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COMMUNICATIONS

Influence of temperature on detectable minimum
rotation rate in i-FOGs using Er-doped SFSs

Emirhan Saǧ, Abdurrahman Günday, Güneş Yılmaz1

In this study, an interferometric fiber optic gyroscope (I-FOG) model exploiting the double-pass backward (DPB) erbium-
doped superfluorescent fiber source (SFS) with both thin-film filter (TFF) and fiber bragg grating (FBG) reflectors has been
constructed and the effects of temperature variations on mean wavelength and detectable minimum rotation rate (DMRR)
have been theoretically analyzed. the simulations corresponding with the relations between these parameters for temperature
variations in the range of −60◦C to + 90◦C, have been performed using Matlab 2021b. DMRR variations have been found
as 6.01 ppm/K and 3.83 ppm/K for the system with TFF, whilst they are 15.31 ppm/K and 1.58 ppm/K for the system
with FBG.

K e y w o r d s: interferometric fiber optic gyroscope, detectable minimum rotation rate, temperature, superfluorescant
fiber sources, thin film filter, fiber Bragg grating

1 Introduction

Gyroscopes are widely used to detect rotation rate in
many applications such as navigation, guidance, control
and stabilization [1]. They are important parts of com-
plex systems including the gyrocompass, inertial mea-
surement unit (IMU), inertial navigation system (INS),
and attitude and heading reference system (AHRS) [2].
These systems are widely used in aviation applications,
submarines, space vehicles, satellites, missile systems and
the automotive industry [3]. According to their system
performances, gyroscopes can be generally determined as
into four categories, ie strategic, navigation, tactical and
commercial [4]. It is possible to classify the gyroscopes
depending on the operating principles as fiber optic gyro-
scope (FOG), mechanical gyroscope and microelectrome-
chanical systems (MEMS) [2]. In comparison to mechani-
cal and MEMS gyroscopes, FOGs have many advantages
such as higher sensitivity, wide dynamic measurement
range, low noise level, no moving parts, resistance to vi-
bration and shock effects, long life and low power con-
sumption [5, 6].

The parameters of angular random walk, bias stabil-
ity and scale factor are essential for determining I-FOG
performance. Noise sources resulting in a shift of the zero
offset with varying time at the output of I-FOG need to be
minimized for achieving high performance in the systems.
These noise effects limiting the accuracy of measurement
include the Rayleigh backscattering, optical source insta-
bility, polarization noise, Kerr effect (electro-optic), Fara-
day effect (magneto-optic), Shupe effect and electronic
noise [7].

In I-FOGs, using a coherence source just as laser
causes the phase change between counterpropagating
light waves because of the combined effect of the light
waves in the system. Low-coherence optical sources,
ie SLD (superluminescent diode) and SFS (superfluores-
cent fiber source) are preferred to suppress the phase
change phenomenon. When utilizing a low temporal co-
herence broadband source, the interference caused by
Rayleigh backscattering can be averaged to zero. The
third-order nonlinear Kerr effect occurs in silica fiber
when the intensities of the counter-propagating light
waves are unequal and it can be reduced with the us-
age of broadband sources [8].

SLDs mostly exhibit a mean wavelength variation of
about 400 ppm/K. On the other hand, it is reported that
the output power of an SLD cannot be efficiently coupled
to a single-mode fiber and also life span of these devices
is generally insufficient for field use [9]. As to Erbium-
doped SFS, it is based on the amplified spontaneous emis-
sion (ASE) phenomenon of Erbium-doped fiber (EDF).
Er-doped SFS has well mean wavelength stability to keep
the I-FOG scale factor linear and has also wide spectrum
bandwidth with low temporal coherence to reduce phase
bias caused by interference. It has high output power to
improve the signal-to-noise ratio (SNR), as well. More-
over, SFSs meet the requirement of 10 ppm/K for mean
wavelength variation in navigation applications [10].

In this study, theoretical analysis and simulations have
been accomplished regarding the temperature dependen-
cies of the mean wavelength and DMRR that is limited
by photon shot and excess noises in I-FOGs and corre-
sponding equations have also been derived, accordingly.
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2 Principles

The fundamental I-FOG system configuration used in
this study is shown in Fig. 1 [11].

This structure consists of an optical source, 50/50 op-
tic couplers OC1 and OC2, fiber polarizer, piezoelectric
phase modulator, fiber coil and photodetector.

The light beam emitted from the optical source is split
equally into two parts by 50/50 optic coupler OC1 and
then routed towards the fiber polarizer. The fiber polar-
izer employed in the configuration polarizes the light lin-
early in only one direction. Optic coupler OC2 induces
the light beam to be split into two parts so that it is
propagated clockwise (CW) and counterclockwise (CCW)
within the fiber coil. The optical phase modulator is ex-
ploited to modulate the phase of the light beam. After-
ward, a phase difference is produced by the rotational

motion of the gyroscope and then the light beam is di-
rected to the photodetector used for converting it into the
electrical signal.

The rotation rate caused by the rotational motion in
I-FOGs is stated as a function of Sagnac phase shift

Ω =
λc

2πLD
φs, (1)

where Ω is the rotation rate, λ is the wavelength, c is
the speed of light in vacuum, L is the fiber length, D is
the diameter of the coil, and φs is the Sagnac phase shift.

Erbium-doped SFS configurations employed i1n I-
FOG designs are single-pass backward (SPB), single-pass
forward (SPF), double-pass forward (DBF) and double-
pass backward (DPB) [9]. These configurations have been
indicated in Fig. 2 [12].

The components used in the configurations shown
in Fig. 2 are wavelength selective coupler (WSC), anti-
reflection component (AR) and laser diode (LD). Double-
pass configurations are more efficient than single-pass
configurations due to their superiorities in terms of dou-
bling the effective gain length providing higher output
powers. Furthermore, the DPB configuration has a higher
output power than the DPF because the reverse ASE is
greater than the forward ASE [12–14].

A wavelength-selective reflector (WSR) positioning at
the end of Er-doped fiber is utilized to provide mean
wavelength stability in Erbium-doped SFS. In this con-
text, fiber Bragg grating (FBG) and thin-film filter (TFF)
can be preferred as a reflector for the configurations. The
DPB SFS configuration with WSR used in this study is
illustrated in Fig. 3 [15].

This configuration consists of pump laser diode, wave-
length division multiplexer (WDM), Erbium-doped fiber,
WSR and optical isolator, successively. The light wave
with a wavelength of 980 nm pumped by the laser source
is directed towards the WDM and then stimulated EDF
at 1550 nm and then routed to the WSR that is used for
guiding the light wave backward direction. Afterward, the
reflected light wave passes over the EDF and thus an opti-
cal source with high output power at 1550 nm is obtained
and then the light wave travels to the isolator. The op-
tical isolator used in this configuration is a component
that allows the light wave to be transmitted in only one
direction.

Since pumping at 1480 nm is more expensive than
pumping at 980 nm and in terms of ASE effect at 980 nm,
designs using the wavelength of 980 nm are generally
preferred [16, 17]. Faraday rotator mirror is utilized in
DPB configuration performed at 1480 nm pumping wave-
length [18] whilst FBG and TFF are employed for DPB
configuration with the pump wavelength of 980 nm [19].

The relationship between temperature and mean wave-
length for an SFS is

dλm

dT
=

∂λm

∂Tf

+
∂λm

∂λp

∂λp

∂T
+

∂λm

∂P

∂P

∂T
, (2)
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where the first term corresponds to the internal thermal
coefficient and the second and third terms correspond to
wavelength and power changes of the pump laser based
on the temperature variation, respectively.

In I-FOGs employing SFS, two fundamental limiting
phenomena influenced by the noise effects occurred in the
measurement of rotation rate are photon-shot and excess
noises. The mean square fluctuation of the photodetector
current can be written depending on the photon-shot and
excess noises as [20]

〈∆I2〉 = 2q〈I〉B +
〈I2〉B

∆λ
, (3)

where I is the photodetector current, q is the electron
charge, B is the electrical bandwidth, and ∆λ is the
spectral bandwidth of the optical source. The first and
second terms written on the right-hand side of (3) denote
the photon shot noise and the excess noise, respectively.

In case of the existence of photon-shot and excess
noises in the system, the detectable minimum rotation
rate (DMMR) can be formulated as [20]

Ωmin =
λc

2πDL

1 + J0
J1

√

B
( q

〈I〉
+

λ2

2c∆λ

)

, (4)

where J0 = 0.34 and J1 = 0.58 are the corresponding
values of the Bessel function at the point where the max-
imum sensitivity of I-FOG is achieved for the system per-
formance.

3 Simulations and analysis

In this study, temperature dependencies of mean wave-
length and DMRR variations for an I-FOG configuration
based on DPB SFS with TFF and FBG reflectors have
been analyzed and relevant simulations have also been
performed using Matlab 2021b. To obtain the relation-
ship between temperature and DMRR for high (19 mW
and 18 mW) and low (2.5 mW and 3.5 mW) output pow-
ers, the data [10] and [15] representing the mean wave-
length variation with temperature have been utilized. For

temperature variation in the range of −60◦C to +90◦C,
linear equation sets with respect to the relations between
temperature and DMRR have been obtained by bene-
fiting from curve fitting and interpolation methods, as
well. Moreover, DMRR changes with varying tempera-
tures have been obtained for the output power of 10 mW
and the effects of variation of output powers on the sys-
tem performance have been determined.

System parameters used in the I-FOG configuration
for simulations and getting linear equations related to
DMRR variation with temperature are as follows: optical
fiber length L is 1500 m, coil diameter D is 10 cm, pin
photodetector responsivity R is 0.9 A/W and normalized
electrical bandwidth B is 1 Hz, respectively.

3.1 Mean wavelength variation with temperature for

high output power

The simulations consistent with mean wavelength vari-
ation with temperature are shown in Fig. 4 for the sources
with the output powers of 19 mW and 18 mW employing
TFF and FBG reflectors, respectively.

Benefiting from interpolation and curve fitting meth-
ods, the linear equation specifying the relation between
mean wavelength and temperature for TFF-based DPB
SFS configuration is acquired as

MWTFF1 = 0.005676T + 1548.44 , (5)

(in nanometers) is the mean wavelength for the TFF-
based system with high output power and T is the tem-
perature in ◦C. The temperature-dependent mean wave-
length variation is calculated as 3.67 ppm/K.

Making use of curve fitting method temperature de-
pendence of mean wavelength (in nanometers) for FBG
reflector based DPB SFS is

MWFBG1 = 0.013977T + 1548.44 , (6)

mean wavelength for the FBG-based system with high
output power. The temperature-dependent mean wave-
length variation is 9.02 ppm/K.
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Fig. 4. Mean wavelength variation with temperature for TFF and
FBG reflectors
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3.2 DMRR variation with temperature for high output

power

For the I-FOG configuration based on TFF adapted
DPB SFS with the output power of 19 mW and the
spectral bandwidth of 30 nm, the simulation regarding
DMRR variation with temperature depending on photon
shot and excess noises is indicated in Fig. 5.

Using the values of temperature-dependent mean wave-
length obtained by (5) in (4), the relation between tem-
perature and DMRR can be expressed as

Ωmin TFF1 = 6.4424× 10−7 T + 0.0716 , (7)

denotes DMRR for the TFF-based system with high out-
put power in deg/h.

The temperature-dependent DMRR variation is com-
puted as 6.01 ppm/K. As the output power of the TFF-
based SFS is reduced to 10 mW, the values of DMRR
and the temperature-dependent DMRR variation for the
temperature of 20◦C are found as 0.12332 deg/h and
5.43 ppm/K, respectively.

For the configuration based on FBG adapted DPB
SFS with the output power of 18 mW and the spectral
bandwidth of 22 nm, DMRR variation with temperature
is illustrated in Fig. 6.

Utilizing the values of temperature-dependent mean
wavelength expressed with (6) in (4), the linear formula
between temperature and DMRR is obtained

Ωmin FBG1 = 18.386 10−7T + 0.12012 , (8)

corresponds to DMRR for the FBG-based system with
high output power, in deg/h.

The temperature-dependent DMRR variation is
15.31 ppm/K, approximately. In case of decreasing the
output power of the FBG-based SFS to the level of
10 mW, the values of DMRR and the temperature-
dependent DMRR variation are obtained as
0.13393 ◦C/h and 14.08 ppm/K, respectively.

In both reflector-based systems, as the output power is
decreased, DMRR shows a tendency to increase while the
temperature-dependent DMRR variation is decreased.

3.3 Mean wavelength variation with temperature for

low output power

The simulations pointing out the temperature-dependent
mean wavelength variation are indicated in Fig. 7 for TFF
and FBG based sources having output powers of 2.5 mW
and 3.5 mW, respectively.

The mean wavelength variation (in nanometers) as
a function of temperature for TFF-based DPB SFS is
obtained as

MVTFF2 = −0.0047706T + 1557.1 , (9)

as the mean wavelength for the TFF-based system with
low output power. Making use of (9), the temperature-
dependent mean wavelength variation is found about
3.06 ppm/K.

In a similar manner, the temperature dependence of
the mean wavelength for FBG-based DPB SFS is

MWFBG2 = 0.0019385T + 1557.1 , (10)

in nanometers for the FBG-based system with low out-
put power. The temperature-dependent mean wavelength
variation is computed as 1.25 ppm/K.
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3.4 DMRR variation with temperature for low output

power

For the configuration based on TFF adapted DPB
SFS with the output power of 2.5 mW and the spectral
bandwidth of 29 nm, the simulation pointing out DMRR
variation with temperature is shown in Fig. 8.

Substituting the values of temperature-dependent mean
wavelength obtained by (9) in (4) and reorganizing the
equation, temperature dependence of DMRR is

Ωmin TFF2 = −7.633 10−7 T + 0.19888 , (11)

in deg/h for the TFF-based system with low output
power. The temperature-dependent DMRR variation is
found as about 3.83 ppm/K.

The values of DMRR and the temperature-dependent
DMRR variation for the temperature of 20 deg/h are
computed as 0.12538 ◦C/h and 4.36 ppm/K, respectively,
as the output power of the TFF-based SFS gets the value
of 10 mW.

Temperature dependence of DMRR variation for FBG-
based DPB SFS with the output power of 3.5 mW and
the spectral bandwidth of 20 nm is illustrated in Fig. 9.
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Fig. 9. DMRR variation with temperature for DPB SFS with FBG
reflector

Using the values of temperature-dependent mean wave-
length given with (10) in (4), the linear equation between
temperature and DMRR is

Ωmin FBG2 = 2.9071 10−7 T + 0.18399 , (12)

where Ωmin FBG2 corresponds to DMRR for the FBG-
based system with low output power. The temperature-
dependent DMRR variation is about almost 1.58 ppm/K.

For the temperature of 20◦the values of DMRR and
the temperature-dependent DMRR variation are ob-
tained as 0.1384 deg/h and 2.02 ppm/K, respectively,
as the output power of the FBG based SFS is increased
to the power level of 10 mW.

According to the above simulations, it is observed
that DMMR shows a decrease while the temperature-
dependent DMRR variation increases as the output pow-
ers are increased in both reflector-based systems.

3.5 Comparison of the simulation outcomes

Corresponding values of the mean wavelength (MW)

and DMRR variation depending on the temperature ob-

tained in the systems exploiting TFF and FBG reflectors

for different output powers are given in Tab. 1 and Tab. 2.

Table 1. Mean wavelength and DMRR variations for different
output power with TFF system

SFS Output
MW variation DMRR variation

Power

19 mW 3.67 ppm/K 6.01 ppm/K

2.5 mW 3.06 ppm/K 3.83 ppm/K

Table 2. Mean wavelength and DMRR variations for different
output powers with FBG system

SFS Output
MW variation DMRR variation

Power

18 mW 9.02 ppm/K 15.31 ppm/K

3.5 mW 1.25 ppm/K 1.58 ppm/K

The temperature-dependent DMRR variation for the

TFF-based system with the output power of 19 mW is

≈ 1.64 times greater than the mean wavelength varia-

tion. In the same way, it is ≈ 1.69 times greater than

the mean wavelength variation for the FBG-based system

having an output power of 18 mW. On the other hand,

for both the TFF-based system with an output power

of 2.5 mW and the FBG-based system with an output

power of 3.5 mW these ratios are ≈ 1.25 and ≈ 1.26,

respectively. Therefore, it is seen that the effects of mean

wavelength variations on DMRR caused by the tempera-

ture fluctuations, for the system employing Er-doped SFS

with high output power are higher than that of the system

using the source with low output power.

4 Conclusion

In this study, for the I-FOG configurations with

TFF reflector, the temperature-dependent variations in

DMRR values for both the output powers of 19 mW

and 2.5 mW have been attained as 6.01 ppm/K and

3.83 ppm/K, respectively. The corresponding values have

been found as 15.31 ppm/K and 1.58 ppm/K, for FBG

adapted configurations with the output powers of 18 mW

and 3.5 mW, respectively. Hereby, it can observe that

the effect of the temperature-dependent mean wavelength

variation on the DMRR shows an increase in the systems

employing high output power.

Moreover, as T is 20◦C, DMRR values for TFF adap-

ted systems with output powers of 19 mW and 2.5 mW,

have been acquired as 0.10717 ◦C/h and 0.19886 deg/h,
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respectively. DMRR values have also been obtained as
0.12016 deg/h and 0.18399 deg/h for FBG adapted sys-
tems with the output powers of 18 mW and 3.5 mW,
respectively. Thus, it is realized that DMRR shows a
falling tendency as the optical output power increases.
DMRR values have been computed as 0.12332 deg/h and
0.12538 deg/h for the systems with TFF reflectors as the
output power is 10 mW at 20 ◦C, and they have been
attained as 0.13393 deg/h and 0.13840 deg/h for the sys-
tems with FBG reflectors. Both systems used in this study
are well suited to similar systems in navigation applica-
tions in terms of DMRR values changing in the range
of 0.01 deg/h and 0.15 deg/h. However, according to the
simulations and theoretical results, it is observed that
TFF adapted systems show better performance than the
systems using FBG reflectors for the same output powers.
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