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Abstract 

The Differential Absorption Lidar (DIAL) technique is one of the most effective methods for detecting atmospheric gases. It is 

based on the interaction between laser-emitted light and atmospheric molecules. The backscattered optical signal is converted into 

an electrical signal using photomultiplier tubes or other types of detectors. Two main detection approaches are commonly used: 

analog detection and photon-counting detection. While the analog mode is widely employed, it suffers from limited sensitivity. The 

photon-counting mode, although more suitable for detecting extremely weak signals, faces challenges in daytime measurements due 

to strong solar background noise. The main objective of this study is to evaluate the performance of the photon-counting technique 

to enable the DIAL system to detect extremely weak optical signals. To this end, modeling and simulation of the parameters 

influencing system performance have been carried out. Furthermore, the impact of using ultra-narrow band filter (UNBF) has been 

investigated and compared to that of conventional interference filter, with the aim of reducing background noise in daytime 

measurements and improving the transmission of the useful signal. The results show that the photon counting acquisition technique 

for a DIAL system or P-DIAL (Photon-counting DIAL) provides superior performance in terms of signal quality and measurement 

accuracy compared to analogue detection using an UNBF for noise limitation. 
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1. Introduction 

Photon-counting lidar aims to achieve performance 

comparable to that of traditional waveform-based systems. It 

employs a high-repetition micro-pulse laser along with highly 

sensitive single-photon detectors to capture returned signals at 

the single-photon level. This approach enables the detection 

of distant spatial targets while requiring lower laser energy. [1, 

2] Based on direct absorption (Beer–Lambert law) and a ratio 

of two signals [3], the P-DIAL (Photon counting DIAL) 

technique is an active remote sensing method that uses 

individual photon counting to analyse atmospheric properties 
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such as gas concentration. 

To perform measurements using this technique, it is crucial 

to study its performance as a function of the emission, 

reception and detection (or acquisition) parameters, which are 

characteristic modules of a lidar system. [4] The results of this 

study indicate that P-DIAL is a reliable and sensitive 

technique for monitoring atmospheric gases and for 

environmental remote sensing applications. 

2. Materials and Methods 

LIDAR (Light Detection and Ranging) is a technology 

similar to RADAR (Radio Detection And Ranging), except 

that it uses light emitted by a laser [5]. When combined with 

the differential absorption technique and photon-counting 

detection, it becomes a powerful tool for addressing a major 

scientific and environmental challenge. 

2.1. Lidar Equation 

The main advantage of lidar over other optical instruments 

is its ability to provide vertical profiles, i.e. to measure the 

variation of a parameter as a function of distance from the 

emitting system. 

As a function of distance R, the backscattered optical power 

is given by [6]: 

𝑃(𝑅, 𝜆) =
𝑐𝜏

2
𝑃0𝐴𝜂𝑠

𝑂(𝑅)

𝑅2 𝛽(𝑅, 𝜆) exp [−2 ∫ 𝛼(𝑧, 𝜆)𝑑𝑧
𝑅

0
]  (1) 

The parameters used in the lidar equation are presented in 

Table 1. 

Table 1. Lidar system paramters. 

Parameters Signification 

𝑐 Speed of light [m.s-1] 

𝜏 Pulse duration [s] 

𝑃0 Laser pulse power [W] 

𝐴 Receiver telescope area [m2] 

𝜂𝑠 System efficiency 

𝑂(𝑅) Receiver fied of view overlap factor 

𝛽(𝑅, 𝜆) Backscatter coefficient [m-1sr-1] 

𝛼(𝑧, 𝜆) Extinction coefficient [m-1] 

2.1.1. Backscatter Coefficient 

The backscatter coefficient is the main atmospheric pa-

rameter that determines the intensity of the lidar signal. It 

describes the amount of light returned to the lidar receiver, 

including contributions from molecular scattering and aero-

sols. [7]. 

𝛽(𝜆, 𝑧) = 𝛽𝑚𝑜𝑙(𝑧, 𝜆) + 𝛽𝑎𝑒𝑟(𝑧, 𝜆)         (2) 

The molecular backscatter coefficient 𝛽𝑚𝑜𝑙(𝑧, 𝜆) and the 

aerosol backscatter coefficient are expressed as follows: 

{
𝛽𝑚𝑜𝑙(𝑧, 𝜆) =

𝑝(𝑧)

𝑘𝐵𝑇(𝑧)
𝜎𝑚𝑜𝑙 = 5.45 × 10−32 (

𝜆0

𝜆
)

4 𝑝(𝑧)

𝑘𝐵𝑇(𝑧)

𝛽𝑎𝑒𝑟(𝜆) = ∫ 𝜋𝑎2𝑄𝑏𝑎𝑐𝑘(𝑘𝑝, 𝑚)𝑁𝑎𝑒𝑟(𝑎)𝑑𝑎
∞

0

  (3) 

Where 𝜎𝑚𝑜𝑙  is the molecular scattering cross-section, 𝜆0 

= 550  nm (a reference wavelength), 𝜆  is the emission 

wavelength in nm, 𝑝(𝑧) and 𝑇(𝑧) denote the pressure and 

temperature at altitude z, respectively, 𝑘𝐵 is the Boltzmann 

constant, 𝑎  is the aerosol radius, 𝑄𝑏𝑎𝑐𝑘(𝑘𝑝, 𝑚)  is the 

backscatter efficiency, 𝑘𝑝 is the particle size, m is the com-

plex refractive index, and 𝑁𝑎𝑒𝑟(𝑎) is the aerosol number 

density. 

2.1.2. Extinction Coefficient 

The extinction coefficient results from the absorption and 

scattering of atmospheric constituents (molecules and aero-

sols). [7]. 

𝛼(𝑧, 𝜆) = 𝛼𝑎𝑒𝑟(𝑧, 𝜆) + 𝛼𝑚𝑜𝑙(𝑧, 𝜆)        (4) 

The expressions of 𝛼𝑎𝑒𝑟(𝑧, 𝜆)  and 𝛼𝑚𝑜𝑙(𝑧, 𝜆)  are given 

using equation (5). 

{
𝛼𝑎𝑒𝑟(𝑧, 𝜆) = 𝛼𝑎𝑒𝑟,𝑑𝑖𝑓𝑓 + 𝛼𝑎𝑒𝑟,𝑎𝑏𝑠

𝛼𝑚𝑜𝑙(𝑧, 𝜆) = 𝛼𝑚𝑜𝑙,𝑑𝑖𝑓𝑓 + 𝛼𝑚𝑜𝑙,𝑎𝑏𝑠
       (5) 

Where 𝛼𝑎𝑒𝑟,𝑑𝑖𝑓𝑓  and 𝛼𝑚𝑜𝑙,𝑑𝑖𝑓𝑓  are respectively the ex-

tinction coefficients due to scattering by aerosols and mole-

cules, while 𝛼𝑎𝑒𝑟,𝑎𝑏𝑠  and 𝛼𝑚𝑜𝑙,𝑎𝑏𝑠  are due to absorption 

mechanisms. We have: 

{
𝛼𝑎𝑒𝑟 = ∫ 𝜋𝑎2𝑄𝑒𝑥𝑡(𝑘𝑝, 𝑚)𝑁𝑎𝑒𝑟(𝑎)𝑑𝑎

∞

0

𝛼𝑚𝑜𝑙(𝑧) =
8𝜋

3
𝛽𝑚𝑜𝑙(𝑧)

     (6) 

2.2. DIAL Technique 

The DIAL system is based on the alternate emission of two 

laser pulses [8]: 

1) An absorption wavelength (𝜆𝑜𝑛) strongly absorbed by 

the target gas, 

2) A wavelength outside the absorption line of the target 

gas (𝜆𝑜𝑓𝑓). 

The equation relating these two wavelengths is: 

𝑁𝑚𝑜𝑙(𝑅) =
1

2Δ𝜎𝑎𝑏𝑠
[

𝑑

𝑑𝑅
ln (

𝑃(𝑅,𝜆𝑜𝑓𝑓)

𝑃(𝑅,𝜆𝑜𝑛)
)]         (7) 
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Where 𝑁𝑚𝑜𝑙(𝑅)  represents the gas molecular density 

(molecules/m³) and 𝜎𝑎𝑏𝑠  is the molecular absorption 

cross-section. 

𝜎𝑎𝑏𝑠  quantifies the probability that a photon will be ab-

sorbed by a given molecule at a specific frequency 𝜐  or 

wavelength. [9]. 

𝜎𝑎𝑏𝑠(𝜐, 𝑇, 𝑝) = ∑ 𝑆𝑘(𝑇). 𝑔𝑘(𝜐 − 𝜐0, 𝑇, 𝑝)𝑘        (8) 

Where 𝑆𝑘(𝑇)  denotes the line intensity depending on 

temperature, and 𝑔𝑘(𝜐) is the line shape function, such that: 

{
𝑆𝑘(𝑇, 𝜐0) = 𝑆𝑘(𝑇0, 𝜐0). (

𝑇0

𝑇
)

3

2
. exp [−

ℎ𝑐𝐸′′

𝑘𝐵
(

1

𝑇
−

1

𝑇0
)]

∫ 𝑔𝑘(𝜐 − 𝜐0, 𝑇, 𝑝) = 1
∞

0

   (9) 

Where 𝑆𝑘(𝑇₀, 𝜐₀) is the transition intensity at the reference 

temperature, conventionally set to 𝑇0 = 296 𝐾  in the HI-

TRAN (High-resolution Transmission molecular absorption) 

database, E'' denotes the ground state energy associated with 

the considered transition, and ℎ is Planck’s constant. 

The following Figure 1 illustrates the CO2 absorption 

cross-section at 2 µm obtained from spectroscopic measure-

ments carried out by PNNL (Pacific Northwest National 

Laboratory). [10]. 

 

 
Figure 1. Molecular absorption cross-section of CO2 in the 2.05 µm and 4.3 µm band. 

 
Figure 2. Geometry of SPL. 
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2.3. Single Photon Counting LIDAR (SPL) 

Equation (10) defines the number of received photons 

originating from a volumetric scattering layer for a single 

laser shot. [11]. 

𝑁𝑑(𝜆, 𝑅) = (
𝜂𝑃0

ℎ𝑓
) 𝛽(𝜆, 𝑅)Δ𝑅

𝐴

𝑅2 𝑂(𝑅)𝑇2(𝜆, 𝑅)𝜂𝑟𝑥𝜂𝑡𝑥   (10) 

Where 𝑓  denotes the frequency in Hz, 𝛥𝑅  is the range 

resolution, and 𝜂𝑟𝑥 and 𝜂𝑡𝑥 are the reception and transmis-

sion efficiencies, respectively. [12]. 

Figure 2 shows the geometry of the SPL, illustrating some 

parameters included in the single photon counting lidar 

equation. 

2.4. Photon Counting DIAL (P-DIAL) 

The design of a P-DIAL (See Figure 3) system requires 

several devices, each with its key roles, summarized in Table 2. 

Table 2. Devices and their roles in a P-DIAL system. 

Devices Roles 

Laser source Generates light beams at two distinct wavelengths 

Beam expander Increases the laser beam diameter while reducing its divergence 

Transmitting telescope Focuses and directs the laser beam toward the target 

Receiving telescope Captures the backscattered light from atmospheric molecules or particles 

Optical filter Isolates the wavelengths corresponding to the laser beams 

Photon detectors (PMT or SPAD) Convert the backscattered photons into electrical pulses 

Electrical recording system Records the arrival time of photons 

Figure 3 illustrates the basic architecture of a photon-counting DIAL system. 

 
Figure 3. Architecture of P-DIAL. 

2.4.1. P-DIAL Equation 

By including the absorption term, the corresponding equation for the number of photons received at wavelength 𝜆 can be 

rewritten in the form: 

𝑁𝑑(𝜆, 𝑅) = (
𝜂𝑃0

ℎ𝑓
) 𝜂𝑟𝑥𝜂𝑡𝑥𝛽(𝜆, 𝑅)Δ𝑅

𝐴

𝑅2 𝑂(𝑅) exp [−2 ∫ [𝛽𝑑𝑖𝑓𝑓(𝜆, 𝑧) + 𝛾(𝜆, 𝑧)]𝑑𝑧
𝑅1

0
] exp [−2 ∫ [𝛽𝑑𝑖𝑓𝑓(𝜆, 𝑧) + 𝛾(𝜆, 𝑧)]𝑑𝑧

𝑅

𝑅1
] (11) 
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Where 𝛾(𝜆, 𝑧) is the absorption coefficient and 𝑅1 is the distance representing the starting point of the path along which the 

unknown gas concentration is measured. 

If we set 𝐶0 = (
𝜂𝑃0

ℎ𝑓
) 𝜂𝑟𝑥𝜂𝑡𝑥Δ𝑅

𝐴

𝑅2 𝑂(𝑅), we obtain: 

𝑁𝑑(𝜆, 𝑅) = 𝐶0𝛽(𝜆, 𝑅) exp [−2 ∫ [𝛽𝑑𝑖𝑓𝑓(𝜆, 𝑧) + 𝛾(𝜆, 𝑧)]𝑑𝑧
𝑅1

0
] exp [−2 ∫ [𝛽𝑑𝑖𝑓𝑓(𝜆, 𝑧) + 𝛾(𝜆, 𝑧)]𝑑𝑧

𝑅

𝑅1
]         (12) 

The concentration profile of the unknown gas 𝑁𝑚𝑜𝑙  is derived from the ratio of the number of received photons 𝑁𝑑(𝜆𝑜𝑛) and 

𝑁𝑑(𝜆𝑜𝑓𝑓). 

𝑁𝑑(𝜆𝑜𝑛,𝑅)

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅)
=

𝐶0,𝑜𝑛

𝐶0,𝑜𝑓𝑓
[

𝛽(𝜆𝑜𝑛,𝑅)

𝛽(𝜆𝑜𝑓𝑓,𝑅)
] exp {−2 ∫ [Δ𝜎𝑎𝑏𝑠𝑁𝑚𝑜𝑙(𝑧) + 𝛽𝑑𝑖𝑓𝑓(𝜆𝑜𝑛 , 𝑧) − 𝛽𝑑𝑖𝑓𝑓(𝜆𝑜𝑓𝑓 , 𝑧)]𝑑𝑧

𝑅

𝑅1
}            (13) 

If we assume that 𝐶0,𝑜𝑓𝑓 = 𝐶0,𝑜𝑛, equation (13) becomes: 

𝑁𝑑(𝜆𝑜𝑛,𝑅)

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅)
= [

𝛽(𝜆𝑜𝑛,𝑅)

𝛽(𝜆𝑜𝑓𝑓,𝑅)
] exp {−2 ∫ [Δ𝜎𝑎𝑏𝑠𝑁𝑚𝑜𝑙(𝑧) + 𝛽𝑑𝑖𝑓𝑓(𝜆𝑜𝑛 , 𝑧) − 𝛽𝑑𝑖𝑓𝑓(𝜆𝑜𝑓𝑓 , 𝑧)]𝑑𝑧

𝑅

𝑅1
}             (14) 

Consequently, in P-DIAL measurements, the concentration of the absorbing gas 𝑁𝑚𝑜𝑙(𝑅) can be determined from equation 

(14) and is expressed using equation (15). 

𝑁𝑚𝑜𝑙(R) =
1

2∆𝜎𝑎𝑏𝑠
{

𝑑

𝑑𝑅
[ln

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅)

𝑁𝑑(𝜆𝑜𝑛,𝑅)
]} +

1

2∆𝜎𝑎𝑏𝑠
{

𝑑

𝑑𝑅
[ln

𝛽(𝜆𝑜𝑛,𝑅)

𝛽(𝜆𝑜𝑓𝑓,𝑅)
]} −

1

∆𝜎𝑎𝑏𝑠
[𝛽𝑑𝑖𝑓𝑓(𝜆𝑜𝑛 , 𝑅) − 𝛽𝑑𝑖𝑓𝑓(𝜆𝑜𝑓𝑓 , 𝑅)]       (15) 

The first term, denoted as 𝑁𝑚𝑜𝑙
′ (𝑅), represents the fundamental term that is directly determined from the signal ratio as fol-

lows: 

𝑁′𝑚𝑜𝑙(𝑅) =
1

2Δ𝜎𝑎𝑏𝑠

𝑑

𝑑𝑅
ln [

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅)

𝑁𝑑(𝜆𝑜𝑛,𝑅)
]                                   (16) 

By expressing the derivative in terms of a distance increment 𝑅, the average value 𝑁′
𝑚𝑜𝑙(𝑅 + ∆𝑅), simplified as 𝑁′𝑚𝑜𝑙(𝑅), 

is obtained as follows: 

𝑁′𝑚𝑜𝑙(𝑅) =
1

2ΔRΔ𝜎𝑎𝑏𝑠
[ln

𝑁𝑑(𝜆𝑜𝑛,𝑅)

𝑁𝑑(𝜆𝑜𝑛,𝑅+∆𝑅)
− ln

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅)

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅+∆𝑅)
]                          (17) 

The gas concentration (kg.m
-3

 or g.m
-3

), denoted as 𝐶, is calculated by multiplying equation (17) by the molecular mass 𝑀. 

𝐶 = 𝑀. 𝑁′𝑚𝑜𝑙(𝑅) =
𝑀

2ΔRΔ𝜎𝑎𝑏𝑠
[ln

𝑁𝑑(𝜆𝑜𝑛,𝑅)

𝑁𝑑(𝜆𝑜𝑛,𝑅+∆𝑅)
− ln

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅)

𝑁𝑑(𝜆𝑜𝑓𝑓,𝑅+∆𝑅)
]                        (18) 

2.4.2. Relative Error of the Concentration 

By considering that the error in the off-signal is negligible [13], 𝑁′𝑚𝑜𝑙(𝑅) can then be expressed as follows: 

𝑁′𝑚𝑜𝑙(𝑅) =
1

2∆𝑅Δ𝜎𝑎𝑏𝑠
[ln 𝑁𝑑(𝜆𝑜𝑛 , 𝑅) − ln 𝑁𝑑(𝜆𝑜𝑛, 𝑅 + ∆𝑅)]                               (19) 

The relative error of the chemical species concentration is denoted as 𝛿𝑁′ and is defined as: 

𝛿𝑁′ =
𝛿𝑁′𝑚𝑜𝑙

𝑁𝑚𝑜𝑙
                                          (20) 

To calculate the uncertainty 𝛿𝑁′, the error propagation formula is applied, which takes into account the variations of the 

signals 𝑁𝑑(𝜆𝑜𝑛 , 𝑅)  and 𝑁𝑑(𝜆𝑜𝑛 , 𝑅 + ∆𝑅) . For simplicity, we denote 𝑁𝑑(𝜆𝑜𝑛 , 𝑅) = 𝑁𝑜𝑛(𝑅)  and 𝑁𝑑(𝜆𝑜𝑛 , 𝑅 + ∆𝑅) =

𝑁𝑜𝑛(𝑅 + ∆𝑅). 

The uncertainty 𝛿𝑁′𝑚𝑜𝑙  can then be determined as follows: 
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𝛿𝑁′𝑚𝑜𝑙 = √[
𝜕𝑁′

𝑚𝑜𝑙(𝑅)

𝜕𝑁𝑜𝑛(𝑅)
𝛿𝑁𝑜𝑛(𝑅)]

2

+ [
𝜕𝑁′

𝑚𝑜𝑙(𝑅)

𝜕𝑁𝑜𝑛(𝑅+∆𝑅)
𝛿𝑁𝑜𝑛(𝑅 + ∆𝑅)]

2
                    (21) 

By differentiating 𝑁′
𝑚𝑜𝑙(𝑅) compared to 𝑁𝑜𝑛(𝑅) and 𝑁𝑜𝑛(𝑅 + ∆𝑅), we obtain: 

𝜕𝑁′
𝑚𝑜𝑙(𝑅)

𝜕𝑁𝑜𝑛(𝑅)
=

1

2∆𝑅Δ𝜎𝑎𝑏𝑠

1

𝑁𝑜𝑛(𝑅)
 

𝜕𝑁′
𝑚𝑜𝑙(𝑅)

𝜕𝑁𝑜𝑛(𝑅 + ∆𝑅)
= −

1

2∆𝑅Δ𝜎𝑎𝑏𝑠

1

𝑁𝑜𝑛(𝑅 + ∆𝑅)
 

Equation (21) then leads to the following expression: 

𝛿𝑁′𝑚𝑜𝑙 = √[
1

2∆𝑅Δ𝜎𝑎𝑏𝑠

1

𝑁𝑜𝑛(𝑅)
𝛿𝑁𝑜𝑛(𝑅)]

2

+ [−
1

2∆𝑅Δ𝜎𝑎𝑏𝑠

1

𝑁𝑜𝑛(𝑅+∆𝑅)
𝛿𝑁𝑜𝑛(𝑅 + ∆𝑅)]

2
                  (22) 

By factoring out 
1

2∆𝑅Δ𝜎𝑎𝑏𝑠
, we obtain the equation: 

𝛿𝑁′𝑚𝑜𝑙 =
1

2∆𝑅Δ𝜎𝑎𝑏𝑠
√[

𝛿𝑁𝑜𝑛(𝑅)

𝑁𝑜𝑛(𝑅)
]

2

+ [
𝛿𝑁𝑜𝑛(𝑅+∆𝑅)

𝑁𝑜𝑛(𝑅+∆𝑅)
]

2
                              (23) 

For small ∆𝑅, the quantities 𝑁𝑑(𝜆𝑜𝑛 , 𝑅) and 𝑁𝑑(𝜆𝑜𝑛 , 𝑅 + ∆𝑅) may be highly correlated. Therefore, the covariance term 

𝐶𝑜𝑣[𝑁𝑑(𝑅), 𝑁𝑑(𝑅 + ∆𝑅)] is included into equation (23), yielding: 

𝛿𝑁′𝑚𝑜𝑙 =
1

2∆𝑅Δ𝜎𝑎𝑏𝑠
√[

𝛿𝑁𝑜𝑛(𝑅)

𝑁𝑜𝑛(𝑅)
]

2

+ [
𝛿𝑁𝑜𝑛(𝑅+∆𝑅)

𝑁𝑜𝑛(𝑅+∆𝑅)
]

2

± 𝐶𝑜𝑣(𝑁𝑜𝑛(𝑅), 𝑁𝑜𝑛(𝑅 + ∆𝑅))                 (24) 

Finally, from equation (20), we obtain: 

𝛿𝑁′ =
1

2𝑁𝑚𝑜𝑙(𝑅)∆𝑅Δ𝜎𝑎𝑏𝑠
√[

𝛿𝑁𝑜𝑛(𝑅)

𝑁𝑜𝑛(𝑅)
]

2

+ [
𝛿𝑁𝑜𝑛(𝑅+∆𝑅)

𝑁𝑜𝑛(𝑅+∆𝑅)
]

2

± 𝐶𝑜𝑣(𝑁𝑜𝑛(𝑅), 𝑁𝑜𝑛(𝑅 + ∆𝑅))               (25) 

2.5. SNR 

In photon-counting techniques, including P-DIAL, only 

zero (no photon detected) or positive integer values are rec-

orded. Due to this characteristic, the estimation of statistical 

error is based on the assumption that the uncertainty in the 

number of photons detected by the photodetector follows a 

Poisson distribution [14]. Under this assumption, the SNR is 

expressed using the following equation [15]: 

𝑆𝑁𝑅𝜆(𝑅) =
𝑁𝑑(𝜆,𝑅)

√𝑁𝑑(𝜆,𝑅)+𝑁𝐵+𝑁𝐶
          (26) 

Where 𝑁𝐵 and 𝑁𝐶  represent, respectively, the number of 

counts due to background noise and the fluctuations of the 

photodetector’s dark current during the interval 2Δ𝑅
𝑐⁄ . 

The number of photons from the background light received 

by the lidar can be expressed as follows: 

𝑁𝐵 = (𝜋
𝐴.𝐷

ℎ𝑓
) (

𝜃𝑡
2

4
) 𝜂𝑟𝑥𝜂𝑓𝜂𝐿𝑐(λ)Δ𝑡       (27) 

Where 𝜂𝑓  is the efficiency of the back-

ground-noise-limiting filter, 𝐿𝑐(λ) is the radiance of the sky 

background noise, 𝐷 is the bandwidth of the filter, 𝜃𝑡 is the 

field of view (FOV) of the telescope, Δ𝑡 denotes the time 

during which the background light can be received and 𝜂 is 

the quantum efficiency of the photodetector used. 

2.6. Optical Filtering Techniques 

The P-DIAL should be capable of performing measure-

ments efficiently, whether at night or during the day. Indeed, 

due to the intensity of solar radiation during daytime, the 

daytime SNR is much lower than the nighttime SNR; altitude 

and detection accuracy are also strongly limited [16]. Almost 

all lidars use interference filters to address the main issue of 

limiting sky background noise in daytime measurements. 

However, studies indicate that an ultra-narrow band filter 

(UNBF) provides a higher SNR than an interference filter. 

The structure of a UNBF is illustrated in Figure 4. 

To maximize the suppression of solar background noise 

during daytime measurements, two Fabry–Perot interferom-

eters (FPIs) with different resolutions (Low Resolution and 

High Resolution) are cascaded with the interference filter (IF). 

This configuration narrows the transmission to a single band 
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across the IF’s spectral range, providing enhanced noise filtering efficiency. 

 
Figure 4. UNBF optical structure. 

The transmission of the interference filter and the FPI are described respectively by equations (28) and (29). [17]. 

𝑇𝐼𝐹(𝜆) =
1

1+𝑀𝑓 sin2(
2𝜋𝑛𝑒𝑑.cos 𝜃 

𝜆
) 
                                      (28) 

Where 𝑀𝑓 is the modulation factor, 𝑛𝑒 is the effective refractive index of the filter material, 𝑑 is the thickness of the optical 

layers, and 𝜃 is the angle of incidence of the light on the filter. 

𝑇𝐹𝑃𝐼(𝜆) = 𝑇𝑚𝑎𝑥
1−𝑅𝐹𝑃

 1+𝑅𝐹𝑃
[1 + 2 ∑ 𝑅𝐹𝑃

𝑛 [
2𝜋𝑛𝐹𝑃

𝜆.𝐹𝑆𝑅

1+cos 𝜃

2
] sin 𝑐 [

2𝑛𝐹𝑃

𝜆0.𝐹𝑆𝑅

1−cos 𝜃

2
]∞

𝑛=1 ]                  (29) 

Where 𝑇𝑚𝑎𝑥  is the maximum transmission, 𝑅𝐹𝑃 is the ef-

fective reflectivity of the FPI plates, 𝑛𝐹𝑃  is the refractive 

index of the medium between the two FPI plates, 𝐹𝑆𝑅 is the 

free spectral range of the FPI, 𝜃 is the beam divergence angle 

and 𝜆0 is the laser wavelength. 

The total transmission of the filter assembly for reducing 

solar background radiation across the wavelength range is: 

𝑇𝑈𝑁𝐵𝐹(𝜆) = 𝑇𝐼𝐹(𝜆). 𝑇𝐿𝑅𝐹𝑃𝐼(𝜆). 𝑇𝐻𝑅𝐹𝑃𝐼(𝜆)      (30) 

2.7. Performance Criteria 

The performance of the P-DIAL system depends on the 

properties of the components used at the source, receiver and 

detector (Table 3). However, it is also necessary to consider 

atmospheric influences. 

Table 3. Important parameters in measurement. 

Module Parameters 

Emission 
Laser pulse duration 𝜏 

Resolution ∆𝑅 

Module Parameters 

Spectral width ∆𝜈 

Pulse repetition frequency 

Energy 

Reception 

Collecting optics area 

Field of view (FOV) 

Spectral width of the optical filter 

Detection 
SPDE (Single Photon Detection Efficiency) 

Dark count rate 

3. Results 

The results are obtained from MATLAB simulations of the 

different parameters by analyzing their impacts on the SNR in 

equation (26). 

Some values used in the simulation are presented in the 

following table. 
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Table 4. Values of parameters used in the simulation. 

Parameters Values 

Backscatter coefficient 10-7 m-1sr-1 [18] 

On-line wavelength 2050 nm 

Off-line wavelength 2056 nm 

Pulse duration 30 ns 

Laser energy 10 mJ 

Diameter of the telescope 30 cm 

Receiver fied of view overlap factor 0.6 

Dark count 100 kcps 

FOV 8 mrad 

Filter bandwidth 500 nm 

SPDE 0.7 

 

3.1. SNR of the P-DIAL and the Analog DIAL 

The SNR is a crucial parameter used to assess the signal 

quality of a system in relation to the noise level. 

 
Figure 5. SNR profile for P-DIAL and analogic DIAL. 

The presented curves highlight that the SNR of the P-DIAL 

system significantly outperforms that of the conventional 

DIAL, thereby demonstrating the efficiency and superiority of 

the photon-counting approach. Furthermore, a gradual de-

crease in SNR is observed with increasing altitude, reflecting 

the signal attenuation caused by various noise sources af-

fecting the measurements. 

 

3.2. Performance of the Filters 

The following Figure 6 illustrates the SNR profile used to 

compare the performance of the interference filter and the 

UNBF. 

 
Figure 6. SNR profile using the IF and the UNBF. 

Taking into account background noise, i.e., under daytime 

measurements, the simulation result illustrated in Figure 6 

highlights that the use of an ultra-narrow band filter (UNBF) 

significantly improves the signal-to-noise ratio compared to 

using only the interference filter, since the SNR with the 

UNBF is higher than that of the IF. Thus, the IF is outper-

formed by the UNBF due to the combination of multiple 

filters, which provides optimized transmission of the useful 

wavelength and strong rejection of background noise. 

Therefore, the use of the UNBF offers superior performance 
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under daytime conditions. 

3.3. Influence of Source-level Parameters 

The studies are based on the laser pulse duration (Figure 7a), 

spectral width (Figure 7b), repetition frequency (Figure 7c), 

and energy (Figure 7d). Figure 7 shows the SNR as a function 

of these parameters. 

 

 
Figure 7. SNR profile for different emission parameter values. 

All these parameters influence the SNR. It depends 

strongly on the pulse duration: a shorter pulse improves 

spatial resolution but reduces the energy per pulse, which 

degrades the SNR. In our study, a 50 ns pulse provides a better 

compromise than a 10 ns pulse. Furthermore, laser energy is a 

key parameter that determines the measurement range and 

quality, as higher energy increases the number of detected 

photons and improves the SNR, while too low an energy 

significantly reduces the useful range and accuracy. The laser 

spectral width also has a significant impact on the SNR, 

especially when it is narrower. Finally, a reliable SNR is also 

achieved at a high repetition frequency. 

3.4. Influence of Parameters at the Receiver 

Level 

The receiving chain (telescope, optical filter) also plays a 

decisive role in the SNR and therefore in the performance of 

the measurement. The results are presented in Figure 8 (Fig-

ure 8a for the FOV, Figure 8b for the spectral width of the 

optical filter, Figure 8c for the aperture diameter of the tele-

scope). 

The results indicate that the field of view (FOV) and the 

telescope diameter have a significant impact on the SNR. A 

wide FOV, such as 8 mrad in Figure 8a, allows the collection 

of a larger photon flux, leading to a slight improvement in the 

SNR compared to a narrow FOV, like the 1.5 mrad used in our 

simulation. Moreover, the influence of the telescope diameter 

on the SNR profile is also evident. A larger aperture enables 

the collection of more photons reflected from the target, 

which directly increases the detected photon flux. This en-

hancement of the measured signal results in a significant rise 

in SNR. Finally, the simulation results shown in Figure 8c 

demonstrate that a bandwidth below 50 nm is an optimal 

choice, as it effectively suppresses spectral background noise 

while preserving the transmission of the DIAL line. 
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Figure 8. SNR profile for telescope and optical filter parameters. 

3.5. Influence of Parameters at the Detector 

Level 

Figure 9 shows the influence of SPDE on the SNR of 

P-DIAL. The single photon detection efficiency (SPDE) 

influences the SNR, but its impact remains limited in the 

range studied. The differences observed between low and high 

efficiency values remain relatively small. Nevertheless, when 

the SPDE is high, the conversion of incident photons into 

detected events improves, thereby strengthening the robust-

ness of the signal. 

 
Figure 9. SNR profile for several values of SPDE. 

3.6. Influence of Atmospheric Parameters 

The atmospheric parameters that influence the SNR are 

𝛽𝑚𝑜𝑙(𝑧) and 𝛼𝑚𝑜𝑙(𝑧) in the lidar equation, and since they 

depend on temperature and pressure, we will also present the 

results of the SNR profile as a function of these two parame-

ters. 
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Figure 10. SNR profile as a function of altitude and pressure. 

Atmospheric pressure decreases with altitude, and the SNR 

of the P-DIAL system also tends to decrease as altitude in-

creases (Figure 10). Conversely, higher pressure promotes 

better detection efficiency, which translates into improved 

SNR. Moreover, Figure 11 illustrates the SNR curve as a 

function of temperature. 

 
Figure 11. SNR profile as a function of temperature. 

The result highlights the impact of temperature on the SNR. 

The SNR values increases as the temperature rises. 

For cases 𝛽𝑚𝑜𝑙(𝑧) and 𝛼𝑚𝑜𝑙(𝑧), Figure 12 shows the SNR 

curve as a function of these two parameters. 

 
Figure 12. SNR profile based on backscatter and extinction coeffi-

cients. 

It appears that the SNR increases when the values of the 

two coefficients considered increase. This highlights the 

decisive role of molecular backscattering and extinction 

coefficients in the overall performance of the P-DIAL system. 

3.7. Choice of Wavelengths 

The choice of wavelengths is linked to the availability of 

laser sources and the absorption lines of gases. Figure 13 

shows an example of the choice of two wavelengths for CO2 

at 2.05 µm using equations (8) and (9). 

 
Figure 13. Absorption line of CO2 and positions of 𝜆𝑜𝑛 and 𝜆𝑜𝑓𝑓. 

3.8. Number of Photons Detected at 𝝀𝒐𝒏 and 

𝝀𝒐𝒇𝒇 

Let us again consider the case of CO2. The wavelength of 

2.05 µm corresponds to strong absorption for CO2. The ob-

jective is to illustrate that the number of photons detected (See 

Equation (10)) at 𝜆𝑜𝑛  is attenuated compared to those de-

tected at 𝜆𝑜𝑓𝑓  due to the absorption effect. 

 
Figure 14. Profile of the number of photons detected. 
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Due to the absorption effect, atmospheric transmission at 

𝜆𝑜𝑛 is lower than that at 𝜆𝑜𝑓𝑓 . 

4. Discussion 

In this study, the reference altitude was set at 10 km, cor-

responding to the tropospheric region where satisfactory 

SNR values were obtained. However, the implementation of 

the P-DIAL measurement requires consideration of a set of 

parameters, ranging from the emission of the laser radiation 

to photon-counting detection, while also accounting for at-

mospheric conditions. 

Our theoretical analysis provided a better understanding of 

how the system works and enabled us to evaluate its perfor-

mance, particularly by studying the SNR as a function of 

instrumental and atmospheric parameters. The results ob-

tained confirm the reliability of photon-counting acquisition 

within the framework of the DIAL technique. 

Nevertheless, for experimental implementation, the choice 

of components must be tailored to the system’s requirements, 

particularly regarding the type of detector (to avoid satura-

tion when the incoming photon flux is high) and the laser 

source, a central element since the development of lidar has 

relied precisely on its exploitation. 

Finally, this study was limited to the use of two wave-

lengths. However, in order to probe different absorption lines 

or target multiple gases, it is necessary to resort to multi-

spectral measurement, which imposes stricter requirements 

in terms of spectral stability and optical filtering. 

5. Conclusion 

Due to the growing importance of atmospheric sounding in 

the current context, the work presented in this manuscript 

carries significant value as it addresses both societal and 

environmental issues, namely the monitoring of tropospheric 

gases. A thorough analysis of the parameters influencing the 

performance of a P-DIAL system is essential, as it guides the 

selection of instrumental components based on the optimal 

characteristics identified through simulations. 

Furthermore, the experimental implementation of such a 

system requires precise knowledge of the spectroscopic 

properties of the target gases, in order to properly adapt the 

operating wavelengths and account for real atmospheric 

conditions that affect absorption and scattering. 
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