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Abstract—A novel configuration for a dual-wavelength fiber ring
laser with improved lasing stability realized through the use of
an injection-coupled optoelectronic oscillator (OEO) is proposed
and demonstrated, and its application to transverse load sensing
is studied. The OEO-coupled dual-wavelength laser has two mu-
tually coupled loops: the fiber ring loop and the OEO loop. In
the fiber ring loop, a polarization-maintaining phase-shifted fiber
Bragg grating is incorporated to generate two optical wavelengths
with the wavelength spacing determined by the birefringence of the
polarization-maintaining (PM) fiber. In the OEO loop, a microwave
signal with its frequency also determined by the birefringence of
the PM fiber is generated, which is fed into the fiber ring loop
to injection lock the dual wavelengths. Due to the injection lock-
ing, a very stable dual-wavelength operation is established. The
use of the dual wavelengths for high-resolution and high-speed
transverse load sensing is then implemented. The sensitivity of
the transverse load sensor is measured as high as +9.7573 and
−9.7350 GHz/(N/mm), along the fast and slow axes, respectively.
The high frequency purity and stability of the generated microwave
signal permits very reliable and high accuracy measurement and
the microwave frequency interrogation allows the system to oper-
ate at an ultra-high speed.

Index Terms—Dual-wavelength laser, fiber laser, fiber optic sen-
sor, laser stability, microwave photonics (MWP), microwave signal
generation, optoelectronic oscillator (OEO).

I. INTRODUCTION

DUAL-WAVELENGTH lasers are used for a wide variety of
applications such as in secure communications [1], rang-

ing [2], high-resolution interferometry [3], optical sensing [4],
and microwave photonic (MWP) signal generation [5]. Such
applications can take advantage of the inherent properties of
a fiber laser such as high power, narrow linewidth, and high
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signal-to-noise ratio (SNR). The compatibility with other fiber
optic devices and systems is another significant advantage. The
lasing wavelengths are selected usually by using an optical filter.
Among the many types of optical filters, a fiber Bragg grating
(FBG) is an ideal wavelength selection component thanks to
the simplicity, low loss, small size and low cost characteris-
tics. Different techniques to implement a dual-wavelength fiber
laser based on FBGs have been demonstrated in the last few
years, such as the use of cascaded FBGs [6], an FBG written
in a birefringent fiber [7], a sampled FBG [8], [9], and a linear
Fabry-Perot cavity composed of two FBGs [10]. Two indepen-
dent optical longitudinal modes as well as their heterodyning
electrical signal can be generated, which can be employed for
both signal generation and sensing.

Optical sensors based on FBGs [11], [12] have been proposed
and widely applied in numerous fields such as structural health
monitoring [13], [14], medical treatment [15] and pipeline se-
curity monitoring [16]. The sensing information encoded in an
FBG due to the structural distortion [17], [18] can be interro-
gated through measuring its optical characteristics. The birefrin-
gence, in particular, as a key optical characteristic describing the
anisotropy of an FBG along the two principal axes in terms of
the refractive indices, provides an important measurement to
the lateral external disturbance such as bending, pressing, and
twisting [19], [20]. Among the various physical quantities that
can be measured through monitoring the change of the bire-
fringence, the transverse load is a vital parameter in structural
health monitoring, which can be ideally measured through the
non-axisymmetric load induced birefringence [21], [22]. How-
ever, the lateral force-induced refractive change is very small,
thus a specially designed interrogation technique must be em-
ployed to demodulate the sensing information.

The change in birefringence can be measured based on
time-domain intensity analysis [23], spectral domain optical
wavelength analysis [21], and the electrical frequency analy-
sis [11], [22], [24]. The time-domain approach is usually faster
than the spectral domain approach, but with its own limitation.
For example, the time-domain intensity analysis approach can
implement birefringence measurement in real-time. The ma-
jor limitation of the approach in [23] is that only the phase
retard can be demodulated, which is not uniquely associated
with absolute value of the induced birefringence due to the
periodicity of the intensity profile, which is also easily to be
affected by undesired environment fluctuations. The absolute
value of a force-induced birefringence change can be measured
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based on the spectral-domain wavelength analysis approach
using an optical spectrum analyzer (OSA). If the resolution
of the OSA is sufficiently high, the two spectral peaks can be
resolved. However, since the optical spectrum measurement is a
slow process, the approach is not suitable for high-speed applica-
tions. In addition, the lateral force induced birefringence change
is very small, thus an OSA with an ultra-high resolution should
be used, which will significantly increase the cost. To avoid the
use of an ultra-high resolution OSA, a solution is to incorporate a
birefringence FBG in a fiber laser to generate two wavelengths.
By measuring the frequency of the beat note in the electri-
cal domain, high-speed and ultra-high resolution interrogation
can be achieved [25]. The key limitation of a dual-wavelength
fiber laser for high-resolution sensing is the instability due to
the strong wavelength competition at room temperature. Re-
cently we proposed a technique to interrogate a birefringence
sensor using an optoelectronic oscillator (OEO) incorporating a
polarization-maintaining phase-shifted FBG (PM-PSFBG). Due
to the phase-modulation to intensity-modulation (PM-IM) con-
version in the PM-PSFBG [26], a dual-passband microwave
filter with a frequency spacing between the two passbands de-
termined by the wavelength of the optical carrier and the two
notch wavelengths is formed, which leads to the generation of
two microwave signals in the electrical domain. A third signal
that is the beat note between the two microwave signals due to
the nonlinearity of the OEO loop is generated. The frequency
of the beat note is directly related to the force-induced birefrin-
gence [22]. It is different from optical amplification in which
strong homogenous line broadening would increase the wave-
length competition, electrical amplification has no such effect,
and the stability of the dual-frequency OEO is significantly im-
proved. The major limitation of the OEO-based approach is the
possible frequency measurement ambiguity. The frequency of
the beat note is not always the lowest frequency, thus it is crit-
ical to identify correctly the beat frequency to make a correct
measurement.

In this paper, we propose a dual-wavelength fiber ring laser
incorporating an injection-coupled OEO, to generate a stable
microwave signal. By encoding the sensing information in the
microwave frequency, the dual-wavelength fiber laser can be
employed as a transverse load sensor. Since only a single mi-
crowave frequency is generated, the ambiguity problem in the
OEO-based approach in [22] is avoided.

The proposed fiber-optic sensor has two mutually coupled
loops, the fiber ring loop and the OEO loop. A PM-PSFBG
is incorporated in the two loops. In the fiber ring loop, the
use of the PM-PSFBG would generate two optical wavelengths
with the wavelength spacing determined by the birefringence
of the polarization-maintaining fiber (PMF). In the OEO loop,
a microwave signal with its frequency also determined by the
birefringence of the PMF is generated, which is fed back into
the fiber ring loop to injection-lock the dual wavelengths. Due
to the injection locking, a very stable dual-wavelength oper-
ation is reached. The beating between the dual wavelengths
generates a microwave signal which is used to implement high-
speed and high-resolution transverse load sensing. The high
spectrum purity and high stability of the generated microwave

Fig. 1. (Color online) The schematic of the proposed dual-wavelength
fiber ring laser incorporating an injection-coupled OEO. PM: phase modu-
lator; PC: polarization controller; PD: photodetector; EA: electrical amplifier;
PM-PSFBG: polarization maintaining phase-shifted fiber Bragg grating; OBPF:
optical bandpass filter; Pol: polarizer; OSA: optical spectrum analyzer; ESA:
electrical spectrum analyzer; EDFA: erbium-doped fiber amplifier.

signal permits very reliable and high accuracy measurement,
and the time-domain frequency measurement allows the inter-
rogation at an ultra-high speed. An experiment is performed. A
dual-wavelength fiber ring laser with an ultra-stable operation
is demonstrated. The use of the fiber ring laser to perform trans-
verse load sensing is also demonstrated. A sensitivity as high
as +9.7535 and −9.7350 GHz/(N/mm), along the fast and slow
axes, respectively, is realized.

II. PRINCIPLE

The schematic diagram of the dual-wavelength fiber ring laser
incorporating an injection-coupled OEO is shown in Fig. 1. As
can be seen the OEO-coupled dual-wavelength fiber ring laser
consists of two mutually coupled loops, the fiber ring loop and
the OEO loop. A path consisting of a phase modulator (PM) and
a PM-PSFBG are shared by the two loops. For the fiber ring loop,
the lasing is established due to the gain of the erbium-doped fiber
amplifier (EDFA). The dual wavelength selection is realized due
to the dual passbands of the PM-PSFBG along the two principal
axes. For the OEO, the oscillation is started due to the gain
from the electrical amplifier (EA). The oscillation frequency is
determined by the central frequency of an equivalent microwave
filter formed due to the PM-IM conversion in the PM-PSFBG.
The generated microwave signal is re-injected into the fiber ring
cavity at the PM, which is the key to improve the stability of the
fiber ring laser.

A. Fiber Ring Loop

The fiber ring loop consists of an EDFA, a PM-PSFBG serv-
ing as a dual-wavelength polarization-dependent optical filter,
an OBPF, a PM, and two polarization controllers (PC1 and PC2).
In the system, the PM supports phase modulation only along one
polarization direction.

The PM-PSFBG is the key device in the fiber ring loop that
ensures dual wavelength operation. In fact, the PM-PSFBG is
written in a PMF with a phase shift introduced into the grating
during the fabrication. Due to the birefringence of the PMF, the
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Fig. 2. (a) The transmission bands along the fast and slow axes of the
PM-PSFBG. (b) The light waves at λ1 and λ2 are transmitted, respectively,
along the fast and slow axes of the PM-PSFBG (solid arrows). (c) The light
wave at λ1 is transmitted through the fast axis of the PM-PSFBG and then
projected to the x axis which is also the principal axis of the PM. (d) The light
wave at λ2 is transmitted through the slow axis of the PM-PSFBG and then
projected to the x axis.

refractive indices along the two principal axes are slightly dif-
ferent, which lead to two ultra-narrow and slightly separated
transmission bands at λ1 and λ2 . The incorporation of the
PM-PSFBG into the fiber ring loop would lead to the gener-
ation of two orthogonally polarized light waves at λ1 and λ2
with each operating in the single-longitudinal mode due to the
ultra-narrow width of each of the transmission bands.

Assuming that the light wave at point A is the summation of
two light waves with their wavelengths at λ1 and λ2 , the complex
amplitude of the electric field of the light wave can be described
by a Jones vector. Since the PM supports phase modulation
along only one polarization direction (x axis, the principal axis
of the PM), only the components in the Jones vector along the x
axis have non-zero values, E1x and E2x , which are the complex
amplitude along principal axis of the PM corresponding to the
lasing wavelengths λ1 and λ2 . The total electric field at point A,
as shown in Fig. 1, is given by

EA =

[
E1x

0

]
+

[
E2x

0

]
. (1)

The light is linearly polarized, which is sent to the PM-PSFBG
through a polarization controller (PC1). The PM-PSFBG has
two ultra-narrow transmission bands along the two principal
axes, as shown in Fig. 2(a). The polarization direction of the
light wave is controlled by PC1 to have an angle of θ relative to
the fast axis of the PM-PSFBG, as shown in Fig. 2(b).

For the light wave at λ1 , it is incident to the PM-PSFBG with
an angle of θ relative to the fast axis, thus it is split into two
orthogonal components, with the one along the fast axis trans-
mitted through the transmission band at λ1 and the component

projected to the slow axis is reflected, as shown in Fig. 2(c).
For the light wave at λ2 , the component projected to the slow
axis is transmitted through the transmission band at λ2 and the
component projected to the fast axis is reflected as shown in
Fig. 2(d). Thus, the total electric field after the PM-PSFBG at
point B is given by

EB =

[
cos2 (θ)E1x

sin (θ) cos (θ) E1x

]
+

[
sin2 (θ) E2x

− sin (θ) cos (θ)E2x

]
.

(2)
Since the PM only supports phase modulation along the x

direction, the powers of the light waves along the x direction
for the two wavelengths at λ1 and λ2 can be adjusted by tuning
the angle θ, as can be seen from (2). For example, when θ =
0, the light wave at λ1 is transmitted, and the light wave at
λ2 is reflected. In this case, a single-wavelength lasing at λ1
will be supported. When θ = π/2, the light wave at λ2 will be
transmitted while the light wave at λ1 is reflected. In this case,
a single-wavelength lasing at λ2 will be supported. The laser
can also work in a dual-wavelength mode if the powers for the
two wavelengths are balanced by tuning PC2. Due to the strong
wavelength competition in the gain medium, the operation in
a dual-wavelength mode is not stable. A solution to improve
the stability is to introduce an OEO into the system. Through
injection locking of the two wavelengths, the stability can be
improved.

B. OEO Loop

The OEO loop is formed by the PM-PSFBG, the PM, a po-
larizer (Pol), a PD, an EA, and two PCs (PC1 and PC3). The
PM-PSFBG and the PM are shared with the fiber ring loop.
In the OEO loop, the PM-PSFBG is operating in the reflection
mode with two ultra-narrow notches along the fast and slow
axes, as shown in Fig. 3(a). The light wave at λ1 projected to
the slow axis is reflected into the OEO loop, and the light wave
at λ2 projected to the fast axis is reflected into the OEO loop, as
shown in Fig. 3(b).

Again, the total electric field consisting of the two reflected
light waves at λ1 and λ2 at point C is given by

EC =

[
sin2 (θ) E1x

− sin (θ) cos (θ) E1x

]
+

[
cos2 (θ)E2x

sin (θ) cos (θ) E2x

]
.

(3)
The two light waves are sent to the PD through a polarizer

to project the two orthogonally polarized light waves to the
principal axis of the polarizer, and beat them at the PD. If the
principal axis of the polarizer is oriented at an angle ϕ = θ-π/4
relative to the principal axis of the PM, as shown in Fig. 3(c),
we have the total electric field along the principal axis of the
polarizer, given by

ED =

[
cos(−ϕ) − sin(−ϕ)

0 0

]
EC

∣∣∣∣∣
ϕ=θ− π

4

=
√

2
2

[sin(θ)E1x cos(ω1t) + cos(θ)E2x cos(ω2t)] (4)
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Fig. 3. (Color online) (a) The reflection bands along the fast and slow axes
of the PM-PSFBG. (b) The light waves at λ1 and λ2 are reflected by the
PM-PSFBG, respectively, along the slow and fast axes of the PM-PSFBG.
(c) The principal axis of the polarizer is oriented at an angle of ϕ = θ – π/4
relative to the principal axis of the PM.

where ω1 and ω2 are the angular frequencies of the light waves
at λ1 and λ2 . The photo current at the output of the PD is given
by

iPD = R |ED |2 =
1
4
R sin (2θ) E2xE1x cos [(ω1 − ω2) t]

= IPD cos (Ωt) (5)

where R is the responsivity of the PD, IPD =
1
4 R sin(2θ)E2xE1x is the amplitude of the ac compo-
nent, and Ω is the angular frequency of the detected microwave
signal. Note that in deriving (5), the dc component is ignored.

After amplification by an EA with a gain of GEA , we have
the output microwave signal at point E in Fig. 1. The amplitude
voltage of the microwave signal is given by

VE = LE GEAZLIPD =
1
4
LE GEARZL sin (2θ) E2xE1x (6)

where LE is the total insertion loss in the OEO loop, ZL is the
load impedance, and GEA is the voltage gain of the EA.

The signal from the EA is sent back to the PM to close the
OEO loop, at the same time, as an injection signal to injection
lock the two wavelengths of the fiber ring laser.

C. OEO-Coupled Dual-Wavelength Fiber Ring Laser

The mutual coupling between the two loops to stabilize the
operation of the dual-wavelength fiber ring laser is analyzed. The
dual-wavelength operation in the fiber ring laser is very unstable
due to the homogenous line broadening in the gain medium
which leads to strong wavelength competition. The stability can

be significantly improved if an OEO loop is incorporated into
the fiber ring laser.

We start our analysis by considering first only one lasing
wavelength, say λ1 , as the optical carrier for the OEO, which
corresponds to θ = 0. When the OEO loop is closed, microwave
oscillation will start. The frequency of the generated microwave
signal is determined by the wavelength of the optical carrier at
λ1 and the central wavelength of the notch. Since the PM only
supports phase modulation along the x direction, generally, the
electric field of the phase-modulated signal at the output of the
PM is given by

EPM(t) = E1x exp
{

j

[
ω1t + π

VE

Vπ
cos(Ωt)

]}

≈ E1x

∑
n=0,±1

(−1)nJn (β) exp [j(ω1t + nΩt)] (7)

where EPM is the electric field at the output of the PM (point
A in Fig. 1) along the x direction, E1x and ω1 are, respectively,
the electric field and the angular frequency of the optical carrier
along the x direction, VE is the amplitude voltage of the mi-
crowave signal at the output of the EA (point E in Fig. 1), Vπ

is the half-wave voltage of the PM, β = πVE /Vπ is the mod-
ulation index, Jn (β) is the Bessel function of the first kind of
an order n, and Ω is the angular frequency of the modulation
microwave signal. If we directly detect the phase-modulated
signal at the PD, due to out-of-phase nature of the + 1st and
− 1st order sidebands, the beating between optical carrier and
the + 1st order sideband will completely cancel the beating be-
tween optical carrier and the − 1st order sideband. However, if
the phase-modulated signal is directed to the PM-PSFBG, one
sideband at λ2 is filtered out and a single-sideband with carrier
(SSB+C) signal is thus generated. The detection of the SSB+C
signal at the PD will produce a microwave signal [26], [27],
which then is amplified by the EA and sent back to the PM to
close the OEO loop. If the gain is greater than the total loss in
the OEO loop, self-sustained oscillation will be established and
a microwave signal will be generated.

If θ is adjusted such that dual-wavelength lasing is estab-
lished. The stable operation of the dual wavelengths is due to
the mutual injection locking. For example, for the wavelength
at λ1 , the phase modulated signal has a sideband that is exactly
located at the other transmission band of the PM-PSFBG at λ2 ,
thus the sideband at λ2 will be injected into the fiber ring laser.
Such injection provides extra energy to λ2 , which helps to ini-
tialize lasing. The two wavelengths will finally reach a steady
state, due to the nonlinear effect in both the gain medium and
the PM, in which the electric field at any point of the ring loop
after a round trip should keep constant. The complex amplitude
after a round trip at the output of the PM (point A in Fig. 1) can
be derived as

E ′
1A=LO G(E1x , E2x)

[
1 0
0 0

]
{J0(β)E1B +J−1(β)E2B } (8a)

E ′
2A = LO G(E1x , E2x)

[
1 0
0 0

]
{J0(β)E2B +J1(β)E1B } (8b)
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Fig. 4. Simulation results. (a) The normalized optical powers for λ1 (solid
line) and λ2 (dashed line) versus the number of round trips, with an incident
angle of θ = π/4. (b) The normalized optical powers for λ1 (solid line) and λ2
(dashed line) versus the number of round trips, with an incident angle of θ =
π/6.

where E ′
1A ,E′

2A , represent the complex amplitudes for λ1 and
λ2 at point A after a round trip; LO is the total insertion loss
in the optical fiber ring loop, G(E1x , E2x) is the nonlinear gain
of the optical gain medium which is a function of the input
optical power. E1B and E2B are two 1 × 2 Jones vectors of
the complex amplitudes at point B given in (2) for λ1 and λ2 ,

respectively. The 2 × 2 matrix [
1 0

0 0
] represents an equivalent

linear polarizer along the x direction, since only the light wave
along the x direction is modulated at and transmitted through
the PM. Again, Jn (β) is the Bessel function given in (7).

By applying the self-consistency condition, E ′
1A=E1A and

E ′
1A=E1A , and substituting the complex amplitudes of electric

field at point B into (8a) and (8b), the complex amplitudes in
the steady state are given by

E1x = αG(E1x , E2x)
{
J0 (β) cos2 (θ) E1x

+J−1 (β) sin2 (θ) E2x

}
(9a)

E2x = αG(E1x , E2x)
{
J0 (β) sin2 (θ) E2x

+J1 (β) cos2 (θ)E1x

}
. (9b)

In (9a), the first term in the braces corresponds to the remained
zero-order light wave at λ1 and the second term represents the
contribution of the injected sideband from λ2 . In (9b), the first
term in the braces corresponds to the remained zero-order light
wave at λ2 and the second term represents the contribution of
the injected sideband from λ1 . Such mutual injection locking
will help stabilize the dual-wavelength operation.

The mutual injection locking to stabilize the dual wavelength
lasing is simulated. In the simulation, the incident angle to the
PM-PSFBG is set at two different values, θ = π/4 and θ = π /6.
The power of λ1 is set to be 20 dB stronger than that of λ2 in
the initial condition. The simulation results are shown in Fig. 4.
As can be seen the two wavelengths reach a steady state after
several round trips for both cases.

It can be seen that in the first few round trips, the higher initial
power of λ1 will make its power increase and the power of λ2
decrease dramatically due to the mode competition. However,
immediately after the first few round trips, in the next tens of
round trips, the nonlinear effect of the modulation and OEO
injection restrain the mode competition and bring up the power
of λ2 : the decreasing optical power at λ2 will reduce its − 1st

order sideband accordingly, which will lead to the reduction in
the optical power injected into λ1 . Simultaneously, the increas-
ing λ1 will induce a stronger injection to λ2 , which counteracts
the effect of mode competition. Such reciprocating power vi-
bration of the two wavelengths will finally reach a steady state
with a power ratio between the two wavelengths depending on
the incident angle θ. Such effect induced by the mutual injection
can improve the system stability with an increased tolerance to
an imbalanced initial condition.

D. Transverse Load Sensing

Since a very stable dual-wavelength lasing is reached, the
fiber ring laser can be used for sensing applications. The fre-
quency of the microwave signal generated in the OEO-coupled
dual-wavelength laser is only determined by the spacing be-
tween the dual wavelengths, which is a function the birefrin-
gence of the PM-PSFBG. If a transverse load is applied to the
PM-PSFBG, the beat frequency between the two wavelengths
will shift due to the change in the birefringence [12], [21]. The
frequency spacing between the two notches along the two prin-
cipal axes is given by [12]

Ω = ω1 − ω2 =
c

n0λ1
B (10)

where ω1 , ω2 are the frequencies corresponding to λ1 and λ2 , n0
is the averaging refractive index of the fiber, B is the load-
induced birefringence, given by [22]

B =
2n3

0 (p11 − p12) (1 + νp) cos (2ϕ) F

πrε
(11)

where p11 and p12 are the components of the strain-optical
tensor of the optical material, νp is Poisson’s ratio, ε is the
Young’s modulus of the fiber, r is the radius of the fiber, ϕ
is the angle between the direction of the force and the slow
axis of the fiber, and F is the linear transverse load (force
per unit length) [12], [28]. By measuring the frequency of the
microwave signal, the transverse force applied to the fiber can
be interrogated. It is noteworthy to mention that the sensitivity
of the transverse load sensor is directly related to the angle of
the force applied to the fiber. Only when the angle of force is 0
or π/2, in other words, the direction of the force is aligned with
either the slow or fast axis of the fiber, a maximum sensitivity
can be reached.

III. EXPERIMENT

In the experiment, we first study the operation of the proposed
dual-wavelength fiber ring laser incorporating an injection-
coupled OEO. Then, its application for high-resolution and
high-speed transverse load sensing is investigated.

A. Optical Carrier Generation

We first demonstrate the fiber ring laser to operate for the
generation of a single wavelength and dual wavelengths. The
ultra-narrow transmission bands of the PM-PSFBG are used to
select the lasing wavelengths. The PM-PSFBG is fabricated in a
PMF using a chirped phase mask that is illumined by a UV light.
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Fig. 5. (Color online) (a) The normalized transmission spectra of the PM-
PSFBG along the two principal axes. (b) The normalized reflection spectra of
the PM-PSFBG along the two principal axes.

The phase shift in the grating is introduced by laterally moving
the phase mask during the fabrication. The transmission and
the reflection spectra of the PM-PSFBG along the two principal
axes are measured by an optical vector analyzer (OVA, LUNA
Technologies) which are shown in Fig. 5. As can be seen the PM-
PSFBG has a reflectivity of over 99.99% for the two reflection
bands. In Fig. 5(a), the bottom of the transmission spectra has a
step, which is caused by a slight misalignment of the polarization
direction of the incident light to one principal axis, leading the
coupling of the light to the direction of the other principal axis.
In the reflection spectra shown in Fig. 5(b), the narrow notches
cannot be resolved due to the limited resolution of the OVA.
The 3-dB reflection bandwidths of the PM-PSFBG along the
two principal axes are measured to be 117.3 and 113.3 GHz.

To guarantee that the laser is operating at the narrow transmis-
sion bands of the PM-PSFBG, an optical bandpass filter (OBPF,
Finisar WaveShaper 4000S) of a bandwidth of 50 GHz is in-
serted in the fiber ring loop to select the two transmission bands,
as shown in Fig. 1. If the gain provided by the EDFA (Nortel
FA17UFAC-119C28) is sufficiently large to fully compensate
for the loss in the fiber ring loop, including the polarization
induced coupling loss at the PM-PSFBG, the laser will start to
lase. The minimum output power of the EDFA to ensure stable
lasing is 11 dBm. In the experiment, to generate a microwave
signal with a good SNR at the output of the PD, the output power
of the EDFA is set to be 15 dBm. In this case, the output power
of the laser is measure to be −3 dBm.

As shown in (2), depending on the polarization direction of
the light wave relative to the fast axis of the PM-PSFBG, the
laser can operate at a single wavelength or dual wavelengths.
For example, if the incident angle θ is tuned to be equal to 0◦

or 90◦, the transmission of λ1 or λ2 is maximized, and the laser
will operate at a single wavelength at λ1 or λ2 . If the incident
angle θ is tuned to balance the transmissions at λ1 and λ2 ,
then the laser will operate at dual wavelengths. Note that the
tuning is done by tuning PC1 in the experiment. Fig. 6(a) shows
the spectrum at the output of the fiber ring laser corresponding

Fig. 6. The optical spectrum of the light wave generated by the fiber ring laser
at λ1 (solid line) or λ2 (dashed line).

to a single wavelength operation at λ1 or λ2 . As can be seen
the two wavelengths are at 1544.895 and 1544.993 nm with a
wavelength spacing of 0.098 nm and a sideband suppression
ratio of 50 dB for both wavelengths. To verify that the laser is
operating in single longitudinal mode, we apply the light wave
from the fiber ring laser to a PD and monitor the spectrum
using an electrical spectrum analyzer (ESA). No beat notes are
observed which confirms that the fiber ring laser is operating in
single longitudinal mode. In the measurement, the loop length
of the fiber laser is about 50 m. Note that the single longitudinal
mode operation will not be maintained if the loop length is
increased to 500 m. In the experiment, when the loop length
is increased greater than 500 m, multiple longitudinal modes
would be observed, although the total output power of the laser
is kept unchanged.

B. OEO Operation With a Single Optical Carrier

The OEO operation with a single wavelength from the fiber
ring laser as an optical carrier to support the OEO oscillation is
investigated. The incident angle θ is controlled such that the ring
laser is operating at a single wavelength, which is coupled into
the OEO loop to serve as the optical carrier. In the experiment,
we tune the incident angle θ via tuning PC1 to make the laser
operate at λ1 of 1544.895 nm. Due to the PM-IM conversion at
the PM-FSFBG, the phase-modulated signal is converted to an
SSB+C signal [27], which is detected by the PD (New Focus
10058B, 20 GHz). The optical spectrum of the SSB+C sig-
nal is measured by an optical spectrum analyzer (OSA, ANDO
6317B), which is shown in Fig. 7. As can be seen the +1st order
sideband at 1544.993 nm is suppressed by 8 dB. The detected
electrical signal is sent to the EA (6–18 GHz, NARDA 60583).
After amplification by the EA, the electrical signal is sent back
to the PM to close the OEO loop. The joint operation of the
PM and the PM-PSFBG is equivalent to a MWP filter [26].
The frequency response of the equivalent MWP filter is mea-
sure by a vector network analyzer (VNA, Agilent E8364A),
which is shown in Fig. 7(b). As can be seen the MWP filter
has a passband centered at 11.8 GHz with a bandwidth of about
10 MHz. Thanks to the ultra-narrow passband of the equiva-
lent MWP filter, a single-frequency oscillation in the OEO is
achieved.
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Fig. 7. (a) The optical spectrum of the SSB+C signal measured at port 3 of
the optical circulator by the OSA. The +1st order sideband is suppressed by
8 dB. (b) The magnitude response of the equivalent microwave photonic filter.

Fig. 8. The optical spectrum at the output of port 3 of the optical circulator
when the fiber ring laser is operating to generate dual wavelengths.

C. OEO Operation With Dual Optical Carriers

The OEO operation with two wavelengths from the fiber ring
laser is then investigated. The incident angle θ is controlled such
that the fiber ring laser is operating at dual wavelengths. The
optical spectrum measured at the port 3 of the optical circulator
is shown in Fig. 8. As can be seen, each wavelength serving
as an optical carrier to generate a double-sideband plus carrier
(DSB+C) signal. Note that the DSB+C signal for the optical
carrier at λ1 has its +1st order sideband located at the optical
carrier at λ2 , and the DSB+C signal for the optical carrier at
λ2 has its −1st order sideband located at the optical carrier at
λ1 . This is the mutual coupling, which is the key mechanism
that ensures a stable operation of the dual-wavelength fiber ring
laser. Thanks to this mechanism, the injection counteracts the
effect of mode competition and stabilizes the dual-wavelength
lasing.

D. Microwave Signal Generation

For the fiber ring laser to operate at both the single-wavelength
and the dual-wavelength states, a microwave signal is generated
by the OEO. Since the oscillating frequency is only determined
by the birefringence of the PM-PSFBG, the frequency of the
microwave signal is independent of the wavelength of the op-
tical carrier or carriers from the fiber ring laser. However, the
microwave signal generated, when the fiber ring laser is op-
erating in the dual-wavelength state, has better signal quality.
The reason is that the beating between the two optical carriers

Fig. 9. The electrical spectrum of the microwave signal at the output of the
PD.

provides higher signal power than the beating between the car-
rier and one sideband. Thus, the fiber ring laser is controlled to
operate in the dual-wavelength state to perform the microwave
signal generation experiment. By beating the two lasing wave-
lengths at the PD, a microwave signal at 11.8 GHz is generated.
Note that the frequency of 11.8 GHz corresponds to the intrin-
sic birefringence of the PM fiber. Fig. 9 shows the spectrum
of the generated microwave signal. The signal power can reach
−3 dBm with a SNR over 50 dB, which can be easily detected
and tracked by an electrical spectrum analysis device such as
an ESA. A zoom-in view of the spectrum is shown as an in-
set in Fig. 9, which confirms the single-mode oscillation with
a sidemode suppression ratio over 50 dB. The free spectrum
range (FSR) is measured to be 3.08 MHz, which is consistent
with the total length OEO loop of about 60 m. A second peak
at 23.6 GHz is observed, which is the 2nd harmonic generated
due to nonlinearity of the OEO loop.

E. Transverse Load Sensing

Considering the better quality of the microwave signal gen-
erated by the OEO for the fiber ring laser operating at the dual
wavelength mode, in the experiment the fiber ring laser is con-
figured to operate at the dual-wavelength mode to perform the
sensing experiment.

A transverse load is applied to the PM-PSFBG through a glass
plate. In the experiment, to ensure the system to reach its highest
sensitivity, the transverse load is applied to the PM-PSFBG
along its fast or slow axis. A supporting fiber with an identical
radius is placed in parallel with the PM-PSFBG to guarantee
that the load is applied to the PM-PSFBG transversely, while
sharing half of the applied load, as shown in Fig. 10(a). To avoid
non-uniformed mechanical elastic property of the post coating
on the PM-PSFBG, an initial load is applied to the sensing probe
in order to reach its linear response regime, which also helps
to fix the fiber with a constant angle to the direction of the
force when increasing or decreasing the load. By increasing the
load applied to the PM-PSFBG, the beat frequency is shifted
towards a higher frequency, as shown in Fig. 1(b), measured by
an ESA, from 11.9033 to 12.3897 GHz with a load from 0 to
0.03969 N/mm.
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Fig. 10. (a) The setup for applying a transverse load to the PM-PSFBG.
(b) The electrical spectrum of the microwave signal with increasing the load
applied to the fast axis of the PM-PSFBG.

Fig. 11. (a) The measured microwave frequencies versus the transverse load
along the fast axis (data 1) and slow axis (data 2). (b) The errors between the
measured frequencies and the linearly fitted curve along the fast axis of the
PM-PSFBG. (c) The errors between the measured frequencies and the linearly
fitted curve along the slow axis of the PM-PSFBG.

According the theoretical analysis in Section II-D, the fre-
quency of the beat note is linearly proportional to the load
applied to the fiber with a given angle between the force direc-
tion and the principal axis. The microwave frequency with the
force applied along either the slow or the fast axis of the PM-
PSFBG is measured. To do so, we first apply the force along
the slow axis of the PM-PSFBG. By increasing the force with a
constant force increment of 0.00441 N/mm, the frequencies are
measured and shown in Fig. 11(a) as solid squares. A linearly
fitted curve is also shown. Then, we apply the force along the
fast axis of the PM-PSFBG. Again, the force is increased with
a constant force increment of 0.00441 N/mm. The frequencies
are measured and shown in Fig. 11(a) as solid circles. The fre-
quency separation at a zero load is caused by the initial load
applied to the PM-PSFBG. By using the typical values of a sil-
ica fiber at a wavelength of 1550 nm: n0 = 1.467, p11 = 0.12,
p12 = 0.27, νp = 0.17, E = 7.6 × 104 N/mm and the radius
of optical fiber r = 62.5 μm, the theoretical sensitivity of the
sensor is calculated to be 9.9 GHz/(N/mm), while the linearly
fitted slopes are +9.7573 and − 9.7350 GHz/(N/mm) for the
force applied along the fast and the slow axes, respectively. A

Fig. 12. Stability test result: frequency measurement with 0.5 h interval for a
temporal duration of 3.5 h.

good agreement between the theoretical and the experimental
results is reached. The errors between the measured frequencies
and the linearly fitted values, shown in Fig. 11(b) and (c), are all
smaller than 3.08 MHz, which is within one FSR of the OEO
loop. This illustrates that the microwave signal will oscillates at
the discrete frequencies determined by the FSR which is close
to the theoretical value where only the birefringence is taken
into consideration. Therefore, the resolution of the system can
be defined by the FSR of the OEO loop. The resolution of the
system is calculated as 3.1566 × 10−4 N/mm or 3.1638 ×
10−4 N/mm, corresponding the FSR of 3.08 MHz, for the
force applied along, respectively, the fast and slow axes in the
experiment.

The measurement range of the optical probe can reach
7.5 N/mm determined by the spectral width from the ultra-
narrow notch to one edge of its reflection band, which is about
75 GHz. The measurement range is also limited by the band-
widths of the PD, the PM and the EA. In the experiment, the
measurement range is ∼0.6 N/mm, limited by the bandwidth of
the EA (6–18 GHz) and the initial-birefringence-induced offset
frequency (11.8 GHz) of the PM-PSFBG.

The stability of the sensor is also studied. To do so, we mea-
sure the microwave frequency every half an hour during a 3.5 h
period without a load applied to the fiber. This is the condition in
which the fiber sensor suffers from the strongest influence from
the environment disturbance. As can be seen from the results
shown in Fig. 12, the frequency fluctuations are always within
0.5 MHz. Considering the FSR of the OEO loop is 3.08 MHz
and the bandwidth of the equivalent MWP filter is 10 MHz, thus
the filter is able to select a single mode to guarantee a single
mode operation. In the experiment, no mode hoping is observed.
The fluctuations are mainly caused by the environmental distur-
bance such as vibrations, air turbulence and temperature fluc-
tuations. In the experiment, all fibers including the PM-PSFBG
are exposed to the environment with no packaging. The errors
can be reduced is the system is well packaged with temperature
control.

In the experiment, the PM-PSFBG is fabricated using a PMF,
which has an initial birefringence, leading to a non-zero beat
frequency at 11.8 GHz. If the PM-PSFBG is replaced by a
PSFBG written in a fiber with a much smaller initial birefrin-
gence, a much lower beat frequency will be generated. Thus, the
interrogation system can be implemented using low-frequency
electronic components with reduced cost.
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IV. CONCLUSION

A novel dual-wavelength fiber ring laser with improved lasing
stability realized through the use of an injection-coupled OEO
was proposed and demonstrated, and its application to transverse
load sensing was studied. The key mechanism to increase the
lasing stability is to use the microwave signal from the OEO
to injection lock the dual wavelengths of the fiber ring laser. A
theoretical analysis was performed, which was verified by an
experiment.

Thanks to the significantly increased stability, the fiber ring
laser is an excellent candidate for sensing applications. In the
experiment, a transverse load was applied to the PM-PSFBG,
and the microwave frequencies for different transverse load were
measured. The experimental results showed that the theoretical
and the experimental results agreed well. The sensitivity of the
transverse load sensor was measured as high as +9.754 and
−9.735 GHz/(N/mm), when the load was applied along the
fast and slow axes, respectively. The high frequency purity and
stability of the generated microwave signal enabled very reliable
and high accuracy measurement and the time-domain frequency
interrogation allowed the system to operate at an ultra-high
speed.
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