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Integrated FBG Sensors Interrogation Using Active
Phase Demodulation on a Silicon Photonic Platform
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Abstract—The authors experimentally demonstrate the feasi-
bility of interrogating Fiber Bragg Grating (FBG) sensors using
an integrated unbalanced Mach-Zehnder Interferometer and
active phase demodulation on silicon-on-insulator platform. The
use of an external arrayed waveguide grating at the output of
the circuit allows the interrogation of multiple FBGs through
wavelength division multiplexing. Signal processing employing the
phase-generated carrier demodulation technique is used to extract
the wavelength shift from the signal patterns, allowing accurate
dynamic FBG interrogation. The performance of the proposed
integrated FBG interrogator is validated by comparing it with a
commercial FBG readout unit based on a spectrometer and used
as a reference. Experimental results demonstrate a dynamic strain
resolution of 72.3 ne/+/Hz.

Index Terms—Fiber Bragg Gratings (FBGs), Fiber
sensors, high-volume manufacturing services, silicon on insulator,
waveguides, wavelength meters, wavelength division multiplexing.

I. INTRODUCTION

IBER Bragg grating (FBG) sensors have shown great po-
F tential as a monitoring solution in a wide range of industrial
fields, ranging from structural health monitoring to energy pro-
duction, oil and gas, and transportation [1]. Their compactness,
light weight, immunity to electromagnetic interference, and
resistance to harsh environments gives them a clear advantage
over conventional sensors. Additionally, the use of multiplexing
techniques, such as time and wavelength-division multiplexing,
allow monitoring multiple points along the same optical fiber.
However, in order to make FBG sensors competitive with respect
to conventional electronic sensors and satisfy high-volume mar-
ket requirements, low-cost miniaturized readout units should
be developed. The SOI platform allows the realization of
high-density photonic integrated circuits (PIC) exploiting com-
plementary metal-oxide—semiconductor compatible processes,
including active and passive components [2], for a cost-effective
dynamic interrogation of a very large number of FBGs.

FBG interrogation can be performed exploiting different con-
figurations and techniques. Tunable lasers [3], spectral analysis
[4], linear filters [5] and interferometers [6] are some examples.
Many of these solutions require bulky and costly equipment.
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Recently, efforts towards the low-cost photonic integration of
this kind of devices have been presented, such as the current-
tuning of a VCSEL source [7], or the use of an arrayed wave-
guide grating as a spectrometer [8], [9]; however, these schemes
also have some drawbacks, in particular regarding the number of
FBGs that can be simultaneously interrogated and the dynamic
capabilities of the readout unit.

In this paper, we present an integrated version of the scheme
proposed in [6], which is based on an actively monitored un-
balanced Mach—Zehnder interferometer (MZI) using phase-
generated carrier (PGC) demodulation technique. This scheme
allows to obtain two signals with 90° phase difference, from
which the phase variations between the signals in each arm
of the MZI can be extracted by applying techniques such as
differentiation-and-cross multiplication and arctangent demod-
ulation. The PGC demodulation helps overcome some of the
MZI impairments, such as signal fading, identification of in-
put signal direction, and fringe order ambiguity [10]. Although
the proposed configuration along with the PGC technique have
been used employing bulk components [11], it is the first time,
to the best of our knowledge, that a dynamic strain measure-
ment using an integrated FBG sensors interrogator has been
demonstrated exploiting an actively monitored MZI on a silicon
photonic platform.

The fabricated PIC includes input and output grating couplers
that allow to vertically couple the signals reflected from the
FBGs to the chip and the MZI output signals to external
photodetectors. The feasibility of interrogating multiple FBGs
simultaneously is demonstrated by employing an external
arrayed-waveguide grating (AWG) device. The integration of
photodetectors and AWGs on a SOI platform has been already
demonstrated [2], [8], [9], and will be the subject of future
developments.

II. THEORY

Unbalanced MZI demodulators can be used to convert FBG
sensors Bragg wavelength shift into phase variations of the out-
put signal at the photodetector, allowing for very high resolution
interrogation [10]. This type of MZIs is characterized by a dif-
ferential length d between its arms. The spectral period of the
fringe pattern is called the free spectral range (FSR) of the MZI.
If the spectral width of the FBG is narrower than half the FSR of
the MZI, an interference between these signals will be obtained
at the output. This output signal can be written as:

I = A+ Bcos Ap(t), (D
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where A is the DC component, B is proportional to the input
intensity and depends on the mixing efficiency of the MZI, and
Ap(t) is the phase difference between the signals in each arm
of the MZI.

However, it is not straightforward to extract the precise phase
condition only from the intensity of the output /, because the
arc cos function has two solutions, and its responsivity varies
along the fringe position. Active phase demodulation schemes
like the PGC technique allow a precise estimation of the phase
variations of the signal of interest by applying an external phase
modulation on one of the MZI arms, with a frequency much
higher than that of the signal of interest [11]. Considering a
sinusoidal modulating signal with frequency wy and amplitude

C, the output (1) of the MZI becomes:
I = A+ Bcos[Ccos (wot) + Ap(t)]. (2)

This expression can be expanded in terms of Bessel functions,
resulting in:

I = A+B{

Z JQk COSka{)t}

J2k+1 )COS (2/€+ 1)&1()?51

x cosAp (t l2 Zoo:

k=
x sinAp(t)} 3)

Equation (3) shows that by mixing the output of the MZI with
the proper even and odd multiple of wy and applying a low-pass
filter to the signals to remove the frequencies above the band of
interest, it is possible to obtain signals that are proportional to
sinA(t) and cosAp(t), from which the phase variations can be
extracted by using, for example, the arc-tangent demodulation
technique [12].

Considering mixing signals at wy and 2wy, the ratio between
the two signals at the output of the filters can be written as:

S1_ Ji(C)sinAp (1)
Sy Jo (C)cosAgp (t)’

where J; (C') and J5(C') are the Bessel functions of first and
second order respectively, evaluated in C. From Bessel functions
theory, the condition J;(C) = J»(C) is satisfied when C is
0.847 [12], in which case the phase variations can be extracted
by applying the arctangent method, as follows:

“4)

S
Agp(t) = arctan <—1> . 5)
Sy
Finally, the phase change Ay(f) can be converted into wave-
length shift AA relative to the MZI FSR AApgp, using the
relation:

A)\,FSRAQO(t)
2w '

The same MZI can be used to monitor many different FBGs
simply by wavelength demultiplexing its output. This means
that only one modulator is needed to track the wavelength of
many different gratings simultaneously.

Al = (6)
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Fig. 1. Optical microscope image of the fabricated device. The total footprint
is 1000 m x 300 pm. Only the coarse MZI at the bottom, enclosed in red, was
used in this work.
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Fig. 2. Measured spectral response of the device and comparison with the

FBG spectral width.

III. DESIGN AND FABRICATION OF THE DEVICE

The device (see Fig. 1) was fabricated from 8” SOI wafers
with 220 nm silicon thickness and 2 pm buried oxide. Deep-UV
193 nm optical lithography was used to pattern 220 nm x 480 nm
single-mode waveguides. Focusing grating couplers were used
for vertically coupling the light from single-mode fibers at 11°.
A coupling loss of ~5.5 dB per grating was measured from
a reference sample. The photonic circuit includes two MZIs,
one with path difference AL = 5000 um (so-called fine), and
another one with AL = 500 ym (so-called coarse), generating
fringe patterns with FSRs of 0.11 and 1.1 nm respectively. The
longer branches were spiraled to minimize footprint, resulting in
a total circuit footprint of 1000 um x 300 pm. Additionally, the
short branch of both MZIs includes a thermal phase modulator,
which consists in a metal Ti/TiN heater track which is 86 pm
long and 1.4 ym wide. This modulator has a 1/e time-constant
of 7 us and a Vo, of 3.6 V. Note that since the FBGs used are
characterized by a full width at half maximum bandwidth of
~80 pm, only the coarse MZI (with FSR 1.1 nm) could be used,
as the FSR of the fine is too small (0.11 nm). Fig. 2 reports the
measured spectral response of the MZI in comparison with the
two FBGs spectral widths.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

The experimental setup used for the dynamic characterization
of the FBGs is shown in Fig. 3; the output of a wideband light
source from BaySpec Inc. (centered at 1550 nm with a spectral
width of 100 nm) was amplified using a high power EDFA and
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Fig. 3. Experimental Setup. BBS: Broadband Source; PZT: Piezo-Electric

Actuator; PIC: Photonic Integrated Circuit; PM: Phase Modulator; AWG: Array
Waveguide Grating; PD: Photodetector; ADC: Analog-to-Digital Converter;
LPF: Low-Pass Filter; PC: Personal Computer.

then coupled to the FBGs under test using a three-port optical
circulator. Two FBGs from FBGS Technologies GmbH were
connected, one after the other. The first (FBG #1), characterized
by a Bragg wavelength of ~1558 nm, is longitudinally strained
using an open loop piezo-electric actuator (PZT), whereas the
second (FBG #2), with a Bragg wavelength of ~1550 nm, is
strained by the vibrations generated by a speaker. Both FBGs
were actually pre-strained using a micrometer, in order to apply
dynamic strain effectively, thus increasing the grating compres-
sion sensitivity. The reflection from the FBGs is divided using
a 90/10 coupler; the 10% of the signal is sent to a commercial
readout unit from Bayspec Inc., which has a maximum scan-
ning frequency of 5 kHz/s, while the 90% part is coupled to the
device under test. The output port of the chip is coupled to an
external 16-channel AWG, characterized by a channel spacing
of 200 GHz, which separates the signal into the different com-
ponents reflected by each FBG. The channels employed were
the 12th, centered at ~1551 nm, which covers the band around
FBG #2, and the 16th channel, centered at ~1558 nm, which
covers the band around FBG #1. Each channel is then coupled to
an InGaAs based photoreceiver with a trans-impedance ampli-
fier and 12 kHz bandwidth. Finally, the photoreceiver electrical
signal is connected to a DAQ (100 kS/s) for data acquisition and
processing on a PC.

B. Single FBG Interrogation

For the single FBG interrogation test, a sinusoidal signal of
275 Hz of frequency and 1.2 V peak-to-peak with 1 V DC
component (see Fig. 4a) was applied to the PZT driver, which
strains FBG #1, while no signal was applied to the speaker, to
maintain FBG #2 static. Simultaneously, the resistor in one of
the arms of the MZI was modulated using the square-root of a
sinusoidal signal, since the applied power is proportional to the
square of the voltage. The peak-to-peak amplitude was 3.3 V,
which satisfies the condition C = 0.84 7, and the frequency was
5 kHz (see Fig. 4b), which is more than ten times the frequency
of variation of the Bragg wavelength.

The interferometer output detected by the photoreceiver (PD),
corresponding to equation (2), is shown in Fig. 4(c). The slow
varying envelope is due to the PZT driving signal (see Fig. 4a),
while the fast amplitude variations are due to the MZI phase
modulation signal (see Fig. 4b).

The comparison between the estimated wavelength shift, ob-
tained after applying the technique explained in Section II, and
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Fig.4. Comparison between: (a) the signal driving the PZT controller, (b) the
phase modulation signal applied to the MZI, and (c) the interferometer output
detected by the photoreceiver.

the commercial FBG readout unit from BaySpec Inc. is reported
in Fig. 5. Note that the device is capable of accurately measure
variations of approximately 97 pm peak-to-peak, presenting a
good agreement with the commercial readout unit results.

For the assessment of the minimum detectable wavelength no
signal was applied to the PZT driver, for a static measurement,
and the signal reflected by the FBG was detected using the MZI
and BaySpec readout unit, as reported in Fig. 6. The standard
deviation of the signal amplitude provides the minimum wave-
length that can be detected by each device. For the MZI the value
with a 1 kHz bandwidth is ~1.98 pm whereas for the BaySpec
is ~0.33 pm. Considering a FBG strain sensitivity of 1.2 pm/jue
at around 1.55 pm, these values are equivalent to a minimum
detectable strain of ~1.65 pe for the MZI and ~0.28 pie for the
BaySpec.

The spectra of the measured wavelength shift signals, nor-
malized to the peak power of the BaySpec signal, are shown
in Fig. 7. The harmonics observed in both spectra at 550 and
825 Hz are due to the hysteresis of the open loop PZT, which
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Fig. 5. Comparison of the measured wavelength shift versus time obtained
with the device under test (in black) and the commercial FBG readout from
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0 0o o1 a8
thsl

(b)

Fig. 6. (a) Fluctuations in the signal detected by the photodiode at the output
of the MZI in absence of PZT driving signal. (b) Fluctuations detected by the
BaySpec Inc. readout unit.
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Fig. 7. Comparison of the spectra of the measured wavelength variation
signals with the MZI and BaySpec Inc. readout unit.

causes the non-linearity of the displacement with respect to the
applied sinusoidal voltage. The higher spectral width of the
BaySpec signal with respect to the MZI signal could be due to
lack of precision of the timestamp generated with the data of
the readout unit, which could also justify the fact that the fre-
quency peak is located slightly above 275 Hz. A signal-to-noise
ratio (SNR) normalized to a 1-Hz bandwidth of approximately
51.9 dB was measured for the MZI, whereas for the BaySpec
was approximately 69.9 dB, which results in a dynamic strain
resolution of 72.3ne/+/Hz and 9ne//Hz respectively. The
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Fig. 9. Comparison of the measured wavelength shift versus time obtained

with the device under test (in black) and the commercial FBG readout from
BaySpec Inc. (in blue).

lower noise floor on the Bayspec spectrum with respect to the
MZI is in agreement with the time-domain results depicted in
Fig. 6(a) and (b), showing that the performance of the com-
mercial readout unit by Bayspec is slightly better than the one
of the proposed integrated solution, which could be due to the
rather low signal intensity at the output of the external AWG
with respect to the noise of the photoreceiver. The integration of
the AWG and photoreceivers in the same chip would reduce the
circuit losses by ~10 dB, while the implementation of only the
coarse circuit, without splitting the power between the coarse
and fine configurations, would also provide a reduction in the
total circuit loss, thus enhancing the SNR.
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Fig. 10. Comparison of the measured wavelength shift versus time obtained

with the device under test (in black) and the commercial FBG readout from
BaySpec Inc. (in blue).

C. Multiple FBG Interrogation

For the multiple FBG interrogation test sinusoidal dynamic
strains were applied simultaneously to the two FBG sensors; a
sinusoidal signal at 275 Hz with 1.2 V peak-to-peak and 1 V DC
component was applied to the PZT driver, which strains FBG
#1, while a sinusoidal signal at 245 Hz with 0.5 V amplitude was
applied to the speaker, which strains FBG #2. Simultaneously,
one of the arms of the MZI was modulated using the square-
root of a sinusoidal signal with an amplitude of 3.3 V, and a
frequency of 5 kHz, which is more than ten times the frequency
of variation of the Bragg wavelength of each FBG.

The signals detected at the output of the AWG are shown
in Fig. 8. The signal in Fig. 8(a). was obtained from the 16th
channel of the AWG, corresponding to the band of FBG #1,
whereas the signal in Fig. 8(b) was obtained from the 12th
channel of the AWG, corresponding to the band of FBG #2.
Here it can be observed that the fast amplitude variations due to
the MZI phase modulation coincide, while the slow variations
are different, since each FBG is strained using signals with
different frequencies and magnitudes.

The estimated wavelength shift for FBG #1 and FBG #2,
and its comparison with the measurements obtained with the
BaySpec are shown in Fig. 9(a) and (b) respectively. In both
cases it was possible to meaure accurately the wavelength shift
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of ~97 pm peak-to-peak for FBG #1, and ~186 pm peak-to-
peak for FBG #2.

The spectra of both signals are shown in Fig. 10. The SNR
normalized to a 1-Hz bandwidth for FBG #1 is 50.83 dB while
for FBG #2 is 54.53 dB, which results in a dynamic strain reso-
lution of 82.1 ne/\/Hz and 102.9 ne//Hz; for the BaySpec the
SNR normalized to a 1-Hz bandwidth for FBG #1 strained at
275 Hz is 67.78 dB, corresponding to 11.71 ne //Hz, while the
SNR for FBG #2 strained at 245 Hz is 78.73 dB, correspond-
ing to 6.31 ne//Hz. The better SNR for the FBG #2 can be
explained considering that the Bragg wavelength for FBG #2
corresponds to the band where the broadband source provides
maximum power density, leading to a better SNR than in the
tails of the source, where FBG #1 is located. Additionally, it
can be observed from the spectra that there is no presence of
crosstalk between the two AWG channels.

V. CONCLUSION

We presented an integrated FBG interrogator based on an
actively monitored unbalanced MZI using the PGC technique.
The device was fabricated on a SOI platform and it is capa-
ble of demodulating the wavelength shift variations of multiple
FBGs simultaneously, by using an external AWG at the output
of the MZI. The accuracy of the measurements was validated
by comparing with a commercial readout unit, obtaining a very
good agreement. The integration of the AWG and photoreceivers
in the same SOI platform is envisaged to obtain a fully inte-
grated readout unit, which could further improve the SNR of the
demodulated signal.
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