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Abstract

:

The article proposes a methodology for analyzing the performance of S-lidars (S comes from Scheimpflug) as a new class of environmental remote sensors operating under conditions of wide variability of optical weather and sky background brightness. The novelty of the problem statement, the methods used and the results obtained are determined by their application to laser sensing systems with unconventional design principles and the consequent need to revise the traditional ways of assessing their potential capabilities. The research method is based on a dimensionless-parametric approach, which allows comparing phenomena and systems of different scales and combining complementary characteristics and parameters. Effects of the dimensionless optical weather factor on lidar potential are shown being investigated under various environmental conditions, from the clear atmosphere through haze and mist to fog when probing in Vis/SWIR spectral bands and using Si/InGaAs detector arrays. It is shown exactly how and to what extent the significant differences in their spectral sensitivity and internal noise parameters are susceptible to the wide spectral and energy variability of the sky background brightness observed at very different angles to the Sun. A detailed analysis of the two most important influencing factors within the system, “S-Lidar instrument + Optical weather + External background source”, taking into account their wide variability, allowed us to describe their joint nonlinear influence and, thus, to anticipate the imposed limitations. The proposed dimensionless-parametric concept for predicting the potential capabilities of S-lidars with Si/InGaAs arrays is aimed at expanding applications of this rapidly developing class of remote sensors in a wide variety of environments.
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1. Introduction


When developing and using sensors for laser remote sensing of the environment, it is customary to rely on generalized approaches and to look for solutions that would be able to focus on the strengths of a certain class of sensors aiming to exploit specific features, characteristic differences and advantages on this basis [1,2,3,4,5,6]. On the other hand, it is important to anticipate possible ambient situations and related conditions to ensure reliable operation in a real environment with a wide variability of its properties and influencing parameters.



In this regard, speaking about traditional methods and instrumentation on range-resolved laser remote sensing, first of all, we shall name pulsed lidars with all their numerous and undoubted advantages. Simultaneously, the complexity of transceiver subsystems and their high cost should be noted [4,5,6,7,8,9,10,11]. Other commonly used laser-based sensors for environmental monitoring are CW frequency-modulated lidars with optical or RF-heterodyning [4,7,8,9,10,12], which are also capable of providing high spatial resolution but are difficult in hardware implementation and very demanding for tuning accuracy. These features, to some extent, limit the wide commercial application of mentioned remote sensors.



The paper focuses on S-lidars (S comes from Scheimpflug) as a relatively new class of atmospheric lidars, implementing non-traditional principles of system design [13,14,15] and actively using the latest achievements of optical instrumentation and modern nanophotonic technologies. They are successfully used for atmospheric aerosol monitoring [16], aquatic ecosystems profiling [17], detection of oil pollution [18], vertical atmospheric transmittance detection [19,20], trace gases and air pollution monitoring [21], volumetric profiling of targets [22] and in many other applications [23,24,25,26,27,28,29,30,31,32].



S-lidars use CW laser emitters and implement the triangular range control scheme, providing detection of echo signals by receiving optics equipped with array detectors (Figure 1). In this method, each microcell forms its own partial field of view, tracks a partial volume along the sound path and determines the current range resolution (RR) of the sensor [33,34,35].



In Figure 1, the geometric proportions are deliberately altered so as to shrink on the range scale while, in contrast, the transceiver dimensions are stretched. This is done to illustrate the technique of providing a large depth-of-field of sharply focused images. The belonging to the backscatter lidar is seen from the fact that both the near Rmin and far Rmax borders of the depth-of-field (DoF) can be very far (many hundreds of meters and kilometers) from the sensor, and the base L of the implemented S-lidars does not exceed 1 m.



Characteristic features of S-lidars are disclosed, with emphasis on the study of hardware capabilities for reliable operation under a wide variety of optical weather conditions Sm and sky background brightness Bλ. We consider that in the first approximation, a variety of ambient atmospheric conditions can be generalized by different meteorological visibility ranges Sm. As shown, a generalized analysis of possible constraints imposed by the real environment on the potential capabilities of S-lidars makes it possible to develop optimal design solutions in a wide range of specific applications.



The common point that unites complementary sub-directions of the conducted research is a dimensionless approach based on forming normalized categories and factors reduced to some pre-proposed reference values. This allows for predicting and comparing a wide range of design solutions within the considered class of atmospheric S-lidars.




2. Methods and Approaches


2.1. S-Lidars: Features of Received Signals Description


Depending on the lidar system type, the potentially achievable range resolution ΔRpot is determined differently. For pulsed (time-of-flight—ToF) lidars, it is determined by the pulse duration τp:   Δ  R  pot   ToF   =  ½   c  ·  τ p   ; for continuous-wave frequency-modulated (CW-FM) lidars [4,9,12] it is equal to ΔRCWFM = ½ c∙ΔFf/Δfdev∙frep and even   Δ  R  pot    CWFM        = ½ c/Δfdev if ΔFfmin = frep. Here, Δfdev is the frequency deviation; frep is the repetition frequency; and ΔFf is the receiver filter bandwidth. S-lidars under discussion have their own peculiarities that should be taken into account.



2.1.1. Range–Domain Characteristic of S-Lidars


As we discussed earlier [33], in CW S-lidars, the current range resolution   Δ  R  pot  S    can be represented by this relation:


  Δ  R  pot  S   R  =  R 2  /  K 1   



(1)




where K1 is the combined optical–geometric parameter


   K 1  =   f · L    p 1  ·    cos α   t     



(2)




which takes into account the focal distance f, the lidar base L, the cell size p1 and the tilt angle αt.



It should be noted that some publications on S-lidars [16,17,21,31,36,37] mention the term “infinite depth of field”, although they talk about the increase in range resolution ΔR as the range square, but are often silent about what values ΔR reaches the far border Rmax of the operating range. From (1), it is easy to see that with insufficiently large K1, the range resolution can be up to hundreds of meters, which in many remote sensing applications is unacceptably large and devalues the measurement results.



To avoid this unwittingly hidden uncertainty, in [33] (Equation (21)), we suggested using the factor


Q(R) = R/ΔR



(3)




as an indicator of the range–domain quality, characterizing the specificity of S-lidars. On this basis, it was shown how to predict the far border    R  max   Qreq     of lidars at a pre-selected or available value of the combined parameter K1 and the given quality requirements:


   R  max   Qreq   =  K 1  /  Q  req    



(4)







Conversely, what should be the value of K1-parameter to provide the required far border    R  max   Qreq     of the remote sensor at a given quality factor Q:


   K 1  =  R  max   Qreq   ·  Q  req    



(5)








2.1.2. Lidar Equation in Its S-Lidar-Specific Form


Received signals of lidar systems for environmental monitoring are described by the so-called lidar equation [1,2,38], which is generally represented as


Er(λ,R) = E0∙ξ(λ)∙Ar∙ΔRgen ∙βπ(λ,R)∙T2(λ,R)/R2



(6)




where Er is the echo-signal energy; ΔRgen is the range resolution in generalized form. Taking into account the considered relations (1)–(6), this equation adapted to the features of S-lidars will look as follows:


   P r S    λ ,  R i    =  E r S    λ ,  R i    /  T  obs   = ξ  λ  ·  P 0  ·  K 1  − 1   ·  A r  ·  β π    λ ,  R i    ·  T 2    λ ,  R i     



(7)




where    E r S    is the received signal energy; Tobs is the observation time; ξ is the transceiver’s optical efficiency; Ar is the receiving optics area; βπ is the backscattering coefficient.



Table 1 shows typical parameters of S-lidars for environmental remote sensing.




2.1.3. From Pixel Numbers i to Current Ranges Ri: A Simple Transition Algorithm


Operation principles and specific features of the considered class of S-lidars, among other things, assume an uncommon method of processing “images”. We put the term “image” in quotes because array detectors of S-lidars receive and process information about optical parameters of layers of the investigated medium, which are located along the probing beam rather than across the beam or view field, as in traditional imaging. In this case, each array cell gathers information from its own layer along the probing path.



In this regard, let us briefly consider issues related to the «current distance—number of a pixel» interrelation. Relations [16,17,18,21,36,37,39] describing the range Ri to the i-th layer as a function of the pixel number i are often found in the literature. They are associated with the necessity of using high-precision values of angles of inclination of both the lens plane and the image plane, which is not always convenient to use. Therefore, in [33] (Equation (20)), we proposed another approach to describe the dependence Ri = f(i) based on generalized parameters of S-lidars:


   R i  =     1 − 2 · i / n   · f ·  K 0  /  R  op   + 1     1 − 2 · i / n   ·  K 0  + 1   ·  R  op    



(8)




where Rop is the tuning distance of receiving optics; K0 = ½∙n∙Rop/K1 is the combined system parameter; n is the number of cells in the linear array. Given that f/Rop ≪ 1 and the relation    R  op    Q  req     =  K 1  / (  Q  req   + n / 2 )   of [34] (Equation (17)), we can reduce (8) to such a simple form:


   R i  =    K 1     n    +      Q    req   −    i     



(9)







As can be seen, the range to the i-th layer can be easily calculated based on the system parameter K1 from (2), the number of cells n of the linear array and the required quality parameter Qreq value, which together with the available K1 defines the far border of S-lidars according to (4).





2.2. S-Lidar Potential in Real Environment


2.2.1. Dimensionless Parameterization for Potential Prediction


In order to predict potential capabilities of any atmospheric lidar under arbitrary environmental conditions, whether micro-lidars or, conversely, powerful lidar systems, as well as to compare the effectiveness of the most different design solutions, it seems appropriate to highlight the influencing factors as follows. Let us call the dimensionless potential of any lidar the ratio of the signal power Pr received from the reference distance R0 when probing an arbitrary homogeneous medium to the achieved threshold power Pt. We will present it as a product of three dimensionless factors to account for the variability of real environmental factors, namely the meteorological visibility Sm and the sky background brightness Bλ:


  Ψ   λ , Sm ,  B λ  ,  R 0    =    P r    λ , Sm ,  R 0       P t  (  B λ  )   =    P  r 0     λ ,   Sm  0  ,  R 0       P  t 0     λ ,  B λ 0      ·    P r    λ , Sm ,  R 0       P  r 0     λ ,   Sm  0  ,  R 0      ·    P  t 0     λ ,  B λ 0       P t    λ ,  B λ      =  Ψ 0  · Π · Φ  



(10)







Here,    Ψ 0  = f     Sm  0  ,  B λ 0  ,  R 0      characterizes the virtual potential of any type of lidar when probing the reference medium with visibility Sm0 at dark night (DN) with sky background brightness    B λ 0  =  B λ  DN    ; the factor   Π = f   λ , Sm ,   Sm  0  ,  R 0      describes the influence of optical weather on the lidar potential;   Φ = f   λ ,  B λ  ,  B λ 0      is the factor of external background influence. As a reference medium, we have chosen a molecular atmosphere (Sm0 =     Sm    mol    ), whose optical characteristics are considered to be known and stable [2,3,40], and the reference distance R0 can be chosen differently in specific applications.



By introducing three dimensionless factors into (10), it is possible to make reasonable predictions about the extent to which real environmental conditions affect the potential of a particular lidar instrument even before field measurements are made. Moreover, we consider system capacities not by themselves but in comparison with a hypothetical lidar sensing a reference molecular atmosphere on a dark night. If such integral approaches obtained are applied to existing or just being developed lidar instruments, it is easy to adapt the generalized solutions to specific conditions of particular applications based on the own parameters of the used remote sensing system.




2.2.2. Virtual Potential of S-Lidar under Reference Conditions


Reference potentials    Ψ 0      Sm  0  ,  B λ 0  ,  R 0      of different lidars in a molecular atmosphere with minimal influence of sky background can be written down as follows:


   Ψ 0      Sm  0  ,  B λ 0  ,  R 0    =    P 0  · ξ  λ  ·  A r  · Δ  R  gen   ·  β  π 0     λ ,   Sm  0    ·  T 0 2    λ ,   Sm  0  ,  R 0    ·  R 0  − 2      P  t 0     λ ,  I d  ,  B λ 0      .  



(11)







When adapting (11) to S-lidars as a relatively new and promising class of environmental remote sensing tools, one should take into account their range–domain features specified in (1) and (4), namely, the range resolution   Δ  R  pot  S  =  R 2  /  K 1    and the far border    R  max   Qreq   =  K 1  /  Q  req     of operation range. The latter leads to the seemingly obvious conclusion that when predicting the initial virtual potential of any available S-lidar with the aggregate parameter K1 and the formulated requirements to Q, it is reasonable to choose    R 0  =  R  max   Qreq    :


   Ψ 0 S      Sm  0  ,  B λ 0    =  P 0  · ξ ·    A r  ·  β  π 0     λ ,   Sm  0       K 1    ·  T 0 2    λ ,   Sm  0  ,  R  max   Qreq     /  P  t 0      B λ 0    .  



(12)







Next, we show how, based on the concept (10) of representing the potential of any lidar instrument, to predict the influence of specific conditions of both the ambient atmosphere and sky brightness. The introduced factors of normalized weather Π and sensitivity to the external background Φ allow us to quantitatively predict changes in the virtual potential Ψ0, which is tied to the molecular atmosphere and the lowest sky background.






3. Results and Discussion


3.1. Ambient Optical Weather and S-Lidar Potential


3.1.1. Optical Weather: Components of Dimensionless Description


Under dimensionless approaches (10)–(12), let us return to the normalized potential (10) and consider its second-factor Π characterizing the contribution of real optical weather versus the molecular atmosphere by presenting it in this form:


  Π   λ , Sm ,  R 0    =    P r    λ , Sm ,  R 0       P  r 0     λ ,   Sm  0  ,  R 0      =    β π    λ , Sm      β  π 0     λ ,   Sm  0      ·    T  2    λ , Sm ,  R 0       T 0 2    λ ,   Sm  0  ,  R 0       



(13)




with   T   λ , Sm , R   = exp  [ −   ∫  0 R  σ   λ , Sm   dR ]  .



In the analytical description of relations (13), we assumed that the atmospheric extinction coefficient σ can be written as [3,41,42]


  σ   λ , Sm   =       λ    μ m      0.55       − 0.585 ·   Sm   km    3    ·   3.912     Sm   km      



(14)







Additionally, assuming for simplicity the absence of absorption (σ = α) and following the experimental data [43,44], we supposed [45] that the relation between the backscattering coefficient βπ and the total scattering α can be described in some cases as


   β π   λ  = 0.019 · α    λ    0.57    



(15)




with the known lidar ratio βπ/α = 3/8π in the molecular atmosphere.




3.1.2. Influence of Optical Weather Conditions on S-Lidar Potential Capabilities


Based on (13)–(15), it is possible to properly account for the surrounding weather conditions when conducting or planning monitoring activities and predict the effect of their variability on lidar potential. This can directly affect the accuracy of measurements and retrieval of atmospheric optical parameters. To gain insight and illustrate the degree of variation in normalized optical “weather” Π and how it can affect lidar potential, we considered a wide range of visibility Sm variations from the clear atmosphere to heavy fog.



For subsequent analysis adapted to CW RR S-lidars, we chose the spectral range of 0.3…1.7 μm, in which manufacturers offer a wide choice of Si and InGaAs array detectors capable of overlapping the left and right halves of this range. As shown in Figure 2, where the common gradations of meteorological conditions are highlighted, the optical weather factor Π is significantly higher at the long-wave boundary of the range in question.



Figure 3 and Figure 4 show the behavior of the Π factor under the wide variability of Sm visibility in the Vis+SWIR range at the three selected wavelengths multiple of 0.55 μm. They illustrate the ability to predict lidar potential under certain environmental conditions even before in situ measurements are made. Since, in S-lidars, the near and far boundaries of the depth of field of sharply focused images are always predetermined by hardware, the operation range between Rmin = 0.1 km and Rmax = 1 km is chosen as an example.



So, near its right border (λ = 1.65 μm) with visibility from moderate fog to light haze (Sm~0.5…5.0 km), Π-factor may increase to 3∙102 when receiving signals from R~1 km and exceed 103 when receiving signals from a shorter distance R~0.1 km. Although in the SWIR range, the scattering coefficient decreases compared to the visible range according to (14), the contribution of atmospheric transmission in the double path in (13) plays a much smaller role than in the visible spectral range, which explains the illustrated dependences.



When one shifts to visible wavelengths, the weather-dependent factor of lidar potential normalized to the reference atmospheric conditions becomes significantly lower. For example, in the green region (λ = 0.55 μm), when receiving signals from a range of R~1 km, only 4-fold excess over probing in the virtual molecular atmosphere is maximally achieved with Π(Sm = 15 km) = 4, and at R = 0.1 km, only Π(Sm = 15 km) = 15 can be obtained.



Thus, the optical weather coefficient applied to S-lidars with Si/InGaAs array detectors operating in the spectral region of 0.3…1.7 µm gives the following predictions. When probing in visible spectral range at short distances with R ~ 0.1 km, application of Π factor indicates advantages of operation under mist conditions (Sm ~ 1…2 km), and at ranges about R ~ 1 km confirms kind of optimality at Sm ~ 10…15 km. In SWIR range, the weather factor indicates an increase of lidar potential in somewhat less transparent conditions; for example, when receiving signals from the range R ~ 1 km, it turns out to be maximal at Sm ~ 4…8 km. At the same time, it is obvious that when visibility deteriorates significantly, and the beam attenuation factor plays a decisive role, the normalized lidar potential at λ < 1 μm is always much lower than in virtual reference conditions.





3.2. Sky Background and S-Lidars with Vis/SWIR Array Detectors


3.2.1. Normalized Spectral Brightness of Sunlight


In laser remote sensing of the environment, the received echo signals are often accompanied by background illumination. In contrast to laboratory experiments, where background sources are negligible or can be compensated for, in open-path field measurements, the brightness of background interference can be significant, and its influence is not easily overcome. When ambient background radiation is mentioned, it refers to a flow or single photons that interfere with the proper reception and processing of sounding echoes. It is assumed that the nature of background photons is not related to the laser sensing signals, and their spectrum falls within the sensitivity bandwidth of the photodetector. Mitigating and preventing the effects of background interference seems to be very important tasks in laser remote sensing [2,3,6,40,46,47,48].



Scattered solar radiation at wavelengths shorter than 3 μm is the main source of daytime sky background accompanying the laser sensing. Usually, the Sun’s brightness is described as [1,3,46]


   B λ  sun   = 2 · h ·  c 2  /    λ 5     e  h · c / λ · k · T   − 1      



(16)




and the color temperature of the Sun is often taken to be Tsun = 6000 K, which determines the radiation maximum at wavelength λBmax = 0.002898/Tsun = 0.483 μm [2,3]. Assuming the same brightness of the sky, it is frequently considered to be about 10−5 of the Sun brightness, and the maximum sky brightness is estimated up to BλBmax = 109 W∙m−2∙m−1∙sr−1. The normalized spectral brightness of the sky can be represented as


   B λ  rel     ≡   B  λ /  B  λ Bmax  = ( λ  Bmax /  λ  ) 5  · [ 1 − exp ( h · c /  λ Bmax  · k · T ) ] / [ 1 − exp ( h · c / λ · k · T ) ]  



(17)







In the following analysis, we will assume that the background brightness distribution coincides with the spectrum of solar radiation.




3.2.2. Background Power Reaching a Single Pixel


Let us estimate the power of background illumination received together with the lidar echo signal. Consider that in the angular field Ω of the optical receiver, there is an elementary volume Ω·R2·dR, remote at a distance R, the atmosphere inside which is homogeneous and has a volume scattering coefficient βγ at arbitrary angle γ. If the monochromatic illumination by the incident flow of background radiation is equal to Hλ, the intensity of radiation scattered by the elementary volume can be represented as Hλ βγ Ω R2 dR. If the receiver with an entrance pupil area Ar subtends a solid angle equal approximately to Ar/R2, then the power of background radiation scattered by the volume and then passed through the atmosphere with transparency T = exp [−    ∫  0 R   r  dr   ], the receiving optical system and the spectral band-pass filter


  d  P b  = H  λ ·   β γ  Ω    A r    Δ λ    ξ 0    exp    [ -   ∫  0 R  α  r  dr ]  



(18)




where ξ0 is the total transmission of receiving optics.



Integrating (18) by R from 0 to ∞, we obtain the total power of the sky background collected from the whole sounding path in the receiving field of view:


   P b  =  H λ   A r    Ω   Δ λ    ξ 0    ∫  0 R   i γ   R  · α  R     exp     [ −   ∫  0 R  α  r  dr ] dR  



(19)




where iγ is the scattering indicatrix (phase function). As a special case of (19), one can obtain an expression usually used in the estimation of background radiation power at the photodetector input [1,3,8,48]. Since the spectral brightness density is


Βλ = Hλ iγ



(20)




the power can be obtained when α does not depend on R:


    P b  gen    λ    =  Β λ     A r    Ω   Δ λ    ξ 0    α       ∫  0 ∞  exp   − α · R   dR =  Β λ     A r    Ω   Δ λ    ξ 0    



(21)







A feature of S-lidars under study is a very narrow field of view formed by a single pixel of the array:    θ 1 S  =  p 1  ·    cos α   t  / f  , hence


   P b S   λ  =  B λ  · ξ ·  A r  ·   (  p 1  ·    cos α   t  / f )  2    Δ λ  



(22)







From (21) follows a simple estimate of the background illumination power affecting a single detector pixel:


    P b S   λ  =  B λ  ·  K  RO  S        with      K  RO  S  = ξ ·  A r  ·  s 1  ·        cos α   t  / f    2  · Δ λ   



(23)








3.2.3. Normalized Sky Background in Photon Counting Mode: Spectral Features


Since S-lidars usually use detectors with Si/InGaAs arrays, it is useful to present the characteristic dependencies in the spectral band of interest. Keeping in mind the photon counting mode, we note that the spectrum of background photon numbers    N b  ph    λ    is shifted to the right compared to    B λ  sun     in accordance with (16), (17) and (21)–(23), since the photon energy Eph = hc/λ is inversely proportional to the wavelength:


   N b  ph    λ  =    P b    λ  ·  T  obs      E   λ  Bmax        =  B λ   ·  K  RO   ·    λ  4       exp  ( h · c / λ · k ·  T    − 1     h · c    



(24)







As a result, the normalized spectrum of background photons will look like


   N  Bph   rel    λ  ≡    N b    λ     N b  max    λ    =        λ  Bmax    λ     4  ·   exp   h · c /  λ  Bmax   · k · T   − 1    exp    h · c / λ · k · T   − 1    



(25)







For example, at the Sun temperature T = 6000 K, when λBmax = 0.483 μm, the spectrum shift leads to λNbmax = 0.612 μm.



Figure 5 shows the spectra of the normalized sky background brightness    B λ  rel     and the number of background photons    N  Bph   rel     at the array input from (25), typical quantum efficiencies QESi and QEInGaAs of Si and InGaAs detectors at room temperature and numbers of generated photoelectrons    N   e  Si     rel   =  N  Bph   rel   ·   QE   Si     and    N   e  InGaAs     rel   =  N  Bph   rel   ·   QE   InGaAs     at the output of detectors.





3.3. Sky Light at Different Weather Conditions and Background Stability of Si- and InGaAs-Arrays


3.3.1. Description of Mildly-Sloping Scattering Indicatrices


The right-hand side of (21) is commonly used in the remote sensing literature [1,3,8,47] for simplified estimation of the incoming background illumination power. To further understand the effects of optical weather, consider that the background brightness Βλ = f(iγ) depends on the shape of scattering indicatrices iγ, which, in turn, are very sensitive to atmospheric conditions. It is known that scattering indicatrices iγ, or phase functions, associated with different atmospheric conditions have been well studied and repeatedly classified [2,5,49,50,51,52]. In particular, the range of variability of the directional light scattering coefficient βγ = iγ∙α∙increases with decreasing atmospheric transparency. The molecular indicatrix is usually described as    i 0   γ  =  3  16 π     1 +   cos  2  γ    , assuming that it is independent of wavelength in the Vis+SWIR range.



In many cases, such as molecular scattering, scattering on spherical aerosol particles, and in several others, indicatrices do not depend on the scattering azimuth, so for simplicity, we will consider only them. Our analysis of experimental indicatrices [43,44] showed [8,45] that the correlation between iγ and α can be approximated by such a functional relationship


iγ = aγ ∙αbγ



(26)




implying for angles γ at the sun that at γ < 50° coefficient bγ > 0 and at γ > 60 coefficient bγ < 0. With a relative error of no more than 20%, sufficient to make estimates, let us take the following set of angle-dependent power function approximations for mildly-sloping scattering indicatrices [8,45] shown in Table 2.




3.3.2. Angles at the Sun, Scattering Indicatrices and Sky Background Power at the Input


Our results of spline interpolation of the normalized indicatrices from Table 2 are shown in Figure 6.



It can be seen that the range of indicatrices variability iγ expands significantly with decreasing transparency from a clear atmosphere through haze and mist to fog. Based on this, the nature of weather-dependent variability of the normalized sky background power in the spectral range λ = 0.3…1.7 μm with a discrete set of angles between the receiving optical axis and the direction to the Sun (say ROADS-angles) γ = 15°…165° is shown in Figure 7.



As follows from Figure 7, environmental conditions have a significant influence on the background level at the receiver input at all angles of inclination to the Sun. It is also obvious that ROADS-angles γ greater than 50° are preferable to limit the influence of bright sky background, both in clear weather and when probing in a hazy atmosphere.



Spectral distribution examples of the normalized power of external background illumination    P b  rel     at visibility Sm variations for two angles on the Sun γ = 30° and 120° are presented in Figure 8 and Figure 9.



When the Sun is in the forward hemisphere, the less transparent the atmosphere, the greater the background illumination at the lidar receiver input. Conversely, when the Sun shines from behind, the sky background is more significant in clear weather. Along with this, the background power at the lidar input is always less than in the first case.



The results obtained should be considered as first approximation estimates. The purpose of such estimates is to pay attention and provide insight into how solar illumination can limit the capabilities of reliable laser sensing under changing optical weather conditions, along with how to foresee the influence of sun angles, etc., to account for their contribution to lidar design. A deeper analysis should consider factors such as the homogeneity of optical weather conditions, especially for solar flux and the presence of cirrus clouds or aerosols at altitude. Correct consideration of their influence in specific applications will provide more reliable sensing data and more accurate results for their retrieval.




3.3.3. Background Stability of Si- and InGaAs-Arrays


To estimate possible degradations of S-lidar potential, we will calculate the factor Φ from (10) as the ratio of sensitivity thresholds at the minimum dark night illumination (DN) and the real daytime background for array detectors with known intrinsic dark currents:


  Φ    B λ  , λ ,  I d  , t   =    P  t 0          N   d e  / η  λ  ,  B λ  DN   , t      P t         N   d e  / η  λ  ,  B λ      =      N d e  / η  λ  +      N   b  ph      B λ  DN        N d e  / η  λ  +      N   b  ph      B λ         



(27)







Here, Pt0 is the threshold power;    N d e    is the number of dark electrons;    N b  ph     is the number of background photons; η(λ) is the quantum efficiency; Bλ is the sky background brightness.



Figure 10 shows families of dependences Φ = f(Nb), illustrating the effect of external background on the potential of lidar with Si and InGaAs arrays, whose behavior differs.



Obviously, the most significant reason for such dissimilarity of characteristics is the large difference in their dark currents. As can be seen, lidars with low-noise Si-arrays are very sensitive to external backgrounds, and under bright daytime sky conditions, their potential can easily degrade to Φ ≪ 1. Under the same conditions, lidars with uncooled InGaAs array detectors are much less sensitive to sky backgrounds, and at Nd~105 e− (corresponding to Id~1 pA at Tint~20 ms), they are virtually insensitive to ambient light.



Note that the considered illustrations reflect the variability of lidar sensitivity to the sky’s light in relation to a sensor with the same dark current but which operates under a weak background of the dark night sky. Therefore, the Φ curves at 10- and 100-fold increases in the number of dark electrons show a higher immunity to the external background.



Spectral dependences in Figure 11 and Figure 12, typical for lidars with Si and InGaAs detectors, illustrate a similar situation.



The potential of lidars with low-noise Si-arrays (Figure 11) falls significantly to values Φ = 0.2…0.3 already at a moderate sky background (the upper family of curves) and may decrease 10-fold more against a very bright background (the lower family). As for InGaAs-based S-lidars (Figure 12), their sensitivity to external background is significant only when using cooled cameras with dark current Id < 0.1 pA, while typical uncooled detectors with Id~1 pA feel almost no influence of the sky’s light on potential capabilities of S-lidars.



Adapting the generalized modeling parameters to any particular instrument makes it possible to quantitatively predict the sky background influence on the reduction of potential capabilities for different S-lidar designs.






4. Conclusions


This paper proposes a methodology for analyzing S-lidar performance under wide variability of optical weather conditions and sky background brightness. The novelty of the problem statement and obtained results are determined by their application to remote laser systems with (described) non-traditional principles of design, such as S-lidars, which represent a relatively new class of environmental lidars. We used a dimensionless approach, which allows us to compare phenomena and systems of different scales and integrates complementary fields of study.



To analyze the influence of changing environment on the lidar potential, we introduced normalized factors of optical weather and background influence. Effects of optical weather on the lidar potential under different environmental conditions, from clear atmosphere through haze and mist to fog, have been shown in the Vis+SWIR bands in which S-lidars with Si/InGaAs detectors operate.



Studies of external background influence on the S-lidar potential began based on estimates of spectral and energy variability of the sky brightness and identification of response features of Si and InGaAs detector arrays used in the photon counting mode. Along with this, significant differences in their spectral sensitivity and intrinsic noise characteristics were taken into account.



Based on the proposed model for describing mildly-sloping scattering indicatrices, we further show significant differences in the sky-light power at the receiver input, which are observed at different angles to the Sun. On this basis, it became possible to predict the joint effect of the current visibility, phase functions and angles to the Sun on the background power received. We then proposed algorithms and quantified the degree of lidar sensitivity to external backgrounds with differences in spectral characteristics and intrinsic noises of Vis/SWIR array detectors used. Possible cases and situations of both significant deterioration of lidar potential and its insensitivity to accompanying sky background were illustrated.



To summarize, we note that the proposed concept of predicting the influence of external factors on the potential capabilities of S-lidars with Si/InGaAs array detectors is intended to expand possible applications of this rapidly developing class of remote sensors in a variety of environmental conditions.
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Figure 1. Generalized representation of the “S-lidar + Optical Weather + External Background” system under discussion. 
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Figure 2. Spectral course of dimensionless optical weather factor Π in clear day, haze, mist and fog conditions. 
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Figure 3. Variability bands of dimensionless optical weather Π within the depth of field between 0.1 km and 1.0 km at three wavelengths in the Vis/SWIR region where Si/InGaAs arrays are sensitive. 
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Figure 4. Variability of optical weather Π as a function of current visibility Sm and sensing range R at wavelengths of Si/InGaAs arrays sensitivity. 
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Figure 5. Normalized spectra of solar irradiance    B λ  rel     and background photon numbers    N  Bph   rel    ; typical quantum efficiencies QESi and QEInGaAs of Si and InGaAs arrays at room temperature and background photoelectron numbers    N   e  Si     rel     and    N   e  InGaAs     rel     generated at the output of Si and InGaAs arrays. Observation time Tobs = 20 ms. 
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Figure 6. Modeling of normalized scattering indicatrices (phase functions) in the spectral range 0.55…1.65 μm under different visibility conditions Sm = 0.3…30 km according to (26) and Table 2. 
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Figure 7. Power of received sky background    P b  rel     as a function of visibility Sm at different angles γ at the Sun in the Vis+SWIR spectral range. Here, γ is the angle between the receiving optical axis and the direction to the Sun. 
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Figure 8. Spectral distributions of    P b  rel     at variations of visibility Sm and Sun angles γ = 30°. 
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Figure 9. Spectral distributions of    P b  rel     at variations of visibility Sm and Sun angles γ = 120°. 
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Figure 10. Effect of external background on potential capabilities of S-lidars. Si-arrays: Id = 10−17/10−16/10−15 A. InGaAs-arrays: Id = 10−14/10−13/10−12 A. Tobs = 20 ms. T = 20 °C. 
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Figure 11. Spectral dependences of sensitivity Φ to external background characteristic of Si-arrays. 
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Figure 12. Spectral dependences of sensitivity Φ to external background characteristic of InGaAs-arrays. 
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Table 1. Parameters of S-Lidars designed for various environmental applications.
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Optical and setting parameters




	
Lidar base,

L (m)

	
Focal length,

f (m)

	
Receiving optics dia,

D (m)

	
IF band-pass,

Δλ (nm)

	
Image plane tilt angle,

αt(°)




	
0.025…1.0

	
0.025…1.0

	
0.025…0.20

	
1…10

	
20…60




	
Array detector parameters




	
Pixel size, p1(μm)

	
Number of cells, n

	
Sensitivity range

(25 °C),

λmin…λmax, μm

	
Dark current (25 °C),

Id(fA)

	
Full well capacity,

FW (e−)




	
Si

	
InGaAs

	
Si

	
InGaAs

	




	
1…20

	
102…104

	
0.3…0.9

	
0.9…1.7

	
1…102

	
102…104

	
104…108
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Table 2. Power function approximations of experimental indicatrices.
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	γ
	15°
	30°
	45°
	60°
	90°
	120°
	165°
	180°



	aγ
	0.47
	0.30
	0.13
	0.05
	0.16
	0.013
	0.025
	0.019



	bγ
	0.27
	0.12
	0.06
	−0.10
	−0.29
	−0.30
	−0.31
	−0.43
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