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Abstract. An all-birefringent-fiber frequency-modulated
continuous-wave �FMCW� Sagnac gyroscope is described.
The rotation velocity of the gyroscope is determined by mea-
suring the phase shift of the beat signal produced by the two
counter-propagating laser beams in the birefringent fiber
coil. A resolution of 0.02 deg/sec with a 100-m fiber coil has
been observed. © 2005 Society of Photo-Optical Instrumentation
Engineers.
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Recently, the interest in optical frequency-modulated
continuous-wave �FMCW� fiber-optic gyroscopes
restarted.1–3 Optical FMCW interference, a new technology
derived from radar, has a number of advantages, including
easy calibration of the fractional phase, easy determination
of the phase-shift direction, easy count of the full periods,
and absolute measurement.4–6 The application of optical
FMCW interference to rotation sensing not only can solve
the problems in the conventional fiber-optic gyroscopes,
such as zero-sensitivity point, inaccurate phase calibration,
ambiguous shift direction determination, and ±� /2 phase
shift restriction, but also can reduce the size and weight
because the fiber-optic FMCW gyroscope does not use bulk
phase modulators or frequency shifters.

Fiber-optic FMCW Sagnac gyroscopes have to be unbal-
anced so that the beat signal with a proper frequency can be
obtained. This requirement normally makes fiber-optic
FMCW gyroscopes complicated. However, if a fiber-optic
FMCW gyroscope uses a birefringent fiber coil, its struc-
ture will be very simple because a single length of birefrin-
gent fiber can be used as a double-beam unbalanced inter-
ferometer if the light is coupled into its two orthogonal
polarization modes.

Figure 1 shows schematically an all-birefringent-fiber
FMCW gyroscope, which consists of a single-mode laser
diode with a fiber pigtail, a fiber-optic polarizer �FP�, a
polarization-maintaining fiber coupler �PMFC�, a birefrin-
gent fiber coil, and a photodetector. The output fibers of the
PMFC are connected with the birefringent fiber coil in the
same polarization directions, but the coordinates of the
principal axes on the two ends of the birefringent fiber coil
have a 90-deg rotation.
l0091-3286/2005/$22.00 © 2005 SPIE
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A linearly polarized FMCW laser beam is first coupled
nto one input fiber of the PMFC in one polarization mode
say the HE11

x mode� and divided into two beams. These
wo beams are then coupled into the birefringent fiber coil
n different polarization modes from the different ends. For
nstance, the clockwise propagating beam is coupled into
he HE11

x mode, while the anti-clockwise propagating beam
s coupled into the HE11

y mode. After traversing the fiber
oil, these two beams are recombined by the PMFC, and
he beat signal is detected by the photodetector.

Because the polarization direction of each beam rotates
0 deg after emerging from the birefringent fiber, the po-
arization directions of the two exiting beams are still par-
llel to each other, but they are perpendicular to the polar-
zation direction of the incident beams. This property is
ery useful, because it ensures that the best signal contrast
s always obtained.

The initial optical path difference OPD between the two
ounter propagating beams in the birefringent fiber coil can
e written as

PD = �nex − ney�L , �1�

here nex is the effective refractive index of the HE11
x

ode, ney is the effective refractive index of the HE11
y

ode, and L is the total length of the birefringent fiber coil.
The signal of optical FMCW interference has been sys-

ematically analyzed by the author elsewhere.6 If the laser
requency is modulated with a sawtooth waveform, the in-
ensity of the beat signal in a modulation period I�t� can be
ritten as

�t� = I0�1 + V cos�2��vvmOPD

c
t +

2�

�0
OPD��

= I0�1 + V cos�2�vbt + �b0�� , �2�

here I0 is the average intensity of the beat signal, V is the
ontrast of the beat signal, �� is the optical frequency
odulation excursion, �m is the modulation frequency, c is

he light speed in free space, �0 is the central optical wave-

Fig. 1 All-birefringent-fiber FMCW Sagnac gyroscope.
ength in free space, and �b and �b0 are the frequency and
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initial phase of the beat signal, respectively ��b

=���mOPD /c ,�b0=2�OPD /�0�.
When the birefringent fiber coil rotates around its verti-

cal axis, the Sagnac phase shift ��b0 in the beat signal can
be written as

��b0 =
4�RL�

C�0
, �3�

where R is the radius of the birefringent fiber coil and � is
the rotation angular velocity. Therefore, the rotation angular
velocity � is equal to

� =
c�0

4�RL
��b0 = k��b0, �4�

where k is the scale factor of the birefringent fiber FMCW
gyroscope in sec−1, given by

k =
c�0

4�RL
. �5�

The experimental arrangement consists of a single lon-
gitudinal mode laser diode lasing at 660 nm, a silicon p-i-n
photodiode with 1-ns rise time, and an elliptical-core bire-
fringent fiber coil of 100 m in length and 0.1 m in radius.
The optical frequency of the laser diode is modulated with
a sawtooth waveform at a frequency of 10 KHz, by modu-
lating its driving current. The polarization axes of the fiber
coil and the leading fibers of the PMFC are carefully deter-
mined and marked on the fiber jacket, and then the fiber
coil and PMFC are connected according to the requirement
shown in Fig. 1. The signal detected is first sent to an
auto-gain amplifier to minimize the affection of light
power, and then sent to a bandpass filter to choose the most
intensive harmonic component of the beat signal to com-
pare phase with a standard sinusoidal reference signal of
the same frequency. The reference signal is obtained by
first transforming the waveform of the laser driving current
from a sawtooth wave to a sinusoidal wave, and then mul-
tiplying the frequency of this sinusoidal wave. Figure 2
indicates the relationship between the rotation angular ve-
locity of the fiber coil and the phase shift of the beat signal.
The experimental results show that a resolution of
0.02 deg/sec can be obtained.

The accuracy of the gyroscope is mainly limited by the
nonreciprocal phase drift of the birefringent fiber coil and
the frequency drift of the laser diode. The former is due to

the thermal expansion of the birefringent fiber coil, the lat-
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er is due to the effect of the temperature on the laser diode.
he expansion of the birefringent fiber coil increases the
ptical path lengths of the two counter-propagating beams
ifferently, because the effects of temperature on the two
olarization modes are not the same. Therefore, in order to
mprove the accuracy and long-term stability, a proper tem-
erature control system for both the laser diode and the
ber coil should be employed.

In summary, the first all-birefringent-fiber FMCW gyro-
cope has been described. The advantages of this fiber-optic
yroscope include high accuracy, long dynamic range,
mall size, no polarization noise, and full passiveness. The
imitation is that the birefringent fiber coil may introduce
n unexpected nonreciprocal phase drift if the environmen-
al parameters �such as temperature� change, and therefore,

proper temperature control system should be used in the
ractical situation.
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