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Measurement of distance by the maximum frequency of the interference

signal with harmonic deviation of the wavelength of the self-mixing laser
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A method is proposed for measuring absolute distances from the low-frequency spectrum of the interference

signal of a frequency-modulated laser diode. The method of modulation of the self-mixing laser signal according

to the harmonic law is used, in the spectrum of which a wide range of frequency components is observed.

The connection between the maximum frequency of change of the interference signal and the absolute distance

to the reflector is shown. A linear dependence of the frequency corresponding to the inflection region of the

decay envelope of the interference signal spectrum on the distance is shown, which can be used to implement a

non-contact distance measurement method with harmonic modulation of the self-mixing laser supply current.
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Introduction

Semiconductor lasers with delayed feedback, referred to

as laser autodynes [1,2], have wide applications for mea-

suring micro-displacements [3], absolute distances [4–6], for
vibrational analysis [7], measuring thickness and refractive

index of thin films [8], for angular measurements [9], for de-
termining velocity and acceleration at microdisplacements,

including blood measurements in vivo [10–13], etc.
A distinctive feature of laser autodynes is the possibility

of probe measurements at a considerable distance from the

reflecting surface. The compactness of such autodynes

can give a significant advantage in the implementation of

measurements of microdisplacements and absolute distances

in comparison with triangulation systems and optical inter-

ferometers, despite their much higher accuracy [14,15].
Measurements of absolute distances using frequency

modulation of the laser diode supply current began with

very low accuracy values (a few millimeters) [4] and have

now reached values of several hundreds and even tens of

microns [5,6]. The main progress in improving the accuracy

of measuring absolute distances is associated with the

expansion of the range of laser wavelength deviation from

hundredths of a nanometer to several nanometers. Such

deviation values are obtained by varying the laser diode

supply current over a wide range. This leads to a nonlinear

dependence of the laser diode radiation wavelength on

its supply current and is to be taken into account when

measuring the distance.

Earlier, we have proposed a method of harmonic modu-

lation of laser radiation based on measuring the amplitudes

of the autodyne signal spectral components, which allows

measuring absolute values of the distance to reflector at

small deviations of the laser diode wavelength [16]. The

advantages of measuring absolute distances up to 10 cm

with harmonic modulation of the laser autodyne wavelength

in comparison with the triangular modulation method were

previously discussed in Ref. [17]. The disadvantage of the

method based on measuring the amplitudes of the spectral

components of the autodyne signal is the need to search for

a uniqueness region when solving the inverse problem.

In this paper, we propose a method for measuring

absolute distances in the case of harmonic frequency

modulation of laser radiation with respect to the frequency

determined by approximating the decline of the frequency

spectrum of an autodyne signal.

1. Interference signal model for
harmonic modulation of the laser
autodyne wavelength

When the laser wavelength is modulated, the semicon-

ductor laser power P can be expressed in terms of the

amplitude and phase components, depending on the pump

current density j(t) [18]:

P( j(t)) = P1( j(t)) + P2 cos(ω( j(t))τ ), (1)

where P1 is the direct power component, P2 is the

amplitude power component depending on the wave phase

incursion ω( j(t))τ in a system with external reflector,

τ = 2 · L/c is the time it takes the laser radiation to travel

the distance to the external reflector and back, ω( j(t)) is

the semiconductor laser radiation frequency depending on

the pump current density j(t) and the feedback level.

The autodyne signal parameters are affected by the level

of external optical feedback [19–21]. As shown earlier,

it is possible to choose the feedback level at which the
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semiconductor laser radiation frequency will not change

significantly and thereby introduce distortions into the shape

of the interference signal [16,22].
In this case, upon harmonic modulation of the pump

current density j(t), the semiconductor laser radiation

frequency takes the form

ω( j(t)) = ω0 + ωA sin(2πν1t), (2)

where ω0 is the natural frequency of the semiconductor

laser diode; ωA is the frequency deviation of the semicon-

ductor laser diode; ν1 is the frequency of supply current

modulation. Expression (3) for the power of radiation of

the frequency modulated semiconductor laser will take the

form ,

P( j(t)) = P1( j(t)) + P2 cos(ω0τ + ωAτ · sin(�t)), (3)

where θ = ω0τ is the steady-state phase of the autodyne

signal, σ = ωAτ is the amplitude of the current modulation

phase, � = 2πν1 is the circular frequency of the laser diode

supply current modulation.

Since only the phase component of the multifrequency

autodyne signal is used to determine the distance, Eq. (3)
can be written in the form

P( j(t)) = cos

(

θ + 4πL
1λ

λ2
sin(�t)

)

. (4)

To analyze the autodyne signal under conditions of har-

monic modulation of the laser diode radiation wavelength,

we will use the representation of the signal in the form of

an expansion in a series in Bessel functions of the first

kind Jn and in a Fourier series with amplitudes of the

spectral components Sn. In this case, without considering

the constant component, P(t) takes the form

(P(t) = cos(θ)J0(σ ) + 2 cos(θ)

∞
∑

n=1

J2n(σ ) cos(2n�t)

− 2 sin(θ)
∞
∑

n=1

J2n−1(σ ) cos((2n − 1)(�t)). (5)

To analyze the spectrum of an autodyne signal, we

use the relationship between the frequency of the spectral

harmonic and the instantaneous velocity of the reflector. Let

us assume that the object is moving uniformly in a straight

line with a constant speed ϑ in the observation interval t .
In this case, the time dependence of the external resonator

roundtrip time for laser radiation will take the following

form:

τ (t) =
2

c
(L0 + ϑ · t). (6)

Then the normalized component of the autodyne signal can

be presented in the form

P = cos

(

2ω0

c
(L0 + ϑ · t)

)

, (7)

and keeping in mind that ω0 = 2π · c/λ0, we get

P = cos

(

4π · ϑ · t
λ0

+
4π · L0

λ0

)

. (8)

Comparing expression (6) for the normalized variable

component of the autodyne signal with the harmonic cosine

function

P = cos(� · t + ε), (9)

where ε = 4π · L0/λ0 is the initial phase, and taking into

account that � = 2π · νn, where νn is the frequency of the

autodyne signal variation at constant variation rate of the

laser radiation wavelength, we get

νn =
2 · ϑ

λ0
,

from where the rate is

ϑ = νn · λ0/2, (10)

that is, for the harmonic modulation of the laser radiation

wavelength, it is possible to obtain the instantaneous rate

of wavelength variation by determining the frequency of

normalized variable component of the autodyne signal

spectrum by means of Eq. (10).
Equating the instantaneous rate (10) obtained from the

autodyne signal spectrum to the derivative of the frequency

deviation amplitude of the semiconductor laser diode

d
(

4πL1λ
λ2

sin(2πν1t)
)

dt
=

νn · λ0

2
,

it is possible to obtain the relationship between the distance

to the reflector with the spectral harmonic frequency νn:

L =
λ2

4π1λ

νn

ν1
. (11)

With the properties of Fourier transform for threshold-

restricted functions taken into account, the maximum

instantaneous rate of deviation 1λ will correspond to an

inflection point of the envelope of the autodyne signal

decline. Hence, it is the frequency corresponding to the

inflection region of the autodyne signal inflection region that

should be taken as the value of maximum frequency of the

variation of the interference signal νn.

2. Computer simulation of the
interference signal spectrum with
harmonic modulation of the laser
autodyne wavelength

The simulation of the autodyne signal was carried out

with the following parameters: λ = 650 nm, deviation

of the semiconductor laser diode radiation wavelength

1λ = 0.067 nm, distance to the object L = 50mm, mod-

ulation frequency of the laser pump current ν1 = 100Hz.
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Figure 1, 2 show the model of the interference signal and

its Fourier spectrum for different values of the radiation

wavelength deviation 1λ and the stationary phase of the

autodyne signal θ.

In Fig. 1, one can observe low-frequency modulation due

to the modulation of the laser diode radiation power at

the modulation frequency of the laser supply current, as

well as high-frequency modulation due to the interference

of the reflected wave with the incident wave, forming a

standing wave in the external resonator. With the deviation

of the laser radiation wavelength, a displacement of the

nodes and antinodes of the standing wave is observed,

because of which the intensity of the laser radiation will

change. The change in the radiation intensity is recorded by

a photodetector built in on the reverse side of the emitting

face of the laser autodyne.

As can be seen from Fig. 2, the interference signal

spectrum consists of harmonics whose frequencies are

multiples of the deviation frequency of the laser diode

power supply current. The maximum deviation frequency of

the laser supply current will correspond to the frequency νn,

corresponding to the inflection region of the decline enve-

lope of the spectrum of the interference signal, determined

in the region of the minimum of the first derivative of the

envelope function.

To improve the accuracy of determining the frequency

νn, the decline of the interference signal spectrum was

approximated by a polynomial of the form:

Ai(x) = a (i)
0 + a (i)

1 (x − x i) + a (i)
2 (x − x i)

2

+ a (i)
3 (x − x i)

3 + . . . a (i)
n (x − x i)

n.

Tables 1, 2 present the results of reconstructing the

distance value from the results of approximating the decline

of the interference signal spectrum by polynomials of

various degrees.

t, ms
0 2 4 6 8

–0.5

1.0

0

P
, 
a
. u

.

10

0.5

–1.0

b

t, ms
0 2 4 6 8

–0.5

1.0

0

P
, 
a
. u

.

10

0.5

–1.0

a

Figure 1. Autodyne signal at various deviations of wavelength

1λ: a — 0.067, b — 0.034 nm.
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Figure 2. Spectrum of the interference signal upon modulation

of the radiation power of the laser diode for various values

of the wavelength deviation and the stationary phase: a —
1λ = 0.067 nm and θ = π/4; b — 1λ = 0.034 nm and θ = π/3.
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Figure 3. Dependence of the error of reconstructing the distance

by the results of approximating the interference signal spectrum

decline with a polynomial of the 5th order, calculated from the

maximum frequency of the interference signal variation on the

wavelength deviation 1λ.

It follows from the above tables that the accuracy of

measurements can be improved by using the approximation

of the interference signal spectrum decline by mixed

harmonics at the stationary phase equal to θ = π/4, as

well as by increasing the deviation of the laser radiation

wavelength. The highest accuracy of solving the inverse

problem of determining the distance by means of Eq. (11) is
achieved by choosing a polynomial of the 5th order (n = 5).
The average distance determination accuracy in the range

50−100mm was 28.5µm, the minimum and maximum

accuracy was 1.3µm and 56.3µm, respectively.

Figure 3 shows the dependence of the error in recon-

structing the distance on the laser wavelength deviation,

obtained by approximating the decline of the interference

signal spectrum by a polynomial of the 5th degree, calcu-

lated from the maximum frequency of the interference signal

variation.
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Table 1. Error values when restoring the distance based on approximating the decline in the interference signal spectrum by polynomials

of various degrees at 1λ = 34 pm and θ = π/4

View Error

of approximation Odd harmonics Even harmonics Mixed-parity harmonics

4th degree 300 µm 1090 µm 220 µm

5th degree 15 µm 60 µm 10 µm

6th degree 100 µm 70 µm 80 µm

7th degree 70 µm 80 µm 40 µm

Table 2. Error values when restoring the distance based on approximating the decline in the interference signal spectrum by polynomials

of various degrees at 1λ = 67 pm and θ = π/4

View Error

of approximation Odd harmonics Even harmonics Mixed-parity harmonics

4th degree 75 µm 330 µm 50 µm

5th degree 9 µm 20 µm 5 µm

6th degree 35 µm 25 µm 30 µm

7th degree 25 µm 20 µm 10 µm

As can be seen from Fig. 3, there is a decrease in

the average measurement error with an increase in the

laser wavelength deviation, which can be explained by the

enrichment of the spectrum of the interference signal and

the use of higher-order harmonics to determine the absolute

distance.

3. Experimental part

The measurements were carried out using a setup, whose

block diagram is shown in Fig. 4. The setup included

the semiconductor laser module HLDP 650a, based on

quantum-dimensional structures with a diffraction-limited

single spatial mode and a wavelength of 654 nm 1. The

laser autodyne radiation was focused on the surface of the

object 2, the diameter of the laser radiation spot on the

object surface being 1mm. The operating mode of the

laser diode was specified by the supply current control

unit 5. The laser wavelength was modulated using a

signal generator built into the laboratory station of virtual

instruments NIELVIS 3 (National Instruments, USA).

The radiation reflected from an external reflector was

directed into the laser cavity, the variation of its intensity was

recorded by photodetector 4. The detected signal passed

through the signal amplifier 6 and the ac signal filter 7

and arrived at the input of the analog-to-digital convertor 8

with a sampling frequency of 150 kHz, connected to the

computer 9. The frequency modulation of the laser was

implemented by changing the supply current. The deviation

was measured by means of the echelle spectrometer SHR

(Solar LS, Belarus).
The laser diode radiation was focused by a lens with the

numerical aperture NA = 0.25. The reflector was located in

the plane of laser beam focusing. The maximal coefficient of

autodyne amplification is known to occur near the threshold

values of the supply current of a semiconductor laser. Due

to this fact, the supply current of laser autodyne was set at

a level of 1.2 of the threshold current value (I th = 25mA),
in this case the laser diode radiation power decreased to

2mW, the nominal operating power being 5mW.

Bandpass
filter

Current
supply

Signal
amplifier

ADC

PC

Signal
generator
NI ELVIS

Object

Lens

PD

LD

7 6 5

8 3

9

2

4 1

Figure 4. Block diagram of the experimental setup: 1 — laser

autodyne, 2 — object, 3 — NIELVIS generator of signals, 4 —
photo detector, 5 — supply current control unit, 6 — signal

amplifier, 7 — bandpass filter, 8 — ADC, 9 — computer.
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Table 3. Absolute distance values reconstructed from the results

of approximating the interference signal spectrum decline by a

polynomial of the 5-th degree for different values of deviation of

the laser autodyne wavelength

�

Deviation of laser radiation wavelength

39 pm 58 pm 73pm

Distance, MSE, Distance, MSE, Distance, MSE,

mm µm mm µm mm µm

1 51.64

33

51.6

27

51.58

25

2 51.69 51.54 51.57

3 51.7 51.57 51.54

4 51.73 51.61 51.62

5 51.72 51.63 51.6

6 51.68 51.6 51.61

7 51.75 51.57 51.56

8 51.71 51.61 51.58

To reduce the feedback level, controlled defocusing of

the laser beam was used. Using sets of different spectral

components of the autodyne signal, the feedback level

was determined, which did not exceed C < 0.2 during

measurements. When the feedback level was chosen, the

autodyne operation mode was controlled using a high-

resolution SHR echelle spectrometer, in the spectrum of

which, even in the presence of feedback, only one lasing

frequency was observed, which excluded the occurrence of

a chaotic power instability mode and laser diode radiation

frequency deviation.

The autodyne signal was filtered using a third-order

Butterworth filter. Signal processing was carried out in

Python using the scipy library.

Figure 5 shows the measured autodyne signal a and its

spectrum b for the case of voltage sweep according to
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Figure 5. The measured autodyne signal (a) and its spectrum (b)
for the case of harmonic voltage sweep over a time of 10ms, the

deviation of laser radiation wavelength deviation was 38 pm.

the harmonic law over a time of 10ms (ν1 = 100Hz) in

the range of laser radiation wavelength deviation from 0

to 38 pm. To increase the accuracy of measurements, the

cycles of voltage sweep were multiply repeated.

The decline of the autodyne signal was approximated

by a 5th-order polynomial in the region of higher spectral

components of the autodyne signal (solid curve). The

distance to the reflector was determined from the value of

the frequency νn corresponding to the inflection point of

the approximating curve in the region of higher spectral

components of the autodyne signal using relation (11).
The values of the absolute distance, reconstructed from

the results of the approximation of the interference signal

spectrum decline by a linear polynomial of the 5th degree,

are given in Table 3 for several measurements corresponding

to random values of the stationary phase 2, due to an

uncontrolled change in the temperature of the laser crystal.

The results of the calculation of the root-mean-square

(RMS) deviation at a fixed distance and the deviation of

the laser radiation wavelength are also presented here.

The average value of the absolute distance amounted

to 51.63mm. The minimum scatter value of 25µm is

observed at a deviation of 73 pm. The average scatter of

measurements at different values of the deviation of the laser

radiation wavelength was 76µm.

Conclusions

Compared to the well-known method for determining

the distance from the spectrum of a frequency-modulated

laser autodyne with triangular modulation, the harmonic

frequency modulation of laser radiation makes it possible

to increase the distance sensitivity of the method due to

the possibility of measuring the frequency of the spec-

tral component, which is not a multiple of the external

modulation frequency. Harmonic frequency modulation of

laser radiation gives rise to a set of spectral components

in the autodyne signal spectrum. Based on the results

of approximating the interference signal spectrum decline

by a polynomial, the frequency of the interference signal

is calculated, corresponding to the inflection region of

the decline envelope of the interference signal spectrum,

which is determined in the region of the minimum of the

first derivative of the envelope function. The maximum

frequency of the interference signal variation determined in

this way is used to calculate the absolute distance with an

accuracy of tens of microns.

Experimental measurements confirmed the possibility of

measuring the distance by the proposed method with high

accuracy, which increases with growing laser radiation

wavelength deviation and in measurements with a stationary

phase incursion equal to π/4. The linear dependence of

the frequency corresponding to the inflection region of

the decay envelope of the interference signal spectrum on

distance can be used to implement a non-contact method

for measuring the absolute distance with harmonic current

modulation of the laser radiation wavelength.
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