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Abstract.  Requirements to gyroscopes of strapdown inertial navi-
gation systems for aircraft application are formulated. The con-
struction of a ring helium – neon laser designed for autonomous 
navigation is described. The processes that determine the laser service 
life and the relation between the random error of the angular velocity 
measurement and the surface relief features of the cavity mirrors are 
analysed. The results of modelling one of the promising approaches 
to processing the laser gyroscope signals are presented. 

Keywords: laser gyroscope, ring laser, autonomous inertial navi­
gation, lock-in threshold, reactive oscillations, cathode sputtering, 
backscattering, forced dithering, quadrature signals, quantisation 
noise. 

1. Peculiarities of using a laser gyroscope  
in aircraft autonomous inertial navigation

The effectiveness of the flight task execution by mobile faci­
lities is determined by the assemblage of on-board systems 
and complexes, including the equipment providing the arrival 
at the prescribed region and the reliable functioning of a con­
trol and guidance systems, mounted directly aboard the 
mobile facility. This stimulated the development of on-board 
navigation systems based on different physical principles. The 
use of passive systems essentially reduces the possibility of the 
object detection due to the absence of radiation sources 
aboard. However, most of them, including the satellite navi­
gation system, are subjected to disturbances, which, obvi­
ously, is not favourable for the solution of the formulated 
problem. The inertial navigation systems (INS’s) are those 
that fit the requirements of autonomy and noise protection 
most completely. 

The development of INS’s, mainly for aircraft applica­
tion, was started at the Moscow Institute of Electromechanics 
and Automatics as far back as in the 1960s. By the end of the 
1990s the Institute had developed several modifications of 
platform inertial navigation systems (PINS’s) based on fluid-
suspended astatic gyroscopes, which are in exploitation even 
now. Aircrafts Su-24, Tu-22M, Tu-142M and Tu-95MS 

employ MIS-45, MIS-P and L-14MA systems developed 
in  the 1960s – 1970s and aircrafts Il-76, Tu-154M, Tu-160, 
An-124 and An-225 make use of I-11-1, I-21 and L-41 systems 
(1980s). However, the presence of complex mechanics and fol­
lower drivers of the cardan joint suspension limits the poten­
tial development of PINS’s aimed at reducing cost and energy 
consumption, at increasing operation lifetime, reliability and 
informativity and at reducing maintenance expenses.

In the 1970s intense studies aimed at the development of 
strapdown inertial navigation system (SINS) were started all 
over the world. At present, the world trends of INS develop­
ment are associated with practically complete transition to the 
SINS ideology [1 – 4]. In comparison with platform systems 
they possess 3 – 4 times greater informativity, 1.5 – 3 times 
shorter autonomous initial alignment time, 2 – 3 times smaller 
overall dimensions and mass, 10 times smaller energy con­
sumption and 10 times greater useful service time, which 
reduces the cost of the life cycle by orders of magnitude [5]. 
The specificity of the systems of this type consists in rigid 
connection of the unit of inertial sensitive elements (SEs) to 
the axes of the object, i.e., in the replacement of the physical 
platform with the mathematical one, which is the basis of all 
technical requirements to the gyroscopic SEs independent of 
their type.

A real platform allows the calibration of SEs, their hori­
zontal alignment and physical orientation of the platform 
axes by double gyrocompassing at each switch-on of the sys­
tem. The mathematical platform excludes the possibility of 
implementing these procedures. The initial alignment error 
of SINS’s is determined not only by the starting instability of 
drift characteristics of the SEs but also by their instability 
from start to start and by the instability of the gyroscope scale 
coefficient [5, 6]. 

In the navigation regime, the SINS gyroscope plays the role 
of a zero indicator in the case of using the inertial coordinate 
system or the positioner of small angular velocity of the Earth 
fly-around for supporting the local vertical in the geographic 
coordinate system. The dynamic range of the object angular 
velocity is compensated for by the follower system of the plat­
form cardan suspension. Hence, there are no requirements to 
the gyroscope concerning the wide dynamic range and high 
stability of the scale coefficient within its limits. In the case of 
the mathematical platform the above requirements are equiv­
alent to the requirements of the SE drift characteristics stabil­
ity, since they directly affect the system error in the navigation 
regime. The reduction of energy consumption and the precision 
readiness time unambiguously implies the elimination of SE 
thermal stabilisation systems. The introduction of algorithmic 
compensation for temperature dependences of the SE param­
eters imposes severe requirements on their stability [7].
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The implementation of the above characteristics in con­
ventional gyroscopes proved practically impossible, making 
it necessary to find principally new gyroscopic technologies. 
At present, laser gyroscope (LG) technology has become 
widely used in the world as the one providing the most com­
plete fulfilment of all requirements [8]. In accordance with the 
world trends of the avionics development, in 1984 – 1991 at 
the JSC ‘MIEA’ the first domestic SINS’s for aircraft applica­
tion, I-41-1S, was created on the basis of a KM-11-1A laser 
gyroscope (M.F. Stelmalkh ‘Polus’ Research and 
Development Institute), which was installed aboard Il-96 and 
Tu-204 aircrafts and manufactured serially for several years. 

During those years it was decided to start the develop­
ment and pilot production of LGs, more completely satisfy­
ing the requirements necessary for aircraft SINS’s. The LG-1 
gyroscope was developed, and on its basis, BINS-77 and 
BINS-85 systems were designed for military transport air­
planes and civil aircrafts, respectively. These systems passed 
all tests and were certified by the IAC as ready to be installed 
on aircrafts [9]. These systems became a basis for further 
development of the line of modern BINS-SP-1 and BINS-SP-2 
systems used on the manoeuvre aircrafts Yak-130, Su-35S 
and in future – on T-50 (Table 1). 

The developed LG technology with forced dithering and 
planar ray contour is oriented at the requirements of aircraft 
application: dynamic range of angular velocity measurements 
up to 400 deg s–1, relative error of the scale factor no greater 
than 10–6, precision readiness time no greater than 10 s, tempera­
ture range from –60 °C to +85 °C and minimal possible energy 
consumption, mass and overall dimensions. However, the used 
methods of information signal processing [10] and the devices 
for their implementation suffer from a number of essential 
drawbacks, such as a high level of fluctuations in the output 
signal associated with the use of chaotically modulated dithering 
frequency and quantisation noise, the appearance of additional 
errors caused by the subtracting of the parameters of ring laser 
oscillations at the dithering frequency from the output data, 
the necessity of using auxiliary devices intended for the control 
and correction of the LG operation. 

Depending on the accuracy class of the system, the total 
error of the gyroscope, including the starting instability and 
the irreproducibility from start to start, the temperature drift 
coefficient and the noise component of the drift, should not 
exceed the values summarised in Table 2 [11]. The systems of 
the third and second accuracy class are already designed, and 
at present the problem to be solved is to construct a system of 
the first accuracy class, oriented at the solution of navigation 

problems in promising front-line aviation aircraft complexes 
(PAK FA) and long-range future aviation complexes for 
Strategic Air Forces (PAK DA) (see Table 1). 

In the present paper we analyse the potential capabilities 
of improving the LG technology with forced dithering and 
planar ray contour in relation to providing the ring laser 
operability during tens of thousand hours of continuous 
operation, metrological approaches to the monitoring of the 
surfaces of the ring cavity mirrors, as well as the digital methods 
for processing the initial information, allowing the improve­
ment of the LG accuracy.

2. Ring laser design 

The basis of a laser gyroscope is a ring helium – neon laser 
(Fig. 1). The optical cavity of the laser is formed by spherical 

Table  1.  Development of SINS's based on laser gyroscopes at the JSC ‘MIEA’.

System Basic device
Parameters

Aircraft
Accuracy/km h–1 Mass/kg Readiness/min

1st generation (1990 – 2000)

I42-1S
Laser gyroscope KM-11-1A  
(‘Polus’)

3.7 43 15
Il-96-300, Tu-204,  
An-70SINS-85 Laser gyroscope LG-1  

(JSC ‘MIEA’)
3.7 20 10

SINS-77

2nd generation (2000 – 2010)

SINS-SP-1 Block of laser gyroscopes  
BLG (JSC ‘MIEA’)

3.7 15 5 Yak-130, Su-35, Tu-160M, 
Tu-95MSM, T-50SINS-SP-2 1.85 15 5

3rd generation (since 2010)

SINS-21
Block of digital laser gyroscopes  
BLG (JSC ‘MIEA’) 

0.9 15 4 PAK FA, PAK DA

Table  2.  SINS accuracy classes.

SINS  
accuracy  
class

Error of coordinate 
determination (2s) 
during 1 h/km

Gyroscope  
error/deg h–1

Noise 
component of 
drift/deg h–1/2

1 0.9 0.005 0.001

2 1.85 0.008 0.0015

3 3.7 0.015 0.003
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Figure 1.  Ring laser design:	
( 1 ) cavity case; ( 2, 15 ) photodetectors; ( 3, 14 ) planar mirrors; ( 4 ) anode; 
( 5, 11 ) spherical mirrors; ( 6, 10 ) piezoelectric correctors; ( 7 ) vibrosuspen­
sion; ( 8 ) aperture; ( 9 ) rotor of angular velocity sensor; ( 12 ) getter pump; 
( 13 ) anode stem; ( 16 ) cathode. 
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mirrors ( 5, 11 ) with the curvature radii 7.0 ± 0.2 m and trans­
mission coefficients smaller than 5 ́  10–6, and two planar mir­
rors ( 3, 14 ) with the transmission coefficients (230±20) ́  10–6. 
The optical axis of the cavity is close to the sides of a square 
with the perimeter 28 cm and is regulated by means of piezo­
ceramic transducers ( 6 ) and ( 10 ). The mirror substrates and 
the cavity case ( 1 ) are made of CO-115M glass-ceramics and 
are connected via the optical contact. The choice of optical 
glass-ceramics is determined by the low coefficient of thermal 
expansion (~10–7 °С–1) in the range of temperatures from –60 
to +80 °C [12]. 

The laser-generated counterpropagating beams of optical 
radiation with the wavelength 0.6328 mm have elliptic-shape 
cross sections and linear s-polarisation (the electric field 
strength vector being perpendicular to the cavity plane). To 
provide the oscillation in one fundamental transverse mode 
only, an aperture ( 8 ) is placed at the opposite side from the 
cathode at the beam waist. The elliptic cross section of 
the aperture fits the shape of the laser beam cross section. The 
active medium is the mixture of isotopes 3He : 20Ne : 22Ne = 
40 : 1 : 1 under the pressure of 750 – 950 Pa, in which the sym­
metric bilateral gas discharge is supported with the current of 
0.50 – 0.75 mA in each arm; the discharge channel diameter 
amounts to 2.7 mm. The use of two isotopes of neon makes 
it possible to avoid the competition between the counterprop­
agating waves generated by the laser, which is provided by 
the  difference of 875 MHz between the frequencies, corre­
sponding to the maxima of the gain for the isotopes 20Ne and 
22Ne [13]. 

The directed motion of atoms of the active medium due to 
the electric current (Langmuir drift) causes the nonreciprocity 
of counterpropagating waves [14] leading to the shift of the 
laser gyroscope zero. The use of a symmetric bilateral dis­
charge allows the suppression of this effect; however, the 
compensation is not complete, which is reflected in the residual 
systematic error of the zero bias 0.2 deg h–1 with the instability 
10–3 – 10–2 deg h–1. The ring laser electrodes, two copper anodes 
( 4, 13 ) placed symmetrically with respect to the cold aluminium 
cathode ( 16 ), are connected with the cavity case by means of 
diffusion melting via an indium gasket. The non-evaporable 
getter ( 12 ) made of titanium – vanadium mixture is used to 
stabilise the working mixture in the course of exploitation.

The phenomenon of locking [15] of the counterpropagat­
ing waves generated by the laser is suppressed by means of 
the forced dithering, the torsional oscillation of the ring laser 
with respect to the gyroscope case. The resonance frequency 
of the vibrosuspension ( 7 ), on which the laser is mounted, 
amounts to 400 ± 20 Hz. The control system provides the 
vibrations with the mean amplitude of 120 – 150'', the ampli­
tude and phase being randomly modulated. The service elec­
tronics of the laser gyroscope selects the information about 
the change in the Sagnac phase, the phase difference between 
the counterpropagating waves, generated by the ring laser, 
and also automatically controls the dither frequency and the 
cavity perimeter, using the signals from the additional sensors: 
the photodiodes ( 15 ) for measuring the laser oscillation power 
and the angular velocity sensor ( 9 ) that records the vibrations 
of the ring laser with respect to the gyroscope case.

The simplicity of engineering solutions based on the use of 
a  symmetric direct current discharge and planar cavity, in 
which the perimeter correction is implemented by microdis­
placement of spherical mirrors ( 5, 11 ), in combination with 
close tolerance for the deviation from the shape and linear 
dimensions, provide a number of advantages of the present 

scheme as compared to the other schemes of ring lasers, 
namely:

(i) the sensitivity to the external magnetic field does not 
exceed 0.002 deg h–1 Oe–1 (the value so small in comparison 
with the sensitivity of Zeeman ring lasers [16] is determined by 
the absence of nonreciprocal elements and the linear polarisa­
tion of laser radiation);

(ii) the possibility of tuning the cavity perimeter within six 
wavelengths of laser radiation in the temperature range from 
–60 to +60 °C without switching to the adjacent longitudinal 
mode limits the relative instability of the scale factor (1 ́  10–6);

(iii) the weak dependence of the zero bias on the variations 
in the external temperature is determined by the symmetry of 
the construction and the choice of optimal tolerances for the 
cavity geometry; the corresponding temperature coefficient 
does not exceed 0.001 deg h–1 °C–1;

(iv) the noise component 0.0015 – 0.003 deg h–1/2, caused 
by the random modulation of the mecahnical dither, is 
reduced at the expense of the choice of a four-mirror cavity, 
as well as using the mirrors with the integral scattering 
(10 – 30) ́  10–6 and relatively large curvature radius [15];

(v) the small drift instability during the start and from 
start to start (0.01 deg h–1) is caused by the low level of non­
reciprocity at the operational cavity misalignments. 

3. Supporting the steady-state bilateral  
discharge and the problem of the ring laser 
service life

By choosing the conditions of the ring laser active medium 
excitation, one should take into account a number of spe­
cific features of the discharge in inert gases, consisting in 
the possible instability of its steady state and in inevitable 
variations in pressure and composition of the gas mixture 
due to the ion  bombardment of the surface of the cold 
cathode and the walls of discharge channels. To inhibit the 
sputtering, the cathode is coated with the oxide film 20 – 25 
nm thick. In comparison with pure aluminium, the film has 
an increased energy threshold of sputtering and is an effi­
cient emitter of secondary electrons. The long-time mainte­
nance of high emission efficiency of the coating is provided 
by the helium ion implantation over all its depth [17], 
which stimulates the photoelectron emission caused by 
intense absorption of the resonance radiation of helium 
with the photon energy 21.2 eV [18]. The absorption of 
vacuum ultraviolet radiation in the oxide layer explains 
also the experimentally recorded increase in the coating 
conductivity by three orders of magnitude under the condi­
tions of gas discharge influence [19].

The theoretical description of the gas discharge plasma in 
a narrow channel [20] is based on the simultaneous solution 
of the Poisson equation for the electric field and the balance 
equations for electrons, ions and metastable atoms, taking into 
account the diffusion and the drift of charged particles across 
the discharge channel, direct and stepwise ionisation of atoms 
as a result of collision with electrons, chemoionisation

	 (1)

and Penning ionisation 
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He*(Ne*) + X ® X+ + e + He(Ne),	 (2)

where X is the impurity atom (molecule).
The gas discharge plasma in narrow channels, characterised 

by the near-axis concentrations of electrons ne ~ 1010 cm–3 
and metastable atoms nm ~ 1012 cm–3, has a falling current – 
voltage characteristic. Figure 2 illustrates the origin of the 
negative dynamic resistance. The results of measuring the 
linear reaction of the positive column to the external har­
monic perturbation by means of the technique developed in 
Ref. [21] are presented in the form of a hodograph of the fre­
quency dependence of its complex impedance. Near the points 
the values of the modulation frequency in kHz are indicated. 
The synthesised equivalent electric circuit is also presented 
here; the resistors and inductors are chosen such that the 
frequency dependence of the complex impedance reproduces 
the one recorded experimentally. The inertial elements in the 
circuit (RL circuits) simulate the processes in the positive 
column, forming the response to the external impact. Since 
the characteristic times (ratios of L/R) of the inertial elements 
are strongly different, each of them reflects the influence of a 
definite process on the ionisation balance. 

The slowest process is the establishment of the gas con­
centration distribution between the anode and cathode: the 
relaxation of the Langmuir drift of atoms is characterised by 
the time constant t1 = L2d/h ~ 50 ms (L = r0/2.405; r0 is 
the discharge channel radius; and d and h are the density and 
viscosity of the gas, respectively). The least inertial is the 
establishment of electron concentration: t3 = L2/D » 0.3 ms 
(D is the diffusion coefficient for charged particles under the 

conditions of transition for the ambipolar regime to the free 
one). The intermediate value of the time constant t2 is a char­
acteristic of the relaxation of the concentration of metastable 
helium atoms in the state 23S1:

t2 = (Dm/L2 + 4kmnm + kpNad + kene + kHeNeNNe)–1,	 (3)

where Dm is the diffusion coefficient of metastable atoms; 
km,  kp are the rate constants for the processes (1) and (2); 
Nad  and NNe are the concentrations of impurity and neon 
atoms in the active medium; and KHeNe is the rate constant of 
the excitation transfer from helium atoms to neon atoms.

It is of key importance to provide the stability of the 
boundaries of a narrow ‘stability window’ of a discharge in 
the range of current J1 > J > J2 under the conditions of long-
term exploitation. Beyond the ‘stability window’ at J > J1 
the moving striations are self-excited [22], and at J < J2 the 
reactive oscillations occur [23 – 25]. The cause of reactive 
oscillations is the negative real part of the complex impedance 
of the gas discharge plasma at the frequencies near 100 kHz, 
when the positive imaginary part of the impedance (see Fig. 2) 
is compensated by the negative reactive resistance of the wir­
ing capacitance. 

A key factor for ring laser technology is the presence of 
gases (O2, H2O, CO2), diluted in the volume of glass-ceramics 
that, as a result of ion bombardment of the inner walls of dis­
charge channels, are gradually released into the gas phase and 
are ionised in reaction (2). The important role of this process 
for the fixation of the ‘stability window’ of the discharge is 
illustrated by Fig. 3: in the plane of parameters ‘cathode cur­
rent J – ballast resistance R’ the boundaries of the region of 
self-excitation of reactive oscillations are shown at different 
rates of Penning reaction, proportional to the impurity con­
centration Nad. The increase in the Penning reaction rate in 
the case of the gas mixture pollution is accompanied with 
the expansion on the second semicircle in Fig. 2 (shown by 
arrows). As a result, the real part of the complex impedance 
in the high-frequency region appears to be positive. 

Figure 4 shows the variations of the reactive oscillations 
threshold J2 at the initial stage of laser operation. The growth 
of the reactive oscillation threshold during the first thousand 
hours is caused by the purification of the helium – neon mixture 
eliminating the impurities of foreign gases under the action of 
the gas discharge: the impurities are ionised and brought to 
the cathode, where they become bound. The achievement of 
balance between the extraction of foreign gases from the 
glass-ceramics into the gas volume and their binding at the 
cathode manifests itself in the stabilisation of the threshold 
current J2.

Figure 5 presents the experimental dependence of the 
cathode current Jlas corresponding to the double excess of 
the active medium gain over the losses in the passive cavity 
on the laser operation time. The growth of Jlas is caused by 
the absorption of neon atoms in the process of cathode sput­
tering; however, after 18 thousand hours its stabilisation 
occurs. 

Figure 6 illustrates the results of the study of the cold 
cathode surface by means of the atomic-force microscope, 
showing that the mean square roughness of the coating 
increases from 1 – 3 to 15 – 20 nm under the discharge impact. 
The roughness growth is due to the nonuniform distribution 
of the current over the cathode surface because of the focus­
ing of the ion flow by the pores in the oxide coating [26]. 
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Figure 2.  Frequency dependence of complex impedance of the positive 
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The long-term conservation of the coating integrity under 
cathode sputtering is provided by the supply of ionised oxygen 
atoms from the gas discharge. The formed structure (Fig. 6b) 
possesses a large effective surface, which allows the neon 
atoms to return to the gas phase at a rate equal to that of their 
absorption due to the cathode sputtering. Thus, the direct 
tests have shown that the technology of ring laser electro­
vacuum processing, conserving the oxygen within the glass-
ceramics volume, provides the service life of 80 thousand 
hours of continuous operation and stabilises the boundaries 
of the stability range of the steady-state bilateral discharge. 
The availability of the obtained results is confirmed by the 

independent prognosis of the service life time [27] based on 
the express method of recording the medium degradation rate 
by the changes of the reaction oscillations characteristics [28].

4. Backscattering of laser radiation in a ring 
cavity and the characteristic features of the 
mirror reflecting surface relief

The possibility of measuring small angular velocities with 
LGs is limited due to the locking of counterpropagating 
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waves generated by the ring laser [15]. The origin of this phe­
nomenon is related to the scattering of laser radiation in the 
direction of the counterpropagating beam by the elements of 
the ring cavity, the mirrors and the aperture. Until recently, 
two methods have been used to fight against it, the forced 
dithering and the improvement of the mirror optical fabrica­
tion technology. Quantitatively the locking phenomenon is 
characterised by the lock-in threshold wL, i.e., the maximal 
angular velocity for which the frequencies of the counterprop­
agating waves are still equal to each other. 

The use of torsional vibrations with a randomly modu­
lated amplitude and phase allows the reduction of the sensi­
tivity threshold of the LG-1 laser gyroscope to 0.02 deg h–1 at 
the lock-in threshold close to 0.03 deg s–1. However, the ran­
dom modulation of the dithering frequency causes uncer­
tainty of the recorded angular position (angle random walk) 
and gives rise to a random component in the output signal of 
the laser gyroscope with the mean square deviation directly 
proportional to the ratio of the lock-in threshold to the square 
root of the data averaging time [15]. 

The radiation backscattering is characterised by the com­
plex amplitude coefficient r, the argument of which is deter­
mined by the phases of the scattered waves, and the modulus 
is given by the relation 

|r| » / ( , , )P P Is 0 Tq q j W= ,	 (4)

where Ps is the radiation power scattered in the direction of 
the counterpropagating beam; P is the incident radiation 
power; DW = pu2; u ~ 10–3 rad is the divergence of the laser 
radiation; q0 is the angle of incidence; I(q0, q, j) is the scat­
tering indicatrix (the ratio of the power, scattered into the 
unit solid angle, and the power of the incident radiation); and 
q and j are the angles that determine the scattering direction. 
One should substitute into Eqn (4) the value of the scattering 
indicatrix in the direction of the counterpropagating beam, 
i.e., q = q0.

If the powers of the counterpropagating waves are equal, 
then the lock-in threshold wL in the first approximation is 
determined by the relation [15, 16]:

| | | | | || |cos
S
c R R R R
4

2cw ccw cw ccwL
2 2 Tpw l j= + + ,	 (5)

where c is the velocity of light in vacuum; l is the laser radia­
tion wavelength; S is the area bounded by the closed contour 
of the ring cavity optical axis;

Dj = arg Rcw + arg Rccw,

Rcw,ccw = ( 2 )exp ir kl ,n n
n

1
1

5

!
=

/ 	
(6)

are the amplitude coupling coefficients for the optical waves, 
propagating clockwise and counter-clockwise [29]; k = 2p/l; 
rn is the complex amplitude coefficient of laser radiation 
backscattering by the nth element of the cavity; and l1,n is 
the distance from the scattering element to the base mirror, 
measured along the optical axis. In the case of a four-mirror 
cavity (see Fig. 1) there are five scattering elements, the mir­
rors (n = 1 – 4) and the aperture (n = 5).

A more precise presentation of the locking region under 
the asymmetric coupling of the counterpropagating waves that 
allows the description of the dependence of its boundaries on 
not only the complex coupling coefficients of the counter­
propagating waves, but also on the active medium gain, is 
presented in Refs [30, 31]. Equations (6) demonstrate the 
possibility of changing the coupling coefficients and the lock-
in threshold, varying the positions of the scattering elements 
by displacing the mirror, the cavity perimeter remaining 
unchanged. The experimental measurements [32, 33], based 
on weak modulation of the counterpropagating wave power 
under the variation of Sagnac phase, demonstrate the possi­
bility of choosing such a position of two mirrors, that the 
lock-in threshold is reduced by several times. The coupling 
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Figure 6.  Variations in the surface roughness of the cold cathode made of aluminium with oxide coating as a result of long-term influence of a he­
lium – neon discharge with the current density 0.25 mA cm–2: (a) the initial state after thermal oxidation and (b) after 80000 h of operation. The 
surface relief is recorded by means of a Solver Pro atomic-force microscope. 
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coefficients can be measured and minimised in the passive 
ring cavity after its assemblage, as well [34].

It is known [35] that in the absence of absorption and with 
the scattering centre size much smaller than the wavelength, 
the arguments of the backscattering amplitude coefficients 
coincide with the phase difference of a Gaussian beam and 
a spherical wave (p/2). In this case the absolute values of the 
coefficients are equal, and the phase difference is Dj = p. To 
characterise this situation, the term ‘conservative scattering’ 
is used, since, in spite of the coupling of counterpropagating 
waves due to backscattering, relations (5) and (6) yield the 
zero value of the lock-in threshold. The measurements carried 
out with real ring lasers [32, 33] have shown that the phase 
difference Dj differs from p, which is an evidence of ‘noncon­
servative’ scattering in real optical cavities. 

During a long time either the losses or the presence of 
scattering centres with the height from tens to hundreds of 
nanometres on the mirror surface were considered to be the 
main reasons of ‘nonconservative’ scattering. A few years ago 
the methods of atomic-force microscopy (AFM) began to be 
used for analysing the topography of ultra-smooth dielectric 
surfaces [36] with the height resolution attaining 0.1 nm and 
the lateral resolution of a few nanometres. The AFM scan 
represents the height z of the surface points x, y and carries 
information about all characteristic features of the relief. 
Similar information, although with a much worse lateral reso­
lution, can be obtained using a white light interferometer. The 
comparison of the recorded relief with the results, obtained 
using the methods, based on the analysis of angular distribu­
tions of the X-ray and optical scattered radiation intensity 
[37, 38], confirmed the correctness of the analysis of the sur­
face scattering properties based on its AFM scanning. The 
results of experiments and vector theory of laser radiation 
scattering with the precision dielectric surface [36 – 41] show 
that to achieve the required level of backscattering one should 
polish the substrate, on which the multilayer interference 
coating is deposited, till the residual mean square roughness 
no greater than 0.2 nm within the spatial frequency range 
0.07 – 3 mm–1.

For the commercial manufacturing of mirrors with ultra-
weak scattering, information about the mean square roughness 
is not sufficient, because as a result of processing the surface 
has non-correlated singularities of different origin, including 
the local inhomogeneities (impurities), linearly structured sin­
gularities, such as the traces of the processing instrument or 
scratches, and the residual chaotic relief.

Polishing reduces the residual chaotic relief, but increases 
the number of linearly structured defects [42]. Their charac­
teristic feature is the anisotropy of the scattered radiation, 
depending on the polarisation of the incident optical beam 
[43]. It is possible to get information about the characteristics 
of such objects by selecting the anisotropic component of 
the scattering. The way to greater reliability is to synthesise 
several images of the relief, each containing mainly one of its 
characteristic features. This procedure can be implemented 
using the multiple-scale image analysis [44], based on the 
application of wavelet expansions. Figure 7 presents the stages 
of selecting the characteristic features of the AFM image.

The image of the surface region recorded by means of an 
atomic-force microscope (stage 1) is expanded in fifth-order 
Daubechies wavelets, and in the expansion the terms corre­
sponding to solitary juts and the scored relief are separated 
(stage 2). The image of the scored relief is subjected to the 
Radon transformation that transforms the extended objects 

oriented along the surface into the solitary juts (stage 3). 
Wavelet filtration of the juts in the Radon space (stage 4) and 
the inverse transformation (stage 5) provide the separation of 
images of linearly structured defects and the isotropic chaotic 
relief. The coefficients of mutual correlation between the 
synthesised images of different characteristic topography 
features of the optical surface do not exceed 0.2, which allows 
them to be considered statistically independent. The image of 
linearly structured defects, the traces of mechanical and 
chemical procession of the surface, are characterised by the 
scattering indicatrix having pronounced diffraction maxima. 

As an illustration of the anisotropy of scattering proper­
ties, Fig. 7 presents the dependences of the amplitude coef­
ficient of backscattering on the azimuthal orientation of 
the optical surface (the angle a), calculated for the linearly 
structured singularities and the isotropic chaotic relief. The 
obtained result demonstrates the effect of the procession 
traces on the amplitude coefficient of backscattering and the 
necessity to consider them as a significant cause of ‘noncon­
servative’ scattering that remains even when the absorption 
losses are negligibly small. The described method of analysis 
of mirror scattering properties allows the selection of mirrors 
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chaotic relief and linearly structured defects; (b) dependences of the 
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with minimal values of the amplitude coefficient of back­
scattering from the linearly structure defects and reduces the 
locking threshold of the counterpropagating waves.

5. Processing of information in a laser  
gyroscope with high-precision registration  
of the interference pattern shift

The source of information about the rotation is the variation 
of the Sagnac phase y [15] that causes the displacement of the 
pattern formed on the surface of the coupling prism ( 14 ) as 
a  result of the interference of laser beams outcoupled from 
the ring laser (Fig. 8). The signals at the outputs of the photo­
diode ( 8 ), in which the centres of detecting sections are sepa­
rated by a quarter of the interference fringe width, have the 
form:

Uc(t) = Uc,0 + Uc,m cos[ y(t)], 

Us(t) = Us,0 + Us,m sin[ y(t) + g],	
(7)
 

where g is the additional phase shift due to imperfection of 
the optical system; Uc,0, Us,0 are the constant biases; and Uc,m 
and Us,m are the amplitudes of the quadrature signals. The 
method of processing the initial signal (7) being in use at pres­
ent allows the fixation of the Sagnac phase only by the integer 
multiple of p/n rad (n = 1 – 4) that corresponds to the nominal 
sensitivity to angular motions ~1'' [10, 15]. This approach 
excludes the possibility of obtaining information about the 
real value of the phase at the moment of picking up the data 
from the laser gyroscope, which is executed with the rate of 
2.0  kHz, and also does not provide total subtraction of the 
oscillations at the dithering frequency from the output sig­
nal. 

Figure 9 shows the square root of the Allan variance sw as 
a function of averaging time T; as the initial information the 
array of output data from the LG-1 laser gyroscope is used. 
The counts of angular displacements in this case were exe­
cuted at time intervals being integer multiples of the dithering 
period at zero value of the angle (the error of dither subtrac­
tion is absent). Lines 1, 2 and 3 illustrate the contribution of 
the sources s1, s2 and s3, respectively, each characterised by 
the specific dependence on the averaging time – the quantisa­
tion noise, the noise due to random dithering frequency and 
the zero shift instability. The known relation between the 
noise due to random dithering and the lock-in threshold [15] 
allows the estimation of its value as wL » 0.023 deg s–1. The 
theoretical limit for the quantisation noise, the discretisation 
step of the Sagnac phase being equal to p, typical under the 
conditions of direct counting of interference fringes, shifted 
with respect to the detecting pads of the photodiode ( 8 ) (see 
Fig. 8) amounts to 1.3 ́  10–4/Т deg h–1. The combined effect of 
all sources is illustrated by line 4 (Fig. 9), plotting the results 
of direct measurements. Thus, for achieving an acceptable 
error with the high rate of information update, it is first of all 
necessary to suppress the quantisation noise by two orders of 
magnitude.

A promising method is the precision recording of the 
interference pattern shift [45], used in laser interferometry [46] 
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Figure 8.  Formation of quadrature signals in the ring laser: (a) the elec­
tric scheme of RL and (b) the shift of interference pattern with respect 
to detecting pads of the sectioned photodiode:	
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and including the following stages: discretisation of initial 
quadrature signals; approximating by an ellipse the set of 
points corresponding to the digitised region of realisation in 
the plane of the variables Uc(t) and Us(t); determination of the 
parameters of the primary signals (7); and restoration of the 
time series for the phase difference between the counterpropa­
gating waves. 

The implementation of this approach in the laser gyro­
scope signal processing [47, 48] did not require any informa­
tion sources, except the signals at the outputs of the sectioned 
photodetector ( 8 ), and allowed one to increase the precision 
of the interference pattern shift recording and to reduce the 
error of the Sagnac phase measurement to 0.03 rad. When the 
number of ADC digits is no smaller than 12, the precision is 
limited by the parasitic capacity coupling between the infor­
mation channels [49] and the noises of the amplifier of the 
photodetector signals. As a result, the noise, introduced into 
the output signal by the errors of registration, is reduced by 
two orders of magnitude (line 1' in Fig. 9), and the dominant 
contribution to the value of the random error is introduced by 
the random dither frequency (line 4' ).

The potential capabilities of the precision method of pro­
cessing the laser gyroscope signal allow the following:

(i) recording the variations of the phase difference between 
the counterpropagating waves, generated by the ring laser, 
having the value of a few hundredths of radian, which corre­
sponds to the sensitivity to the angular displacements of the 
order of 0.01'' ;

(ii) increasing the rate of updating the output information 
about the angular motions to 10 kHz;

(iii) adapting automatically the laser gyroscope to the 
changing conditions of its operation;

(iv) suppressing the oscillations at the dither frequency in 
the output signal of the laser gyroscope by means of the digital 
rejection filter; and 

(v) making the auxiliary photodiodes ( 6 ) (see Fig. 8) 
unnecessary, since the amplitudes of the quadrature signals 
Uc,m, Us,m, are proportional to the laser oscillation power.

The elliptical filter [50] provides the combination of the 
required operation rate with the acceptable delay of the out­
put signal. Figure 10 shows the distortions of the test signal at 

the output of such a filter and the dependence of the error 
arising in the course of uniformly accelerated rotation of the 
RL by the angle 10° on the angular acceleration. The advan­
tage of this method of data processing is the practically com­
plete subtraction of the dither frequency from the LG output 
signal. 

In the SINS mathematical model, information from the 
laser gyroscopes was subjected to processing using the method 
of Sagnac phase time series reconstruction. As the initial data 
for the study of dynamic capabilities of the laser gyroscope 
output information processing method the real trajectories 
obtained during the flight test of the SINS aboard the Yak-
130 aircraft were used.

Figure 11 presents the results of modelling of the informa­
tion signal selection process in the course of digital processing 
and rejection filtering of the raw data from the laser gyro­
scope used in the list sensing channel for the fragment of a 
400-s-long flight. To remove the dither, the elliptical filter of 
the 10th order with the 60 dB attenuation in the frequency 
band 5 Hz was used. The trajectory motions consist of combi­
nations of fast manoeuvres with the angular accelerations 
approaching 1000 deg s–2, to which the short-time spikes of 
the reconstructed angle error up to 10 – 12'' correspond. The 
reconstructed angle error oscillates about the zero mean value 
and is not accumulated.

When implementing this information processing method, 
some LG elements, presently in use (see Fig. 1), become super­
fluous, namely, the angular velocity sensor ( 9 ) and the photo­
diodes ( 15 ) at one of the planar mirrors ( 14 ), the reflection 
coefficient of which can be reduced from 230 ́  10–6 to 5 ́  10–6. 
The elimination of excess sensors will allow the elimination of 
the appropriate units of service electronics.

Thus, the possibility of efficient suppression of quantisa­
tion noises of the laser gyroscope and the stability of the pro­
cessing method with respect to dynamic trajectory motions 
of the object are demonstrated. The obtained results confirm 
the reasonability of using the registration of the interference 
pattern motion in real time [44] with the aim of determining 
the Sagnac phase variation by the counts of the raw quadra­
ture signals of the laser gyroscope in autonomous SINS’s for 
aircraft application. 
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6. Conclusions

1. The physical mechanisms that determine the stability of 
the discharge and the gas exchange processes in a ring laser 
are considered. The results, including those obtained in the 
direct tests, show that the service life of a ring laser with a 
cold cathode is determined by the combination of degrada­
tion and restoration processes that occur in the direct-cur­
rent discharge. The found regularity allows the formation of 
conditions that provide the prescribed service life time of a 
ring laser.

2. The application of the described methods of recording 
AFM images of small-scattering mirrors and their substrates, 
as well as the methods of processing these images aimed at 
revealing the characteristic features of their relief allow:

– selection of the mirrors and mirror substrates with mini­
mal scattering by the linearly structured singularities that 
remain after polishing, and reduction of ‘nonconservative’ 
scattering in the ring cavity; 

– selection and classification of mirror and substrate defects, 
and, as a consequence, the information needed to control the 
technology of mirror fabrication.

3. It is shown that the considered method of Sagnac phase 
extraction from the raw quadrature LG signals allows:

– efficient suppression not only of the noise caused by 
incomplete dither subtraction, but also of that caused by 
quantisation; 

– essential increase in the LG output information updating 
rate, which is necessary for increasing the precision, particu­
larly, in the case of highly dynamical objects; 

– the required quality of the output LG information to be 
provided during the highly dynamical motion of the object;

– simplification of the LG construction.
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as the list angle sensor and (b) the errors of the list angle reconstruction 
after the dither filtering.
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