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ABSTRACT

In recent years, the use radar technology has been proposed in a wide range of

subsurface imaging applications. ln most subsurface radar applications, the data

acquisition process is performed along a linear scan trajectory. However, a growing

number of novel applications, such as breast microwave imaging and wood inspection,

require the use of non-linear scan trajectories in order to adjust to the geometry of the

scan area. However, data sets collected along cylindrical scan trajectories present also the

same problems existing in linearly scanned data. The most noticeable of these issues is

the formation of non-linear target signatures. This phenomenon makes it difficult to

properly assess of the dimensions and locations of the targets present in the scan area. In

order to visualize the collected data, a reconstruction process must be performed. In this

thesis, two novel reconstruction algorithms for subsurface radar data acquired along 2D

and 3D cylindrical scan trajectories are proposed. These approaches process the spectrum

of the collected data in order to locate the spatial origin of the target reflections and

remove the spreading of the target signatures. Practical considerations, such as spatial

resolution and sampling constraints are discussed and illustrated. The proposed algorithm

was successfully tested using experimental data collected from phantoms that mimic high

contrast subsurface radar scenarios. The reconstructed imagery was spatially accurate and

within an execution time in the order of seconds. Furthermore, the recorded data sets were

reconstructed using the confocal mapping approach, a state of the art cylindrical SR focusing

technique[Confocal, ConExp]. The data sets reconstructed proposed technique exhibited a higher

signal to noise ratios and better focus quality superior than the imagery focused using the

confocal mapping approach.
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I. INTRODUCTION

Sub s urfac e r adar ov ervi ew

Subsurface Radar (SR) techniques have been extensively used in a wide variety of

applications for non invasive inspection and imaging purposes, such as landmine

detection, soil humidity estimation, archeology and wood inspection. Similarly to

conventional radar, SR technology is used to determine the locations and sizes of foreign

objects located within the scanned region. SR approaches are normally applied in

scenarios that satisfy two conditions. First, the materials present in the scan area are a

suitable medium for the propagation of electromagnetic waves. Secondly, the dielectric

properties of those materials and the targets exhibit a noticeable contrast [1]. In general,

SR system architectures can be described based on two features:

Waveþrm. Stepped Frequency Continuous Wave (SFCW) and pulse based patterns are

the most commonly used Ultra Wide Band (UWB) waveforms for SR data acquisition.

Pulse based systems irradiate a short duration (few nanoseconds) impulse-shaped

waveform at a constant repetition rate. On the other hand, SFCW radar systems transmit a

series of harmonics from a reference sine wave separated by Af Hz [2]. Although most of

the commercial SR systems are pulse based, SFCW SR systems are becoming popular

-19-



due to their capabilities to mimic the spectrum of different waveforms and higher

irradiation power.

Scan Geometry.The geometry of the scan trajectory is given by the shape of the area to

be imaged [1]. Currently, the data acquisition process in most of the SR applications is

done using either planar or cylindrical scan trajectories. In planar trajectories, the scan

locations are positioned in a straight line along the surface of the area of interest. In this

morphology, every scan location is facing downwards. Linear scan trajectories are

usually used in geophysical SR applications, although some modified linear geometries

are also used for breast cancer detection purposes 13, 4l.Cylindrical scan trajectories are

defined on a circular aperture that encloses the scan area. In this configuration all the scan

locations face towards the center of the circular aperture. Thìs geometry is used in quite

recent SR applications, such as breast microwave imaging and wood inspection [4, 5].

A diagram of these scan trajectories is shown in figure 1.1. It is important to indicate

that these scan geometries are defined in a 2D plane. If a 3D model of the scan area is

needed, a set of these trajectories is positioned at different locations along the azimuth

axis ofthe scan area.
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Scan Trajectory

a)

Scan Trajectoty.¿
./

/ Scan Area

b)

Figure 1.1. a) Planar scan trajectory, b) Cylindrical scan trajectory.

Scan Area
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ln scenarios where the targets are located at near field distances, the standard SR data

acquisition methodology is the following. First, a series of scan locations are defined

such as they are positioned parallel to the surface of the scan area. Next, an UWB

waveform is radiated at each scan location. Finally, the reflections from scattering objects

inside the scan aÍea aÍe then recorded, processed and displayed in order to be interpreted.

This process can be performed using one antenna per scan location or, if the number of

available antennas is smaller than the number of scan locations, by inadiating at multiple

scan locations with a movable antenna set. If this last option is chosen, the antennas are

moved using discrete steps. The scan time at each location is determined by the data

acquisition instrumentation.

Problem definition

As the irradiation is performed along the scan trajectory, the target responses will have

different travel times, resulting in the formation of non-linear signatures [6, 7]. Target

signatures present greater dimensions than the original inclusion sizes and in certain cases

an overlap between different signatures may occur. These phenomena make the

assessment of the actual dimensions and locations of the targets present in the scan area a

difficult task. Some examples of this phenomenon are shown in figure 1.2. SR data must

be focused to properly visualize the target responses 16,71. Due to the fact that targets in

SR applications are located at distance that falls within the near-field of the antenna

irradiation pattern, the use of conventional radar reconstruction techniques based on plane

wave assumptions do not leld accurate results [8,9]. A considerable number of

aa



reconstruction approaches have been developed for SR data focusingpurposes [10, 11,

12,13,14, l5]. In general, these methods can be classified as either time-shift techniques

or wavefront reconstruction approaches [3]. Time-shift techniques perform a shift-sum

process over a set ofregions ofinterest in the scan area. The target responses are delayed

according to the location where they were obtained and their distance from the regions of

interest. Next, the shifted responses are added and the square of the sum is the energy at

the region of interest. The same process is repeated for all the regions of interest in the

scan area [6]. Two examples of this approach are the confocal mapping algorithm

[0,17], the beamforming reconstruction approach I l, 18] and the time-reversal method

[14, 19].

Contrary to time-shift techniques, wavefront reconstruction techniques focus the data

by performing a series of operations in the frequency domain 120,211. The spectrum of

the collected reflections, both in the signal travel time and the scan trajectory directions,

is calculated. The phase of the recorded signals is modified in order to transfer the data

from the domain where it is originally acquired to the spatial domain where it will be

displayed. Finally, the Fourier transform of the compensated spectrum is computed in

order to properly visualize the data [14]. Although each method has advantages and

disadvantages of their own, time-shift techniques are charactenzed by their low

computational cost, while wavefront reconstruction approaches exhibit a higher Signal to

Noise Ratio (SNR) and an increased focus quality 113,231.

Although the vast majority of these approaches are designed to focus SR data acquired

along linear scan trajectories, some focusing techniques for cylindrical scan trajectories

have been also developed ll2, l8]. However, these approaches still have limitations, such
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as artifact formation and low Signal to Noise Ratio (SNR) values [23], which may lead to

an inaccurate reconstruction of the collected data. Thus, the development of a robust

reconstruction method for SR data acquired along cylindrical scan trajectories poses as a

challenging problem.
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Figure 1.2. Unproccesed experimental SR imagery corresponding to: a) 4 metal rods

buried in sand, data acquired along a linear scan trajectory, b) 2 metal ovoids inside a pvc

pipe, data acquired along a cylindrical scan trajectory.

1.3 Contribution

In this thesis, a wavefront reconstruction approach for SR data acquired along

cylindrical scan trajectories is proposed. The proposed algorithm can be summarized as

follows. First, the spectrum of the collected data is calculated along the signal travel time

and scan trajectory directions. Next, the effects of the scan trajectory are removed using a

matched filter. The compensated spectrum is then migrated from its original spatio-

temporal frequency domain to a rectangular frequency space. Finally, in order to

visualize the focused data in the spatial domain, the inverse Fourier transform of the

migrated spectrum is calculated.

The proposed method was developed by analyzing the frequency response of the

Green's function, also called spherical phase function (spf), of a generic cylindrical scan

geometry 18, 24]. A closed expression for the spectrum of the spf was calculated using

the stationary phase method [25]. The resulting expressions do not include any terms in

the form of Hankel functions, making the proposed reconstruction method

computationally efficient. Furtherrnore, the support bands of the spf spectrum were

determined in order to determine the size of the point spread function þsf). The outcome

of this analysis was a series of expressions that yield the spatial resolution and sampling
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constraints of the proposed approach. The mathematical derivations leading to the

theoretical analysis of the spf were entirely done by the author.

The proposed reconstruction method was tested and validated using simulated and

experimental data sets. In order to evaluate the performance of the proposed method with

respect to current focusing approaches, the experimental data sets were reconstructed

using the confocal mapping approach, a state of the art technique for SR data acquired

along cylindrical scan trajectories LI2, lll. The images obtained by using the proposed

technique presented more accurate target signatures and exhibited higher SNR values

than the models generated by the confocal mapping approach. This thesis is organized as

follows. In chapter 2, awavefront reconstruction approach for 2D cylindrical (also known

as circular) scan trajectories is explained. The extension of this reconstruction method

into 3D cylindrical trajectories is described in chapter 3. Theoretical aspects of the

proposed method, such as the nature of the point spread function, sampling constraints

and spatial resolution, are described in chapter 4. In chapter 5, the performance of the

proposed technique is assessed using simulated and experimental data. Finally,

concluding remarks can be found in chapter 6.
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2. V/AVEFRONT RECONSTRUCTION OF CIRCULAR SR DATA.

2.1 Signal Model

Consider a circular aperture with a radius R defined in the (xy) plane. As specified in

the previous section, in this scan geometry each scan location is facing towards the center

of the aperture. A total of Z point scatters are assumed to be located inside the area

delimited by the scan trajectory. In the following discussion, the center of the aperfure

will be considered the origin of the coordinate system. Also, a polar coordinate system

will be used in order to simpliff the calculations. Under these considerations, the

location of thepth scatter is (ro,þo),where ¡"0=

between the scan location at (R,Ø and the ptn scatterer is given by

D,(0)=@¡.Adiagramofthismodelisi1lustratedinfigure2.1.

A signalfr) is inadiated at each scan location and the received signal can be expressed

AS:

and po= "' [l]. 
rhe distance

,(
s(t,7¡=lq.1lt-

q=t 
t

@),foree¡o,zri
")

(2.r)

where s(t,0) are the collected responses

medium propagation speed and oois the

assumed to be a constant for now.

from the scatters at the (t,0) domain, v is the

reflectivity of the 4ù scatter [8], which is

2 
+ !p
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*urffirr,

R

v
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Figure 2.1. Circular scan trajectory geometry.

The collected data is a function of r and 0.Every radar signal model is a function of two

types of scan trajectories [8]. The fast-time trajectory is present in every radar system and

it corresponds to the signal travel time between the antenna and the target. The slow-time

trajectories correspond to the switching time between the scan locations. The reason for

this naming convention occurs because the elapsed time between adjacent locations along

the fast{ime direction is much less than between contiguous positions in the slow-time

directions [S]. In a circular scan system, the fast-time trajectory is /, while the slow-time

trajectoryis á.

2. 2 Spherical phas e function analysis

Target reflections present nonlinear signatures due to the different signal travel times

along the slow time trajectory [1, 6, 8]. If the spectrum of the collected data is calculated
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along the fast time trajectory, it can be observed that instantaneous frequency of this

spectrum decreases as we come closer to the spatial locations of the targets in the slow

time trajectory [8, l8]. This phenomenon, also known as radar-doppler effect, can be

used to migrate the collected target responses to their original spatial locations [8]. The

methods that apply this methodolo gy are known as wavefront reconstruction or

holography approaches 18, 241. Holography techniques have been successfully used to

reconstruct SR data acquired along linear trajectories. This method is also known as

Stolt's interpolation or F-K migration algorithm [3, 10, 26]. Nevertheless, as explained in

[8] and [25], although most of the existing holography approaches share a similar

methodology, the nature of each wavefront reconstruction approach is dictated by the

shape of its scan geometry. This is because the features of the target reflection delays are

different for each scan trajectory. These variations lead to differences in the behavior of

the radar-doppler variations. In the following discussion, the theoretical basis for the

wavefront reconstruction of data acquired along circular trajectories will be illustrated.

Let consider the response from thepú scatterer:

2D Ø)
s r(t,Ø : or' f (t -----z:--:¡ - (2.2)

By calculating the Fourier transform of Q.2) along the fast-time direction r, the following

expression (also known as the spherical phase function of the system) is obtained:

S,(ot, Ø = o pF (at) . exÁ_ r(ztt or(e))),

-29 -
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where ¡=a is the wavenumber. As the responses from the pú scatter are collected
v

along the scan trajectory, a phase modulated signal can be observed also in the slow-time

direction 0. The spectrum of such signal can be obtained by calculating the Fourier

transform of (2.3) in the I direction resulting in the following expression:

where sis the frequency counterpart of d.

For large A values- such as is required by many UWB systems- the result of the integral

in Q.$ rapidly approaches to zero [25]. This behavior is further described in the

appendix I. However, it is possible to obtain an asymptotic function that describes how

fast the exponential term approaches zero for large k values. As discussed in ¡25], this

kind of integrals can be analytically solved by using the stationary phase method. This

technique uses the behavior of the rate of change of the frequency, also known as

Instantaneous Frequency (IF), of the angle function to determine the Asymptotic

Behavior (AB) of the desired function. In general, the IF value of a function g(h(t)),

where h(t) is the phase term, is given by ô(h(t)) I ôt . The AB of an integral of the form

v!

ryt¡='[¡ç¡"*d¡.t .p1t¡þt, is obtained by evaluating the spf at the value of the stationary

point of the phase function p(t) , t*, yielding, [25]:

s r(ø e) =- [o rF (ø) - ei(z* 
o'la]}' 

"e) o g,
0

E(k) = 2f (t')expÇ .t. p(t-)).

(2.4)
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First, the IF value of the spf along the ddirection is determined as follows:

a<-zt, 4@)-eØ _
de

T tætrø'e)__, (2.6)

F;r;¡øø,-ø

As discussed in 1251, a stationary point d is achieved when (2.6) equals zero.

Therefore:

(2.7)

2kR,;

(2.8)

A simple way of obtaining the value of d is by treating (2.8) as a sine law relationship.

As illustrated in figure 2.2, the considered scatter, the antenna and the center of the

trajectory form a triangle. Therefore, from basic trigonometry it can be shown that

0' = þo+ d* + B. -r, where d and p* are the complimentary angles of d. Given that the

sine law applies for all the angles in the hiangle, d =-sir_'(elzkfi and I =-sirr'(e mrr)

I --z:el--) =o

I ln *1-z.n,o"oþ,-e) )*

From (2.7) the following relationship can be obtained:

ttt\pr-o)

lñ *l-2.n,,.oþ,-g)

Substituting the value of d in (2.4) yields:
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So(øt)=op.Ç(o¡,e).e-l-4røør'4+J4Ì¿P4+e.sin'f 
t ì+t.rin'l - l+en-eö^\l Q9)

\ \z.R/ \2k , ) ''' 
)

where Çr(r,t,e) is the spectrum amplitude component in the (ar, e) frequency space.

(R,0)

a

R

Le(o)

S1 t',
0\

v

(0-óp)

Figure 2.2. Angle geometry and nomenclature.

2. 3 Image reconstruclion

As mentioned in the previous discussion, the collected data is a function of the signal

travel time between the antenna and the targets. As shown in figure 2.3, if the collected

data is mapped directly to a rectangular coordinate system, the target signatures appear at

shifted locations and present a considerable increase on their dimensions. In order to

properly visualize the target responses, the measured data must be transferred from its
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original spatial temporal space to the spatial space related to the dimensions of the scan

atea-

In the vast majority of the SR applications, the data set s(t,0) takes the form of an

evenly sampled discrete space. This is due to the fact that most of the SR data is acquired

and processed using digital equipment. The sampled version of s(t,O), s(t¡,9n), is defined

over a ¿ x grid, where Z is the number of time samples, N is the total scan locations in

the circular scan aperture, and l, ¡e denote the sample indexes along I and 0 scan

trajectories correspondingly. Provided that the sampling process satisfies the Nyquist-

Shannon theorem 127),the theoretical analysis shown in the last subsection holds true for

the 2D discrete Fourier transform of s(t¡,0,), defined as S(a/,e'), where al and d are the

discrete counterparts of a and erespectively.

The first step is to compensate for the effects of the scan trajectory on the collected

data. As shown in (2.9), the spectrum of the spf is formed by two main components [7,

28]. The first type, denoted as Kp((tJ,d ), are the PM terms related to the target responses.

These terms are a function of the target location, (r0,0ù. The second type of spectral

components, y(al,e'), are the PM terms related to the delays produced by the shape of

the scan geometry. In order to eliminate the effects of the scan trajectory on the collected

data, y(at',e') must be removed from Sr(a),c'). For this pu{pose, the following operation

is performed:

U r(d, d) = S oGrJ, 
d)' 

^(1J, 

d )* = S r(aJ, d)' C(úJ, d)

-J3-

(2.10)



where /(a',t')* denotes complex conjugate of /(Ø',s')

c(d,d)=r-fi.(læ æ ='+d-sint(elzkn)*e). 
The resulting spectrum is given by:

Ur(d,d)=4o, (2.11)

where k':a'lv. The next step is to transfer the data in Uo(tt',d), from the (a',d)

frequency space to the (k',,k'r) spatial frequency space, where k', and k'rare the spatial

frequency counterparts of x and y spatial domains. Next, the inverse FFT of the focused

data is computed on the e' direction, resulting in a representation of the collected data in

the (oÌ, d,) domain. We will refer to the resulting spectrum as Uo(a',e). At this point, a

new frequency space, denoted as (k,,, ,k,r) is generated, where:

k,, = k."or(4,)

k,, = k 'sln(á,,).

(2.12)

(2.13)

In order to migrate the spectral information contained in Uo(r', 0,) to the (ku, ,kur)

space, the mapping described in (2J2) and (2.13) is performed for the (a',0,) plane. We

call this new mapped spectrum lo(kur, k"r). The differences between adjacent samples in

the (k* ,kur) plane are not constant, resulting in a non uniformly sampled frequency

space. In order to obtain an evenly sampled spectrum, a new discrete frequency space,

denoted as (k', ,k'r). is defined. In this space the separation between samples is in each

(k', ,k'y) plane is Ak'r=Lþ',:æ/.R. Next, the evenly sampled spectrum lr(k',,k',) is

generated by interpolating the data contained in I o(k^,k,,) into the frequency values
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specified in the (k',,k'r) space. Finally, in order to visualize the reconstructed data in the

spatial domain a 2D inverse FFT is applied to Io@',,k',,). The result of this process is the

image io(x,,fu), where a and b arethe sample indexes along thex andy axis. A flow

diagram of the reconstruction process can be seen in ftgure 2.4.

0.

0.4

0.

0.

cL 0.1
.,1)'x
(õ

) -o.r

-0

-0

-0.4

-0

-0.s -0.4 -0.3 -o.2 -o ,x 
"l¡., 

å] 
02 0 3 0 4 0.5

Figure 2.3. Uncompensated 2D image from a point scatter located at

(0.02 m,0.02 m).
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Figure 2.4. Flow diagram of the proposed reconstruction method for circular scan

trajectories.
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3. WAVEFRONT RECONSTRUCTION OF CYLINDRICAL SR DATA.

3.1 Signal model

For certain imaging scenarios, a 3D scan trajectory is required in order to properly

visualize the targets present in the scan area. In this chapter, the generic cylindrical scan

geometry signal model is analyzed. This scan trajectory is formed by a series of circular

trajectories in the (xy) plane stacked in a parallel fashion along the z axis. Each scan

location is facing towards the center of its corresponding scan plane. I point scatterers

are assumed to be located inside the area delimited by the scan trajectory. In this data

acquisition geometry, the distance between the scan location at (R,0,2) and fhe p'h scatter

is:

Lr(0,2)= ¡fotz €Lz^in,z^^f,0el0,2nl (3'l)

where (R, 0, z) are the coordinates of the scan location, z¡1¡¡ âild zmax aÍe the lower and

upper spatial bounds of the scan trajectory along the azimuth direction and (ro , úp, zr) is

the location of thepth scatter . A diagram of the scan geometry can be seen in figure 3.1.

At each scan location, a waveform l(r) is radiated and the responses from the targets

within the scan areaare recorded. For the scan location at (R, 0,2),the received signal

can be expressed as:
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,a,r,ò=f",+ rP) (3.2)

where once again v is the propagation speed on the medium and onis the reflectivity of

the qù scatter. Let consider now the response from the p'h scatter:

(3.3)

obtained by calculating itsThe frequency representation

Fourier transform, yielding the

of the previous signal can be

following expression:

s r(a, 0, z) = o rrr@) " # i@' 4(e, ù, cù e lo 
^tn, 

a 
-u*l

where 0)^o, and ú)¡¡¡¡ àrê the maximum and minimum frequency components of the

irradiated signal.

3. 2 Spherical phase function analysis

As mentioned in the previous chapter, it is imperative to analyze the spectral behavior

of the spf along the slow trajectories in order to determine the nature of the corresponding

holographic focusing approach. The first step in this process is to calculate the Fourier

transform of its spf along the 0 and z scan directions. This operation is given by:

(3.4)
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s, (ø e, e = fþ, o,{r)' "*d ¡þ*' r,p,,¡ * e 0 + k, )þ, & for k e¡a^,, / v' a^^ I vf

o z;o

where fr, is the spatial frequency counterpart of z.

Figure 3.1. Diagram of the cylindrical scan trajectory.

(3.s)
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Similarly to (2.4), (3.5) starts to oscillate rapidly around zero when fr becomes large,

making difficult to accurately calculate this integral. Nevertheless, the stationary phase

method can be also used in 3D PM functions such as (3.5). In order to calculate the AB of

the spf, the stationary points, z* and 0) , along the slow-time trajectories must be

determined. In order to make this process easier to follow, the value of z* will be

calculated first. For the expression in (3.5), the IF in the z direction is given by:

4-u'4@,')+ee+t,') 2k(2, - z)
- k,'

(3.6)
ôz 

f,R'*rr'+(zr-z)2 -2-R.rrcos@r-o)

The stationary point along the z direction, z*, (3.6) is defined as:

=0' (3.7)

By substituting (3.6) into (3.7), the following expression is obtained:

z)+ e0+ k,f-u.1,{e,
1Az

ko-"-) -k,._-
f,R' + ro' + þr - z')' -2. R'rocos(þr -0) 2k

(3.8)

The determination of an analytical expression for z* can be a tedious process.

Nevertheless, notice how the left side of (3.8) resembles a trigonometric relationship.

Taking advantage of this fact, (3.8) can be rewritten as:
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@o-"')

f,R'+,,
,,'[,*"I =k,'

(3.e)

-2.R.rocos@,-fl )) 2k

After an algebraic manipulation process, the following expression is obtained:

(3. 10)

Now that the value of z* has been obtained, it will be used to determine the AB of (3.5)

along the z direction. As mentioned in 1251, in order to do this (3.5) must be evaluated at

r*. This operation is defined as:

s, (a\ e, k,) = rt 
"þ, 

F e((,)) "*{- ¡(x' t, (0, z) + e 0 + k. r)Þ 4,=;
0

(3.1 1)

This yields:

I l- \\

s,(a, 4 k,) = 2 [o, 
. Y,(a, k,)."*d-{/*' - k: D,@) + se + *,2 o)þe

(3.r2)

where Y o(at,k,) is the spectrum amplitude component in the (o,k") frequency space,

Next, the asymptotic behavior in the d direction must be determined in order to calculate

the 3D spectrum of (3.5). In this case, the IF of the PM component of (3.12) in the

á direction is:
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d-,W-co,rq-'4 ^@ 
4,(n ,ot4ø,-e)) (3.13)

or(Ø

The stationary point á, is achieved when (3.13) is equal to zero. Therefore:

,W 4(n'r,t;nØ,-Ø)
-"]-, =o G'r4)

^F;,7-r*,æ"'ø,a

By algebraically manipulating (3.14) the following relationship can be obtained:

'¡'\ø,-4) =_ " (3.1 5)

F;¡=¡;;ø,,-ø,[+t¿7 n,,

Similarly to (2.8), it can be seen that (3.15) presents a relationship similar to the one

expressed by the sine law. If we include all the remaining angles in the scan

plane, a)and p), the following expression is obtained:

---t-ø--'id"l)-'idø.) =-:-. (3.16)

F;e-;*r;ø;ø ,, R .l+'-r,!'n.r,

Furthermore, by manipulating (3.16), it can be shown that:

d, =-sin 'þ,(p 4o¡

-42-
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Æ = -"irr' þ rlrg-- ¡¿ r,¡) . (3.18)

Now that the values of a)andp)havebeen determined, the value of 0) canbe obtained

by using basic trigonometry. Analogously to the expression for d obtained in the

previous chapter, the stationary point in the 0 scan trajectory in a cylindrical scan

geometry is given by 0l=þot"l+þl-2. Next, the AB of (3.5) along the slow-time

direction 9is obtained by evaluating (3.12) at 0) . This resulting expression is:

S o(ro,e,k,) = 4o o' Ç r{at,e,t,) ex{- 
(

(3. r e)

" 
., i r-' þ f ,61 

^) 
+ € . sn' (E f ,tãÊj r,) * u o *, p, * 0,,,)l

where Ço(a4e,k,) is the spectrum amplitude component ín the (at,e,k,) frequency

space. A formal proof regarding the use of (d ç\ as a valid stationary point is illustrated

in the appendix II.

j. 3 Image reconstruction

Similarly to circular scan geometries, the data acquisition process along cylindrical

scan trajectories is performed in discrete steps. Therefore, the data sets(r,á¿) takes the

form of an evenly sampled discrete space. This discrete version of s(t,0,2), s(t¡,0,7^), is

defined over a ¿ X M X grid where M is the total number of scan planes along rhe z
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axis, and m denotes the sample index along the z scan hajectory' Provided that the

sampling process satisfies the Nyquist-Shannon theorem 1271, the theoretical analysis

shown in the last subsection is valid for the 3D discrete Fourier transform of s(t¡,0n7*)'

S(úJ,d,k',), where Ë',is the discrete counterpart of þ'

The circular aperture has a very similar effect in the spectra of SR collected along

cylindrical and circular scan trajectories. Similarly to (2. l9), (3 ' 19) can be decomposed in

two kinds of elements. The f,rrst set, denoted as Kp(o',8',k'"), is the formed by the

spectral components related to the target fesponses' and it is a function of the target

location, (ro,0o,zr). The second type of spectral components, y(a),e',k',), is formed by

the terms related to the delays produced by the shape of the cylindrical scan aperture' In

order to eliminate the effects of y(d,d,k',) oî Sr(a),c',H),The following operation is

performed:

u r(úJ, d,l¿ 
") 

= s r(rr), d,ll,)' y(d, d,H,)* = s r(aJ, d,l¿ ")' c((tJ, ë,1¿ .)

where y(ot' ,e',k'.)* denotes the complex conjugate of y(o' '€''k'') und

c(at,ë,tt,)="*fi.|¡gry=+d'sin'ldf @'"-t¿"R)+ao)' The resulting spectrum is given

by:

(Jr(a),d,k'")=4or'Ço(o),d,tt,l'"*{-itt[@t'-tt'þ ] A +d'sit1r.df ,Etc'z-¡a,'r)+e6r+t" "r)' 
Q '21)

(3.20)
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The next step is to transfer the data in (Jr(ot' ,d ,k'"), from the (a' ,d ,k '") frequency space to

the (k'r,k'y,k',) spatial frequency Space. For this putpose, the auxiliary function

k,,,(0),,k,,)=Ftc-ta, will be used. Since k' and k', are evenly sampled, the differences

between adjacent values within ku,(a',k'=) vary across the grid in which the function is

defined. As mentioned in [29], uneven sampled fiequency spaces are unfit to be

processed using FFT based techniques. In order to correct this issue, the function

k",(1,,k,,)=l'.N¡, isdefined,where L.k,:tlRandl' goesfrom ltoL-Within k",(l',k'=),the

differences between the values present at adjacent samples is the same for all its domain

grid. We will refer to the set of values present in k",(l' ,k=) as the (k,,k',) frequency space'

In order to produce a spectrum suitable to be processed using FFT techniques, the data

present in each (r,¡',k',) plane in UoQt',c', k',) is interpolated into the frequency values

specified in the (k,,k',) space. This operation is performed for each plane in the

s'direction. The outcome of this process will be referred as (Jo(k,,e',k',). As shown figure

3.2, if this mapping process is not performed, the target signatures will present an

overextended signature along the z axis.

Next, the inverse FFT of (/p(k,,e',k'r) is computed on the s' direction, resulting in a

representation of the collected data in the (k,,1n, k',) domain' We will refer to the

resulting spectrum as Ur(k,,2n,k',). Analogously to the circular scan geometry case, a new

frequency space, denoted as (k'ur,k'ur,k') is generated, where:

k',o= k, '"os(4)

k' * = k, 'sin(fl )'

(3.22)

(3.23)
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In order to migrate the spectral information contained inUo(k,, 0n,k',) to the (k'u, ,k'uy

,k',) space, the mapping described in (3.22) and (3.23) is performed for the (k,,0,) plane

corresponding to each k', value. We call this new mapped spectrum lp(k'ur, k'ur, k',).

Similarly to k,,,(o' ,k'- ) , the differences between adjacent samples in the (k'u, ,k'uy) plane

are not constant, resulting in a non uniformly sampled frequency space. In order to obtain

an evenly sampled spectrum, a new discrete frequency space' denoted as (k'r,k'r, k',),rs

defined. In this space the separation between samples is in each (k', ,k'r) plane is

Ak'r=[]¡':nlR.Thenext step is to generate the evenly sampled spectrum Ir\k',,k',,,k'-)

by interpolating the data contained in Ir\k',o,k',,,,,k',) inlo the frequency values specifred

in the (k',,k'y,k',)space. Finally, in order to visualize the reconstructed data in the spatial

domain, the 3D inverse FFT of Ip(k,,,k',,,k',) is calculated. The result of this operation is

the 3D model io\o,!t,z,,). e now diagram of the reconstruction process can be seen in

figure 3.3.
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Figure 3.2. Scan plane-only focused target signature of a lcm x lcm x lcm scatter at

(0 cm, 2cm,0 cm). The data was not focused along the z scan trajectory.
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Figure 3.3. Flow diagram of the proposed focusing approach for SR data acquired

along cylindrical scan traj ectories.
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4. POINT SPREAD FUNCTION CONSIDERATIONS

4.1 Overview

The psf of a radar system shows the extension of an ideal point scatter response in the

spatial domain and is commonly used to determine the spatial resolvability of a radar

system. As discussed in [8], the psf is directly related to the spatial bandwidth of the spf.

In general, the point spread function of thepth target along the w scan trajectory is defined

AS:

p rf ,(a,,. o, -) = la -.,1s 
i n 

" (ry) for p:|,2,..7 (4.1)

where ç),",, is the support band of the collected responses of the target p along the w scan

direction. It must be noted that the determination of (4.1) was made considering an ideal

illumination scenario, where the radiation footprint of the active antenna satisfies the two

basic conditions: i) it covers the whole scan area, and ii) it does not present any gain

differences along its cross region. Although in realistic scenarios (a.l) still holds as a

valid approximation, the size of the support band becomes dependant of the antenna

radiation pattern characteristics. If the ideal illumination conditions are not met, the psf

becomes a function of the antenna beamwidth size and it may vary between targets with
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similar support band values [8, 30]. ln practice, this value is often approximated by

calculating the range of support of the corresponding sinc function, which is given by the

width of its mainlobe. For the psf shown in (4.1), the mainlobe width, Awr, is given by

Aw,:2 nllQp(k,")1.

In order to define the psf for a radar system, the support band in each scan direction

must be determined. As shown in [8] and [31], the support band corresponding to the r

scan direction is the same for all the targets in the scan area, or in other words, 
lt,.ol = r,

where,B is the bandwidth of the emitted waveform. Fufhermore, because all radar signal

models are a function of r, the values of Atrandpsfp(B,r) are well known [8, 31]. The psf

function of a radar signal in the ¡ direction is given by:

ps¡o(a,)=T'*"(ï)

The spatial resolution achieved by this psf is equal to:

Lt-=L',28

(4.2)

(4.3)

For the slow-time scan directions, the support bands are a function of the spatial

frequencies collected along the scan trajectory, which may vary considerably between

different scan patterns. In the following discussion, the support bands in the 0 and z

trajectories are determined. The corresponding psf and resolution values in both slow-

time trajectories are calculated and the corresponding sampling requirements are

explained.

-50-



4.2 Angular scan trajectory considerations

The support band of a PM signal can be determined by calculating the maximum and

minimum IF values [8]. Since the circular scan trajectory spf given by (2.3) is a specific

case of (3.4), the spf of a cylindrical scan geometry will be analyzed. For the generic

cylindrical scan geometry spf, the IF along the 0 scan direction is given by:

(ffi)- 2k.R.rnsìnØn-Ø Ø.4)ae w

This shows that IF in the 0 scan direction is a function of the target location. The

maximum IF value with respect to 0 is achieved at :

where:

y(R',r',r')=t# Øs)

and the corresponding IF value is:
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zkRrrsin(þ" -01 .(4.7)

ê,-0)=\ép-o^f

Similarly, it can be shown that the minimum IF value with respect to 0 is achieved

when(6, - 0,)= z, -(þ, - 0,1 The corresponding IF in this case is

d(-rk ) zmr,s;n(þn -01 .(4.8)

Therefore, the support band f)r., in the d scan direction for thepth target is given by:

rì zmr,sin(þ, -0)' - zmr, sin(þ 
" 

- o)'

+*nro s;n(óo - 0\

uF;y ç, -,)= - 2 R -," 
"o"(p, - 

e)'

Unlike {1,,p , Qe., is not the same for all the targets in the scan area, since it is a

function of the target location and the scan plane. Nevertheless, under ideal illumination

conditions, an accurate estimate of the psf mainlobe width can be calculated by using the

center value of the domains of k,ro and (zr-z) [32]. For a set of fixed R, v and B values,

the estimated resolution coresponding to this support band is given by:

de
I

l,n, -,,=,'-(n -,,1
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R' + (r, t z)' + (t, t z)' - zn. (r, t z)cos(q)

4' f" . R.þ, I 2).sin\ç

where z¡ and r¡ àÍa the height and radius of the scan

frequency of the emitted signal, )",:vlf, and:

4.
a'R.V, /2).sin(q)

(4.10)

area respectively, f" is the center

, = 
"oa-'I

l(R,r,l2,z,l2)- tz)' -+

If the antenna radiation footprint does not totally covers the scan area, Çùr,o becomes a

function of the antenna beamwidth size, SlSe,S,f, where S6and S, are the antenna

beamwidth sizes in the 0 and z directions [8, 30]. In this case, the average resolution

along the ádirection is equal to:

Lo(so,,g,)=
R' + (s, t z)' + (s, / 2y - 2R. (s, t z)cos(p)

4. f" . R.(5, t z).sin(p)

where:

(4.11)

r(R,su r2,s, r2)- R,go l2,,g, tz)'z - +4
2

(4.r2)

,(
r=cos'[
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Finally, in order to avoid the presence of aliasing along the 0 scan direction in the

collected data, the maximum spacing between scan locations in this slow-time direction

must be set in such a way that the Nyquist sampling criterion is satisfied. For this

pu{pose, the maximum value that Qr,ocan possibly achieve must be determined, within

the limits imposed by the scan trajectory. A simple way of determining this value is by

substituting the upper bound values of the domains of the k,ro and (tr-to) variables into

the right side of (4.9). The resulting expression is:

2k,R.r,.sin(p) 'Ø.14)

where fr,, is the maximum wavenumber value present in the emitted signal. Therefore, the

angular separation between adjacent scan locations along the 0 scan direction, áá, must

satisfy the following criterion:

ôes (4.1s)

where )"^ is the minimum wavelength present in the radiated signal. The previous

analysis is also valid for circular scan geometries by substituting z,:0 into the appropriate

term.

In order to illustrate the effects of the psf in the reconstructed imagery, a pair of data

sets containing two targets was generated using the radar signal simulator described in

[32]. This simulation approach is based on the radar signal model proposed in [8]. It has a
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spatial and magnitude accuracy similar to the one obtained by finite difference time

domain simulation approaches on imaging scenarios where the propagation medium has a

homogeneous nafure.

The size of each target was (0.013 m, 0.013 m, 0.01 m). The bandwidth of the

simulated radar signal was 0-11 GHz. The simulated reflections were collected at 200

scan positions along 2l scan planes by 1 cm. The antenna beamwidth size was ,È[0.3 m,

0.12 m]. The simulated antenna beamwidth pattern was cos(ø.)and cos(a n¡ aTongthe z

and 0 directions respectively, where ø and a e are the angles between the antenna

center and the target in the z and á axis. This antenna radiation pattern completely covers

the scan area along the 0 scan trajectory. The radius of the simulated scan pattern is 40

cm. In the first set, the scatters are located at (0.025 m, 0 m, 0.0 m) and (0.0205 m,

0.0143 m, 0.0 m) and in the second set they are located at (0.025 m, 0 m, 0.0 m) and

(0.0220 m, 0.0119m, 0.0 m). As it can be seen in fìgure 4.1 a), the target signatures can

be to properly visualized in the first case, due to the fact that the separation between

targets is equal to the average resolution in the 0 scan direction

(l.l4z(0.05m,0.12m):0.6061 rad). On the contrary, in figure 4.1 b) the angular

separation between the targets on the second set is equal to 0.9A2(0.05m,0.12m):0.4964

rad, causing an overlapping of the target signatures that makes difficult to properly

visualize and interpret the reconstructed image. A series of simulated scenarios showing

the radar reflections of two point targets at different locations separated by 1.1L0(r,,2,)

and 0.9 L7(r,,2,) at different radius of interest is shown in figtre 4.2.
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4.3 Azimuth scan trajectory considerations

Considering the response from the pth scatter from (3.4),

respect to z is:

And its corresponding support band is:

the IF of the PM term with

x.Þ,-,) (4.16)

z*-þ,-z,lz) (4.r7)

æ'-¡+;;t -zlr.,cosþ,-o)

In this case the support band is also a function of the target location and the scan angle.

Similarly to the situation in the d scan direction, the center values of the domains of

k,ro,(z¡z) and (þo-0) can be used to define an average value for the support band under

ideal illumination conditions. The estimated mainlobe width for a set of fixed R, v, and B

values in the z direction is equal to:

Lt(\ , t,) =
),,' 

^l 
n' + (r, I z)' + (2, I z)' (4.18)

2k.lzo+2, /2)

R' + f +(t 
o 

+ 
", 

l 2)' -2' R' ro cos@o - o¡

+(r,12)' +þ

where 2":vlf".
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If the antenna radiation footprint does not cover completely the scan area, the average

resolution in the z scan trajectory is equal to:

Lz(Sr,S,) =
v. n' +(,9, tz)' +(s, tz)' R' +(s, tz)' +(s, tz)' (4.re)

4. f".(9, /2) +.(s, tz)

Finally, in order to satisfy the Nyquist criterion across the z scan trajectory, the spacing

between scan planes, â2, must satisfu the following condition:

(4.20)
ÀL - 4R.z

Similarly to the á scan trajectory case, two sets of simulated radar signals where

generated in order to show the psf considerations previously explained. Both data sets

contained a pair of targets. The size of each target was (0.013 m, 0.013 m, 0.01 m). The

bandwidth of the simulated radar signal was 0-11 GHz. The simulated reflections were

collected at200 scan positions along 21 scan planes by lcm. The antenna beamwidth size

was ,Ê[0.3m, 0.12m]. The simulated antenna beamwidth pattem was cos(ø")and

cos(ør) along the z and daxis respectively. The radius of the simulated scan pattern is 40

cm. In the f,rrst set, the scatters are located at (0.025 m, 0 m, -0.0309 m) and (0.025 m, 0

m,0.02 m). In this data set, the azimuth separation between targets is l.lAz(0.1m, 0.12m)

: 0.0509m. In the second set they are located at (0.025 m, 0 m, -0.0217m) and (0.025 m,

0 m, 0.02 m). In this data set, the azimuth separation between targets is 0.9A2(0.1m,

0.12m):0.0417m. The 3D reconstructed models corresponding to the first and second

2".

R2+r,2+2,
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simulated data sets are shown in figure 4.3 a) and b) respectively. An additional series of

simulated examples is shown in figure 4.4.

Figure 4.1. Simulated data sets with an angular separation between targets of 1.1

Aq0.05,0.1) m and 0.9 Aq\ -05,0. I )m.

a) Reconstructed image rromZpoint scatters located at: l) (0.025 m,0-0 m,0'0 m) and 2)

(0.0205 m,0.0143 m,0.0 m). The angularseparationbetweentargets is l.l lé(0'05,0'1)

:0.6067 rad. AQ0.05,0' 1):.55 I 5 rad.

b) Reconstructed image from 2 point scatters located at: l) (0'025 m, 0'0 rad, 0'0 m)

and 2(0.0220 m,0.0119m,0.0 m). The angular separation between targets is

0.9 A 0(0.05,0. 1 ) :0.49 64 rad -

E

v
d

E

-{

-58-

X âx¡s, m

b)



E
l4
6

Figure

-0.06 -0.04
X a){ls, m

b)

Simulated data sets with an angular separation between targets of

a)

b)

1.1 LÎ(r,, z,) and 0.9 L2(r,, t,) .Assorted locations.

Reconstructed image from 2 point scatters located at: 1) (-0.0138 m, -0'0145 m, 0'04 m )

and2) (0 m, -0.02 m, 0.04m ). The angular separation between targets is 1.1 /(0'04,0'l)

:0.7 584 rud. Afl\.04,0. 1¡:g'69n, *U.

Reconstructed image ftomZpoint scatters located at: 1) (-0.01160 m, -0'01630 m,0'04

m) and 2) (0 m, -0.02 m, 0.04m ). The angular separation between targets is

0.9 AeQ.04,0. t ¡ :g'6r0t tud
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-0.06 -0.04 {.02 0
X axls' m

d)

Figure 4.2. Simulated data sets with an angular separation between targets of

1J Le(rt, z,) and 0.g Le(4, r,) . Assorted locations.

Reconstructed image from 2 point scatters located at: l) (0.05916m, -0'03 m, -

0.03 m) and 2) (0.05s63 m, -0.01216 m, -0.03 m). The angular separation

between targets is l.l Afl\. 1,0. l):0.3034 rad. Aq\J,0'l¡:g'2"8 rad'

Reconstructed image from 2 point scatters located at: 1) (0'05916 m, -0'03 m, -

0.03 m) and 2) (0.05782 m, -0.01603 m, -0.03 m). The angular separation

between targets is 0.9AQ0. 1,0. I ):0'2 482 rad.
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Figure 4.2. Simulated data sets with an angular separation between targets of

I J L7(r,, z,) and 0.9 L7(r,, t,) .Assorted locations.

Reconstructed image from 2 point scatters located at: l) (0.0145 m,0.0262 m, -

0.01 m) and 2) (0 m, 0.03 m, -0.01 m). The angular separation between targets is

I .I Aq0.06,0. 1 ): 0.55 rad. Aq0.06,0.1):0.5 rad.

Reconstructed image from 2 point scatters located at: 1) (0.012I m,0.0275 m, -

0.01 m) and 2) (0 m, 0.03 m, -0.01 m). The angular separation between targets is

0.9 AeQ.06rm,0. 1 m)=0 .45 rad.
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Figure 4.3. Simulated data sets with an angular separation between targets of

1.1 Az(0.1m,0.12 m) and 0.9 Az(0.1 m,0.lZm). Az(0.1m,0.12 m):0.0463 m.

a) Reconstructed image from 2 point scatters located at: 1) (0.025 m, 0 m, -0.0309

m) and 2) (0.025 m, 0 m, 0.02 m).The azimuth separation between targets is

| .I Az(0.1m,0. 1 2m):0.05 09 m.

b) Reconstructed image from 2 point scatters located at: l) (0.025 m, 0 m, -0.0217

m) and 2) (0.025 m, 0 m, 0.02 m). The azimuth separation between targets is

0.9 Az(0.1m,0. I 2m):0. 0417 m.
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Figwe 4.4.
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Simulated data sets with an angular separation between targets of

1.t Az(r,,2,) and0.9 Lz(r,,2). Assorted locations. AZ(OJm,0.12 m):0.0463 m.

Reconstructed image from 2 point scatters located at: 1) (-0.2828 m,

0.2828 m, -0.01 m) and 2) (-0.2s28 m,0.2828 m, 0.0409 m). The azimuth

separation between targets is 1 .l /z(0. I m,0' 12 m):0.0509 m'

Reconstructed image from 2 point scatters located at: l) (-0.2828 m,

0.2828 m, -0.01 m) and 2) (-0.2s28 m,0.2828 m, 0.0317 m). The azimuth

separation between targets is 0.9A2(0.1 m,0.12 m):0.0417 m. The azimuth

separation between targets is 0.9A2(0.I mp.12 m):0.0417 m'

a)

b)
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Figure 4.4 Simulated data sets with an angular separation between targets of

lJ Lz(r,,2,) *d 0.9 Az(r,,2,). Assorted locations. Az(0.1m,0.12m):0.0463 m.

c) Figure 4.4. Reconstructed image from2 point scatters located at: l) (0 m,

0.03 m, 0 m) and 2) (0 m, 0.03 m, -0.0509 m). The azimuth separation

between targets is l.lAz(0.1m,0.12 m):0.0509 m.

d) Reconstructed image from 2 point scatters located at: 1) (0 m, 0.04 m, 0

m) and 2) (0 m, 0.04 m, 0.0417 m). The azimuth separation between

targets is 0.9Áz(0.1 m,0.12 m):0.0417 m.
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Figure 4.4. Simulated data sets with an angular separation between targets of

lJ Az(r,,2,) and0.9 Lz(r,,2,). Assorted locations . Áz(0.1m,0.l2m):0.0463 m.

Ð Reconstructed image from 2 point scatters located at: 1) (0 m, 0.05 m,-

0.0259 m) and 2) (0 m, 0.05 m, 0.025 m). The azimuth separation between

targets is 1. 1/z(0.1 m,0.12 m):0.0509 m.

Ð Reconstructed image from 2 point scatters located at: l) (0.025 m, -0.0433

m, -0.0167 m) and 2) (0.025 m, -0.0433 m, 0.025 m). The azimuth

separation between targets is 0.9A2(0.1 m,0.12 m):0.0417 m.
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5. RESULTS

5.1 2D Data acquisition system description

In order to test the proposed method, a SFCW Radar system was used. The system

consists on a 3608 Wiltron Network Analyzer and an AEL H Horn Antenna with a

length of 19 cm and a height of 12 cm. A bandwidth of l1 GHz (l-12 GHz) was used in

all the experiments. The system was charactenzed by recording the antenna responses

inside an anechoic chamber. This reference signal was subtracted from the experiment

data in order to eliminate distortions introduced by the components of the system. The

data acquisition setup was surrounded by absorbing material in order to reduce

undesirable environment reflections. The data was reconstructed using a 3 G}{z PC with

1 GB RAM.

TABLE 5.1

Permittivity values of the materials used in the phantoms

Material Permittivity Value (E) at
6 GHz

PVC J

Air I
Wood 1.7-1.8

5. 2 Circular experiments.

For circular scans, a phantom similar to the one used in l23l was employed. This

phantom consisted of a PVC pipe filled with air. The PVC pipe has a diameter of l0 cm
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and a height of 50 cm. Wood dowels are used as targets. The dowels have a 1.2 cm

diameter. The phantom materials have almost no variation in their dielectric permittivity

values in the l-12 GHz frequency range. As it can be seen in Table 5.1, the contrast

between air and wood is 1.8:1. The phantom and the experiment area can be observed in

figure 5.1.

The data acquisition process was performed by rotating the phantom at 5o intervals

for a total of 72 positions. At each position, the phantom was irradiated and the collected

reflections were recorded. In order to allow a beamwidth coverage in all the scan

positions and reduce undesirable interferences of antenna early time artifacts, the distance

between the antenna and the center of the phantom is 70 cm. For the Fourier processing

of the wavefront reconstructed data, a zero padding factor of 3 was used to improve the

visualization of the reconstructed images. In the following discussion, the center of the

phantom will be denoted as the origin, and the displayed images show the normalized

energy of the reconstructed data.

-67 -



Figure 5.1. Phantom used for data acquisition along a cylindrical trajectory.

An experimental setup with two dowels and its reconstructed image are shown in

figure 5.2 a) and b) respectively. The reflection of the dowels located at (2 cm,0 cm) and

(-2 cm,0 cm) from the origin are however obscured by the surface reflections. ln order to

have a better visualization of the target signatures, the surface reflections were removed

using the method proposed by the authors in [33]. This surface removal algorithm uses

the Wavelet Transform (WT) to detect the singularities of the signals and is capable of

performing signal decomposition at several scales [3a]. This property is used to obtain

the product between the scales in order to preserve the singularities of the signal that

correspond to target responses and eliminate the surface. The result of the surface
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removal process mentioned above can be seen in figure 5.2 c). The red circle denotes the

location of the removed PVC reflections. A more detailed discussion about the

attenuation of the reflections from the surface is out of the scope of this thesis.

Considerable work has been done in the area of removal of surface reflections, and there

are currently other approaches that can be used for this purpose, such as the use of

impedance coupling materials 135l or adaptive filtering [1 l].

A second experimental setup and its reconstructed image are shown in figure 5.3 a)

and b) respectively. In this case, the surface reflections have been already removed from

the reconstructed image. The dowels are located at (2 cm, 0 cm) and (0 cm, 2 cm). The

separation between the dowel centers is 2.82 cm. Note that there is no overlap of the

target signatures. Figure 5.4 a) shows the result of a third experimental setup when a

dowel is closer to the PVC wall. The reconstructed image is shown in figure 5.4 b). The

dowels are located at (2 cm,O cm) and (-2 cm,-2 cm) from the origin.

In order to further test the performance of the proposed method on a propagation

medium different than air, a second phantom was created. This phantom consists on a

pine wood trunk as the propagation medium. One aluminum rod and one plastic

(8,:2.25) rod were used as to simulate a high and low contrast targetrespectively. Both

rods had a diameter of 3 cm. The data was acquired using a full circular hajectory with a

separation of 5o between scan locations, with a radius of 0.15 m. A photograph of the

phantom and a diagram experimental setup can be seen in figure 5.5 a) and b)

respectively. The reconstructed data using the proposed method is shown in figure 5.5 c).

The reflections of the plastic rod are obscured by the surface and the aluminum rod.

Tables 5.2 and 5.3 present a quantitative summary of the previous experiments. The real
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and the measured positions of the target reflections are shown in Table 5.2. Table 5.3

shows the measured spread of the dowel reflections.

ln order to assess the performance of the proposed method, the collected data from

both phantoms was reconstructed using confocal mapping. This approach was chosen

because, according to the results published in the literature, it is the one that has provided

the imagery with the highest signal to noise ratios and spatial accuracy values [23].

Additionally, this is the only time-shift technique that has been tested in a multitarget

environment. The results for the experimental setups shown in figures 5.2a),5.3a) and

5.4a) can be seen in figure 5.6 a), b) and c) respectively. The result of the shift-sum

reconstruction approach on the data collected from the wood trunk is shown in figure 5.6

d). Finally, the perforïnance of the proposed method and the shift-sum technique is

summarized in Table 5.4. The metrics used to assess the performance of both approaches

were the signal to noise ratio and conditional entropy [36]. The SNR of the 2D images

reconstructed using the proposed technique was calculated as follows:

sNR,,2D (s.l )

where fj!* isthe magnitude of the 3dB point of thepú targetsignature in the 2D model

generated by the proposed algorithm and o' is the standard deviation of the background

noise. Due to the fact that the output of the confocal mapping approach is the energy of
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the reconstructed model, the SNR for the 2D images reconstructed using this focusing

technique is given by:

(s.2)

where f 'r',üt is the magnitude of the 3dB point of thepth target signature in the 2D model

produced by the confocal mapping approach and o" is the standard deviation of the

background noise.

In an image processing context, conditional entropy is defined as the entropy on a

determined set of intensity values on the image. As discussed in [37], the entropy of an

image is the uncertainty on the pixel intensity values in the image that is directly related

to the level of spread on its histogram. In digital images, the conditional entropy can be

defined as:

a (rt) = -Z p@)Z pQy l w,)tos, pht l wd)
W n",_

(s.3)

where Wisthe total number the data clusters on the image and p(rt lwr) is the probability

density function of the 7 pixel intensity value in the dú datacluster, îl efl,îl^*], and

ry.* iS the total number of pixel intensity values in the image. If the attention is centered

ín the q th cluster, its entropy is equal to:
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n(ry I wo : wn) = -L p7t I w)tos, pØ I -) .

4.u

(s.4)

As the spread on the different data clusters in the image become smaller, the focus quality

increases. Conditional entropy is useful in situations where the amount of pixels affected

by the focusing process is small compared to the total number of pixels on the image.

The average execution time of the proposed method was 12.5 sec. The confocal

mapping presented a 2.5 sec execution time. Although the computational cost of the

proposed method is higher than confocal mapping, it still has an execution time in the

order ofseconds.
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Target Reconstructed
Iocation. cm

Error, cm

la -2.20,0.0 -0.20,0.0
2a 2.20,0.0 0.20,0.0
2b -0.20,2.20 -0.20,0.2

3a 2.20,0.20 0.20,0.20
3b -2.30,-2.40 0.30,0.40

4a 0.60,-12.24 0.60,-0.24

TABLE 5.2

Errors in the target signature locations in each 2D experiment

TABLE 5.3

Target sizes and dimension elrors for each 2D experiment

Tarset Reconstructed size, cm' Error. cm
la 1.6s -0.10

2a 1.86 0.10
2b 1.45 -0.30

3a 1.6s -0.10

3b 1.6s 1.30

4a 1.86 0.79

TABLE 5.4

SNR and Conditional Entropy values comparison in each 2D experiment

Exp. SNRn,2p
ldB)

SNR",2¡
ldB)

Wavefront Cond.
Entropv(bits)

Shift-Sum Cond.
Entropv ftits)

I 10.65 s.47 3.45 3.52
2 9.14 0.66 3.l6 3.80
J 9.00 2.57 3.16 3.58
4 t 1.8r 3.32 5.00 5.80
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5.3 3D data acquisition system descríption

In order to test the proposed 3D reconstruction method, the same network analyzer

(Wiltron 3608) and antenna (AEL H horn) were used. In this case, the antenna was

mounted on a support base that is mechanically attached to a geared mechanism that

allows vertical motion. This mechanism is operated by a stepper motor (Princess Auto

Inc. model 0156616). The mechanism support base is made of wood and surrounded by

electromagnetic waves absorbing materials. The phantom is mounted into a platform

made of maple wood with a height of 25 cm. In order to accurately emulate a cylindrical

scan trajectory, the platform is attached to the top of a step motor (Atlanta Scientific Inc.

model 56060) in order to rotate the phantom. Both step motors are controlled using a

custom designed electronic system. This control system can communicate to a PC via the

serial port in order to specify the desired scan locations. A bandwidth of I I GHz (1-12

GHz) was used in all the experiments. The system radiated the same waveform than the

one used in the 2D experiments. Also, the data acquisition setup was calibrated using the

same protocol than the one used for the 2D data acquisition system. The data was

reconstructed using a3 GHz PC with 2 GB RAM.

5.4 Cylíndrical experiments

For cylindrical scans, a phantom similar to the one used in the previous circular

experiments was employed. This phantom consisted of a PVC pipe filled with foam

dislis. The PVC pipe has an inner diameter of l0 cm and a height of 90 cm. Aluminum
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ovoids were used as targets. The ovoids have a 1.2 cm diameter and a 3 cm height. The

phantom materials present almost no variation in their dielectric permittivity values in the

l-12 GHz frequency range. The dielectric permittivity values of the materials used in the

support base and the phantom structure are shown in Table 5.5. A diagram and a

photograph of the data acquisition setup can be seen in figure 5.7 a) and b) respectively.

The data acquisition process was performed by rotating the phantom at 5o intervals for a

total of 72 positions. At each position, the collected reflections were recorded. In order to

allow the beamwidth to illuminate the entire phantom and reduce undesirable

interferences of antenna early time artifacts, the distance between the antenna and the

center of the phantom was set to 70 cm. Along the z axis, the data was acquired at 15

scan planes with a separation of I cm. For the Fourier processing of the collected data, a

zero padding factor of 2 was used to improve the visualization of the reconstructed

images. The zero padding factor in this set of experiments was reduced as a result of the

increase of memory requirements due to the additional scan planes. In the following

discussion, the center of the phantom will be denoted as the origin, and the displayed

images show the normalized energy of the reconstructed data.

TABLE 5.5

Permittivity values of the materials used in the phantom structure and support base

Material Permittivity Value (E )
at6 GIJz

PVC J

Air
Maple wood L55
Synthetic foam 1.05
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b)

Figure 5.7.b) Photograph of the data acquisition setup.
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A 3D experimental setup with one target and its reconstructed image are shown in figure

5.8 and 5.9 respectively. This experiment will be referred as experiment 5. Similarly to

the circular scan trajectory results, the normalized energy of the reconstructed data is

displayed. In this experiment, a single ovoid was positioned at (-0.5 cm,-02.2 cm,2.5 cm)

from the origin. As it can be seen, the highest intensity clutter in the image is due to

surface reflections. In order to have a better visualization of the target signatures, the

surface can be removed using the method proposed in [33]. The result of the surface

removal process can be seen in ¡øutl5.9 b)'

A second 3D experimental setup, denoted as experiment 6, and its reconstructed image

are shown in figure 5.10 and 5.11 respectively. In this case, the surface reflection has

been already removed from the reconstructed image. Two targets were used in this

experiment. The ovoids were positioned at (-2 cm, 0.65 cm, 3.5 cm) and (2-6 cm,0 cm,

3.5 cm). As it can be seen in figure 5.10 and 5.11, there is no overlap between the target

signatures. A third 3D experimental setup, which we will refer as experiment 7, and its

corresponding model are shown in figure 5.12 and 5.13. In this experiment, the targets

are positioned at(2.6 cm,O cm,4'5 cm) and (0 cm,2.6 cm,-l-5 cm)'

In order to assess quantitatively the performance of the proposed method, the locations

and size differences between the real target dimensions and the reconstructed target

reflections \¡/ere measured. The errors between the real and the reconstructed target

locations can be seen in Table 5.6. The dimension and size errors of the target signatures

in each experiment are shown in Table 5.7. In addition, the data collected in each

experiment was reconstructed using the 3D version of the confocal mapping approach

[38, 39]. The resulting models corresponding to the experimental setups shown in figures
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5.9,5.11 and 5.13 can be seen in figure 5.14 a), b), c) and d). The metric used to

quantitatively assess the performance of each technique was the SNR. The SNR of the

3D models reconstructed using the proposed technique was calculated as follows:

(s.5)

where f]lou 1s the magnitude of the 3dB point of thepth target signature in the 3D model

generated by the proposed algorithm and o- is the standard deviation of the background

noise. Due to the fact that the output of the confocal mapping approach is the energy of

the reconstructed model, the SNR for the 3D images reconstructed using this focusing

method is given by:

(ir;;,, rr)
^9NR.,3D = 20'log,ol tL _ I

[')

(i,;¡¡,,,)
s¡/Ã",3D = ro.roerol "-?-) (s.6)

where f i'llt is the magnitude of the 3dB point of thepth targetsignature in the 3D model

produced by the confocal mapping approach and o" is the standard deviation of the

background noise. The calculated Si/R, jp and SNR,,so values for each data set are

summarized in Table 5.8.
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Finally, the computational cost of the proposed technique was evaluated by calculating

the average execution time of 90 simulations. The number of scan locations in each plane

varied between 72 and 200, and the number of scan planes ranged between l0 and 21.

The average execution time needed to focus each plane was 40.5 sec.
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Figure 5.8. Experiment 5 setup. a) Axial view. b) Coronal view. c) Sagital view.
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TABLE 5.6

Errors in the target signature locations in each 3D experiment

Target Reconstructed
Location, cm

Error, cm

5a -0.68,-2.04,2.50 0.18-0.2.0
6a 2.72,0.68,3.50 0.12.0.03.0
6b -2. l,0.68, 3.50 -0.1.0.03.0
7a 2.72,0,4.50 0.12.0.0
7b 0,2.12,-2.00 0-0.12.-0.50

TABLE 5.7

Dimensions and size effors of the target signatures in each 3D experiment

Target Size, cm' Err.or,
cm

5a 2.17 -0.61

6a 2.77 -0.6r
6b 3.23 -0.16
7a 2.77 -0.61
1b 2.31 -1.08

TABLE 5.8

SNR and Conditional Entropy values comparison in each 3D experiment

Exp. ^SNrRa:a
tdB)

^SNR",ro(dB)
Wavefront Cond.

Entronvlbits)
Shift-Sum Cond.
Entropv ftits)

5 8.71 2.94 3.66 5.58

6 8.48 3.36 4.55 5.05

7 6.45 2.93 4.36 5.25
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6. CONCLUSIONS

In this thesis, two wavefront reconstruction methods for SR data acquired along circular

and cylindrical scan geometries are proposed. The algorithms are based on processing the

phase variations exhibited by target reflections along the slow{ime trajectories. These

differences are used to migrate the target responses from the spatial temporal domain

where they are originally collected to a Cartesian space where they are to be displayed.

The proposed approaches consist of a match filtering operation and a series of remapping

processes performed in the frequency domain. The spectrum of the spf was calculated

along the slow-time directions using the stationary phase method. This mathematical

approach was chosen because it produces a close form expression. The majority of the

mathematical work shown in this thesis, with the exception of the proof shown in the

appendix I, was developed by the author.

Theoretical aspects, such as the size of the psf and sampling constraints, were described

and illustrated. This analysis was performed by determining the support band of the spf

spectrum. In order to determine the experimental feasibility of the proposed method an

experiment al data acquisition system was assembled. This system was used to record

experimental data sets from phantoms that mimic the dielectric properties present in

different SR scenarios. The proposed methods produced spatial accurate imagery with

acceptable SNR values at reasonable computational cost. In order to compare the

performance of the proposed algorithms with the current circular and cylindrical SR

reconstructions approaches, the experimental data sets were reconstructed using the 2D

and 3D versions of the confocal mapping algorithm. The proposed methods produced
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better quality imagery with a higher SNR, at a slower execution time which nevertheless

is still in the order of seconds. Furthermore, the proposed approach has a number of

advantages over the confocal mapping algorithm. First, it uses takes advantage of the

radar-doppler effect to hansfer the collected target responses to their original spatial

locations. This is the main reason why the proposed methods do not yield artifacts in their

reconstructed imagery. Secondly, the proposed method does not require a

characfenzation of the anteruras. Finally, no focal regions must be def,rned in the scan

area.

Future research will be concentrated on three main aspects. First, the proposed

techniques will be tested on experimental data sets collected from more complex

phantoms in order to evaluate their feasibility on more realistic scenarios. Another area of

interest is the reduction of the computational cost of the proposed algorithms. Finally, the

signal model used by the proposed methods can also be used for other echo based

imaging techniques, such as ultrasound. Further work will be done to evaluate the

feasibility of the proposed algorithms in ultrasound imaging.
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Consider the general case of (2.5):

differs from E(fr) by less that

expressed as:

APPENDIX I

E&)= IfØe*d¡t'p1t¡þt
(A1.1)

Assuming that the interval (v,,v.ì is finite, from the integrability of flt), we can find a

sufficiently fine subdivision of (v",v) such that if:

e¡=ninflt) for t, < t 1t,*, (Ar.2)

then for any k,the integral:

q-lrur-

n o(Ð =l )s, 
. 

"*di 
t'r4t)þt

14 tr

(A1.3)

z, where ¿ is a given number gteater than 0. This can be

luro> - En(Ðl< t
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But

Hence

b

Therefore E(k)=[ftÐ"*littp{lþt-+0 when k -+ æ

tt*t 
u,@ (A1.5)!","*p(¡t'¡tT))dt = , jk

It

E"(k) :î1",e*p(it't,.,)- e^p(it't,\l 
= 3 iþ, go (A l .6)q' ' ãl' jk I k -,. k+ø
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APPENDIX II

As mentioned

spferpfu' -k. p(^,r))

I * -\
in 1251, \À' ,w / is considered a valid stationary

if the tr¡¿o following conditions are satisfìed:

point of the

4,(Àd)l ^-võx l(r=r,,=,,'¡

(A2.1)

ú4t"*¡¡¡
a" 16r,,=,,'¡

(A2.2)

In order to validate the use of (d g\ as a valid stationary point for the spf described

in (3.4), the conditions expressed in (42.1) and (A2.2) must be evaluated. First, the

condition described in (42.1) will be evaluated. As stated in chapter 3:

\-x.to{o,z)+ co+ k,z) (A2.3)

By evaluating (42.3) at (d g\, the result can be expressed as:

-0.

2*(z o - z)

R2 + rr' + (z r - z)2 -2' R. rocos@r -0)
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K,
2k(zo-zr-

R2 +r,,.?,

f-u.4p,,¡*æ+nz)l
ù løo'=.1=

-k,
.( k' +l - ====::

ll+r,, -r,i

d-'zk. r,(oà+ ee+ ¡,,I 
= k_ _ k_ =0.dz lþ=o,=;l

-2. R.rocos@o -0'))
f-x.roP,r)*to+k,z\

a' l@o,)-

-e')

(A2.5)

After algebraically manipulating (42.5), the following expression is obtaìned:

(^2.6)

(A2.7)

Finally, after further simplification, (Ã2.7) can be written as:

f-z*. 4P,'¡* eo+ k,")l

at l¡u-e '"='¡

2k(+-, f, R' + r,' - 2. R' rr cosþr - o' ))

"l'+K 
- K'

(A2.8)
\ '.. "z _k

al.

(^2.4)

-2'R'rrcosrþ, -0'))

,r!ro' ,r.þ' +rr2 -2. R.rocos@r-o'))
+K _K,

- l0l

(A2.e)



Next, the validity of (A2.2) will be evaluated using (dz\. The IF of (3.5) along

the I scan trajectory is equal to:

d-N'Lo@,t)+ eo+n,t)

ae

(A2.r0)

During the initial stage in next mathematical analysis, the term (þo - d- ) would not be

expanded in order to make the process easier to follow:

==ù'R'rr't"ør-d>=-,

Jo' 
*,,' *?, -,, --F* @l' -, o,,.* @n -o')

(42.1l)

2k.R.rr'sin@o-9)

+(2, - z)2 -2' R'rrcos@n

{-u'4{e,')*eo+tt,z)l

- 

ae lø-o, "'l

d-x.1"@,')*ee+4)l
ae lþ'',,t)

d-z*.1,@,ò+te*"')
A0 þ-.o',,-)

2Jt - R' r, ' sin@, - 0' )

(A2.r2)

?*.R'rr'sin@r-0') (A2.13)

#rq@

By substituting (þo- 0") = -d* - þ. + n, and the a* and p.values given in (3.17) and

(3.18), and appllng basic trigonometric identities, the following expression follows:
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(A2.16)

In order to further simpliff (A2.16), the radical term in the denominator will be

factonzed. The result is:

d-x.ro@,ò+ee+L')
A0 þo',,=;\

Finally, by further manipulating(A2.17), we obtain:

(A2.17)
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(on'.=;l ll@+T+-

y'-x . L,P,t¡+ eo+ k,z)
=t-e=0

lo-¿'.,=;\

Therefore (d ø\ is a valid stationary point for the spf given in (3.a).

4¡W-øF=.lW-eE=,) (A2.18)

(1^2.1e)

d-*.4@,')+eo+t,ò
a0
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