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Abstract

Ž .It is shown that using sufficiently short pulses of sensing radiation physical d-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 also 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
radiation are discussed. q 1998 Elsevier Science B.V. All rights reserved.

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

1. Introduction

The methods for contactless sensing of media and
determination of the spatial 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

w xinterferometry 1,2 , artificial satellite imaging using
w xshort-pulselength laser 3,4 , reconstruction of ionospheric

electron density distribution using satellite transmitter and
w xground-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
Ž . Žphantoms hidden in turbid strongly scattering but weakly

. Žabsorbing media such as biological tissues see e.g. Refs.
w x .6–10 and references therein . Most of the above ap-
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proaches to various problems of spatial-distribution recon-
struction and imaging are based on the mathematical appa-
ratus of computer-aided tomography that has initially arisen

w xas X-ray transmission tomography 11,12 and further de-
veloped in different other forms such as X-ray, optical or

w xradiowave diffraction tomography 13–17 , particle- or
w xphoton-emission tomography 18 , etc. The physical basis

of computerized-tomography data acquisition involves irra-
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

Ž .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
w x Ž .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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Žintegrals, e.g. of the differential scattering cross-section as
.an integrand factor over the pencil-beam propagation

w xpaths through a scattering object 13 or of the index of
refraction over the light-propagation rays through a phase

w xobject 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

w xprojection data 11,12,19 . A mathematical reconstruction
Žapproach 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
Ž .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 is ill posed

Žbecause of the large number of pixels and respectively
.unknowns to achieve a satisfactory resolution. Moreover,

the system is usually 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 square coefficient matrix.
However, the problem of solving the new system remains
ill posed. Therefore, various optimum inversion ap-

w xproaches 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

Ž w x.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 also note that the
direct use of inverse two-dimensional Fourier transforma-
tion, also based on the projection slice 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
w x11,12,19 .

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

Žinformation 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-

Žcient distributions along the line of sight the sensing-pulse
.propagation path . Therefore, an unambiguous solution of

this equation may be obtained only if some additional
Ž .conditions or relations between the unknown functions

are supposed andror some additional independent mea-
Ž w x.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

Ž .for sensing semitransparent inclusively atmospheric ob-
jects that provides data permitting to solve unambiguously,

Žin a fast, 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

Ž .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-

w xtheless, as it is shown in Refs. 22–24 , the necessity of
extremely short pulses may be avoided using deconvolu-

Ž .tion techniques for retrieving the short-pulse d-pulse
lidar profile on the basis of the profiles obtained with

Žrelatively longer sensing pulses. The sign d is an allusion
.of d function. Therefore, as an important purpose of the

study, we shall describe and analyze in Section 4 the idea
w x23,24 to use controlled, well-defined and reproducible

Žsensing 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
Ž .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
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single-scattering lidar equation, which describes the
Ž . Žbackscattered light power F t the lidar return signal, the

.lidar profile detected at each moment ts2 zrc after the
pulse emission, may be represented by the following con-

w xvolution 21 :

`
X X XF t s f ty2 z rc F z d z , 1Ž . Ž . Ž . Ž .H

y`

Ž . Ž .where f q sP q rE is the pulse shape function de-p
Ž .fined as the pulse power shape P q normalized to the

` Ž . Ž ` Ž .pulse energy E sH P q dq obviously, H f q dqsp 0 0
. Ž . y2 Ž . Ž . 2Ž .1 ; F z saE z h z b z T z is the maximum-re-p

Ž .solved short-pulse, d-pulse lidar profile, a is a lidar
Ž . Ž .constant, h z is the receiving efficiency of the lidar, b z

Ž .is the atmospheric backscattering coefficient, T z s
w z Ž Y. Y xexp yH g z d z is the atmospheric transmittance, andz1

Ž .g z is the atmospheric extinction coefficient; zsctr2
Ž X X Y Y .z sct r2, z sct r2 is the longitudinal coordinate

Ž X Y.along the line of sight corresponding to t t ,t , z is the1

longitudinal coordinate of the initial scattering volume
contributing to the signal, c is the speed of light, and q is

Ž .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

Ž .length l sct r2 t is the pulse duration is shorter thanp p p
Ž .the least scale of the atmospheric inhomogeneities, Eq. 1

is simplified to the form

F t s cr2 F zsctr2Ž . Ž . Ž .
z

Y Yy2s acr2 E z h z b z exp y2 g z d z .Ž . Ž . Ž . Ž .Hp ž /0

2Ž .
Ž . Ž .Eq. 2 is the short-pulse d-pulse single-scattering lidar

equation that is commonly used in lidar-data analysis.
Ž .Eq. 1 is derived under the condition that the integra-

tion period t of the photodetector is negligible. In thed

general case, when the integration period should be taken
Ž .into account, Eq. 1 may be rewritten in the form

`
X X XF t s s ty2 z rc F z d z , 3Ž . Ž . Ž . Ž .H

y`

where

`
X Y Y Y Xs ty t s d t q ty t f t y tŽ . Ž . Ž .H

y`

t Y Y Y Xs d t q ty t f t y t 3aŽ . Ž . Ž .H
Xt

Ž .is an effective pulse response or an effective pulse shape
which is a convolution of the photodetector pulse response
Ž Y. Ž ` Ž . . Ž Yq ty t H q q dqs1 and the pulse shape f qs t y0

X.t . Certainly, when t ™0 the effective pulse responsed
Ž X . Ž X . Ž .s ty2 z rc tends to f ty2 z rc . Then Eq. 3 is re-

Ž . Ž .duced to Eq. 1 . When t qt ™0, Eq. 3 is reduced top d
Ž .Eq. 2 .

In the cases of radio or ultrasound sensing of scattering
media using narrow-beam pulsed radiation, the detected

Ž .backscattered-power profiles radar or sonar profiles are
Ž .described by radar or sonar equations of the same type as

Ž . Ž . w xEqs. 1 – 3 25–27 . Similar equations describe the
backscattered-power profiles along the optical fibers under
investigation in optical time-domain reflectometry as well
w x28–30 .

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 a translucent object of interest O be irradiated from
a given direction by narrow-beam pulsed radiation propa-

Ž .gating along a forward direction determined by the direc-
Žtional segment O O which is parallel to axis 0 z see Fig.1 2

.1 . Then the detected backscattered-power profile is de-
Ž . Ž . Ž .scribed by Eq. 1 or Eq. 2 or Eq. 3 . When the sensing

pulse and the photodetector pulse response are so short
Ž .that the quantity c t qt is small compared with thep d

least variation scale of the scattering and absorption inho-
Ž .mogeneities within the object, the lidar return signal is

Ž .described by Eq. 2 , and the so-called lidar S-function
Ž . Ž . Ž . 2 Ž .w Ž .S z s S z s F t s 2 zrc z rh z F t s 2 zrc s1 1 1

Ž . Ž .xcr2 F z is given by the expression1

z
Y YS z sS z sAE b z exp y2 g z d z , 4Ž . Ž . Ž . Ž . Ž .H1 p1 ž /z1

where Asacr2, and the receiving-efficiency function
Ž .h z is supposed to be known. Suppose also that the

emitted and the transmitted pulse energies through the
object, E and E sE I respectively, are measured;p1 pt1 p1

Ž z2 Ž Y. Y.Isexp yH g z d z where z is the longitudinalz 21

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 O O2 1

direction. The emitted E and the transmitted E sE Ip2 pt2 p2

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-

Ž . Ž .tion the functions b z and g z , for z FzFz , retain1 2

the same form as in the first case of ‘forward’ illumina-
Ž . Ž . w Žtion, the S-function S z s S z s F t s 2 z y2 2 L

. .xŽ .2 w Ž .x � w Ž . xz rc z y z r h z y z F t s 2 z y z rc sL L 2 L
Ž . Ž .4cr2 F z will be2

z2 Y YS z sS z sAE b z exp y2 g z d z ,Ž . Ž . Ž . Ž .H2 p2 ž /z

5Ž .



( )L.L. GurdeÕ et al.rOptics Communications 151 1998 339–352342

Ž .Fig. 1. Illustration of the backscattering and extinction coefficient reconstruction approach based on the lidar radar, sonar principle. A
� 4right-handed rectangular coordinate system 0 xyz is used to determine uniquely the coordinates of the points within the investigated object

Ž � 4 � 4. Ž . Ž .O, the positions O x , y ,0 and O x , y , z and orientations O O and O O of the lidar radar, sonar transceiver system L, the1 L L 2 L L L 1 2 2 1
Ž . � 4sensing-radiation path of propagation the radiation beam axis, the line of sight, O O , and the coordinates M x , y , z and1 2 1 L L 1

� 4M x , y , z of the initial and the final scattering volumes, respectively, along the line of sight. The object O is irradiated from two2 L L 2
Ž .reciprocally opposite directions along each line of sight chosen here to be parallel to axis 0 z. To achieve a tree-dimensional 3D imaging,

Ž .the transceiver system or the object should be scanned laterally.

where z is the longitudinal coordinate of the initial, in2

this case, scattering volume contributing to the signal, and
z is the new longitudinal coordinate of the transceiverL

Ž . Ž . Ž .system see Fig. 1 . By multiplying Eqs. 4 and 5 we
obtain

z2 Y Y2 2S z S z sA E E b z exp y2 g z d zŽ . Ž . Ž . Ž .H2 p1 p21 ž /z1

sA2E E b 2 z . 6Ž . Ž .pt1 pt2

Ž .Thus Eq. 6 leads to the following simple expression of
Ž .b z :

1r2
b z s S z S z r E E rA , 7Ž . Ž . Ž . Ž .Ž .1 2 pt1 pt2

Ž . Ž .where the values of E is1,2 and the profiles F tpt i i
Ž .in S and S are determined experimentally. The receiv-1 2

Ž . w xing efficiency h z can be determined experimentally 31
or calculated for each concrete lidar configuration
w x21,32,33 . In the same way one can determine the con-
stant Asacr2. The exact value of A is necessary when

Ž .the absolute value of b z should be determined. When
Ž . Ž .the profile itself of b z in arbitrary units is only of

interest one can determine it without measuring E andpt i

A, on the basis of the relation

1r2
b z sA S z S z , 8w xŽ . Ž . Ž . Ž .1 2

where A is in general an arbitrary constant, but ensuring a
Ž .satisfactory contrast. Note that the expressions of b z

w Ž . Ž .xEqs. 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.

Ž .The extinction-coefficient profile g z can be deter-
Ž . Ž .mined using the pair of Eqs. 4 and 5 , but other pairs

Ž . Ž . Ž . Ž .such as Eqs. 4 and 7 or Eqs. 5 and 7 are also
appropriate for this purpose. The result is:

I
g z s0.25 ln S z rS z , 9w x� 4Ž . Ž . Ž . Ž .2 1

where the superscript ‘I’ denotes first derivative with
QŽ .respect to z. We further denote by symbols such as w z

Ž .Qs I, II, . . . the Qth derivative of the function w with
Ž . Ž .respect to z. Eq. 9 provides the absolute values of g z

which are, as it must be, positive because, at the given
Ž .here forward positive direction of sensing 0 z,

w Ž . Ž .xln S z rS z is an increasing function of z. If we2 1

interchange the forward and the backward directions of
sensing as well as the indices 1 and 2, we obtain the same

Ž .expression of the new forward former backward profile
Ž X. X Ž .g z for which z increases from z to z Fig. 1 . That2 1

is, the expression of the forward extinction profile is
Ž .invariant under change of the forward positive direction

of sensing.
ŽSo 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-

Ž . Ž .ambiguously the distributions of b z and g z along
each line of sight. In order to obtain a 3D distribution of

Ž . Ž .bsb x,y,z and gsg x,y,z , attached to a given direc-
Žtion of propagation of the sensing radiation e.g. as in Fig.

.1, parallel to axis 0 z , one should scan laterally the
transceiver system or the object. Then the distributions
Ž . Ž .b x,y,z and g x,y,z are formed by the ensembles of

Ž . Ž .one-dimensional longitudinal distributions b z and g z
respectively, which are determined independently for each
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separate beam-propagation trajectory through the object. In
Ž .general, except for a lateral scan transversal translation ,

the transceiver system or the object or both should be
subject to suitable additional translations and rotations.
However, this important question about the most appropri-
ate scanning techniques is beyond the scope of the present

Žwork. The transversal with respect to the direction of
. Ž .sensing resolution of reconstructing the fields of b x,y,z
Ž .and g 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 t , the photode-p

tector integration period t , the speed of sensing radiationd

through the object, and the sampling interval t of theS

analog-to-digital converters. Thus, the spatial distributions
of both mutually complementary in a sense physical char-

Ž .acteristics b and g 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
p . 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
equal. 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 also necessary to ensure sufficiently inten-

w xsive 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

w xand 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 pulse-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 axial 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

Ž .Assume that the backscattered-power profiles F z si
w Ž .x Ž Ž . Ž . Ž . x.F ts t z is1,2; t z s2 zrc, t z s2 z yz rci i 1 2 L

Ž .are determined with random errors ´ z due to noise,n i
Ž . Ž .and systematic bias errors d z . The values 1 and 2 ofc i

the subscript i correspond to forward and backward sens-
Ž .ing. Assume as well that ´ z are quasi-stationary ran-n i

² Ž .:dom processes with zero mean value ´ z s0 andn i
Ž . 2 ² 2 Ž .: ² :variances D n z sd s ´ z ; denotes ensemblei n i n i

Ž .average. Then the total root-mean-square errors d z inSi
Ž .the determination of S z will bei

1r22
d z s S z yS zw xŽ . Ž . Ž .² :Si m i i

1r22 2s d z qd z w z , 10Ž . Ž . Ž . Ž .c i n i i

Ž . Ž .where S z and S z are S-functions corresponding tom i i
Ž . Ž .the measured F z and the true F z signal profiles,m i i

Ž . 2 Ž . Ž . Ž .2 Ž .w z sz rh z , and w z s z yz rh z yz . The1 2 L L

root-mean-square error d in the determination of E isE pt

characterized by the quantity

1r22
d s E yE , 11Ž .Ž .¦ ;E ptm pt

where E and E are respectively the measured and theptm pt

true values of the transmitted pulse energy. All above-men-
Ž .tioned errors result in an error d z in the determinationb

Ž .of b z which is defined as

1r22
d z s b z yb z , 12w xŽ . Ž . Ž . Ž .² :b m

Ž .where the profile b z is calculated on the basis of them
Ž . Ž .experimental data F z and E , and b z is the truem i ptm

Ž . Ž .backscattering profile. When d z <S z and d <Si i E
Ž .E , the value of d z may be estimated on the basis ofpt b

Ž . Ž w x.Eq. 8 as see e.g. Ref. 35

2 Eb
d z s ´ z qd z w zw xŽ . Ž . Ž . Ž .Ýb n i c i i¦½ ESiis1

1r22
Eb

q E yE , 13Ž .Ž .pt im pt i 5 ;EEpt i

where ErEU denotes first partial derivative with respect to
U. It is reasonable to assume that the random functions

Ž . Ž .´ z and ´ z are statistically independent of eachn1 n2

other and of the random fluctuations accompanying the
measurement of E . Besides, in order to reveal mainly thept

random noise influence we shall assume in the following
analysis that the noise-induced error d prevails over then i
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Ž . Ž .systematic error d , i.e. d z 4d z and consequentlyc i n i c i
Ž . Ž . Ž .d z fd z w z . Taking into account the last remarks,Si n i i

Ž . Ž .Eqs. 8 and 13 lead to the following estimate of the
Ž . Ž . Ž .relative error d z sd z rb z :b r b

1r22 2 2d z s 0.25 d z qd z qd , 14Ž . Ž . Ž . Ž .� 4b r S1r S2 r E r

Ž . Ž . Ž . Ž . Ž .where d z sd z rS z sd z rF z and d sSir Si i n i i E r
Ž .d rE are the relative errors corresponding to d z , andE pt Si

d . It is seen that the value of d is of the order of dE b r Sir
Žand d . Thus, the higher the signal-to-noise ratio theEr

.smaller d <1 and d <1 the smaller the measuringSir E r

error d <1 and d <b.b r b

Analogously, with the same assumptions as above, we
Ž .obtain the following estimate of the error d z in theg

Ž .determination of g z :

1r2y2 y2d z (0.25 d z rr F z qF zŽ . Ž . Ž . Ž .Ž .g n c 1 2

1r2y2 2 y2 2r z F z qr z F zŽ . Ž . Ž . Ž .1 2 2 1 2= 1q rc2 2½ 5F z qF zŽ . Ž .1 2

1r2y2 y2-0.25 d z rr F z qF zŽ . Ž . Ž .Ž .n c 1 2

1r22 y2 y2= 1qr r z qr z , 15Ž . Ž . Ž .� 4c 1 2

Ž . � Ž .4 Ž . < Ž . IŽ . <where d z smax d z , r z s S z rS z , and rn n i i i i c

is an estimate of the correlation radius of the random
Ž .functions ´ z . We have meanwhile used the fact thatn i

²w I Ž .x2: Ž .2 2 w xd z (d z rr 22 . According to the corre-n i n i c
Ž .spondence z'ctr2 one may consider ´ zsctr2 as a

temporal random function with correlation time t s2 r rc.c c

When the computing step D ts2 r rc exceeds t oned c
Ž .should replace in 15 r by the spatial step r . The leastc d

possible computing step D t is equal to the sampling0
Ž .interval t of analog-to-digital converters. Formula 15S

Ž .shows that the higher the signal-to-noise ratio ;Frdn
Ž .the higher the g z -determination accuracy. Moreover, it

is seen that the noise influence depends additionally on the
spectral properties of the noise in combination with the

Žsignal variability. So, in the case of slow smooth, low-
. Ž . Ž .frequency fluctuations of ´ z , such that r 4r z , then c i

Ž . w Ž .xestimate of d z becomes see inequality 15 :g

1r2y2 y2d z -0.25d z F z qF zŽ . Ž . Ž . Ž .g n 1 2

=
1r2y2 y2r z qr z . 15aŽ . Ž . Ž .1 2

Obviously, in this case the noise influence is maximum at
Ž . Ž . Ž .the points zsz of sharp changes of F z and F zsh 1 2

y1Ž .where r z strongly increases. In the opposite case ofi
Ž .fast wideband, high-frequency noise fluctuations, when
Ž . Ž .r -r z , formula 15 is reduced toc i

1r2y2 y2d z f0.25 d z rr F z qF z .Ž . Ž . Ž . Ž .Ž .g n c 1 2

15bŽ .

Ž .Approximation 15b shows that a wideband noise may
Ž .lead to serious errors in the determination of g 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-

Ž .tion to restore the short-pulse lidar profile when the laser
w xpulse 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 algorithms 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-

w xvolution 36 . Nevertheless, these pulses as well as some
Ž .other e.g. exponentially-shaped ones lead to some spe-

cific deconvolution algorithms which are simpler, faster
w xand 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 algorithms 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 algorithms, 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-

w x Ž w x w x.able laser 37–39 or X-ray 40 or acoustic 41 pulse
shapes.

4.1. Rectangular-like pulses

Ž .A rectangular-like pulse shape f q with rise and
decay time t and duration t is given by the expressionr

f q s f qŽ . Ž .R

0 forqF0°
y1 w xt 1yexp yqrt forqg 0,tw x~ Ž .rs

y1¢ At exp y qyt rt forqGtw xŽ . Ž . r

16Ž .
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w w Ž .xy1where As 1yexp y trt . When t ™0 it becomesr r
Ž . y1 w x Ž .rectangular, i.e. f q st for qg 0,t , and f q '0

Ž̃ .elsewhere. The modulus of the spectrum f v s
` Ž . Ž . Ž .H f q exp jvq dq of f q is equal toy`

y1r22 2˜< < w xf v s sin vtr2 r vtr2 1qv t , 17Ž . Ž . Ž . Ž .Ž .r

Ži.e. it has zeros for vsv s i2prt is1,2, . . . , j is thei
.imaginary unity . For this reason the Fourier-deconvolu-

w xtion algorithm is not applicable in this case 22 . The
Volterra-deconvolution algorithm also leads to some prob-

w xlems 22,36 . Nevertheless, we succeeded in deriving an
effective recurrence deconvolution algorithm that has the
form

I IIF z'ctr2 s 2trc F t qt F tŽ . Ž . Ž . Ž .r

w xqF c tyt r2 . 18Ž . Ž .
IŽ . IIŽ . ŽIt is obtained after calculating F t and F t using

Ž . Ž ..Eqs. 3 and 16 and some simple algebraic derivations.
w xThe rectangular-pulse deconvolution algorithm 22 fol-

Ž .lows from Eq. 18 as a special case when t s0.r
Ž .The deconvolution error d t'2 zrc caused by ac

discrete data processing is defined as

d t sF t yF tŽ . Ž . Ž .c c

I IIs 2trc d F t qt d F t qd tyt ,Ž . Ž . Ž . Ž .c r c c

19Ž .
IŽ . IŽ . IŽ . IIŽ . IIŽ .where d F t s F t y F t , d F t s F t yc c c c

IIŽ . Ž . IŽ . IIŽ .F t , and F t , F t and F t are the numericallyc c c
Ž . IŽ .calculated functions corresponding to F t , F t and

IIŽ . IŽ . IIŽ .F t . The values of d F t and d F t are estimatedc c
w x IŽ . Ž . VŽ .Ž .4in Ref. 22 as d F t s y1r30 F t D t andc

IIŽ . Ž . VIŽ .Ž .4d F t s y2r30 F t D t . It is assumed that thec
IŽ .numerical derivative F t is obtained by differentiation ofc

the corresponding Lagrangian-interpolation polynomial of
degree 4 relevant to the five successive points t" iD t
Ž . IIŽ .is0,1,2 . The value of F t is obtained by the samec

procedure, but doubly applied. Taking into account the last
Ž .estimates and the recurrence character of Eq. 19 , we

obtain

4 IVd t sy 1r30 cD tr2 F ctr2Ž . Ž . Ž . Ž .c ½
Q

4 VIq 2tt D t rc F ty it , 20Ž . Ž . Ž .Ý r 5
is0

wŽ . xwhere Qs ty t rt is the number of recurrence cy-0

cles, t s2 z rc, and z is the coordinate of the initial0 0 0
Ž .scattering volume contributing to the signal, i.e. F t '0

Ž Ž . .and F t '0 for tF t . Obviously, the smoother the0
Ž .profile F z and the smaller the computing step D t, the

Ž .smaller the calculation error d ts2 zrc .c

Let us also consider the influence on the deconvolution
w Ž .x Ž .accuracy of an additive to F t stationary noise n t with

² Ž .: ² 2Ž .:mean value n t s0, variance Dns n t , correla-
Ž . ² Ž . Ž .:Ž .y1tion coefficient K q s n t n tqq Dn , and cor-n

Ž .relation time t . Every realization n t of the noise results,c
Ž . Ž .according to Eq. 18 , in a realization ´ t of a random

deconvolution error:

Q
I II´ t s 2trc n ty it qt n ty it . 21Ž . Ž . Ž . Ž . Ž .Ý r

is0

The corresponding root-mean-square error, defined as dn
² 2Ž .:1r2s ´ t , is then given by

d s 2trc Qq1 DnI qt 2DnIIŽ . Ž . Ž .n r½
Q

I w xq cov ky i tŽ .Ý n
i/k

1r2

2
II w xqt cov ky i t , 22Ž . Ž .r n 5

² IŽ . IIŽ .:where the relation n t n t s 0 is used;
² I,IIŽ . I,IIŽ .:I ,IIw xcov ky i t s n ty it n tykt .Ž .n

In the case of wideband noise with correlation time
Ž .t -t , we can neglect the second sum in Eq. 22 andc

obtain

1r2w xd f 2rc C Qq1 DnŽ . Ž .n

=
1r221q BrC t rt trt , 23Ž . Ž .Ž . Ž .r c c

I ²w IŽ .x2: IIwhere the variances Dn s n t and Dn s
²w IIŽ .x2: I y2 IIn t are estimated as Dn sDnCt and Dn sc

y4 Ž w x.DnBt see e.g. Refs. 22,42 . For instance, in the casec
Ž .of a Gaussian correlation coefficient K q sn

Ž 2 2.exp yq rt we have Cs2 and Bs12. Approxima-c
Ž .tion 23 is valid when t )D t. When t -D t we canc c

write the expression

1r2w xd f 2rc 0.9 Qq1 DnŽ . Ž .n

=
1r221q1.39 t rD t trD t , 24Ž . Ž .Ž .r

where the discrete character of the numerical calculations
is taken into account and DnI and DnII are replaced by

c I Ž .2 c IItheir discrete analogies D n s0.9Dnr D t and D n
Ž .4 w xs1.25Dnr D t 22 . When t -t , an estimation of dc n
Ž .based on Eq. 22 yields:

1r2
d f 2rc Qq1 CDnŽ .Ž .Ž .n

=
1r221q BrC t rt trt . 25Ž . Ž .Ž . Ž .r c c

Ž . Ž .The analysis of Eqs. 23 – 25 reveals a tendency to
accumulating the noise with the distance zyz AQ along0

the line of sight. This effect is a consequence of the
recurrence character of the algorithm and is not of impor-
tance when Qs0. 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 dn

is an increasing function of t and t . Moreover, a type ofr

similarity relation exists which consists in that when t , tc

and t vary in such a way that trt sconst and t rt sr c r c

const, the value of d also remains constant. At the samen

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 P0

Ž . Ž .y1sE r At should be increased A At . Thus, a wayp

to restrict the negative wideband noise influence is to
decrease t and t with respect to t . The value of d mayr c n

Žalso be lowered by increasing the computing step D t see
Ž ..Eq. 24 . Certainly, the increase of D t leads to lowering

the sensing resolution, but an optimum choice of the
values of t , t , and D t would ensure a better resolution atr

a lower noise error.

4.2. Exponentially-shaped pulses

w xThe simplest pulses of this type 21,24,43 have the
following shape normalized to the pulse energy:

0 forq-0
f q s f q sŽ . Ž . 2E0 ½ qrt exp yqrt forqG0Ž .Ž .

26Ž .
˜< Ž . <The Fourier-spectrum modulus f v of this pulse shapeE0

˜ 2 2 y1< Ž . < Ž .is f v s 1qv t , i.e. it has no zeros, whichE0

means that the Fourier-deconvolution algorithm is applica-
ble. Nevertheless, in the same way as in Section 4.1 we

w xhave obtained another simpler and faster 24 deconvolu-
tion algorithm, namely

I 2 IIF z'ctr2 s 2rc F t q2t F t qt F t .Ž . Ž . Ž . Ž . Ž .
27Ž .

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

4 V VId ctr2 sy 2rc D t tr15 F t qt F t ,Ž . Ž . Ž . Ž . Ž .c

28Ž .

and

1r21r2 4 4d s 2rc Dn 1qBt rt . 29Ž .Ž . Ž .� 4n c

Ž .When D t)t one should replace in Eq. 29 the factorc
4 Ž .4Brt by 1.25r D t . Since the Fourier-deconvolutionc

Ž .2 IIŽ . w xcalculation error is of the order of D t F t 22 , one
may expect that the algorithm considered here is more

Ž . w Ž .xaccurate because d ctr2 Eq. 28 is of the order ofc
Ž .4 IVŽ . Ž .D t F t . Eq. 29 shows that a narrowband noise
Ž . Ž .Ž .1r2tFt leads to a minimum error d f 2rc Dn . Onc n

Ž .the contrary, a wideband noise t)t would lower thec

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 D t st may correspond to different temporalo S
Ž . Ž .spatial intervals, e.g. D t s10 ns 1.5 m . The backscat-0

Ž .tering coefficient profile b z consists of a smooth com-
ponent with a multilayer structure superimposed on it. The
corresponding analytical expression is:

2
b z sA 1y 2 zyz r z yz y1w xŽ . Ž . Ž .� 4sm 1 2 1

qA sin2 4p zyz r cT . 30w xŽ . Ž .Ž .ml 1 m

Ž .The extinction coefficient profile g z consists of a com-
Ž . Ž .ponent similar to b z say scattering , a linearly increas-

Ž .ing say absorption component, and a constant, strong and
short component like an imbedded strongly absorbing ob-
ject. It is given by the expression

g z skb z qa qV zyzŽ . Ž . Ž .0 1

qa h zyz yh zyz , 31w xŽ . Ž . Ž .f 3 4

Ž . Ž .where h x s0 for x-0, and h x s1 for x)0. The
model parameters A , A , T , k, a , V, a , z , z , z ,sm ml m 0 f 1 2 3

and z are specified in Table 1. The short-pulse profiles4
Ž . w Ž . xF ts2 zrc and F ts2 z yz rc are calculated ana-1 2 L

Ž . Ž .lytically on the basis of Eqs. 4 and 5 and are shown in
wFig. 3. Two types of Gaussian-distributed additive to

Ž .xF t stationary noise are modeled, namely white noise,1,2

and Gaussian-correlated one with correlation time t . Thec
Ž .1r2noise level d s Dn is specified with respect to then

Ž .value F of the first local minimum of F t , i.e. by anmin 1

input signal-to-noise ratio SNR sF rd . The receivingin min n
Ž .efficiency h z as well as the pulse energy E are assumedp

to be constants equal to unity and to unit energy respec-
tively.

We have first reconstructed numerically the profiles
Ž . Ž .b z and g z on the basis of the short-pulse profiles

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
y1A m 0.001sm
y1A m 0.005ml

y6T s 1=10m

k constant 2
y1a m 0.0010
y2 y6V m 8.89=10
y1a m 0.006f

z m 751

z m 3002

z m 127.53

z m 142.54

F AF in the absence and in the presence of noise. In1,2 1,2
Ž . Ž .the absence of noise, b z and g z are reconstructed

with a high accuracy such that there is no visible differ-
ence between the restored profiles and the models shown

Ž .in Fig. 2. The accuracy of reconstructing b z is deter-
mined in practice only by the accuracy of performing the

Ž .necessary arithmetic operations. When restoring g z , an
additional error D arises due to numerical differentiation
w Ž .xsee Eq. 9 . An estimation of this error, conducted as in
Section 4, leads to the expression

4 VD zsctr2 sy 1r120 cD tr2 F z rF zŽ . Ž .Ž . Ž . Ž .� 2 2

yFV z rF z .Ž . Ž .41 1

The results from simulations in the presence of noise
are in accordance with the theoretical predictions. So the

Ž .relative noise-induced error in the determination of b z is
of the order of the relative error in the measurement of

Ž .F t . A satisfactory high accuracy, e.g. dbrb-4%, is1,2
Ž .attainable at a sufficiently high SNR s200 see Fig. 4 .in

The results represented in Fig. 5a, 5b show that the error in

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

Fig. 4. Reconstructed profile of the backscattering coefficient
Ž .b z in the presence of an additive correlated noise with correla-

Ž .tion time t s0.04 ms at SNR s200. The model of b z isc in

given by the dashed curve for comparison.

Ž .Fig. 5. Reconstructed profiles of the extinction coefficient g z in
the presence of an additive correlated noise with correlation time
Ž . Ž . Ž . Ž .a t s0.04 ms r s6 m and b t s1 ms r s150 m ;c c c c

w Ž . Ž .x Ž .SNR s200 and max r z ,r z ;25 m. The model of g z isin 1 2

given by the dashed curve for comparison.
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Ž .the determination of g z depends additionally on the
Žnoise correlation time t the noise spectral width w ;c n

y1. w Ž .x Ž .t and the variability of F ts t z sF z sc 1,2 1,2 1,2
Ž . Ž .cr2 F z . It can be seen that at the same SNR s2001,2 in

as above this error is too large when r scD tr2;r sd c
Ž . Ž .ct r2<r z Fig. 5a . With the increase of t , e.g. byc 1,2 c

Ž .some type of filtering, the value of d z decreases consid-g

Ž w Ž . Ž .x.erably and tends to the limit at r 4max r z ,r zc 1 2
Ž . Ž .estimated by the approximation 15a Fig. 5b . When

Ž . Ž .SNR is increased e.g. 5 times by amplifying F t orin 1,2

averaging it over a large number of pulses the error
becomes acceptable even at r ;r . When simulating thed c

reconstruction procedure we have excluded the intervals of
Ž . Ž . Ž .t respectively z where F t or F t are bellow the1 2

noise level d .n

To generalize the simulations we have reconstructed
Ž . Ž .the profiles of b z and g z , 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

Ž w x.the case of rectangular-like pulses Section 4, 23,24 .
Such a pulse shape with time constant ts0.1 ms is shown

w Ž .xin Fig. 6. The long-pulse profiles F ts t z for eachl1,2 1,2

pulse shape have been calculated on the basis of the
w Ž .x Ž .short-pulse profiles F ts t z and Eq. 1 by using1,2 1,2

the least computing step D t . The same noise models as0

above have been used.
The first step of reconstruction is to restore the short-

w Ž .x Ž .pulse profiles F ts t z sF z by employing the1,2 1,2 1,2
Ž Ž ..corresponding deconvolution algorithm Eq. 27 . In the
Ž .absence of noise the restored profiles F z do not differ1,2

visibly from the true ones given in Fig. 3. The behaviour
Ž .of the calculation error d zsctr2 is described correctlyc

Ž .by Eq. 28 . It is interesting to note that the range of d isc

small compared with that in the case of Fourier deconvolu-
Ž w x.tion see also Ref. 24 . As a second step of the recon-

struction procedure, we have determined the profiles of
Ž . Ž . Ž .b z and g z on the basis of the restored profiles F z .1,2

Fig. 6. An exponential pulse shape with time constant t s0.1 ms.

Ž . Ž .Fig. 7. Profiles of the extinction g z and backscattering b z
coefficients reconstructed after deconvolution in the case of expo-
nentially-shaped pulses with time constant t s0.1 ms. The mod-

Ž . Ž .els of g z and b z are given by dashed curves.

Ž .There is no visible error in the determination of b z
Ž . Ž . Ž .dbrb;0.4% and g z dgrg;1–2% when ts0.1

Ž .ms Fig. 7 . With the increase of t the final reconstruction
Ž Ž ..errors increase see Eq. 28 . At ts0.25 ms their values,

dbrb;0.5% and dgrg;3–10%, are still acceptable.
As shown in Sections 3 and 4, the procedure of recon-

Ž . Ž .structing b z and g z on the basis of the long-pulse
Ž .profiles F z is sensitive to wideband noise. Therefore,l1,2

we shall assume that a high value of SNR s1000 isin

ensured. The noise correlation time is first assumed to be
t s0.1 mss10D t . The deconvolved short-pulse profilesc 0

Ž . Ž .F z are used to reconstruct the profiles of b z and1,2
Ž .g z . The results obtained for ts0.05 ms are shown in

Ž . Ž .Fig. 8. In accordance with Eqs. 28 and 29 the simula-

Ž . Ž .Fig. 8. Profiles of the extinction g z and backscattering b z
Žcoefficients reconstructed after deconvolution in the case of

.exponentially-shaped sensing pulses with t s0.05 ms in the
presence of noise with correlation time t s0.1 ms and SNR sc in

Ž . Ž .1000. The models of g z and b z are given by dashed curves.
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tions show that the increase of the characteristic time
constants t leads to an increase of reconstruction error. At

Ž .the same time the increase of t or D t for white noisec

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-

Ž . Ž .structed profiles b z and g z a localized, strongly ab-
Ž .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
Ž . Ž .b z is similar to that of the scattering component g z ins
Ž . Ž . Ž . p Ž .g z . Such a relation g z sk b z between b z ands s
Ž . Ž w x.g z has been established empirically see e.g. Ref. 44s

for the case of aerosol scattering in the atmosphere. Above,
k is a coefficient and 1FpF1.49 is an exponent, boths

depending on the type of aerosol and the wavelength of the
scattered light. It is often assumed that ps1. As in Fig. 8,
there may be intervals of z where a close correlation

Ž . Ž .between b z and g 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

ˆ Ž . Ž . Ž . Ž . Žof k is k sC 0 rC 0 , where C q sHb t g tqs s bg bg bg

.q d t is the cross-correlation function of b and g , and
Ž . Ž . Ž .C q sHb t b tqq d t is the autocorrelation func-bb

tion of b. In this way an estimate g of g can beˆS s
ˆŽ . Ž . Ž .expressed as g z sk b z . The subtraction of g zˆ ˆS S S

Ž .from g z 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-

Ž .pared in Fig. 9 with the true absorbing structure Fig. 2 .

Ž .Fig. 9. Absorption component of the extinction dashed curve
compared with that extracted from the reconstructed profiles of
Ž . Ž .b z and g 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 requirements on the speed of
signal registration. For instance, the advantage of using
short sensing pulses fails if the sampling interval D t st0 s
Ž .or the computing step D ts it ; is1,2 . . . exceeds t . Ins p

the case of long sensing pulses, the sampling interval and
the computing step should be considerably less than t inp

order to achieve effective improvement of the resolution
by deconvolution. Moreover, the quantities cD t r2 and0

ŽcD tr2 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

Žfinal 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

w xrecently 45 indicate a possibility of achieving sampling
Ž .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 also indirect techniques for high-
resolution sampling such as optical pulse correlation tech-
niques that are used, for instance, in optical time-domain

w x w xreflectometry 28 or in optical coherence tomography 6 .
Ž .They allow one to achieve a picosecond 150 mm and

better resolution but require a large number of laser shots
Žto cover all necessary sampling points by varying scan-

.ning the delay between the sensing and the reference
w xpulses. 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 mrs in water, and

Ž330 mrs in air. Respectively, its wavelength at a fre-
6 .quency of 10 Hz is of the order of 1.5 mm in water, and
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about 300 mm 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 ms in a watery medium and about
10 ms in air. Thus, as in other imaging and tomographic

w xapplications 47–49 , the use of ultrasonic sensing pulses
in the present tomographic approach might be advanta-
geous, especially 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 trajectories through
conjecturally small investigated objects. In vast-scale ex-

Žperiments 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 l of the sensing beam-pulse axis is small inH z

comparison with the corresponding beam width a , i.e.z

l fGz 2r4<a where G is a transversal permittivityH z z
w xgradient 50,51 . For instance, a CO laser beam-pulse at2

wavelength ls10.6 mm retains its initial radius e.g.
a s10 cm at a distance zsz fp a2rls3 km. Thus, if0 r 0

we want to have l -0.1a , the gradient G shouldH z 0

satisfy the inequality G - 0.4 a rz 2 s 4.10y6 kmy1.0

When a s1 m the value of z is equal to 300 km, but at0 r

the same gradient the refraction is negligible at a distance
of only 10 km. The value of Gs4.10y6 kmy1 is of the

w xorder of the horizontal atmospheric gradients 51 . The
vertical atmospheric gradients have a higher order of mag-
nitude. Therefore, horizontally 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

w xpulses those reflected from a corner reflector 50 , or from
Ža nonlinear one with wavefront inversion phase conjuga-

. w xtion 52,53 .
The question about the adequate spatial reconstruction

is connected as well with the correspondence tlz. In all
the preceding analysis we have assumed that the pulse
propagation velocity c is constant. Such a supposition is
reasonable when there are no drastic variations of c along
the line of sight. Then one may assume that z'ctr2 for
forward sensing, and z'z yctr2 for backward sensing,L

when c has the same value within and outside the object.
When the pulse propagation velocity c within the object
differs from that outside the object c sz rt , we haveout 1 1

Ž . Ž .zsz qc ty t r2 forward sensing and zsz yctr21 1 L
Ž .Ž . Ž .q z y z crc y 1 backward sensing . EventualL 2 out

Ž . w Ž . x Ž .small relative variations e z s c z yc rc z <1 of
Ž . Žthe actual velocity c z around the mean velocity cs z2

. w Ž . Ž .xyz r t z y t z would lead to an acceptable error of1 2 1
w Ž .xthe same magnitude as e z in the relative positioning of

the spatial sampling points. In the atmosphere one may
assume that the speed of propagation of electromagnetic
pulses is 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

w xas large as that in watery media 25 .
More essential velocity variations along the line of

sight would lead to more essential longitudinal distortions
Ž . Ž .of the reconstructed distributions of b x,y,z and g x,y,z .

So, a temporal sampling interval D t corresponds to a
seeming spatial interval D zscD tr2. At the same time,
the true spatial intervals corresponding to D t depend on z
w Ž .x Ž . Ž .through c z and are equal to D z z sc z D tr2. The

w Ž .x Ž .relative errors D zyD z z rD z z are again equal to
Ž . Ž . w Ž . xe z . Thus when c z )c c z -c an apparent shorten-

Ž .ing lengthening is obtained. Correspondingly, the regions
Ž w x. Ž .e.g. for zg z ,z where c z /c will be relativelya b

Ž .shortened or lengthened in the same proportion e z . So
Ž .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 yz of the pulse trajectory through the2 1

tŽ z2 . Ž . Ž . z2object remains the same as H c z d t z sH d zsztŽ z . z 21 1

w Ž . Ž . Ž .xyz d t z s d trd z d zsd zrc z . Here instead of the1
Ž .correspondence z'ctr2 the general relations t z s

X X 1 X Xz tŽ . Ž . w Ž .x2H d z rc z or z t s H c z t d t are in power. These0 02

Ž .relations lead to some modification generalization of the
Ž . Ž . Ž . Ž .lidar equations 1 – 3 . So in Eqs. 1 and 3 one should

Ž X . w Ž X .x w Ž X.x �replace f ty2 z rc or S ty2 z rc by f ty t z or
w Ž X.x4 Ž .S ty t z . Also, in Eq. 2 we shall already have, more

Ž . Ž . Ž . Ž .generally, zsz t or ts t z not zsctr2 , csc z ,
Ž . Ž .and AsA z sac z r2. The deconvolution of general-

Ž . Ž .ized equation 1 or Eq. 3 , at variable pulse propagation
speed, is based on the same deconvolution algorithms
Ž Ž . Ž ..Eqs. 18 and 27 and the same expressions of the errors
Ž Ž . Ž . Ž . Ž . Ž ..Eqs. 20 , 23 – 25 , 28 and 29 as in Section 4, but

Ž .with csc z , and leads to the same generalized short
w Ž . Ž . Ž .pulse lidar equation Eq. 2 with csc z , AsA z , and

Ž .xts t z .
Ž . Ž Ž ..Thus, it turns out that the result for b z Eq. 7 ,

Ž . Ž .obtained at a constant mean value of c respectively A ,
Ž .is different from the true one b z , which is obtainableT

Ž .taking into account the dependence AsA z . The relative
w Ž . Ž .x Ž . Ž . Ž .error b z yb z rb z is equal to ye z c z rcsT T

Ž . Ž .e z . Consequently, the reconstructed field of b x,y,z is1
Ž .distorted with respect to the true distribution b x,y,zT

w Ž .xboth in magnitude with a factor e z and in longitudinal1
w Ž .xscales of the structural components with a factor e z . At

the same time the general structural picture is retained. The
Ž . Ž .result for g z is independent of A z , because of which

Žthere are only longitudinal deformations as described
. Ž .above of the distribution g x,y,z . Let us note that if the

coordinate z corresponds to the moment t at forwardf
Žsensing, it will correspond to the moment t s2 z yb L

. Ž Ž .z rc q t y t at backward sensing see Eqs. 4 and2 out 2 f
Ž . .5 and Fig. 1 .

The variability of the pulse speed does not change the
Ž .results from the noise influence analysis Section 3.2 . The

only difference is that the spatial correlation scale rc
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Ž .corresponding to t becomes variable, i.e. r sr z sc c c
Ž .c z t r2.c

It is interesting to note that the distribution itself,
Ž .c x,y,z , of the propagation velocity within the object is a

source of information about the object structure on which
w xthe 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
algorithms for real-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

Ž .identify, on the basis of the reconstructed profiles of b z
Ž .and g z , 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 also concisely discussed and estimated.

The general conclusion is that the reconstruction method
developed here is simpler and faster than other known

Ž .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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