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method is verified by simulation test. The effective ratio of FPE transmission to reflection
for the actual atmospheric detection is analyzed, and a nonlinear iterative algorithm for
simultaneous inversion of wind field and backscatter ratio, as well as the specific iterative
steps, initial value determination methods and corresponding error formula of parameters
are proposed. The simulation results show that no matter whether the backscatter ratio
Rg is small or large, the iterative process is always convergent and the correct inversion
results can be obtained. The value of Rg has a great influence on the convergence rate of
its own, but has little effect on the wind speed convergence rate. The smaller Ry is, the
faster convergence rate of Rg is, vice versa. Error analysis inferred that under the shot-
noise limit, the radial wind speed measurement error decreases rapidly with the increase
of Rg for 1 <Rg <2, decreases slowly with the increase of Rg for Rg > 2; if the total number of
backscattering photons of 50,000 received by telescope is assumed, the backscatter ratio
measurement error increases with the increase of Rg; within the wind speed measurement
dynamic range of 25 my/s, the radial wind speed error is below 2m/s and the backscatter
ratio relative error is less than 4.1% when 1.1 < Rg < 10.

© 2018 Elsevier GmbH. All rights reserved.

1. Introduction

High-precision, high spatial and temporal resolution real-time wind field data is of great importance for improving climate
models, studying global climate change, promoting atmospheric thermodynamics and kinetics, improving the accuracy of
weather forecasts, ensuring aircraft takeoff and landing safety, improving the utilization of wind energy and so on. Therefore,
as one of the most effective tools for wind field detection, Doppler lidar has been deeply researched and developed rapidly, and
has formed direct-detection system [1-6] and coherent system [7,8]. On the basis of the traditional double-edge detection
technique, the author proposed a dual-frequency Doppler lidar based on FPE quad-edge technique. Compared with the
traditional double-edge detection Doppler lidar, this lidar can effectively improve the wind detection performance [9,10].
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Fig. 1. Wind measurement principle based on F-P etalon quad-edge and dual-frequency technique.

However, the final performance of the lidar system not only depends on the hardware, but also the data inversion method.
Whether the data inversion method is correct and effective is very important. Based on the analysis of the measurement
principle and system structure of this dual frequency Doppler lidar, the data inversion problems of the system, including
system calibration, parameter inversion and corresponding measurement errors, are studied in depth.

2. Measurement principle and system structure

As shownin Fig. 1, the transmission and reflection spectrum of FPE are intersected at the two waist. Two frequencies of the
outgoing laser vg; (i=1, 2) are locked in the vicinity of these two intersection points respectively to form the dual-frequency
four-edge detection technique [9]. The outgoing laser is emitted into the atmosphere and is scattered by atmospheric
molecules and aerosol particles with a macro velocity (wind speed). The backscattered light will have Doppler frequency
shift and the amount of frequency shift is v4 =v;-vg; =2V, /A, where v; (i=1, 2) is the frequency of backscattered light, V; is
radial wind speed, A is laser wavelength. Then, the transmittance and reflectance of the backscattered light passing through
the FPE will change accordingly. The magnitude and direction of the radial wind speed can be derived from the pre-calibrated
transmission and reflection curve of FPE and the measured change in transmittance and reflectance.

Fig. 2 shows the structure of dual-frequency Doppler lidar system based on FPE quad-edge technique [10]. The trans-
mitting system adopts a narrow-linewidth and frequency stabilization tunable semiconductor laser with MOPA structure
at 852 nm, and the transmitting laser frequency is changed alternately between vy and vy, by using an acousto-optic fre-
quency shifter. The transmitting laser is split into two beams by a beam splitter (T/R=99/1). The reflected light is coupled by
a branch of the 1 x 2 multimode fiber coupler A into a 100 m long fiber, whose backscattered light is used as reference and
enters one branch of the 1 x 2 multimode fiber coupler B through the other branch of coupler A. The transmitted light passes
through a beam expander, two reflectors and a two-dimensional scanner sequentially, and then enters into the atmospheric
detection area with a preset angle. The atmospheric backscattered light is received by a telescope and then passes through
a narrow-band interference filter to suppress the sky background light. After a 200 m long fiber delay, it enters the other
branch of coupler B. The optical signal coming out from the combine of coupler B enters into a collimator through the 1 — 2
path of an optical circulator, and the collimated light beam is incident on the FPE. The optical signal passing through the
FPE is converged through a convex lens, coupled to the photon counting detector APD1 by an optical fiber; the optical signal
reflected by the FPE is converged in the reverse direction through the collimator, passes through the 2 — 3 path of the optical
circulator and then is coupled to the photon counting detector APD2. The output signals of the two detectors are acquired by
a dual-channel photon counting card, and then processed by an IPC for data processing, storage, inversion and result display.
The system’s laser, acousto-optic shifter, two-dimensional scanner, photon counting card and so on are all controlled by the
IPC through the RS232 serial port.

3. Calibration of the ratio function of FPE’s transmission to reflection
3.1. The ratio function of FPE’s transmission to reflection

The transmission and reflection of the beam with Gaussian spectral distribution, uniform light intensity and full diver-
gence angle of 26y incident on the FPE are [9]:

(W) = TwM®) (1)
Rv)=1-A—CoI(v) (2)
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Fig. 2. The structure of dual frequency Doppler lidar system based on F-P etalon quad-edge technique.
where
= 2mrm $2 TMAve \ 2 2mv 2
v .
M(v)=1+2§ R™ cos 1- 2P )1 exp —( e) sinc | =— 2P
ot VFsR 4 VESR Vpsg 4T

where Tg, =(1-R-A)2/(1-R2) is the average transmittance of FPE, Co =[1-R(1-A)]/(1-R-A), R is the FPE’s plate reflectivity of
corresponding wavelength, A accounts for any absorptive or scattering losses in the plates, vgsy is the free spectral spacing of
FPE, Qpp = 27(1-cosby) is the solid angle of the incident beam, v is the center frequency of incident light, Ave is the 1/e width
of the equivalent incident laser spectrum, including the contribution of incident spectral width and spectral broadening due
to non-parallelism and surface defect of the two plates. For the outgoing laser or Mie backscattering light, Ave =Av;, Ay,
is the 1/e width of the equivalent outgoing laser spectrum; for Rayleigh backscattering light, Ave =(Av;2 + Av,2)'/2, where
Avy =(8kT,/MA2)12, T, is the atmospheric temperature, X is the laser wavelength, k is the Boltzmann constant, M is the
average mass of an atmospheric molecule. The ratio function of FPE’s transmission to reflection is defined as

1

h(v) = 3(v)/%(v) = [(1 - A)/3(v) - Co)} - (3)
3.2. Calibration method

Before the wind field measurement is carried out, the acousto-optic modulator driver does not input the modulation
signal. By applying a linearly varying driving current to the seed laser of the tunable semiconductor laser, the laser frequency
changes linearly and the reference light is used to scan the FPE to obtain the original data column N¢(v,) and N;(vy), and we
get

(1-A)/3(vn) — Co = Nr(vn)/Ne(vn) (4)

where n is the number of steps in the frequency scanning, and v, is the corresponding transmitting laser frequency in step
n. Since A is small, the following fitting equation is used for nonlinear fitting

Jae() =1/hg(v) =1/3(v —vp) + C (5)

where Cis a constant including the background and Cy, vy is the center frequency. The fitting parameters are FSR of FPE v,
reflectivity R, average transmittance Tqy and center frequency v,. According to the Rogers criterion [11], if the relative error
of the transmission is required below 0.1% and R is 0.89, the order of the transmission and reflection expressions m~30.
To ensure the fitting precision, take m=50. An example of a fitting is as follows. The initial values are set as vgsg =3.5GHz,
R=0.886, Ty =0.0594 and vp, = 0. During the calibration process, the number of reference photons incident on FPE is assumed
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Fig. 3. The results of nonlinear least squares fitting of 1/h(v).

to be 106 (average) for measuring single scanning point and the frequency scanning step is 4MHz. Then, we use the Monte-
Carlo method to simulate the signal N;(v,), Nt(vn) and the nonlinear least square fitting method to fit the data. The fitting
values of the parameters are vgsg = 3.5024GHz, R=0.8867, Toy =0.0597 and v, =0.1342MHz, which are very close to the input
values, as shown in Fig. 3. The fitting parameter values are brought into the transmission and reflection expressions, the
experimental calibrated FPE’s transmission and reflection functions can be obtained.

4. Data processing method
4.1. The effective ratio function of FPE’s transmission to reflection

The atmospheric backscatter signal contains the aerosol backscatter signal and the atmospheric molecular backscatter
signal. Then, after the backscattered light with the center frequency of vy; + v, is incident on the FPE, the transmitted signal
into APD1 and the reflected signal into APD2 can be respectively expressed as

Ne(vo; + Vg» Ta) = N3 (vo; + vg) + N 3™ (vo; + vy, Ta) (6)
Nr(voi + Va, Ta) = Nah O (vo; + va) + Nt (vg; + v, Ta) (7)
wherei=1, 2; Ny and N,;;; are the aerosol scattering signal and the molecular scattering signal respectively in the backscat-
tering signal of center frequency vg; + v4. The total backscattering signal is N; = Ng; + Np,;, Tq is the atmospheric temperature.
In a single measurement cycle, the composition of the atmosphere can be considered stable with a backscattering ratio of

Rg = 1+ B4 [Br, where B, and B; are the atmospheric backscatter coefficients for aerosols and molecules, respectively, Then
we have

Rg =1+ Ngi/Npi (8)
Thus, Eq. (6) and Eq. (7) can be expressed as

Ni(vo; +vg, Ta, Rg) = NiJe(vo; + vy, Ta, Rg) 9)

Nr(vo; + Vg, Tas Rg) = Ni%te(vo; + vy, Ta, Rg) (10)

where J. and %, are defined as the effective transmission and reflection functions, whose forms are same as Eqgs. (1) and (2),
and can be obtained by simply replacing M(v) with the following M.(v) expression

oo
2mmy Qpp TmAy, . 2mvg 2pp
— m o . _ (=2 =" e
Me(v, Tq, Rg) =1+ 2 E R™ cos [ Vren (1 o )] exp [ ( - ) sinc —

m=1

f1og foo - 2732}

The effective ratio function of FPE's transmission to reflection is defined as

ho(vo; + v, Ta, Rg) = Ne(voi + Vg, Ta, Rg)  Je(voi +va, Ta, Rp) o
Lol > 7a- T _Nr(U0i+l}d,Ta,Rﬂ)_.‘)te(UOi+Ud,Ta,Rﬁ)

In this paper, the FWHM of FPE, the 1/e width of the equivalent outgoing laser spectrum Av,, FPE’s plate absorption
A, atmospheric temperature T, and the full divergence angle of incident beam 26, are assumed to be 135MHz, 37MHz,
0.1%, 280K and 1mrad respectively. Fig. 4 shows the effective ratio function of FPE’s transmission to reflection for different



W. Guo et al. / Optik 159 (2018) 31-38 35

T=280K

Effective ratio of transmission to reflection
W
T

0 1
-300  -200  -100 0 100 200 300
Relative frequency(MHz)

Fig. 4. Effective ratio of FPE’s transmission to reflection for atmospheric backscattering light with differentRp.

8 0«8 T T T T T T T T T
(b) T=280K

6 0.7+ “ E
~ z ——
w4 2 061 ---- 10 4
‘\E G [
S | 805 vn
2z 2
z0 g 04r T
£ 2 2o3t )
2 3
z2 £ L i
.g 4 § 0.2
2 2 : P
! N '

8 . | . . . ) | . | [ e s e T e e s

-150 -120 90 -60 -30 0 30 60 90 120 150 -150 -120 -90 -60 -30 0 30 60 90 120 150

Relative frequency(MHz) Relative frequency(MHz)

Fig. 5. 6y and 6k vary with frequency for different backscatter ratios.

backscatter ratios. As can be seen from Fig. 4, the effective ratio function curve of FPE’s transmission to reflection decreases
sharply as the backscatter ratio decreases.

4.2. Simultaneous inversion method of wind field and backscatter ratio

Because of adopting the dual frequencies, the nonlinear equations of two functions he(vio + Vg, Ta, Rg ) and he(vao + vy, Ta,
Rg) can be obtained according to Eq. (11)

he(vo1 + vg, Ta, Rg) — Ne(vo1 + vg, Ta, Rg)/Nr(vo1 +vg, Ta, Rg) = 0 (12)

he(voz2 +vg, Ta, Rg) — Ne(voz +vg, Ta, Rg)/Nr(vo2 + vy, Ta, Rg) =0

The Taylor expansion is carried out on Eq. (12) and retained to the first order, one can get

Ohe(vor +vg), Ta, Rg)) Ohe(vor +v§”, Ta, Rg)) . Ne(vor +va, Tas Rg) ho(ves + 9. o, RD)
v, ORg vt = vr Ni(vo1 +vg, Ta,Rg) ° o1 e g
0 0 ) 0 ¢ _go) | ~ | Ne(voz +va, Ta, R ; ;
Ohe(voz + vy, Ta, RY) Ohe(voz + v, T, Rg") Ry —Rj Ne(voa +va, Ta, Rg) he(v02 +v‘(j’), T, Rg))
3V, 8Rﬂ Nr(vo2 +vg, Ta, Rg)
2

(13)

where v,U) =2V, U)/),j=1,2,3....The wind speed sensitivity and the backscatter ratio sensitivity of the effective ratio of FPE’s
transmission to reflection are defined as

Oy = (1/he)dhe/OVr (14)
6k = (1/he)0he/0Rg (15)

Fig. 5(a) and (b) show the wind speed sensitivity and the backscatter ratio sensitivity vary with frequency for different
backscatter ratios, respectively. Assuming that the initial outgoing laser frequencies vg; and vy, are locked at + 72MHz from
the center frequency of FPE respectively, the curves of total wind speed sensitivity and backscatter sensitivity versus radial
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Fig. 7. WhenRg =1.1, the inversion results using nonlinear iteration method (a) radial wind speed; (b) backscatter ratio.

wind speed for dual frequency detection are shown in Fig. 6. As shown in Fig. 6, the greater the backscatter ratio is, the higher
the wind speed sensitivity is, and the lower the backscatter ratio sensitivity is in the case of constant radial wind speed.

Let hei = Ne(voi + Vg, Ta, Rg)/Ny(voi + v, Ta, Rg), 0] = Ou(voi + v, Ta, RY), 63) = Ok(vg + v, Ta, RP), hY) =
hei(voi + vg), Tq, Rg)), then Eq. (13) becomes

69 60\ (v —vgV [ hea/h -1 a6)
G) ) G) _pl-1 ] 6)
evz 0R2 Rﬁ Rﬁ hez/ he2 -1

The specific iteration steps are as follows:

1) Setting the value of Ty according to the standard atmosphere model and the day’s surface temperature; using the calibrated
FPE's transmission and reflection functions obtained in Section 3.2 and he1, he> obtained from the wind measurement by
lidar system, the iterative initial wind speed V,(?) is obtained by means of the mean value method [12]; the v; (9 and
V10, V20 measured by the reference light are taken into Eq. (12) to obtain hfg)(Rﬂ) + hgg)(ng) = he1 + hep, then the initial
backscatter ratio Rg (0) is obtained by interpolation method.

2) Substituting Ty, V; (%) and R4 (©) into Eq. (16) yields V; (V) and Rg ().

3) Calculating §V;=V; -V, U= and 8R4 = Rg U)-Rg U~V and setting the error limits ¢y and &g, judging whether the conditions
[8Vr| <&y and |8Rg| < &g are both satisfied. If the conditions are not satisfied, repeat steps 2) and 3) until the condition
satisfies, and stop the iteration. The obtained V; U) and R4 ) are the final solved radial wind speed and backscatter ratio.

Assume Tq =280K, Rp is taken as 1.1 and 10, &y is set to10-2my/s, &g is set to 10~2, within the wind speed dynamic range
of +25m/s, the inversion results using the above iterative method are shown in Fig. 7 and Fig. 8, respectively. It can be seen
that when Rg =1.1, the inversion errors of the wind speed and the backscatter ratio will meet the accuracy requirements
after three and two iterations respectively; when Rg =10, the inversion errors of the wind speed and the backscatter ratio
will meet the accuracy requirements after three and four iterations respectively. No matter whether the backscatter ratio is
small or large, the iteration always converges and good inversion results can be obtained. The magnitude of the backscatter
ratio has a great influence on the convergence speed of the backscatter ratio and has little effect on the convergence speed of
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the wind speed. The smaller the Rg is, the faster the backscatter ratio converges; the larger the Rg, the slower the backscatter
ratio converges.

4.3. Measurement error analysis

According to the error transfer formula, the measurement errors of radial wind speed and backscatter ratio obtained by
Eq. (16) are

=) =)
o = \/02,5NR,% + 62,SNR,
|6v16k2 — Or16va |

(17)

~ \/62,SNRy? + 62, SNR, >

R T —

(18)

where SNR1, SNR, are the signal to noise ratios of measuring he and he, respectively. In the case of shot noise limit, we have

1 /1 1\1 /2
SNR; = [N—Oi (Te,- + ﬂ)} ((19))

where i=1, 2; Ny; is the total number of backscattering photons received by the telescope.

When Ny; =50,000, the radial wind speed measurement error and the backscatter ratio relative measurement error
varying with the backscatter ratio at different radial wind speeds are shown in Fig. 9(a) and (b), respectively. It can be seen
from Fig. 9(a) that the measurement error of radial wind speed decreases rapidly with the increase of Rg when 1<Rg <2
and decreases slowly with the increase of Rg when Rg >2; when Rg > 1.1, within the wind speed dynamic range of + 25m/s,
the radial wind speed error is less than 2my/s. As can be seen from Fig. 9(b), the relative measurement error of backscatter
ratio increases as the backscatter ratio increases, and the relative error of backscatter ratio is less than 4.1% in the range of
1<Rg<10.
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5. Conclusion

In this paper, the data inversion method of the dual-frequency Doppler lidar based on FPE quad-edge technique is studied.
The calibration method of the ratio function of FPE’s transmission to reflection is given and its feasibility is verified. Based on
the definition of the effective ratio function of FPE’s transmission to reflection, a nonlinear iterative method is proposed to
simultaneously retrieve wind speed and backscatter ratio. Simulation results show that no matter whether backscatter ratio
is small or large, within the wind speed dynamic range of + 25m/s, this method can always simultaneously and accurately
retrieve the wind speed and the backscatter ratio, but only a slight difference in the speed of convergence. Further error
analysis shows that when the total backscatter photon number is 50,000 and the backscatter ratio is between 1.1-10, the
error of radial wind speed is less than 2m/s in the wind speed dynamic range of + 25m/s, and the relative error of backscatter
ratio is less than 4.1%. The relevant method proposed in the paper is also of great reference value for the inversion of
multi-parameter detection lidar.
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