Deconvolution algorithms for improving the resolution of exponential-shape pulse lidars
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ABSTRACT

A type of exponentially-shaped sensing laser pulses is shown to lead to simple, accurate, and fast deconvolution
algorithms for improving the lidar resolution. In this way the possibility is pointed out and illustrated to achieve accurate
and fast investigation of the fine spatial structure of atmospheric and other objects by use of controlled, well-defined and
reproducible pulses of the sensing radiation.
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1. INTRODUCTION

The lidar resolution is usually of the order of the sensing laser pulse length. For this reason the long-pulse (e.g. TEA
CO, coherent Doppler) lidars have low spatial resolution which leads to loss of information about the small-scale
atmospheric structure. A way to improve the lidar resolution is to deconvolve the measured (recorded) lidar profile, i.e. to
restore the short-pulse (5 - pulse) lidar profile provided that the laser pulse shape is known. Therefore we have developed
earlier' some deconvolution techniques based on Fourier-transformation or Volterra integral equation, or a recurrence
relation in the case of rectangular laser pulses. Among them, the rectangular-pulse (recurrence) algorithm turned out to be
more accurate and less sensitive to noise. However, the rectangular shape is only an idealization. Nevertheless, there are
some other types of pulse shapes that lead to simple, accurate and fast deconvolution algorithms permitting by suitable
scanning to investigate in real time the fine spatial structure of atmospheric or other objects penetrated by the sensing
radiation. Such pulses, we have considered recently, are so-called "rectangular-like" pulses® to which it is impossible or
difficult to apply Fourier or Volterra deconvolution techniques. The purpose of the present work is to complete the set of
appropriate, in the above sense, pulse shapes by studying the comparative advantages and limitations of the deconvolution
algorithms resulting from the use of some exponentially-shaped sensing pulses. Let us note that the contemporary progress
in the pulse-shaping art would allow one to obtain various desirable laser*® (or x-ray’ or acoustic®) pulse shapes.

2. LIDAR RETURN SIGNAL

A general form of the lidar equation in the case of pulsed lidars is given by

ct/
F(t)= }S(t-2z'1 )W)z, M
w

where F(¢) is the received (recorded) lidar return signal at the time 7 after the pulse emission, S(9) is the pulse shape
function normalized to its peak value, z’ is the coordinate along the line of sight, d(z’) is the short-pulse lidar profile and ¢
is the speed of light. At finite pulse duration 7, W = c¢(r — 7) / 2. For asymptotically decreasing pulse tail, /¥ is equal to the
coordinate z, =ct,/2 (along the line of sight) of the initial scattering volume contributing to the signal. The
deconvolution problem consists in inverting Eq.(1) with respect to @(z) at known pulse shape S($) and lidar return signal
F(r).

3. EXPONENTIALLY-SHAPED PULSES AND DECONVOLUTION ALGORITHMS

Let us consider an exponential pulse shape S(9) described by the expression
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s _{0 for $<0 ,
( )— Pn+l('9)exp(—tg/f) for $>0 ’ ( )

where 7is a time constant, and P,,,(9) = 2.a,9*" is a polynomial with real coefficients a k- When #=0 the polynomial
k=0

P (9= P9 =a,8. If, in addition, a, =e /7 we obtain the following (the simplest of this type) pulse shape that is
normalized to its own peak value:

o _{0 for $<0 R
(9)= (e$/7)exp(-9/7) for 9§20 ©)

The module \s(w)l of the Fourier spectrum s(w) = J.S(S) exp(jo$)d$§ (j is imaginary unity) of the last pulse shape S(9)
[Eq.(3)] has the form

|s(@) = er/ 1+ %) )

i.e. it has no zeros, which means that the Fourier-deconvolution algorithm is applicable to this case. Nevertheless, we have
obtained another simpler deconvolution algorithm, namely

et/ 2) = (L&) [F()+ 22 (1) + o F" (z)] , )

where the superscripts 1 and II denote first and second derivative, respectively, and / p=CT /2 is some characteristic pulse

length. We further denote by symbols such as ¢’ (») J =L11,...) the Jth derivative of the function ¢ with respect to y.
Eq.(5) is a result of simple but cumbersome mathematical derivations following the determination of F!(r) and F"(¢) on
the basis of Eq.(1) with account of Eq.(3). Obviously, the algorithm given by Eq.(5) is simple and convenient for use.
Besides, it is fast because the number of algebraic operations to determine @Xct/ 2) at some given point ¢ = iAt, [At,, is the
sampling interval, /=0,1,2...N is sample number, and N is the total sample number to describe F(¢) and @(cz/2)] includes
only several summations to determine F Y1), F"(¢) and, at last, ®(ct/2). This number of summations (say K<10)
multiplied by N gives the total number of algebraic operations to restore dct/2). At the same time, the Fourier-
deconvolution algorithm requires N integrations to obtain the Fourier transform f(w) of F(¢), N divisions by S(@) to
obtain the Fourier transform ¢(w) of dXct/2), and once more N integrations to obtain &(cz/2) as inverse Fourier
transform of ¢(w). So, despite of the fast-Fourier-transformation technique, it seems that the Fourier-deconvolution

algorithm includes noticeably more algebraic operations than the above one [Eq.(5)]. As to the comparison of the
accuracies, it will be done in the following sections.

Let us further briefly consider for completeness some more complicated pulse shapes of the considered type, e.g. the

case when »=1 in Eq.(2). Then P, ,(9) =P, (.9)=a0.9+a,.92. In this case, in a way similar to that above (by

determination of F'(r), F"(¢) and F" (¢) on the basis of Eq.(1), and further tedious derivations), it is shown that Eq.(1) is

reducible to a first order ordinary differential equation [with respect to ®(ct /2)] whose solution is

Dct/2) = a, {F (1) + b F (1) + b, F" (1) + by Jexpl Q' = DIF(£)dr'{ (©6)

t
o

where 0=1"'+2a,/a,, b =2(r"' -a,/a,), by =-8a’/a}, by = 7 -2a,/(za,)+4a,> / a,’. It is seen that the last
algorithm [Eq.(6)] is more complicated than the above one [Eq.(5)] and the Fourier deconvolution algorithm. In addition, it
does not seem to be faster or more accurate than the Fourier deconvolution algorithm which is applicable in this case. Let
us finally note that at »>1 the integral equation (1) is reducible to ordinary differential equations of the order of n.
However, the solutions of these equations are obtainable, in general, only by use of the Fourier transformation. Certainly,
the final result is the Fourier-deconvolution algorithm that, also, follows directly from Eq.(1)". Thus it turns out that the
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pulse shape described by Eq.(3) is the only one (of the considered type) that leads to an effective deconvolution algorithm
for improving the lidar resolution which is faster than the Fourier-deconvolutution algorithm. Therefore we will further
concentrate our attention on this pulse shape and the corresponding algorithm.

4. DECONVOLUTION ERRORS
4.1. Calculation error

The deconvolution error 8 .(t=2z/c¢)=®_ (t=2z/c)-D(t =2z/c) caused by the discrete data processing is
evaluated on the basis of Eq.(5) where we have supposed that the first FCI (¢) and the second FClI (¢) numerical derivatives
are obtained by differentiation of the corresponding Lagrangian-interpolation polynomial of degree 4 relevant to the five
successive points ¢+ /At (/=0,£1,+2); At is the computing step whose least value Az, is the sampling interval;
@, (t=2z/c) is the calculated [restored according the Eq.(5)] lidar profile, and @t = 2z/¢) is the original short-pulse
lidar profile. Taking into account the errors resulting from the use of Fcl(t) and Fcu (¢) instead of the continuous
derivatives F!(r) and FU(r) (see, e.g., Ref.1), we obtain

S,(ct12)={(an' 7 /15l J[F' (1) +oF "' (0)] . N

Since F" (¢) is of the order of (¢/ 2)<1)[V (#), and FV! (#) is of the order of (¢/ 2)<Dv (#), we may conclude that &,(ct/ 2) is

of the order of (At)4 o (¢). At the same time the Fourier-deconvolution calculation error is of the order of (At)ZCDu OF
Consequently, one may expect that at a sufficiently small computing step At the considered here algorithm will be more
accurate than the Fourier deconvolution algorithm.

4.2. Error due to noise

Let us also consider the influence on the deconvolution accuracy of an additive stationary noise n(t) with mean value
(n(1)) =0, variance Dn= <n2 (t)>, and correlation coefficient X, (9)=(n(t)n(t+9))/Dn ({ ) denotes ensemble

average). Every realization n(¢) of the noise results in a realization £(¢) of a random deconvolution error

£(t) = (lpe)'l[n(t) +2m () + 2" (:)] 8)

1/2
from where for the root-mean-square error J,, = <£2 (t)> we obtain

172 172

-1 4 4
, =(,e) (D) “{1+Bz" /7 }"" ®
where B is a numerical constant depending on the concrete choice of K, ($) and r_ is the noise correlation time. When
At > 7, one should replace 7, in Eq.(9) by Ar. It is seen that a relatively slowly varying noise (7, >>7) leads to a
minimum error &,. On the contrary, a high-frequency noise (7, < 7) may lead to essential lowering of the deconvolution

accuracy. The comparison between the present exponentially-shaped pulse algorithm and the Fourier-deconvolution
algorithm, with respect to the noise-induced error, will be performed below on the basis of computer simulations.

5. SIMULATIONS

The model of the lidar profile used in the simulations consists of a multilayer structure whose size is shorter than or of
the order of the pulse length (Fig.1). The profile F(¢) is calculated on the basis of Eq.(1) by use of the least computing step
Ar,=0.1 us at various values of 7. A pulse shape with time constant 1=2.5 ps used in the simulations is shown in Fig.2. Two
types of Gaussian-distributed additive [to F(¢)] stationary noise with variance Dn are modeled, namely white noise, and

Gaussian-correlated one with correlation time 7. The noise level (Dn)] s specified with respect to the maximum value

F,, . of F(2), i.e. by an input signal-to-noise ratio SNR,, = F__, / (Dn)”z. The exponential-pulse deconvolution algorithm

[Eq.(5)] is employed at last to restore ®d(z =cz/2). The results obtained support the theoretical conclusions. So, the
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behavior of the calculation error J,(¢) is described correctly by Eq.(7) (Fig.3), but it is so small that there is no visible
difference between the restored (calculated) profiles @, (¢ =2z/ c¢) and the original one &z = 2z/ ¢) given in Fig.1. It is
interesting to note as well that the range of the calculation error is smaller than that in the case of Fourier deconvolution
(Fig.4). At 7. >>r the noise-induced error behaves according to Eq.(8) without essential influence of z,. The error
strongly increases with the decrease of z, (see Fig.5). It decreases with the increase of At (see Fig.6), but then the
resolution and the calculation accuracy are lowered. Therefore, in this case one should search for a reasonable compromise.
That is, the value of A should ensure sufficiently small noise-induced error, and high resolution and calculation accuracy.
Let us finally note that the level of the noise-induced error is always lower than that in the case of Fourier deconvolution.
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Fig.1. Model of the short-pulse lidar profile &t =2z / ¢).
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Fig.3. Calculation error at At =4Ar, (solid curve)
compared with the theoretical curve described by Eq.(7).
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Fig.2. Model of the pulse shape used in the simulations.
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Fig.4. Calculation errors at At = At, for the exponential-

pulse deconvolution algorithm (solid curve) and for the
Fourier-deconvolution algorithm.
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Fig.5. Lidar profiles restored in the presence of additive correlated noise with SNR,, =100 and correlation time (a) 7, = 5
us, (b) z.=1 ps, and (c) 7,=0.5 ps; At = At,, 1=2.5 ps. The original lidar profile Ot =2z/ ¢) is given by dashed curve for

comparison.
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Fig.6. Lidar profiles restored in the presence of white noise with SVR,, = 1000 for (a) Ar = Ar, and (b) Ar = 4Ar,,1=2.5
ps. The profile 4t = 2z/ ¢) is given by dashed curve for comparison.
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6. CONCLUSION

In the present work we have compared the potentialities of the possible lidar profile deconvolution algorithms in the
case of so-called exponentially-shaped sensing laser pulses. It is shown that the simplest pulse shape of this type is of most
interest because it leads to a simple and convenient deconvolution algorithm that is more accurate and faster than the
Fourier deconvolution algorithm. So the idea is supported® to search for possibilities to use controlled well defined sensing
laser*® (or other suitable radiation) pulses leading to effective deconvolution algorithms for determination in real time of
the fine spatial structure of atmospheric objects whose size is shorter than or of the order of the pulse length. Certainly, in
this case one should scan in an appropriate way the sensing laser beam. Such an approach may also be employed for
studying the spatial structure not only of atmospheric but of other objects as well if only a penetrating and backscatterable
(in the necessary proportions) pulse radiation is used. At a sufficiently low noise level, the minimum resolution step that
may be achieved is determined by the sampling interval Af, of the analog-to-digital converters. The shortening of the
resolution step in a hardware or software way is a serious but interesting problem to be solved that requires additional
investigations.
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