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Abstract. The effects of solar spectral irradiance on the performance of laser spot tracker
are analyzed. When the entrance pupil diameter of the receiver increases, the field of view
decreases, but the detection range increases. If the angle between the receiver and transmitter
and target increases from 0 deg to 60 deg, the detection range decreases by approximately
23%. Due to solar noise’s effects caused by solar spectral irradiance, the detection range
decreases by approximately 33% during the day, more than during the night, and the laser
spot tracker’s altitude decreases by approximately 13% at 2000 m, more than at 0 m. When
the solar intensity’s variation increases from 1% to 5%, the detection range decreases by 54%.
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1 Introduction

Laser light sources have been used in many fields such as medical, industrial, instrumentation,
and defense along with increasing their output. Pulse-type lasers with high peak power are
widely used for sensor measurement such as laser range finders, and continuous-type lasers
with high average power are used for precision processing.1,2 The application areas of laser
sensors vary according to the sensor types. Single-element detectors are used in laser range
finders and array detectors are used for three-dimensional (3D) light detection and ranging.3,4

Quadrant detectors are used in devices that precisely measure laser beam coordinates such as
laser spot trackers, laser autocollimators, high-speed reflector control systems, vibration and
distortion monitoring devices, and atomic force microscopy used in semiconductor processes.
Laser light sources used in laser spot trackers generally employ pulse lasers operating from
several Hz to tens of Hz, and laser receivers consist of a photodetector with an optical system,
four photodiode arrays, and an amplifier that converts photocurrents into voltage and amplifies
the voltage.5–7 Although a constant signal can be acquired using a laser spot tracker at a fixed
condition indoors, the laser signal received may vary according to the performance and posi-
tion of the laser spot tracker and transmitter, target size, reflectance and angle, atmospheric
conditions, and solar spectral irradiance using a laser spot tracker outdoors. In particular, solar
spectral irradiance diminishes the detection range because it produces noise in addition to the
hardware noise of the laser spot tracker. The fluctuation effect appears when light passes
through a cloud and scatters, which has been measured as 0.6%.8 The effects of the solar noise
can be reduced using a bandpass filter’s full width at half maximum (FWHM). To predict the
performance of the detection range in a laser spot tracker in outdoor elements, it is necessary to
analyze the solar noise.

In this study, the effects of characteristics of the optical system, angle between the laser spot
tracker and transmitter, solar spectral irradiance, and solar intensity variations on the detection
range of laser spot tracker were analyzed.
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2 Detection Range Model

Figure 1 shows a schematic diagram of the model concept for the laser spot tracker operation.
The laser designator, the receiver, the target, atmosphere, and position parameters for the detec-
tion range analysis of the laser spot tracker are shown in Fig. 1.

2.1 Solar Spectral Irradiance

The solar spectral irradiance measured at the ground increases from wavelengths of 350 to
500 nm to a maximum value of approximately 2250 Wm−2 μm−1 near 460 nm and then
decreases above 500 nm to approximately 40 Wm−2 μm−1 at a 2400-nm wavelength.9 The direct
clear-sky irradiance regarding the altitude is expressed as follows:10

EQ-TARGET;temp:intralink-;e001;116;285EλðhÞ ¼ I0ð1 − ABðh0Þ exp½−αBðh − h0Þ�Þ; (1)

where h is the altitude, I0 is the irradiance at sea level, ABðh0Þ ¼ 1 − ðBcðh0Þ∕I0Þ, and
αB ¼ − lnð½I0 − BcðhHÞ�∕½I0 − Bcðh0Þ�Þ∕ðhH − h0Þ. Bcðh0Þ and BcðhHÞ are the clear-sky irra-
diances at altitudes h0 and hH, respectively.

The solar spectral irradiance at a 1064-nm wavelength is 700 Wm−2 μm−1 at altitude h0 and
900 Wm−2 μm−1 at altitude hH. As the laser spot tracker’s altitude increases, the solar spectral
irradiance increases, thereby increasing the effects of the solar noise. When analyzing the detec-
tion range, the minimum and maximum altitudes of the laser spot tracker are 0 and 2000 m,
respectively.

2.2 Atmospheric Extinction Coefficient

When a laser beam propagates through the atmosphere, light extinction occurs due to atmos-
pheric scattering. The atmospheric extinction coefficient varies according to the wavelength of
the radiation and meteorological visual range, which is expressed by the following equation:11

Fig. 1 Schematic diagram of model concept for laser spot tracker operation.
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EQ-TARGET;temp:intralink-;e002;116;735κMðλÞ ≈
3.91

Rv

�
550

λ

�
q
; (2)

where Rv is the visibility range and λ is the wavelength. q is calculated by q ¼ 0.585R1∕3
v when

the visibility range is less than 6 km and 1.3 when the visibility range is the average seeing
condition.

The visibility range varies depending on the aerosol distribution and is classified as 2 to 4 km,
4 to 10 km, and 10 to 20 km according to haze, light haze, and clear states.12 The extinction
coefficient κM is 0.166 km−1 when the visibility range is 10 km, the laser wavelength is 1064 nm,
and the seeing conditions are average. This means that when a laser beam propagates through
a 3-km atmosphere, the laser light amount is attenuated exponentially to 39.2% attenuation. To
analyze the detection range, 10 km, which was the clear condition, was applied for the visibility
range.

2.3 Refractive Index Structural Parameter

The refractive index structural parameter C2
n expresses the atmosphere’s turbulence between the

laser transmitter and target. The laser beam’s divergence increases due to atmospheric turbulence
as it propagates through the atmosphere. The Hufnagel–Valley, Miller–Zieske, and ITU-R
models are used in the refractive index structural parameter model. C2

n tends to decrease as the
altitude increases. C2

n regarding the altitude and wind velocity is expressed by the ITU-R model
presented in the following equation:13

EQ-TARGET;temp:intralink-;e003;116;468C2
nðhÞ ¼ 8.148 × 10−56v2RMSh

10e−h∕1000 þ 2.7 × 10−16e−h∕1500 þ C0e−h∕100; (3)

where C0 is the subaerial atmospheric structural constant, which has a typical value of

1.7 × 10−14 m−2∕3. vRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2g þ 30.69vg þ 348.91

q
is the root mean square wind velocity of

the vertical path and vg is the subaerial wind velocity.
The wind velocity is classified as 5.5 to 7.9 m∕s, 8.0 to 10.7 m∕s, and 10.8 to 13.8 m∕s

according to moderate breeze, fresh breeze, and strong breeze conditions. To analyze the detec-
tion range, 10 m∕s, which was the fresh breeze condition, was applied for the subaerial wind
velocity.

2.4 Laser Beam Wander

When a laser beam propagates through the atmosphere, if the turbulence cell is larger than the
beam diameter, the laser beam’s path is deflected and the beam’s spot is displaced at the target,
which is a certain distance away from the source. This is called laser beam wander, which is
expressed by the following equation:14

EQ-TARGET;temp:intralink-;e004;116;259σ2r ¼ 1.83C2
nλ

−1∕6R−17∕6
t ; (4)

where C2
n is the refractive index structural parameter, λ is the laser beam’s wavelength, and Rt is

the distance between the laser transmitter and target. The standard deviation in the x or y axis
directions is expressed by σx ¼ σy ¼ ðσ2rÞ1∕2.

To analyze the detection range, the standard deviation of the laser beam wander is set to 3σr
for a high laser energy density above 99%. When a laser beam with a 1064-nm wavelength
propagates through a 3000-m atmosphere in the horizontal direction at 1-m altitude, the standard
deviation is 140.6 nm.

2.5 Background Optical Power

When the laser spot tracker is used outdoors, the solar light reflecting from the target or ground
surface is incident on the receiver’s optical system. The background optical power received in the
receiver acts as solar noise, affecting the detection range, which is expressed by the following
equation:15
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EQ-TARGET;temp:intralink-;e005;116;735Pb ¼
π

16
EλΔλρBβ

2A2
rTrTfe−κMRr cos θr; (5)

where Eλ is the solar spectral irradiance, Δλ is the optical bandpass filter’s bandwidth, ρB is the
background reflectance, β is the receiver’s field of view (FOV), Ar is the receiver’s entrance
pupil diameter (EPD), Tr is the transmission of the optical lens, Tf is the optical bandpass filter’s
transmission, κM is the atmospheric extinction coefficient, Rr is the distance between the laser
spot tracker and target, and θr is the angle between the normal target surface and the line joining
the target and receiver centers.

The following values were applied to analyze the detection range: 60� 10 nm for the band-
width of optical bandpass filter, 50%, which was the mean of reflectance 75%, 50%, 28%, 57%,
and 40% in a wall, building, road, soil, and branch for the background reflectance,16 approx-
imately 40� 10 deg for the receiver’s FOV, 27.5� 7.5 mm for the receiver’s EPD, 99.8% for
the transmission of the optical lens, and 80% for the transmission of the optical bandpass filter.

2.6 Diffuse and Pseudo-Specular Reflectance

When a laser beam is vertically incident on the target, that is, the incident angle is 0 deg, it is
reflected from the target similar to a Lambertian source. However, pseudo-specular reflectance
occurs when the reflected beam is concentrated on the reflection angle area as the laser beam’s
incident angle increases. Pseudo-specular reflectance is clearly seen when the incident angle is
above 60 deg and the highest amount of light is reflected around the reflection angle when the
incident angle is above 75 deg. The equation of the probability of diffuse reflection is expressed
as follows:17

EQ-TARGET;temp:intralink-;e006;116;452PDðθtÞ ¼ P0 −
B

W
ffiffi
π
2

p exp

�
−2

ðθt − ϑÞ2
W2

�
; (6)

where θt is the angle between the laser transmitter and target, P0 is the amount of normalized
incident light, B is 84.57, W is 52.81, and ϑ is 103.20 deg.

PDðθtÞ has the maximum value at an incident angle of 0 deg, which then decreases as
the incident angle increases and becomes 0 because only pseudo-specular reflectance occurs
at an incident angle above 85 deg. The probability of pseudo-specular reflection is expressed
by PPSðθtÞ ¼ 1 − PDðθtÞ.

2.7 Signal Power

When the laser beam is irradiated on the laser transmitter’s target, the receiver in the laser spot
tracker receives the laser signal power reflected from the target. The laser beam’s divergence
angle increases due to beam divergence, pointing stability, and turbulence. If the beam diver-
gence angle increases, the laser beam’s area that is incident on the target surface becomes larger
than the target area, thereby generating spillover, which reduces the laser intensity reflected from
the target and the laser spot tracker’s receiver signals. When calculating the laser signal’s power,
Lambertian scattering, the target’s cross-sectional area, target reflectance, and the angle between
the target and receiver should be considered. The equation of the received optical signal’s power
is expressed as follows:12

EQ-TARGET;temp:intralink-;e007;116;187Pr ¼
�

Pt

4πR2
t

�
ðe−κMRtÞ

�
1

θ2dx þ θ2dy þ θ2ps þ θ2w

�
Tt

�
4ρTAT cos θr

4πR2
r

�
ðe−κMRrÞTrTfAr; (7)

where Pt is the laser’s peak power, θ2dx and θ2dx are the intrinsic laser beam’s divergences in the
x and y directions, respectively, θ2ps is the pointing stability, θ2w is the angle due to the laser beam
wander, and Tt is the transmittance of the laser transmitter’s optics. ρT is the target reflectance,
AT is the target size, and θr is the angle between the target and laser spot tracker.

The following values were applied to analyze the detection range: approximately 3.9 MW,
which divides the laser pulse energy of 70 mJ by the laser pulse width of 18 ns for the laser peak
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power Pt, 3 km for Rt, which is the distance between the laser transmitter and target, 300 μrad for
both the beam divergence θ2dx and θ

2
dx, 100 μrad for the pointing stability θ2ps, 100% for Tt, which

is the transmittance of the laser transmitter’s optics, and 10% for the target reflectance ρT .

2.8 Signal-to-Noise Ratio

The laser spot tracker receives not only the laser’s signal power but also the background’s optical
power. Signal-to-noise ratio (SNR) is calculated using the received laser signals, shot noise due
to the optical signals, shot noise due to the background radiation, noise due to the detector’s dark
currents, and other noise generated in the semiconductor. In this study, because the optical signal
was a pulse-type signal, the shot noise due to the optical signal was ignored, and other noise
generated in the semiconductor was also ignored, assuming that the value was negligibly small.
The modulated background solar noise and circuit noise were added to the noise components to
analyze the SNR’s power ratio. The equation is expressed as follows:18

EQ-TARGET;temp:intralink-;e008;116;565

S
N

¼ I2sg

I2signal þ I2shot þ I2dark þ I2background þ I2circuit
; (8)

where I2sg ¼ 1
2
R2
i P

2
r is the laser signals, Ri is the detector’s responsivity, and Pr is the optical

system’s received laser power. I2signal ¼ 2eRiP0Δfm is the shot noise due to the optical signal
with an average current, e is the electronic charge, P0 is the optical signal’s power, and Δfm is

the signal’s bandwidth. I2shot ¼ 2eRiPBΔfm is the shot noise due to background radiation.
Because the background’s optical power Pb in Eq. (5) is incident on four channels in the detector

in a distributed manner, it is expressed as PB ¼ Pb∕2. I2dark ¼ 2eIdkΔfm is the noise due to the
detector’s dark current, I2dk ¼ i2dk1 þ i2dk2 þ i2dk3 þ i2dk4 is the total detector’s dark current, and
idk4 in idk1 is the dark current in every single channel at the quadrant detector.

EQ-TARGET;temp:intralink-;e008;116;402I2background ¼
1

2
R2
i ðPBPbfÞ2

is the circuit noise, P2
cn ¼ p2

cn1 þ p2
cn2 þ p2

cn3 þ p2
cn4 is the total circuit noise’s current, and pcn4

in pcn1 is the circuit noise in every single channel.
To analyze the detection range, because RiP0, which is the direct current (DC) component in

I2signal ¼ 2eRiP0Δfm is eliminated, I2signal is ignored because the laser spot tracker acquires a
pulsed laser signal. The following values were applied: 0.4 A∕W for the detector’s responsivity
Ri, 1 MHz for signal bandwidths Δfm, 200 nA for the dark current idk, 1% for the solar
intensity variation Pbf, 400 nW for the circuit noise pcn at the single channel, and 10 for the
SNR.

3 Results

Figure 2 shows the detection range and FOV for each bandpass filter according to the optical
system’s EPD. “▪” shows the six types of FOV according to the EPD, which was analyzed by
CODE V, a commercial lens design tool. The dotted line is the FOV’s fitting value. The ana-
lytical results demonstrated that as the EPD increased from 2.0 to 2.3, 2.6, 2.9, 3.2, and 3.5 cm,
the FOV decreased from 53 deg to 47 deg, 42 deg, 38 deg, and 35 deg. The red, green, and blue
lines indicate the FWHM’s detection range at 50, 60, and 70 nm in each bandpass optical filter,
respectively. The detection range calculated using Eqs. (1)–(8) tended to increase as the EPD
increased. The EPD and FOV were fixed at 27.5 mm and 40 deg to analyze the characteristics of
the bandpass optical filter. When the transmittance of the bandpass optical filter was the same,
the detection range increased as the FWHM decreased. This occurred because the solar noise
decreased as the FWHM in the bandpass optical filter decreased. To analyze the detection range,
the reference values were set as follows: 27.5 mm for the EPD of the receiver in the laser spot
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tracker, 40 deg for the FOV, and 50 nm for the FWHM in the bandpass optical filter. The detailed
lens design results are explained in Fig. 3.

Figure 3 shows the ray-tracing results in the optical system and encircled energy graph.
Figure 3(a) shows the ray-tracing results in the optical system that satisfied the EPD’s speci-
fication of 27.5 mm and FOV 40 deg, which were designed using CODE V. The optical system
was composed of an optical window and two spherical lenses, and an aperture stop was arranged
in the rear side of the optical window. The window in front of the image plane was a detecting
window in the detector. The red line represents a bundle of rays whose incident angle was 0 deg,
which was refracted by the lens, forming a spot-shaped image in the image plane. The green and
blue lines represent the ray-tracing results whose incident angles were 10 deg and 20 deg, respec-
tively. From a 10 deg or larger incident angle, the spot image that formed in the detection plane
deviated from the detector range, which was characterized by energy loss. Figure 3(b) shows the
geometric encircled energy graph, which verified that the spot formed for each FOV had an
energy distribution according to the spot’s diameter. The red, green, and blue lines show the
energy distributions according to the spot’s diameter at 0 deg, 10 deg, and 20 deg incident angles,
respectively. Because the slope of the graph for each incident angle was similar, it was assumed
that the change in the energy distribution according to the change in diameter would be similar.

Figure 4 shows the detection range according to the angle between the receiver (or trans-
mitter) and target. The red line shows the detection range according to the angle between the
receiver and target when fixing the angle between the transmitter and target to 0 deg. The green
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Fig. 2 The detection ranges and FOV as a function of the EPD according to the FWHM of the
bandpass filter.

Fig. 3 Ray-tracing results of the designed optical system: (a) layout and (b) encircled energy.
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line shows the detection range according to the angle between the transmitter and target when
fixing the angle between the receiver and target to 0 deg. The blue line shows the angle at which
the receiver and transmitter changed in the same direction. When the angle of the receiver or
transmitter was 0 deg, the detection range was 2817 m, and the detection range tended to
decrease as the angle of the receiver or transmitter increased. The calculated detection range
was 2791 and 2627 m when the receiver angle was 30 deg and 60 deg, 2781 and 2310 m when
the transmitter angle was 30 deg and 60 deg, and 2755 and 2170 m when the receiver and
transmitter angles were 30 deg and 60 deg, respectively. When the transmitter or receiver angle
was 60 deg, the transmitter’s detection range decreased 2.7 times more than the receiver. The
detection range declined by approximately 1%, 3%, and 5% when the transmitter’s angles were
approximately 28 deg, 38 deg, and 44 deg compared to 0 deg, and the detection range decreased
by approximately 1%, 3%, and 5% when the receiver’s angles were approximately 31 deg,
47 deg, and 55 deg compared to 0 degWhen the angle of the receiver and transmitter was 60 deg,
the detection range declined by approximately 23% compared to that at the initial condition.

Figure 5 shows the detection range during the day and night according to the laser’s output
energy. The blue line shows the case during the day in the presence of the solar spectral irra-
diance effects, and the red line shows the case at night without the solar noise’s effects. The
detection range was 2390, 2817, and 3183 m during the day and 3764, 4271, and 4681 m
at night when the laser’s output energy increased from 50 to 70 and 90 mJ, respectively.
The detection range decreased by approximately 33% due to the background solar noise’s effects
during the day. The detection range decreased as the solar spectral irradiance increased.

Figure 6 shows the detection range and solar spectral irradiance according to the receiver’s
altitude. The red line shows the solar spectral irradiance according to the altitude, which was
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Fig. 4 The detection ranges as a function of the angle of the receiver and transmitter.
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Fig. 5 The detection ranges as a function of the laser’s output energy according to the day or
night.

Kim, Kong, and Lee: Effects of solar noise on the detection range performance of a laser spot tracker

Optical Engineering 037102-7 March 2021 • Vol. 60(3)



calculated using Eq. (1). The blue line shows the detection range of the solar spectral irradiance
according to the altitude. The solar spectral irradiance tended to increase, which was
700 Wm−2 μm−1 at the ground and 900 Wm−2 μm−1 at an altitude of 2000 m. This occurred
because the atmospheric effect was less influential as the altitude increased, increasing the solar
spectral irradiance. The detection range decreased by approximately 13% due to the solar noise’s
effects at an altitude of 2000 m compared to that at the sea level. Because there was no effect of
solar spectral irradiance at night, there was no change in the detection range due to the altitude.

Figure 7 shows the detection range according to the solar intensity’s variation. The solar

intensity’s variation is Pbf in the I2background term in Eq. (8). When the solar intensity’s variation
increased from 1% to 5%, the detection range decreased by 54% from 2817 to 1298 m. In the
outdoors, the detection range of the laser spot tracker decreased because of the increase in the
solar noise as the solar spectral irradiance increased. The detection range also decreased even
when the solar intensity variation increased because of the increase in the receiver noise. The
solar noise was reduced by decreasing the FWHM of the bandpass optical filter, but the laser spot
tracker’s performance was optimized when the reduction in the transmittance according to the
reduction in FWHM of the bandpass optical filter was considered together.

4 Conclusion

In this study, the effects of EPD and FOV in an optical system, the angles between the receiver
and transmitter, the solar spectral irradiance, and the effects of solar intensity’s variation on the
detection range of a laser spot tracker were analyzed. When the EPD increased from 2 to 3.5 cm,
the FOV decreased from 53 deg to 35 deg, and the detection range increased as the FWHM in the
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Fig. 6 The detection range and solar spectral irradiance as a function of the receiver’s altitude.
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bandpass optical filter was reduced from 70 to 50 nm. The EPD and FOVof the receiver in the
laser spot tracker were set to 27.5 mm and 40 deg and the FWHM in the bandpass optical filter
was set to 50 nm to analyze the detection range. As the angles of the receiver and transmitter
increased, the detection range decreased by approximately 23% at 60 deg compared to at 0 deg.
The detection range during the day declined by approximately 33% compared to that at night due
to the solar noise’s effects. As the altitude of the laser spot tracker increased, the solar spectral
irradiance increased, and the detection range decreased by approximately 13% at an altitude of
2000 m compared to that at an altitude of 0 m. The analysis results showed that when the solar
intensity’s variation increased from 1% to 5%, the detection range decreased by 54%. In future
studies, experimental analyses should be based on the theoretical results of the reduction in the
detection range due to solar noise.
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