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Abstract.  The procedural aspects of obtaining long-range three-
dimensional images of highly dynamic objects using the ratios of 
partial beam intensities of the reflected laser light are considered. 
Alongside with the object images, the proposed method simultane-
ously provides the data on the object relief with high resolution 
on a set of surface points during a single-pulse location cycle. 
The high resolving power and speed of the method ensure the effi-
ciency of its application to detecting and recognition of remote 
highly dynamic objects, including low-dimensional ones, by their 
3D characteristics.
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1. Introduction

The appearance of a new generation of compact pulsed lasers 
and high-sensitivity multielement photodetectors, as well as 
the growing demand for special kinds of novel instrumenta-
tion stimulated the activity in the field of laser location sys-
tems aimed at efficient detection, tracking, and recognition of 
highly dynamic objects in various media [1 – 6]. For most sys-
tems, the functioning algorithms are based on long-range 
three-dimensional imaging of objects. The solution of this 
problem is essentially complicated for highly dynamic objects 
that require development and upgrade of high-speed methods 
of long-range 3D imaging and image processing. In the pres-
ent paper, we study a modified algorithm of the laser 3D loca-
tion method using the ratios of intensities of the partial laser 
beams in the two-dimensional intensity distribution of the 
reflected field. We estimate the potentialities of the method in 
application to long-range 3D imaging of highly dynamic 
objects. The basic concept of the method was first proposed 
in Refs [7, 8], and the method itself was used for the first time 
in Refs [9 – 11].

2. Theory

To simplify further considerations, we assume that the sur-
face of the located object situated at a distance R01 from the 
lidar is irradiated with the diverging laser light consisting of 
rectangular pulses. The duration of the probe pulses should 
satisfy the condition

tp > 2xmax(r1)/c,	 (1)

where xmax(r1) is the maximal elevation of the object surface 
relief; and c is the velocity of light.

The 3D location method geometry is schematically pre-
sented in Fig. 1. The coordinates in the image plane of the 
optical system (OS) of the lidar are introduced in such a way 
that the coordinates x, y of the point at the located surface 
and the coordinates x, y of its paraxial image are related by 
the simple expression

S = br1, 	 (2)

where b = d/R01 is the magnification factor of the lidar receiv-
ing OS; d is the distance from the OS lens to the image plane, 
where the 2D CCD image detector is placed; S is the radius 
vector in the image plane of the lidar; and r1 is the radius vec-
tor in the object plane.

Since the duration of the laser pulses is small, the state of 
the located object on the sensing path can be considered ‘fro-
zen’. For a diffusely reflecting surface of the object, the light 
field amplitude in the image plane of the receiving optics is 
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Figure 1.  Schematic of the 3D location method geometry. 
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determined as a sum of the field amplitudes reflected from 
individual points of the surface in the OS direction:
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where Ek (S) is the field amplitude in the image of the kth 
point of the surface. The summation is performed over all k 
irradiated points of the surface belonging to the visual field of 
the system. The intensity (illuminance) in the image plane of 
the receiving optics is determined by the square modulus of 
expression (3):
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The first sum in Eqn (4) is a sum of intensities of the laser 
pulses reflected from individual points of the surface, whereas 
the second sum describes the interference of the fields of these 
pulses in the image. To describe the spatiotemporal structure 
of the radiated and reflected light fields, let us introduce the 
function f (t) > 0 that differs from zero in the time interval, 
equal to the laser light pulse duration tp, and has a maximal 
value equal to unity. Therefore, the amplitude of the laser 
light field incident on the located surface can be presented as

E0(r1, t) = f (t – t)E0(r1),	 (5)

where E0(r1) is the distribution of the complex amplitude of 
the laser light field at the surface; and t is the propagation 
time of the laser pulse from the surface point having the coor-
dinate r1. Now, in analogy with Eqn (4), the spatiotemporal 
structure of the light field in the image plane of the receiving 
optics will be determined as follows:
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where tk = (R1 + R2)/c is the time of passing the location path 
by the laser pulse with reflection from the kth point of the 
surface (Fig. 1).

In the case of a small visual angle of the lidar receiving 
optics (r1/R01 <<   1), the quantities R1 and R2 with sufficient 
degree of accuracy can be presented as

R1 » R01 – x(r1) + r1
2/(2R01),   R2 » R02 – x(r1) + r1

2/(2R02).	(7)

For the combined lidar optical scheme the emission of laser 
pulses and the reception of the reflected signals are executed 
practically at the same point separated by the distance R0 
from the located surface. In this case R1 » R2, and R01 » R02 

= R0. With these relations and Eqn (7) taken into account, the 
arrival time tk of the signal reflected from the elevation xk(r1) 
of the surface at a certain point k is given by the expression

tk = t0 – 2xk(r1)/c + r1
2/(cR0),	 (8)

where t0 = (R01 + R02)/c = 2R0 /c is the arrival time of the 
reflected signal, corresponding to the level of the located sur-
face (x = 0), unperturbed by the surface roughness.

For the parameter t'k = t0 – tk, from expression (8) under 
the condition r1

2/(xR0) <<  1 it follows that t'k = 2t0(r1)/c. The 

reflected signal Ek(r1, t) in the image plane of the lidar is 
formed by a set of k elementary waves, reflected from k points 
of the surface in the form Ek(S, t). In this case, the parameter 
t'k characterises the temporal shift of the arrival of each of k 
elementary reflected waves Ek(r1, t) of the laser light with 
respect to the time moment t0 and is related to the elevation of 
the surface relief xk at point k. The distribution of shifts of the 
arrival times of elementary waves at the multielement photo-
detector, placed in the image plane of the optical system, has 
the form

t'k(S, t) = 2xk(r1)/c.	 (9)

The maximal value of the temporal shift t'k max(S, t) is 
defined in the following way:

t'k max(S, t) = 2xk max(r1)/c.	 (10)

The time t1 of the arrival of the reflected light field at the pho-
todetector is determined by the arrival time of the signal 
reflected from the surface point having the maximal relief 
elevation xk max(r1). According to relations (8) and (10), we 
obtain the expression for t1:

t1 = t0 – t'k max(S, t) = 2R0 /c – 2xk max(r1)/c = tk min,	 (11)

where tk min = t1 – t0 is the time interval between the moment 
of signal arrival t1 and the moment of sending the laser pulse 
t0 (in the present case one can assume t0 = 0).

The reflected light field, projected onto the 2D photode-
tector of the lidar, consisting of N = NxNy elements, can be 
presented as a set of fields of N partial beams. A partial beam 
is understood as the reflected laser light, hitting a single ele-
ment (pixel) of the 2D photodetector of the OS. Each of the 
partial beams is characterised by its intensity and temporal 
shift t'k(S, t) in correspondence with Eqn (9), and their number 
N determines the required spatial resolution in the object 
plane.

Consider the 2D spatial distribution of intensity (image) 
B1(S). The distribution B1(S) is obtained by accumulating the 
intensity during the time, smaller than the duration of realisa-
tion T of the reflected light field E(S, t), including the leading 
or trailing edge of the field pulse. In particular, for the seg-
ment of E(S, t) realisation including the leading edge of the 
field, the distribution B1(S) is found by accumulating the 
intensity of the reflected light field of each partial beam within 
the spatiotemporal gate ts1, for which the duration and tem-
poral position are given by the expression

ts1 ³ t2 – t1 = t'k max + Dt,	 (12)

where t2 = t1 + t'k max + Dt; and Dt is the time interval that 
determines the introduced uncertainty of the cut-off zone of 
the required realisation segment of the field E(S, t) due to fluc-
tuations of the duration and temporal position of the gating 
pulse ts1 in the hardware implementation.

For a high-resolving OS, when the interference sum in 
Eqn (6) can be neglected, the distribution of intensity of the 
reflected light field B1(S) has the form

)dtk( ) ( , ) ( , ) ( ) | ( )| (B K t T t A E f tS r S S Sa k
t

t

1 1
2 2

2
1

2
t= - ly

	 ),k( , ) ( , ) ( ) | ( )| (K t T t A E tr S S Sa k1
2

2 t= - l 	 (13)



681Long-range 3D imaging of highly dynamic objects using the intensity ratios

where K(r1, t) is the distribution function of the reflection 
coefficient of the surface; Ta(S, t) is the transfer function of 
the laser radiation propagation medium along the location 
path (atmosphere, hydrosphere); and А(S) is the instrument 
transfer function of the lidar OS.

The factor   )k| ( )| (E tSk
2

2 t- l in Eqn (13) carries informa-
tion about the distribution of surface elevations xk(r1). 
However, the functions K(r1, t) and Ta(S, t), which are in most 
cases unknown, introduce a great error when computing the 
absolute values of xk(r1). To determine xk(r1) under the condi-
tions of a priori uncertainty of the functions K(r1, t) and 
Ta(S, t), we obtain the second distribution B2(S) by 2D accu-
mulation of the field E(S, t) during its full realisation T = tp + 
t'k max. In this case, the duration of each partial beam of the 
reflected light with high accuracy equals the duration of the 
laser pulse tp. In this connection, the distribution B2(S) has 
the form
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One can easily see that the distribution B2(S) is a 2D image of 
the located object with the selection of the backscattered sig-
nal background. 

From the ratios of the obtained intensities of the partial 
beams in the distributions B1(S) and B2(S) we find the distri-
bution of temporal shifts t'k(S) for the arrival of each of N 
partial beams of the reflected light in the form

t'k(S) = t2 – tpB1(S)/B2(S).	 (15)

From this, with Eqn (9) taken into account, we obtain the 
desired distributions over N points of the surface of the 
located object for the relief elevation 

xk(r1) = (с/2)[t2 – tpB1(S)/B2(S)],	 (16)

and for the distances Rx (r1) to the elevation points

Rx (r1) = Rb + xk(r1),	 (17)

where Rb is the base distance, determined from the interval 
t1 – t0 as a distance to the point of the surface with maximal 
elevation in correspondence with Eqn (11), namely, Rb = c(t1 – 
t0)/2 = сtk min /2.

The images B1(S) and B2(S) may be recorded using a vari-
ety of multielement photodetector channels (PDCs), imple-
menting the function of charge accumulation, namely, the 
CCDs, including those with internal amplification, the arrays 
of avalanche photodiodes with charge accumulating ele-
ments; the hybrid electron-optical converters (EOCs), i.e., the 
EOCs combined with the CCD cameras.

To measure the base distance Rb, one can use different 
known methods of time-of-flight ranging with the threshold 
detection of the moment t1 of the reflected signal arrival.

3. Results of calculations and experiments

As follows from Eqns (16) and (17), for high-resolving OS of 
the lidar, the error of determining the absolute values of xk(r1) 

and Rx (r1) depends only on the instrumental error, namely, 
on the error of the quantities t2, tp, B1(S), and B2(S).

The resolving power xr of determining the relief elevation 
is the main parameter in the 3D ranging. The equation for 
evaluating xr is derived by us in the form

xr = xk max /Dd + cDt/(2Dd),	 (18)

where Dd is the linear dynamic range of the PDC sensitivity.
As follows from expression (18), the resolving power xr is 

improved with the growth of Dd and achieves the best value 
under the minimisation of Dt [Dt ® 0 in Eqn (12)].

The PDCs based on a CCD and a hybrid EOC of the fifth 
generation with the electronic excitation of the CCD provide 
the widest dynamic range of Dd ³ 103, and for the hybrid 
EOCs with a luminescent screen, Dd » (0.8 – 1.5) ´ 102. The 
estimate of the resolving power, obtained using Eqn (18) for 
Dd = 500 and the maximal elevation of the surface relief 
xk max = 3 m, which is typical for recognition of most airborne, 
ground-based, and submarine objects, amounts to ~6 mm.

The experimental determination of the resolving power xr 
was performed for test objects measuring 80 cm ´ 80  cm with 
a stepped calibrated profile of elevations with xk max = 30 cm 
at the distance up to 1 km. The diffuse reflection coefficient 
of the object was equal to 0.24 – 0.3; the duration of laser 
pulses was tp = 30 ns; the used PDC was an EOC with a 
microchannel plate and a luminescent screen, combined 
with a CCD matrix. The dynamic range of the PDC was Dd 
» 90; the discrete dimensions of the analysed area in the 
object plane were N = 128 ´ 128 elements. The experimental 
estimates of root-mean-square error sx, obtained from 10 
measurements in the range of elevations xk(r1) = 0 – 30 cm at 
N » 1.6 ´ 104 points of the test object surface did not exceed 
7 mm. Figure 2 presents histograms of the probability den-
sity distribution for the absolute value of error ±Dx for 100 
measurements.

The spatial resolution rr in the plane of the test object hav-
ing the area 6400 cm2 was ~0.4 cm2. The time of acquiring 
long-range 3D images was reduced by more than N times, 
compared to the laser location systems of point-by-point 
scanning, based on time-of-flight or phase measurements.

The considered method allows the relief elevations xk(r1) 
to be determined at a large number N of the object surface 
points, which can amount to tens and hundreds of thousands 
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Figure 2.  Histograms of the probability density distribution of the ab-
solute value of the error (a) +Dx and (b) –Dx.
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depending on the number of simultaneously detected partial 
beams of the reflected laser light. The modern matrix detec-
tors for the visible and near-IR ranges comprise millions of 
pixels, so that the number N, determining the number of the 
above beams and therefore the speed of operation and the 
spatial resolution in the object plane, is restricted only by dif-
fraction phenomena and energy potential of the lidar, the 
requirements to which at the given range of location grow 
with increasing N.

4. Conclusions

The obtained results confirm the high resolution and opera-
tion speed of the method of long-range 3D imaging using the 
intensity ratios of the partial beams of the reflected laser light. 
The high accuracy and operation speed, as well as the possi-
bility of implementing the method using the domestically pro-
duced element base, offer the prospects of its application for 
increasing the efficiency of detection and recognition of a 
wide class of highly dynamic airborne, underwater, and 
ground-based objects by their 3D characteristics, related to 
the solution of a number of special-purpose problems [1 – 6], 
including the detection of antiamphibious mesh and grid 
underwater entanglements. The method can also be applied in 
helicopter-based systems for detecting electric wires, in the 
systems for automated landing of different aircrafts onto 
uneven surfaces, in the diagnostics of parameters of small-
scale surface waves on the sea surface, and in a number of 
other problems.
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