
Abstract. A fibre-optic resonant ring interferometer with a
low-coherent light source was investigated experimentally.
The feasibility of measuring the parameters of ring cavities
characterised by very narrow lines (of the order of tens of
kilohertz) was demonstrated by using a broad-band light
source and a retroreflecting Doppler mirror. The Sagnac
effect was first observed in a ring resonant interferometer
with a low-coherence light source. Modulation and compen-
sation of the phase nonrecriprocity in a low-coherence
resonant interferometer with the aid of an optical frequency
shifter located outside a sensing fibre loop were observed
experimentally.

1. Introduction
One of the promising ways of improving the characteristics
of optical angular velocity sensors involves going over from
systems based on the classical Sagnac interferometer to res-
onant systems in which the sensing loop consists of a ring
cavity [1]. Since in resonant interferometers the counterpro-
pagating waves travel repeatedly around the sensitive loop,
accumulating a nonreciprocal phase delay, the resonant inter-
ferometers with the same loop dimensions may be many times
more sensitive than the usual Sagnac interferometers. This
leads to extensive opportunities for miniaturising optical rota-
tion sensors and for construction of `single-crystal' integrated
optical gyroscopes.

However, despite their potential advantages, the resonant
systems cannot so far compete with the nonresonant fibre-
optic Sagnac interferometers. This is because of a number
of disadvantages inherent in the traditional methods formeas-
uring the phase nonreciprocity in ring cavities,whicharebased
on theuse ofmonochromatic light sources.Themost serious of
these disadvantages are a transient nonreciprocal `pedestal'
associated with the interference of the backscattered light, a
high sensitivity of the interferometer to the temperature insta-
bility of the optical length of the cavity, and the need for tight
locking of the source frequency to the operating resonance of
the ring cavity arising from this, as well as the need to use light
sources with very narrow lines (10 kHz ^1 MHz), which pre-

vent the miniaturisation and simplification of the rotation
sensors. All these disadvantages are linked fundamentally to
the use of monochromatic light and so far it has not been pos-
sible toovercome themwithin the frameworkof the traditional
`high-coherence' approach.

2. Resonant ring interferometer based on
low-coherence light
In a previous study [4], we proposed a new method for meas-
uring the phase nonreciprocity in ring cavities, based on the
use of nonmonochromatic light sources. This method may be
used in measuring the angular velocity and also very small
Doppler shifts of the light frequency [5]. By virtue of the
short coherence length of the source, the interferometers
described previously [4] do not suffer from the disadvantages
characteristic of systems based on high-coherence light. This
communication describes an experimental observation of the
Sagnac effect in a fibre-optic resonant cavity with a low-
coherence light source.

The basic setup of the low-coherence resonant interfer-
ometer is presented in Fig. 1. The interferometer consists
of a low-coherence light source ( 1 ), a 3-dB fibre coupler ( 2 ),
a ring cavity ( 3 ) closedbycouplers ( 4 ) and (5 ), a retroreflect-
ing mirror ( 6 ), and a photodetector ( 7 ). It is postulated that
the width of the radiation source spectrum exceeds greatly the
mode spacing of the cavity (or, which amounts to the same
thing, the coherence length of the source is much shorter
than the perimeter of the sensing loop).

The interferometer operates as follows. The light from the
source ( 1 ) passes through the coupler ( 4 ) into the ring
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Figure 1. Basic setup of a resonant ring interferometer with a low-cohe-
rence light source: ( 1 ) light source; ( 2 ) fibre coupler; ( 3 ) ring cavity;
( 4, 5 ) weakly coupled fibre couplers; ( 6 ) retroreflecting mirror; ( 7 ) pho-
todetector.



cavity ( 3 ), travels round it clockwise, proceeds round the cou-
pler ( 5 ) to the retroreflecting mirror ( 6 ), and after reflection
from this mirror, it returns to the cavity, travels round it anti-
clockwise, and reaches the photodetector ( 7 ). Since the
cavity transmits only its resonant lines, the spectrum of the
light incident on the retroreflecting mirror consists of a set
of narrow lines selected by the cavity from the broad spec-
trum of the source. The central frequencies of these lines
are equal to the resonance frequencies of the ring cavity
for light propagating clockwise.

The light returned by the retroreflecting mirror must pass
through the cavity anticlockwise. In this direction, the cavity
transmits only on the resonant counterpropagation lines. If
there is a phase nonreciprocity in the cavity, the resonance fre-
quencies for the counterpropagating directions are not equal
and the cavity transmission lines for light travelling anticlock-
wise are frequency-shifted relative to the lines of the radiation
arriving in the cavity from the retroreflecting mirror. This
reduces the total optical power incident on the photodetector.
The same thing happens if there is a Doppler light-frequency
shift on reflection from the retroreflecting mirror.

In the presence of the cavity nonreciprocity and the
Doppler effect in reflection from the retroreflecting mirror,
the optical power reaching the photodetector is given by
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1
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where T �(o) are the transmission coefficients of the ring
cavity in the counterpropagating directions; P0(o) is the
power spectrum of the light source; F is the cavity finesse;
fs is the Sagnac nonreciprocal phase difference for the coun-
terpropagating waves per round trip through the cavity; Do is
the Doppler frequency shift on reflection from the retrore-
flecting mirror; L is the cavity perimeter; n is the refractive
index.

If the spectral width of the source spectrum accommo-
dates very many resonances of the ring cavity but at the
same time fs, Domay be regarded as independent of the fre-
quency o, the expression for the output power of the
interferometer assumes the simple form [4]

Pout�f� �
p
16
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1� �2F=p�2 sin2�f=2� , (3)
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����
R
p

exp�ÿdL=4�
1ÿR exp�ÿdL=2� ; (4)

R is the fraction of the noncoupled power in the couplers ( 4 )
and (5 ) (the `reflection coefficient'); d is the decrement of the
power losses in the ring cavity; P0 is the total power of the
light source;

f � fs � Do
Ln

c
(5)

is the total phase nonreciprocity consisting of the phase

nonreciprocity proper fs and the effective Doppler nonreci-
procity due to the frequency shift on reflection from the
mirror ( 6 ). The form of the relationship Pout(f) is similar
to that of the transmission spectrum of the ring cavity T (o)
[formula (2)], but instead of the total phase j � oLn=c the
phase nonreciprocity f occurs in expression (3). It is impor-
tant that the interferometer output power is independent of
the optical length of the cavity nL provided that one disre-
gards the changes in the scaling factor for fs and Do. This
ensures a high temperature stability of the interferometer
and eliminates the need to match the cavity length to the
source frequency.

Since the Doppler and Sagnac nonreciprocities act on the
interferometer in exactly the same way, in measuring the
Sagnac nonreciprocity by the modulation method it is possi-
ble to achieve signal modulation and compensation by the
frequency shift on reflection from the retroreflecting mirror.
The important factor is that in this case the modulator and
compensator may be placed between the coupler ( 5 ) and
the retroreflecting mirror, i.e. outside the sensing loop. In
this arrangement, the parasitic nonreciprocities of the mod-
ulator and compensator do not influence the interferometer
operation.

The interferometer may be modulated also with the aid of
a mutual phase modulator located asymmetrically relative to
the input coupler ( 4 ) and operating at a frequency equal
to the free spectral range of the ring cavity [5]. Since this
modulationmethod is used widely in fibre-optic Sagnac inter-
ferometers [6], suitable modulators have been thoroughly
developed and have good characteristics.

The maximum interferometer sensitivity is attained in
modulation measurements at the modulation amplitudes
f �m corresponding to the maximum of the derivative
(dPout=df)fm. For F 4 1 and low-frequency `quasi-steady-
state' modulation at a frequency much lower than the width
of the cavity resonance line, the optimal modulation ampli-
tude is

f�m �
p

F
���
3
p : (6)

In Doppler modulation, this corresponds to the following
frequency shift on reflection from the retroreflecting mirror:
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where n12 � c=nL is the mode spacing of the ring cavity.
Under these conditions, the output signal of the interferom-
eter, i.e. the signal at the first harmonic of the modulation
frequency, is

P1 � 0:04P0
4pn0aLn

c 2
O , (8)

where n0 is the central light-source frequency; a is the radius
of the sensitive loop (it is postulated that this loop is in the
form of a coil); O is the angular rate of rotation of the
interferometer (in radians per second).

Onmodulation at a frequency equal to half themode spac-
ing of the cavity, the useful signal is approximately half the
signal described by expression (8). This can be explained by
the fact that in suchmodulation the nonreciprocal phasemod-
ulation is acquired only by the counterpropagating waves
passing a number of times through the cavity.
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The noise at the interferometer output (for a 1 Hz trans-
mission band of the output device) is

dPout �
1
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fm is the modulation frequency; Dn0 is the width of the light-
source spectrum.The first term in expression (9) corresponds
to shot noise, whereas the second corresponds to a beat noise
of the spectral components of the radiation at the photo-
detector [7, 8]. As a consequence of the inhomogeneity of
the radiation spectrum at the interferometer output, the
dependence of the spectral components of the beat noise
on the modulation frequency fm becomes strongly inhomo-
geneous. This dependence is determined by the function
G(f), which is very close in profile to the Airy resonance
function ( 2 ) (Fig. 2).

The function G(j) is periodic with the period 2p. It has
very sharp maxima at jmax

l � 2pl, where l is an integer
[the maxima with l 6� 0 correspond to beats between reso-
nance lines with frequencies which are multiples of the
mode spacing of the cavity n12 � c=(nL)], and broad minima
separated from the maxima by p. The presence of a minimum
in the function G(j) at j � p promotes suppression of the
spectral components of the beat noise in modulation at the
frequency fm � c=2Ln � 1=2n12. It can be shown that, in
the course of modulation at the frequency fm � 1=2n12, the
beat noise of the spectral components is approximately a
factor F 2 smaller than in the case of low-frequency `quasi-
steady-state' modulation at a frequency much smaller than
the width of a ring-cavity resonance.

The detection limit of the rotation, determined from the
equality of the signal (8) and the noise (9), is as follows for
F 4 1 in the case of low-frequency modulation at
fm 5 c=2Ln:
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In the case of modulation at the frequency fm � c=2Ln, we
have
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We shall now compare the maximum sensitivities of ring
interferometers of three types: a ring-cavity interferometer
with a low-coherence source (OLCRI

min ), a Sagnac inter-
ferometer (O S

min), and a ring-cavity interferometer with a
monochromatic source (Omono

min ). In the case of the ring-cavity
interferometer with a low-coherence source and the Sagnac
interferometer [9] with the same light source and the same
geometrical parameters of the sensing loop, we obtain (for
low-frequency modulation in the resonant interferometer)
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The multiplier (1=F )1=2 represents the resonance gain in
sensitivity attainable in the resonant interferometer with a
low-coherence source. If the resonant interferometer is
modulated with the aid of an asymmetrically placed mutual
phase modulator at the frequency fm � c=2Ln, relation-
ship (13) changes still further in favour of the resonant
interferometer by virtue of suppression in the latter of the
beat noise of the spectral components.

When the detection limits of the rotation of the ring-
cavity interferometer with a low-coherence source and the
ring-cavity interferometer with a monochromatic source
and low-frequency modulation are compared, we obtain
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It follows from expression (14) that the interferometer with
a low-coherence source is inferior to the interferometer with a
monochromatic source as regards the maximum sensitivity.
This can be explained by the fact that, as a consequence of
the frequency-selective properties of the cavity, only 1=F
of the power of the broad-band light enters it, whereas mono-
chromatic light, of frequency close to the resonance frequency
of the ring cavity, is almost fully transmitted by this cavity.
Moreover, because the absence of instabilities associated
with backscattering and with the temperature-induced varia-
tions in the optical length of the cavity, the resonant
interferometer with a low-coherence source should exhibit
a much better long-term stability than the resonant interfer-
ometer with a monochromatic source.

The influence of backscattering in the interferometer with
a low-coherence source is expected to be smaller by at least the
factor lcoh=nL than in the interferometer with a high-coher-
ence source (lcoh is the coherence length of the low-coherence
source). This is associated with the fact that, in the inter-
ferometer with a low-coherence source, the signal waves
interfere solely with the waves arising as a consequence of
backscattering over a short section of the cavity of length
lcoh=n, whereas in the interferometer with a high-coherence
source the signal waves interfere with the waves formed by
backscattering over the entire length of the cavity.

Apart from the system examined above [4], other systems
may be put forward for ring-cavity interferometers with low-
coherence sources, in particular a very simple system in which
the ring cavity is closed by a single coupler (Fig. 3). This sys-
tem was in fact used in our experiments. In the simplest
version of the system, when the ring cavity operates in reflec-
tion, the entire light reflected from it reaches a photodetector.

G

0 2p 4p j

1 2

Figure 2. The functionG(j) ( 1 ) and the Airy function ( 2 ) for F � 30.
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Since the cavity has a reflection coefficient close to unity at all
frequencies apart from the resonance, most of the light from a
broad-band source is reflected from it. This light carries no
information about the phase nonreciprocity and merely cre-
ates a strong interfering background against which it is
necessary to observe a weak interference signal.

This background can be eliminated with the aid of a
polariser ( 8 ) and polarisation-controllers ( 9 ) and (10 )
(Fig. 3). In the round trip through the cavity, the wave polar-
isation is rotated by�908 in the component ( 9 ) (the opposite
signs correspond to opposite directions of the trip). The Jones
matrix of the ring cavity in Fig. 3 then assumes the form

T̂
� � R1=2

�
1ÿ

�
1ÿR1=2 exp�ij��

�
R1=2�1ÿ R� exp�ij��

1�R exp�i2j��
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� 1 0
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���� �����R1=2�1ÿ R� exp�ij��
1�R exp�i2j��

1 �1
�1 1

���� ���� , (15)

where j is the phase shift of an optical wave during a round
trip through the cavity. The first term in expression (15)
represents the background with an admixture of the useful
signal, whereas the second term represents the useful signal.
If the distance from the coupler ( 4 ) to the retroreflecting
mirror ( 6 ) is made equivalent to a quarter-wave plate
rotated by 458 relative to the polarisation plane of the polar-
iser ( 8 ) with the aid of the component ( 10 ), the wave
corresponding to the first term in expression (15) is fully
absorbed by the polariser ( 8 ). The output power of the inter-
ferometer is then given by

Pout�f� �
p

16F
P0

1� �2F=p�2 sin2 f , (16)

where

F � p
����
R
p

exp�ÿdL=2�
1ÿR exp�ÿdL� : (17)

Compared with the system in Fig. 1, the effective cavity
length is now doubled because the polarisation is restored
after two round trips through the cavity. If the intrinsic losses
in the cavity are small, then the finesse of the latter remains
the same as in the system in Fig. 1: the doubling of the losses

owing to exclusion of the waves travelling an even number of
times round the cavity is compensated by the absence of leak-
age of the power generated by the second coupler ( 5 ).
Doubling of the effective cavity length reduces the rotation
detection limit by the factor

���
2
p

, compared with that given
by formula (12).

3. Experiment
The resonant ring interferometer with a low-coherence light
source (Fig. 3) was investigated experimentally. A detailed
schematic illustration of the experimental setup is presented
in Fig. 4. A superluminescent diode (1 ) with a central wave-
length of 0.83 mm and an output power of about 100 mW
served as the light source in the interferometer constructed
on the basis of an all-fibre Sagnac interferometer.

A cavity loop ( 3 ), 500 m long, was made from an iso-
tropic single-mode fibre wound on a drum of 10 cm radius
and was closed by a polished fibre coupler ( 4 ) with a splitting
coefficient of 1 :10. For this splitting coefficient, the cavity
finesse was determined by the intrinsic losses in the ring,
which amounted to about 2.2 dB kmÿ1. In the regime without
elimination of the light reflected from the cavity and with the
polariser ( 8 ) `open', the maximum finesse of the loop was 4
whereas in the regime with elimination of the light reflected
from the cavity (by a `closed' polariser) it was 1.8, so that in
the latter case the interferometer worked nearly in a single-
pass regime.

A retroreflecting mirror ( 6 ) was attached to a dynamic
loudspeaker ( 11 ) used as the Doppler phase-nonreciprocity
modulator. The interferometer was mounted on a rotatable
stage (14 ), which could be rotated in both directions at an
angular velocity of 6008 hÿ1.

1 2 48 10 6

7

3

9
5

Figure 3. Schematic diagram of a resonant ring interferometer with a low-
coherence light source: ( 1 ) light source; ( 2 ) fibre coupler; ( 3 ) ring cavity;
( 4 ) weakly coupled fibre coupler; ( 5 ) rotatable stage; ( 6 ) retroreflecting
mirror; ( 7 ) photodetector; ( 8 ) polariser; ( 9, 10 ) components for polari-
sation control.
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Figure 4. Schematic diagram of the experimental setup: ( 1 ) super-lumi-
nescent diode; ( 2 ) fibre coupler; ( 3 ) ring cavity; ( 4 ) weakly coupled fibre
coupler; ( 5 ) rotatable stage; ( 6 ) retroreflecting mirror; ( 7 ) photo-diode;
( 8 ) polariser; ( 9, 10 ) components for polarisation control; ( 11 ) louds-
peaker; ( 12 ) lock-in detector; ( 13 ) modulating voltage generator.
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We did not endeavour to construct apparatus with the
optimal parameters, because the aim of the experiment
was merely to demonstrate a new measurement method.

The cavity finesse was determined from an oscillogram of
the interferometer output power, obtained for Doppler mod-
ulation of the phase nonreciprocity. The retroreflecting
mirror ( 6 ), mounted on the loudspeaker ( 11 ), served as
the modulator. The amplitude of the Doppler modulation
of the reflected-light frequency was equal to half the mode
spacing of the cavity. In conformity with relationship (16),
the resonant curve of the ring cavity was observed on the
screen of an oscilloscope (Fig. 5). This system made it possi-
ble to measure the finesse of cavities with very narrow
resonances and did not require pulsed or narrow-band light
sources or complex methods for the stabilisation and adjust-
ment of the cavity. The finesse of a ring cavity with a
resonance about 50 kHz wide was measured in our experi-
ments and the spectral width of the light source was of the
order of 10 THz.

The Sagnac effect was measured by the modulation
method with the aid of a Doppler modulator, in the form
of the retroreflecting mirror ( 6 ). The first harmonic of the
modulation frequency, of amplitude proportional to the
Sagnac phase nonreciprocity in the sensitive loop, was
selected by a lock-in detector. The modulation frequency
was 475 Hz. The measurements were performed without
filtering the light reflected from the cavity (`open' polariser)
and with filtering of the light reflected from the cavity
(`closed' polariser). In the `closed' polariser regime, the sig-
nal/noise ratio was approximately 15 times better. This can
be seen from a comparison of the oscillograms in Fig. 5
obtained for the `open' and `closed' polariser cases, respec-
tively. Furthermore, when the polariser was `open', a
`pedestal' comparable with the signal was present. It was

associated with parasitic transverse oscillations of a mem-
brane, leading to scanning of the reflected beam. When the
polariser was `closed', this pedestal was diminished by an
order of magnitude.

Fig. 6 presents a record of the rotation signal observed at
an angular velocity of 6008 hÿ1 in the system with the `closed'
polariser. The sensitivity of the interferometer was about
308 hÿ1 Hzÿ1=2 and was determined by the photodetector
noise.

4. Conclusions
The possibility of measuring the angular velocity with the aid
of a ring-cavity interferometer and a low-coherence light
source was demonstrated in the present study both theoret-
ically and experimentally. The parameters of a ring cavity
with a small (200 kHz) mode spacing and a resonance 50 kHz
wide in an optical system with a low-coherence light source
(superluminescent diode) and a Doppler retroreflecting
mirror were determined experimentally. The phase nonreci-
procity in the low-coherence resonant ring interferometer was
measured with the aid of a Doppler modulator placed outside
the sensing loop.

The expected higher (compared with the resonant systems
having high-coherence light sources) long-term stability, a
sensitivity better than in the Sagnac interferometer, the pos-
sibility of placing modulators and compensators outside the
sensitive loop, and the relative simplicity and low cost of the
optical system, combined with the availability and the high
degree of development of the components, may render the
low-coherence resonant interferometer attractive for use in
the next-generation optical angular-velocity sensors.
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