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Abstract.  Within the framework of generalisation of different 
approaches to the modelling of atmospheric lidars, the methodol-
ogy capabilities for dimensionless-parametric analysis are 
expanded. The developed approach simplifies the analysis of the 
signal-to-noise ratio and potential capabilities of existing and 
newly developed monitoring systems with a wide variability of 
atmospheric and optical conditions and a great variety of modern 
lidars. Its applicability to the problems of remote atmospheric sens-
ing, environmental monitoring and lidar navigation in providing the 
eye safety, noise immunity and reliability is discussed.

Keywords: laser remote sensing, lidar, atmosphere, optical-physical 
parameters, signal-to-noise ratio, operation range, eye safety, 
measurement accuracy, noise immunity.

1. Introduction

In studies of the atmosphere state, a special place is occupied 
by laser methods of noncontact monitoring which provide a 
possibility of retrieving data with a high operational speed on 
large spatial scales, as well as of identifying the dynamics of 
their changes. Lidar methods of remote sensing that have 
been comparatively long since proposed [1 – 4] are based on 
scattering and absorption of laser radiation by the compo-
nents under study. Over the past decade, hundreds of lidar 
systems, strongly different in their design and practical imple-
mentation, have appeared, which defines a multitude of 
parameters of the transmitting and receiving tracts, accessible 
detection ranges, range of action, etc.

Modern trends are such that system designers are gradu-
ally moving away from extensive approaches. As a promising 
class of sensing systems, microlidars built on the basis of laser 
diodes [5, 6], eye-safe lidars [7 – 9], and modulated cw lidars 
[10, 11] as an alternative to pulsed lidars, are successfully 
implemented. Another trend is the employment of multiwave-
length lidars [12, 13] capable of sensing a medium in a wide 
spectral range using the effects of elastic and Raman scatter-
ing and absorption. In lidar receivers operating both in the 
analogue regime and in the regime of photon counting 
[14 – 18], high-speed photodetectors [9, 17 – 20] and receiving 
modules on their basis, with in-built blocks for amplification, 
digital processing, and control [19, 20], are used.

Traditional approaches to the analysis of the interrela-
tions between the sensing echo-signals, external background, 
and internal noises have been long ago worked out. Detailed 
descriptions are based on the use of rigorous models of photo-
detectors [21 – 25], which require consideration of a significant 
number of specific parameters of different photodetectors. 
At  the same time, using the mentioned detailed and deeply 
justified approaches, the reduced-to-the-input signal-to-noise 
ratio r for a generalised system of direct photodetection, with 
internal amplification in the presence of internal and external 
noises, can be presented in the compact form [16, 18, 26, 27]:
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where Ps, Pq, Pn, and Pb are the powers of received signal, 
quantum, internal and background noises, respectively; and 
N is the number of accumulation cycles. 

The signal-to-noise ratio is a traditional criterion of the 
lidar instrument efficiency, which is most frequently used 
in practice. The signal-to-noise criterion has integral nature 
since it involves the parameters of the lidar instrument, atmo-
spheric object under investigation, propagation medium and 
external background radiation. The convenience of the signal-
to-noise criterion is that it takes into account the result of a 
combined effect of many factors.

However, the integrity of this criterion is simultaneously 
its weak point, because sometimes it is very difficult to sepa-
rate different factors and to assess individually their impact in 
order to make easier the task of a developer and user. It is 
quite obvious that a comparison of efficiency of different 
lidar systems and their potential capabilities is correct only 
if  the experimental conditions, which include, apart from 
the  instrumental characteristics, also optical and physical 
parameters of the investigated medium and external back-
ground radiation, range factor, etc., are similar. In the absence 
of critical evaluation of the impact of different factors sepa-
rately, it is very difficult to evaluate the efficiency of lidar 
subsystems and the measurement instrument as a whole 
[16,  28 – 30]. Therefore, when formulating the criteria of a 
comprehensive assessment of the capabilities of a particular 
lidar instrument, it is helpful to make them versatile and 
dimensionless in order to ensure their applicability in different 
operation conditions and different applications of atmospheric 
monitoring.

In traditional evaluation of potential capabilities and 
comparison of lidar systems in terms of the diversity of objec-
tives and tasks of monitoring and encountered atmospheric-
optical situations, various assumptions are often accepted to 
simplify the analysis [31 – 33]. These assumptions, as a rule, 
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are based on the commonly used interrelations between the 
receiving tract characteristics and proceed from significant 
excess of a particular noise over the others. As a result, the 
reliability of estimates and the quality of comparisons turn 
out not high due to the limited set of situations in which they 
can be actually applied. Herewith, physical meaning is often 
lost behind the formal algorithms and the ‘games’ with their 
analytical and graphical representations.

Another limitation of traditional approaches to the 
analysis of potential capabilities of the laser remote sensing 
systems is a somewhat contemplative account for the impact 
of the background noise, dark noise and other lidar receiver 
noises [14, 18, 26] – only as the sources of excess noises. This 
often overshadows the characteristics of a sensed medium, 
the lidar instrument parameters, etc. Our approach allows us 
to overcome these limitations.

Finally, in recent years, the international networks for 
atmospheric research have been established, which unite 
research teams in partner universities, such as EARLINET-1 
and EARLINET-2 (European Aerosol Research Lidar Net
work to Establish an Aerosol Climatology), ACTRIS-1 and 
ACTRIS-2 (Aerosols, Clouds & Trace Gases Research Infra
Structure), CLOUDNET, SPALINET and others. Joint work-
shops on remote sensing of atmospheric parameters are held 
on a regular basis, the results are analysed and published in 
close collaboration [19, 20, 34]. The networks include many 
laboratories and working groups in different countries, most 
of them employing lidars which are not produced in series. 
The instruments vary in structure, design and configuration, 
but at the same time, it is obvious that, in the frame of these 
networks, it is necessary to ensure homogeneity of the results 
to make possible an adequate comparison of the data obtained 
at different stations. In this regard, the network participants 
have repeatedly expressed their wishes regarding the develop-
ment of efficient methodologies for the lidar potential evalua-
tion, which would allow the comparison of various instru-
ments for atmospheric sensing, from microlidars to systems 
employing the super-power pulsed lasers.

Below we discuss the problems of selection and generali-
sation of criteria that can be applied to assess the potential 
capabilities and efficiency of lidars for a wide range of problems 
of remote sensing of the atmosphere and environment. These 
criteria should be convenient as a basis for the methodology 
of comparison as well as for a justified choice of the instru-
ment for specific applications.

The aim of our work is a further development and extension 
of the methodology of dimensionless-parametric modelling of 
the laser remote sensing systems [15 – 17, 28 – 30, 35 – 37] for 
maximum generalisation of the criteria and simplification of 
the analysis of potential capabilities of the existing and newly 
developed systems, and also for enabling comprehensive and 
efficient comparison of the transceivers of different lidars 
under the conditions of broad variability of atmospheric 
optical monitoring situations and wide variety of approaches 
to the sensing system design and the instrumental base used. 

2. Methodology

Our approach is used for the analysis and integrated com-
parison of the systems for atmospheric sensing and provides 
generalisation, modification and simplification of tradition-
ally used algorithms aimed at evaluation of the signal-to‑noise 
ratio and the accuracy of measurements along the measuring 
path. These algorithms are transformed and further processed 

in such a way that the individual components of the signal-to-
noise ratio, which are determined by the ‘range’ profile of the 
lidar echo-signal that the system has actually received, and 
the sources of noises and interferences of different nature, are 
normalised to the reference signal power. It is assumed that 
the introduced reference echo-signal is stimulated and 
received by the transceiver of the same lidar at the reference 
distance in the process of sensing of a carefully selected ref-
erence atmospheric object (the molecular atmosphere has 
been selected), which is conducted in the presence of the back-
ground sky radiation with a reference brightness.

Thus, using a set of simple and physically transparent 
dimensionless parameters, a problem is formulated to couple 
and algorithmically combine the most important compo-
nents of laser sensing, namely, components of the transceiver 
system, medium under study and ambient background radia-
tion, which jointly determine the lidar potential and its 
capabilities as a tool for remote monitoring. This approach 
facilitates the quantitative comparison of the characteristics 
of different lidars, offering an a priori generalised evaluation 
of their potential capabilities based on input dimensionless 
parameters. It also makes possible to demonstrate the capa-
bilities and limitations of particular systems, both existing 
and newly developed ones, providing simple physical meaning 
and clearness to the results.

The brightness of the sky radiation as a source of back-
ground interference is also normalised to the reference bright-
ness of background interference selected as the lower limit of 
a typical range of sky brightness for mid-latitudes, which is 
certainly present in the sensitive area of a lidar photodetector.

2.1. Reference medium and range. Reference background 
brightness 

Consider the case of monostatic sensing by means of a back-
scattering lidar, when the optical emitter and the receiving 
system are located in close proximity to each other. A spatial 
change in the optical parameters of the atmosphere along the 
sensing path is related to the backscattered radiation power 
by the known expression, which is called the equation of laser 
sensing, or lidar equation [1 – 3] and, in the single-shot scatter-
ing approximation, has the form

R2( , ) / ( ) ( ) ( ) ( , ) ( , )P R G cE A R T R Rs D
2 2l x l l b l l= p

-1 ,	 (2)

where

( , )exp dT r r
R

0
a l= -( , )Rl ; Ey ;	 (3)

E is the emitter pulse energy; c is the speed of light; l is the 
wavelength; R is the current sensing range; AD is the receiving 
lens area; bp = sv ip is the volumetric backscattering coeffi-
cient; sv is the volumetric scattering index; ip is the lidar ratio, 
or the modulus of the scattering indicatrix vector for the angle 
p; a is the volumetric attenuation index; x is the receiving 
optical system transmission; G(R) is the lidar geometrical 
factor characterised by the overlapping integral of the sensing 
beam and the receiver field of view [G(R) = 1] in the case of a 
full overlap; and T is the transmittance, or the transparency 
of the atmosphere. 

2.1.1.  Molecular atmosphere as a reference medium. 
Reference echo-signal. For evaluation of the potential capa-
bilities of a lidar instrument and correct comparison of the 
efficiency of engineering solutions used in the development of 
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various instruments, it is advisable to select a generalised lidar 
parameter, or a system of lidar parameters, as a criterion for 
the comparison and evaluation. On the one hand, such a 
parameter should characterise the measurement system itself. 
On the other hand, for the benefit of practical application, 
a  properly chosen criterion for the comparison of different 
lidar instruments should include the parameters of a certain 
standard scattering object of research and a typical propaga-
tion medium. The role of such a versatile test object may be 
successfully plaid by the molecular atmosphere, the standard 
parameters of which are generally accepted. For example, it is 
often assumed that at l = 0.55 mm, the volumetric attenuation 
of the standard molecular atmosphere at normal conditions 
is a0 = 0.0116 km–1, and the scattering indicatrix of the mole
cular atmosphere is ij0 = 3(1 + cos2j)/16p [38, 39], whereas, 
for the scattering angle j = p, the indicatrix value is taken 
equal to 3/8p.

The use of a reference medium has several advantages:
1. Comparison of the lidar echo-signals received from a 

standardised test object in the absence of atmospheric vari-
ability provides a direct and easy comparison of the lidar 
potentials. 

2. Comparison of the lidar echo-signals coming from an 
arbitrary atmospheric object and normalised to the signals of 
the reference molecular atmosphere provides a direct estimate 
of the measurement sensitivity reached by each system.

3. Comparison of the reference echo-signals with the sig-
nals conditioned by different atmosphere states along the 
sensing path (e.g., layers with high aerosol concentration, 
etc.) allows direct evaluation of the impact of atmospheric 
attenuation of the signals along the sensing path on the poten-
tial capabilities of lidar measurements.

2.1.2. Reference echo-signal of molecular atmosphere and 
reference range. As the reference signal, we choose the echo-
signal Ps0( l, R0) of the backscatter lidar, received at the 
sensing wavelength l at a certain reference distance R0 for 
the  standard conditions of the molecular atmosphere. The 
reference distance R0 can be viewed as a natural linear scale, 
which may or may not be significant for the system under 
study. Then,

1( , ) / ( ) ( ) ( , ) ( , )P R cE A R T R Rs D0 0 0 0 0
2

0 0
2l x l l b l l= p

-
2 .	 (4)

The attenuation coefficient of clean atmosphere [26, 27], 
when the meteorological visibility range Sm exceeds 10 km, 
can be represented as a( l) = ( l/0.55)–q (3.91/Sm), where q = 
0.585 Sm1/3; and l is taken in mm and Sm in km.

Note that the normalisation of the lidar instrument’s 
range R by a reference distance R0 to the test object allows us 
to use a dimensionless range factor r = R/R0, which facilitates 
the comparison of results. The absolute value R0 may be 
chosen differently, depending on particular conditions of the 
lidar application.

2.1.3. Reference sky background brightness. When con-
ducting atmospheric-optical measurements, the reception of 
echo signals carrying information about the medium prop-
erties is performed in the presence of background radiation. 
In contrast to the laboratory measurements, when, as a rule, 
it is possible to eliminate background radiation sources or 
compensate for their effects, the background intensity in the 
natural atmosphere can be very high, and it turns out much 
more difficult to rule out the background interference. Back
ground radiation is usually understood as photons incoming 

to the optical receiver in the form of a stream or as temporally 
resolvable individual photons that impede the correct recep-
tion of echo-signals, are not related in their nature to the 
echo-signals, and their spectrum lies within the receiver sensi-
tivity bandwidth. By the place of emergence and origin, back-
ground radiation is usually attributed to external natural 
interferences. Protection from background interferences is 
one of the important tasks in the process of selection of useful 
information in lidar measurements [14, 27, 32, 38, 39]. 

Natural illumination conditions under the open sky are 
determined by three main sources: the Sun which represents 
a moveable and virtually point-like primary source; the sky, 
i.e., the atmosphere which scatters the sunlight; the ground 
coverings which reflect incident light of the Sun and sky. Due 
to the Sun motion and changes in the state of the atmosphere 
and ground coverings, the light field generated by these sources 
continuously changes in time. Therefore, natural illumination 
of the sky is a complex function of time, having stochastic 
nature.

The main source of the daytime sky glow in the spectrum 
region with the wavelengths less than 3 mm is the scattered 
solar radiation. Evaluating the Sun brightness as BS l = 2hc2 ́  
( l5{exp[hc/(lkT)] – 1})–1, it is sometimes accepted that, at a 
wavelength of 0.5 mm, the colour temperature of the Sun 
is 6500 K, while its average brightness in the visible range is 
2 ́  109 cd m–2 [2, 21, 40]. Commonly, it is assumed equal to 
10–5 of the Sun brightness, whereas the day-sky brightness 
to a large extent depends on the Sun position in the sky and 
the height of the place of observation above the sea level.

Similarly to the above-introduced reference echo-signal 
Ps0 and the reference range R0, we introduce the reference 
brightness B0l of the sky background. At mid-latitudes, in the 
wavelength range 0.3 – 1.1 mm (from UV to near-IR range), 
the typical background brightness range of the daytime sky is 
Bl = 106 – 3 ́  108 W m–2 sr–1 m–1 [21, 26, 27]. We accept the 
reference brightness B0l of the sky equal to 106 W m–2 sr–1 m–1, 
which is approximately 300 times less than the maximum 
background brightness at mid-latitudes. In this case, we assume 
the background brightness distribution in wavelengths corre-
sponding to the solar radiation spectrum. 

The sky background power recorded at the sensing wave-
length l is only determined by the sky background brightness 
and the receiving system parameters of a particular lidar. The 
sky background with the reference brightness B0l selected as 
a lower limit of the typical brightness range for mid-latitudes 
generates, on the sensitive area of the photodetector of a par-
ticular lidar, a background stream having the power [14, 18, 21]

( ) ( ) ( )P B Ab D0 0l x l l lDW= l ,	 (5)

which we call the reference background power. Here W is the 
solid angle of the receiving system’s field of view, and D l is 
the spectral filter bandwidth. This background noise level 
is present, at least, at the photodetector input, and therefore 
it must be taken into account, when analysing the lidar poten-
tial, as a source of the receiver’s excess noises. In turn, the 
background radiation power of an arbitrary brightness can be 
represented in the form

( ) ( ) ( )P
B
B
P b Pb b rel b

0
0 0l l l= =

l

l ,	 (6)

where
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/b B Brel 0= l l 	 (7)

is the relative sky background brightness.

3. Dimensionless-parametric model of the lidar 
system as a tool to evaluate the lidar potential 
and efficiency 

Now we perform a normalisation of all components of 
Eqn (1) with respect to the introduced reference echo-signal 
of the molecular atmosphere (4) (N is the number of accu-
mulation cycles):
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3.1. Normalised echo-signal

From relations (2) – (4) we obtain a power ratio of the echo-
signal and the reference signal:

Ps( l, a, R)/Ps0( l, a0, R0) = [ bp(l, R)/bp0( l, R0)]

	 ´  [T( l, a, R)/T( l, a0, R0)]2 (R0/R)2.

The following notations are introduced: Q = bp( l, R)/bp0( l, R0) = 
ip( l, R) a(l, R) [ip0( l, R0) a0( l, R0)]–1 (here sv = a) and W = 
T( l, a, R)/T(l, a0, R0). In many cases, the expression bp( l) = 
0.019 a0.57( l) holds true (a is taken in km–1) [27, 38, 39], espe-
cially, in the molecular atmosphere bp0( l) = (3/8p) a0( l). Let 
us now combine the parameters Q, W and r into a normalised 
lidar signal 

P º Ps /Ps0 = QW 2r–2,	 (9)

which characterises the relative atmospheric-optical situation 
(optical ‘weather’) along the sensing path with regard to the 
squared range, reduced to the molecular atmosphere state 
taken as a reference. In the estimates of the variation range P 
of the normalised echo-signal for aerosol backscatter lidar 
in  the homogeneous atmosphere, we may assume that P = 
[ bp(R)/bp0(R0)] exp[–2(aR – a0R0)] (R0 /R)2.

The information about the International visibility scale, 
giving an idea of the interrelation of the meteorological visi-
bility range Sm with the transparency T and the volumetric 
attenuation index a of the atmosphere at different observa-
tion conditions, is presented in Appendix 1.

3.2. Partial signal-to-noise ratios

We introduce the partial signal-to-noise ratios Sq, Sb0 and Sn, 
which are understood as the partial indicators of sensitivity 
(potential) deterioration of a sensing system, caused by the 
Schottky noise of the signal and background interference, 
and also by the internal noise of the photodetector:

Sq = Ps0 /Pq is the partial power ratio of the reference signal 
and quantum noise of the detector, reduced to the input; 

Sn = Ps0 /Pn is the partial power ratio of the reference signal 
and internal noise of the detector; and

Sb0 = Ps0 /Pb0 is the partial power ratio of the reference 
signal and reference background.

The feasibility of introducing the partial ratios Sq, Sn, Sb0 
and parameter P  is that they allow taking into account various 
sources of internal and external noises peculiar to a particular 
system, and to couple these noises to the parameters of the 
medium being sounded. Thus, the system noises and their 
impact are considered not by themselves, but in comparison 
with the reference echo-signal received from an accepted 
reference distance and formed as a result of sensing of the 
reference atmosphere by a particular lidar when exposed to 
the background interference with reference brightness, which 
is, at least, present at the photodetector input. The analysis is 
conducted using the transceiver parameters of a lidar sys-
tem, and is thus ‘attached’ to a particular instrument for 
remote atmospheric sensing.

3.3. Degree of excess of lidar receiver noises  
over quantum noises 

Let us perform simple transformations of the signal-to-noise 
ratio using Eqn (8) with regard to Eqn (7):
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To simplify this expression and take into account the 
parameters of a particular transceiver system, let us introduce 
the generalised parameter

A = brel /Sb0 + SqSn–2	 (10)

as a dimensionless characteristic of the lidar noises in the 
presence of the background interference, which exceed the 
quantum noise and are normalised to a virtual reference 
signal. As a result, we obtain a simple expression for evalua-
tion of the signal-to-noise ratio of a lidar system, reduced to 
the input:

/A

N S

A

NS

1

q q
r

P

P

P

P
=

+
=

+
,	 (11)

which is applicable for any laser sensing instruments.
The obvious advantage of presenting the signal-to-noise 

ratio in form (11) is that the best sensing accuracy is achieved 
at large (compared to the parameter A) values of the nor-
malised echo-signal P (at small ratios A/P ), because in that 
case the larger signal-to-noise ratios along the path and the 
limiting lidar sensitivity are implemented. In turn, if A > P , 
the excess system noises significantly exceed the quantum 
noises, thus lowering the accuracy.

As mentioned in the Introduction, in assessing the poten-
tial capabilities of lidar systems to simplify the analysis, it is 
usually assumed that the receiver sensitivity is limited by the 
quantum noise, whose power Pq = 2hcFDf/( lh) is sometimes 
regarded as a sort of scale for the assessment of the signal 
levels, background interference and internal noise, because 
all of them depend on the wavelength l, noise factor F, band-
width Df and quantum efficiency h of the receiver. By adapting 
the mentioned approaches to expressions (10) and (11), it is 
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easy to see that the A-factor we have introduced is zero if we 
only take into account the quantum noise, while the signal-
to‑noise ratio r in this case is equal to S NqP . Obviously, 
the excess noises, which exceed the quantum noises of a real 
photodetector, are not taken into account in this case.

For the night-sky brightness taken into account in the 
estimates as a minimum brightness, and assuming that brel = 1, 
the A-parameter, which characterises the receiver noise in 
the presence of background, has an important term: 

A0 = Sq /Sn2 + Sb0–1.	 (12)

Then, for the day-sky brightness 

A = A0 + (brel – 1)/Sb0 .	 (13)

As follows from (12), the dimensionless parameter A0 
corresponds to the quantum noise and internal noise of the 
receiver, and also to the minimal-level background inter
ference present. This parameter is an original measure of excess 
noises in the lidar receiver with respect to the signal quantum 
noises that are unavoidably present. The parameter A0 that 
is calculated before the sensing experiments provides quanti-
tative information about the significance of the excess noise 
impact compared to that of the signal quantum noise for a 
particular transceiver system under condition that the ambient 
background brightness is equal to the reference brightness. 

In the presence of a real background interference, the 
intensity of which is brel times higher than that of the reference 
one (with brel = 1), the excess noise level is determined by 
expression (13). 

Returning to formula (11) with regard to (13), the signal-
to-noise ratio in sensing a medium that we have selected as a 
reference medium, provided the signal is received within the 
reference range in the presence of the ambient sky back-
ground with a reference brightness with Q = 1, W = 1, r = 1 
(i.e. P = 1), and brel = 1, appears as

/A

S N

A

S N

1 1

q q

0

r
P

P
=

+
=

+
.	 (14)

3.4. Dimensionless system parameter L0 as a generalised 
and versatile characteristic of the lidar potential

Following (14), we introduce the dimensionless system 
parameter L0 as the signal-to-noise ratio that is reached in 
receiving the echo-signal in the reference range when sensing 
the reference atmosphere without accumulation (N = 1) and 
with the reference brightness of the sky background taken 
into account:

1, 1, 1) / )L b N S A1rel q0 0/ r P = = = = +(( .	 (15)

Thus, L0 ensures the possibility of predicting the signal-
to‑noise ratio being reached in receiving the signal in the 
reference range. The introduction of the parameter L0 as 
an algorithmic set of the partial signal-to-noise ratios of 
different nature, characterising the system noises peculiar to 
a particular lidar, allows us to estimate the lidar potential 
and to compare the capabilities of different measuring 
systems at the preliminary stage, even before remote mea-
surements.

As noted above, the previously used approaches to the 
normalisation of lidar signals and noises by quantum or other 
noises [14 – 17, 22, 27 – 30, 35 – 40] are reasonable when com-
paring different sources of noises. However, their weak point 
is a somewhat notional consideration of noises and allegedly 
independent analysis of the received signal and noises. The 
introduced partial ratios Sq, Sn and Sb, which appear in the 
expression for A0 (12), and the key system parameter L0, 
‘binds’ the noises to the potential of particular lidar instru-
ments and their capability of sensing the reference medium 
within the reference range, which makes efficient the estimate 
of real significance of relevant parameters and convenient the 
comparison.

Moreover, the introduction of the normalised echo-signal 
P, which continually ‘tracks’ the variability of optical and 
physical properties of the atmosphere along the sensing path 
and includes the range factor, enables a justified classification 
and full account of noise characteristics of a particular lidar 
system. Indeed, only in the case of a properly conducted com-
parison with a lidar signal, which is determined by the par-
ticular optical weather and range included into the P param-
eter, the system noise can be considered, for example, as being 
acceptably low or too high.

Then the signal-to-noise ratio at the lidar receiver output 
can be conveniently represented in the form of an expression

[ ( ) / ]A b S

S N

1 1rel b

q

0 0
1

r
P

P
=

+ + - -

	
( 1) /

L N
A b S

A1

0rel b

0

0

0P
P

=
+ + -

+
,	 (16)

which, in dimensionless form, allows one to easily trace which 
factors and in what way they affect the resulting signal-to-
noise ratio in sensing of an arbitrary atmospheric object, and 
to compare it with the reference signal-to-noise ratio charac-
terised by L0, i.e. the first factor in Eqn (16).

General considerations allow for a conclusion that the 
lower the receiver noises and background interference, the 
higher the measurement accuracy. However, in particular, it 
is seen from (16) that the excess system noises determined by 
the dimensionless parameters A0 and (brel – 1)/Sb0 affect the 
signal-to-noise ratio, sensitivity and lidar operation range, 
along with optical and physical characteristics of the sounded 
object, which define the normalised echo-signal P. Their sig-
nificance may be low or, on the contrary, high, depending on 
the optical state of the weather along the monitoring path. This 
represents the essential difference of the results obtained from 
the often-used simplifying estimates, in which the impact of 
the sounded object properties turns out disguised by the 
accepted assumptions, which significantly narrow the set of 
possible atmospheric-optical media and situations.

Figure 1 shows the introduced generalised system param-
eter L0 as a function of the excess noise factor A0 that is deter-
mined by only taking into account the reference background 
level (i.e. at brel = 1) for different values of Sq. It is seen that 
the photodetectors with a low level of excess noises (A0 < 0.5) 
does not virtually affect the system potential, which is only 
determined by a ratio of the reference signal to quantum 
noises, because, according to (15), in that case L0 » Sq.

In contrast, the ‘noisy’ receivers (А0 >> 1) can by many 
times diminish the lidar potential. We should incidentally 
note that Eqn (16) clearly shows that the ambient back-
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ground interference is not so noticeable when using the 
noisy photodetectors; however, in any case, the significance 
of its contribution is comparable with the contribution of 
the dimensionless parameter P of the echo-signal. The 
impact of a real background interference (at brel >> 1), 
which can substantially impair the measurement accuracy, is 
discussed below.

3.5. Impact of excess noises on the signal-to-noise ratio

Now let us turn back to the dimensionless parameterisa-
tion of the signal-to-noise ratio (11). The denominator in 
Eqn (11) characterises the deterioration of the measurement 
accuracy due to the excess noises of the receiver, which 
exceed the quantum noises caused by the dark current and 
also by the presence of background radiation in the sensitive 
area of the lidar photodetector, which is mostly caused by 
the scattered solar radiation. We call this value the dimen-
sionless factor Fex of reducing the signal-to-noise ratio by 
excess noises: 

( 1) /A A b S

/ /

ex
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1 2
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1 2
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P
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=
+
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+ + -
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The limits within which the background factor may 
degrade the signal-to-noise ratio and the distance measure-
ment accuracy are shown in Fig. 2 in the form of the depen-
dences of Fex on the ratio

( ) /
P
P A b S1

0s

b rel b0 0

P
=

+ -

for various optical-physical sensing conditions and noise 
properties of photodetectors. It is clear from Fig. 2 that the 
significance and impact of the degree of the receiver’s internal 
noise and background noise are not absolute, but depend on 
the optical-physical properties of the sounded object, which, 
along with the range factor, determine the P-value. Indeed, 

at P >> 1 the impact of excess noises of the detector and 
background noises is almost negligible [curves ( 3 )]. With 
decreasing P, the background noise impact increases; there-
fore, comparing the dependences for А0 << 1 (Fig. 2a) and А0 
>> 1 (Fig. 2c), it can be easily seen that the background effect 
is much stronger in the case of low-noise photodetectors: the 
excess noise factor Fex causes a relatively sharp decrease in 
the resulting signal-to-noise ratio even at a relatively low level 
of background noise. The noisy detectors are only influenced 
by a sufficiently intense background (Pb/Ps0 > 1).

Note that the night-time (Fn) and the day-time (Fd) com-
ponents defined by the parameters A0 and A, and also by the 
normalised signal P, can be distinguished in the excess noise 
factor Fex:
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Figure 1.  Dependences L0 (A0) at Sq = ( 1 ) 10, ( 2 ) 102, ( 3 ) 103 and 
( 4 ) 104.
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Figure 2.  Excess noise factor Fex as a function of the ratio Pb /Ps0 at 
P = ( 1 ) 10–2, ( 2 ) 1 and ( 3 ) 102, and A0 = (a) 10–2, (b) 1 and (c) 10.
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3.6. Evaluation of the signal-to-noise ratio in recording 
the signals in photon-counting mode

During the energy reception, the signal at the photodetector 
output, depending on the intensity of the received flux of pho-
tons, may represent either a sequence of pulses that are super-
imposed to each other, or a ‘rare’ sequence of pulses that are 
resolvable, not superimposed to each other, and easy to 
count. In the first case, the average density of the pulsed flux 
g  defined by the number of pulses per unit time n , which are 
recorded for the time equal to the temporal resolution tres of 
the photodetector, is large: g  = ntres >> 1, where tres » D f  –1. 
This  regime, in which the optical signal envelope is repro-
duced, is called an analogue, or current, regime. The estimates 
of the signal-to-noise ratio in form (1), (8) and associated esti-
mates presume such recording regime of the received back-
scattered signals.

When receiving weak signals, the pulsed flux density is 
low ( g  << 1), and the lidar signal envelope cannot be repro-
duced. The photodetector is capable of capturing single pho-
toelectrons, i.e. of operating in photon counting mode, which 
is called discrete mode. Input signals are counted against the 
background of internal and external noises in accordance 
with the number n of single-electron pulses during the mea-
surement time Dt. By using the amplifier and discriminator, 
they are transformed into a sequence of standard pulses, while 
their number is recorded by the counter.

It is accepted that the number ns of photons in the signal 
recorded by a lidar system, the number nb of photons in the 
ambient background, and the number nd of dark pulses 
are described by the Poisson statistics of random processes 
[14, 21, 27]. Since these processes have equal mathematical 
expectations M and variances s2 (M = s2), their values for ns, 
nb and nd for the observation time Dt are determined by the 
expression

M ts s s
2s hu D= = ,  M tb b b

2s hu D= = ,  M td d d
2s u D= = ,

where us, ub and ud are the average speeds of counting signal 
photons, background photons and dark pulses of the photo-
detector, respectively. In this case, ui = Pi /E0 = Pi l/(hc), where 
i = s, b, d; and E0 is the quantum energy. 

The total number of counts ntot = ns + nb + nd for the 
observation time Dt is also a random variable. The expres-
sions for the average value of the number of counts and the 
variance of three independent Poisson processes have the form

M M M Mtot s b d= + + ,

t t ttot s b d s b d
2 2 2 2s s s s hu hu uD D D= + + = + + .

The signal-to-noise ratio r calculated as a ratio of the 
average number Ms of the received signal photons to its mean 
square deviation stot from the total number of photons for 
the observation time Dt can be presented as
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When accumulating the results of N sensing cycles, we have 
MiN = NMi (i = s, b, d), Ntot totN

2 2s s=  [15, 36] and

/N ts s b dr hu hu hu uD= + + .	 (19)

In photon-counting mode, the amplitude of each pulse 
from the photodetector is compared with the discriminator 
threshold, and only those pulses are counted whose amplitude 
exceeds the threshold. Due to their statistical nature, the 
pulses may sometimes follow with a very small interval, and 
so they become indistinguishable by the discriminator. This 
leads to a loss of events or to miscalculations caused by the 
finiteness of time resolution in the recording devices. 
Therefore, the so-called ‘dead time’ tdd is introduced, which, 
as applied to photon counting, is generally understood as the 
minimum time interval within which two close events can be 
considered as two separate events [14, 18, 27].

Two types of the dead time are distinguished: paralysed/
extendable dead time and non-paralysed/non-extendable dead 
time [27, 41]. In the paralysed case, a single photon initiates 
the dead time ‘extendable’ by the next photon that arrives 
during the time tdd, which reduces the observed count rate of 
photons

( )expob a a ddu u u t= - ,	 (20)

where ua is the actual rate of photon counting. In the non-
paralysed system, the dead time ‘initiated’ by a single photon 
is not extended by the next photon, and 

/ 1 )ob a a ddu u u t= +( .	 (21)

In lidar measurements, the non-paralysed photodetectors 
are more commonly used, for which the corrected count rate 
can be easily derived from (21):

/( )1a ob ob ddu u u t= - .	 (22)

In this case, expressions (20) – (22) are applicable for rela-
tively small count rates, when uatdd < 1.

4. Structure of a dimensionless-parametric 
model of a lidar system and simulation results

4.1. Structural scheme of the dimensionless-parametric  
model

As follows from (9) and (16), (17), the signal-to-noise ratio 
reduced to the lidar receiver input, for N = 1 can be presented 
in the dimensionless-parametric form:
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The introduction of the normalised lidar signal P = 
QW 2r–2 allows avoiding the necessity of consideration of a 
multitude of partial cases and their combinations in analytical 
prediction. Therefore, both forms of expression (23) are pre-
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sented as a product of five independent dimensionless factors, 
each of them having its own nature.

The structure of a dimensionless-parametric model of the 
lidar presented in Fig. 3 shows the relationships between the 
normalised system parameters L0, Fex, Q, W, r and the mea-
suring system components, including the state of the atmo-
spheric object being sounded, lidar transmitter and receiver, 
interferences, reference medium, reference range and reference 
background brightness.

4.2. Results of dimensionless-parametric modelling  
of laser remote sensing of the atmosphere 

Let us analyse how strong can be the impact of a bright back-
ground interference caused by the scattered radiation of the 
sky. According to the estimates (16), the background inter
ference impact (just as that of the internal noise) on the lidar 
receiver sensitivity is not direct, but indirect, through the 
optical-physical parameters of the investigated medium. In 
other words, a positive feature of the dimensionless-parametric 
approach is that the background can be evaluated as ‘strong’ 
or ‘weak’ in relation to a particular lidar which is sensing a 
particular object of the ambient air. Consider Fig. 4, in which 
the dependences of the signal-to-noise ratio on the relative 
background brightness for different values of A0 and P are 
presented.

As seen from Fig. 4c, the noisy photodetectors (A0 >> 1) 
are significantly less sensitive to the background noise: the 
signal-to-noise ratio at their output is only reduced at very 

intense sky background. In contrast, the low-noise detectors 
(А0 << 1) in a comparatively transparent atmosphere (P << 1) 
noticeably lose their sensitivity at low levels of background 
noise (Fig. 4a). At the same time, it is seen that, in respect of 
the signal-to-noise ratio and sensitivity, the noisy receivers 
with large A0 values are inferior to the receivers with low 
internal noise even at a very low background.

For comparison, we can estimate the reduction in sensi-
tivity and signal-to-noise ratio at the lidar receiver output 
under the impact of background radiation with respect to 
their levels in case of reference brightness, using the relation:
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Let us rewrite Eqn (11) for the normalised lidar signal Ps/Ps0 = P 
in the form

0S N Aq
2 2 2r rP P- - = .	 (24)

Then threshold sensitivity for a given signal-to-noise ratio 
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Figure 3.  Structure of a dimensionless-parametric model of the lidar system. 
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For a comparatively transparent medium under study, when 
W 2 » 1 (i.e., a value of W 2 > 0.9 is achievable at aR < 0.05), 
we can write (see Appendix 2) P » Qr–2, where r » /Q P . 
Therefore, the maximum operation range for a given signal-
to-noise ratio r can be presented in the form
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4.3. Lidar range reduction under the impact of intense 
background radiation 

The impact of background radiation on the lidar operation 
range for N = 1 and r = 1 can be estimated from the relation:
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Different sensitivities of noisy and low-noisy receiving lidar 
systems to background radiation defined by brel = Bl /B0 l are 
illustrated in Fig. 5. According to (26), noisy (A0 ³ S 0b

1- ) pho-
todetectors (A0 = 10) only react to a very strong sky back-
ground, while, at A0 << S 0b

1- , low-noise photodetectors (A0 = 
10–2) are sensitive to the comparatively low sky background 
levels. 
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Figure 4.  Signal-to-noise ratios as functions of the relative background 
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4.4. Dimensionless-parametric approach to evaluation  
of the lidar potential with PMT, APD, and Si-PMT  
as photodetectors

First and foremost, we should note that in modern lidar 
systems [5, 6, 8 – 20, 26 – 32, 34 – 39, 41] that are applied in the 
spectral range from the UV to near-IR range, the most sen
sitive and therefore the typical photodetectors are photo
multipliers (PMT), avalanche photodiodes (APD) and solid 
state silicon photomultipliers (Si-PMT). As defined in (12), 
the dimensionless parameter A0 characterises the impact of 
quantum and internal noise of the receiver, and also a minimal 
level of background noise. Consider the spectral changes A0 
as a measure of noise in a lidar receiver, which exceeds the 
quantum noise in the wavelength range of 0.3 – 1.1 mm.

Figure 6 shows the simulation results of the A0 parameter 
behaviour, adapted to the spectral and energy characteristics 
of PMT, APD, and Si-PMT. Figure 6 also presents spectral 
dependences of an inverse value of the previously introduced 
partial ratio of the reference signal to the reference level of the 
background interference Sb0 = Ps0 /Pb0, which is independent 
of the type of photodetector.

Comparison of the excess noise levels of three types of 
high-sensitivity photodetectors, the impact of which describes 
the parameter A0, shows that the lower limit of A0 (charac-
terising the low-noise photodetectors) in virtually all cases is 
close to the constraint level defined by the minimum level of 
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Figure 6.  (Colour online) Spectral dependences of the parameter A0 for 
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reference background noise. Given the variability of parame-
ters of the commercially available models of PMT, APD and 
SI-PMT, we may note that the noisy PMT in the whole 
spectral range have a lower excess noise level than the other 
two types of receivers.

The combined impact of optical-physical parameters of 
the medium under study, background noise brightness and 
generalised parameters of the lidar transceiver on the mea-
surement sensitivity and achievable signal-to-noise ratio is 
illustrated in Fig. 7. From a large series of results of model 
calculations, we have selected and shown several range profiles 
of the achieved signal-to-noise ratio, with a compensation 
for the range factor in sensing the model object (profiles in 
the upper part of Figs 7a – 7c) in the ambient air of different 
optical density. When conducting model experiments at l = 
532 nm, the specifics of noise parameters of high-sensitive 
PMT, APD, and Si-PMT receivers have been taken into 
account.

Firstly, it is seen that, according to (11) – (13) and Fig. 4, 
the signal-to-noise ratio increases with decreasing meteoro-
logical visibility Sm. Secondly, the degree of signal attenuation 
on the path from the lidar to the object and back increases 
with increasing product ar (a decrease in the transparency 
along the sensing path), which, correspondingly, leads to a 
decrease in the signal and the signal-to-noise ratio. Finally, 
it  is seen from Fig. 7 that, with an increase in P factor, the 
impact of internal noise for different photodetectors is reduced 
(the ratio А0/P becomes much smaller than unity) and the 
range profiles of the signal-to-noise ratio become closer, thus 
reflecting only background interferences that are the same for 
all detectors.

4.5. Comparison of real lidar systems

Figure 8 shows the results of comparison of lidars A and B 
[36], basic parameters of which are given in Appendix 3. The 
dimensionless parameters of these lidars, calculated accord-
ing to the above-proposed method, are given in Table 1. The 
generalised parameters L0A and L0B that predict the potential 
of lidars A and B in sensing the reference medium are defined 
at P = 1. The values brel = 1, ~17 and 300 correspond to 
the  simulation results for lidars A and B in atmospheric 
sensing with weak, average and bright sky background 
and with wide variations of its optical-physical parameters 
(parameter P ).

It follows from Figure 8 that lidar A has a greater poten-
tial compared to lidar B (L0A » 100, L0B » 20). It is seen that, 
under an intense sky background (for example, at brel = 300), 
lidar A is capable of receiving, with a given accuracy (for 
example, at r = 10), the echo-signals that are about 10 times 
weaker compared to lidar B. Thus, according to (26), the 
range rb of lidar A under the impact of background brightness 

with brel from 1 to 100 decreases from 1.00 to 0.55, while that 
of lidar B – from 1.00 to 0.77.

5. Conclusions

Based on the development and expansion of the methodology 
of dimensionless parameterisation, we have generalised charac-
teristics of the laser systems for atmospheric sensing. The 
applied approach has allowed us to predict the characteristics 
of a wide variety of atmospheric backscatter lidars, from 
microlidars to power systems. The structure of a dimension-
less-parametric model of the lidar system for atmospheric 
sensing is developed. The potentially feasible ranges of the 
signal-to-noise ratio and sensitivity of remote sensing systems 
under the conditions of wide variability of optical weather 
that allow the use of lidars are found: from the crystal-clear 
molecular atmosphere to fog, snow and rain. A variety of 
impact conditions of the daytime sky background interfer-
ences is analysed, which on a bright sunny day may severely 
limit the capability of lidar systems.

The fundamental difference between the proposed 
methodology and the traditionally accepted approaches is 
that the formation of several carefully justified dimension-
less parameters based on the introduced reference param-
eters, and their subsequent use, allows one to reliably pre-
dict the most important potential characteristics of a par-
ticular lidar in specific conditions of the sensing path and 
sky background brightness. For example, it is possible to 
predict the variability of the signal-to-noise ratio at the 
photodetector output of a lidar system in sensing a selected 
part of the atmosphere in the range span being of interest 
to us, at a certain angle to the Sun that forms the back-
ground brightness under evaluation. Based on the pro-
posed parameters and algorithms, it is also possible to pre-
dict the lidar system operation range.

Table  1.   

Lidar Sq Sn Sb0 A0 L0

A 104 1.5 ́  103 1.8 ́  103 5 ́  10–3 98.4

B 4 ́  102 4.3 ́  104 3.5 ́  104 3 ́  10–5 20.1
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Figure 8.  Dependences r(P ) for lidars A and B sensing the same atmo-
sphere at different levels of the ambient background interference brel.
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Appendix 1. International visibility  
scale for different observation conditions

Sm/km T (R = 1 km) a( l = 0.55 mm)/km–1 Observation conditions Visibility characteristic

< 0.05 < 10–34 > 78.24 Very strong fog Very bad

0.05 – 0.20 3 ́  10–9 – 10–34 19.56 – 78.24 Heavy fog, very thick snow Bad

0.2 – 0.5 4 ́  10–4 – 3 ́  10–9 7.824 – 19.56 Moderate fog or heavy snow

0.5 – 1.0 0.020 – 4 ́  10–4 3.912 – 7.824 Light fog, moderate snow, or strong haze

1 – 2 0.141 – 0.020 1.956 – 3.912 Moderate snow, very heavy rain, or moderate haze Medium
2 – 4 0.376 – 0.141 0.978 – 1.956 Light snow, heavy rain, or weak haze

4 – 10 0.676 – 0.376 0.391 – 0.978 Moderate rain, very weak snow, or weak haze Good
10 – 20 0.823 – 0.676 0.196 – 0.391 No rain or moderate rain

20 – 50 0.823 – 0.925 0.078 – 0.196 Clean air with no rain Very good

> 50 > 0.925 < 0.078 Absolutely clean air Exceptional

Appendix 2. Ranges of parameters of the medium  
and sky background used in simulations

Meteorological visibility range Sm/km  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                    0.1 – 100
Volumetric coefficient of scattering/attenuation of the atmosphere/km–1  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                0.03 – 1.00

Sensing range R/km  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                            0.1 – 30
Daytime sky background radiation brightness Bl /W m–2 sr–1 m–1  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                  106 – 3 ́  108

Appendix 3. Typical parameter ranges of the  
atmospheric lidar used in simulations

		  Lidar А	 Lidar B
Laser radiation energy E/J   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                          10–6 – 1	 0.15	 0.13
Beam radiation divergence Q /rad  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                  10–3 – 5 ́  10–3		
Beam radiation diameter d /mm  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                        3 – 10		
Laser pulse duration tp /ns  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                         10 – 100		
Pulse repetition rate frep /Hz  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                        10 – 105	 10	 20
Receiving lens area AD /m2  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                          10–2 – 10–1	 0.03	 0.09
Receiving telescope focal length Ft /m  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                   0.5 – 1.5		
Optical receiving system transmittance x   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                 0.05 – 0.50	 0.50	 0.08
Receiving telescope view field angle q/rad  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                               10–3 – 3 ́  10–3	 10–3	 1.5 ́  10–3

Optical filter bandwidth Dl /nm  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                        1 – 10	 10	 1
Receiving system bandwidth D f /MHz   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                  10 – 100	 10	 20
Lidar spatial resolution DR/m  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .3 – 30		
Quantum efficiency of typical photodetectors h  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                            0.10 – 0.85	 0.77	 0.046
Photodetector noise factor F :
    PMT  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                   1.2 – 1.5		  1.5
    APD   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                     4 – 10	 5.0
    Si-PMT   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                  1.1 – 1.5
Photodetector internal amplification factor Md:
    PMT  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                3 ́  105 – 3 ́  106

    APD   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                   40 – 200
    Si-PMT   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                106 – 4 ́  106

Photodetector dark current Id /А:
    PMT  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                  10–10 – 10–9

    APD   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                    10–9 – 10–8

    Si-PMT   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                                10–7 – 10–6

Reduced noise-equivalent power (NEP) of the photodetector/W Hz–1/2   .  .  .  .  .  .  .  .  .  .           f (F, Df, l, h, Id, Md)	 3 ́  10–14	 5 ́  10–16

Photodetector quantum noise power Pq /W   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                             f (F, Df, l, h)  	 4.83 ́  10–11	 4.86 ́  10–10

Photodetector internal noise power Pn /W   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                               10–12 – 10–9	 3 ́  10–10	 5 ́  10–12

Reference range R0 /km   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                                               1		
Reference attenuation coefficient of molecular atmosphere a0 /km–1   .  .  .  .  .  .  .  .  .  .            0.0116 ( l = 0.55 mm)
Reference signal power Ps0 /W   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                               f (E0, AD, x, a0, R0, l)  	 4.72 ́  10–7	 1.97 ́  10–7

Reference sky background radiation brightness B0l /W m–2 sr–1 m–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                       106		
Reference background noise power Pb0 /W  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                            f (AD, x, Dl, q)  	 2.65 ́  10–10	 5.66 ́  10–12
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