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Remote sensing of atmospheric refractive index structure
constant (C2

n) using lidar incorporating a single-photon
detector (SPD) is proposed. The influence of turbulence on
the fiber coupling efficiency with different fiber modes is
analyzed. C2

n can be derived from the ratio of the back-
scattering signals counted on single-mode and multimode
fiber-coupling channels of the SPD. In the experiment, by
eliminating the shot noise effect on the fluctuation of the
ratio, the lowest coupling ratio is used to retrieve C2

n and
demonstrated by comparing to the results measured from
a large aperture scintillometer (LAS). Good agreement
between results from the LAS and the lidar is achieved. The
correlation coefficients are 0.90, 0.89, and 0.89, under three
different weather conditions. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.505631

Atmospheric turbulence plays a vital role in the areas of astron-
omy [1], free-space optical communication [2], and wind field
retrieval [3]. Turbulence brings the optical angle-of-arrival fluc-
tuation, laser beam wander, and scintillation [4]. Then it affects
the coherence of the emitted laser beam and reduces the system
detection efficiency. The refractive index structure constant C2

n
is a parameter that directly represents the fluctuation intensity
of the spatial refractive index.

At present, there are some common methods for C2
n estima-

tion. Combining with meteorological data, C2
n can be measured

through the temperature structure constant C2
T [5,6] or through

the turbulent kinetic energy dissipation rate (TKEDR) [7].
The method using the TKEDR needs multiple atmospheric
parameters and complex algorithm. According to the intensity
scintillation principle, the large aperture scintillometer (LAS)
can measure the path-averaged C2

n within a chosen distance [8].
The LAS can estimate C2

n directly, but the transmitter and the
receiver installed at a certain distance need to be aligned in the
optical axis and calibrated periodically, restraining its applica-
tion scenarios, especially in the direction of detection. In this
work, a concise and compact single-photon lidar for turbulence
estimation is demonstrated, where the turbulence effect on cou-
pling efficiency from telescope to single-mode fiber (SMF) or
multimode fiber (MMF) is analyzed.

The lidar system is shown on the left of Fig. 1. The seeder
emits a continuous wave (CW) at 1548.5 nm; then the CW is

chopped and frequency-shifted at 80 MHz by an acousto-optic
modulator (AOM). After that, the laser is amplified by using an
erbium-doped fiber amplifier (EDFA) and pointed to the atmo-
sphere through a double “D” shaped telescope. At the receiving
end, an iris is placed in front of the coupler to ensure the SMF
and MMF ends share the same area of the receiving lens. Then,
the backscattering signal divided by a 3-dB beam splitter (BS)
and then coupled onto the ends of SMF and MMF. Two inline
narrow bandpass interferometer filters at 1548.5 nm with band-
width of 0.1 nm are used to suppress the background noise.
Finally, the signals are detected by a dual-channel single-photon
detector (SPD). There are three main types of SPDs: super-
conducting nanowire single-photon detector [9], upconversion
single-photon detector [10], and InGaAs/InP SPD [11]. The
InGaAs/InP SPD is adopted considering its advantages of small
size and polarization-independent. Some key parameters of the
lidar system are listed in Table 1.

After the iris, the effective diameter of the coupler is De with
a focal length of fr. The fiber-mode field radiuses of the SMF
and MMF are Ws and Wm, respectively, while the fiber coupling
efficiency is easily affected by the atmospheric turbulence. As
depicted in the right of Fig. 1, a random space optical field
Ei represents the influence of turbulence upon the laser phase
distribution. Ei is simulated by a phase screen [12] (the color
bar indicates the phase shift).

On the one hand, the fiber coupling efficiency of SMF, ηs,
is defined as the ratio of the average power coupled into the
receiving fiber, to the average power in the aperture plane of
the coupler. After normalizing the radial integration variables r1

and r2 to the coupler lens radius (x1 = 2r1/De and x2 = 2r2/De),
ηs can be given by a double integral as the following [13]:

ηs = 8a2
∫ 1

0

∫ 1

0
exp

[︃
−(a2 +

AR

AC
)(x1

2 + x2
2)

]︃
× I0(2

AR

AC
x1x2)x1x2dx1dx2,

(1)
where a is the ratio of the coupling lens radius to the radius of
the backpropagated fiber mode, a = DeπWs/2λfr and λ is the
wavelength. AR = πD2

e/4 is the area of the receiving aperture,
AC = πρ

2
e stands for the spatial coherence area, also called as

speckle size. ρe is the effective field coherence length, and ρe =

[1/ρ2
0 + (πωt/λR)2]−1/2 [14]. The first term is the field coherence

caused by the turbulence, where ρ0 = (1.46C2
nk2R)−3/5, k = 2π/λ

is the wave number, and R is the transmission distance. The
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Fig. 1. Optical layout of the lidar system. AOM, acousto-optic
modulator; EDFA, erbium-doped fiber amplifier; BS, beam splitter;
SMF, single-mode fiber; MMF, multimode fiber; IF, interferome-
ter filter; SPD, single-photon detector. Schematic diagram of the
turbulent incident radiation Ei.

Table 1. Key Parameters of the Turbulence Lidar

Parameter Value

Laser
Wavelength (λ) 1548.5 nm
Pulse width (τP) 200 ns
Pulse energy (EP) 110 µJ
Repetition frequency (ν) 10 kHz

Collimator
Lens’ diameter (Dt) 95.5 mm
Focal length (ft) 500 mm
Lens’ diameter (Dr) 70.5 mm

Coupler
Lens’ effective diameter (De) 45 mm
Focal length (fr) 210 mm
Divergence angle (ϕ) 0.214

SMF
Mode field diameter (2Ws) 9 µm
Numerical aperture (NAs) 0.12

MMF
Mode field diameter (2Wm) 50 µm
Numerical aperture (NAm) 0.22

second term is caused by the spatially incoherent source, which
can be described by the van CittertZernike theorem [15]. ωt

is the average radius of the normalized irradiance in the target
plane,ω2

t = ω
2
0[(1 − R/rf )

2
+ (R/Rr)

2
] + (λR/πρ0)

2, whereω0 is
the 1/e2 intensity radius of the collimator lens, rf is the radius
of the phase curvature (rf is 1 km in our lidar system), and
Rr = πω

2
0/λ is the Rayleigh length. I0( ) means the modified

Bessel function of the first kind and zero order.
For a given optical transmitting and receiving system that is

listed in Table 1, a can be calculated as 0.98. Therefore, the
behavior of ηs only depends on AR/AC, which is related to C2

n
and R. Then, the numerical results of ηs are estimated as shown
in Fig. 2(a)(b). One can find that ηs declines monotonously as
the growing C2

n.
On the other hand, the beam propagation factor (M2 factor)

that describes the quality of the laser beam propagating through
the atmosphere is used to estimate the coupling efficiency into
a multimode fiber (ηm), which can be expressed as [16]

ηm = ηre

[︃
1 − exp(−

2M2
F

M2 )

]︃ 2

, (2)

where ηre is the reflection loss originating from the input and
output surfaces, ηre = (1 − r1) × (1 − r2). r1 and r2 mean the
directions from air to silica and silica to air. They are both
0.034 when the refractive indexes of silica and air are 1.45

Fig. 2. Numerical results of (a), (b) ηs, (c), (d) ηm, and (e), (f)
ηs/ηm with different C2

n and R.

and 1, respectively. M2
F can be expressed as: M2

F = πWmθ/λ
(sin θ = NAm). M2 can be estimated by [17]

M2 =
[︃
(M2

0)
2
+ 2ω2

0k
2TR +

8
3ω2

0
TR3 +

4
3

k2T2R4
]︃ 1/2

, (3)

where M2
0 = πωϕ/λ, ω is the laser beam radius and ϕ is diver-

gence angle before coupling into a fiber. ω0 is the beam waist of
the transmitting laser and T = 7.6113C2

n.
According to the parameters listed in Table 1, ηm can be

depicted in Fig. 2(c)(d). Compared with ηs, ηm has the similar
feature of monotonously decreasing with the growing C2

n. But,
ηm shows low sensitivity to turbulence.

In practice, the overall average power in the aperture plane of
the telescope is hard to be precisely measured due to the limited
size of the active diameter of the photodetector. Therefore, it is
difficult to directly estimate the ηs and ηm, separately.

In this work, as shown in Fig. 1, the photon number counted
on the SMF-coupled channel Ns or the MMF-coupled channel
Nm can be expressed according to the lidar equation as follows
[10]:

Ni(R) =
E
hυ

cτ
2

Aηiηqi
O(R)
R2 β(R)Tr(R), (4)

where the subscript i indicates s (SMF) or m (MMF). Ni(R) is
the photon number at a distance of R. E is the laser pulse energy,
h is the Planck constant, and υ is the optical frequency. c is the
speed of light, and τ is the pulse duration of the laser. A is the
area of the coupler. ηi is the fiber coupling efficiency, and ηqi is
the quantum efficiency. O(R) is the geometrical overlap factor.
β(R) is the Mie volume backscattering coefficients, and Tr(R) is
the round trip atmosphere transmission.

From Eq. (4), one can find that the difference between Ns and
Nm are introduced by ηi and ηqi. All the other parameters are the



6106 Vol. 48, No. 23 / 1 December 2023 / Optics Letters Letter

Fig. 3. Instruments installation labeled in the map. Inset is the
raw photon numbers counted on two channels accumulated over
100 s.

same since the backscattering signals detected in two channels
travel through the same atmosphere path and share the same
optics. Therefore, the ratio of them (η(R)) can be expressed as

η(R) =
Ns(R)
Nm(R)

=
ηqsηs(C2

n, R)
ηqmηm(C2

n, R)
. (5)

Similar to the optical efficiency of the telescope, ηqi can be cal-
ibrated in the system initialization and treated as a constant.
It should be noted that the numerical results of ηs(C2

n, R) and
ηm(C2

n, R) in Fig. 2 have not considered the fluctuations of cou-
pling efficiencies over time. So, in practice, Eq. (5) can only be
used after suitable data processing. Then, C2

n at a given trans-
mission distance R can be retrieved according to the recorded
Ns(R) and Nm(R).

A verification experiment was carried out at the campus of
the Nanjing University of Information Science and Technology
(NUIST, 32◦12′22′′N, 118◦42′17′′E) from April to May, 2023.
The lidar system is installed on the 9th floor (altitude of 30 m) of
a building, pointing out in the north direction as shown in Fig. 3
from site A. For easy comparison, the transmitting end of the
LAS (Kipp & Zonen, LAS MKII) is set up near the lidar, and the
receiving end is placed at the same altitude of another building
at 1.6 kilometers away (site B). The outgoing laser beam of
the lidar is adjusted parallel to the LAS to make sure they are

Fig. 4. Experiment results under three different weather conditions. (a) Raw data and averaged photon numbers at the distance of 1.6 km.
(b) Raw data and averaged η, 1σ standard deviation of the fluctuations of η resulting from shot noise σp and turbulence σt. (c) C2

n results
estimated by LAS and lidar, (d) relative humidity, (e) atmospheric visibility, and (f) temperature.

detecting the same atmosphere path. The raw resolutions of Ns

and Nm are set as 1 s and 60 m, respectively. As an example, the
accumulated signals Ns and Nm over 100 s at 05:00, 27 April,
2023, are shown as the inset in the middle of Fig. 3.

The experiment results under three different weather condi-
tions are analyzed. The raw data and averaged photon numbers,
η at the range of 1.6 km are shown in Fig. 4(a)(b). Due to the
aerosol hygroscopic growth, one can see that Ns and Nm vary
greatly as the relative humidity in Fig. 4(d) and the atmospheric
temperature in Fig. 4(f) changes. The atmospheric visibility in
Fig. 4(e) shows a negative correlation with the relative humid-
ity. The results of η in Fig. 4(b) show rapid fluctuations along
the time, which proves the previous notice about using Eq. (5).
Obviously, the amplitude of this fluctuation shows a positive
correlation with the C2

n measured by the LAS as depicted in
Fig. 4(c).

From Eq. (5), there is δ2
η = δ

2
s + δ

2
m, where δη , δs, and δm means

the relative error of η, Ns, and Nm. δη = ση/η̄, respectively, where
ση is the 1σ standard deviation of the fluctuations of η.

In theory, the fast fluctuations of Ns and Nm are due to the
combined effect of shot noise in photon counting scheme and tur-
bulence, which yields δ2

s = δ
2
sp + δ

2
st and δ2

m = δ
2
mp + δ

2
mt. Where

δsp and δmp mean the relative errors due to shot noise, δst and
δmt mean the relative errors due to turbulence. So, δ2

η can be
separated into two parts according to the effect of shot noise
δ2

p = δ
2
sp + δ

2
mp and turbulence δ2

t = δ
2
st + δ

2
mt.

Assume the shot noise of the SPD follows a Poisson random
process [18], δsp and δmp can be estimated by N̄−1/2

s and N̄−1/2
m .

So, δ2
t can be calculated as

δ2
t = δ2

η − (N
−1
s + N

−1
m ). (6)

Then, the fluctuations of η resulting from shot noise σp = δp × η̄
and turbulenceσt = δt × η̄ can be obtained. The results of η̄ ± σp

and η̄ ± σt are shown as yellow and blue areas in Fig. 4(b).
Based on σt, the η̄ ± 3σt lines are also drawn in Fig. 4(b),

which represent the highest and lowest fiber coupling efficiency
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Fig. 5. C2
n comparison results from LAS and lidar under (a)

moderate, (b) moist, and (c) dry weather conditions.

caused by turbulence. Considering the negative correlation
between η and C2

n revealed in Fig. 2, the lower envelope (η̄ − 3σt)
is used as η in Eq. (5) for C2

n retrieval. Besides, the ηqs/ηqm term
can be calibrated before the influence of turbulence is consid-
ered according to the red line in Fig. 2(f) (ηs/ηm should be 0.46
when C2

n = 10−16 m−2/3). Finally, the C2
n results retrieved from

lidar are shown in Fig. 4(c). Both the black error bar and the
pinkish-shaded area are ±1σ standard deviations.

From the results, one can see that the C2
n measured by the

two instruments matches quite well under different weather con-
ditions. They both vary in the range between 2 × 10−16 and
3 × 10−14 m−2/3. It proves that the strengths of the backscattering
signals will not affect the behavior of this method as described in
Eq. (5). The new method has high standard deviation under low
signal-to-noise ratio (SNR) or C2

n. This can be explained through
the red line in Fig. 2(f). When C2

n is smaller than 10−16 m−2/3 or
higher than 10−13 m−2/3, the slope of the line is close to zero.
So, the same level of noise in the measured η can bring more
fluctuation to the retrieved C2

n result.
The statistical analyses of the results observed under mod-

erate, moist, and dry weather conditions are shown in Fig. 5.
From the comparison results, the correlation coefficients (R2)
between the LAS and lidar in the three cases are 0.90, 0.89, and
0.89. The mean errors (ME) between them are 2.06 × 10−15,
2.32 × 10−15, and 2.47 × 10−15 m−2/3. The root mean square
errors (RMSE) between them are 2.40 × 10−15, 3.07 × 10−15, and
2.17 × 10−15 m−2/3. The black lines are the linear fit of them and
their slopes are 0.89, 0.85, and 0.86.

In conclusion, we proposed a new method to estimate C2
n

based on the impact of atmospheric turbulence on the fiber cou-

pling efficiency. Although the theory has not considered the
fluctuations over time, we extracted the useful information from
the original results after subtracting the effects from shot noise.
The comparison results with LAS also show great consistency
under three different weather conditions. The compact turbu-
lence lidar is more flexible in the selection of experimental sites
and detection direction compared to LAS. According to Eq. (5),
the horizontal and vertical C2

n profile with distance resolution
can be retrieved theoretically if the SNR is high enough. To
achieve this, a laser with higher pulse energy and an SPD with
higher quantum efficiency are needed in the future.
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