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Simulation and analysis of the CO,
range-resolved differential
absorption lidar system at 2 um

Bowen Zhang'?, Guangqiang Fan'** & Tianshu Zhang'**

The range-resolved differential absorption lidar is a high-precision device to measure the
concentration of carbon dioxide. This paper provides a system-wide theoretical analysis method for
the performance analysis and parameter optimization of the lidar system using the given parameter
range. The scattered echo signal, signal-to-noise ratio, and detection sensitivity were simulated by
setting assumed parameters with the HITRAN 2020 database and the US 1976 standard atmosphere
model to analyze the detection distance and concentration resolution of the lidar system. The
effects of the laser energy, repetition frequency, and photodetector noise were also discussed. The
wavelength selection near the absorption line is critical because it controls the height region of the
highest sensitivity and the demands on frequency stability. Recommendations for the selection of
absorption lines are provided in this paper. A quantitative analysis of each error source provided
reasonable error ranges.

Carbon dioxide (CO,) is considered a significant contributor to greenhouse gases. It results from various human
production and living processes. Due to diverse interactions with various climate components, such as the
atmosphere, biosphere, and hydrosphere, CO, has a notable involvement in the Earth’s climate. These interac-
tions identify CO, sources and sinks that affect the global gas transport fluxes'->.

To detect CO,, there are two differential absorption lidar (DIAL) techniques: integrated-path DIAL (IPDIAL)
and range-resolved DIAL (RRDIAL). Several spaceborne IPDIAL systems for CO, detection were developed
by NASA and ESA with 1.57- and 2.05-um wavelengths*~®. The carbon dioxide satellites like the OCO-2/3 and
GOSAT required sunlight exposure and cloudless conditions. Their observations in the tropical terrestrial bio-
sphere, high latitude regions of the Northern Hemisphere, and the Southern Ocean were still limited and had
significant deviations'®!!. China’s first carbon dioxide measurement satellite mission, TanSat, has a hyperspectral
grating spectrometer that covers the near-infrared and shortwave infrared regions sensitive to carbon dioxide
absorption. The minimum footprint size measured by TanSat is approximately 2 x 2 km?, with 9 footprints cross-
ing the track within a framework. This means that TanSat has the potential to capture anthropogenic emission
enhancements downstream of cities and power plants'. Campbell evaluated the concentration of carbon dioxide
using an airborne IPDIAL based on 1.57 um and found that the bias of the atmospheric column CO, concentra-
tion within 1 h of flight time was less than 1ppm". Yu used a 1.57-um coherent DIAL to measure 3-D CO, and
wind fields simultaneously. In a range resolution of 120 m and time resolution of 60 s, the longest detection range
of CO, is 6 km. The accuracy of CO, detection is a mean and standard deviation of 2.05 ppm and 1.78 ppm'*.
Korch provided a laser at a 2.05-um wavelength with a coherent heterodyne receiver. The coherent detection
performance was analyzed, and the concentration precision was 1-2% over the column lengths'®. Gibert showed
a coherent DIAL (CDIAL) system to detect CO, at 2 um with high time and space resolution and the additional
capability for wind profiling. The CDIAL provided a 150-m range and a 15-min time-resolved CO, absorption
coefficient with an instrumental error of 0.5% at 500 m'®.

According to its principle, IPDIAL can only obtain the column concentration of CO,, and cannot be applied
to measure the carbon flux for surface sources or detect unorganized emission sources. However, this measure-
ment can be achieved by using a high-precision RRDIAL. Currently, the 1.5-pm wavelength is primarily used
by many researchers for IPDIAL detection. The mid-infrared band at 2 pm provides the potential for increasing
the transmitted laser energy while maintaining eye-safety requirements, which enables a longer operating range
with higher sensitivities. As technology has advanced in recent years, single-frequency lasers, infrared detectors,
and other optical and electronic pieces of equipment have become increasingly mature and reliable. CO, has a
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larger absorption effect at 2 pm than 1.5 um, which makes it more suitable for achieving high precision of the
RRDIAL detection. Although some papers on the lidar system design have been published at 2 um, they only
analyze some of the error sources and lack the overall analysis process for the direct detection RRDIAL system;
meanwhile, several existing papers are based on the 1.5-um IPDIAL technique and partial error analysis'”'8.
Applying coherent detection overcomes the lack of photodiode sensitivity at this wavelength. However, the draw-
back of coherent heterodyne detection includes the speckle noise that limits the precision of the DIAL system,
increased complexity, and increased cost.

This paper provides a comprehensive systematic analysis solution by discussing the selection of wavelength,
simulating the system detection capability, evaluating the performance, and analyzing the influence and sources
of random and systematic errors in the direct detection system.

DIAL principle and method

Theoretical principle of DIAL

The direct detection RRDIAL system sequentially emits two pulsed waves. The off-line wavelength is far from the
center of the absorption line and only weakly attenuated by the absorption, whereas the on-line wavelength is
near the center of the absorption line and mainly attenuated because it is absorbed by the CO, during propagation
through the atmosphere’®. Measurements are based on the Rayleigh and Mie backscattering from the atmospheric
molecular and aerosol, and the analysis of the difference in on and off signal provides range-resolved measure-
ments of the CO, concentration. The schematic illustration of the DIAL system is shown in Fig. 1.

The on-line and off-line wavelengths are carefully selected to avoid interference from other molecules except
for CO,. These wavelengths are so similar to one another that the effects of scattering and absorption by aerosols
and atmospheric molecules are negligible, which implies that different intensities of the echo signal are mainly
caused by CO, absorption in the atmosphere. The echo power is given by the simplified lidar equation according
to the remote sensing principle?*~*, which can be written as:

Pr(R) = PoF AntRe Rexp{ -2/} Ncox (o (1) + a(r)dr |, M

where P, is the echo power of A,, or A4, P, is the transmitted power of the single-frequency laser, c is the speed
of light, 7 is the laser pulse width, A is the telescope area of primary receiver optics responsible for the collec-
tion of backscattered light, 7 is the total optical efficiency and represents the total transmittance of the various
optics used in the system, R is the detection range, AR is the range resolution, /3 is the backscatter coefficient
and denotes the ability of the atmosphere to scatter light back into the direction from which it comes, & is the
overlap function that can take values of 0-1, N, is the number density of CO, at distance R, ¢ is the absorption
cross-section of the CO,, and « is the atmospheric extinction coefficient, which describes how much light is lost
on the way from the lidar to distance R and back. Factor 2 denotes the two-way transmission path in the integral.

The lidar equation demonstrates that the echo signal intensity is inversely proportional to the squared dis-
tance. This relationship results in significant differences in the intensity of the short-distance and long-distance
echo signals. The dynamic range of the lidar signal is substantial. To compress the near-field signal, we can adjust
the overlap function. Several orders of magnitude can be used to suppress the strong near-field signal, which can
reduce the requirements for the detector.

The atmospheric extinction coefficient and backscatter coefficient are roughly equal at selected wavelengths
when the on-line and off-line wavelengths are relatively close together. The lidar function is subjected to dif-
ferential and logarithmic operations, and the number density of CO, can be expressed by:

_ —-1d Pr()~an;7+Ar)Pr(}~nﬁ")r)
Ncoz2 = 335 WlnP,().O,,,r)Pr().ﬂﬂ,r+Ar)’ (2)

where Ao is the differential absorption cross-section between on-line and off-line wavelengths. The differential
optical depth (DAOD) is:

Py (Zonst+AT)Pr(Zog 1)

R+AR
AT = Ton — Toff = fR Ncoa(r)Ao (r)dr = _1l”ma 3)

2

The optical depth (OD) is a dimensionless quantity that characterizes the degree of absorption of laser energy
by CO,.
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Figure 1. Schematic illustration of the DIAL system.
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Methods to evaluate the system performance

The performance of RRDIAL is affected by aerosol, atmospheric molecules, background radiation, and instru-
ment noises. When the signal-to-noise ratio (SNR) is low, due to the strong noise or the weak signal, the analysis
results can have serious distortion. Generally, the echo signal photocurrent is obtained by deducting the photo-
detector dark current and background radiation photocurrent from the anode current®**:

is = (is +ip + ig) — (ip +ia), (4)

where i is the echo signal photocurrent, i, is the background radiation photocurrent, and i, is the photodetec-
tor dark current. When the noises are independent of one another, the SNR of the output by the photodetector
can be expressed as:

SNR=f = b
Al —
' ai+2(A+a8) (5)

where Ai2, Ai?, and A are the root-mean-square values of the current in proportion as the statistical fluctua-
tion of the echo signal, background radiation, and photodetector dark current, respectively.

According to statistical physics, the power spectral density of shot noise is related to the current 7, and the
root-mean-square values of the currents of shot noise generated by the optical signal, background radiation,
and photodetector dark current are:

A2 = 2ei Af
Aip = 2eipAf (6)
Ai% = 2eig Af

where i, is the average background radiation current output by the photodetector, i, is the dark current of the
photodetector, and Afis the electronic frequency bandwidth of the photomultiplier tube. The quantum efficiency
of the photodetector is:

R/
Mg = "% 7)

where R, is the response rate of the photodetector, and  is the Planck constant. The noise equivalent power of
the signal is:

NEP, = & = khjrqu P, )
The noise equivalent power of background radiation is:
hcA
NEP, = , /k ;ﬂqf Py, 9)

P, is the power of background noise which is P, = E,nQAAA, where E, is the background radiance, Q is the
stereo angle of the receiving field, and AA is the filter bandwidth.
The noise equivalent power of the photodetector dark current is:

NEP, = YA4d&f (10)

= D* >

Dxis the specific detectivity, A, is the active photodetector area, and k is the scale factor (=2 for a photovoltaic
detector).
The SNR of the mid-infrared detection system can be expressed as:

SNR = n ,
\/NEP2+-2(NEP}+NEP?) (11)

The detection sensitivity of the system is the key indicator, which determines the minimum concentration
that can be detected by the RRDIAL system at a certain range. According to the error transfer theory, if Ar is
sufficiently short, it can be written as:

o(Ny) _ 1 1

1
N: = J2AcArN, \/SNR(ADn,r)Z + SNR(Zag 1) (12)

Methods of error analysis
For the direct detection RRDIAL system, the errors mainly come from the effects of the atmosphere and the
laser. In essence, the absorption cross-section is changed by these factors. Since the temperature, pressure, and
humidity affect the absorption of the on-line and off-line signals by CO,, the measurement errors in their profiles
will cause calculation errors.

Theoretically, the width of the gas absorption spectrum should be zero, but the absorption spectrum of sub-
stances is in fact not monochromatic due to natural broadening, pressure broadening (collision broadening),
and Doppler broadening.
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The energy loss in the emission radiation causes natural broadening. The change in atmospheric pressure
causes pressure broadening. The sporadic movement of air molecules causes Doppler broadening. The amount of
Doppler frequency shift increases with the average velocities of molecules. The spectral line broadening depends
on the temperature and pressure. The pressure broadening and Doppler broadening effects should be consid-
ered in tandem because both are constantly present in the actual atmosphere. The hybrid lineaments, which are
referred to as the Voigt line shape, can be expressed after the convolution of the two lineaments.

According to the US 1976 standard atmosphere model, the temperature and pressure at different heights can
be obtained. This relative random error can be maintained at a minimum level if temperature-insensitive and
pressure-insensitive absorption lines were selected. The absorption cross-section lines from the HITRAN 2020
database® at different heights were drawn as shown in Fig. 2. At various heights, the absorption cross-section
gently varies; they sometimes increased and sometimes decreased. However, the relative positions of the peaks
and valleys did not change. In general, there is a trend of more drastic changes with higher altitudes.

When x is the coeflicient of DAOD and temperature offset and dT is the temperature offset, the relative ran-
dom error (RRE) can be approximated as?:

RREy = 85602 = 58T — X T, (13)

Similarly, the RRE, caused by pressure is:

RREp = %<2 = 387 — L 4p, (14)
where y is the coefficient of DAOD and pressure offset, and dP is the pressure offset.

Since the light actually emitted by the laser is not strictly monochromatic, there are lights of other frequencies
near the center frequency, and the lights of these frequencies will also be absorbed by the atmospheric molecules,
which will change the intensity of the echo signal and affect the inversion accuracy. Considering the central fre-
quency of the laser and the light absorbed by the surrounding atmosphere, the effective absorption cross-section
is used to replace the absorption cross-section of the ideal monochromatic laser?”23:

[ Lv—vp,n)e0 (v,r)dv
aeﬁ(v,r) = T L—wndv (15)

where L(v-v,,r) is the spectral energy distribution of the radiation source with its center frequency v, which is
modeled with Lorentz line shape®:

L(v) =

2 1
b 2cosh(272 p)+2cos(m )’ (16)

with the parameters a = 1/4(1/7, — 1/77) and b = 1/4(1/7, + 1/7¢); 7, and 7y are the rise time and fall time
of the temporal distribution of the laser pulse, respectively. The full width at half maximum of L(v) is given by
y = b/m?In((R + v/R% — 4)/2) with R = 2(2 + cos(wa/b)).

The effective absorption cross-section is affected by the linear change of laser energy, which will change the
DAOD; the relative system error (RSE) can be expressed as:

RSE;, = 2pf = 2, (17)

The change in laser center frequency will seriously change the gas absorption intensity, and the detection
results are further affected. The on-line wavelength selected by the DIAL system is on the slope near the absorp-
tion peak center, while the off-line wavelength is selected at the relatively flat absorption valley with small fluc-
tuations. Therefore, the stability of the laser frequency is very important for high-precision measurements of the
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Figure 2. Absorption cross-section lines at different heights.
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gas concentration. The slope method is used to estimate the measurement error caused by the frequency change,
and the RSE caused by the laser frequency instability can be expressed as the spectral slope®:

RSEp = o5 292 dF, (18)
where dF is the frequency drift.

There is a high requirement of DIAL for the quality of the laser pulse, and the pulse spectral purity is an
important parameter of the laser. The spectral purity is defined as the ratio of the output energy of the laser
pulse in a specific spectral range to the total energy of the pulse radiation?’. A gas absorption cell can be used to
measure the spectral purity of the laser pulse. When a monochromatic light with an initial intensity of I, and a
frequency of v passes through an absorption cell filled with a certain uniform gas, its intensity will decay due to
the gas absorption. Their relationship between them satisfies the Lambert-Beer law:

I(v) = Ioexp[— foc(v)dr], (19)

where a(v) is the absorption coefficient of the detected gas. For linear absorption, a(v) is independent of the light
intensity, and r is the absorption path length.

The spectral purity is defined as P, I,44 is the light intensity of the seed injection mode, and I,,; is the total
light intensity of the output pulse. The calculation formula is:

P, = Leed — 1 _ Dol —hieeded ny 7 _ T, (20)

Tiotal Tiotal

T, is the transmittance of the long-range gas absorption cell. The energy distribution of spectral impurity is
Py, and the energy distribution of laser can be written as:

L(v) = P.L(v) + (1 — Pe)Ly(v), (21)

The on-line pulse energy will be absorbed and attenuated by the target gas, but the energy of the impure part
of the on-line spectrum will hardly be absorbed. Thus, the on-line echo energy will be higher than the theoretical
value, and the oft-line echo energy will not greatly change due to small absorption:

Pop = Pogg [Pee™ AT 4+ (1 — P)], (22)

The concentration inversion result caused by the spectral purity is:

-1 d Peexp(—2A1)
Nsp(f') = mwln [PQCXP(—ZA'[) +14 Pg] = #@N(T% (23)

And the RSE caused by the spectral purity is:

_ 1-P
RSEs = 1= apeap28r)” (24)

As described above, the atmospheric parameters (temperature, pressure, water vapor, and other gases) and
laser parameters (linewidth, frequency stability, and spectral purity) were considered to obtain relative errors.
The total error was calculated as follows®!:

2 2
8Xcor — /RRE? + RSE? = \/<“AA—;1) + (%?) +- (25)

Xco2

where the subscript represents different errors.

Simulation and discussion
Selection of the CO, absorption line
The absorption cross-section of CO, in the atmosphere is affected by the wavelength stability, laser linewidth,
temperature, pressure, and other substances. The system error is significantly influenced by the choice of the
system wavelength. A wise choice of online and offline may lessen the influence of other factors. A smaller optical
depth gives results that are only slightly different for on-line and off-line echo signals, whereas a larger optical
depth produces a small on-line echo signal that is challenging to measure.

The following suggestions can be used to select the ideal pair of wavelengths®*

(1) Because the detected gas is the primary cause of the absorption, on-line and off-line wavelength pairs must
be chosen to be sufficiently close so that the extinction of other gases can be disregarded.

(2) To reduce the density profile inaccuracy caused by temperature variations along the optical path, the cho-
sen absorption line must only be minimally temperature dependent, especially when it is not possible to
measure the temperature distribution.

(3) The on-line wavelength must have a greater absorption than the interfering gases.

(4) The control circuit can only recognize the frequency offset difference and cannot determine the direction
of the frequency drift. Thus, the on-line wavelength should not be chosen at the absorption center-line,
since the frequency shift is very unstable.

(5) 'The wavelength pairs must satisfy |A,,-1,4/< 0.001 x A,,/4.
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Water vapor primarily interferes with the CO, absorption effect in the 2-um range. The line-by-line radiative
transfer model uses the absorption cross-section curves of CO, and H,O calculated by HAPI** with the SDV
(Speed-dependent Voigt) profile, which were retrieved from the HITRAN 2020 database and are displayed in
Fig. 3a. In the calculation, the SDV profile including first-order line-mixing effects** was considered. Param-
eters such as ‘LineMixing’ and ‘SDVoigt’ were set in the fectch_by_ids function provided by HAPI to obtain a
gas dataset. Then, the absorptionCoefficent_SDVoigt function was used to calculate the absorption coefficient
and invert the gas absorption cross-section. As Fig. 3b shows, the absorption cross-section of CO, (near R30) is
two orders of magnitude higher than that of H,O, and one order of magnitude higher than the CO, absorption
cross-section in the 1.5-um range, which can reduce the requirement for SNR and facilitate system integration.

The wavelength pairs selected by other researchers at 2 um are shown in Table 1. The wavelength difference
between on-line and off-line is less than 1 nm. The selection of these wavelength pairs basically satisfies the five
aforementioned requirements. The side-line tunable technology of the laser transmitter offers more possibilities
for system design so that the lidar system can better handle various complex environments. In order to better
analyze the impact of various errors, a set of wavelength pairs was randomly selected for error analysis.

Figure 3a shows that some wavelengths have a large absorption for H,O for their location, which is not condu-
cive to the development of a high-precision system. Figure 3b locally enlarges the location where the absorption
cross-section of water vapor has a smaller and softer effect in the region, while the absorption cross-section of
carbon dioxide has a relatively high effect. Considering the performance of the designed laser, the on-line posi-
tion of the RRDIAL near the strong absorption region (R30 line; center-line 2050.967 nm) was selected after
considering the aforementioned suggestions for the selection of absorption lines. The on-line position in this
simulation analysis example was selected to be 2050.981 nm, and the off-line position was 2051.250 nm because
the differential absorption of H,O was negligible. The gentler absorption valley enables the frequency stability
error of the off-line to be negligible during the simulation.

Simulation of the detection ability

The lidar equation shows that the output energy is the key factor, and its strength directly impacts the capacity of
this system. The echo signal and detection distance clearly increase with a higher emitted energy. However, too
much-emitted energy will damage the objects in the optical path, and the laser lifetime can be reduced. A com-
mercial telescope with a 200-mm aperture is sufficient, and an oversized aperture will receive more background
noise. The receiving field of view of the telescope should also match the divergence angle of the laser. To simulate
the performance of this system, some parameters are assumed as shown in Table 2.
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Figure 3. (a) CO, and H,O absorption cross-section curves with wavelength obtained from the HITRAN 2020
molecular spectroscopic database; (b) Enlarged view of the absorption cross-section curve near R30, the solid
black line represents the on-line position, and the dotted black line represents the off-line position.

Researchers On-line (nm) Off-line (nm)
Grady, 2008% 2053.228/2053.235/2053.242 2053.403-2053.410
Fabien, 2015'° 2050.967 2051.260

Refaat, 2016° 2050.981/2050.995/2051.009/2051.023/2051.037/2051.051 | 2051.250

Erwan, 2017 2050.9718 2050.8884

Table 1. Selected wavelength pairs by researchers.
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Category Parameter Value Unit
On-line wavelength 2050.981 nm
Off-line wavelength 2051.250 nm
Transmitter subsystem
Pulse energy >1 mJ
Beam divergence 0.6 mrad
Telescope diameter 200 mm
Receiver subsystem Field of view 1 mrad

Total optical efficiency 0.3 -

Quantum efficiency 0.7 -
Acquisition subsystem
NEP >1.1x1071° w
Background radiation 2.08365 x 10~*(on-line), 2.08125 x 10~*(off-line) W/(m?2Sr-nm)
Filter bandwidth 2 nm
Configuration subsystem Range resolution <120 m
Coefficient (a, B) From US model -

Absorption cross-section | From HITRAN database -

Table 2. Assumed parameters of the RRDIAL system.

The simulated echo signal curve on the day with white noise and an overlap function can be drawn using
the assumed system values®”*. The differential absorption cross-section of CO, was calculated at fixed height
intervals, as it was necessary to consider that the absorption cross-section varied at different heights, which would
make the simulation results closer to the real values. Figure 4a clearly shows that the long-distance echo signal
intensity is 6 orders of magnitude lower than the short-distance one. The commercial photodetector should have
a wide dynamic range that exceeds these values. The overlap factor in Fig. 4b shows the influence of the blind
zone, transition zone, and full zone on the detection signal of the lidar in the detection process.

The SNR and sensitivity curves can be obtained as shown in Fig. 5. The minimal altitude at 4 km of the on-line
signal, where the effective signal can be picked up while SNR> 1, is the lower limit of the detection capability
of the system. The improved laser energy, geometric factor, total optical efficiency, and photodetector noise are
required to achieve a greater SNR. Based on different pulse PRF values, a larger PRF helps realize a longer detec-
tion distance. The accumulation time can be reduced by increasing the system repetition frequency to achieve
high-time resolution. According to the datasheet provided by mainstream manufacturers such as Vigo Photon-
ics and Infrared Associates, a smaller NEP corresponds to better performance of the commercial photodetector.
Reducing the field of view can also increase the SNR, but the receiving field angle must coincide with the laser
divergence angle. The receiver field-of-view is slightly larger than the emitter divergence angle. The distribution of
the sensitivity curve indicates that there is high-precision measurement accuracy at a lower height. The detection
sensitivity can be better than 0.25% at approximately 2 km. If the CO, concentration is 400 ppm, the detection
accuracy is up to 1 ppm. This concentration resolution is quite engaged for high-range resolution. Compared
with the measured data of NASA*, the simulation system can detect a similar height, so the simulation results
are reliable. The simulation detected a further height because there is an ideal process.
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Figure 4. (a) Simulation of echo signal; (b) Overlap function.
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Figure 5. (a) Simulation of the SNR with different energies, (b) pulse-repetition frequencies (PRF), and (c)
detectivities; (d) Detection sensitivity of the lidar system.

Relative random error

Temperature offset

Figure 6 shows RRE; values calculated according to different temperature offsets. Figure 6a shows that the
cross-section at the absorption peak will become increase while the cross-section at the absorption valley will
decrease when the temperature increases. With 298 K as the standard temperature, the relative error within
the temperature difference range of 0.8 K was calculated and is shown in Fig. 6b. Under identical temperature
deviations, the RRE; values caused by the positive and negative temperature deviations are basically identical.
When the lidar system detects a signal in the practical atmosphere, the RRE; caused by the temperature is less
than 0.25% if the range of ambient temperature change range is less than + 0.7 K in a short time.

Pressure offset

The RRE; can be calculated and drawn as shown in Fig. 7. Contrary to the influence of temperature, the cross-
section at the absorption peak will decrease and the absorption valley will increase when the pressure increases
as shown in Fig. 7a. Figure 7b shows that the pressure offset is roughly linear with RRE, when the pressure offset
increases and the concentration inversion error will also increase. If the pressure offset is less than +0.003 atm
when the atmospheric environment is more stable, the inversion error is less than 0.25%. Therefore, it is neces-
sary to choose a pressure-insensitive detection wavelength pair.

Interference of other gases

H,0, CH,, and N,O significantly impact the ability to detect CO,. The individual absorption cross-section curves
of these gases are shown in Fig. 8. Although the water vapor absorption has a small cross-section, the amount of
water vapor in the atmosphere is relatively high, which significantly impacts the measurement results. The dif-
ferential absorption cross-section of H,O between on-line and off-line is 1.32 X 1072 cm% when the air humidity
is less than 100%, the water vapor concentration is approximately 27,616 ppm, which is approximately 69 times
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the CO, concentration under identical conditions. Therefore, in the same atmospheric environment, water vapor
has an equivalent extinction effect to CO,, and the corresponding RRE; is approximately 0.19%. Hence, the lidar
system can work normally in rainy weather and has good concentration resolution. Figure 8 also shows that the
differential absorption cross-section of CH, is 1.04 x 1072 cm?, and the CH, concentration in the atmosphere
is approximately 2 ppm, which is equivalent to the change in CO, absorption cross-section by 1.3832x 10?7
cm?, and the error caused by CH, is approximately 0.00001%, which can be ignored. The differential absorption
cross-section of N,O is 7.61 x 1072 cm?; if the N,O concentration is 0.3 ppm in the atmosphere, the error caused
by N,O is approximately 0.00001%, which is also negligible.

Relative system error

Linewidth

Relative errors that may arise from the spectra of the radiation were investigated by substituting the absorp-
tion cross-section, which is only valid for monochromatic light, with the effective absorption cross-section. If
7,/7,=1/3 for the rise and fall time, a near monochromatic laser line (y <10 MHz) was assumed in simulation.
Three typical laser Lorentz line shapes are drawn in Fig. 9a. As a result, the energy distribution is wider, and
the effective energy is lower with the wider laser linewidth. Thus, a narrow linewidth laser has a higher output
center energy. Assuming that the off-line absorption is negligible, Fig. 9b shows the error caused by sounding in
the wing of the absorption line and center-line. When the linewidth gradually increases, the relative error also
sharply increases, which will seriously affect the concentration inversion accuracy. The linewidth of the order
of several dozens of MHz is slightly difficult to prepare in the 2-um range for a single-frequency laser, so the
requirements can be appropriately relaxed. If the linewidth is <350 MHz, RSE; of v,, is approximately < 0.25%.

Frequency stability

Different frequency stabilities are selected to calculate the molecular absorption with the Voigt line shape and
fitted to obtain the OD. Figure 10a shows that a larger slope near the center-line corresponds to a greater error
caused by the laser frequency stability. In the on-line selection, it is important to consider both frequency stability
error and absorption effect, which cannot be too small. If the frequency stabilization control circuit performance
is sufficient, the wavelength drift range will decrease. When the frequency stability is less than 2.4 MHz, the
RSE;<0.08%. Although the frequency jitter for off-line is very large due to its location on a gentle slope, its error
has a much smaller effect than the on-line case. The error caused by the on-line wavelength offset and linewidth
is usually considered in combination. Figure 10b shows that the wavelength offset has a stronger effect on the
relative error than the linewidth.

Spectral purity

The formula shows that the DAOD and spectral purity are important factors that affect the detection accuracy
of the system. Figure 11 shows the calculation results. The difficulty of developing high spectral purity lasers
can be lessened by the smaller DAOD. The 120-m range resolution is sufficiently excellent for a range-resolution
system: the calculated DAOD is 0.08, and the RSE¢<0.25% with P,>99.78%.

Results

The current technology is in the leading position for concentration resolutions below 1 ppm. Through the above
error analysis, the random and systematic errors of various influencing factors are summarized in Table 3. The
systematic errors of the lidar system can be further corrected, and the impact of system defects on the measure-
ment accuracy can be minimized by improving the laser design and optimizing the retrieval algorithm.

b 14
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Figure 9. (a) Laser line shape. (b) RSE; as a function of the laser linewidth for the center-line (squares) and
soundings at the line wing (circles).
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Temperature -0.7t00.7K 0.25%
Pressure —0.003 t0 0.003 atm | 0.25%
‘Water vapor <100% 0.19%
Linewidth <350 MHz 0.25%
Frequency stability | <2.4 MHz 0.08%
Spectral purity >99.78% 0.25%

Table 3. Errors of various error sources of RRDIAL.

The above analysis clearly shows that the laser frequency stability is the most critical factor that affects the
measurement accuracy of the system and should receive focus during the lidar design. Next, the narrow-linewidth
and high-spectral-purity lasers should be used as much as possible to enhance the system performance. The
selection of a pressure-insensitive wavelength pair is preferred over the temperature factor. Finally, the influence
of water vapor and other gases during the detection process is low, which indicates that the lidar system can

detect CO, concentrations even in rainy weather.

Relative error

Error of Spectral Purity
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Conclusion

In this study, the performance and system simulation of RRDIAL were evaluated by analyzing the detection
uncertainty of the range and time-resolved concentration of CO,. Firstly, The line-by-line radiation and trans-
mission model based on the HITRAN 2020 database was constructed to calculate the absorption spectra of
CO,; then, the echo signal, SNR, and detection sensitivity were simulated by introducing several system analy-
sis models with assumed parameters. The effects of the pulse energy, repetition frequency, and photodetector
performance on the detection were discussed. A comparison with the existing detection system validated the
simulation results. Finally, the optimal detection distance and concentration resolution of the simulated system
were provided.

The US 1976 standard atmosphere model was used to simulate the relative random errors of several types of
sources in various atmospheric circumstances. The calculation clearly shows that the temperature and pressure
have less influence in a stable atmospheric environment, but introduced large errors when the meteorological
environment is more complicated. Water vapour in this band is absorbed significantly more than other gases and
is one of the main sources of error. A longer detection distance can be obtained by choosing to detect in clear
weather, which will also assist the CO, concentration inversion.

The analysis shows that frequency stability should be an important item in the laser design index. In addition,
narrowing the laser linewidth and improving the spectral purity help reduce the lidar system error and improve
the system detection ability.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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