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Abstract

It is shown that using sufficiently short pulses of sensing radiation (physical 8-pulses) one can determine in a simple,
stable and fast contactless way the spatial distribution of the backscattering and extinction coefficients within a translucent
scattering object. One should only measure, in combination with a lateral scan, the backscattering signal profile and the
pulse energy passing through the object along each current line of sight at both the mutually opposite directions of sensing. It
is aso shown that deconvolution techniques may be employed to avoid the necessity of ultrashort sensing pulses. The
possibilities of some signal-registration techniques to ensure ultrashort spatial sampling intervals for various types of sensing
rediation are discussed. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 42.30.Wh.; 42.68.Wt.; 87.59.Fm.

1. Introduction

The methods for contactless sensing of media and
determination of the spatia distribution of their physical
parameters are a powerful modern tool for fast and accu-
rate investigation of material objects. Many activities of
this kind are called ‘ tomography’, such as, e.g. the recon-
struction of temperature distributions in heat flows or
particle density distributions in plasmas using holographic
interferometry [1,2], artificia satellite imaging using
short-pulselength laser [3,4], reconstruction of ionospheric
electron density distribution using satellite transmitter and
ground-based receiving stations [5], etc. An attractive field
of investigations is also optical tomography which consists
in noninvasive and safe optical or near-infrared identifica
tion and imaging of reflecting or absorbing structures
(phantoms) hidden in turbid (strongly scattering but weakly
absorbing) media such as biological tissues (see e.g. Refs.
[6-10] and references therein). Most of the above ap-

" E-mail: lugurdev@center.phys.acad.bg

proaches to various problems of spatial-distribution recon-
struction and imaging are based on the mathematical appa-
ratus of computer-aided tomography that hasinitially arisen
as X-ray transmission tomography [11,12] and further de-
veloped in different other forms such as X-ray, optical or
radiowave diffraction tomography [13-17], particle- or
photon-emission tomography [18], etc. The physical basis
of computerized-tomography data acquisition involvesirra-
diating the investigated object from numerous directions
by a set of narrow beams or a wide beam of sensing
radiation, and measuring by a set of detectors the beam
energy passing through the object or scattered at different
angles of view. One may measure (determine) not only the
energetic characteristics of the transmitted or scattered
radiation but also its complex-field characteristics, ampli-
tude and phase, by means of holographic interferometry
[1,2]. Thus, experimental data (tomographic projections)
that contain in integral form the information about the
object characteristic of interest are obtained. For instance,
in the case of transmission tomography the projection data
represent integrals of the attenuation coefficient over the
beam propagation paths through the object. In other tomo-
graphic methods the projection data represent or provide
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integrals, e.g. of the differential scattering cross-section (as
an integrand factor) over the pencil-beam propagation
paths through a scattering object [13] or of the index of
refraction over the light-propagation rays through a phase
object [1,2].

Mathematically, the reconstruction problem consists of
numerically computing the spatial distribution of the object
characteristic of interest on the basis of the available
projection data [11,12,19]. A mathematical reconstruction
approach called ‘algebraic reconstruction method (or ‘al-
gebraic reconstruction technique’) is based on the discrete
character of the numerical procedures. In this case, the
investigated object is considered as a set of resolution cells
(pixels), each one having constant or some average optical
properties. So the projection data may be represented as a
set of sums, instead of integrals, forming a system of linear
algebraic equations with respect to the unknown values,
attached to each resolution cell, of the optical characteristic
of interest. The problem of solving this system isill posed
because of the large number of pixels (and respectively
unknowns) to achieve a satisfactory resolution. Moreover,
the system is usualy overdetermined, i.e. the number of
equations exceeds the number of unknowns. Least-square
method is a possible procedure to reduce the initial system
to a new linear system with sguare coefficient matrix.
However, the problem of solving the new system remains
ill posed. Therefore, various optimum inversion ap-
proaches [11,12,17,19,20] should be applied to ensure
stable and accurate solutions.

Another mathematical reconstruction approach is the
filtered back-projection method, which is based on the
specific relation (projection-slice theorem [11,12,19]) be-
tween the one-dimensional Fourier transform of the projec-
tion at every angle of irradiation and the two-dimensional
Fourier transform of the image. Let us aso note that the
direct use of inverse two-dimensional Fourier transforma-
tion, also based on the projection dlice theorem, would be
a simpler and faster reconstruction technique, but there are
some difficulties related to inherent image distortions
caused by the necessity of interpolation in Fourier space
[11,12,19].

A basic task in laser remote sensing of the atmosphere
is to determine the distribution along the line of sight of
the atmospheric characteristics of interest on the basis of
information provided by the lidar return signal (the lidar
profile). The lidar profile is described by the so-called
single-scattering lidar equation which is considered in
Section 2. The problem of solving the lidar equation is ill
posed at least because there are two unknown functions to
be determined, the backscattering and extinction coeffi-
cient distributions aong the line of sight (the sensing-pulse
propagation path). Therefore, an unambiguous solution of
this equation may be obtained only if some additional
conditions (or relations between the unknown functions)
are supposed and/or some additional independent mea-
surements are performed (see e.g. Ref. [21]).

The main purpose of the present study is to develop an
effective tomographic method based on the lidar principle.
For this purpose a simple lidar-like procedure is proposed
for sensing semitransparent (inclusively atmospheric) ob-
jects that provides data permitting to solve unambiguously,
in afast, stable and accurate way, the short-pulse (Section
2) lidar equation. This procedure, together with the corre-
sponding computation algorithms, is described and ana-
lyzed in detail in Section 3. Since the method is based on
the single-scattering lidar equation it should be valid under
single-scattering conditions. The only additional condition
to be satisfied is that each elementary scattering volume
along the line of sight should have invariable scattering
properties when irradiated from both reciprocally opposite
directions. The tomographic problem of reconstructing the
three-dimensional (3D) distribution of the backscattering
and extinction coefficients is completely solvable by use of
an additional lateral scan.

It is usually accepted that one should use, as much as
possible, shorter sensing pulses and faster registration elec-
tronics in order to achieve a high spatial resolution. Never-
theless, as it is shown in Refs. [22—24], the necessity of
extremely short pulses may be avoided using deconvolu-
tion techniques for retrieving the short-pulse (5-pulse)
lidar profile on the basis of the profiles obtained with
relatively longer sensing pulses. (The sign & is an dlusion
of & function.) Therefore, as an important purpose of the
study, we shall describe and analyze in Section 4 the idea
[23,24] to use controlled, well-defined and reproducible
sensing pulses leading to simple, accurate and fast (real-
time) deconvolution algorithms.

In Section 5 we shall describe the main results from the
computer simulations performed that illustrate the effi-
ciency of the tomographic approach developed here in
combination with the deconvolution techniques described
in Section 4.

When the deconvolution approach is applied or ultra
short sensing pulses are used, the minimum possible spa-
tial resolution scale is determined by the sampling interval
(the digitizing step) of the available analog-to-digital con-
verters and by the speed of propagation of the sensing
radiation in the investigated medium. The minimum reso-
lution scales achievable in the cases of electromagnetic or
ultrasonic sensing radiation are estimated and discussed in
Section 6. The effects of refraction and pulse propagation
velocity variation along the line of sight are also estimated
and briefly discussed here.

The main results and conclusions from the investiga-
tions conducted are summarized in Section 7.

2. Lidar equation

Let us consider a monostatic pulsed lidar system with
quasi-monochromatic sensing laser pulses. In this case, the



FULL LENGTH ARTICLE

L.L. Gurdev et al. / Optics Communications 151 (1998) 339—352 341

single-scattering lidar equation, which describes the
backscattered light power F(t) (the lidar return signal, the
lidar profile) detected at each moment t =2z/c after the
pulse emission, may be represented by the following con-
volution [21]:

F(t)=flf(t—22’/c)<15(z’)dz’, (1)

where () =P(8)/E, is the pulse shape function de-
fined as the pulse power shape P(9) normalized to the
pulse energy E,= [g P(#)d¢ (obvioudly, [ f(3)d¥=
1; ®(2)=aE,z n(2)B(2)TX(2) is the maximum-re-
solved (short-pulse, §-pulse) lidar profile, « is a lidar
constant, n(z) isthe receiving efficiency of the lidar, 8(z)
is the atmospheric backscattering coefficient, T(z) =
expl — [ y(Z')dz'] is the atmospheric transmittance, and
v(2) is the atmospheric extinction coefficient; z=ct/2
(Z=ct'/2, Z’=ct"/2) is the longitudinal coordinate
along the line of sight corresponding to t (t',t"), z; isthe
longitudinal coordinate of the initial scattering volume
contributing to the signal, c is the speed of light, and 9 is
a time variable. So Eq. (1) describes the relation between
the lidar return signal, the parameters of the transceiver
lidar system, and the atmospheric characteristics along the
line of sight. In the case of sufficiently short pulses whose
length | ;= cr,/2 (7, isthe pulse duration) is shorter than
the least scale of the atmospheric inhomogeneities, Eq. (1)
is simplified to the form

F(t)=(c/2)®(z=ct/2)
=(ac/2) Epz’zn(z)ﬁ(z)exp( —Zfozy(z")dz").

(2

Eq. (2) is the short-pulse (8-pulse) single-scattering lidar
equation that is commonly used in lidar-data analysis.

Eq. (2) is derived under the condition that the integra-
tion period 74 of the photodetector is negligible. In the
general case, when the integration period should be taken
into account, Eq. (1) may be rewritten in the form

F(t)=fis(t—22’/c)d>(z’)dz’, (3)

where
s(t—t) =f°c dt” q(t—t") f(t' —t)
=ftdt" q(t—t) f(t" —t') (3a)
y

is an effective pulse response (or an effective pulse shape)
which is a convolution of the photodetector pulse response
q(t—t") (/& g(9)dd = 1) and the pulse shape f(J=1t" —
t'). Certainly, when 7, — 0 the effective pulse response
s(t—2Z/c) tends to f(t—2Z/c). Then Eq. (3) is re-
duced to Eq. (1). When 7, + 7y — 0, Eq. (3) is reduced to
Eqg. (2).

In the cases of radio or ultrasound sensing of scattering
media using narrow-beam pulsed radiation, the detected
backscattered-power profiles (radar or sonar profiles) are
described by (radar or sonar) equations of the same type as
Egs. (1D—(3) [25-27]. Similar equations describe the
backscattered-power profiles along the optical fibers under
investigation in optical time-domain reflectometry as well
[28-30].

3. Determination of the spatial distribution of the
back-scattering and extinction coefficients within semi-
transparent objects

3.1. Measuring procedure and reconstruction algorithms

Let atranslucent object of interest O be irradiated from
a given direction by narrow-beam pulsed radiation propa
gating along a (forward) direction determined by the direc-
tional segment O,0, which is parallel to axis 0z (see Fig.
1). Then the detected backscattered-power profile is de-
scribed by Eg. (1) or Eqg. (2) or Eg. (3). When the sensing
pulse and the photodetector pulse response are so short
that the quantity c(7,+ 74) is small compared with the
least variation scale of the scattering and absorption inho-
mogeneities within the object, the (lidar) return signal is
described by Eg. (2), and the so-called lidar S-function
S(2) = S(2) = F(t = 2z/0) 2/ n(D[F(t = 2z/c) =
(c/2)®(2)] is given by the expression

s<z)=sl<z>=AEplﬁ(z)exp(—zf:y(z')dz’), @)

where A= ac/2, and the receiving-efficiency function
n(z) is supposed to be known. Suppose aso that the
emitted and the transmitted pulse energies through the
object, E, and Eyy =E, S respectively, are measured,
I =exp(— [2y(Z')dZ") where z, is the longitudinal
coordinate of the final elementary scattering volume along
the line of sight. Further, let the object O be irradiated
additionally by the same transceiver system, along the
same line of sight, but from the opposite direction, i.e. the
sensing radiation has already propagated along the 0,0,
direction. The emitted E,, and the transmitted E,, = E,3
pulse energies through the object are supposed again to be
measured, except for the backscattered-power profile. If
we assume at last that in this case of ‘ backward’ illumina
tion the functions B(2) and y(2), for z; <z< z,, retain
the same form as in the first case of ‘forward’ illumina-
tion, the Sfunction S(z) = S(2z) = F,[t = 2(z, —
2)/0(z, — 2%/In(z, — 2] {Flt=2(z, —2)/c] =
(c/2)P,(2)} will be

S(2)=S(2) =AEpzﬁ(z>exp(—z[fv(z')dz'),
5)
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Fig. 1. Illustration of the backscattering and extinction coefficient reconstruction approach based on the lidar (radar, sonar) principle. A
right-handed rectangular coordinate system {Oxyz} is used to determine uniquely the coordinates of the points within the investigated object
O, the positions (O4{x, ,y, ,0} and O,{x, ,y, ,z }) and orientations (0,0, and O,0,) of the lidar (radar, sonar) transceiver system L, the
sensing-radiation path of propagation (the radiation beam axis, the line of sight, O,0,), and the coordinates M{x,,y,,z;} and
M{x_,y, .2} of the initid and the final scattering volumes, respectively, along the line of sight. The object O is irradiated from two
reciprocally opposite directions along each line of sight chosen here to be parallel to axis 0z. To achieve a tree-dimensional (3D) imaging,

the transceiver system (or the object) should be scanned laterally.

where z, is the longitudinal coordinate of the initia, in
this case, scattering volume contributing to the signal, and
z, is the new longitudinal coordinate of the transceiver
system (see Fig. 1). By multiplying Egs. (4) and (5) we
obtain

SU(D)S(2) = KBy B z)exp( -2f Zzy(f’)dz')

= A’EjuEpz B%(2). (6)
Thus Eq. (6) leads to the following simple expression of

B(2):

B(2) = [S(2)S:(2)/( ExaEnz) ] /A, ©)

where the values of Ey; (i =1,2) and the profiles @;(t)
(in S, and S,) are determined experimentally. The receiv-
ing efficiency n(z) can be determined experimentally [31]
or calculated for each concrete lidar configuration
[21,32,33]. In the same way one can determine the con-
stant A= ac/2. The exact value of A is necessary when
the absolute value of B(z) should be determined. When
the profile itself of B(2z) (in arbitrary units) is only of

interest one can determine it without measuring E; and
A, on the basis of the relation

1/2
B(2) = AlS(D)S(D)]™", ®)

where A isin general an arbitrary constant, but ensuring a
satisfactory contrast. Note that the expressions of B(z)
[Egs. (7) and (8)] are invariant under the permutation of
indices 1 and 2. That is, the forward and backward direc-
tions of sensing are fully conditional and equivalent in this
case.

The extinction-coefficient profile y(z) can be deter-
mined using the pair of Egs. (4) and (5), but other pairs
such as Egs. (4) and (7) or Egs. (5) and (7) are also
appropriate for this purpose. The result is:

v(2) =0.25{In[S,(2)/S( )]}, (9)

where the superscript ‘I’ denotes first derivative with
respect to z. We further denote by symbols such as ¢<(z)
(Q=1, Il,...) the Qth derivative of the function ¢ with
respect to z. Eq. (9) provides the absolute values of y(z)
which are, as it must be, positive because, at the given
here forward (positive) direction of sensing 0Oz,
IN[S,(2)/S(2)] is an increasing function of z If we
interchange the forward and the backward directions of
sensing as well as the indices 1 and 2, we obtain the same
expression of the new forward (former backward) profile
y(Z) for which Z' increases from z, to z, (Fig. 1). That
is, the expression of the forward extinction profile is
invariant under change of the forward (positive) direction
of sensing.

So we see that the proposed (and discussed in this
section) procedure of sensing a translucent object O pro-
vides experimental data that permit one to determine un-
ambiguously the distributions of B(z) and y(z) aong
each line of sight. In order to obtain a 3D distribution of
B=B(xy,2) and y= y(xy,2), attached to a given direc-
tion of propagation of the sensing radiation (e.g. asin Fig.
1, pardlel to axis 0z), one should scan laterally the
transceiver system or the object. Then the distributions
B(xy,z) and y(xy,z) are formed by the ensembles of
one-dimensional longitudinal distributions B(z) and y(z)
respectively, which are determined independently for each
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separate beam-propagation trajectory through the object. In
general, except for a lateral scan (transversal translation),
the transceiver system or the object or both should be
subject to suitable additional trandations and rotations.
However, this important question about the most appropri-
ate scanning techniques is beyond the scope of the present
work. The transversal (with respect to the direction of
sensing) resolution of reconstructing the fields of B(x,y,2)
and y(x,y,z) within the object, is limited by the width of
the sensing radiative beams. Evidently, it may be improved
by narrowing the beams. The longitudinal resolution is
conditioned by the sensing-pulse duration 7, the photode-
tector integration period 7, the speed of sensing radiation
through the object, and the sampling interval v of the
analog-to-digital converters. Thus, the spatial distributions
of both mutually complementary in a sense physical char-
acteristics ( 8 and ) can be determined simultaneously on
the basis of a clear and simple experimental procedure, and
a clear, simple and stable calculation procedure. The only
requirement, except for the single scattering conditions
supposed, is that the scattering characteristics should be
invariant under changing the sensing direction by an angle
7. This requirement is implicitly supposed to be satisfied
when the lidar equation is derived. Then the forward and
backward atmospheric transmittances are assumed to be
equa. The reconstruction approach developed here and
based on pulse-backscattering profile analysis seems to be
too promising when sufficiently fast detection technique
and appropriate sensing radiation are used to achieve
sufficiently high sensing resolution. Appropriate choice of
the sensing radiation and the characteristics of the receiv-
ing systems are aso necessary to ensure sufficiently inten-
sive but single-backscattered signal [21,25,34]. In general,
the receiving lidar systems should have angles of view as
small as possible, to restrict the penetration of parasitic
radiation due to background and lateral multiple scattering.
In this way one would achieve both single-scattering con-
ditions and high transversal resolution. At the same time
the receiving system field of view should coincide with the
sensing-pulse radiative spot to obtain the maximum receiv-
ing efficiency.

The measuring procedure described here and illustrated
in Fig. 1 is suitable for use mainly under laboratory and
local field conditions. Nevertheless, it can be used or at
least examined, in experiments on a vast scale such as
those devoted to tomographic reconstruction of iono-
spheric electron density by means of satellite transmitter
and ground-based receiving stations [5]. In these experi-
ments one can ensure, in principle, the possibility to
irradiate the atmosphere from two mutually opposite direc-
tions and to measure the corresponding pul se-backscatter-
ing profiles and the pulse energy transmitted through the
atmosphere. The same procedure is applicable as well in
optical time-domain reflectometry for more detailed deter-
mination of the axia distribution of the backscattering and
attenuation coefficients along optical-fiber tracts. An opti-

mum way to examine experimentally an optical-fiber cable
is to illuminate simultaneously both its ends by a common
sensing pulse and to measure simultaneously both corre-
sponding backscattering profiles and the transmitted pulse
energy.

3.2. Noise influence

Assume that the backscattered-power profiles F(z) =
Flt=t(2] (=212 t(2)=22z/c, t,(2) =2z —2)/cD
are determined with random errors e,,(z) due to noise,
and systematic (bias) errors 8.;(z). The values 1 and 2 of
the subscript i correspond to forward and backward sens-
ing. Assume as well that &,;,(2) are quasi-stationary ran-
dom processes with zero mean value {&,(2)) =0 and
variances D;n(z) = 82 = (£2(2)); { ) denotes ensemble
average. Then the total root-mean-square errors 84(2) in
the determination of S(2z) will be

5s(2) ={[Sm(2) - S (D)

= [83(2) + 82(2)] " ei(2). (10)

where S,,(z) and S(2) are Sfunctions corresponding to
the measured F,,;(z) and the true F(z) signa profiles,
02 =72%/n(2), and ¢(2) =(z, —2)?/n(z, —2). The
root-mean-square error g in the determination of E is
characterized by the quantity

Og= <( Eptm - Ept)2> 1/21 (11)

where E,, and E, are respectively the measured and the
true values of the transmitted pulse energy. All above-men-
tioned errors result in an error 85(2) in the determination
of B(2z) which is defined as

1/2
5(2) ([ Bu(2) -~ BDT) ", (12)
where the profile B,(2) is calculated on the basis of the
experimental data F,;(z) and E,, and B(2) is the true
backscattering profile. When 85(z) < S(2) and &g <
E,., the value of 8,(2) may be estimated on the basis of
Eq. (8) as (see e.g. Ref. [35])

2 aB
8(2) = <{ x [g[sm(z) +8,(D)]e(2)
i=1
1/2

2B ?
+Epﬁ(Eptim_Epti)}} > ’ (13)

where 9/0U denotes first partial derivative with respect to
U. It is reasonable to assume that the random functions
eq(2) and &,(z) are statigtically independent of each
other and of the random fluctuations accompanying the
measurement of Ept. Besides, in order to reveal mainly the
random noise influence we shall assume in the following
analysis that the noise-induced error &,; prevails over the
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systematic error 3, i.e. 8,;(2) > §,,(z) and consequently
85(2) = §,,(2) ¢,(2). Taking into account the last remarks,
Egs. (8) and (13) lead to the following estimate of the
relative error 85,(2) = 8;(2)/B(2):
0,(2) = {025[ 83,(2) + 0&(2)] + 82} ", (14)
where 85,(2) = 85(2)/S(2) = §,(2)/F(2) and &, =
8/ E, are the relative errors corresponding to 8g(2), and
e It is seen that the value of g, is of the order of &g,
and &g,. Thus, the higher the signal-to-noise ratio (the
smaller 8g, <1 and &g, < 1) the smaller the measuring
error 8, < 1and §; < B.

Analogoudly, with the same assumptions as above, we
obtain the following estimate of the error 6,/(2) in the
determination of y(z):

8,(2) = 0.25(5,(2) /1) [ Fr2(2) + F, 2(2)]

T A(2DF(2) +2A()F ()] L)
X{“[ F2(2) + F3(2) H

<0.25(8,(2) /1) [ FL2(2) + F3 2(2)] 1/2

x{1+r[rr3(2) + 122} (15)

where §(2) = max{8,,(2)}, r,(2)=1S(2)/9(2)|, and r,
is an estimate of the correlation radius of the random
functions &,,(z). We have meanwhile used the fact that
{8 (D7) = §,(2)?/r2 [22]. According to the corre-
spondence z= ct/2 one may consider e(z=ct/2) as a
temporal random function with correlation time =, = 2r_/c.
When the computing step At=2ry/c exceeds 7, one
should replace in (15) r, by the spatia step ry. The least
possible computing step At, is egual to the sampling
interval T4 of analog-to-digital converters. Formula (15)
shows that the higher the signal-to-noise ratio (~ F/§,,)
the higher the y(z)-determination accuracy. Moreover, it
is seen that the noise influence depends additionally on the
spectral properties of the noise in combination with the
signal variability. So, in the case of slow (smooth, low-
frequency) fluctuations of £.(2), such that r. > r;(2), the
estimate of 8, (z) becomes [see inequality (15)]:

8,(2) <0.256,(2)[ F 2(2) + F; 2(2)] "

x[r%(2) +1;2(2)]

Obvioudly, in this case the noise influence is maximum at
the points (z= zg,) of sharp changes of F;(2) and Fx(2)
where r;%(2) strongly increases. In the opposite case of
fast (wideband, high-frequency) noise fluctuations, when
re <r,(z), formula (15) is reduced to

5,(2) = 0.25(8,(2) /1) [ Fi 2(2) + F; 2(2)] %
(15b)

vz (15a)

Approximation (15b) shows that a wideband noise may
lead to serious errors in the determination of y(z). In such
cases one should search for ways of filtering the noise and
increasing the signal-to-noise ratio.

4. Improving the long-pulse sensing resolution by de-
convolution techniques

The use of long sensing pulses whose length exceeds
the least variation scale of the object inhomogeneities
leads to a loss of information about the structure of the
object. Therefore, we have developed formerly some gen-
eral deconvolution techniques to improve the lidar resolu-
tion (to restore the short-pulse lidar profile) when the laser
pulse shape is known [22]. These techniques are based on
the use of Fourier transformation or the solution of a
Volterra integral equation. A simple, accurate and fast
recurrence algorithm has been developed as well for the
case of rectangular pulses where the general agorithms are
not applicable. Excluding the rectangular pulses, there is a
class of pulse shapes, called by us ‘rectangular-like’ ones,
to which it is difficult to apply Fourier or Volterra decon-
volution [36]. Nevertheless, these pulses as well as some
other (e.g. exponentially-shaped) ones lead to some spe-
cific deconvolution algorithms which are simpler, faster
and more accurate than the general algorithms [23,24]. So
the idea of using simple, well-defined, controlled and
reproducible sensing pulses, which lead to simple, accurate
and fast deconvolution agorithms for investigating in real
time the fine spatial structure of atmospheric and other
objects whose size is of the order of or less than the pulse
length, has arisen. Such an approach permits one to avoid
the necessity of too short sensing pulses for achieving a
satisfactory resolution. To illustrate the above idea, we
shall describe in this section some suitable pulse shapes,
the corresponding deconvolution agorithms, and the de-
convolution errors due to noise and discrete data process-
ing. Let us note that the contemporary progress in the
pulse-shaping art would allow one to obtain various desir-
able laser [37-39] (or X-ray [40] or acoustic [41]) pulse
shapes.

4.1. Rectangular-like pulses

A rectangular-like pulse shape f(3) with rise and
decay time 7, and duration 7 is given by the expression

f(9) =1r(9)
0 ford <0
i 1-ep(-9/7)]  forde[or]
(AT)fleXp[—(ﬁ_T)/Tr] ford>r
(16)
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where A=[1— exp[—(7/7,)]" 1. When 7, - 0 it becomes
rectangular, i.e. f(9)=r7"" for 9€[0,7], and f(9)=0
elsewhere. The modulus of the spectrum f(w) =
1% f(exp(jod)dd of f(I) isequal to

(@)= [sn(wr/2)/(wr/2)](1+ 0>2) 7% (17)

i.e it has zeros for w = w; =i2w/7 (i=12,..., j isthe
imaginary unity). For this reason the Fourier-deconvolu-
tion algorithm is not applicable in this case [22]. The
Volterra-deconvolution algorithm also leads to some prob-
lems [22,36]. Nevertheless, we succeeded in deriving an
effective recurrence deconvolution algorithm that has the
form

d(z=ct/2) = (21/)[F'(t) + 7 F"(1)]
+ @[c(t—1)/2]. (18)

It is obtained after calculating F'(t) and F''(t) (using
Egs. (3) and (16)) and some simple algebraic derivations.
The rectangular-pulse deconvolution algorithm [22] fol-
lows from Eq. (18) as a specia case when 7, = 0.

The deconvolution error 6(t=2z/c) caused by a
discrete data processing is defined as

8c(t) = (Dc(t) - (I)(t)
= (27/0)[ 8.F'(t) + 7.8, F" (V)] + 8.,(t— 1),
(19)

where §.F'(D) = F/(D) — F'(t), §.F"() = F'(D) —
F''(t), and &t), F/(t) and F'(t) are the numerically
calculated functions corresponding to @(t), F'(t) and
F''(t). The values of §.F'(t) and §,F"(t) are estimated
in Ref. [22] as §.F'(t) = (—1/30FY(t)(AD* and
8 F"(1) =(—2/30)FV'(t)(AD* It is assumed that the
numerical derivative F!(t) is obtained by differentiation of
the corresponding Lagrangian-interpolation polynomial of
degree 4 relevant to the five successive points t+ iAt
(i=0,1,2). The value of F!'(t) is obtained by the same
procedure, but doubly applied. Taking into account the last
estimates and the recurrence character of Eq. (19), we
obtain

8o(1) = —(1/30){ (cAt/2)*d™(ct/2)

Q
+ ¥ [2rn(at)* /] FV(t—ir) |, (20)
i=0

where Q=[(t —ty)/7] is the number of recurrence cy-
cles, ty=22z,/c, and z, is the coordinate of the initial
scattering volume contributing to the signdl, i.e. F(t)=0
(and ®(t)=0) for t<t, Obviously, the smoother the
profile #(z) and the smaller the computing step At, the
smaller the calculation error 8,(t =2z/c).

Let us also consider the influence on the deconvolution
accuracy of an additive [to F(t)] stationary noise n(t) with

mean value {n(t)) =0, variance Dn = {n?(t)), corrda
tion coefficient K () = {n(t)n(t + ¥))(Dn)~?, and cor-
relation time 7. Every realization n(t) of the noise results,
according to Eq. (18), in a redlization (1) of a random
deconvolution error:

Q
e()= Y, 2r/c)[n'(t—ir) + 0 (t—ir)]. (21)
i=0

The corresponding root-mean-square error, defined as &,
= (£4())"/?, is then given by

8, = (27/0){(Q +1)(Dn' + 7,°Dn'")

Q
+ Y [eovy[(k—i)7]
i+k
1/2
+~rrzcovn|[(k—i)7]]} , (22)

where the relation (n'(t)n''(t)) = 0 is used;
covyn[(k=i)7]={n" Mt —ir)n"'(t — k).

In the case of wideband noise with correlation time
7. < 7, we can neglect the second sum in Eqg. (22) and
obtain

8.~ (2/)[C(Q+1)Dn]
x[1+(B/C) (/)] (7/7), (23)

where the variances Dn' = ([n'(1)]?) and Dn" =
{n"(D]?) are estimated as Dn' =DnCr; 2 and Dn' =
DnBr; 4 (see e.g. Refs. [22,42]). For ingtance, in the case
of a Gaussian correlation coefficient K (9) =
exp(— 92/72) we have C=2 and B=12. Approxima
tion (23) is valid when 7.> At. When 7, < At we can
write the expression

8,= (2/¢)[0.9(Q+ 1) Dn]

x [1+1.39(r,/At)7] Y2 (r/A0), (24)

1/2

1/2

where the discrete character of the numerical calculations
is taken into account and Dn' and Dn'' are replaced by
their discrete analogies D°n' = 0.9Dn/(At)? and D°n'
= 1.25Dn/(At)* [22]. When 7. < 7, an estimation of §,,
based on Eq. (22) yields:

8,= (2/¢)(Q+ 1)(Cbn)*?

x[1+ (B/C)(n/7)]” (7/ 7). (25)

The anaysis of Egs. (23)—(25) reveds a tendency to
accumulating the noise with the distance z— z, o Q aong
the line of sight. This effect is a consequence of the
recurrence character of the algorithm and is not of impor-
tance when Q=0. Therefore it is expediently to use
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rectangular-like pulses whose length exceeds the object
size. Another obvious result is that the noise-due error §,,
is an increasing function of = and 7,. Moreover, a type of
similarity relation exists which consists in that when 7, =
and 7, vary in such away that 7/7,= const and 7,/7. =
const, the value of §,, also remains constant. At the same
time the pulse energy should remain constant in order to
retain the same signal-to-noise ratio in the restored short-
pulse profile. Consequently the pulse-power amplitude P,
= E,/(Ar) should be increased o (Ar)~*. Thus, a way
to restrict the negative wideband noise influence is to
decrease 7 and 7, with respect to 7. The value of §, may
also be lowered by increasing the computing step At (see
Eqg. (24)). Certainly, the increase of At leads to lowering
the sensing resolution, but an optimum choice of the
values of 7., 7, and At would ensure a better resolution at
a lower noise error.

4.2. Exponentially-shaped pulses

The simplest pulses of this type [21,24,43] have the
following shape normalized to the pulse energy:

ford <0
ford>0

(26)

The Fourier-spectrum modulus | fNEO( w)| of this pulse shape
is |fe(@) =1+ 0?27, ie it has no zeros, which
means that the Fourier-deconvolution algorithm is applica
ble. Nevertheless, in the same way as in Section 4.1 we
have obtained another simpler and faster [24] deconvolu-
tion algorithm, namely

D(z=ct/2) = (2/c)[ F(t) + 2rF'(t) + r2F"(1)].
(27

The calculation error and the error due to noise are
evaluated as in Section 4.1. The corresponding results are

do(ct/2) = —(2/c)[(At)*r/15| [ FV(t) + 7FV!(1)],
(28)

0
f(9) =feo(d) = { (ﬂ/Tz)eXp(—ﬂ/T)

and
8,= (2/¢)(Dn)*(1 + Br*/74) "2, (29)

When At> 7, one should replace in Eq. (29) the factor
B/7¢ by 1.25/(At)*. Since the Fourier-deconvolution
calculation error is of the order of (At)2d"(t) [22], one
may expect that the algorithm considered here is more
accurate because 8/(ct/2) [Eq. (28)] is of the order of
(AD)*D'V(1). Eq. (29) shows that a narrowband noise
(r< 7,) leads to a minimum error &, = (2/c)(Dn)*/2. On
the contrary, a wideband noise (v > 7,) would lower the
deconvolution accuracy that may be improved by shorten-
ing T or by increasing the signal-to-noise ratio, e.g. by
averaging over a large number of pulse shots.

5. Simulations

A pair of models of the backscattering and extinction
coefficient profiles used in simulations is represented in
Fig. 2. the abscissa is graduated in sample numbers. A
sample At,= 74 may correspond to different temporal
(spatial) intervals, e.g. Aty= 10 ns (1.5 m). The backscat-
tering coefficient profile 8(z) consists of a smooth com-
ponent with a multilayer structure superimposed on it. The
corresponding analytical expression is:

B(2) = Asm{l —[2(z-2)/(z—2) — 1]2}
+ Apsin?[4m(z—12,)/(cTy)]. (30)

The extinction coefficient profile y(z) consists of a com-
ponent similar to B(z) (say scattering), a linearly increas-
ing (say absorption) component, and a constant, strong and
short component like an imbedded strongly absorbing ob-
ject. It is given by the expression
¥(2) =kB(2) + ag+V(z2—12z)
+a[h(z—25) —h(z-2z,)]. (3D
where h(x) =0 for x<0, and h(x)=1 for x> 0. The
model parameters Ag,, Ay T Kb o, V, a4, 24, Z,, Zg,
and z, are specified in Table 1. The short-pulse profiles
F(t=22z/c) and F [t = 2(z_— z)/c] are calculated ana
Iytically on the basis of Egs. (4) and (5) and are shown in
Fig. 3. Two types of Gaussian-distributed additive [to
F,,(1)] stationary noise are modeled, namely white noise,
and Gaussian-correlated one with correlation time 7. The
noise level §,=(Dn)Y/2 is specified with respect to the
value F;, of the first local minimum of Fy(t), i.e. by an
input signal-to-noise ratio SNR;,, = F,,i,/ 8,,- The receiving
efficiency n(z) as well as the pulse energy E, are assumed
to be constants equal to unity and to unit energy respec-
tively.
We have first reconstructed numerically the profiles
B(2) and y(2) on the basis of the short-pulse profiles

oot4 === backscattering
------- - absorption
- extinction
0.0124
s 0.008+
0.0041
0.000 : . :
50 100 150 200

Sample

Fig. 2. Models of the backscattering, absorption and extinction
coefficients used in the simulations.
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Table 1

Model parameters of backscattering and extinction coefficient
profiles

Parameter Unit Value

A, m~! 0.001

A m-1 0.005

T s 1x10°°©

k constant 2

ag m~! 0.001

\Y m~?2 8.89%x 1076
a; m~! 0.006

z m 75

z, m 300

Z3 m 1275

Z, m 142.5

F,, o @, , inthe absence and in the presence of noise. In
the absence of noise, B(z) and y(z) are reconstructed
with a high accuracy such that there is no visible differ-
ence between the restored profiles and the models shown
in Fig. 2. The accuracy of reconstructing B(z) is deter-
mined in practice only by the accuracy of performing the
necessary arithmetic operations. When restoring y(z), an
additional error A arises due to numerical differentiation
[see Eq. (9)]. An estimation of this error, conducted as in
Section 4, leads to the expression

A(z=ct/2) = —(1/120)(cAt/2){DY(2)/ P,(2)
—®Y(2)/Py(2)}.

The results from simulations in the presence of noise
are in accordance with the theoretical predictions. So the
relative noise-induced error in the determination of 8(z) is
of the order of the relative error in the measurement of
F1(1). A satisfactory high accuracy, e.g. 88/8 < 4%, is

attainable at a sufficiently high SNR;,, = 200 (see Fig. 4).
The results represented in Fig. 5a, 5b show that the error in

— K@

3107 o R
S 2x107] P
g P
N ) |l
F

1l
£ 1x107 / :
! 1
I’ “
0 - “
50 100 150 200
Sample

Fig. 3. Short-pulse lidar profiles corresponding to the models in
Fig. 2.

Fig. 4. Reconstructed profile of the backscattering coefficient
B(2) in the presence of an additive correlated noise with correla
tion time 7,=0.04 ps a SNR;, = 200. The model of B(z) is
given by the dashed curve for comparison.

-0.005

Extinction coefficient (m™)

-0.010 T T T T

0.016

0.012

0.0084

0.0044

0.0004

Extinction coefficient ( m™)

-0.0044

Sample

Fig. 5. Reconstructed profiles of the extinction coefficient y(2) in
the presence of an additive correlated noise with correlation time
@ 7,=004 pus (r,=6 m) and (b) ,=1 ps (r, =150 m);
SNR;,, = 200 and max[r( z),r,(2)] ~ 25 m. The model of y(z) is
given by the dashed curve for comparison.
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the determination of y(z) depends additionally on the
noise correlation time 7, (the noise spectral width w, ~
7. 1) and the variability of Fy[t=t,,(2)]=F, (2)=
(c/2)@, ,(2). It can be seen that at the same SNR;,, = 200
as above this error is too large when ry=cAt/2~r_ =
cr./2 <1 ,(2) (Fig. 5a). With the increase of 7., e.g. by
some type of filtering, the value of 6, (z) decreases consid-
erably and tends to the limit (at r,>> max(r(2),r,(2))
estimated by the approximation (15a) (Fig. 5b). When
SNR;, is increased (e.g. 5 times) by amplifying F, ,(t) or
averaging it over a large number of pulses the error
becomes acceptable even at ry~ r.. When simulating the
reconstruction procedure we have excluded the intervals of
t (respectively z) where Fy(t) or Fy(t) are bellow the
noise level &,.

To generalize the simulations we have reconstructed
the profiles of B(z) and y(2), in the absence and in the
presence of noise, in the case of long sensing pulses whose
length is of the order of or longer than the object size.
Exponentially-shaped pulses have been considered for
which the wideband-noise influence is stronger than that in
the case of rectangular-like pulses (Section 4, [23,24]).
Such a pulse shape with time constant 7= 0.1 s is shown
in Fig. 6. The long-pulse profiles F, ,[t =t, ,(2)] for each
pulse shape have been calculated on the basis of the
short-pulse profiles Fy [t =t;,(2)] and Eq. (1) by using
the least computing step At,. The same noise models as
above have been used.

The first step of reconstruction is to restore the short-
pulse profiles Fy [t =1, ,(2)] = F; ,(z) by employing the
corresponding deconvolution algorithm (Eq. (27)). In the
absence of noise the restored profiles F, ,(z) do not differ
visibly from the true ones given in Fig. 3. The behaviour
of the calculation error §,(z= ct/2) is described correctly
by Eq. (28). It is interesting to note that the range of §; is
small compared with that in the case of Fourier deconvolu-
tion (see also Ref. [24]). As a second step of the recon-
struction procedure, we have determined the profiles of
B(2) and y(2) on the basis of the restored profiles Fy ,(2).

4x10°

3x10°%4

2x10%4

Pulse shape (arb. units)

1x10°

04 T
0 50 100
Sample

Fig. 6. An exponentia pulse shape with time constant 7 = 0.1 ps.
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Fig. 7. Profiles of the extinction y(z) and backscattering B(z)
coefficients reconstructed after deconvolution in the case of expo-
nentially-shaped pulses with time constant 7 = 0.1 ps. The mod-
els of y(z) and B(2) are given by dashed curves.

There is no visible error in the determination of B(2)
(®B/B~0.4%) and y(2) (8y/y~ 1-2%) when 7=0.1
ws (Fig. 7). With the increase of 7 the final reconstruction
errors increase (see Eq. (28)). At 7= 0.25 ps their values,
3B/B ~ 0.5% and dy/y ~ 3-10%, are still acceptable.
As shown in Sections 3 and 4, the procedure of recon-
structing B(z) and y(z) on the basis of the long-pulse
profiles F, ,(2) is sensitive to wideband noise. Therefore,
we shall assume that a high value of SNR;,= 1000 is
ensured. The noise correlation time is first assumed to be
7. = 0.1 ws= 10At,. The deconvolved short-pulse profiles
F1.(2) are used to reconstruct the profiles of B(z) and
v(2). The results obtained for 7= 0.05 ws are shown in
Fig. 8. In accordance with Egs. (28) and (29) the simula-

0.016

0.012

~ 0,008

0.004

0.000 T T T Y
50 100 150 200

Sample

Fig. 8. Profiles of the extinction y(z) and backscattering B(z)
coefficients reconstructed after deconvolution (in the case of
exponentially-shaped sensing pulses with 7 =0.05 ps) in the
presence of noise with correlation time 7, = 0.1 us and SNR;, =
1000. The models of y(z) and B(z) are given by dashed curves.
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tions show that the increase of the characteristic time
constants 7 leads to an increase of reconstruction error. At
the same time the increase of 7, (or At for white noise)
leads to a decrease of the resultant reconstruction error.

In general, the results from the simulations conducted
confirm the theoretical results obtained in Sections 3 and 4
that describe the advantages and some limitations of the
reconstruction method developed here.

Let us complete this section with the following ques-
tion. That is, how to identify and extract from the recon-
structed profiles B(z) and y(2) a localized, strongly ab-
sorbing structure (phantom) such as that shown in Fig. 2.
An attempt to solve this problem may be based on the
assumption that the behaviour of the backscattering profile
B(2) is similar to that of the scattering component y(z) in
v(2). Such arelation y(z) = k, 8(2)P between 8(2z) and
v4{2) has been established empirically (see e.g. Ref. [44])
for the case of aerosol scattering in the atmosphere. Above,
ks is a coefficient and 1 < p < 1.49 is an exponent, both
depending on the type of aerosol and the wavelength of the
scattered light. It is often assumed that p = 1. Asin Fig. 8,
there may be intervals of z where a close correlation
between B(z) and y(z) exists, absorption is negligible
and the above power law is valid. The intervals where the
correlation is disturbed may be supposed to contain strongly
absorbing objects. If p is assumed to be unity, an estimate
of kg is ky=C;,(0)/C,,(0), where Cy (8) = [B(D)y(t +
&) dt is the cross-correlation function of 8 and vy, and
Cgp(9) = [B(DB(t + ¥)dt is the autocorrelation func-
tion of B. In this way an estimate ¥ of vy, can be
expressed as y<(z) = kg B(2). The subtraction of y(2)
from y(2) provides approximately the localization area of
hypothetical phantoms as well as the magnitude of their
absorption coefficients. The result from the described pro-
cedure applied to the data represented in Fig. 8 is com-
pared in Fig. 9 with the true absorbing structure (Fig. 2).

0.010

0.005

Absorption coefficient (m™)

150 200
Sample
Fig. 9. Absorption component of the extinction (dashed curve)

compared with that extracted from the reconstructed profiles of
B(2) and y(z) shown in Fig. 8.

6. About the speed of signal sampling, and the effects of
the refraction and pulse propagation velocity variation

The pulse-backscattering character of the method devel-
oped here for investigating the spatial structure of translu-
cent objects imposes rigorous regquirements on the speed of
signal registration. For instance, the advantage of using
short sensing pulses fails if the sampling interval Aty = 7,
(or the computing step At =i i =12...) exceeds 7,. In
the case of long sensing pulses, the sampling interval and
the computing step should be considerably less than 7, in
order to achieve effective improvement of the resolution
by deconvolution. Moreover, the quantities cAt,/2 and
cAt/2 (here c is considered as the speed of light or other
sensing radiation) should be less than the maximum struc-
tural scale to be resolved within the investigated object.
Thus, it turns out that the signal-registration speed is the
fina crucial factor determining the sensing (reconstruc-
tion) resolution. When sensing atmospheric objects, one
may expect that the smaller resolution scales required are
of the order of meters, which corresponds to 10 ns sam-
pling interval in the case of electromagnetic sensing radia-
tion. However, under laboratory or local field conditions
one may have to investigate various objects with a resolu-
tion scale required of the order of 1 mm or less which
corresponds to a sampling interval smaller than 10 ps. To
achieve such a fast and direct data record with a high
accuracy and sufficiently wide dynamic range is a difficult
task. For instance, some results in this field reported
recently [45] indicate a possibility of achieving sampling
intervals of the order of 250 ps (4 cm) by all-optical
analog-to-digital converters based on self-electro-optic ef-
fect devices. There are aso indirect techniques for high-
resolution sampling such as optical pulse correlation tech-
niques that are used, for instance, in optical time-domain
reflectometry [28] or in optical coherence tomography [6].
They alow one to achieve a picosecond (150 pwm) and
better resolution but require a large number of laser shots
to cover all necessary sampling points by varying (scan-
ning) the delay between the sensing and the reference
pulses. The single-photon mode of detection [46] is also
applicable to the problem of high-resolution determination
of the signal profile. This mode of detection as well as the
other indirect methods requires a large number of sensing
pulses to ensure a satisfactory accuracy. But the necessity
of a large number of pulses leads to increase of the
measuring time and thus increase of the risks when using
ionizing radiation for medical purposes.

To avoid the necessity of ultrafast time-domain sam-
pling, one may use a sensing radiation whose speed of
propagation in any medium of interest is considerably less
than the speed of light. High-frequency ultrasound is a
radiation which is appropriate for this purpose. For in-
stance, its speed of propagation is 1500 m/s in water, and
330 m/s in air. Respectively, its wavelength (at a fre-
quency of 10® Hz) is of the order of 1.5 mm in water, and
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about 300 wm in air. The order of the diffraction limit of
resolution in these media is the same. If a sensing resolu-
tion of 1.5 mm is required, the corresponding time-domain
sampling intervals are 2 p.s in a watery medium and about
10 psin air. Thus, as in other imaging and tomographic
applications [47-49], the use of ultrasonic sensing pulses
in the present tomographic approach might be advanta
geous, especidly in laboratory experiments where the ef-
fects of strong attenuation and refraction-due deflection of
the mean sensing-beam axes would not be of crucial
importance owing to the short pulse traectories through
conjecturally small investigated objects. In vast-scale ex-
periments in the atmosphere electromagnetic (radio or
optical) sensing radiation is preferable for investigating
large objects or areas. Then the refraction effects are
negligible at distances z at which the transversal refraction
shift 1, , of the sensing beam-pulse axis is small in
comparison with the corresponding beam width a,, i.e.
|, ,~Gz?/4 < a, where G is a transversal permittivity
gradient [50,51]. For instance, a CO, laser beam-pulse at
wavelength A =10.6 wm retains its initia radius eg.
a,=10cm at adistance z= z, = wa3/A = 3 km. Thus, if
we want to have |, ,<0.1a,, the gradient G should
satisfy the inequality G < 0.4a,/z2=4.10"5% km™%
When ay =1 m the value of z, is equal to 300 km, but at
the same gradient the refraction is negligible at a distance
of only 10 km. The value of G=4.10"°% km™! is of the
order of the horizontal atmospheric gradients [51]. The
vertical atmospheric gradients have a higher order of mag-
nitude. Therefore, horizontaly propagating beams would
be more influenced by refraction in comparison with verti-
cally propagating ones. A way to compensate for refraction
in our tomographic approach is to use as backward sensing
pulses those reflected from a corner reflector [50], or from
a nonlinear one with wavefront inversion (phase conjuga-
tion) [52,53].

The question about the adequate spatial reconstruction
is connected as well with the correspondence t < z. In al
the preceding analysis we have assumed that the pulse
propagation velocity ¢ is constant. Such a supposition is
reasonable when there are no drastic variations of ¢ along
the line of sight. Then one may assume that z= ct/2 for
forward sensing, and z=z, — ct/2 for backward sensing,
when ¢ has the same value within and outside the object.
When the pulse propagation velocity ¢ within the object
differs from that outside the object c,, =z, /t;, we have
z=2z+c(t—t,)/2 (forward sensing) and z=2z —ct/2
+(z. — z,)(c/cyy — 1D (backward sensing). Eventual
small relative variations e(z) =[c(z) —c]/c(2) < 1 of
the actua velocity c(z) around the mean velocity c=(z,
—2,)/[t(z,) — t(z;)] would lead to an acceptable error of
the same magnitude [as e(2z)] in the relative positioning of
the spatiadl sampling points. In the atmosphere one may
assume that the speed of propagation of electromagnetic
pulsesis practically constant. Also, in various soft biologi-
cal tissues the speed of propagation of ultrasonic pulses

has approximately the same value as in water. However, in
bone the ultrasonic propagation velocity is about two times
as large as that in watery media [25].

More essential velocity variations aong the line of
sight would lead to more essential longitudinal distortions
of the reconstructed distributions of B(x,y,z) and y(x,y,z).
So, a tempora sampling interval At corresponds to a
seeming spatial interval Az=cAt/2. At the same time,
the true spatial intervals corresponding to At depend on z
[through c(2)] and are equal to A z(z) = c(2)At/2. The
relative errors [Az— Az(2)]/Az(2) are again equa to
e(z). Thus when c(z) > ¢ [c(z) < ¢] an apparent shorten-
ing (Iengthening) is obtained. Correspondingly, the regions
(eg. for ze[z,,z,])) where c(2) # ¢ will be relatively
shortened or lengthened in the same proportion e(z). So
the value of e(z) is a measure of the relative local
longitudinal distortion of the reconstructed distributions
with respect to the true ones. Despite the distortions the
full length z,—z, of the pulse trgectory through the
object remains the same as /%’ o(2)dt(2) = [2dz=z,
—z[dt(z2) = (dt/dz)dz= dz/c(2)]. Here instead of the
correspondence z=ct/2 the general relations t(z) =
2/&dZ /() or 2(t) = 38 d z(t)]dt" are in power. These
relations lead to some modification (generalization) of the
lidar equations (1)—(3). So in Egs. (1) and (3) one should
replace f(t—2Z /c) [or S(t—2Z /c)] by f[t—t(Z)] {or
9t —t(Z)]}. Also, in Eq. (2) we shal aready have, more
generally, z=2z(t) or t=1t(2) (not z=ct/2), c=c(2),
and A= A(z) = ad(z)/2. The deconvolution of general-
ized equation (1) or Eq. (3), at variable pulse propagation
speed, is based on the same deconvolution algorithms
(Egs. (18) and (27)) and the same expressions of the errors
(Egs. (20), (23)—(25), (28) and (29)) as in Section 4, but
with c=c(2), and leads to the same generalized short
pulse lidar equation [Eq. (2) with c=c(2), A= A(2), and
t=1t(2)].

Thus, it turns out that the result for B(z) (Eq. (7)),
obtained at a constant (mean) value of ¢ (respectively A),
is different from the true one B+(z), which is obtainable
taking into account the dependence A = A(z). The relative
error [ B(2) — B+(2)]/B+(2) isequal to —e(z)c(z)/c=
e,(2). Consequently, the reconstructed field of B(x.y,z) is
distorted with respect to the true distribution B(xy,z)
both in magnitude [with a factor e,(z)] and in longitudinal
scales of the structural components [with a factor e( z)]. At
the same time the genera structural picture is retained. The
result for y(z) is independent of A(Zz), because of which
there are only longitudina deformations (as described
above) of the distribution y(x,y,z). Let us note that if the
coordinate z corresponds to the moment t; at forward
sensing, it will correspond to the moment t,=2(z, —
Z,)/Cou +t, — t; a backward sensing (see Egs. (4) and
(5) and Fig. 1).

The variability of the pulse speed does not change the
results from the noise influence analysis (Section 3.2). The
only difference is that the spatial correlation scale r,
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corresponding to 7, becomes variable, i.e. r.=r(2) =
D7/ 2.

It is interesting to note that the distribution itself,
c(x,y,2), of the propagation velocity within the object is a
source of information about the object structure on which
the time-of -flight reconstruction methods are based [48,54].

7. Summary

A simple method is proposed, based on the lidar princi-
ple, for reconstruction of the spatial distribution of the
backscattering and extinction coefficients within translu-
cent scattering objects. The central idea of the method is to
irradiate the investigated object by narrow-beam pulsed
radiation from both the mutually opposite directions along
each line of sight of a parallel family, and to measure the
corresponding backscattering profiles and transmitted pulse
energies. An additional requirement is that each elemen-
tary scattering volume should have invariable scattering
properties when irradiated from two mutually opposite
directions. It is shown that the measuring procedure pro-
posed, taking into account the latter condition, provides
sufficient experimental data for unambiguous determina-
tion of the one-dimensional longitudinal distribution of the
backscattering and extinction coefficients along a line of
sight. The corresponding 3D distribution is obtainable by a
transversal scan. The derived reconstruction algorithms are
based on the single-scattering short-pulse lidar equation.
They are stable, accurate and faster than other tomographic
reconstruction techniques. It is shown that a high recon-
struction resolution can be achieved not only by ultrashort
sensing pulses, but also with the use of long sensing pulses
as well in comparison with the least structural scale to be
resolved. For this purpose one should use deconvolution
techniques for retrieving the short-pulse backscattering
profile on the basis of the long-pulse one. The idea of
using controlled and simple well-defined sensing pulses in
order to obtain simple, accurate and fast deconvolution
agorithms for rea-time investigating the spatial structure
of objects whose size is of the order of or less than the
pulse length is formulated and substantiated. The theoreti-
cal conclusions about the accuracy of the developed recon-
struction and deconvolution algorithms as well as about
their sensitivity to noise are supported and illustrated by
computer simulations. The negative wideband-noise effect
is revealed and some noise-reducing procedures are dis-
cussed. A possible way is discussed and illustrated to
identify, on the basis of the reconstructed profiles of 8(z)
and y(2), localized, strongly absorbing structures imbed-
ded into scattering media. The problem is outlined about
the necessity and the methods of fast signal registration. It
is estimated that the use of ultrasonic sensing pulses would
lead to longer admissible sampling intervals.

The influence of refraction and pulse propagation ve-
locity variations is aso concisely discussed and estimated.

The general conclusion isthat the reconstruction method
developed here is smpler and faster than other known
reconstruction (tomographic) methods, and permits one to
achieve a higher controllable reconstruction accuracy. Fur-
ther investigations should be devoted to additional experi-
mental and theoretical problems to be solved such as
optimal scanning, optimal sampling and data processing,
studying the scattering properties and pulse propagation
velocity variations within various media with respect to
various types of sensing radiation.
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