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ABSTRACT 

 

The theoretical performances of a 355 nm Rayleigh-Mie lidar for simultaneous short-range measurements of wind 

speed, air temperature, air density, and aerosol/molecular backscattering ratio are discussed. We propose to use two 

wide-angle fringe-imaging Michelson interferometers with distinct path differences as spectral analyzers. The 

optimization of the instrument and its theoretical best performances are calculated by evaluating the Cramer-Rao 

Bounds. The effect of fringe contrast on performances is also addressed, and particularly the problem of contrast loss 

arising from the use of a wide source such as a fiber end. By using field-compensation plates, the loss can be 

considerably reduced. In conclusion, the performances are simulated for typical situations at low and high altitudes. 

 

 

INTRODUCTION 
 

This work is conducted by ONERA and THALES 

R&T, as part of a preliminary study aiming at the 

design of a new multi-purpose airborne lidar to 

measure near-field air parameters (~ 70 m) for future 

active flight-control systems. Wind radial speed, air 

temperature, air density, and aerosol/molecular 

backscattering ratio are the four parameters of interest. 

They can be retrieved from the lidar backscattered light 

by spectral analysis. A system employing a fringe-

imaging Fabry-Perot interferometer has been 

previously developed with interesting preliminary 

results [1]. Another approach using two-wave 

interferometers has also been proposed [2], which we 

believe could offer some practical advantages. 

Unfortunately, a two-wave interferometer, when used 

alone and without any assumption on the atmospheric 

properties, can only perform wind speed 

measurements. It is impossible to measure adequately 

temperature, density and backscattering ratio all at once 

because of the coupling between these parameters in 

the interferometer response (see Sec.2-3). To overcome 

this limitation, an additional instrument is required. In 

this paper we propose to use in parallel two Michelson 

interferometers with distinct path differences. 

 

1. INSTRUMENT DESCRIPTION 
 

The instrument is described in Fig.1. The laser is an 

injection-seeded Nd:YAG laser delivering 10 mJ/pulse 

at 355-nm. An obstruction mirror placed in front of a 

10-cm diameter reception telescope enables selecting a  

near-field gate ranging between about 40-150m.

 

 

Fig. 1 : Instrument Description 
L1: Collimation lens ;  IF : Interferential Filter ; PC : Polarizing Cube;  BS1,2 : Beam-splitters, FCP1,2 : Field Compensation Plates; 

M1,2 - M’1,2 : Michelson mirrors (M1,2 tilted), RO1,2 : Relay Optics ;  D : Detector (CCD) 



The backscattered light is focused in a multimode 

optical fiber ensuring the opto-mechanical decoupling 

between the emission-reception unit and the spectral 

analyzer. The fiber end is located at the focus of a lens 

that produces a light pencil with a small but significant 

aperture of a few mrad. It can then be split in two parts 

by a polarizing cube. Each part goes through a 

Michelson interferometer, in which one mirror is 

slightly tilted to give fringes of equal thickness. The 

path-differences in each interferometer are several 

centimetres long. In such conditions, the fringe contrast 

obtained with a wide source is very low (see Sec.4). By 

inserting field-compensation plates into the longer arm 

of each interferometer, this contrast loss can be 

drastically reduced. Finally, it is possible to image the 

fringe pattern from the two interferometers on a single 

CCD camera by the mean of adequate relay optics.  

 

2. INSTRUMENT MODELLING 
 

2.1 Rayleigh-Mie (RM) backscattered spectrum  
 

We assume a Gaussian lineshape for the pulsed laser. 

The half width at 1/e is γL ≅150 MHz. This width is 
sufficient to consider the backscattered Mie lineshape 

as Gaussian. We also consider that air molecules are in 

the kinetic collisionless regime. We thus neglect the 

spontaneous Brillouin scattering and consequently, the 

Rayleigh lineshape is also Gaussian. The backscattered 

spectral density is then:  
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In Eq.1, the Rayleigh and Mie spectra are centred at the 

same frequency νc verifying νc-νL=2ur /λL, where ur is 

the average wind speed and νL the laser frequency. 

The term α is the usual backscattering ratio defined by 
1

M R
α β β= + , where βR and βM are the Rayleigh 

and Mie backscattering coefficients respectively. 

Air density fluctuations are accounted by a normalized 

air density parameter noted ρ* =ρ /ρ0, where ρ0 is a 

reference density. 

The backscattered energy is scaled by a factor K that 

can be obtained during the instrumental calibration. It 

is the total number of photons backscattered in clear air 

and at reference density (α=1, ρ =ρ0). 

In Eq.2, T is the temperature, kb the Boltzmann 

constant and m the molecular mass for air. 

 

2.2 Detected signal 

 

In this instrument the CCD-detector play the role of a 

multi-channel analyzer, where each channel is defined 

as a pixel row aligned parallel to the fringes. Following 

a similar approach as in [2], the number of 

photoelectrons observed on the k-th channel for a 

single Michelson interferometer can be written:  
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In Eq.3, η is the quantum efficiency of the detector. 
The definition of K can be modified so that it includes 

additional transmission factors. However, we neglect 

the atmospheric absorption because the lidar range is 

short. The term ∆0 is the path difference of the 

interferometer and P the number of pixel per fringe 

period. The function φ(k) is the phase of the  fringe-
pattern at zero radial speed. The contrast factor V, 

defined in Eq.4, arises from various phenomena 

reducing the fringe pattern contrast (see Sec.4). 

Equations 3-4 can be used to model the signals 

delivered by the two interferometers, changing only the 

value of the path-difference. These equations rely on 

simplifying assumptions (one fringe period is 

illuminated; the illuminating spot is a square). We use 

this model for clarity in this paper, but the method 

presented in the next section is straightforwardly 

applicable to more realistic situations.  

 

3. INSTRUMENT OPTIMIZATION 

 

3.1 Cramer-Rao Bounds (CRBs) 

 
We gather in a single parameter vector  

*
( , , , )

r
u Tθ ρ α=

�

 the four parameters of interest. The 

generalization of the Cramer-Rao inequality in the case 

of a multi-parameter estimation states that, for an 

unbiased estimator, the Cramer-Rao Bounds (minimal 
quadratic error of any estimator) are defined as the 

diagonal terms of the inverse Fisher information 

matrix. Assuming independent channels (no cross-talk) 

and shot-noise limited detection, this matrix is: 
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This is for a single interferometer. The matrix of the 

whole instrument is the sum of the matrices associated 

with each interferometer. From Eq.3 and Eq.5 it is 

found that the matrix of the instrument takes the form: 
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Equation 6 makes formal the fact that speed 

measurements are independent from the other 

measurements. The CRB on wind speed is 

simply 111/
r

CRB

u Fε =  . As said in introduction, a single 

interferometer is sufficient for speed measurements 

(see also [2]). On the other hand, Eq.6 shows that there 

is some correlation between variables (ρ*,α) and 
(T,α). For a single interferometer, this coupling is such 
that neither of them can be retrieved: there are three 

unknowns acting on only two measurable quantities: 

the energy and fringe contrast. But by adding a second 

interferometer with a distinct path-difference, 

supplementary information is provided that enables the 

decoupling of these three parameters. 

To optimize the instrument, we can look for the 

optimal values of the path-differences that yield the 
minimal CRBs for the parameters we are most 

interested in. Here we choose to optimize the 

instrument for wind speed measurements in clear air 

conditions (α=1), with temperature measurement as 
secondary goal. Density and backscattering ratio are 

considered as spin-off products of the measurement. 

 

 3.2 Wind speed optimization 

 
Here we can consider a single Michelson 

interferometer because it is sufficient for speed 

measurements. Using Eq.3 in Eq.5, the CRB for speed 

measurements in clear air is found to be: 
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The CRB is proportional to K
-1/2
, an expected result in 

shot-noise limited measurements. Equation 7 is plotted 

as a function of ∆01 and V on Fig.2. From Eq.7 we see, 

however, that an optimal value can be found only for a 

specified working temperature of the atmosphere: we 

choose T=273K. We also use a calibration constant 

K=106, a realistic value for a 10 mJ pulse with the 

range gate previously mentioned, and a CCD quantum 

efficiency η=0.5. 
 

 
Fig.2 Optimization of the first Michelson for wind speed 

 

The optimal path-difference for speed measurements is 

∆01=2.8 cm, a result previously found in [2] following 

a different approach. Figure 2 illustrates the need to 

obtain the best possible contrast factor V. Though the 

accuracy for V=0.8 is reduced only by a factor about 

1.4, it is important to realize that one should double the 

laser energy in order to compensate this loss. 

  

3.3 Temperature optimization 

 
We use now two interferometers. The first one is set 

with ∆01=2.8 cm, and to determine the path difference 

∆02 of the second interferometer, we use Fig.3 where 

the temperature CRB is plotted as a function of ∆02. 

The setup conditions are still α=1 and T=273°K.  Unit 
contrast factors are taken for each interferometer.  

 

 
Fig.3 Optimization of the second Michelson for temperature 



Figure 3 shows that there is only little improvement by 

choosing ∆02 longer than 10 cm. It also shows, when 

compared with Fig.2, that at constant energy the 

accuracy on temperature measurement is less than for 

wind speed.  Finally, a good compromise for the path-

difference settings is (∆01=2.8 cm, ∆02=10 cm).  

 

4. FRINGE CONTRAST  

 

Equation 4 highlights the contrast losses arising from 

the finite spatial resolution of the detector (sinc-term) 

and from the spectral width of the laser source (exp-

term). These two factors are not critical however: the 

former is about 99% as soon as P>12 and the latter is 

99.8% for the short Michelson interferometer and 

97.5% for the long one (referred MI1 and MI2 next).  

We shall focus on the term named Vfield in Eq.4, which 

comes from the combined use of a wide source with 

important path differences. Here the source is the exit 

of a fiber of 200 µm core-diameter at the focus of a 
lens of focal length 24 mm: the angular half-aperture is 

then ρmax=4.1 mrad. The factor of contrast in the 

localization plane is: 
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Using Eq.8 with ∆01=2.8 cm and ∆02=10 cm leads to 

the dashed and dotted curves in Fig.4. The fringe 

contrasts at ρmax=4.1 mrad are very low. 

 

 
Fig.4 Effect of field-compensation on contrast 

 
By inserting field-compensation plates in the long arm 

of each interferometer, one can overcome the problem. 

This technique has been first described in [3]. 

However, the use of a thick plate beamsplitter 

introduces an asymmetry in the angular dependence of 

the path-differences between different pairs of rays 

inside the interferometer. Thus only a partial 

compensation can be designed which is limited by the 

thickness of the beamsplitter. But at low angles this 

partial compensation is nevertheless very efficient 

(solid curve in Fig.4). Using this technique, the contrast 

losses should be negligible even with 4-5 mrad 

aperture angles.  

 

5. SIMULATED PERFORMANCES 

 
We give here some numerical values of the CRBs 

calculated from the simplified model of Eq.3. We hold 

K=10
6
 and η=0.5. Contrast factors V1 and V2 are 0.9.  

For the evaluation of performance at ground level, we 

calculate the CRBs for ρ*=1, T=288K, and α=2. For 
an evaluation at high altitude, we use ρ*=0.25 
(11000m), T=223K, α=1. The results are in table 1. 
 

Table.1 Numerical simulation of performances 

 εur (m/s) ερ* (%) εT (°K) εα  

Ground 0.1 0.2 1.7 0.004 

11000 m 1.1 0.08 2.4 0.003 

 

The most demanding parameter is the temperature, but 

averaging a few pulses should make possible to reach 

accuracies below the degree. 

 

CONCLUSION 

 

A new instrument has been presented for the 

simultaneous measurements of several air parameters. 

A method to optimize the instrument performances has 

been presented. The method can be applied to more 

realistic situations including Brillouin contribution and 

round fringe patterns. A breadboard is currently in 

development at ONERA. 
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