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FPGA-Based High-Speed Optical Fiber Sensor
Based on Multitone-Mixing Interferometry
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Abstract— We report a real-time high-speed fiber Bragg grat-
ing (FBG) interrogator based on a fiber-optic interferometer.
The signal processing is performed by using a low-cost field-
programmable gate array (FPGA) system, which is programed
to implement a phase-generated carrier (PGC) demodulation
algorithm with multitone mixing (MTM) to provide distortion-
free signals with high tolerance to modulation depth variations
and light intensity fluctuations. The system can stream data at
rates up to 1 MS/s and allows multiplexed processing up to two
channels. Experimental results show simultaneous measurements
of two FBGs, one of which was actuated at frequencies up to
100 kHz. The system features a 3-dB bandwidth of 280 kHz, and
a dynamic wavelength resolution of 4.7 fm/Hz1/2. We also demon-
strate a strong reduction of distortion using the MTM approach
with respect to the standard technique. Finally, we study the
origin of the noise, demonstrating a reduction in common noise
sources by using one of the FBGs as a reference. The system
can measure FBGs centered at any position within the spectral
band of the source, is polarization-independent, and is easily
scalable to more than two measurement channels from the same
interferometer.

Index Terms— Fiber Bragg gratings (FBGs), interferometers,
optical fiber sensors, phase demodulation, phase-generated car-
rier (PGC), strain sensors, vibration sensors.

I. INTRODUCTION

OPTICAL fiber sensors are devices in which the trans-
ducer of the physical magnitude to measure is the optical

fiber itself [1]. This technology has many advantages with
respect to purely electronic transducers, such as immunity
to electromagnetic interference, small size, tolerance to harsh
environments, and the possibility of using the same optical
fiber to transmit the optical information to an interrogator
which can be situated in a remote place; but probably the most
important advantage is the possibility to multiplex many sens-
ing points along one single fiber cable, enabling distributed or
quasi-distributed measuring schemes [2].
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One very popular type of optical fiber sensor is the fiber
Bragg grating (FBG), which is a periodic modulation of
the refractive index in a certain position, which generates a
narrow optical reflection peak. The precise wavelength of the
peak can depend on physical parameters, such as temperature
and strain, and depending on how the fiber is implemented,
it can also respond to pressure, force, etc. To read the peak
positions in real time coming from the fiber, a so-called
FBG interrogator is needed. Interrogators are commercially
available from many different providers, and they are typically
based on swept lasers or spectrometers with a white light
source. However, these schemes for reading the wavelength
require a certain time to perform each measurement, which
is limited by the laser scanning time or the readout time of
the spectrometer. Typical FBG interrogators read at rates of
few kHz, with the fastest ones reaching few tens of kHz.
However, some applications require much faster sampling
rates, for example, when monitoring vibrations of fast-rotating
machines, like gas turbines, explosion-based machines, such
as combustion engines, or in ultrasound applications. These
devices may require hundreds of kHz of bandwidth, which is
very challenging using these techniques.

One way to monitor FBGs at high speed is to convert
wavelength to intensity using a linearly shaped filter [3].
However, this technique is sensitive to intensity noise, has
a very limited range, and can only measure FBGs that are
spectrally aligned to the specific filter. To solve these issues,
unbalanced interferometers can be used, as they can convert
a wavelength shift to a phase shift. However, to get a good
responsivity, they must be kept in quadrature, which can be
challenging if many peaks must be read simultaneously from
the same interferometer. To tackle this problem, the interfer-
ometer can be dithered continuously with a sinusoidal wave
at a certain frequency f and the phase can be measured by
extracting the components in f and 2 f , using the well-known
phase-generated carrier (PGC) technique [4], [5]. To reach
modulation frequencies in the MHz range, in [6], a lithium-
niobate modulator within a Sagnac interferometer was used to
demonstrate FBG interrogation at a bandwidth of 100 kHz.

On the other hand, the standard PGC technique can gen-
erate distortions when the modulation depth deviates from
its nominal value. To solve that issue, many methods have
been proposed in the past [7]–[11], but these methods have
some disadvantages such as increasing noise around certain
phase regions, requiring signal variations to work, or requiring
complex ellipse-fitting algorithms. In [12], a method called
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Fig. 1. Schematic of the optical system. LN: Lithium Niobate, PD: Photodetector, TIA: Transimpedance amplifier, LPF: Low-pass filter, SLED:
Superluminescent light-emitting diode, PM: Polarization-maintaining, ADC: Analog-to-digital converter, CWDM: Coarse wavelength division multiplexer.

multitone mixing (MTM) was proposed which consists of
the substitution of the sinusoidal functions for the mixing
with synthetic functions that include up to the third or fourth
harmonic, in such a way that the first- and second-order
dependencies on the modulation depth are suppressed. That
method, which is very easy to implement in a digital signal
processing system, demonstrated to correct distortions in real
time with no noise penalties. However, in that article, the
technique was not demonstrated in real time, but only after
post-processing.

In this article, we show the implementation of the MTM
scheme on a low-cost field-programmable gate array (FPGA)
and we demonstrate real-time FBG interrogation on an active
Sagnac fiber interferometer at sample rates up to 1 MS/s
and a bandwidth of 280 kHz. In addition, we demonstrate
multiplexed reading from the same interferometer, which can
also compensate the thermal fluctuations of the Sagnac by
using one signal as a reference channel.

This article is divided as follows: in Section II, we first
describe the optical setup, followed by a brief explanation
of the MTM technique with its advantages, and finally an
explanation of how the generation of the modulating signal
and the demodulation system was implemented in the FPGA.
In Section III, we discuss and analyze the obtained results;
first, we compare our interrogator against other commercially
available interrogators, then we show the advantages of using a
second FBG as a reference, followed by a demonstration of the
robustness of the MTM technique against the standard PGC,
and finally, we show how it is possible to easily adjust the
free spectral range (FSR) of the interferometer to be tailored
according to the intended application. Finally, in Section IV,
we draw a conclusion.

II. SYSTEM DETAILS

A. Optical Setup

Fig. 1 shows the optical system. The optical source is
a fiber-coupled superluminescent light-emitting diode (model
Denselight DL-BZ1-CS5169A), with an output power of
12 dBm, centered at 1550 nm, and with a 3-dB bandwidth
of 80 nm. The broadband signal is sent to the FBGs. FGB#1,
is an athermally packaged FBG, centered at 1571 nm, with
FWHM 0.28 nm. FBG#2 centered at 1548.7, with FWHM
0.14 nm, was attached to a piezoelectric actuator providing
a tuning range of 1.4 nm. The reflected peaks were split
with a 90/10 ratio, where 10% was sent to the reference
interrogator (Ibsen Photonics I-MON-512-USB). The reason
why only 10% was sent to the reference interrogator was to
avoid saturation. Another reference interferometer used was
a Micrometer Optics Hyperion model Si155, although this
one had its own source, it could not measure simultaneously
with our system. For this reason, measurements acquired with
this interrogator were taken before or after an interval of
few minutes, while measurements acquired with the Ibsen
interrogator are simultaneous with the traces acquired with
the interferometric interrogator.

The 90% remaining signal was sent to the interferometer,
which is a fiber-optic active Sagnac interferometer as described
in [6]. The interferometer features a birefringent section to
generate a polarization retardation that constitutes the opti-
cal path difference of the interferometer. In our case, the
birefringent section consists of a lithium niobate modulator
(model Ixblue MPX-LN-0.1), and polarization-maintaining
fibers (PMFs) that come out of the modulator. The Sagnac loop
also has a single-mode fiber (SMF) section with a polarization
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Fig. 2. Spectra of Sagnac interferometer for 7 m (2 + 5 m extension) of
PMF, generating a fringe pattern with an FSR of 2.37 nm (blue) and reflection
spectra of FBGs (red and green). OSA resolution: 0.1 nm.

controller, which is used to align the polarizations at 90◦
between the coupler ports to maximize the fringe contrast.
Once the polarization controller is adjusted, the interferometer
is polarization-independent, as neither the fringe positions nor
their contrast depend on the input polarization.

The system generates a fringe pattern whose FSR is deter-
mined by the total retardation, as shown below [6]:

�νFSR = c

�nLN LLN − �nPMF LPMF
(1)

where �νFSR is the optical frequency FSR, �nLN is the
optical birefringence of lithium niobate (equal to 0.0735
at 1550 nm [13]), LLN is the length of the modulator, �nPMF

is the birefringence of the PMF (equal to ∼4 × 10−4 in our
case, a typical panda fiber), and LPMF is the total length of the
PMF section in the system. The minus sign is due to the fact
that the PMF is pigtailed to the LN modulator so that the slow
axis is aligned to the electric field direction in the modulator,
which is the typical case. This allows us to generate any
FSR in our interferometer by varying the length of the PMF
pigtail of the modulator. In our case, we generated an FSR
of 0.94 nm by prolonging the 2-m pigtails by an extra meter,
while prolonging with 5 m generated an FSR of 2.37 nm.
The advantage of this interferometer is that the position of the
fringes can be electro-optically tuned at the bandwidth of the
LN modulator, which can reach the GHz range. In our setup,
the modulation signal of the interferometer was a sinusoidal
wave at 2.6 MHz. The spectra of the interferometer with 7 m
of PMF and the FBGs are shown in Fig. 2. Each spectrum was
measured separately, without applying any modulation signal.
The measured insertion losses of the Sagnac interferometer
were 6 dB.

Finally, the output of the Sagnac interferometer was
demultiplexed with a four-channel coarse wavelength
division (de)multiplexer (CWDM), model WDM Cubo,
Part C40-A-A-S-S-11. With that device, we separated the
signals coming from FBG#1 and FBG#2 using the channels
centered at 1571 and 1551 nm. The signals were sent to two

InGaAs photodiodes (model PD-LD PDINP0751FAA-0-0-01)
and converted to voltage with two transimpedance amplifiers
model Femto DHPCA-100, set to a gain of 105 with ac
coupling, with a bandwidth of 14 MHz. These signals were
then sent to the FPGA to be processed.

The optical system can be easily extended to N FBGs
without the need of much extra complexity, since it would
only require a WDM with one channel per FBG and one pho-
todetector per channel, without any modification to the Sagnac
interferometer. It could also be used for spatial multiplexing,
with M channels, each with N FBGs, only by setting the
Sagnac interferometer immediately after the light source and
then splitting the interferometric pattern to the M channels
with a splitter. This setup was not used in our system since
we needed the FBGs immediately after the light source so that
we could compare the results with a commercial interrogator.

B. MTM Technique

In order to determine the wavelength shift from the inter-
ferometer output, one has to measure the phase shift of the
interferometer, divide it by 2π , and multiply it by the FSR in
wavelength as follows:

�λ = �ϕ

2π
�λFSR. (2)

To extract the phase of the interferometer with no responsivity
fading, one can dither the interferometer with an oscillating
signal at a frequency ω. By doing this, the optical intensity
output of the interferometer becomes

I (t) = A + Bcos[Ccos(ωt) + ϕ(t)] (3)

where I (t) is the signal intensity, A and B are coefficients
depending on the fringe contrast, C the modulation depth, and
ϕ(t) is the phase of the peak position within the fringe pattern
defined in (2).

This output can be expanded using the Bessel functions [4]

I = A + B

{[
J0(C)+2

∞∑
k=1

(−1)k J2k(C) cos 2kωt

]
cos �ϕ(t)

−
[
2

∞∑
k=0

(−1)k J2k+1(C) cos(2k+1)ωt

]
sin �ϕ(t)

}

(4)

where Ji represents the Bessel function of the first kind. This
means that even harmonics of the signal contain the in-phase
term of the phase [proportional to cos(�ϕ)], while the odd
harmonics contain the quadrature component [proportional to
sin (�ϕ)].

The standard PGC typically applies a modulation depth
Cnom = 0.84π , which makes the Bessel function J1(C) =
J2(C), so that the phase can be calculated from the first and
second harmonics of the signal

�ϕPGC−std(t) = arctan

[
Iω
I2ω

]
(5)

where Iω and I2ω are the components of the signal in ω
and 2ω, respectively. However, deviations of the modulation
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depth C can occur due to different reasons, like thermal
fluctuations that affect the digital-to-analog converter (DAC)
of the signal generator or the responsivity or the modulator,
a change in the modulation frequency setting, or simply that
the fact that the responsivity of the electrooptic modulator
also depends on wavelength, which would make it impossible
to fix a modulation depth for all wavelengths simultaneously.
When the modulation depth deviates from the nominal value,
the phase extraction is subject to distortion, which generates
a phase inaccuracy and undesired harmonics. To solve this
problem, instead of mixing with pure sinusoidal waves at
frequencies ω and 2ω, in [12] it was proposed to mix with
synthetic signals F1 and F2 defined as follows:

F1(t) = a1 cos ωt + a3 cos 3ωt (6.a)

F2(t) = a2 cos 2ωt + a4 cos 4ωt . (6.b)

For a given nominal modulation depth, choosing the coeffi-
cients a1,...,4 to minimize the derivatives of the Bessel function
combinations, using F1 and F2, the phase can be calculated
as follows:

�ϕMTM(t) = arctan

(
I ⊗ F1

I ⊗ F2

)

= arctan

[ [a1 J 1(C) − a3 J 3(C)]sin�ϕ

[a2 J 2(C) − a4 J 4(C)]cos�ϕ

]

= arctan

(
Y

X

)
(7)

where I ⊗ F1 and I ⊗ F2 are results of the mixing and low-
pass filtering the light intensity function I (t) with functions F1

and F2, respectively. For the specific case which excludes 4ω
(which is recommended when C < π , as it minimizes noise
[12]) and for the nominal modulation depth of Cnom = 0.84π ,
the coefficients that minimize distortion are a1 = 1, a2 =
2.5806, a3 = −3.03391, and a4 = 0. This is because by using
the appropriate coefficients, the functions in the numerator and
denominator in (7) can be tailored in such a way that the
distortion is minimized when C �= 0.84π [12].

The advantage of the MTM scheme, with respect to other
techniques proposed in the past to reduce distortion, is the fact
that its implementation requires a minimal modification of the
system, as it only requires the modification of the pure tone
waves with synthetic signals for the mixing.

C. FPGA Design

The MTM phase measurement algorithm was implemented
in a real-time processing scheme that involves an FPGA design
for the acquisition and in-phase and quadrature demodulation,
in a first stage, and then computer software for the trigono-
metric calculus and data storage.

The hardware design was built in a Red Pitaya STEMlab
125-14 device, based on a Xilinx Zynq 7010 integrated circuit,
that includes FPGA and a dual core ARM Cortex-A9 proces-
sor, and comes with an Ethernet port for network connection.
The device runs a Linux operating system (OS) that works
as an interface between a remote control computer and the
programmable hardware layer.

The main advantage of this board choice is that it incor-
porates two analog-to-digital converters (ADCs), whose input
buses are labeled as in1 and in2 in the present work, and two
DACs, identified as out1 and out2. All of them have a 14-b
resolution for ±1-V range and are operated at 125-MS/s rate,
much higher than the sample rate of analog signals achievable
by other embedded devices options, like Arduino or Raspberry
Pi. The input–output operations are synchronized with the
main internal clock of the FPGA layer, clk, which also works
at a frequency f0 = 125 MHz.

The Red Pitaya project provides some useful tools that ease
the building of a user operation interface for the designed
circuit, delivered as open-source code. For example, it includes
an AXI interface implemented to map chosen FPGA registers
to the RAM of the OS, so they can be read and written using
the standard memory operation form software. The values
of these registers are used to control the behavior of the
implemented logic or to read out the result of the MTM data
processing. The board includes an environment with a web
server that lets the user change the register values from a
remote device using POST and GET queries. The open-source
code includes HTML interfaces that make these operations
and organize the data for visualization. These tools were
successfully used in previous work for the implementation
of a lock-in amplifier in the same device [14]. Some parts
of the present work design are based on the code of the
aforementioned one.

The FPGA layer was designed in Verilog language and
synthesized using Xilinx Vivado 2015.2 software. The design
of the MTM demodulation module is shown in Fig. 3. The
thick lines are data buses and the thin ones are clock lines.
The gray blocks are 14-b read-only memory arrays that store
values of the harmonic functions used for modulation and
demodulation. The read address of each one is fed by cyclic
counters whose step time is controlled through a frequency
divider div applied to clk signal. It is implemented as a module
that outputs a tick bit after counting step cycles of clk (see
Fig. 4). This signal feeds the input of the master counter,
cnt, which is used to establish the base time for the 14-b
cos_ref reference signal, defined with 48 values. In this way,
the cos_ref memory has a reading sample rate of f0/step and
the harmonic signal has a maximum frequency of f0/48 =
2.6 MHz (for step = 1). The signal can be assigned to out1
and its output amplitude can be regulated by multiplication
with mod register.

The internal demodulation signals cos_[n]f are produced in
a similar way. Each one is stored in a memory array whose
read address is controlled by the corresponding cnt[n] counter.
To provide phase control with respect to cos_ref, we use the
registers phase and phase_f. A comparator module cmp sets
each counter to zero by sending a reset tick delayed respect to
the event cnt = 0 (the cos_ref start). This delay is produced
by waiting a phase number of div ticks and phase_f ticks of
clk (see Fig. 4). In this way, we have a coarse control of the
demodulation phase offset, with 2π /48 steps, and a fine control
of 2π phase_f/(48∗step). Moreover, the input of each counter
is produced by the delay module that copies the div signal to
the output after phase_f ticks of clk. The cos_[n]f signals are
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Fig. 3. Simplified scheme of the FPGA design for MTM demodulation. Thin lines are clock lines and the thick ones are data buses of 14-, 28-, and 38-b length
on width order. Blue labels are user real-time configurable registers. Red labels are the names of internal signals that can be visualized by an oscilloscopic
interface. Gray blocks are memory arrays whose read address input is fed by synchronized counters that can be de-phased through phase registers. The “�”
blocks are configurable shift registers that expand the data bus on the least significant side. When the output of a product has the same bus width than the
input, a shift register division should be assumed to keep the bus width.

Fig. 4. Phase relationship between cos_ref and cos_1f signals. The first row
represents the main clock signal, clk. The second one represents the output
of the frequency divider, div, that outputs a tick after step cycles of clk. The
output of delay module is a copy of div output delayed by phase_f steps of
clk. In the last row, the outputs of the memory modules are depicted. The
event cnt = 0 marks the start of the cos_ref signal. The cmp module sets
cnt1 = 0 after the configured delay time, producing the (re)start of the cos_1f
signal.

multiplied by an register values and summed, following the
combination from (6) to build the F1 and F2 internal signals.
These are multiplied by the input signal, that can be selected
through a multiplexer, and build up Xm and Ym products.

To complete the demodulation scheme the product signals
are processed by two low pass filter (LPF) modules. Each one
is composed by four blocks of first-order filters concatenated,
achieving the net effect of a single filter of up to fourth order.
The o register (see Fig. 3) lets the user choose to bypass or not
each of them and control in this way the final order of LPF
module. Each block contains an infinite impulse response (IIR)
filter of first order based on (8a). There, y[i] is the output, in[i]

is the input, and α = dt/(τ + dt), where dt is the clk step time
(8 ns) and τ is the characteristic time of the LPF

y[i ] = y[i − 1] + α(in[i ] − y[i − 1]) (8a)

Y [i ] = Y [i − 1] + in[i ] − Y [i − 1]/β. (8b)

The FPGA layer was designed to use integer values in the data
buses and its operations. α is a rational number, so instead
of (8a), the implementation was made using (8b), where Y =
βy, β = 1/α = 2tau, and tau is a register for user configuration.
The products and divisions by powers of two are implemented
using the shift register operation, where the shift number is
defined by tau. In this way, by setting the tau register, the
user can change the characteristic time of the LPF: τ =
(2tau − 1) · 8 ns. As a result, the complete module has
a configurable frequency cut-off fc = 1/(2πτ) between
2.8 MHz and 75 Hz (for τ = 3–18).

Before the LPF modules, we make a ×1024 amplification
through a shift register operation (�10) to enhance the reso-
lution of the demodulation by averaging effect. This adds 10 b
on the least significant side of the data bus that is populated
by the LPF module, enabling the possibility to demodulate
signals with amplitudes much lower than the ADC minimal
measurable voltage. Then, we apply a configurable ×2amp

amplification. Finally, a 14-b trimming of the most significant
bits produces the quadrature signals X and Y, suitable for
trigonometric processing. With this scheme, we achieved a
final net amplification up to ×219.

The green box shown in Fig. 3 was instantiated twice, so the
implementation has two demodulation lines. The orange labels
shown in Fig. 3 are connections to input and output peripher-
als. The blue ones are configurable registers that let the user
control the behavior of the demodulation circuit in real time.
The red label signals are wired to an oscilloscope module for
acquisition and visualization. The designs of the demodulation
procedure, the LPF modules, and the oscilloscope module are
similar to that used in [14], whose code was already published.
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Fig. 5. PSD of a wavelength shift applying a sine signal at 80 Hz for different configurations with 5 s of acquisition time. PI: Proposed interrogator. CH:
channel. In (a) and (b), we compare our proposed interrogator (at 0.98 MS/s acquisition rate) with two commercial instruments. In (c) and (d), we show
channels one and two of our interrogator and their difference (at 0.49 MS/s acquisition rate per channel). (a) Different interrogators. (b) Different interrogators
zoomed. (c) Channels of our interrogator. (d) Channels of our interrogator zoomed.

The oscilloscope module consists of two memory arrays
with 16 384 elements of 14-b integer data that are written in
order of arrival from two selectable input buses. A dec register
lets the user configure the decimation of the acquired signal
using a frequency divider f0/dec to command the writing
operations. In addition, at the input of the module, there is
an averaging filter (that can be switched ON/OFF) to avoid
aliasing effects. The dec values are powers of two, so that
the averaging can be implemented with an accumulator and a
shift register operation for the division. The final acquisition
sample rate that the user can achieve for the demodulation
signals would then be 125/2n MS/s, with integer n.

We made two interfaces for remote control of the designed
circuit and for data acquisition. The first one is an interactive
web page that can be loaded from the server of Red Pitaya
device and communicate with it through standard HTTP
queries. It is based on the examples published as open-source
by the Red Pitaya project [15] and is similar to the one
developed in [14]. The second one is an HTTP API that lets
the user read and write the registers of the circuit using GET
queries to the web server. This enables the operation of the
device using any general-purpose programming language from
a remote computer.

One of the desired characteristics of the system is the possi-
bility to make long continuous acquisitions of the demodulated

signals. For this purpose, we made a computer program in C
that runs in the native Red Pitaya Linux OS. It continuously
reads the oscilloscope memory buffer and streams it to the
remote user computer. This implementation has a bottleneck
in the computer’s local process reading speed, limited by
the kernel scheduler and the hardware interruptions. After
some tests, we found that continuous data stream of the two
oscilloscope channels could be made without data loss using
dec = 128. With this parameter, the system can send up to
f0/dec = 0.98 MS/s, where each sample is composed by the
two 14-b values of each oscilloscope channel.

To send one demodulation line, the oscilloscope inputs are
configured to acquire the X output of the line in one channel
and the Y output on the other one. Time multiplexing was
used to send both demodulation lines at the same time, so the
sample rate is half the maximum in that case. The streaming
program can be launched and configured through the web
application or the HTTP API. The streamed data is acquired,
plotted, and stored in the user computer by a server software.
We made two server software versions: one in C for simple
file storage and one in LabView, with real-time visualization.

The whole implementation of the system, with the oscil-
loscope module, the two demodulation lines, and the AXI
interface, use 9289 slice LUTs of the 17 600 available in the
FPGA Zynq 7010 integrated circuit. The two demodulation
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Fig. 6. Wavelength shift retrieved from different interrogators for a sine
signal at 80 Hz. These time signals correspond to the spectra shown in
Fig. 5(a) and (b).

Fig. 7. Noise PSD of different channels of our interrogator. CH: channel.
The calculated channel difference reduces the common noise sources at the
expense of slightly increasing the noise floor.

lines consume 5732 slice LUTs, so theoretically, there are still
resources to implement more lines if we add another ADC.
Two more lines can be added using a second STEMlab 125-14
device with shared main clock signal.

To scale the system to N FBGs, it would require N /2
synchronized STEMlab 125-14, each with two demodulation
lines. Otherwise, more complex hardware could be used as
long as it has enough resources to demodulate N channels
with N ADCs.

III. EXPERIMENTAL RESULTS

A. Single Channel Acquisition

Fig. 5(a) and (b) shows a power spectral density (PSD)
comparison among different interrogators when the FBG#2
is excited with a sine signal of 80 Hz. Our interrogator was
first set to demodulate only channel 2, which allowed us to set

Fig. 8. Noise PSD for different interrogators. PI CH diff: Proposed
interrogator subtracting channels 1 and 2.

Fig. 9. Noise in the time domain of the channel difference of our proposed
interrogator in absence of input actuating signal.

Fig. 10. Retrieved 35-Hz sawtooth signal from different interrogators. PI CH
diff: Proposed interrogator channel difference.

the sampling rate at 0.98 MS/s. All the interrogators detect the
same frequency at 80 Hz and its harmonics and are dominated
by the nonlinearity of the piezoelectric actuator, which is
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Fig. 11. PSD of sine signals at different frequencies retrieved from our interrogator. (a) 42 kHz. (b) 42 kHz zoomed. (c) 100 kHz. (d) 100 kHz zoomed.

why they appear in all three interrogators. Our proposed
interrogator has a better SNR because of the lower noise floor
and features a much wider bandwidth (up to 280 kHz) that
allowed us to observe higher-order harmonics that the other
interrogators are unable to detect.

B. Dual Channel Acquisition

Fig. 5(c) and (d) shows the PSD of the same 80-Hz signal,
but only for our proposed interrogator, enabling both channels.
In this case (and for all the following results), the sampling
rate of the interrogator was reduced to 0.49-MS/s per channel
to keep the same total transmission rate. One of the advantages
of using a second FBG is that it can be used as a reference, as
we did in this case, to eliminate any noise that is common to
both received signals by means of subtracting the two signals
in the time domain. Since FBG#1 was athermal and was not
subject to actuation, when computing the difference between
the FBGs, all the thermal noise generated in the interferometer
was eliminated in this configuration, along with other common
noise sources. Fig. 6 shows the retrieved signal from different
interferometers when applying an 80-Hz sine signal to the
FBG#2. There is a good agreement between the different
traces, and there is a small phase delay between them since
the traces were taken at different times, and then adjusted to
match in time by introducing phase delays in post-processing.

Fig. 7 compares the noise for the different channels of
our interrogator. Channel 1 had a slightly lower noise than

channel 2, probably since FBG#1 FWHM is wider, there-
fore providing a higher optical signal intensity than FBG#2.
When channels 1 and 2 are subtracted, many common noise
sources (at frequencies below 10 Hz, and for some frequencies
between 30 and 40 kHz) are reduced. However, the noise floor
is slightly higher because the noise floors of each channel are
uncorrelated.

Fig. 8 compares the noise levels of the computed channel
difference from our interrogator with other interrogators. The
noise floor of our interrogator is lower than the others (about
10 dB lower than the one with the lower noise floor). It is
worth mentioning that the strongest noise peak, observed at
a frequency of 162 kHz, is an aliased peak caused by the
modulation frequency fmod = 2.6 MHz and a sampling rate
fs = 0.49 MS/s, as fmod − 2 fs precisely equals 162 kHz.

Table I shows the noise levels and dynamic resolutions of
the three interrogators, which show that our system has a
dynamic wavelength resolution of 4.7 fm/Hz1/2, which is a
factor of ∼10 and ∼4 lower than the Micrometer Optics and
the Ibsen, respectively. Fig. 9 shows the temporal trace of
the noise, with the calculation of the standard deviation σ =
2.39 pm at full bandwidth (280 kHz). This value is actually
higher than σ measured with the commercial interrogators, but
that is because the bandwidths are very different. Low-pass
filtering the trace to achieve equal bandwidth would reduce
the noise proportionally to the square root of the bandwidth.

Fig. 10 shows a sawtooth signal at 35 Hz retrieved from
our interrogator and a commercial one. For comparison, the
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Fig. 12. Plot of Y versus X components for the MTM and standard PGC techniques, for different modulation depths (C). MTM 3w: MTM up to 3w. Std
PGC: Standard PGC. X and Y do not have units as they are retrieved from digital values, and it is only of interest for comparison between them. As C drifts
from its nominal value, the circle shape from Std PGC starts to transform into an ellipse, which means that distortion is introduced in the retrieved signal.
However, for the MTM technique, the circle keeps its original shape, therefore it is almost unaffected by changes in C for small variations. (a) Nominal C .
(b) 10.2% variation below nominal C .

TABLE I

COMPARISON AMONG DIFFERENT INTERROGATORS

standard deviation of the difference between the two traces
over one period was 3.7 pm, which shows that there is a good
agreement between the traces considering that the commercial
interrogator has an accuracy of 5 pm. It is worth noting that
even though the wavelength sweep spans beyond a full fringe
(FSR was 0.94 nm, while the wavelength sweep was ∼1.4 nm),
an unwrapping algorithm implemented in PC successfully
corrects the cycle discontinuities.

Fig. 11 shows the acquired data at much higher excitation
frequencies. Fig. 11(a) and (b) shows a 42-kHz signal, which
is the resonance frequency of the piezoelectric actuator, thus
providing a very strong signal at high frequency. In that
figure, a crosstalk smaller than −60 dB is observed between
both channels, demonstrating an excellent channel isolation.
Fig. 11(c) and (d) shows a 100-kHz signal, which was much
weaker due to the frequency limit of the actuator, but still
detectable with an SNR of ∼60 dB.

C. Tolerance to Modulation Depth Variations

The tolerance of our interrogator to modulation depth
variation was also tested and the results are shown in

Figs. 12 and 13. The Y and X components, which are neces-
sary to compute the phase, as shown in (7), when they are plot-
ted against each other for different phase shifts from 0 to 2π ,
they should form a circle if there is no distortion, otherwise
they form an ellipse [12].

A plot of the Y versus X components for different mod-
ulation depths is shown in Fig. 12. For the standard PGC
technique, when the C value changes from its nominal value,
the circle transforms into an ellipse. Instead, for the MTM
technique, the circle does not change shape appreciably for
all the variations tested (up to 10.2% variation of C), which
implies that this technique is much more robust to modulation
depth changes. The effect of distortion on the waveform is
shown in Fig. 13 with a 35-Hz sawtooth signal. When C is at
its nominal value [see Fig. 13(a)], both techniques show the
same retrieved signal. However, when C varies 10.2% below
its nominal value [see Fig. 13(b)], the standard PGC technique
generates a distortion in the signal which can be seen as a
zigzag of the curve at the rising part, whereas for the MTM
technique it remains straight, as is undistorted.

D. Variation of FSR

Another feature of our interrogator is the adjustable FSR
through the change in the length of the PMF. Fig. 14 shows
the spectra of the interferometer for different lengths of PMF.
The results only show the length of the prolongation of PMF
since the system had already 2 m of PMF. A lower value of
FSR provides greater sensitivity, since it requires a smaller
change in the wavelength shift from the FBG to cause a 2π
phase shift. On the other hand, a greater value of FSR results in
an interferometer with a higher range of detection and reduced
sensitivity. It is worth mentioning that the wavelength shift can
still be recovered for shifts that go beyond the FSR by using
a phase unwrapping algorithm that compares the phase with
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Fig. 13. Comparison between MTM and standard PGC techniques to the
tolerance to changes in the modulation depth (C) with a 35-Hz sawtooth
signal. As C deviates from its nominal value, the Std PGC technique generates
distortion in the retrieved signal which can be seen as a zig-zag pattern.
(a) Nominal C . (b) 10.2% variation below nominal C .

Fig. 14. Sagnac interferometer spectrum for different lengths of PMF. For
shorter lengths of PMF, the FSR is reduced, which results in an interferometer
with greater sensitivity for the wavelength shift.

its previous value and offsets the trace when two consecutive
phase values change more than π . However, in situations

Fig. 15. Wavelength PSD of noise levels for different lengths of PMF:
(blue) 1-m PMF, with an FSR = 0.94 nm; (orange) 5-m PMF, with an
FSR = 2.37 nm.

Fig. 16. PSD of phase noise in rad for different lengths of PMF: (blue) 1-m
PMF, corresponding to FSR = 0.94 nm; (orange) 5-m PMF, corresponding
to FSR = 2.37 nm.

where absolute wavelength measurements are needed with
no initial reference, the FSR must be kept higher than the
expected range of the FBG.

The wavelength noise for different lengths of PMF is shown
in Fig. 15, where the noise level is considerably reduced when
changing from 5 to 1 m of PMF. To understand the change
in the noise floor, we show in Fig. 16 the phase noise in both
cases. The fact that the noise floors are very similar shows
that the noise is coming from the phase estimation by the
interferometer.

IV. CONCLUSION

We have shown a high-speed FBG interrogator system
which consists of an active Sagnac interferometer which is
electro-optically dithered in the MHz range with a lithium nio-
bate modulator. The demodulation scheme is a modified PGC
algorithm using the MTM technique to reduce distortion. The
signal processing is performed in real time, with a low-cost
FPGA system, which streams data to the computer at rates up
to 0.98 MS/s. The system demonstrated a dynamic wavelength
resolution of 4.7 fm/Hz1/2, which was lower than two different
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commercial interrogators. The system can monitor two FBGs
simultaneously using a single interferometer by wavelength
demultiplexing at its output; this allows using one FBG as a
reference, so that common noise sources in the interferometer
can be canceled. The system bandwidth and sample rate are
only limited by the signal processing and data streaming, not
by the optical system. This instrument can find applications
in scenarios requiring high-speed monitoring at frequencies
beyond tens or hundreds of kHz.
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