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Abstract—We report on the use of erbium doped fiber (EDF)
amplification to enhance a frequency modulated continuous
wave (FMCW) technique for referencing optical intensity sensors
located between two Bragg grating structures. The experiment
combines the concept of FMCW with the spectrally selective
mirror properties of Bragg gratings to interrogate with ref-
erencing properties intensity based sensors. The interrogation
system without amplification yields a sensor resolution of around
0.078 dB. When the EDF amplifier is introduced into the ex-
perimental set up, the sensor sensitivity does not change, but
the signal-to-noise ratio is improved, resulting into an enhanced
resolution of 0.025 dB. We also obtain a remote sensing operation
at a location of 50 km, showing the feasibility of this configuration
to be used as a remote sensing application.

Index Terms—Fiber Bragg gratings (FBGs), frequency-modu-
lated continuous wave, intensity sensors, optical amplification, self-
referenced sensors.

1. INTRODUCTION

PTICAL fiber intensity-modulated sensors are very at-
() tractive since they are reliable, small-sized and suitable
for a wide range of applications at lower costs [1]. However,
to ensure accurate measurements, the implementation of a ref-
erence channel in the sensor is essential. Frequency-modulated
continuous wave (FMCW) interference, which was originally
investigated in electric radar, has been also successfully intro-
duced in optics [2], [3]. The FMCW concept can be used to
implement referentiation of intensity sensors. Optical FMCW
interference has been demonstrated to have a number of attrac-
tive features, such as high resolution, large measurement range,
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and the capability of absolute measurement; it has also been
widely used to construct various optical FMCW interferome-
ters, fiber-optic FMCW interferometers, and fiber-optic FMCW
interferometric sensors [4]. These developments deal with op-
tical FMCW, i.e, it is the optical frequency that is chirped modu-
lated in a particular format, but it is also feasible and often more
simpler to perform subcarrier FMCW, where now it is the in-
tensity of the light source that is chirped modulated. It has been
demonstrated that this approach can also be effectively applied
in fiber-optic sensing configurations [5].

Power budget has been shown to be a main limiting param-
eter in large scale multiplexing of intensity-based sensors or for
remote sensing. The concept of remote sensing is applied to
fiber-optic sensor systems ranging from 2 m [6] up to 230 km
[7] depending of the application. Most part of recently reported
remote sensing systems consider 50 km as the reference length
[81-[11].

In order to overcome the limitation due to power budged,
some networks employing different kinds of amplification have
already been proposed and demonstrated [6], [13], [14]. Still,
the inclusion of active fiber within the network originates a new
source of noise, namely, amplified spontaneous emission noise
(ASE), which reduces the optical signal-to-noise ratio (OSNR)
of the system and, therefore, limits the operation range and
sensitivity of the multiplexed sensors [1], [6]. Intensity-sensor
networks using optical amplification open a broad range of
sensing applications. Also, suppression of ASE effects in opti-
cally amplified sensor networks has been detected as a major
issue and, therefore, it has been carried out the development of
ASE immune techniques and topologies to interrogate fiber sen-
sors [15], [16]. Work on referencing techniques for amplified
systems can be found in [15], [17], and [18]. Such techniques
should provide insensitivity to source intensity fluctuations,
to variable optical transmission losses in the fiber link, or in
couplers and connectors, all of them often indistinguishable
from transducer caused effects.

In this work, the authors introduce optical gain to enhance
a subcarrier FMCW technique based on fiber Bragg gratings
(FBGs) for self-referenced interrogation of fiber-optic intensity
sensors. In the first studied topology, an EDFA was inserted into
the system in order to analyze the improvement of the sensor
resolution without being affected by ASE. On the other hand,
the second one includes also Raman amplification in order to
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Fig. 1. Test setup for evaluation of the FMCW-based referentiation technique with optical gain by means of an EDFA.

demonstrate the possibility of remote sensing. For this last study,
50 km of SMF were inserted before the first FBG that conforms
the sensing block.

II. THEORY

The basic concept of subcarrier optical FMCW interference is
as follows [19], [20]: an optical wave, in which the optical power
is sinewave modulated with a frequency that is linearly chirped
following a triangular waveform that has frequency fioq, 1S first
divided into two waves. These two waves travel along different
paths and then recombine at a point in space, originating a beat
wave fpeas With a frequency

fbeatZZ'Af'fmod'T:m'T (D
where the delay time (7) is described as
r=2.-L.2 @)
c

and L is the length difference between the two paths, A f the
amplitude of the frequency sweep which has a time rate m, and
¢/n the wave speed (n is the medium refractive index). A de-
tailed analysis reveals that the spectrum of the beat note consists
of a group of discrete lines with f,,,q interval and a sinc-func-
tion envelope [21]. By choosing appropriate values of A f and
L in (1) and (2), the beat signal coincides with one of the har-
monics of fioq , 1.€.,

fbeat =k- fmod (3)

where £ is an integer. One advantage with the FMCW approach
is the possibility to optimize the system for a certain application.
With the FMCW, for a given value of A f one can choose a value
of fmoa that suits the application, as long as 1/ fi,04 is larger
than the optical round trip time. For instance, if the technique
is used for distance determination, a larger value of f,oq will
improve the measurement resolution.

The FMCW concept can be used to implement referentiation
of intensity sensors. As shown in Fig. 1, using FBG reflectors
two signals are generated, one that will work as a reference and

another one that has impressed the power modulation induced
in the sensing head by the measurand. With proper parameter
tuning, after detection the mixing of these two signals with the
electronic chirped reference generates two beat signals at fre-
quencies f1 (with measurand information) and f5, with ampli-
tudes V7 and V5. The ratio of these two amplitudes,

Vi

Va
is defined as the measurement parameter, which is only depen-
dent on the measurand induced loss. A preliminary validation of
this concept has been previously reported by the authors [22].
Here, it is explored the effect on the system performance of
having optical gain.

R= “4)

III. NETWORK ANALYSIS

For multiple sensor arrays the output signal spectrum will
be a superposition of individual sensor signals in the frequency
domain. If the sensor array is designed in such a way that each
sensor signal aligns to a different harmonic of the frequency
chirping, a maximum number sensor may be multiplexed with
a determinate crosstalk between any two of the sensors. As is
known, the nonzero sidelines would cause crosstalk between
Sensors.

It is interesting to note that the magnitude of the sidelines for
the combined signal from more than one sensor can be actu-
ally smaller than that for one sensor, indicating that the spectral
components of the sensors at a particular frequency (k f,) are
not always added in phase.

The crosstalk between sensors due to nonzero sidelines could
be negligible if the beat frequency from a FBG sensor coincides
with one of the harmonics of the modulating frequency.

In a serial FBG array however, crosstalk may result from
“multiple-reflection” and “spectral-shadowing” effects if the re-
flection spectra of two or more gratings are overlapping. Mul-
tiple reflection between the gratings will generate residual re-
flected waves, which will produce residual beat signals in the
output frequency spectrum. Some of the waves that travel sim-
ilar distances with the grating signal may have a significant ef-
fect on the system performance. This crosstalk exists for any
serial connected sensor array, no matter what type of address
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Fig. 2. Experimental setup incorporating Raman amplification for remote-sensing applications.

format (e.g., TDM, code-division multiple-access (CDMA), or
FMCW) is used.

A detailed analysis of the effect of the multiple reflection on
the crosstalk performance has been reported in [23]. The spec-
tral shadowing crosstalk can be induced from upstream FBG
sensors to downstream FBG sensors [24].

Both multiple reflection and spectral shadowing effects can
be reduced by using low reflectivity gratings [23], [24]. How-
ever, the use of low reflectivity reduces the signal power of indi-
vidual sensors at the output, thereby reducing the SNR. In order
to maintain a reasonable power level at the photodetector, fiber
amplifiers may need to be used before or after the sensor array
to enhance the SNR [17]. Crosstalk from multiple reflection and
spectral shadowing should not happen in a parallel topology
system because the FBG sensors are located in different fiber
branches, the light reflected from a particular sensor would not
be influenced by other sensors.

IV. EXPERIMENTAL SETUP

The first experiment was conducted using the setup shown in
Fig. 1. It is a FMCW FBG array system, with the optical power
enhanced by an EDFA. A broadband source based on an erbium
doped fiber with an output power of 80 mW and bandwidth of
100 nm was used. The light from this source was modulated by
an acousto-optic intensity modulator in which the chirped signal
from the generator was applied. The frequency modulated signal
provided from the generator was used as reference and applied
to one of the multiplier inputs.

The experimental setup incorporated two FBGs, a delay line
to separate the frequency response of each one, and an inten-
sity sensing head. The intensity sensing head is composed by a
tapered single-mode optical fiber with transmittance dependent
on its curvature [25]. The wavelengths of FBGs are 1549.27 and
1549.93 nm, having a reflectivity of 70% and a bandwidth of 0.2
nm. An additional advantage of this structure is that the resonant
wavelengths could have either identical or different values; how-
ever, there are advantages to consider different values because
this increases the flexibility to choose the grating reflectivity for
better operation.

Due to the modulation of the optical power injected into the
system, the time delay between the reference signal and the
modulated signal (which is enhanced using the delay line that
can have a substantially reduced length if fast chirp rates are
considered) is translated to a difference between the beat elec-
tric frequencies generated by multiplying the reflected signals
with a local electronic reference. The amplitude of these beat
frequencies was determined using an electric spectrum analyzer
(ESA).

For these types of configurations, Fresnel reflected signals
from the connectors are not an important problem due to the di-
rectivity of the couplers we used (about —55 dB). In addition to
this, all the free terminations have been immersed in refractive-
index-matching gel to avoid undesired reflections. According
our calculations, the return loss of an unprepared end is about 18
dB and commercial optical fiber connectors are available with
return losses that exceed 50 dB. For that reason, we can assure
that using these commercial components, the reflected signals
have hardly influence on the measurement we have taken.

To study the effect of optical amplification in the performance
of the system, an EDFA, with 10 dB of gain and a bandwidth of
100 nm, was located between the acousto-optic intensity mod-
ulator and the three ports circulator.

V. REMOTE SENSING

Within the sensor-application field there are several causes
for including optical amplification: one of them is to enable the
possibility of remote sensing. This motivates a second objective
in our research: to demonstrate the performance of this structure
for remote-sensing applications.

In order to enable remote operation at 50 km, additional am-
plification has been introduced by means of a Raman pump
laser. This Raman pump laser from IPG Fibertech radiates at
1445 nm and it could deliver up to 3 W power into a single-mode
fiber. As can be seen in Fig. 2, the setup was modified by intro-
ducing the Raman pump laser by means of a WDM. In addition
to this, 50 km of SMF were located before FBG; in order to
study the system behavior when the intensity sensor is located
far away from the system header. Hybrid Raman-EDFA ampli-
fication systems has demonstrated optical signal-to-noise ratios
higher than those of the discrete amplifier systems [26].
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Fig. 4. Response of the fiber taper sensor.

VI. RESULTS AND DISCUSSIONS

Computer simulations have been conducted to understand the
effect of varying the parameters on the spectral characteristics
of the beat note spectrum. All the parameters such as delay
time, frequency deviation, and modulation frequency among
others had been fine tuned before characterization of the system.
In this case, the frequency sweep applied to the carrier fol-
lowed a sawtooth modulation [ fi,oq = 5 kHz, Af = 105 kHz,
fo (the sweep starting frequency) = 200 kHz]. Fig. 3 shows
the response of the beat note spectra of the optical intensity
sensor based on Bragg grating. The first peak corresponds to the
referencing signal and is related to the Bragg grating located be-
fore the sensing head, FBG;. The second peak corresponds to
the signal of the optical intensity sensor and comes from FBGo.
The frequency separation between these signatures is due to the
fiber delay line located between the FBGs.

In this experiment, a low-cost optical intensity sensor based
on a fused fiber taper was used. Fig. 4 shows an example of the
response of this fiber taper sensor.

This structure was previously used by the authors to measure
temperature, displacement, strain, and other parameters [25],
[27], [28] and [29]. Its main feature is that when curvature is
applied the insertion loss of the device changes, as can be also
observed in Fig. 3.

Fig. 5 shows the plot of the R-parameter for the situations of
amplification on and off. The pump power of the EDFA was ad-
justed to provide a signal amplified optical power of =~ 8 mW.
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Fig. 6. Dependence of sensor resolution with the optical amplification level.

From the step changes and rms fluctuations observed in this
figure, the resolution of the intensity sensor is calculated as
~ 0.078 dB when the pump is off, becoming ~ 0.025 dB when
the pump is on, i.e., a factor of ~ 3.1 better. This result clear
indicates the benefits of optical amplification in the sensor per-
formance. Moreover, it is relevant to identify the dependence of
the system resolution with the amplification level. This study is
shown in Fig. 6, from where comes out the result that the op-
timum amplification is associated with a signal optical power in
the range mW [3]—[8].

With larger amplification a fast degradation of the sensor res-
olution is apparent, a result of the increasingly important impact
of the ASE noise in the detection system. Therefore, ASE can
be a limiting factor in networks of optical fiber intensity sen-
sors that need large levels of optical amplification. Anyway, it
may be feasible to apply in this context results reported to some
active bus network structures, where it has been demonstrated
a nearly entire elimination of the ASE noise effects [15], [17],
[18].

These values for the resolution were obtained from the sensor
output signal that is given by (4), which is conditioned by the
signal-to-noise ratios both in the signal and reference frequen-
cies. Therefore, it is also interesting to study the dependence
of these ratios with the pump power. When the pump power is
off, an electrical signal-to-noise ratio of 15.5 and 13.8 dB for
the reference and the sensor signal, respectively, were obtained.
However, when the pump power of the EDFA was adjusted to
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50 km of SMF was inserted into the setup.

provide a power of 8 mW, these values improve to 24.7 and
25.05 dB for the reference and signal frequencies in that order.
These better signal-to-noise ratios are then reflected in a better
performance for the sensor output (R-parameter). As a note, for
intensity based sensors signal-to-noise ratios of the order of 20
dB are considered adequate for many applications [12].

To check if the sensor sensitivity is modified in the presence
of optical amplification, the sensor characteristic function was
plotted for the cases of optical amplification on and off. The re-
sults are shown in Fig. 7, from where it can be concluded that
the sensitivity does not change when optical amplification is
inserted into the system, as it should be considering the ratio-
metric processing employed [(4)]. The amplification improves
the sensor performance because it induces better signal-to-noise
ratios in the signal and reference frequencies.

To study the system behavior when the sensing head is lo-
cated far away, 50 km of SMF were inserted in this setup. In
that case, our signal has to go through 100 km of SMF, 50 km
each way. First, an optical study of the reference and sensor re-
sponse was done showing that the OSNR decreased too much
by using only the EDFA for amplification. For that reason some
variations were done in order to include also Raman amplifica-
tion on it; such as the use of a WDM and an isolator to avoid
reflections to the laser. As can be seen in Fig. 8, the OSNR ob-
tained by using hybrid Raman-EDFA amplification was higher
than using only EDFA.

Once again, computer simulations have been conducted to
fine tuned all the parameters of the system. In this case, the fre-
quency sweep applied to the carrier followed a sawtooth mod-
ulation [fnoa = 1 kHz, Af = 21 kHz, fo = 200 kHz].
Using these parameters our reference peak was located at 10
kHz and the signal peak at 12 kHz. For these parameters, the op-
timized inserted amplification into the setup was achieved using
pumping powers of 1 W for the Raman laser and 3.4 mW for the
EDFA. However, sensor resolution decreased substantially due
to the noise inserted into the system by means of both ampli-
fications (sensor resolution of about 0.915 dB). Therefore, this
result indicates the need to study in detail the effects that de-
termine the system noise level in the presence of simultaneous
Raman and EDFA amplification, looking for adequate perfor-
mances in the context of interrogation of sensors located far
away.

VII. CONCLUSION

A frequency modulated continuous wave technique for ref-
erencing optical fiber intensity sensors using EDF amplifica-
tion is reported. Without amplification, the system showed a
sensor resolution of =~ 0.078 dB, a value that improves to =
0.025 dB in the presence of a certain level of amplification. It
was also identified an optimum optical amplification range and
confirmed that the sensor sensitivity does not depend on the
presence of optical amplification. We have also demonstrated
that this configuration can be used as a remote sensing appli-
cation. By using this technique, the sensor information can be
read over a 50 km distance, although to achieve good perfor-
mance careful optimization needs to be performed.
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