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The potential detection capabilities of television and lidar systems are shown to be 
equal, provided the requirements on information content are the same for both. Avail-
ability of a priori information on the sensor-to-target direction significantly increases 
the detection range for the same radiation power of the source. Expressions are ob-
tained for estimating the optimal receiver aperture angles, i.e., those which maximize 
the signal-to-noise ratio. 

 
 

In Ref. 1 the problem of television versus visual 
target detection in scattering media (such as in the 
sea, in clouds, and in a turbid atmosphere) was ana-
lyzed. According to the concept suggested in Ref. 1, 
during both visual observations and television image 
analysis the observer performs similar optimal proc-
essing of the image: in a sense he selects an elemen-
tary area for spatial integration of the image opt

el  
such a way as to obtain a maximum signal-to-noise 
ratio. Within the framework of this concept rela-
tionships were obtained which make it possible to 
determine simultaneously and in closed form the 
maximum detection range for a given target, and the 
optimal element size for spatial integration .opt

el  
One of the principal modern techniques for tar-

get detection is pulse location. Similar to television 
systems, location systems not only permit detection 
of the target, but also form its image. 2,3 Therefore it 
is natural to pose the question of the comparative 
capabilities of television and lidar location systems. 
To answer it most completely, let us first consider 
the relatively simple case in which the source-to-
target direction is known a priori, so that one needs 
only to confirm the target presence and determine its 
distance from the observation point. Actually we are 
speaking then about simple ranging (as, for example, 
in the case of pulse location of the sea bottom). Ap-
parently the location range is then at its maximum 
and may be taken as the upper limit of pulse loca-
tion capabilities. 
 

LOCATION IN A GIVEN DIRECTION  
(RANGING) 

 
Let a short pulse of radiation be aimed at the 

target center. The receiver, its axis also aiming at 
the target center, is positioned close to the emitter, 
and registers the reflected signal power as a function 
of time. The presence of the target and the distance 
to it are estimated from the location signal "peak" 
against the background of backscattered interference 

(BSI). The quantity that determines the possibility 
of target detection is the signal-to-noise ratio: 
 

 (1) 
 

where W is the energy of the locating signal, ac-
cumulated during the time tel; the latter is deter-
mined by the temporal resolution of the receiver; 
Wbg is the background energy (BSI), entering the 
receiver during the same time in the abscence of the 
target; Ñ is the receiver constant, which determines 
its quantum efficiency, 2 is a parameter which de-
termines the internal noise of the receiver system 
and relates the threshold contrast of the system kth 
to the threshold signal-to-noise ratio th by the rela-
tion 2.th thk    1 

When a radiation pulse propagates through a 
scattering medium, its shape changes as a result of 
multiple scattering. Therefore, in general, the values 
of W and Wbg depend not only on tel and the ini-
tial pulse duration tQ, but also on the characteristic 
times t1 and tBSI for the locating signal and the 
BSI, respectively. The latter two determine the tem-
poral spreading of an instantaneous pulse in the me-
dium. Accurate calculation of t1 and tBSJ. and, 
respectively, of W and Wbg, requires the applica-
tion of results from nonstationary light scattering 
theory.4 Here we shall restrict our treatment to the 
comparatively simple but practically important case 
most  often encountered, in which such spreading of 
the locating pulse is not strong, so that 
tBSI p t0 p t1. Therefore, the optimal value 
tel  t1,

5 and one mày apply the results of station-
ary radiation transfer theory to the calculation of the 
effective signal energy, W. To calculate the BSI 
energy Wbg, simple analytical solutions from the 
theory of nonstationary light scattering may be used, 
e.g., the quasi-single scattering approximation or 
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asymptotic temporal solutions.4 Essentially such an 
approach was applied in Ref. 5, where the optimal 
location range in sea water was calculated for certain 
fixed optical-geometrical parameters of the system. 

As is known from Ref. 6, the energy of the ef-
fective signal reaching the receiver is equal to 
 

 (2) 

 
Here W0 is the source pulse energy; Erec and rec are 
the entrance pupil area and the receiver solid angle 
of view; ( )A r


 is the target albedo distribution given 

as a function of the coordinate r

 in the plane 

z = z0 = const, perpendicular to the source axis; 
( )sE r


 the illumination distribution produced in the 

target plane z = z0 by a unit power source with di-
rectional diagram identical to that of the true 
source; rec ( )E r


 is the respective distribution for a 

fictious source, with directional diagram identical to 
that of the sensitivity diagram of the actual receiver; 

0r


 is the point in the target plane, at which both the 
emitter and the receiver axes are directed. 

Assume for simplicity that the functions ( ),A r


 

( ),sE r


 and rec ( )E r


are azimuthally symmetrical, so 
that they may be approximated by a Caussian distri-
bution. Then we have from Eq. (2) for r0 = 0: 
 

 (3) 

 

 (4) 

 
where S(z0) is the zero spatial moment of the point 
spread function (PSF) of the medium, i.e., the 
transmittance of the medium layer of thickness z0; 
tar and A  are the area and average albedo of the 

target; Dtar =  tar/2, 2
rec rec 0 / 2 ,D z    

2
0 / 2 ,s sD z    s is the solid angle of the source; 

Dr is the variance of the PSF of the medium; Da is 
the variance of the function rec( ) ( ) ( ).sa r E r E r

  
 

When Dtar   and Drec p Ds + 2Dr (or 
Ds p Drec + 2Dr), relations (3) and (4) yield the 
well-known relations4,6 for the effective signal trans-
fer coefficient BSI 0/ ,W W A     for observa-
tional systems of “narrow-wide” and "wide-narrow" 
type, respectively. 

When calculating Wbg we shall assume, as is 
done in the quasi-single scattering approximation, 
that at the time t = 2z0/v (v is the speed of light in 
the medium) corresponding to the arrival of the lo-
cating signal, the BSI is produced by radiation scat-
tered from a layer of thickness vtel/2, located at 

the depth z0. Therefore an approximate expression 
for Wbg may be obtained directly from relation (3), 
replacing A  by the brightness coefficient of the 
radiation backscattered by this layer, i.e., by the 
value ()vtel/2 ( is the scattering coefficient,  
is the scattering indicatrix in the backward direc-
tion). Assuming that Dtar  , we then obtain 
 

(5) 
 

Relations (2)—(5) are convenient for analyzing 
the locating system capabilities. Let us, for example, 
consider the problem of the optimal choice of the 
receiver solid angle rec. This solid angle is considered 
to be optimal if the signal-to-noise ratio for it is 
maximal. Therefore the value opt

recD  (and, respectively, 

the value opt
rec ) may be found from the condition 

 

 (6) 
 

A quite simple analysis demonstrates that the 
very existence of optimal values of Drec and opt

recD  
depends on the type of noise (either shot noise or 
internal noise) prevalent in the locating system, in 
other words — on the relationship between the value 
1/C and a2Wbg. It is generally rather easy to calcu-
late opt

recD  from relations (1) and (6) taking account 
of relations (3)–(5); however such calculations need 
to account for all the optical-geometrical and ener-
getic parameters of the system. Therefore we shall 
limit the discussion to two important limiting cases, 
which can be analyzed without  stating explicitly 
any given parameters of the system. 

1. Let a2CWbg p 1. This case corresponds to a 
very high source energy. Then  the location range is 
limited by the  internal noise of the system and is 
determined by the condition k = W/Wbg > kth . It 
is easy to show that no optimum exists then in Drec, 
and the signal-to-noise ratio increases as Drec in-
creases. Note here that a decrease in Drec is possible 
only down to a certain limit, since as Drec  0 the 
value of Wbg  0, and our initial condition is then 
violated. 

2. As a rule we have a different situation, when 
a2CWbg ` 1 and the location range is limited 2 by 
the shot noise of the receiver. In that case we have 
 

 (7) 
 

It may be seen from Eq. (7) that for an optimum in 
Drec to exist it is necessary to satisfy the following 
condition:  
 

 (8) 
 

Note that the necessary (but not sufficient) condition 
 



116   Atm. Opt.  /February  1990/  Vol. 3,  No. 2                                                              I.L. Katsev and E.P. Zege 
 

 

 (9) 
 
follows from condition (8). 

Therefore if the spot of unscattered radiation in 
the target plane is smaller than the target area, no 
optimal receiving angle exists and the signal-to-noise 
ratio increases as Drec increases. At the same time it is 
clear that for a fixed source energy the value  in-
creases as Ds decreases. Therefore the maximum signal-
to-noise ratio in the considered case is attained as 
Ds  0, Drec  . 

Let us now consider the more general location 
problem of detecting a target, the direction to which is 
unknown a priori. To determine the position of the 
target in that case, one needs to scan a certain search 
zone with a series of short pulses. Technical realiza-
tions of such a system are described in Refs. 2 and 3. 
Now the return signal from each emitted pulse is di-
vided into a series of intervals, each tel long, and is 
stored, where the ith interval corresponds to the radia-
tion returned from that segment of the medium a dis-
tance z1 = vt1/2 from the lidar. Then a set of images 
of layers is formed as a result of scanning through the 
search zone with a narrow beam, each layer vtel/2 
thick and located at the distance z1 from the lidar. It 
is clear that such a system, which we shall call an 
image-forming lidar, is a complete analogue of the 
"narrow-wide" pulse observation system (the system of 
type 1). As a rule, modern television systems are im-
plemented as "wide-narrow" systems (type 2). There-
fore, the question of comparing location and television 
systems reduces to comparing observation systems of 
types 1 and 2, which employ temporal strobing of the 
signal. We shall consequently index all the lidar sys-
tem characteristics by 1, and the television system 
characteristics by 2. 

Assume that the solid angle (1) (2)
rec s    is suffi-

ciently wide (i.e., is considerably wider than the angu-
lar size of the spread function), and that the solid an-
gle (1) (2)

recs    is sufficiently small. Also let the source 
energy spent on forming an image of the same from be 
equal for both types of systems. This means that if the 
lidar has to send m pulses to view a frame of (2) 2

0s z  
area, the corresponding television system “2" would 
have to accumulate (2) (1)/s sm     pulses to form the 
same image. Let us also assume that the strobing time 
intervals (2) (1)

el el ,t t    and that the receiver sensitivi-
ties, the characteristics of their internal noise, and all 
the other analogous parameters in both systems are 
identical. Then using the results of the analysis given 
in Refs. 7 and 9 we arrive at the important conclusion 
that the signal-to-noise ratio and the target detection 
range for both systems is the same. 

We assumed the source solid angle (1)
s  in the li-

dar image forming system to be sufficiently small 
(Ds ` Dr). This enables one in the processing of the 
image, e.g., when the operator observes the image 
formed on the screen, to choose an optimal element of 

spatial integration opt
el  for which the signal-to-noise 

ratio  and the target detection range are maximum. 
However, to scan a large search zone with a small 
solid angle, it is necessary to have a source which has 
a high pulse repetition frequency. Indeed, during the 
time interval of frame formation one needs to send 

(2) (1)/s sm     pulses into the medium. In this respect 
the television system ”2", in which a low value of 

(2)
rec  is realized simply enough, at present retains cer-

tain technical advantages. One may further ask, what 
are the limits for increasing the solid angle (1)

s  in the 
lidar system, and, respectively, for lowering the pulse 
repetition frequency without significantly losing in 
detection range? Clearly, such an increase may go as 
far as (1) opt 2

0el / .s z    
We assumed above that the solid angle 

(2) (1)
recs    is sufficiently large. While this condition is 

of fundamental importance for the television system 
"2”, since the value (2)

s  determines the field of view 
(the frame) of the system, it  does not appear to be 
mandatory for the lidar system “1". Indeed, in this 
case the frame size is determined by the scanning field, 
i.e., by the value of (1)

s  and by the pulse repetition 
frequency. The question however arises of the optimal 
choice of the solid angle (1)

rec.  It is easy to understand 
that the same question can be reformulated as follows: 
does a system of type 3 (“narrow-narrow")6 have any 
fundamental physical advantages, compared with sys-
tems of types 1 and 2, if the same amount of source 
energy is spent on frame formation? 

It is known that system "3“ provides a higher ap-
parent image contrast, however remaining inferior to 
system “1“ in its energetics. Therefore at high enough 
source energies, when the limitations on the viewing 
distance are determined by the threshold contrasts, 
system "3" gains the advantage over system "1". In 
that case the small receiving angle (1)

rec  becomes opti-
mal (see the analysis of the optimal receiving angles 
for single-pulse sounding). 

Nevertheless, in practice a different situation is 
usually encountered, in which the limitation on the 
range is determined by the shot noise, i.e., by a lack 
of energy. Then the optimum in (1)

rec  exists only under 
condition (9), which, however, is not satisfied, as a 
rule. That is why the signal-to-noise ratio in that case 
is higher, the larger is (1)

rec . We may thus conclude 
that at moderate source energies, when condition (9) is 
violated, the "narrow-narrow" system remains funda-
mentally inferior to systems of type 1 as far as the 
detection range is concerned (and not only because of 
its technical realization difficulties as stated in Ref. 8). 

We therefore arrive at the physically obvious but 
important conclusion that if the same amount of in-
formation is to be retrieved from the search zone, the 
fundamental capabilities of both the television and 
lidar systems remain identical. 
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However in certain cases. e.g., when à-priori in-
formation on the target size is available, the detection 
range may be increased by the choice of an optimal 
search strategy. Indeed, it is then no longer necessary 
to scan across the whole frame with a narrow solid 
angle of the source (1).s  The simplest situation would 
then be the one in which the search is restricted to 
separate points within the frame, located at a distance 
from each other close to the target size dtar. Then the 
number of elements in the frame can be reduced to 

(1) 2 2 (1) (1)
1 rec 0 tar rec/ / ,sm z d m       thus increasing 

the energy spent on each single element in the image 
during the recording of the frame. It is easy to un-
derstand that the cost of such an increase in the de-
tection range is poorer accuracy in the determination 
of the target position. 
 

 
 

FIG. 1. Detection range for a square target of al-
bedo <A> = 0.1 with side length 1 m (1) and 
30 m (2) using single-pulse lidar (solid curve) 
and the television system (dashed curve). 

 

What are the possibilities for increasing the de-
tection range in this way? Generally speaking, this  
 

question is not so simple. However, the upper limit 
of the detection range may be easily found. It is 
equal to the range of location in the given direction 
when all the energy available for frame formation is 
used just for that purpose. Figure 1 compares the 
target detection ranges for single-pulse lidar and 
television systems. It may be seen that the availabil-
ity of a-priori information on the target direction 
makes it possible to increase the detection range of 
small targets severalfold. 
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