
Opto-Electronics Review 32 (2024) e152766

Opto-Electronics Review

journal homepage: https://journals.pan.pl/opelre

Self-noise reduction in a FOG-based rotational seismometer
confirmed by Allan variance analysis

Piotr Zając1∗ , Piotr Amrozik1 , Rafał Kiełbik1 , Cezary Maj1 , Michał Szermer1 ,
Łukasz Starzak1 , Bartosz Pękosławski1 , Grzegorz Jabłoński1 , Wojciech Tylman1 ,

Anna Kurzych2,3 , Leszek R. Jaroszewicz2,3

1 Department of Microelectronics and Computer Science, Lodz University of Technology, ul. Wolczanska 221, 93-005 Lodz, Poland
2 Institute of Applied Physics, Military University of Technology, ul. gen. Sylwestra Kaliskiego 2, 00-908 Warsaw, Poland

3 Elproma Elektronika Sp. z o.o., ul. Dunska 2A, 05-152 Czosnow, Poland

AbstractArticle info:

Article history:
Received 02 Aug. 2024
Received in revised form 05 Nov. 2024
Accepted 05 Nov. 2024
Available on-line dd Nov. 2024

Keywords:
fibre-optic rotational seismometer;
fibre-optic gyroscope;
Allan variance;
noise;
angle random walk;
bias instability.

Reducing noise in fibre-optic gyroscope (FOG)-based rotational seismometers is crucial
in guaranteeing their applicability as future high-precision sensors. This paper presents a
practical approach to noise analysis of a designed and manufactured FOG-based three-axis
rotational seismometer. The performed measurements show that proper identification of noise
sources and subsequent changes to the device’s configuration which addressed these noise
issues, visibly improved the Allan deviation plot of the device. In particular, angle random
walk was reduced from 100–200 to around 35 nrad/s/

√
Hz and bias instability – from several

dozens down to single nrad/s. These improvements were achieved only by elimination or
mitigation of the impact of all noise sources, without changing any optoelectronic components
of the constructed device and without applying any additional post-processing methods.

1. Introduction

The technology of fibre-optic gyroscope (FOG) [1] has
been well-known for over forty years, and steady advances in
the field have made it one of the most promising solutions for
rotation sensors. They are widely used in navigation systems
[2,3], especially in space [4] and submarine [5] applications,
as well as in seismology [6] and structural health moni-
toring [7]. FOGs are based on the Sagnac effect [8,9] which
induces a phase shift between two counter-propagating light
beams when their optical path is rotated. Due to its intrinsic
way of operation, it has many advantages: high sensitivity,
relatively small size and cost, wide measuring range, high
reliability, and insensitivity to linear motion. Moreover, due
to its inherent reciprocity and the use of a low-coherence
amplified spontaneous emission (ASE) source, the FOG
interferometer does not suffer from the noise caused by the
Kerr effect, back-scattering, or polarisation coupling [10].
FOG performance exceeds that of competitive technologies
such as ring laser gyroscopes [11, 12]. Therefore, FOGs
are considered the most promising solution for future high-
sensitivity gyroscopes.

More than 45 years after its first publication [13], the
FOG is now the most important and technically developed
implementation of the Sagnac fibre-optic interferometer.
However, it is not the only one. Fibre-optic rotational
seismometers (FORSs) for the so-called rotational seis-
mology [14], including the blueSeis-3A and blueSeis-1C
(iXblue, France) [15], and FOSREM-3D (Elproma Elek-
tronika Ltd, Poland) [16], are also appearing on the market.
These systems should be considered FOG-based in that they
use the so-called minimum FOG configuration [17] in their
optical parts and closed-loop technology solutions in their
electronic parts. However, besides the above-mentioned
similarity to FOGs, it is important to note the fundamental
differences between these solutions. A FOG measures angle
change around each axis, while a FORS measures angular
velocity. Hence, a FORS directly measures the phase shift
due to the Sagnac effect, while a FOG integrates it over time.
This means that the integration drift of the measurement is
one of the main issues in FOGs, while it does not exist in
FORSs [6]. In addition, size reduction often becomes a fun-
damental requirement for FOGs while not for FORSs, which
allows the latter to use sensor loops with larger dimensions,
leading to higher sensitivities. However, FORSs pose other
challenges: they should be able to operate continuously over
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months or even years, have internal power source, and, in
some cases, use renewable energy power sources, efficiently
transfer extremely large amounts of data, and be remotely
configurable [18].

Nevertheless, the analysis of noise sources and an effec-
tive noise reduction to increase FOG-based systems sensi-
tivity is a widely recognised challenge. While in theory,
it should be quite easy to reduce the noise floor in such
systems just by improving the parameters of their opto-
electronic components, this naïve approach does not yield
the expected results in practice. During the realisation of
the FOSREM project [16], it was observed that the mea-
sured noise floor of the manufactured FORS was an order
of magnitude higher than the one predicted by the theo-
retical model used. Subsequently, several additional noise
sources (e.g. variable temperature gradients caused by air
circulation inside the enclosure) were found to degrade the
noise performance of the FORS that had not been taken into
account in theoretical analyses. These issues needed to be
addressed first to ensure that the device was able to achieve
its optimum theoretical noise performance.

Therefore, this work tackles the problem of noise from
the practical perspective of improving noise performance
when measuring rotation. The underlying analysis, shown
in the next sections, is based on the following scheme. First,
a general summary of major noise sources in a FOG-based
system is presented in section 2 together with a method of
their investigation based on Allan variance. Next, the struc-
ture of the tested FORS is briefly described in section 3.
Finally, in section 4, starting from the initially measured
amplitude spectral density, Allan deviation curves are com-
pared with the expected, ideal characteristics to identify
frequency ranges where the noise performance can be im-
proved. Device modifications that can potentially bring this
improvement are also listed in this part of the paper. In sub-
sections 4.1 to 4.5, the implementation of these changes is
presented together with measurements performed to evalu-
ate their effect. The process of measurements and improve-
ments is iteratively repeated. In the end, a conclusion is
formulated on how a particular device parameter influences
the noise performance indicators obtained using the Allan
variance analysis.

2. Noise sources and their analysis by the Allan devia-
tion method in a FOG-based system

The noise in a FOG depends on a multitude of factors,
related to both optical and electronic sources. The following
formula describes the theoretical value of total noise in
a FOG [19]:

ARW =
𝜆𝑐

√
2𝜋𝐷𝐿

√︃
𝑁2
𝑇
+ 𝑁2

𝐶
+ 𝑁2

𝑆
+ 𝑁2

RIN , (1)

where 𝐴𝑅𝑊 denotes the angle random walk, 𝜆 is the wave-
length, 𝑐 is the speed of light in vacuum, 𝐷 and 𝐿 denote
the diameter and the length of the fibre loop, respectively,
𝑁𝑇 is the thermal noise of the preamplifier, 𝑁𝐶 is the dark
current noise, 𝑁𝑆 is the photon shot noise and 𝑁𝑅𝐼𝑁 is the
relative intensity noise (RIN) of the light source. The latter
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where 𝑘𝐵 is the Boltzmann constant,𝑇 is the temperature, 𝑅
is the feedback resistance of the transimpedance amplifier,
𝜂 is the photodetector responsivity, 𝑃 is the incident light
power on the detector, 𝑒 is the electron charge, 𝑖𝐷 is the
photodetector dark current and Δ𝜆 is the spectral width
of the light source, defined as full-width at half-maximum
(FWHM).

Consequently, noise sources are: the avalanche photo-
diode (APD) dark current noise and the thermal noise of
the transimpedance preamplifier in the electronic circuit
(which converts the optical signal into an electrical one),
and, mainly the photon shot noise and the RIN of the light
source in the optical circuit. Among these, the RIN was
found to be often the dominant contributor [20]. How-
ever, some possible noise sources are not included in (1), so
the real noise performance will be worse. In addition, some
FOG parameters such as transimpedance amplifier feedback
resistance or light source coherence time are fixed in hard-
ware and cannot be easily changed after device production
to improve the noise performance. Therefore, this paper
presents a practical approach to reducing noise in a FOG-
based seismometer based on understanding the origins of
all noise effects, followed by optimisation of noise-related
device parameters, but without replacing any optical or elec-
tronic components of the device.

Numerous attempts have been reported in the literature
to reduce the noise of FOGs. Researchers have suggested
modifying the design by hardware improvements [21, 22],
real-time filtering [23, 24], predictive algorithms [25], dis-
crete wavelet transforms [26] or even neural networks [27].
Instead, this paper focuses on identifying, analysing, and
optimising those system parameters which are configurable
and allow reducing noise after the device has already been
manufactured.

The Allan variance (or Allan deviation) plot method is
widely used to describe the noise performance of FOGs. It
was initially invented for calculating the stability of oscilla-
tors [28]. It was later discovered that it can be effectively ap-
plied for identifying noise effects in inertial sensors [29], in
particular ring laser gyroscopes [30]. It has become a stan-
dard for testing FOGs [31] and is widely used by researchers
in noise analysis to estimate FOG accuracy [32–35].

The Allan variance analysis is a method of characterising
data sequences in the time domain. If a random measure-
ment signal of a gyroscope, Ω(𝑡), is averaged over some
time interval 𝜏 yielding a series of averaged values, then
Allan variance AV(𝜏) is defined as half the mean value of
the squares of the differences between successive averaged
values. Its square root, called the Allan deviation (AD), is
also used [36], which represents the standard deviation of
frequency fluctuations as a function of 𝜏.

A typical AD log-log plot for a FOG-based rotational sen-
sor is shown in Fig. 1. The y-axis is scaled in the same units
as the measured signal (rad/s instead of deg/h typically used
for FOGs), while the x-axis shows the averaging period 𝜏.
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Fig. 1. Typical AD plot for a FOG-based rotational sensor, showing
only the ARW and BI parameters calculation for clarity.

For a signal sampled at some frequency 𝑓𝑠 , the lower bound
of data points on the x-axis is 𝜏𝑚𝑖𝑛 = 1/ 𝑓𝑠 . There are five
different noise components which can be identified in an
AD plot: quantisation noise, rate random walk, rate ramp,
ARW, and bias instability (BI). Among them, the last two
are of a particular interest for describing the performance of
FOG-based sensors [19,37] and have been commonly used
to classify FOGs by grade [1, 38]. An AD plot typically
includes a –0.5 slope section due to the presence of white
noise in the signal. The y-value of this slope at 𝜏 = 1 s deter-
mines the ARW value in rad/s/

√
Hz (or rad/

√
s). Thus, when

ARW is decreased, the noise floor is lowered and the FOG
performance is improved. The minimum of the AD plot
represents the BI (in rad/s), which represents the long-term
stability of the measured signal.

3. FOG-based rotational sensor

Figure 2 presents a simplified block diagram of the
designed and manufactured FOSREM-3D fibre-optic ro-
tational seismometer which employs a well-known FOG
structure. For clarity, it only shows the subsystem for
one of the three axes of the device. FOSREM-3D com-
prises three such independent single-axis subsystems. For
a more exhaustive description of this measurement system,
see [39, 40].

The primary feedback loop shown in Fig. 2 is the most
important part of the entire closed-loop system. The light is
generated by an ASE module. Such light sources generally
provide higher optical output power than the more com-
monly used superluminescent light emitting diode (SLED)
ones. Consequently, just a single ASE is sufficient to supply
all the three axes through a 1× 3 fibre-optic coupler. In each
axis, the light beam is split into two counter-propagating
waves which enter a sensing loop from opposite directions.
Avalanche photodiode is used as a photodetector, which in
general provides higher sensitivity than PIN diodes, at the
expense of its increased noise figure.

These two waves interfere and produce optical power
proportional to the raised cosine of their phase difference
𝑃(Δ𝜙), subsequently converted to current by an APD. As
the derivative of the cosine function is zero for Δ𝜙 = 0, the
sensitivity of the sensor would be very low if this principle
were applied directly. In addition, it would not be possi-

Fig. 2.  Simplified  block  diagram  of  the  analysed  FOG-based
  rotational  seismometer.

ble  to  identify  the  direction  of  rotation.  In  order  to  increase
sensitivity  and  to  disambiguate  the  direction  of  rotation,  op-
eration  with  a  certain  bias  is  desired.  The  bias  is  introduced
by  phase  modulation  using  a  multi-functional  integrated  op-
tical  chip  (MIOC),  applying  a  voltage-controlled  phase  shift
to  the  light  wave  both  before  entering  and  after  exiting  the  fi-
bre  loop.  The  MIOC  also  performs  splitting  and  coupling  of
the  light  beam.  The  phase  of  each  wave  is  modulated  twice,
before  entering  the  sensing  loop  and  after  leaving  this  loop.
If  the  modulation  were  constant,  both  waves  would  experi-
ence  the  same  phase  shift.  Therefore,  the  modulator  shifts
the  phase  alternately  in  two  directions  with  the  half-period
equal  to  the  group  delay  of  the  loop  (square-wave  modula-
tion).  Then  the  system  effectively  works  in  two  bias  points
located  at  the  same  level  on  opposite  sides  of  the  raised
cosine  function.  Thus,  if  there  is  no  rotation,  the  light
waves  interference  induces  a  constant  current  at  the  APD.
Any  rotation  of  the  fibre  loop  causes  a  phase  shift  which
makes  the  output  of  the  APD  produce  an  error  signal,  in
the  form  of  a  square  wave  with  two  different  current  levels
being  generated  during  different  modulation  steps.  The  dif-
ference  between  these  levels  is  proportional  to  the  rotation
rate  (see  Fig.  3.7  in  Ref.  [11]).  In  a  closed-loop  operation,
to  compensate  for  rotation,  a  linear  ramp,  whose  slope  is
proportional  to  the  rotation  rate,  is  added  to  the  modulation
signal.  Note  that  due  to  the  limited  range  of  the  modulator,
the  ramp  needs  to  be  reset  by  subtracting  or  adding  a  mul-
tiple  of  2𝜋  to  the  phase  shift,  see  chapter  8  in  Ref.  [11]  for
details.  Based  on  the  known  slope  and  loop  parameters,  it
is  then  possible  to  calculate  the  rotation  rate  that  produced
the  measured  error  signal.
  The  system  is  additionally  equipped  with  a  secondary
feedback  loop  that  keeps  the  average  APD  current  at  a  con-
stant  level.  After  measuring  the  averaged  current  (at  a  low
frequency  to  eliminate  the  impact  of  the  modulation),  the
control  algorithm  increases  or  decreases  the  APD  bias  volt-
age  to  appropriately  adjust  the  APD  current.
  The  manufactured  three-axis  FOSREM-3D  device  is
shown  in  Fig.  3.  The  dissipated  power  and  the  resulting
temperature  were  found  to  be  of  vital  importance  for  noise
in  the  system.  Therefore,  to  ease  the  understanding  of  tem-
perature  effects  inside  the  case,  a  drawing  that  shows  how
particular  parts  are  positioned  has  also  been  provided.  Each
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Power consumptionModule
3 WPower supply board
10 WControl board

3APD board × 1 W = 3 W
3Modulator board × 3 W = 9 W

25 WTotal

4. Identification and mitigation of noise sources

The lower limit of a rotational seismometer resolution is
determined by the so-called self-noise which is the sensor
output signal when the sensor is at rest and there is no ro-
tational motion at the input. Estimating this limit, therefore
requires a recording of the output signal from a seismically
quiet time interval with a background level of ground mo-
tion lower than the sensor self-noise level. Self-noise is
difficult to measure, especially in laboratories located in ur-
ban environments. Hence, it is customary to use overnight
recordings [41]. Although noise is usually characterised by
a power spectral density (PSD), the FOSREM-3D self-noise
will be reported as an amplitude spectral density (ASD)
which is the square root of PSD. The main reason for this
approach is the possibility of directly comparing ASD to
the measured rotation rate and, consequently, analysing AD
instead of AV.

Figure 4 presents an example of a baseline ASD obtained
with FOSREM-3D together with the corresponding AD plot
(Fig. 4). These measurements were performed in a labora-
tory at the Lodz University of Technology, Poland with the
aim of investigating the self-noise of the device. As it can
be seen, the raw ASD [the blue line in Fig. 4(a)] is “fluc-
tuating” with an amplitude increasing with frequency. For
this reason, frequency spectra were smoothed by averaging
every 100 data points. The result is presented by the orange
line in Fig. 4(a).

Fig. 4. Sample ASD (a) and the corresponding AD (b) plots. See
the text for a description of the marked regions.

        
                 

          

 
   

(a)

(b)

(a)

(b)

Fig.  3.  Internal  structure  of  most  important  components  of
  FOSREM-3D  (a).  Photograph  of  FOSREM-3D  with
  open  case,  with  two  out  of  three  fibre  loops  mounted  (b).

fibre  optic  loop  is  wound  on  a  cylindrical  metal  body,  each  of
them  being  mounted  on  a  different  wall  of  the  enclosure  so
that  they  are  positioned  perpendicularly  to  each  other.  Each
cylinder  has  an  APD  and  a  modulator  board  connected  to
its  fibre  loop.  Additionally,  the  power  supply  and  control
boards  are  fixed  to  the  fourth  enclosure  wall.  The  ASE  light
source  module  is  mounted  on  the  fifth  wall.  All  system
components  are  connected  to  one  another  with  ribbon  ca-
bles.  Table  1  shows  the  approximate  power  consumption  by
every  module.

Table  1.
Power  consumption  by  FOSREM-3D.
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  Based on the obtained characteristics, several kinds of 
noise or disturbances observed at the FOSREM-3D output 
have been identified (see Fig. 4):
(a) white noise, in the entire frequency spectrum,
(b) slow drift of rotation rate (with a time constant of the

order of hours),
(c) noise “bump” in the frequency range between 0.01 Hz

and 2 Hz,
(d) 2𝜋 resets of the ramp, causing noise peaks at the cor-

responding frequencies,
  (e) interference from devices powered from the 50 Hz grid. 

The next five subsections discuss methods for eliminating
or mitigating the above noise types.

4.1. Reduction of white noise

Several FOSREM-3D parameters that affect white noise
can be changed “on-the-fly” in its software. They include:
• the ASE source power (which determines the input optical

power for the sensing loop),
• the APD bias voltage (which determines the APD respon-

sivity, i.e., the optical power to current conversion ratio),
• the synchronicity parameter which allows the buffer win-

dow used for calculating averaged samples of the APD 
output to be shifted in time.

  The light source used is a mini-broadband ASE [42]
whose output power can be changed with a resolution of 
1 dB, up to a maximum of 16 dBm. A single source is 
used for all three axes. Since the attenuation is approxi- 
mately 15 dB in each axis, the maximum power per axis 
at the end of its fibre loop is around 420 μW. This power 
is then converted into electrical current by the APD. Un- 
surprisingly, it was found during investigations that higher 
light source power results in lower noise (Fig. 5). In par- 
ticular, for low power, the AD curve is relatively flat below
𝜏 = 1 and gets progressively steeper as power is increased, 
which decreases ARW. For instance, changing the power 
from 4 dBm to 13 dBm allowed ARW to be reduced from
90 nrad/s/

√
Hz to 58 nrad/s/

√
Hz. However, it was also dis- 

covered that starting from the power of around 13 dBm, no 
further improvement in ARW is achieved.

  Another way to boost the output signal strength is to in- 
crease the APD responsivity (measured in A/W) by raising 
its bias voltage. The APD used has a breakdown voltage of 
38.6 V and the closer the bias voltage is to this value, the 
stronger the avalanche multiplication effect and the higher

current induced for a given optical power. Thanks to dedi-
cated hardware, FOSREM-3D allows the APD bias voltage
to be set in a wide range with a high resolution. The AD
curves obtained for four values of APD bias are shown in
Fig. 6. The effect is similar to the one of increasing the light
source power, though considerably weaker. Increasing the
APD responsivity allows ARW to be reduced, but only up to
a certain point. In particular, increasing the APD bias volt-
age from 29.6 V to 35.9 V resulted in a reduction of ARW
of about 7 nrad/s/

√
Hz. However, a further increase of this

voltage had little to no effect.
The synchronicity parameter shifts the time window over

which the circuit gathers samples before they are aver-
aged and processed by the control algorithm. The idea
is shown in Fig. 7: the signal is continuously sampled by an
analogue-to-digital converter (ADC) while the signal value
stays roughly at the same level, apart from small fluctua-
tions due to noise. However, due to a change of polarisa-
tion in the MIOC element, an unusual peak is observed for
one sample in every period of the four-step modulation: the
non-instantaneous voltage shift on the MIOC electrodes pro-
duces a transient, resulting in the ADC sample wrong value.
It is the role of the median filter applied to all buffer samples
to eliminate the impact of this wrong sample. Additionally,
the buffer window may span two different cycles (see Fig. 7),
which may further influence the final rotation rate calculated
by the control algorithm. Therefore, measurements were
performed to see if the buffer window position impacts the
noise. It was found (see Fig. 8) that slightly better results
were obtained when the window was so positioned that it

(b)

(a)

Fig. 5. Impact of  light source  power (4 dBm, 7 dBm, 10 dBm,
  13 dBm, and 16 dBm) on FOSREM-3D self-noise repre-
  sented in an AD plot.

Fig. 6. Impact of APD responsivity (29.6 V, 35.9 V,  37.4 V, and
   38.3 V) on FOSREM-3D self-noise represented in an AD
   plot.

Fig. 7. Non-synchronised (a) and synchronised (b) windowing for
  the median filter.
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(a)

(b)

Fig. 8. Impact of median filter window synchronisation on 
FOSREM-3D self-noise represented in an AD plot.

exactly matched a particular single step of the modulation
scheme (i.e., all the samples in the window corresponded
to the same modulation step). The average improvement of
ARW was around 6 nrad/s/

√
Hz, which is relatively small,

but this change was consistent across multiple tries.

4.2.  Mitigation  of  slow drift

  It was observed that the measured rotation rate drifts
slowly across time, sometimes even reaching the rate of
±10 rad/s per hour (the Earth’s rotation rate being around
52 rad/s at the latitude of the testing facility). It was dis-
covered that this drift was caused by two factors.

  The first cause of the long-time rotation rate drift are
temperature gradients between different parts of the sensing
loop. The device has a high heat capacity due to its weight
and metal construction, thus it can take several hours for
it to thermally stabilise. For example, at least 8 hours are
typically required after it is turned on until the temperatures
in all its parts reach their steady states. Over this period,
different parts are warming up at different speeds, produc-
ing thermal gradients between different fragments of the
sensing loop and affecting the rotation rate measurement
results due to the refraction index being highly dependent
on temperature. A similar effect also occurs when the ex-
ternal temperature changes, producing a temperature drift
of the output signal. To mitigate the related drift, the device
structure was slightly modified by thermally isolating the
sensing loops from other components as much as possible
to make their temperature more uniform.

  The second important factor is the impact of temperature
fluctuations inside the device on the parameters of electri-
cal components. In particular, the APD responsivity (which
affects the total gain of the readout circuit) was proven to
be quite sensitive to temperature. For this reason, a sec-
ondary feedback loop has been implemented between the
hardware and the algorithm, allowing the APD bias voltage
to be regulated to maintain a constant APD current regard-
less of temperature fluctuations (see Fig. 2). A secondary
ADC with a low-pass filter is used to measure the average
APD current with a low sampling frequency. Based on
these samples, the APD bias voltage is adjusted by a PID
controller within the control algorithm so that the current
stays at the same predefined level.

  After the above improvements were implemented, the
drift amplitude and rate decreased considerably. Figure 9
shows a sample output signal (rotation rate) before and after

Fig. 9. Rotation rate measurement results obtained over one-hour
  intervals with a sampling frequency of 1 kSps: original
  device structure (a) and modified device structure (b).

the device modifications. It must be emphasised, however,
that while the temperature drift reduction was a welcomed
result, it was observed that this kind of drift did not affect
the ARW parameter of FOSREM-3D.

4.3. Elimination of low-frequency noise

  As observed in Fig. 5 and 6, there is a visible noise
“bump” in the AD curve in the frequency range from
0.01 Hz to 2 Hz. A similar effect was reported by other
researchers: see, for example, Fig. 3 in Ref. [43] or Fig. 9 in
Ref. [38]. Since this type of noise exists at low frequencies,
a temperature-related effect was the most likely candidate
for its cause. It was postulated that the air circulation inside
the device caused small temperature gradients, producing
noise at these frequencies.

  To validate the above hypothesis, AD curve measure-
ments were performed with the device enclosure fully
closed, as well as after removing three of its side walls and
its top wall. The results are presented in Fig. 10. For the
open enclosure, the “bump” became clearly larger, which
may indicate that the free airflow caused a higher tempera-
ture gradient in the fibre loop, translating into higher noise
in the frequency range under consideration. To mitigate this
effect, the airflow around metal cylinders with fibre loops
was restricted. Even a partial restriction of air circulation
already improved the results considerably (see the green line

μ
μ
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Fig. 10. Impact of air circulation inside the enclosure of FOSREM-
3D on its self-noise represented in an AD plot.

in Fig. 10). The best results were obtained when the airflow
was restricted completely (see the red line in Fig. 10), with
the noise bump in the related frequency range disappearing
completely. This enabled a significant reduction of ARW
to be achieved, down to only 49 nrad/s/

√
Hz and a reduction

of BI to only 4.5 nrad/s.

4.4. Reduction of disturbances from ramp resets

During the development of the control algorithm, it was
observed that the ASD spectrum contained spikes at around
4 Hz and its harmonics [see Fig. 4 where they are marked
as (d)], with exact frequencies different for each FOSREM-
3D axis. It was discovered that they were caused by ramp
resets. The ramp whose slope is directly proportional to the
rotation rate is the feedback signal generated by the control
algorithm to compensate the error (please see section 3).
Since the slope cannot be infinite due to the limited voltage
range, it needs to be periodically reset, which is done by
subtracting a voltage 2𝑉𝜋 corresponding to a 2𝜋 phase shift
at the MIOC output [see Fig. 11(a)].

In theory, this should not affect the output signal (cor-
responding to rotation rate), because a 2𝜋 shift does not
effectively change the phase of the light. However, in prac-
tice, the reset is not instantaneous, which affects one or

more samples input to the algorithm [see Fig. 11(b)]. Nor-
mally, such samples may be filtered out and should not affect
the output rotation rate calculated by the algorithm. How-
ever, it was discovered that in the output signal after the
ramp reset, a short spike is followed by a slow decay [see
Fig. 11(c)], which cannot be filtered out in post-processing.
This unwanted artefact could be explained by the non-linear
dependence of the phase shift Δ𝜙 generated by the MIOC
on its input voltage, especially in higher temperatures. Con-
sequently, while the MIOC input voltage varies linearly in
time, the resulting phase shift of the light wave does not,
which contaminates the output signal. This hypothesis was
supported by the results of software simulations in which
MIOC nonlinearity was artificially introduced and similar
tail-like signal was observed at the output.

It is worth noting that the frequency of the resulting noise
signal is not constant, but it increases linearly with rotation
rate due to more frequent ramp resets. Surprisingly, this
noise contribution is also closely related to the temperature
drift. To explain this effect, let us consider an example that
shows how the noise resulting from ramp resets manifests
in each of the following cases:
(1) no temperature-induced rotation rate drift,
(2) temperature-induced rotation rate drift much lower than

actual rotation,
(3) temperature-induced rotation rate drift comparable to

actual rotation rate.

Fig. 11. Impact of ramp resets and MIOC non-linearity on the rotation rate signal: ramp (rotation rate compensation) signal (a), rotation
rate output signal for a linear MIOC (b), rotation rate output signal for a non-linear MIOC (c).

In the first case, ramp resets will occur with a constant fre-
quency since rotation rate will be mostly stable. Similarly,
in the second case, this frequency will be almost constant,
albeit a little less than in the first case. Therefore, in the
ASD spectrum, a spike will be seen [such as the one in
Fig. 12(a)]. Due to how AD is calculated, such a narrow-
band noise will have a very small impact on the correspond-
ing AD plot and, consequently, on ARW. Conversely, the
frequency of ramp resets will vary significantly in the third
case. To understand this effect, suppose the average rotation
rate is 2 rad/s and the relative temperature-induced drift is
±1 rad/s. The rotation rate will then be drifting between

μ
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Fig. 14. Sample AD plot of the FOSREM-3D output signal before
(blue line) and after (red line) the improvements described
in section 4.
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Fig. 13. ASD of the FOSREM-3D output signal: with an off-grid
   linear power supply operating in the vicinity (a) and after
   switching this power supply off (b).

4.6. Combined effect of device    improvements

   The improvements described in sub-sections 4.1 to 4.5
resulted in a much smoother and regular AD plot represent-
ing the device self-noise, containing a clear monotonically
decreasing section with a   0.5 slope spanning across a wide
averaging period range (Fig.

− 
14). At the same time, they

allowed ARW to be reduced from between 100 nrad/s/
√

Hz
and 200 nrad/s/

√
Hz to around 35 nrad/s/

√
Hz, which is by

at least half an order of magnitude. An even greater im-
provement was achieved in BI: from between 50 nrad/s and
60 nrad/s down to 5 nrad/s.

Fig. 12. Impact of ramp resets on the self-noise of FOSREM-3D
represented in ASD plots for a small temperature drift (a)
and a large temperature drift (b).

1 rad/s and 3 rad/s. Consequently, the ramp reset fre- 
quency will be varying between 𝑓reset and 3 𝑓reset. This will 
be reflected in the ASD spectrum as a plateau across a rel- 
atively wide frequency range [Fig. 12(b)], causing ARW to 
increase.

  Therefore, the method of eliminating the temperature drift 
described in sub-section 4.3 is also efficient in mitigating the 
impact of ramp resets on ARW, as the related noise will be 
contained within a narrow range of frequencies. Admittedly, 
it solves this problem indirectly and only partially. Fully 
eliminating the related disturbance at its source is only pos- 
sible by ensuring a perfect linearity of the MIOC module.
Further research into this issue is planned for the future.

4.5. Impact of grid frequency-related disturbances

  In Fig. 13(a), one can observe a wide bump around the 
50 Hz frequency. It may be caused by either electrical distur- 
bances in the measurement system or by mechanical vibra- 
tions caused primarily by nearby devices with transformers 
powered from a 50 Hz grid. This noise artefact disappeared
[Fig. 13(b)] when measurements were performed without 
any 50 Hz interference sources in the immediate vicinity 
of FOSREM-3D. It is impractical to prevent this kind of 
interference by filtering or any kind of post-processing, as 
the 50 Hz frequency lies inside the intended bandwidth of 
FOSREM-3D. To ensure that these disturbances do not af- 
fect the self-noise measurement, the device should be placed 
far away from their sources.

μ μ
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5. Conclusions

The results presented in this paper show that a non-ideal
configuration of a FOG-based rotational seismometer or its
improper thermal design may significantly harm its noise
performance. The following important conclusions can be
made based on the analysis of the performed measurements
and following improvements.

• The most important factor negatively affecting the ARW
of the investigated device is the low-frequency noise
caused by air circulation inside the case. The best so-
lution to this issue is to prevent or reduce air circulation
around the fibre loops.

• To minimise white noise, light source power and APD
responsivity should be as high as possible without satu-
rating the electronic readout circuit. That said, it should
be emphasised that increasing light source power or APD
responsivity has diminishing returns and does not im-
prove noise performance anymore once the signal strength
reaches a certain threshold.

• Although the temperature-related long-term drift does not
impact ARW directly, it considerably increases it when
coupled with the noise due to ramp resets, especially
when the measured rotation rate is low. Therefore, it is
advisable to keep this drift small by making the temper-
ature of the sensing loops as uniform as possible. Addi-
tionally, an APD current-controlling circuit is useful in
keeping the APD current stable and further minimising
the temperature-related drift.

The analysis presented in this paper has been aimed at
improving AD curves of a FOG-based rotational seismome-
ter with a special emphasis on reducing ARW. It has been
shown that it is possible to significantly reduce noise in such
a device by a careful optimisation of the system parame-
ters based on a good understanding of noise effect origins.
This allows a significant improvement of noise performance
without replacing any optical or electronic components,
or implementing complex post-processing techniques. It
should be emphasised that such an optimisation does not
preclude applying signal post-processing at a later stage.
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