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Fig. 1. Lorentzian orthogonal second harmonic waveform and its parameters
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Table 1. Selection of modulation indices for different application scenarios under a Lorentzian profile
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In tunable diode laser absorption spectroscopy, quadrature demodulation reduces sensitivity to

reference phase mismatch. At low signal-to-noise ratios, however, nonlinear combination of the

in-phase and quadrature components introduces a positive envelope bias. This bias raises the

baseline and leads to overestimation of weak absorption signals. A compensation method based

on baseline noise variance estimation is proposed to address this effect.

The statistical analysis assumes that the residual amplitude modulation background has been

sufficiently suppressed. For independent Gaussian noise components with zero mean and equal

variance, the envelope follows a Rayleigh distribution at zero signal input and a Rician

distribution at nonzero input. In the compensation procedure, the noise variance of each channel

is estimated separately from an absorption-free baseline. The sum of the estimated variances is

subtracted from the squared envelope. Negative results are then set to zero, and the square root is

taken to reconstruct the amplitude.

Monte Carlo simulations with 10.000 trials per input amplitude evaluate the compensation using

baseline-estimated variances. For a noise standard deviation of 2 in each channel, the

conventional envelope has a mean of approximately 2.51 at zero input, consistent with the

Rayleigh model. Compensation reduces the positive bias near zero  input, - although

underestimation occurs at some nonzero amplitudes. A separate analysis uses known, equal noise

variances and 100,000 trials per amplitude-to-noise ratio to examine clipping and amplitude

reconstruction. The results show a concentration of probability at zero after clipping, together

with changes in the output mean and variance. The residual amplitude bias should therefore be

assessed against the requirements of quantitative measurements.

The compensated second-harmonic amplitude is further normalized by the first-harmonic

quadrature amplitude. The model assumes weak absorption and a first-harmonic reference

dominated by intensity modulation. The model further assumes that the reference has a high

signal-to-noise ratio and that the gain ratio between the two harmonic channels remains stable. In

a simulation of ideal common multiplicative attenuation, a 40% reduction in incident optical

intensity causes no evident step change in the mean normalized output.
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For a Lorentzian profile, the central peak amplitude reaches its maximum near a modulation

index of 2.2. The sum of the central peak and sidelobe amplitudes reaches its maximum near 3.1,

Voigt-profile calculations define the modulation index as the modulation amplitude divided by

the Lorentzian half-width at half-maximum. Over the range examined, the optimal modulation

indices for both features increase as the Doppler-to-Lorentzian width ratio increases. The actual

modulation amplitude should therefore be selected with the spectral broadening conditions taken

into_account. Experimental CO, absorption measurements show a reduction in the residual

quadrature envelope within the absorption-free window and illustrate the compensation response

in the adjacent weak-absorption region.

Keywords: tunable diode laser absorption spectroscopy, quadrature demodulation, statistical compensation,

modulation index optimization, trace gas detection
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