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Abstract: The light source is one of the key components of fiber optic gyroscopes (FOGs) since its optical parameters determine
FOG performance, including the scale factor and zero bias stability. In this paper we consider the main types of light sources that
are most suitable for FOGs. We describe their design principles and relevant technical characteristics, review commercially avail-
able light sources, and provide a brief assessment of the prospects for the development of light sources in the context of fiber optic

gyroscopy.
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1. INTRODUCTION.
GENERAL PROVISIONS

Over the last decades, one of the important lines of
research and development in the field of fiber optics for
navigation, positioning, orientation, stabilization and
motion control applications has been the development
of FOGs, which are a serious competitor to traditional
mechanical and laser gyroscopes due to their high reli-
ability, wide dynamic range, long service life, low
power consumption, light weight, and low cost [1, 2].

The FOG operating principle is based on the Sagnac
effect in a ring interferometer, which is well known [2].
The essence of this phenomenon lies in the fact that
when the fiber-optic ring interferometer (FRI), or
Sagnac interferometer, rotates with an angular rate of
Q, its optical waves, propagating in counter directions,
produce a Sagnac phase difference A specified by
equation [2]
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where A is the wavelength of the light source (LS), m;
c is the speed of light in vacuum, m/s; R is the FRI coil
radius, m; L is the coil length, m.

The Sagnac effect is relativistic, which is why in or-
der to provide for an acceptable level of sensitivity and
measurement of small angular rates Q, the FRI is based

on a multiturn coil, thus making it possible to propor-
tionally enlarge the area of the fiber coil while main-
taining relatively small values of the radius R and the
dimensions of the device as a whole. The FRI is self-
consistent since in the absence of nonstationary effects
on the coil, the interfering counterpropagating waves
travel the same path and have the same phase shift.
Though the presence of nonstationary effects on the
coil, mainly temperature, results in the appearance of a
component in the phase difference of the interferome-
ter that is not related to the angular rate, it does not cre-
ate fundamental limitations for this method of meas-
urement. Such effects can be minimized due to special
techniques for FRI winding as well as software com-
pensation methods. All this made it advantageous to
use FRI for FOGs [2,3].

The working point of the FOG interferometer is
shifted from the region of maximum of the harmonic
interference function to a more linear section, which
becomes possible owing to a special auxiliary modula-
tion of the argument of interference oscillations and
special processing of the interferometer signal. This al-
lows the phase difference Ae to be determined with
high accuracy and good resolution over a wide range
of angular rates [2].

Fundamental limitations on the resolution of
measuring the phase difference Ae and, as a conse-
quence, the angular rate Q are associated with the
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signal-to-noise ratio obtained in the interference sig-
nal, but in practice, we can observe additional fluc-
tuations and distortions of the interference signal in
the FRI that adversely affect the result of the Sagnac
phase difference measurement. A significant factor
leading to parasitic disturbances in the FRI signal is
the emergence of various additional paths of wave
propagation in the fiber coil and additional interfer-
ence components that are not related to the angular
rate Q. Such paths arise due to the propagation of
light in a fiber coil in the form of different polariza-
tion modes in the presence of mode coupling, due to
light scattering in the fiber and the interaction of
counterpropagating waves, due to spurious reflec-
tions from fiber connections and from the elements
of the circuit. The negative impact of such effects
can be partially mitigated by the configuration and
fine tuning of the optical circuitry, but their parasitic
influence remains significant. Parasitic interference
components caused by the above-mentioned effects
are also observed in fiber-optic interferometers of
another type, which have orders of magnitude
shorter fiber length and directly detect the impact-
induced change in the optical length. For this reason,
the influence of weak additional interference compo-
nents is usually not as important for them as for FRI-
based FOGs.

On the other hand, taking into consideration the spe-
cifics of the Sagnac interferometer as a self-consistent
device, all parasitic interference components are signif-
icantly suppressed by weakly coherent LS with a rela-
tively wide spectrum, which has become the main gen-
erally accepted approach in this case. Interference os-
cillations remain only for waves that have passed
strictly identical optical paths, which eliminates inter-
ference of the majority of spurious optical waves and
suppresses distortions during measuring the Sagnac
phase difference [4]. The use of such LS makes it pos-
sible to reduce the requirements for the reflections in
connections and circuit elements, for the extinction of
the used polarizers and other parameters of the ele-
ments associated with the emergence of parasitic light
propagation paths in the interferometer coil [2].

The purpose of this work is to review and analyze
the main types of LS suitable for FOGs, and to briefly
describe the design principles and technical character-
istics of the sources that are most important for this ap-
plication. The paper also provides a review of commer-
cially available LS, brief assessment of the prospects

for the LS development in the context of fiber-optic gy-
roscopy, and recommendations for choosing LS de-
pending on the FOG’s field of application.

2. LS KEY CHARACTERISTICS
FOR CONSTRUCTING A FOG

If we rank all the characteristics of LS by signifi-
cance in the context of their application to FOG, the
stability of the spectrum and its width should be con-
sidered of primary importance. The requirements for
spectrum stability are determined by the fact that A is
directly included into relation (1). A wide spectrum
and, as a consequence, a short coherence length are
necessary to suppress components in the FOG inter-
ference signal that are not related to the angular rate
Q. Minor, yet also important characteristics, are the
LS output power, which affects the signal-to-noise
ratio of the interference signal, as well as the polari-
zation properties of the source—the degree of polar-
ization and orientation of the polarization axes—
which must be taken into account when constructing
FOG optical schemes to mitigate unwanted interac-
tions of polarization modes.

Weighted average of LS wavelength
and its spectral width

To activate a broadband LS, it is necessary to spec-
ify the parameter A in formula (1). In the case that the
LS spectrum of the source Sp (v) (here Sp is the spectral
density of optical power, W/Hz; v is the optical fre-
quency, Hz) is symmetric with respect to the central
frequency vo, it is correct to use the value of the central
wavelength Ao = ¢/voin formula (1). Real sources may
have complex asymmetric spectra, and in general,
weighted mean values should be used, which are deter-
mined by relation [5]:

- _ . fv:Sp(v)dv 1
hwa = Vwa ¢ (fSp(v)dv) ’

)

where vwa is the weighted average frequency, which is
given by the expression in parentheses, and Awa is the
weighted average wavelength (WAW). For a symmet-
ric spectrum Vwa = vo and A wa = Ao.

The WAW directly specifies the FOG scale factor
(conversion factor) in accordance with (1), and its shift
by dAwa leads to an erroneous shift of 5C2 of the meas-
ured angular rate value:

U

80 = A - 3)
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Fluctuations in Awa can be caused by changes in the
spectrum shape, including those caused by temperature
effects and LS aging. For a navigation-grade FOG, the
required stability of the WAW is 1 ppm, taking into
account the influence of all destabilizing factors,
among which are the temperature of the semiconductor
structure, LS pump current, and others.

The LS spectral width is also generally character-
ized using the root-mean-square (rms) value of the
width [5]:

J(v=vwa)?-SE(V)dv
B = [

(4)

In the case of simple and, particularly, symmetric Sp
(v) dependencies, the spectral width is often given, de-
termined by a specified level of Sp decrease relative to
the maximum value. The relationship of such estimates
with the rms width depends on the spectrum shape. If,
for example, Sp (v) is described by a Gaussian curve
with variance 6 in the form Sp(v) ~ exp[—(v — vo)*/4c7],
then from (2) and (4), we obtain Avims = o, and the
commonly used full width at half maximum (FWHM)
(i.e. -3 dB) will be equal to 3.33-Avims.

Also, it should be noted that in most cases, the de-
vices for measuring the LS spectrum measure the Sp
dependence on the wavelength, i.e., the LS spectrum
is recorded in the wavelength scale. In this case, to
apply formulas (2) and (3), we need to recalculate the
Sp (M) dependence into the Sp (V) spectrum using the
relation A = ¢/v for the argument, and also taking into
account the relation 8v = SA-c/(A?) for the spectrum
analyzer filter bandwidth when recalculating the Sp
level. The spectral width at the %2 maximum level for
LS in a navigation-grade FOG should be no less than
5 nm [11]; most of the commercially available LS of
suitable types have spectral widths in the range of 30—
80 nm.

LS temporal coherence

Another important characteristic, which takes into
account the LS nonmonochromaticity and suppression
of the influence of interference of the waves traveling
through different optical paths, is LS temporal coher-
ence. If the beam of an optical source is split into two
waves that travel through two paths with a difference
AL and then combine, the interference oscillations of
the optical power caused by the changes in AL will be
described by formula [2]:
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PAL) = 2|1+ yee(AL) cos (2 522) +

Awa
Yeo (AL) sin (Zn ii:)] , (5)

where Po and Awa are the power and LS WAW, n is the
refractive index of the medium in which the interfering
waves are split and combine.

Formula (5) is written under the assumption that the
interfering waves have the same amplitudes and the
same polarization states, so that there is no need to in-
troduce additional coefficients to take into account
such mismatches. When considering interference os-
cillations (5) in relation to the case of a self-consistent
Sagnac interferometer, the equivalent path difference
is AL = 2R-L-€)/c. The decrease in the amplitude of in-
terference oscillations with increasing AL is deter-
mined by the coherence function [6], represented in (5)
by the even Yce (AL) and odd yco (AL) components,
which are associated with the LS spectrum. In the case
of a symmetric spectrum, there is no odd component,
but even for an asymmetric spectrum, the contribution
of the odd component is usually small, and it is ne-
glected in the quantitative estimation of the coherence
function.

The faster the LS coherence function decreases with
the AL increase and the lower is the level of oscillations
of this function (the presence and size of the so-called
“side lobes” of the function — secondary, or side, max-
ima), the less is the existence of parasitic interferomet-
ric components in the real coil of the FOG ring inter-
ferometer [7]. The larger is the LS Avwa, the faster is
the general decline in the coherence function; and the
features of oscillations of the dependences yce (AL) and
Yeo (AL) are associated with the specific shape of the LS
spectrum (the coherence functions of some commer-
cially available LS are given in Section 5).

For LS used in FOGs, the most informative are the
coherence length Lc and decoherence length Ldc de-
termined by the levels of the coherence function — 0.8
and 0.03, respectively (Fig. 1). The Ldc value for LS
should not exceed a few millimeters and for the major-
ity of suitable sources, it is in the range from 30-50 um
(for superluminescent diodes) up to 300-500 pm (for
erbium superluminescent sources).

In practice, LS are usually characterized by power
spectrum Sp (A). This characteristic is easier to measure
because the instruments for measuring the optical spec-
trum are available. It is the power spectra that manu-
facturers usually provide in LS data sheets. If neces-
sary, the components of the coherence function yee (AL)
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and Yco (AL) can be obtained from the analysis of the
LS spectrum shape using the inverse Fourier transform
[2, 7]. Such an estimation can be useful, for example,
in a comparative analysis of different LS, in targeted
modification of the LS spectrum, and in other practical
scenarios.

Pa }a(&L )u
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Fig. 1. LS spectrum and its coherence function, AArwnn is a spec-
trum width at half-height [6].

The influence of the spectrum shape on measure-
ment errors Q cannot be described in simple explicit
expressions, all the more so because this influence may
depend on the algorithm for processing the interference
signal, and other factors. It is clear that an optical
source with a wider symmetric Gaussian-like spectrum
is preferable in terms of the FOG accuracy characteris-
tics. Small coherence and decoherence lengths, as well
as the absence of ““side lobes” indicate that the energy
of the parasitic interference components of such LS is
insignificant. It is also clear that in the comparison of
two LS with similar spectra, preference should be
given to the one that has the smallest Lc, Ldc and “lobe”
height; however, for a strict comparison of two LS, the
first of which, for example, has a wider but less sym-
metric spectrum, a numerical analysis of signal for-
mation and processing in a circuit with a ring interfer-
ometer is needed, taking into account the LS spectrum.
Such studies for LS most commonly used in FOGs
(with different spectral shapes) should be a subject-
matter of a separate research.

LS output optical power

The absolute level of output optical power Po,
which determines the level of the interference signal
and the resulting signal-to-noise ratio limiting the res-
olution of Sanyak phase and angular rate measure-
ments, is also an important LS characteristic in the con-
text of FOG applications. As Po increases, the role of
noise of the electronic detection circuitry and the con-
tribution of shot noise decrease [8]. Also, with suffi-
ciently high output power, an LS can be used to ensure
the operation of several FOGs as part of navigation
modules, usually containing three or four gyroscopes

with different orientations of the sensitivity axes of fi-
ber-optic coils.

The range of LS optical power values for FOGs is
rather wide; devices with a relatively short coil (up to
1 km) can be built using sources with a power of about
1 mW; however, a high signal-to-noise ratio in high-
precision devices (coil length of 1 km or more) can be
provided with LS that have an output optical power of
10 mW or more.

It should also be noted that as the optical power of
LS and the energy density in the fiber increase, the er-
ror caused by the nonlinear Kerr effect also increases
in the FOG output signal. The contribution of this error
can be substantially decreased when a wide-spectrum
LS is used in the FOG [2].

Relative intensity noise

A parameter closely related to the LS optical power
is the level of relative intensity noise (RIN), which is
usually given in decibels relative to the optical power
at the LS output. This parameter characterizes the level
of random fluctuations in the LS output optical power
caused by a number of factors, in particular, thermal
fluctuations of the active medium and some others.

A type of RIN for a wide-spectrum LS is excess
RIN (ERIN) caused by random fluctuations in the op-
tical power of different spectral components. ERIN is
one of the main LS parameters that limits the signal-to-
noise ratio of the FOG optoelectronic circuit and, as a
result, increases the angular random walk (ARW).
Since the spectral power density of ERIN is inversely
proportional to the spectrum width, this effect is higher
for LS with a narrower spectrum. It should be noted
that there are quite a few known techniques to reduce
the influence of ERIN on the FOG performance at the
levels of both the optical circuitry and signal pro-
cessing algorithms [9, 10]. In most high-precision
FOGs with broadband LS, the application of one or
more methods can reduce the ERIN contribution to the
interferometer phase error to the level of shot noise.

LS polarization properties

When designing high-precision FOGs, it is neces-
sary to take into account the polarization properties
of all components included in the optical circuit and
the connections between them. Polarization transfor-
mations are one of the reasons for the violation of the
Sagnac interferometer reciprocity and the appear-
ance — in the output FOG signal — of the components
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associated with the interference of different polari-
zation modes rather than with the angular rate. One
of the two approaches is most often used to suppress
such components: constructing an interferometer
coil from a fiber while maintaining polarization, and
constructing a coil from a standard optical fiber to-
gether with depolarization of the incoming and out-
going beams [2].

In both cases, it is preferable to use an unpolarized
or depolarized LS so that polarizers are further used
in the optical circuit. In this case, there is no need to

Table 1. The main characteristics of LS used in FOGs

match the polarization modes of the LS fiber output
and the interferometer fiber coil. It is easier to get
radiation with high extinction than generate and
maintain high stability of the polarization state at the
LS output. The use of a polarizer and polarization-
preserving fiber in the optical design makes it possi-
ble to somewhat relax the requirements for a low de-
gree of LS polarization, but for high-precision de-
vices, this value should not exceed 1%.

Table 1 summarizes and describes the most signif-
icant characteristics of the LS for FOG applications.

Characteristics

General requirements/mechanism of influence

Output optical power

= The higher the power, the higher the FOG signal-to-noise ratio
= Too high power — danger of nonlinear effects in the fiber
= High power allows several interferometers to be served by a single source

(in fiber) = The minimum power level is determined by the FOG parameters: loop length, processing circuit
parameters, and others. The conditional minimum is =10 mW
= The wider the spectrum, the shorter coherence length and smaller contribution of parasitic inter-
FWDM ference components to the FOG signal

= For a navigation-grade FOG, the conditional minimum limit is ~5 nm [11]

Spectrum shape
components

= The closer the spectrum to the Gaussian shape, the lower the energy of the parasitic interference

WAW stability

= WAW is included in the FOG scale factor. For a navigation-grade FOG, long-term stability
= of the WAW should be of the order of 1 ppm [12]

Coherence function form, co-
herence length (Lc),

= For FOGs, LS with a minimum length Lc and the absence of “side lobes” are preferable
= If the coherence functions have similar forms, the preference should be given to LS
= with the shortest coherence length and the minimum height of the “side lobes”
= If the coherence functions differ significantly in their forms, numerical simulation or
a comparative experiment should be carried out for a correct comparison

Excess relative intensity noise

= Increase in ERIN leads to an increase in FOG ARW
= The wider the spectrum, the smaller the ERIN

ERIN
( ) = There are effective techniques to decrease ERIN
= For high-accuracy FOGs, LS with unpolarized or depolarized radiation are preferable
Output polarization = The use of a polarizer in the FOG circuit reduces the input optical power, but

minimizes the negative effects associated with the LS polarization

3. MAIN TYPES OF LS SUITABLE
FOR FOGS

LS with WAW at about 850 nm, i.e. in the so-called
first transparency window of quartz optical fibers, are
often used for tactical-grade FOGs with the length of a
ring interferometer coil of less than 1 km. In the case
of extended fiber optic coils for navigation-grade
FOGs (1 km or more), LS with WAW in the region of
1550 nm are relevant; this is the so-called C-band or
the third transparency window, where optical power
losses in quartz optical fibers are minimal. A decrease
in the interferometer sensitivity due to an increase in
the WAW can be compensated for by multiple length-
ening of the fiber optic coil [2].
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Despite their wide spectrum, light-emitting di-
odes (LEDs) have not become effective sources for
FOGs because they cannot provide either sufficient
levels of optical power in the optical fiber or opera-
tion in the C-band.

Laser sources are also not widely used in FOGs,
since they have a discrete and too narrow spectrum, alt-
hough a number of studies in recent years have demon-
strated that they are potentially applicable both in tac-
tical-grade FOGs and in more precise devices, in which
case their spectrum is broadened in various ways.

The most attractive and promising today are two
types of LS which are based on the effect of amplified
spontaneous emission (ASE) or superluminescence,
with the operating wavelength of 1550 nm and a rela-
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tively wide spectrum. These are superluminescent di-
odes (SLDs) [13—15] and superfluorescent (also often
called superluminescent in Russia) fiber sources (SFS),
most often implemented on active erbium fiber (here-
inafter referred to as erbium superluminescent sources
(ESS)) [8, 16-18].

In the following sections, we consider the above-
mentioned sources in more detail.

4. SUPERLUMINESCENT DIODES (SLD)

SLDs are a double heterostructure of an active
layer between the layers of p-type and n-type semi-
conductors formed on an n-type substrate. Their
structure is similar to that of laser diodes, with one
exception — SLDs do not have resonator mirrors
(Fig. 2); instead, an antireflection coating is often ap-
plied to the emitting side, while the opposite side is
cleaved at an angle and/or a layer of absorbing ma-
terial is applied. Ideally, spontaneous emission re-
sulting from the application of a potential difference
to the electrodes passes through the active region
only once; so, it is not specific modes that are ampli-
fied, which is typical for a system with a resonator,
but all wavelengths corresponding to the parameters
of the heterostructure [19].

Metal electrode
Isolating layer
Buffer layer
P-type layer
Active layer
N-type layer

N-substrate

Metal electrode

Fig. 2. Simplified structure of an SLD-type LS with a comb wave-
guide and end surfaces beveled to suppress resonance

Serially produced SLDs have an active length of
about 300-500 pum. The semiconductor structure is
placed in a housing with subsequent sealing; an optical
fiber is connected to the SLD from the output side of
the active zone. The level of optical power injected into
the fiber is usually between a few and tens milliwatts;
the efficiency of introducing radiation into the fiber is
10-20%. In this parameter, SLDs are comparable to la-
ser diodes—SLDs also have a high degree of spatial
coherence, but they differ from laser diodes in a signif-
icantly wider emission spectrum.

Since the operating principle of SLDs is based on
the generation and amplification of spontaneous emis-

sion, the shape and substances used in the crystal com-
position directly affect the parameters of the resulting
radiation. In particular, for different polarization
modes, the gains may be different in certain types of
the active layer material. LS that are most commonly
used for FOGs have a wavelength of 1550 nm; in
SLDs, for this spectral range, InGaAlAs is usually used
as an active medium material, which is characterized
by a significant dependence of the gain of spontaneous
emission on its polarization. Thus, the resulting SLD
radiation has elliptical polarization—about 70—-80% of
the radiation power is polarized parallel to the plane of
the active region.

Most of commercially available SLDs with a
Gaussian spectral shape have FWHM of 30 nm (the
spectra of such SLDs are considered below). In high-
power SLDs, pulsations in the power spectral density
can be observed, typically, in the vicinity of the peak
wavelength. Such pulsations are explained by the pres-
ence of residual reflections from the ends of the chip
and from the end of the fiber. The main countermeas-
ure against this phenomenon is antireflection coating
of the fiber and diode surface.

The main difficulty in using SLD in FOGs is a rel-
atively low stability of the spectrum and WAW shift
both under the influence of temperature variations
(about 400 ppm/°C) and fluctuations of the control cur-
rent (about 40 ppm/mA) [2]. Active thermal stabiliza-
tion of the semiconductor structure, power supply with
highly stable current and other technical measures
make it possible to stabilize WAW to approximately
150 ppm in the temperature range from —40 to +60°C
[20].

A limiting factor is also the change in SLD param-
eters as a result of aging, particularly at elevated tem-
peratures in the region of the semiconductor structure.
This effect is mainly manifested as a change in the out-
put optical power, more often decrease than increase.
Physical mechanisms of degradation are currently a
relevant area of research; more than 10 mechanisms
have been described in various reviews [20-22]. The
negative contribution of such effects can be partially
minimized by using such additional compensation
mechanisms as thermal stabilization, precision current
sources, optical power feedback, and others
[13,17,23,24]; however, to achieve WAW stability to
better than 100 ppm is still technically challenging.

In the context of their application in FOGs, SLD-
type sources are suitable for devices that are subject to
increased requirements in terms of reduced weight,
size, and final cost. SLD can be used directly as part of
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LIGHT SOURCES FOR FIBER-OPTIC GYROSCOPES 9

an integrated optical module together with other opti-
cal components of the FOG circuitry, which makes it
possible to achieve minimum dimensions of the final
device [25, 26]. On the other hand, the relatively low
stability of WAW and changes of characteristics due to
aging limit the application of SLDs in FOGs intended
for high-precision navigation devices and complexes.

Among the FOG-manufacturers using SLD are
the Research and Production Company Optolink,
JSC Physoptika (both Russia), and KVH (the USA)
[27-29].

5. SUPERLUMINESCENT FIBER LS

Another type of LS often used for FOGs are su-
perfluorescent (superluminescent) fiber sources,
which use the phenomena of forced and spontaneous
emission, and optical fibers doped with rare-earth el-
ements, neodymium or erbium, as the active me-
dium. Erbium fiber-based ESS are most often used

in FOGs since the emission spectrum of such ESS
fits to the C-band.

A minimum ESS circuit includes a pump laser di-
ode and an erbium-doped active fiber. Light generation
in the active fiber is based on the circuit of energy lev-
els of erbium ions presented in Fig. 3a in a simplified
form. Due to the interaction of erbium ions with the in-
tracrystalline field of quartz glass (Stark effect), each

4Fip2

1 Non-radiative

* transition

2Hy1p

Absorption from
the excited state at

of the erbium energy levels is split into sublevels (mul-
tiplets). Under the action of pumping photons, erbium
ions pass from the ground state 4115/2 to the metasta-
ble level 4113/2 or to the upper excited state 4111/2,
later moving to the metastable level as a result of relax-
ation processes.

Ions from the metastable level pass to the ground
state both spontaneously and under the influence of
pumping, which results in the generation of superlumi-
nescence at wavelengths in the range of 1520—1570 nm
in two opposite directions. The quantity of ions in-
volved in the superluminescence generation increases
with the increase in pumping optical power, and,
largely, due to interaction of already generated photons
with the ions at the metastable level. Optical pumping
is carried out at wavelengths of 980 and 1480 nm.
Pumping at 1480 nm has a higher quantum efficiency,
but at the same time, a higher noise factor as compared
to pumping at 980 nm [7].

There are single-pass and double-pass active fiber
pumping circuits. In single-pass circuits, part of the su-
perluminescence generated in the active fiber under the
action of pumping radiation is not used, while in dou-
ble-pass circuits, Fig. 3b, a reflector is installed in one
of the ESS branches. The efficiency of double-pass cir-
cuits with double-sided pumping, incorporating un-
pumped erbium fiber (to broaden the spectrum of the
fiber-optic source), depends on the length of this fiber;
it is about 45-50%.

performance in different configurations [11,18,30,31].

1 R 980 nm
Non-radiative
transition
ESS output
*lp Upper excited state emission
4 1 Non-radiative Wp— WDM
* transition ; Active fiber .
Splitter Mirror
345 nm Y52 Metastable state
visible
radiation
Amplified
980 nm 1480 nm spontaneous
pumping pumping emission

1520-1570nm

A

Pump laser diode

Ground state

4115/2

@) (b)

Fig. 3. (a) Energy levels of Er3+, (b) a double-pass pumping scheme for erbium fiber with counter-directional pumping.

A large number of works analyze and compare ESS ~ Based on the available results, it can be concluded that
circuits with counter-directional pumping have the
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lowest intensity noise and higher stability of parame-
ters; as for their use in FOGs, from the point of view of
noise in the output signal, a double-pass circuit with
counter-directional pumping is most effective.

The power of most commercially available C-band
ESS varies from 10 to 80 mW. The FWDM can reach
80-100 nm (30-50 nm on average), and the spectrum
shape usually differs significantly from the Gaussian
one (spectra of commercially available ESS are dis-
cussed below). As in the case with SLDs, in ESS opti-
cal circuits, there is a possibility of narrow-band lasing
due to backward reflections from the ends of the fibers,
as well as from optical devices connected to the exter-
nal port. To prevent this, the ends of the fibers are ter-
minated and a fiber-optic isolator is used at the circuit
output.

The ESS output light is initially not polarized be-
cause of the isotropic nature of the spontaneous emis-
sion. Since only one polarization mode is used in the
FOG circuit, a polarizer is placed at the output of such
an ESS, which leads to a double drop in the LS output
optical power.

There are also ESS schemes that make it possible to
obtain polarized light; for this purpose, polarizers are
installed in the circuit and special components are used
to preserve the polarization of the radiation [32]. On
the contrary, to reduce the residual polarization in ESS,
the radiation of pumping laser diodes is depolarized,
and a Lyot depolarizer is installed at the output of the
ESS optical circuit; also, a Faraday mirror is used in
two-pass circuits.

Since the energy levels of rare-earth atoms are much
more stable than those of semiconductors, ESS have
more stable WAW, which is one of the main ad-
vantages of LS of this type when used in FOGs. For
commercially available ESS, the WAW temperature
coefficient varies from 2 to 200 ppm/°C depending on
the operating temperature range and the spectral range
of the output light. Thus, ESS with WAW at the wave-
length of about 1530 nm have a more temperature-sta-
ble optical spectrum compared to ESS with WAW at a
wavelength of about 1560 nm [33,34].

Thus, to increase the WAW temperature stability,
it is advisable to include ESS filters in the optical cir-
cuit to reduce the contribution of spectral compo-
nents, the energy of which has a notable temperature
dependence [35]. In addition, filters (for example,
those based on long-period fiber gratings [36]), sup-
press part of the output spectrum, making its shape
close to the Gaussian one.

Currently, ESS are used in navigation-grade FOGs
from such manufacturers as Concern CSRI Elektro-
pribor, Perm Research and Production Instrument-
Making Company (both Russia), Exail (former
iXBlue), Northrop Grumman, and others [37—40].

In Table 2, we compare SLD and ESS in terms of
the key parameters as applied to FOGs. The infor-
mation provided is relevant to the majority of commer-
cially available LS. It should be noted that in some pub-
lications we can come across information on devices
with significantly different performance; they are often
experimental and/or modified LS of one of the two

given types.

Table 2. Comparison of SLD and ESS key parameters with regard to the application in to FOGs

Parameter

SLD-type LS

ESS-type LS

Output optical power

Units—tens mW

Tens-a few hundreds mW

(in fiber) NOTE Both types of LS have an output power sufficient for use in high-precision FOGs;
ESS is on average more powerful
30-80 nm | 30-50 nm
FWDM

NOTE Both types of LS have a sufficiently wide spectrum

Close to Gaussian

Complicated

Spectrum shape

optical power

NOTE ESS spectrum shape can be brought closer to the Gaussian one, but this requires compli-
cation of the optical circuit and affects other parameters of LS, for example, it reduces the output

WAW stability About 100 ppm or more

About 1 to10 ppm

over operating temperature range

NOTE A more stable WAW value is the main advantage of ESS and one of the main reasons
for their wider use in high-precision FOGs

“side lobes”,
Coherence function form, coherence

Monotonically decreasing, without obvious

with L. of about tens of um

Usually, with obvious “side lobes”,
with L of about tens of pm

length (Lc)

“side lobes”

NOTE On average, L. of SLD is 2-3 times less than that of ESS, the decoherence length (at the
level of 0.03) of SLD is an order of magnitude smaller than that of ESS due to the absence of

GYROSCOPY AND NAVIGATION Vol. 15 Ne2 2024
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Excess relative intensity noise (ERIN)
spectrum

NOTE ERIN values are comparable, SLD have slightly lower values due to an average wider

Output polarization

Partially polarized

Nonpolarized

Service life without significant degra-
dation of spectral parameters

10...40 thousand hours [21]

About
100 thousand hours [21]

pling to the fiber

lar packages

. Small dimensions
. Relatively low efficiency of cou-

Design features . Possibility ()_fmtegratlng LS into ] They have a fiber output and, accord-
compact electron-optical assemblies inolv. hich efficienc
. Commercially available devices £y, hig Y

most often come in butterfly, DIL, or simi-

. The dimensions
are determined by the bending radii of fibers, so
ESS are usually larger than SLD

of coupling to
the fiber

6. PROMISING AND EXPERIMENTAL
LASER LS IN FOG

Despite the fact that it is difficult to build a high-
precision FOG based on laser LS because of the con-
siderable coherence length and associated parasitic in-
terference, other parameters of laser LS, such as stabil-
ity of the central wavelength and low excess noise,
make it appropriate to adapt them to FOGs.

Some authors report on a successful application of
a commercially available laser with distributed feed-
back in a tactical-grade FOG [41]. They have analyzed
the source of the interferometer error and verified ex-
perimentally that the use of more advanced modern la-
sers, fibers, and other components of the optical scheme
can reduce the contribution of parasitic effects inherent
in laser LS to a level comparable to ESS, at least in tac-
tical-grade FOGs [42].

The contribution of false interference components
can be reduced by using a laser source in pulse mode
[43]. Radiation in the form of short pulses significantly
eliminates the effect of components caused by
backscattering on the interference signal. Due to the in-
significant spatial extent of short light pulses, only
backscattering from a short section of the coil near its
midpoint contributes to spurious interference [2, 44].
The light scattered by the rest of the coil reaches the
FOG photodetector in time intervals between LS
pulses, and therefore does not interfere with its signal.

In the context of application to FOGs, a logical tech-
nical solution is to artificially broaden the LS spectrum.
One way is to keep the pump current of the laser diode
slightly above the threshold level. The spectrum width
of the laser LS in this case can be on the order of hun-
dreds of MHz, which is sufficient to reduce the noise
and parasitic components of the FOG output signal by
a factor of three relative to the level achievable with a
higher pump current and a spectrum width of the order
of tens of MHz [45].
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Another way is to use current modulation of LS, in
which case it is possible to achieve spectrum broaden-
ing to 1 GHz; however, due to the relationship between
the output power and the shape of the LS spectrum, the
positive effect of spectrum broadening is neutralized
by an increase in intensity noise and instability of the
central wavelength position [45].

In [43], the use of an erbium laser with passive
mode synchronization in pulsed mode in combination
with light passing through a long section of a buffer fi-
ber allowed the authors to obtain a broad spectrum
common to lasers of this type when generating pulses
of the order of hundreds of femtoseconds. At the same
time, due to losses in the buffer fiber, nonlinear effects
directly in the FOG coil can be reduced, and owing to
dispersive broadening of optical pulses, such a source
can be practically considered as the one operating in
the continuous mode.

One of the most promising methods for broadening
the spectrum relates to the field of radio photonics. A
useful effect can be achieved by applying high-fre-
quency phase modulation, formed by a pseudo-random
sequence generator, to the LS [45—47]. For this pur-
pose, an electro-optical phase modulator and a high-
frequency electric signal generator are added to the
FOG circuitry (Fig. 4a). Phase modulation leads to the
appearance of sidebands in the optical spectrum that
are symmetric relative to the optical carrier. Their
heights are determined by the phase modulation ampli-
tude, and the spectral shift relative to the carrier, by the
modulation frequency. An increase in the phase mod-
ulation amplitude leads to the appearance of higher-or-
der sidebands, the superposition of which leads to
smoothing and broadening of the overall optical spec-
trum (Fig. 4b). The resulting spectrum width can reach
40 GHz, while maintaining the stability of the central
wavelength inherent in the laser source (up to 0.15
ppm) and a low level of relative intensity noise.

The main drawback of this approach is the inevita-
ble complication of the optical and electrical circuits of
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the device, which reduces the FOG reliability and in-
creases its final cost. Another difficulty is the need to
select the mode and phase modulation parameters,
which provide sufficient suppression of the optical car-
rier and the necessary modification of the LS spectrum.

7. COMMERCIALLY AVAILABLE LIGHT
SOURCES OF RUSSIAN AND FOREIGN
MANUFACTURERS

In order to assess the current situation in the field of

development and production of LS suitable for FOGs,

Laser the authors searched and analyzed information from
7 different foreign and domestic manufacturers of broad-
i band LS.
com fe—<a |-— il e | | |
In this paper, we consider the following LS pro-

MIOC duced by foreign manufacturers: SLD and ESS from

— FOG Photonics, Inc., Superlum (trade mark Idealpho-

") P =] tonics), DenseLight Semiconductors, QPhotonics,

— LLC, Thorlabs, Anritsu (represented in Russia by com-

- pany Radar), Fiberlabs Inc., Fibotec Fiberoptics

a) GmbH, NP Photonics, Acfiber Technology Limited,

v _ OZ Optics Limited, Amonics, LD-PD Inc., Nuphoton

LA e Phasginmeﬁ:;{:t'on Technologies Inc., Optilab, Xiamen Beogold Technol-

7 ogy Co., Ltd., IRE-Polus (the Russian branch of the in-

Rotational ternational company IPG Photonics Corporation), and
signal LasersCom (Belarus) [48—66].

40 Among the Russian companies, the LS produced by
T S TELAM, Nolatech, and FORC-Photonics may be of

e Tom interest from the standpoint of their application in
FOGs [67-69].

Some of the most typical LS of the above compa-
nies are shown in Figs. 5 and 6.

-
w

Gaussian
medulation
Av =27 GHz

)
o

w
(=]

Spectral density of optical power (dBm)
' & |
wn

w
w

AS5BI125EM50M
Anritsu [53]

-40

0.25 DL-CS5203A DenseLight
b)

-0.15 .
Semiconuctors [50]

-0.05 0.05
Wavelength & = Ay, nm

0.15

Fig. 4. Schematic of FOG with a laser LS and noise-like phase modu-
lation, (a) A — amplifier, EOM — electro-optical modulator, LIA — lock-in
amplifier, MIOC — multifunction integrated optical circuit, P — polarizer,
PD — photodetector; (b) the result of the laser LS spectrum broadening, Av
—~FWDM [45].

In general, it can be concluded that despite some
progress in laser LS application to FOGs—mainly
through artificial broadening of their spectrum— cur-
rently, they are not in demand, at least as LS for navi-
gation-grade FOGs. Further development of methods
for artificial broadening of the LS spectra is quite likely
to displace SLD and ESS as the only LS in high-preci-
sion FOGs in the coming years.

DL-ASE-CW-CSC117A
DenseLight Semiconductors [S0]

ELED-1550-1
LasersCom [65]

Fig. 5. Some of the most typical SLD-type LS.
Table 3 shows the main parameters of Russian
and foreign LS suitable for FOGs (taking into ac-

count additional studies carried out by the authors,
described in [70]).
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FOG Photonics SFS-1550-PM-10 [48]

ASE-C-20-MSA-3 Optilab [62]

LC-ASE-C-10 LasersCom [66]

Nuphoton Technologies [61]

ErBBLS-35-CF-X FORC-Photonics [69]

Fig. 6. Some of the most typical ESS-type LS.

For the LS studied by the authors, Table 3 gives
both the stated values /advertising data (if available)
and those obtained during our studies (averaged), given
in parentheses, in the second line.

In general, the results we obtained turned out to be
close to the manufacturers’ specifications. The differ-
ences are insignificant and can be explained by the test
conditions (temperature changes, for example).

We have tested the following LS: a Nolatech SLD-
1550-14BF in 14-pin butterfly package, LasersCom
SLD ELED-1550-1 in 14-pin DIL package (hereinaf-
ter referred to as SLD), sources of broadband incoher-
ent emission based on amplification of spontaneous
emission LC-ASE-C-10 of the same company (herein-
after referred to as ASE), ESS-30 IRE-Polus (hereinaf-
ter referred to as ESS) and erbium fiber broadband

source ErBBLS-35-CF by FORC-Photonics (herein-
after referred to as ErBBLS).

For the LS under consideration, we measured the
emission spectra, studied the spectrum shape and
width, calculated WAWSs, and measured the consumed
and output optical powers, also, with account for tem-
perature dependence [70]. The LS spectral characteris-
tics were tested with an optical spectrum analyzer. The
output optical power was measured either with an ap-
propriate power meter or embedded aids (e.g. ADC) of
the source being tested.

In addition to the information given in [70], for
comparison, Fig. 7 shows the plots of the emission
spectra in the frequency domain of several LS tested
at room temperature and the certified pump current
values.

-40

-50

Spectral density of optical power, dBm

-60

—asE 59
— ASE 60
—ELED 57
—ELED 58]
—ESS
= —ErBBLS
oy —5LD 217
“ SLD 218

Frequency, Hz

x10"

Fig. 7. Optical power spectra of several LS at room temperature and certified pump current values (according to [70]).
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Table 3. Basic parameters of LS suitable for FOGs

D. A. EGOROV et al.

LS parameters
Manufacturer Model WAW, WAW temp. Spectrum width  Decoherence Output opt. | Max pumping Working
Type nm coef, ppm/°C (:3dB), length, power,mW | current., MA temp.range,
nm mm °C
Nolatech*) SLD-1550-14BF SLD (Ei) — 3?;‘1'2‘;0 (0_(;5 5 3 ( 5)5 32020 —40..+70
FORC- 1546 — ~37 — >32
Photonics * ErBBLs-35-CF ESS (1545) (18) (~35) (~0.30) (36) 602 0..45
1555 — >20 — 20...40
IRE-Polus* ESS-30 ESS 1559) B 26 ) 26 1500 0..+45
1550 — 35...45 — 1
ELED-1550-1 SLD 1525) — ) 00%) 0 74.5£1 —40..+65
fasencont LC-ASE-C-10 ESS 1560 6 1...13 - 10 1001 —40..+60
ekl (1556) ©) (~11) (0.25) (10)
TS-1 SLD 1550 — 50 0.05 8 500 —55..470
TELAM TS-2 SLD 1550 — 50 0.05 15 800 —55..+70
FOG FOG-SLD-1550-14BF SLD 1530 — 3545 0.07+0.01 5 300 —40..470
Photonics SFS-1550-PM-FA-10 SCU 1550 2 >10 - >10 — —45..471
SLD-761-HP1-SM-1550 SLD 1550 45 0.05 5 400 -55..470
SUPERLUM g 1 76 1-HP2-SM-1550 SLD 1550 — 45 0.05 10 600 —55..460
DL-CS5153A SLD 1550 — 35 0.07 15 350 —40..470
DL-CS5203A SLD 1550 — 35 0.07 20 450 —40..+70
DenseLight DL-CS5254A SLD 1550 — 40 0.06 25 450 —40..+70
Semiconductors | DL-ASE-CW-CSC117A SLD 1550 — 60 0.04 125 — —20..+70
DL-ASE-CW-CSC119A SLD 1550 — 80 0.03 14 — —20..+70
DL-ASE-CW-CSC147A SLD 1550 — 60 0.04 32 — —20..+70
QPhotonics QSDM-1550-9 SLD 1529 — 40 0.06 11 285 0..+65
QSDM-1550-20 SLD 1567 — 61 0.04 20 707 0..+65
SLD-1005S SLD 1550 — 50 0.05 22 600 0..+65
Thorlabs SLD-1550S-A40 SLD 1550 — 33 0.07 40 750 0..+65
SLD-1550P-A40 SLD 1550 — 33 0.07 40 750 0..+65
Anritsu AS5B125EM50M SLD 1550 — 60 0.04 25 600 —20..+75
Fiberlabs ASE-Md1550-25 ESS 1550 — 30 — 25 -~ 0...+40
] BBS-CC 14 P5 FCP ESS 1550 — 40 - 32 — 0...+40
Fibotec BBS-CL 17 F3FCA ESS 1568 _ 80 - 50 - 0..+40
Fiberoptics
BBS-CL 18 W3 FCA ESS 1568 — 80 — 63 — 0...+40
ASE-C-M-7 ESS 1545 — 40 — 5 — —
NP ASE-C-M-10 ESS 1545 - 40 — 10 — —
Photonics
ASE-C-M-13 ESS 1545 — 40 — 20 — —
Acfiber ASE-C-M-10-G ESS 1545 — 39 — 10 — —20..465
Technology ASE-C-M-13-G ESS 1545 - 39 - 20 — —20..+65
02 Optics ASE-11-1529:1562-S-10 ESS 1545 — 33 — 10 400 0...+40
ASE-11-1529:1562-S-13 ESS 1545 — 33 — 20 400 0...+40
Amonics ALS-10 ESS 1546 - 36 - 10 — 0...460
ALS-15 ESS 1546 — 36 — 32 — 0...+60
LD-PD PL-LS-A-A81-PA ESS 1550 - 40 -~ 10 - ~10..+50
PL-LS-B-A81-PA ESS 1550 - 40 — 20 - ~10..+50
Nuphoton ASE-CO-HR-15-NA ESS 1550 — 35 — 32 — 0..+65
Technologies ASE-C4-MR-17-2 ESS 1550 - 35 — 50 — 0..+65
Optilab ASE-C-20-MSA-3 ESS 1546 - 40 0.03 3x30 - +10..4+50
Xiamen BG-ASE-M1-C-1-10 ESS 1547 — 39 — 10 — —20..+60
Beogold BG-ASE-M1-C-1-13 ESS 1547 — 39 — 20 — —20..+60
Technology BG-ASE-MI-C-1-15 ESS 1547 - 39 - 32 — —20..460

* Taking into account additional studies. For erbium sources, the coherence function of which has "side lobes" (see Fig. 8), the decoherence level was determined
at path difference when all of the "side lobes" maxima were below 0.03. It would be more correct to specify the whole form of the coherence function for such
sources in the data sheet. A dash in the boxes means that the manufacturer did not provide the data

From the plotted spectra (using the results ob-
tained in [70]), we calculated the WAW values (ac-
cording to formula (2)), the spectrum width (at the
level of —3 dB), and estimated the coherence/deco-

herence lengths from the coherence function plot in

Fig. 8 (at 0.8 and 0.03 levels, respectively). No data
on the coherence function (or the coherence/deco-
herence lengths for SLDs) were provided by the
manufacturers of LS under consideration.
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Fig. 8. Coherence functions of several LS at room temperature and certified pump current values (obtained using data from [70]).

Figures 7, A1, and A2 (see Appendix) show the typ-
ical shapes of LS spectra: Gaussian-like for SLD
sources, table-shaped (in other words, close to rectan-
gular) for erbium sources with an optical filter, also
close to rectangular in shapes, but with “humps” for er-
bium sources without optical filters.

From Fig. 7 it can be seen that SLD and ELED, like
most of the SLD sources, have a spectrum shape close
to the Gaussian distribution. Their optical power
ranges from 1 to 5 mW, and the spectral width reaches
35-45 nm at the level of —3 dB for SLDs, which is suf-
ficient for use in FOGs.

ESS and ErBBLS sources have a spectrum shape
close to rectangular, their spectrum width at the -3 dB
level is 26-35 nm, and the optical power reaches 26—
36 mW, so that one LS is sufficient to ensure the oper-
ation of three or four FOGs.

ASE sources occupy an intermediate position in
terms of optical power (about 10 mW), but they are less
suitable for use in FOGs because of the asymmetric
shape of the spectrum and its insufficient width at the
level of =3 dB (11-13 nm).

It should be noted that the spectral characteristics of
the sources depend on temperature; therefore, we have
also studied the temperature dependence of the main
parameters of several ESS-type LS available to the au-
thors. In particular, we studied the changes in the spec-
tral shape for the ESS and ErBBLS sources and WAW
changes due to temperature variation.

It has been found [70] that the spectrum of both
sources remains rather stable with temperature varia-
tion, except for the bends in its shape at critically low
(=20°C) and critically high (+70°C) temperatures. The
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ESS WAW is more stable than that of ErBBLS, which
makes it possible to ensure higher stability of the scale
factor when used in FOGs operating in a wide temper-
ature range.

CONCLUSIONS

SLD and ESS are two types of LS used in the vast
majority of modern FOGs. The choice between them
is determined by the accuracy and performance re-
quirements for a particular device.

When choosing an ESS for a FOG, it is necessary
to take into account mainly the LS WAW stability,
including the temperature dependence. As noted, the
instability of the FOG scale factor (also under tem-
perature variations) directly depends on the WAW
instability.

The coherence length also plays an important role,
but both types of LS generally have a broad spectrum
and a rather small coherence length to allow this com-
parative criterion to be relegated to a secondary consid-
eration.

From the information obtained and based on the re-
sults of the comparative studies, it is clear that domestic
ESS are not inferior to similar foreign LS in most pa-
rameters and can be used in FOGs.

The situation with SLDs is more complicated: the
choice of available models is not wide; besides, they
do not have sufficient output optical power, which is
significantly lower than their foreign analogues.

The appropriateness of choosing a particular source
is determined by the specifics of its application, so that
the information from Table 3 and the data on the emis-
sion spectra shape (Figs. A1, A2) may be useful for this

purpose.
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In the cases where the accuracy of the FOG being
developed is not subject to strict requirements (for ex-
ample, orientation or stabilization systems), but the low
price of the final product, lower energy consumption
and compact design are important, it makes sense to
use SLD sources. At the same time, special attention
should be given to the width of the operating tempera-
ture range, taking into consideration the specifics of the
application.

It is also important to pay attention to the level of
the output optical power (such LS are usually low-
powered, so that a system with three or four FOGs may
require a separate LS for each gyro).

However, if high accuracy and long service life of
the product are required, and the size, power consump-
tion and price are not so significant, then it seems ap-
propriate to use ESS, preferably with the most stable

WAW, the largest spectral width and the minimum co-
herence length.

Minor, yet rather important characteristics are the
operating temperature range and output optical power,
in particular when servicing several FOGs as part of a
navigation system with a single LS.

Further development of the two main types of LS in
the context of their use in different types of FOGs has
several promising lines: miniaturization and embed-
ding of LS into integrated optical assemblies; hardware
and/or software stabilization of the LS spectral and en-
ergy parameters; detection, analysis and compensation
for the effects caused by aging; increase of the output
optical power.

Finally, the application of laser LS in FOGs, im-
proved with radiophotonics and other methods of arti-
ficial spectrum broadening, seems promising.

APPENDIX: SPECTRUM SHAPES OF SOME ESS SPECIFIED BY MANUFACTURERS
Figure A1 shows ESS spectrum shapes specified by the manufacturers.
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Figure A2 shows SLD spectrum shapes specifiedby ~ Superlum [49], the manufacturer also provided infor-
the manufacturers. For SLD-761-HP2-SM-1550 from  mation about the intrinsic LS spectrum pulsation.
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Fig. A2. SLD spectrum shapes specified by the manufacturers.
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Note: Nolatech’s website does not provide LS spectra shapes; the graph in the figure was obtained by the

authors at the rated pump current [70].
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