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ABSTRACT
The optical Sagnac effect sets fundamentals of the operating principle for ring laser and fiber optic gyroscopes, which are preferred
instruments for inertial guidance systems, seismology, and geodesy. Operating at both high bias stability and angular velocity resolu-
tions demands special precautions like dithering or multimode operation to eliminate frequency lock-in or similar effects introduced
due to synchronization of counterpropagating channels. Recently, to circumvent these limitations, ultrashort pulsed radiation was sug-
gested to supersede conventional continuous wave operation. Despite the ultrafast nature of ultrashort pulse generation, the interro-
gation of the Sagnac effect relies on highly averaging measurement methods. Here, we demonstrate the novel approach to the optical
Sagnac effect visualization by applying real-time spatio-temporal intensity processing and time-resolved spectral domain measurements
of ultrashort pulse dynamics in rotating the bidirectional ring fiber laser cavity. Our results reveal the high potential of application of
novel methods of optical Sagnac effect measurements, allowing enhancement of rotation sensitivity and resolution by several orders of
magnitude.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5121723., s

I. INTRODUCTION

Improving the accuracy of relative positioning or rotational
sensing is important both for fundamental science and for vari-
ous practical engineering applications. With progress in the general
understanding of optical phenomena in a laser cavity and the devel-
opment of advanced laser configurations came the ability to mea-
sure ultraslow angular velocities unlocking new breakthrough meth-
ods and approaches in this field. Thus, laser gyroscopes employing
the optical Sagnac effect make it possible to detect rotations of the
ground with a resolution of 10−11 rad s−1 by integrating a signal
over several hundreds of seconds.1,2 Among the impressive recent
applications, one can mention the direct observation of the rota-
tional microseismic noise,3 observation of Chandler and Annual
wobbles,4 and the detection of very long period geodetic effects on
the Earth’s rotation vector.4 An alternative approach is pursued for
self-navigation.5,6 Here, the requirement of high data acquisition
rates of a Sagnac phase shift of up to several kilohertz7 is more critical

than rotation sensitivity. There is still much room for further devel-
opment and performance improvement, for example, autonomous
or driver-less cars require data acquisition rates much higher
than the currently available tens of kilohertz5 for precise vehicle
positioning.

As mentioned above, the laser gyroscope technology is capa-
ble of providing highly sensitive and high-resolution measure-
ments of the optical Sagnac effect. However, its application has
both practical and fundamental limits and restrictions caused by
their size, elaborate fabrication, maintenance, and, more impor-
tantly, by the impact of the frequency lock-in effect. Backscattered
light enhances the coupling between counterpropagating beams,
causing carrier frequency synchronization.8,9 As a result, the beat
note signal, manifesting the optical Sagnac effect, disappears for
a range of small angular velocities.10 Numerous approaches have
been suggested to decrease backscattering, such as application
of high-reflective dielectric coatings of cavity mirrors or external
dithering or improvement of laser cavity geometry.9,10 Owing to
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the lock-in effect, maintenance-free all-fiber configurations, which
are typically considered beneficial, become disadvantageous for
laser gyroscopes as they suffer from Rayleigh scattering.11 Alter-
native attempts for the frequency lock-in effect elimination have
exploited ultrashort pulses instead of continuous wave radiation
in laser gyroscopes,12,13 since the counterpropagating ultrashort
pulses interact only in two points in the cavity.14–16 In such con-
figurations, a differential phase shift of counterpropagating pulses
due to the optical Sagnac effect is generally evaluated by the
change in the interference pattern of two frequency combs, cor-
responding to counterpropagating ultrashort pulses at each round
trip.17

To date, the interrogation of the optical Sagnac effect has relied
on the study of its cumulative effect over time scales much larger
than the typical cavity lifetime. Thus, existing methodologies impose
a bottleneck on acquisition rates of the Sagnac phase shift, limit-
ing it to a few kilohertz. The availability of ultrafast detectors and
high-resolution real-time oscilloscopes has yielded a multitude of
novel, real-time methodologies for studying ultrafast laser dynam-
ics in both the intensity and spectral domains. For instance, the
method of spatio-temporal dynamics18–20 (see supplementary mate-
rial S1 for the detailed operational principle) makes it possible
to identify specific features of interest in the laser output and to
observe their evolution with round trip time resolution over sev-
eral thousand round trips.21–24 The Dispersive Fourier Transform
(DFT)25–27 (refer to supplementary material S2 for the general oper-
ation concept) is a real-time spectral method that exploits the prin-
ciple of Fraunhofer diffraction in the temporal domain and can
be used to obtain the time-resolved spectra of successive mode-
locked pulses.28–30 This paper justifies such methods used to study
the fast dynamics of counterpropagating ultrashort pulses and also
open up perspectives for interrogating the optical Sagnac effect in
real-time.

In this paper, we introduce a new concept of the optical Sagnac
effect evaluation by analyzing the dynamics of a pair of coun-
terpropagating ultrashort soliton pulses applying three real-time
measurement techniques in a proof-of-principle demonstration
bidirectional ultrafast fiber laser. First, we show how the real-time
spatio-temporal dynamics of the counterpropagating pulses can

be used for direct observation and analysis of the temporal drift
between solitons induced by the optical Sagnac effect accumulated
over several round trips with a resolution of 10−2 deg s−1. Sec-
ond, we show how such real-time measurements can be used to
monitor angular velocities at a rate equivalent to the round trip
time of the laser, resulting in effective acquisition rates that sur-
pass current state-of-the-art commercially available modalities by at
least two orders of magnitude. Third, we show how the synchro-
nized regimes can be utilized for rotation sensing by employing
real-time DFT measurements with a resolution of 10−3 deg s−1.
All these techniques show great potential for improvement of the
rotational resolution by orders of magnitude, while the initial find-
ings show at least threefold resolution improvement, when com-
pared to earlier demonstrated concepts of detecting the optical
Sagnac effect using bidirectional ultrafast fiber lasers.16 A sim-
ple theory based on a linear-regime approximation is presented,
which helps to estimate the order of magnitude of resolution
and errors of suggested methodologies and ascertain the appropri-
ate strategy on tailoring laser parameters to achieve the requisite
resolution.

II. LASER DESIGN
Our experiments employ the hybrid mode-locked Erbium-

doped fiber (EDF) laser setup (see Sec. V), placed on a rotat-
ing circular platform with a diameter of 0.62 m [Fig. 1(a)]. The
angular velocities of the platform with an ultrafast laser can
be varied from 0 to 0.3 deg s−1. The stability of the ultrafast
generation against nonlinear instabilities is ensured by a hybrid
mechanism of passive mode-locking realized via single-walled car-
bon nanotube (SWNT) polymer saturable absorber and nonlin-
ear polarization evolution (NPE). NPE relies on the section of
the polarizing fiber with bow-tie geometry and allows tuning of
the nonlinear transfer function, predefining the nature of inter-
actions between counterpropagating pulses. The laser cavity com-
prises a 3-dB output coupler, which rotates with the entire inter-
ferometer cavity, creating the difference in the optical paths for
counterpropagating pulses as reported for other simple Sagnac
interferometers.31 Afterwards, the counterpropagating pulses are

FIG. 1. The ultrafast bidirectional laser and its operational regimes. (a) Schematic setup of the ultrafast fiber laser used for optical Sagnac effect visualization. [(b) and (c)]
Spatio-temporal dynamics of pulses with different (b) and synchronized repetition frequencies (c).
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combined via a 3dB coupler, the output of which was used for
real-time measurements.

The experiment showed that with proper tuning of the polar-
ization state in the cavity, two stable bidirectional regimes can be
achieved: when repetition rates of counterpropagating pulses differ
by tens of hertz [Fig. 1(b)] and when pulses in both channels are
generated at the same repetition rate of 14.78 MHz [Fig. 1(c)]. In
the latter case, the lengths of ports of the coupler, combining coun-
terpropagating pulses, were adjusted to achieve a pulse separation
of ∼100 ps. We use different techniques for each of these two laser
generation regimes to evaluate the optical Sagnac effect. The case of
channels with different repetition rates has been analyzed by using
spatio-temporal dynamics18,19,32 (see supplementary material 1), and
synchronized channels were measured with the DFT technique (see
supplementary material 2).

III. RESULTS
A. Time-domain analysis

The methodology of spatio-temporal dynamics—that is, a
two-dimensional representation of laser intensity evolution over
round trips—makes it possible to observe round trip time-resolved
dynamics of laser pulses (see supplementary material S1). Here,
the bidirectional regime with different repetition frequencies of
counterpropagating pulses will be considered. Figure 1(b) shows
the spatio-temporal dynamics of the combined laser output over
NRT = 3000 consecutive round trips, for the platform at rest. Since
counterpropagating pulses are generated at slightly different repeti-
tion rates, their crossing point moves along the cavity over round
trips. Thus, when combined at the output coupler, the trajectories of
pulses present intersect, as the separation between pulses changes.
The evolution traces for both pulses present straight lines, indicat-
ing that there are no uncompensated attractive or repulsive forces
between counterpropagating pulses, which may affect their repeti-
tion rate. The trajectories cross when pulses overlap at the output
coupler.

Figure 2(a) shows the relative positions of the counterpropa-
gating pulses at the NRT = 104 round trip after their overlapping
at different rotation velocities of the platform, showing that the
rotation of the stage influences the cavity conditions for the pulses.

Figure 2(b) clearly shows the existence of a linear relation between
the angular velocity and the corresponding relative pulse temporal
drift. We attribute the deviations from the linear approximation to
imperfections of the rotation stage, mainly owing to the slippage
between the platform and the motor. The bidirectional laser oper-
ating in the nonsynchronized regime can be used for ascertaining
not only the magnitude of the angular velocity but also the direction
of rotation. Thus, Fig. 2(b) demonstrates the decrease in the pulse
separation with the increase in the rotating velocity, while the stage
rotating in the opposite direction will cause an increase in the pulse
temporal separation.

The separation between the pulses with the laser platform in the
rest condition [from Fig. 2(a)] was deducted from the actual mea-
sured values. Therefore, spatio-temporal shift at zero angular veloc-
ity is set to nill in Fig. 2(b). The resulting difference between timing
of arrival of clockwise (CW) and counter-clockwise (CCW) pulses
at photodetector tCW−tCCW is introduced solely due to the optical
Sagnac effect. The pulse separation at the 104th round trip after
pulses overlapping, thus, presents a monotonically decreasing func-
tion from zero to a minimum recorded value of ∼−0.45 ns, owing to
the direction of rotation of the stage. The error bars are not depicted,
since the error of measurements (25 ps determined by the resolu-
tion of the measurement equipment) is smaller than the dot in the
scatter plot.

The scale factor S of the Sagnac effect measurements for this
particular configuration can be obtained directly from the slope
of the linear fit in Fig. 2(b). Here, the scale factor is estimated to
be 0.885 deg s−1/ns. The resolution of measurements in this con-
figuration can be attributed to the finite temporal resolution δtres
(here, 25 ps) and can be estimated as S ⋅ δtres to be 22.12 mdeg s−1

(386 μrad s−1). A theoretical estimate of the resolution can be
obtained from well-known expressions for the optical Sagnac
effect31 [see Eq. (2) in Sec. V], as 534.9 μdeg s−1 (9.4 μrad s−1),
which is much smaller than the experimentally obtained value.
The differences can be attributed to the fact that the analyti-
cal expression Eq. (2) in Sec. V takes into account only the lin-
ear effects as brought about by the optical Sagnac effect, not
considering attraction and repulsion introduced by the nonlinear
effects across the laser cavity, similar to those observed in non-
linear loop mirrors,33,34 and interaction in active media. Yet, the

FIG. 2. Observing the optical Sagnac effect in the time domain when counterpropagating pulses are generated at different repetition rates. (a) Temporal shift of combined
pulses at three different angular velocities. (b) Pulse temporal shift due to the optical Sagnac effect (in reference to the platform at rest) at 10 000 round trips beyond the point
of pulse overlapping.
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experimental results show that there is a clear linear relationship
between the angular velocity of the stage and the relative pulse
separation, thus allowing us to use the current methodology for
high accuracy angular velocity determination. The discussion on
the scale factor stability in the current laser configuration is pre-
sented in supplementary material 4. The resolution limit can be
countered for a given laser configuration only by increasing the
number of round trips—NRT . The slope of spatio-intensity trajec-
tories of counterpropagating pulses in Fig. 1(b) shows that the tem-
poral shift between pulse arrivals to the output coupler changes by
0.295 ps within one round trip time. Therefore, one can consider at
least 2.3 × 105 round trips after pulses coincide (for the platform
at rest) before they overlap in the coupler again. Analysis of the
entire dataset would make it possible to increase the resolution of
the optical Sagnac effect measurements by more than one order of
magnitude.

B. Ultrafast measurements of the optical
Sagnac effect

In the above, the cumulative temporal shift between counter-
propagating pulses accrued after NRT = 104 round trips was used
to visualize the cumulative optical Sagnac effect of the stage over
the corresponding time period. One can obtain a measure of the
angular velocity from a single-shot measurement, i.e., when NRT = 1
[see Eq. (2) in Sec. V]. While this method decreases the resolu-
tion of measurements by a factor of NRT , it has the potential to
increase the effective acquisition rate to the order of the cavity
repetition frequency (hundreds of kilohertz to tens of megahertz),
making it at least three orders of magnitude faster than measure-
ment approaches applied in commercially available gyroscopes, even
surpassing MEMS technologies.

Figure 3(a) shows the round trip resolved temporal separa-
tion δTNRT introduced between the clockwise and counterclockwise
pulses. The temporal offset due to the difference in counterpropa-
gating pulse repetition rates has been removed, leaving behind only
the Sagnac effect induced temporal drift between the pulses. The
plot indicates a linearly increasing separation between the pulses
[Fig. 3(a)]. Thus, the average Sagnac temporal drift ⟨δtSagnac⟩ over

each round trip can be obtained from the slope of the linear fit func-
tion [Fig. 3(a), dotted line]. Deviations about this linear fit εNRT can
result from instantaneous drifts of the stage away from the mean
angular velocity. Figure 3(b) shows the residuals of the linear fit,
which are not εNRT but its cumulative sum up to the round trip
NRT—that is, ∑NRT

i=1 εNRT . εNRT can thus be obtained from a simple
first-order difference of the residuals of the linear fit [Fig. 3(c); also
see supplementary material 6]. Thus, with knowledge of S and the
instantaneous temporal drifts, the round trip time-resolved angu-
lar velocity measurements as shown in Fig. 3(c) (blue curve) can be
obtained directly from time-domain spatio-temporal dynamics, via
the formula

ΩN = S ⋅ [⟨δtSagnac⟩ + εN]. (1)

We would like to stress that the increase in the acquisition
rate always comes at the expense of the decrease in the measure-
ment resolution by the same factor. Defining the final application
will allow identification of suitable accuracy vs bandwidth trade-off.
In principle, within the current measurement setup and laser con-
figuration, while keeping the resolution of the Sagnac effect at a
moderate value of 94 mrad s−1, the acquisition rate can be as high
as 418 × 103 samples per second (or 418 kHz), calculated using
Eq. (2) in Sec. V, using the value of the scale factor obtained in
the linear approximation. However, as the scale factor in the experi-
ment is drastically reduced owing to the nonlinear effects and inter-
action of counterpropagating pulses in the saturable absorber and
active media, the bandwidth obtained in the experiment is closer to
19 kHz. The finite bandwidth effect has been taken into account in
the above instantaneous angular velocity dynamics by incorporating
a moving-window smoothing operation [orange curve, Fig. 3(c)].
While the angular velocity of our stage is currently limited to about
0.2 deg s−1, the above methodology is not limited by the angular
velocity. Actually, the presented methodology offers better resolu-
tion and therefore possibility to increase acquisition rates with high
angular velocities and their large amplitude variations or oscilla-
tions. Such rotations introduce a greater temporal shift of the pulses,
which will be easier to detect in regards of the finite temporal res-
olution of the real-time oscilloscope and photodetectors. Still, the

FIG. 3. Round trip time-resolved optical Sagnac effect measurements. (a) Temporal separation between clockwise and counterclockwise pulses for the stage at rest (blue
curve) and in motion (orange curve). The black dashed line is a linear fit, indicative of constant angular velocity. (b) Blue curve—residual of the linear fit function, which is a
cumulative sum ΣεNRT of the instantaneous deviations of the pulse separation over each round trip. The jagged appearance is a sampling artefact, which has been removed
by a smoothing operation to give the orange curve. (c) Round trip resolved angular velocity obtained using Eq. (1), where εNRT is obtained from a first-order difference of the
smoothed curve in (b). The orange curve here is again obtained by a smoothing operation to remove the sampling artefacts.
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presented results demonstrate acquisition rates of an order of mag-
nitude higher than current state-of-the-art and commercially avail-
able instruments.35,36 We believe that the current ultrafast methodol-
ogy, with the condition of further development of the fast electronics
and decreasing its cost-metric parameters, will find application in
the rapid developing area of automotive vehicles.5

C. DFT analysis
Figure 1(c) shows the second regime of operation of the bidi-

rectional laser, where the clockwise and counterclockwise pulses
have equal repetition rates, resulting in their observed parallel tra-
jectories on the spatio-temporal dynamics. The length of output
coupler fiber ports was chosen in such a way to ensure separa-
tion between counterpropagating pulses of ∼100 ps when combined
[Figs. 1(c) and S3]. The synchronization of the pulse repetition rates
of counterpropagating pulse trains is caused by the nature of col-
liding mode-locking.12,37 The transition from the nonsynchronized
mode described above to the pulse separation locked regime does
not significantly modify the pulse parameters within experimental
accuracy (see Fig. 5).

Analysis of the dynamics of the autocorrelation function over
round trips for different rotation velocities of the platform with
the laser (see supplementary material note S2) has proven that the
separation of the pulses remains the same over 1000 s round trips
regardless of the rotation velocity. Therefore, when such pulse rep-
etition rate synchronization occurs, the influence of the Sagnac
effect cannot be directly observed by using spatio-temporal inten-
sity approaches, and one should proceed from the temporal domain
to the spectral using the DFT technique.

The DFT technique has been implemented by propagating
pulses through a spool of dispersion-compensation fiber with a total
accumulated dispersion of −1200 ps nm−1. Taking into account
parameters of the measurement equipment used, i.e., photodiode
and real-time oscilloscope, the electronic-based spectrum resolu-
tion of our system reaches 18 pm. Figure 4(a) demonstrates the
highly modulated single-shot spectrum of a single pair of combined
counterpropagating pulses due to their interference while they were
stretched in dispersive media. The averaged single-shot spectrum
over 5000 round trips [red curve in Fig. 4(a)] is in good agreement
with the time-averaged spectrum recorded with the optical spectrum
analyzer (OSA) for combined pulses (navy curve), and the position
of characteristic Kelly side-bands correlates with one in individual
spectra of counterpropagating pulses. It is known that the frequency
of modulation of the spectral interference pattern is inversely related
to the temporal separation tsep of the pulses Δν = 1/tsep.38 In the pre-
vious scenario, the optical Sagnac effect introduces a change in the
temporal separation, which should cause a change in the frequency
of spectrum modulation. Here, however, the temporal separation
between the pulses does not change with changing the angular veloc-
ity of the table, rendering the change in the frequency of spectral
modulation unresolvable.

Figure 4(b) demonstrates recorded single-shot spectra over
5000 consecutive round trips. The Sagnac effect in this laser oper-
ation regime manifests in the form of a change in the tilt of the
modulation pattern of the DFT spectrum [see inset in Fig. 4(b)]. To
reveal the optical Sagnac effect, we can utilize the additional time
scale available—that is, the evolution of the spectrum over round
trips at a fixed wavelength. Here, we used ∼1556.9 nm shown as a
white dashed line in Fig. 4(b). Figure 4(c) shows how the change in

FIG. 4. Optical Sagnac effect measurements by single-shot spectral evolution. (a) Single-shot spectrum, averaged single-shot spectra over NRT = 5000 round trips, and
optical spectra, measured with the optical spectrum analyzer (OSA), of combined pulses. (b) Single-shot spectra dynamics within 500 round trips. Inset: zoomed-in central
part of spectral evolution. (c) Frequency shift for two different angular velocities. Inset: spectral intensity fringing at ∼1556.9 nm—along the white dashed line in (b). (d) DFT
response to different angular velocities.

APL Photon. 5, 016104 (2020); doi: 10.1063/1.5121723 5, 016104-5

© Author(s) 2020

https://scitation.org/journal/app
https://doi.org/10.1063/1.5121723#suppl


APL Photonics ARTICLE scitation.org/journal/app

the tilt is converted to a change in the frequency of spectral inten-
sity modulation over round trips using the Fast Fourier Transform
(FFT). Here, the FFT is accounted for the dynamics measured over
5000 round trips. The inset in Fig. 4(c) shows the round trip spec-
tral intensity evolution for two angular velocities, measured along
the white dashed line in Fig. 4(b).

The tilt in the spectral modulation when the platform is
at rest appears due to initial differences in carrier frequencies
of counterpropagating pulses, producing the carrier-envelope off-
set (CEO). The slope of the linear fit can then determine the
scale factor of optical Sagnac effect measurements SDFT , here
17.2 mdeg s−1/kHz, with an error of (3 kHz)−1 (as set by the FFT
resolution). The use of the DFT methodology allows resolution of
the angular velocity of 7.2 mdeg s−1 (125 μrad s−1), while the the-
oretically predicted resolution according to Eq. (3) (see Sec. V)
when NRT = 5000 is 10 μdeg s−1. Here, the trade-off is a loss in
temporal resolution of the angular velocity drift. The resolution
can be enhanced via moving window FFTs or even higher-order
windowing operations like the Wigner Ville distribution.32,39 The
resolution can be further enhanced by observing the intensity evo-
lution over longer periods, here up to 3.96 × 105 round trips.
Therefore, the resolution is in principle limited by the oscilloscope
memory.

IV. DISCUSSION AND CONCLUSION
To the best of our knowledge, this is the first demonstra-

tion of the application of real-time intensity and spectral domain
approaches to measuring the optical Sagnac effect in a bidirec-
tional ring ultrafast fiber laser. A direct time domain measure-
ment of the Sagnac effect was just a decade ago considered as a
low-accuracy signal processing method.40 However, the advent of
high-bandwidth detectors and oscilloscopes allow us to interrogate
the optical Sagnac effect directly by using the recently emerged
methodologies of spatio-temporal intensity dynamics and DFT.
We have shown in proof-of-principle experiments how the spatio-
temporal dynamics approach can increase readout rates up to two
orders of magnitude higher than commercially available options.
The measurement configuration is also highly simplified, requir-
ing only the use of a coupler for combining the counterpropagat-
ing pulses; accurate contemporization of the pulses becomes less of
an issue. For experimental evaluation of the optical Sagnac effect,
real-time spatio-temporal dynamics takes pulse relative motion
as an advantage. The DFT approach also implies tolerable pulse
separation.

Conventionally, in the case of synchronized repetition rates of
counterpropagating pulses, the optical Sagnac effect is evaluated by
measurement of the beat-note frequency of two combs using the RF
spectrum analyzer, which are presented in supplementary material 3.
Apart from implications due to application of the actively stabilized
delay line (from environmental effects) for contemporization of
pulses and resulting phase and amplitude noise, the beat-note insta-
bilities caused by the frequency drift of frequency combs of counter-
propagating pulses significantly reduce the signal-to-noise ratio of
the beat-note signal and resolution of the measurements. The reso-
lution values obtained using DFT-based measurements were shown
to be superior compared to conventional beat note measurements
(see supplementary material S3). One of the reasons for this is that

the real-time measurement techniques eliminate the carrier-to-
envelope offset frequency noise caused bias frequency drift.41 In
addition, no form of stabilization or even thermal isolation was
applied. This can be attributed in part to the relatively short time
scales investigated and to the high stability of the ultrafast laser (jitter
< 0.8 ps).

The combination of the ultrashort pulse fiber laser design,
together with the demonstrated signal processing approaches,
presents significantly new and highly promising techniques of inter-
rogating the optical Sagnac effect. The current laser configuration
provides a rotation resolution of 384 μrad s−1 in the spatio-temporal
approach for NRT = 104 round trips and 125 μrad s−1 for DFT anal-
ysis over 5000 round trips. Within the available range of platform
rotation velocities, none of the presented techniques has demon-
strated dead-band in optical Sagnac effect measurements. While
more advanced and large-scale active laser configurations still offer
better stability and accuracy, the results obtained using the rela-
tively simple and compact bidirectional ultrafast laser hold a pos-
sibility to be further improved by more than an order of magnitude
within the current laser design by increasing the number of round
trips, or alternatively, by using a resonator of a larger scale. Exten-
sion of the laser cavity can lead to highly nontrivial pulse dynam-
ics, as indicated by the observed deviation of the behavior of the
studied laser from the linear Sagnac approximation. This was also
confirmed in different context of achieving ultralong cavity oper-
ation.42,43 The general methods proposed here can be applied in
various applications beyond rotational sensing, helping to reveal
the underlying physics of bidirectional ultrafast lasers. Currently,
none of the existing theoretical models is capable to completely
describe the dynamics of the interaction between counterpropa-
gating solitons and their dispersive waves inside the bidirectional
ultrafast fiber lasers, particularly, in the saturable absorber or their
nonlocal interaction in the gain medium. Our further plans include
development of such a numerical model to analyze pulse dynam-
ics in the rotating cavity, which we have initiated while the cur-
rent paper had been submitted and been undergoing the review
process.44

Undoubtedly, the demonstrated resolution of demonstrated
real-time measurement methodologies using the bidirectional ultra-
fast fiber laser is significantly lower than the one used in large ring
laser gyroscopes (∼10−11 rad s−1) and, therefore, restricts immedi-
ate application in seismic and gravitational wave detection within
the demonstrated sensor concept. The capabilities of presented
real-time measurement techniques can be enhanced further by the
improvement of direct detection electronic systems for signal analy-
sis. In addition, we acknowledge that the presented laser platform
is not free of deficiencies. In this work, we used a bidirectional
mode-locked laser as a convenient and straightforward platform
to generate and study dynamics of ultrashort pulses during cavity
rotation. In fact, recent works on seismology and gyroscopy demon-
strate high progress in development of interferometers based on
telecommunication optical fiber cables,45 passive ultrafast FOGs,46

or microresonator gyroscopes.47–49 Yet, the performance of modern
optical gyroscopes is often limited not by intrinsic physical effects,
but rather by the available measurement methodology. Recently,
emerged techniques for the characterization of optical field and
laser radiation, in particular,19–24,27–30 clearly demonstrate the high
potential of the above-mentioned state-of-the-art gyroscopes to
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enhancing performance further by using the novel approaches
and measurement methodology as demonstrated here. Although
it remains a subject for further investigation, we anticipate that
the availability of a new generation of measurement techniques
will lead to the development of new technology solutions for
the real-time optical Sagnac effect visualization and enable trans-
lation of the proposed methodology to the future commercial
gyroscopes.

V. METHODS
A. Experimental setup

In the experiment, the laser setup is similar to that presented in
Ref. 50 (see Fig. 1). The fiber laser has a ring cavity configuration.
A 2-m Erbium-doped fiber (EDF) (Liekki Er30-4/125) is pumped
via laser diode at 980 nm through the 980/1550 wavelength division
multiplexer (WDM). The total cavity length is 13.5 m with a cor-
responding fundamental repetition rate of ∼14.7 MHz [Fig. 5(c)].
The ultrashort pulse formation is realized via hybrid mode-locking,
that is, by using simultaneously nonlinear polarization evolution
(NPE) and single-walled carbon nanotubes (SWNTs). The NPE,
being a fast saturable absorber, is achieved by introducing a 6-m
coiled polarizing (PZ) fiber (HB1550Z from Thorlabs) and a pair
of polarization controllers (PC), one of which is driven electron-
ically (EPC). The bow-tie geometry of the PZ fiber modifies the
optical fiber refractive index and, therefore, creates a different cut-
off wavelength and attenuation for the orthogonally polarized fiber
modes. The extinction ratio between slow and fast polarization axes
is ∼30 dB within the bandwidth of ∼130 nm around 1550 nm. The
SWNT/polymer sample features a high modulation depth around
54%, nonsaturable losses of 46%, and a saturation intensity of
58.8 MW cm−2 [Fig. 5(d)]. The individual pulse parameters of each
clockwise (CW) and counterclockwise (CCW) channels are demon-
strated in Fig. 5 when the platform is at rest. The laser generates
near transform-limited soliton pulses in both operation directions
[Figs. 5(a) and 5(b)]. The output power levels at the clockwise and
counterclockwise channels are around 1 mW, and the pulse dura-
tion is 790 and 570 fs, respectively [Fig. 5(a)]. These parameters
have not changed with the laser platform rotation. Ultrashort pulses
from both laser outputs passing through isolators are combined via a
3-dB coupler.

The evaluation of the optical Sagnac effect via real-time
dynamics is realized using a 33 GHz real-time oscilloscope (Agi-
lent DSOX93204A) and a 50-GHz fast photodetector (Finisar

XPDV2320R) with the minimum temporal sampling rate of the
entire measurement system of ∼12.5 ps.

B. Optical Sagnac effect scale factor
1. Spatio-temporal dynamics analysis

The difference in inclinations between the clockwise and coun-
terclockwise pulses [as in Fig. 1(b)] arises due to a difference in their
round trip time, in turn resulting from a difference in their car-
rier frequencies. This intrinsic difference between the round trip
times can be taken as an offset for our configuration. When the
stage starts to rotate with the angular velocity Ω, the optical Sagnac
effect leads to a further change in the cavity condition for the coun-
terpropagating beams. The additional frequency difference intro-
duced by the optical Sagnac effect can be recast as an increment
to the cavity round trip time difference, δTNRT , accrued after NRT
round trips as

δTNRT =
1
f 2
rep

4AΩNRT

λL
≡ Ω

S
. (2)

Here, frep is the pulse repetition rate, λ is the laser central wave-
length, A is the area of the ring laser, and L is the length of the
laser cavity. The repetition rate frep here is ∼14.7 MHz, according
to averaged measurements in Fig. 5(c); the difference in the repeti-
tion rates of counter propagating pulses is ∼60 Hz, which is more
than 5 orders of magnitude smaller and can be neglected in Eq. (2).
Here, S takes the notion of the scale factor, specifying the value of
the temporal shift induced per angular rate. For the laser currently
employed, the scale factor as obtained via Eq. (2) using unit con-
version coefficients is 0.214 (deg s−1) ps−1 such that the resolution
S ⋅ δt = 5.349 deg s−1, where we have taken L = 13.5 m, A = 0.304 m2,
NRT = 1, and δTNRT = 25 ps, which is equal to the temporal res-
olution limit of our measurement configuration δtres. For a fixed
laser configuration, the scale factor and, therefore, resolution can be
further increased by observing the relative temporal shift between
the clockwise and counterclockwise pulses after several round trips
(i.e., for NRT ≫ 1). When using storage oscilloscopes, the recorded
number of round trips can be as large as ∼3.96 × 105, thus increas-
ing the resolution of the optical Sagnac effect measurements by the
same order.

2. DFT analysis
The sliding of the spectral fringes in the interference pattern of

combined pulses [Fig. 4(b)] is caused by the infinitesimal drifting

FIG. 5. Laser output characteristics for clockwise (CW) and counterclockwise (CCW) channels. (a) Autocorrelation traces. (b) Output spectra. (c) RF spectrum of the
fundamental repetition rate. (d) Saturation behavior of SWNTs. Inset: linear absorption spectrum of SWNTs.
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relative phase of combined pulses. Analogous to the above men-
tioned case, the tilt of the modulation pattern is referred to as the bias
offset. The optical Sagnac effect introduces an additional change in
optical path lengths for counterpropagating pulses, causing a further
change in their carrier frequencies and, therefore, their relative phase
when combined. In the ultrafast bidirectional laser, the phase change
due to the optical Sagnac effect ϕ = 8πANRTΩ/(λLfrep) results in a
change in the CEO. Conventionally, the CEO frequency was ana-
lyzed using beat-note measurements. The CEO of a complex of two
pulses can be converted to a phase value as ϕ = 2πδν/Δν, where Δν
is the frequency of spectral modulation of the interference pattern
of the individual single-shot spectrum and δν is the instantaneous
CEO. The frequency of spectral modulation over consecutive round
trips [along the white dashed line in Fig. 4(b)] fmod over NRT round
trips can be estimated, analogous to Eq. (2), as

fmod =
frepδν
Δν
= 4ANRT

λLfrep
Ω ≡ Ω

SDFT
. (3)

Here, R is the radius of the rotational platform with a coiled laser
setup. When the optical Sagnac effect is analyzed using the DFT
technique, the scale factor SDFT is defined by the induced frequency
shift in spectral modulation over round trips per angular rate. With
NRT = 1, the scale factor SDFT is 58 kHz/(deg s−1).

SUPPLEMENTARY MATERIAL

See supplementary material for detailed description of real-
time spatio-temporal and dispersive fourier transform measurement
techniques; optical Sagnac assessment via beat-note frequency mea-
surements; stability of scale factor; and ultrafast sigal processing.
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