔ(௧) is estimated as the middle point of the two points. This combination is to satisfy 
two regulations. One is the fidelity to the measured time of arrival, while the other is the waveform propagation 
according to ߛ(௧) and (்ݔ,  is updated through spline fitting to ܺ(௧), which provides (௧ାଵ)ߛ ,ோ௫). Once ܺ(௧) is estimatedݔ
a smooth curve passing through the scatter points. The pseudo code of the algorithm is given below. 

 

Shape Reconstruction Algorithm  

()ߛ .1 = ∂Φ, where Φ is the region confined by the ܭ elliptical loci reconstructed through matched filtering.  

2. For ݅ from 1 to ܭ, do (ݕଵ, (ଶݕ = argmin௬భ∈ఊ(),௬మ∈୲୦	୪୭ୡ୳ୱ ଵݕ| − (௧)ݔ .	|ଶݕ = ଵݕ) +  .ଶ)/2ݕ
(௧ାଵ)ߛ .3 = 	spline	ϐitting	of	ܺ(௧). 
4. Repeat step 2 and 3 if หݔ(௧) − (௧ିଵ)หݔ > ߳ for any ݅. 

 

4. EXPERIMENTAL AND SIMULATION RESULTS 
4.1 Experiments in indoor range 

We first present the results of the experiments performed in indoor range. As shown in Figure 2, the 12 radar sensors are 
distributed on a circle of 3m radius. VNA is used to synthesize 10GHz UWB pulse and quad-ridged horn antenna is used 
to transmit the pulse. Two metallic objects are present. The first object is a sphere of 12in diameter located at the center 
of the circle and the same height of radar sensors. The second one is a sphere of 8in diameter located 4ft from the center. 
Figure 3 shows echoes received by a radar sensor in two scenarios. The upper figure contains the received waveform 
when the metallic object is presented, while the lower one has no object present. The red asterisks indicate peaks 
detected. The peak in the lower figure corresponds to the waveform from direct path. It’s compared to the peak detection 
results in the upper figure to remove the clutter. A total of 9 transmitter/receiver pairs were used to obtain the matched 
filter reconstruction in Figure 4. The location and size of the two objects are clear in the reconstructed image, so is the 
locus associated with each pair of transmitter and receiver. But the shape of the objects is not reconstructed. 

 
Figure 3 Waveforms received at a sensor node with (upper) 

and without (lower) target present. 

 
Figure 4 Reconstruction by matched filtering with two 

metallic objects. 

Proc. of SPIE Vol. 9461  94610S-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/15/2015 Terms of Use: http://spiedl.org/terms



as

OA

OA

02

a.z

a.a

.0.6

0.8

 

 

Figure 5 con
reconstructed
two different
comparison 
locus associa
with its adva
initial tomog

Using the rec
5-10 iteration
circles are th

Figure 6 Sha

4.2 Numeri

We are inter
number of se
distributed o
shape recons
nodes, rectan
bottom, the r
points; 3) rec
scatter points
concave regi
the number 
concave regi

ntains the recon
d the 2mx2m c
t Tx/Rx pairs. 
of truncated S
ated with Tx/R
antage of low c
graphy reconstr

construction re
ns. Figure 6 sh

he estimated sca

ape reconstruct

cal simulation

rested in explo
ensors. Numer

on a circle of 1
struction result
ngle object; 2) 
rows of subfigu
constructed obj
s are not even
ons. This is du
of sensor nod
ons can be bett

nstruction resu
center region w
The subfigure 

SVD and matc
Rx pair. But th
computational 
ruction.  

Figure 

esult of matche
hows the shap
atter points and

tion result. Blue

ns 

oring the accur
ical simulation
1.2m radius to
ts. From left t
30 nodes, rec

ure are corresp
bject boundary.
ly distributed. 

ue to the differe
des can improv
ter sampled by

ults of truncate
with a 51x51 im

on the right is
ched filtering r
he result of trun

complexity, m

5 Reconstructi

d filter as initia
e reconstructio
d the green line

e line: true boun
obj

racy of shape 
n is performed
o reconstruct th
to right, the co
ctangle object; 
ponding to 1) t
. Even though 
The distributi

ence in these r
ve shape recon
y a larger numb

ed SVD algorit
mage. Two sub
s the combinati
reconstruction,
ncated SVD is

matched filter i

on by truncated

alization, the s
on result. The 
e is the reconst

ndary, red circl
ect boundary.

reconstruction
to simulate th

he boundary o
olumns of sub
3) 12 nodes, 2
true object bou
the sensors ar

ion is dense in
regions’ distanc
nstruction accu
ber of sensors.

thm. Due to th
bfigures on the
ion of the recon
, we found tha
s noisier than t
s clearly a bett

 

d SVD algorithm

shape reconstru
blue line show
tructed object b

le: estimated sc

n for different 
he scenarios of
of a rectangle a
bfigure are cor
2D plane; 4) 3
undary and sen
e uniformly di

n those protrud
ce to the Tx/Rx
uracy, especial

he limit on ima
e left are the re
nstruction of a
at both method
the matched fi
ter choice than

m. 

uction algorithm
ws the true obj
boundary.  

atter points, gr

types of shap
f 12 and 30 Tx
and a 2D plan
rresponding to 
30 nodes, 2D p
nsor distributio
istributed on th

ding points and
x pairs. It can b
lly for the cas

age size, we ha
econstruction r
all 9 pairs. Thro
ds can reconst
ilter result. Co
n truncated SV

m usually conv
ject boundary. 

een line: recons

pes and using d
x/Rx sensors un
ne. Figure 7 sh

the scenario o
plane. And from
on; 2) estimate
he circle, the e
d none or spars
be seen that in
se of 2D plan

ave only 
results of 
ough the 
truct the 

ombining 
VD in the 

 

verges in 
The red 

structed 

different 
niformly 
hows the 
of 1) 12 
m top to 
d scatter 
stimated 
se in the 

ncreasing 
e whose 

Proc. of SPIE Vol. 9461  94610S-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/15/2015 Terms of Use: http://spiedl.org/terms



Ss e 8 0 0 «8

Figure 7 Simulated shape reconstruction results. From left to right: 1) 12 sensors, rectangle; 2) 30 sensors, rectangle; 3) 12 
sensors, plane; 4) 30 sensors, plane. From top to bottom: 1) true object boundary and sensor distribution; 2) estimated scatter 
points; 3) reconstructed object boundary. 

5. CONCLUSIONS
We studied the RF tomography of metallic objects in this paper. The traditional truncated SVD method and matched 
filter method have been applied to tomography reconstruction. It’s shown that matched filter method is better than 
truncated SVD in terms of accuracy and complexity. A new EM type algorithm is introduced to jointly estimate scatter 
points and reconstruct object boundaries. It’s validated by both experimental and numerical simulation results. The 
current algorithm can reconstruct convex object boundaries very well, but still has difficulty with concave object 
boundaries. Although only 2D shape reconstruction is studied in this paper, the proposed algorithm can be generated to 
3D shape reconstruction by fitting spline surface to the estimated 3D scatter points. After the construction of the 
distributed sensing research facility in AFRL is completed, these algorithms will be tested with more experiments in the 
facility, including the use of narrow band pulse and imaging moving targets.  
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