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Abstract

Analysis of echo photon characteristics in laser ranging systems holds significant
importance for theoretical research, system design, and performance evaluation
of laser ranging. By integrating the principles of laser ranging and comprehen-
sively considering multiple influencing factors—such as atmospheric turbulence,
transmission characteristics of the atmosphere and cirrus clouds, and target dis-
tance—the ranging equation is theoretically derived to analyze and investigate
the distribution characteristics of echo photons. Furthermore, utilizing the Mat-
lab software development platform, dedicated research software for analyzing
the distribution characteristics of echo photons in laser ranging systems has been
developed. This software enables estimation of echo photon numbers through
configuration of relevant system parameters, including the laser, transmitting
telescope, receiving telescope, and detector, while simultaneously displaying the
corresponding functional relationship curves.
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Abstract

Analysis of echo photon characteristics in laser ranging systems is of great sig-
nificance for laser ranging theory, system design, and performance evaluation.
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Combining the principles of laser ranging and comprehensively considering var-
ious factors affecting laser ranging—such as atmospheric turbulence, transmis-
sion characteristics of the atmosphere and cirrus clouds, and target distance—
this paper theoretically derives the ranging equation to analyze the distribution
characteristics of echo photons. Correspondingly, software for studying the dis-
tribution characteristics of echo photons in laser ranging systems is developed
using the Matlab platform. By setting relevant parameters of the laser, trans-
mitting telescope, receiving telescope, and detector in the ranging system, the
number of echo photons can be estimated, and the corresponding functional
relationship curves can be displayed simultaneously.

Keywords: Laser Ranging; Echo Photons; Relevant Parameters; Matlab Re-
search Software

1. Introduction

Laser ranging technology is a comprehensive discipline that integrates precision
optics, mechanics, and satellite orbit calculation. It obtains the distance R be-
tween the observation station and target by precisely measuring the round-trip
flight time t of a laser pulse. The actual laser ranging process is extremely
complex, influenced by numerous factors including atmospheric transmission
characteristics, target characteristics, telescope pointing errors, target distance,
and laser beam divergence angle. Any variation in these parameters will cause
changes in the number of echo photons in laser ranging. Matlab, as one of
the most widely used mathematical software platforms globally, offers powerful
numerical computation and symbolic operation capabilities, providing a com-
plete mathematical platform for estimating the influence of these factors on
echo photons in laser ranging systems.

2. Theoretical Analysis of Echo Photon Distribution

2.1 Laser Ranging Equation Let the single laser pulse energy emitted by
the ranging laser be E, the wavelength be A, Planck’ s constant be h, and
the speed of light be c. The laser gain is G, and the emission efficiency of
the transmitting system is _ t. The number of photons in a single laser pulse
emitted from the ground ranging system is given by:

EX
Ny = Em

The laser beam uniformly illuminates the target with a divergence half-angle
. Let the one-way atmospheric transmittance be T a and the one-way cloud
transmittance be T _c. The beam radius at the target is r, forming a spot area
of (R + 1)2. Taking cooperative targets as an example, only photons reaching
the effective reflection area o on the target can be reflected back to the station
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by the corner reflector. The number of photons reaching the effective reflection
area is:

EX o
= — TT ——
" e mGT, m(RO+ )2

Considering the two-way transmittance through atmosphere and clouds, the
average number of echo photons from a single laser pulse that can reach the
detector is:

EX po
= —nGT2T? ———-A
n he Ur a~c W(Re 4 7,)2 1

where is the target reflectivity, A_r is the effective receiving area of the tele-
scope, and _ 1 is the receiving efficiency of the receiving system.

2.2 Influence of Laser Pointing Deviation and Telescope Tracking Er-
ror Assuming the laser emits a Gaussian beam, the emission gain G can be

expressed as:
2 ?
G=|2
(5#)

where r_ 0 is the initial radius of the laser beam.

The influence of pointing deviation and tracking error on echo photon number
can be analyzed as follows. Let da and 63 be the azimuth and elevation random
pointing errors, respectively, with probability distribution functions p(da) and
p(68), both following Gaussian distributions. When considering pointing errors,
the average echo photon number per pulse is:

_EX 92 po 202 232
" he (O (RO + T)QA’"HT P ( g2 )P 62

where o and 3 are the azimuth and elevation pointing deviations, and _ « and
_ [ are the azimuth and elevation tracking errors of the telescope, respectively.

If the telescope’ s azimuth and elevation tracking error probability distributions
are identical ( _a = _ ), the equation can be simplified to:

EX po 2(a? + 3?)
== T272___T7 A e S s
" e (O w(RO + 1r)? rfir XD ( 0% + 62
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2.3 Influence of Atmospheric Turbulence When laser beams propagate
through atmospheric turbulence, random fluctuations in atmospheric refractive
index cause wavefront phase distortion, resulting in beam expansion, intensity
scintillation, and other phenomena. For a Gaussian beam propagating along the
Z-axis, taking a very short exposure image of the spot on a plane perpendicular
to the Z-axis at distance R, the short-term drift _ d and expansion _ e cause
the spot to shift from the original center O and expand. For long observation
times, the combined effect manifests as long-term expansion _ L.

The initial Gaussian field distribution u(’ ) at the plane is:

/2 ,2
u(p’) = exp e Z_kpo
P 2 2F

where F is the curvature radius. Using the second-order moment formula for
field distribution, the long-term expansion radius is:

6/5
R
pr, =[P+ p;=1|176 (W)
0

Since short-term drift and expansion represent real-time atmospheric turbulence
effects, while long-term expansion includes the combined effect of both, this pa-
per uses long-term expansion to analyze echo photon numbers in laser ranging.
The resulting equation for average echo photons per pulse at the detector pho-
tosensitive surface is:

_EA 2712 pro
n= he ntGTaTc 7T(R9 L4 pL)QArnr
2.4 Influence of Atmosphere and Clouds Visibility is measured by me-
teorological visual range—the maximum horizontal distance at which a person
with normal vision can see and identify a target from the sky background un-
der prevailing weather conditions. The atmospheric attenuation coefficient is
determined empirically by:

st (033"
Vv A

where V is visibility in km, A is wavelength in m, and q¢ = 1.3 for V > 80 km,
q= 1.6 for 6 km < V < 80 km, and q = 0.585 V7(1/3) for V < 6 km. The
atmospheric transmittance is then T_a = exp(- R).

For cirrus clouds with total optical thickness less than 0.14, the cirrus transmit-
tance in the wavelength range 0.317-1.064 m is:
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T. = exp(—0.287)

where 7 is the average cirrus thickness. The final equation for average echo
photons per pulse becomes:

EX 7.82 /0.55\7 po
-2 o2 (202 —0.561)—— P74
n=- n,G exp ( v ( 5 ) R) exp(—0 567)77(]%0 e a

3. Software Development and Implementation

Given the complexity of actual laser ranging processes and the numerous fac-
tors affecting echo photon distribution, we developed a comprehensive analysis
software for laser ranging echo photon distribution characteristics using Matlab’
s Graphical User Interface (GUI). The software interface includes parameter in-
put modules (laser energy, wavelength, beam divergence angle, telescope track-
ing errors, target effective optical diameter, corner reflector beam divergence,
telescope effective aperture, atmospheric and cloud transmittance, turbulence
factors, etc.), calculation modules, and graphical result display modules.

The software can conveniently adjust each parameter for different ranging sys-
tems and intuitively analyze the overall relationship between system parameters
and echo photon numbers through relationship curves. For example, [Figure 2:
see original paper] shows the relationship between echo photon number and
distance, while [Figure 3: see original paper] illustrates this relationship under
different zenith angles.

Analysis Results: The detected echo photon number decreases with increas-
ing target distance when other parameters remain constant. Modifying any
parameter causes corresponding changes in echo photon number. The interface
allows convenient selection and output of different relationship curves.

For different zenith angles, atmospheric attenuation coefficient decreases with
altitude. In ground-based laser ranging, the detection distance along the vertical
direction is much greater than along the horizontal direction. The difference in
average echo photons between vertical and horizontal directions decreases with
increasing distance. Under the same atmospheric conditions and at the same
detection distance, echo photon numbers decrease more slowly with increasing
zenith angle when the zenith angle is small, but decrease more rapidly when the
zenith angle is large, primarily due to aerosol absorption and scattering effects.

4. Case Study: Echo Photon Estimation for Yunnan Observatory
System

Taking the 1.2m telescope laser ranging system at Yunnan Observatory as an
example, we estimate the system echo photon numbers. The system parameters
are: single pulse energy E = 0.15 J, wavelength A = 532 nm, beam divergence
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half-angle = 1.06 mrad, initial beam radius r_0 = 30 cm, laser pointing error
= 1.2 mrad, transmitting system efficiency _ t = 0.5, target reflectivity = 0.5,
effective target optical diameter D = 10 cm, corner reflector beam divergence
half-angle = 30 cm, telescope effective aperture D_r = 1.2 m, receiving system
efficiency _r = 0.84, atmospheric coherence length r 0 = 10 cm, one-way
atmospheric transmittance T__a = 0.8, one-way cloud transmittance T_c¢ = 0.8,
and target distance range R = 400-1000 km. The calculated average echo photon
number is approximately 2.1 x 1073. [Figure 4: see original paper] shows the
relationship between echo photon number and distance.

5. Conclusion

This paper comprehensively considers various factors affecting laser ranging,
provides detailed derivation and expressions of the ranging equation, and the-
oretically analyzes and estimates echo photon numbers in laser ranging. A
universal analysis software for laser ranging system echo photon distribution
characteristics was developed using the Matlab platform. The software allows
convenient adjustment of each relevant parameter for different ranging systems
through the interface and enables more intuitive overall analysis of system pa-
rameters and echo photon numbers through relationship curves, providing a
theoretical basis for detector selection and ranging system design. Future work
will involve further analysis and research on detectors and ranging systems, op-
timization of the system, and deeper exploration of software parameters due to
the complexity of the laser ranging process.
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