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This paper proposes an optical sensor system that is based on non-interfering optical power superposition in
Mach-Zehnder configuration. The sensor generates radio-frequency (RF) spectrum that responds to the im-
balance of optical power between the branches of the Mach-Zehnder structure induced by the sensing mea-
surand. The sensing signal provides self-referencing intensity-based interrogation without requiring typical
expensive optical frequency apparatus and complicated signal processing technique. Its reliability is demon-

strated in a load sensing application.

1. Introduction

Fiber optic sensors are known to have desirable properties such as
multiplexable, non-electrical, remote capability and high sensitivity
[1]. Due to these advantages, they have been successfully deployed in
many applications, wherein the reactions of wavelength, phase or am-
plitude of the lightwave have been demonstrated as the sensing me-
chanisms for interaction between sensing element and the measurands
[2]. The interrogation of signals for extraction of measurement values
may involve interferometric spectral pattern, wavelength shift, or in-
tensity change.

Typically, retrieval of the wide optical spectrum of the sensors
output is required in order to be able to analyze and interpret the
measurement values, in particular when it involves interferometric
spectral pattern or wavelength shift [3]. Obviously, expensive appa-
ratus operating at optical frequencies need to be utilized. Furthermore,
processing and analysis of the data are usually calculation-intensive and
time-consuming.

Alternatively, interrogation based on intensity change offers a more
straightforward process, which translates into cheaper system cost and
simpler system construction [4]. This approach exploits waveguide loss
or phase-to-intensity conversion by the sensing element when exposed
to the measurand. Among the techniques adopted to realize waveguide
loss are macro-bending, mode-radiation and dynamic filtering. On the
other hand, the conversion from the phase change to the intensity
change is achieved by exploiting interference principle, built upon the
typical Mach-Zehnder, Michelson or Sagnac interferometer
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configurations [5].

However, variation of the optical power of input to the sensing
element raises uncertainty on the absolute values obtained from the
measurement [6]. Various unavoidable factors may contribute to this
power variation, such as the intensity of the light source, the system
component loss, the frequency response of the source and detector and
the coupling efficiency of optical apparatus. The presence of the power
variation that also leads to inaccurate measurements and limited re-
solution has lately attracted research interests in finding the solutions,
where some of the demonstrated techniques are spatial referencing [7],
spectral splitting [8], and amplitude-phase conversion [9]. These
techniques, however, have complex setups and interrogation processes.

In addition to the power variation issue, these intensity-based sen-
sors typically have broadband spectral responses, which renders them
unsuitable for large scale sensing applications. The common wave-
length-division multiplexing (WDM) scheme does not allow over-
lapping of spectra, while the optical time-division multiplexing (OTDM)
scheme makes the system complex due to temporal synchronization
requirement [10].

This paper presents an intensity-based optical sensor system with
self-referenced capability through straightforward interrogation in RF
domain. Its reliability is validated in a load sensing application, which
incorporates characterization on linearity of response and immunity to
power variation. The proposed sensor system involves translation from
optical signal into RF signal, which promises a cost-efficient system and
implies multiplexing potential.
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Fig. 1. Schematic diagrams of the optical fiber sensor system.

2. Device principle and description

The optical fiber sensor is formed by adopting the Mach-Zehnder
configuration, which is constructed by cascading two 3-dB couplers, as
shown in Fig. 1. However, instead of realizing an interferometer, the
Mach-Zehnder configuration is actually intended to cause the modula-
tion frequency of the input pulse train to be doubled upon emerging
from the structure output. For this reason, the branches are designed
with different lengths with the amount dictated by,

c
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where AL is the length difference between branches, c is the speed of
light travel in vacuum, n is the effective refractive index of the optical
fiber, and f is the modulation frequency of the light source for the
sensor input in the form of a pulse stream. This length difference be-
tween the branches causes the pulse trains from the two branches to
interweave at the output coupler, thus doubles the pulse rate. It is noted
that the proposed sensor can be configured to various modulation fre-
quencies, thus it obviously has multiplexing capability in the electrical
frequency domain. This is advantageous in the sense that multiple
sensors can share the same optical wavelength and the sensing network
will not require complicated temporal synchronization between the
transmitting and receiving terminals.

In order to produce a pure (i.e. well-defined) output RF spectrum at
doubled of the input frequency, the interweaving process requires high
precision positioning of the pulse train from one branch onto exactly
the middle span between the pulses from the other branch. In this
configuration, the delay caused by the length difference may also be
affected by temperature and strain of the surrounding environment.
Additionally, the pulses need to be sufficiently isolated from each other
to prevent overlapping and interference in the interweaving process.
Consequently, it is desirable to set a low duty cycle in the waveform
generator.

A variable loss transducer is placed in one of the arms for the pur-
pose of inducing optical power imbalance in response to the change of
measurand values. In this demonstration, the variable loss transducer
exploits macro-bending loss, which is achieved by winding a length of
single-mode optical fiber with a numerical aperture (NA) of ~0.13 and
an effective refractive index, n of ~1.46 around a silicone cylinder with
a diameter of 30 mm, as shown in the inset of Fig. 1. Three sets of the
variable loss transducers are prepared, which have the number of turns
of 1, 5 and 10 turns for the purpose of analyzing the sensor sensitivity.
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The silicone is chosen because of its flexibility, low cost and resistance
to chemicals and decomposition. The silicone cylinder will deform into
oval shape when a load is applied, wherein the change in shape sub-
sequently causes the bending radius of the wrapped fiber to be reduced
and thus increases the bending loss. Each time after the load is applied
and later lifted, the silicone cylinder will always return to their initial
shape.

The proposed sensor system is totally different from the typical in-
terferometric sensor setups that utilize the similar Mach-Zehnder
structure, such as in [5], whereby the interferometric sensors strictly
rely on the principle of interference, whereas the proposed sensor is
astutely based on the non-interfering superposition principle. Further-
more, in the former sensor setup, in order to achieve self-referencing, it
requires conversion from amplitude to phase [9], which is definitely not
required in the proposed sensor system. Therefore, it is obvious that the
proposed sensor system has simpler and straightforward operation and
post-detection processing.

3. Sensing experiment and result

The characterization setup is composed of an optical pulse trans-
mitter and an electrical receiver, as illustrated in Fig. 1. For the trans-
mitter, a tunable laser source (TLS) set at a wavelength of 1553 nm, is
used as the light source, and the pulse stream is generated by externally
modulating the TLS output with an electro-optic modulator (EOM). The
EOM is driven by a 20 MHz electrical pulse signal with a duty cycle of
2% from a digital pulse pattern generator (PPG), thus producing pulses
with a pulse width of approximately 1 ns. Obviously, a directly-modu-
lated single-wavelength diode laser can be utilized to construct a much
simpler and lower cost optical pulse transmitter. For the other ap-
proaches that are based on interferometric spectral pattern or wave-
length shift, it is inevitable for them to use a costly light source with a
broad range of wavelengths. A polarization controller (PC) is used to
adjust the polarization state for optimum operation of EOM. In order to
compensate for the insertion loss by the EOM and the splitting losses
later, the optical pulse train is amplified by an erbium-doped fiber
amplifier (EDFA) before being split equally by a 3-dB coupler into the
two arms of the Mach-Zehnder structure. The replica of the pulse train
is delayed in one of the arms by an optical fiber delay line, and is later
recombined with the pulse train replica from the other arm at the
second 3-dB coupler. After the recombination, the optical sensing signal
with doubled modulation frequency is captured by the receiver, com-
posed of a photo-detector (PD) that converts the optical signal into
electrical signal and an electrical spectrum analyzer (ESA) that displays
the RF spectrum. Here lies a substantial cost saving in comparison to
the approaches that require the use of optical spectrum analyzer (OSA)
that is typically priced at several folds higher.

The signal data is processed to extract the generated RF spectrum
peaks, wherein the visibility, v value is then calculated by following the
formula below,

_ Pmax - Pmin

Poax + Buin (2)
where P4 is the maximum spectrum peak value and P,;, is the
minimum spectrum peak value in units of decibels. This measurement
process is performed for the sensors with different number of turns, as
well as for varying input optical power values. The sensor is subjected
to load with mass of up to 11 kg.

It is observed that when the optical power between the two bran-
ches of the Mach-Zehnder structure is perfectly balanced, the ESA
shows a pure frequency component at double of the input modulation
frequency, which is 40 MHz, as shown in Fig. 2(a). As the sensor is
perturbed due to the applied load, which consequently results in power
imbalance, the original input modulation frequency component at
20 MHz begins to reappear. However, due to equipment limitation,
wherein its considerable background low frequency noise of the
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Fig. 2. ESA spectrum with (a) no load, (b) applied load.

equipment extends up to around 30 MHz, its harmonic component at
60 MHz on ESA is instead referred to for the measurement, as shown in
Fig. 2(b).

The values of visibility, v is plotted against the load mass for the
sensors with the number of turns of 1, 5 and 10, as shown in Fig. 3. It
shows a desirable linear relationship with the coefficient of determi-
nation, R? of at least 99.98%. The gradients of the lines also represent
the sensor sensitivity, which is observed to increase with the number of
turns. The sensitivities for the sensors with the number of turns of 1, 5
and 10, are calculated to be —0.0874kg™!, —0.1251kg™! and
—0.1874 kg ™!, respectively. This is expected as the region of bending is
proportionately extended as the number of turns increases. As a given
load mass compresses the flexible silicon cylinder from the top direc-
tion, the silicon will deform into a specific oval shape with a reduced
curvature radius at both right and left sides of the cylinder that induces
higher bending loss. As the propagating light repeatedly encounters
more of these smaller bending regions when the cycle of turns is in-
creased, the light signal will accumulate higher transmission loss as it
exits the fiber winding.

The effect of input power variation is also experimented by in-
creasing its values from O up to 10 dBm with a step of 0.5dBm. The
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Fig. 3. Relationship between visibility and load mass for various number of
wrapping turns.
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Fig. 4. Calculated visibility against input optical power for various load mass
values.

results for several load masses on the sensor with 1 wrapping turn are
shown in Fig. 4, which indicates that variation in the input optical
power hardly affects the visibility, wherein the worst calculated coef-
ficient of variation (CV) is only 3.98%. This undoubtedly proves the
ability of the sensor for self-referencing.

4. Conclusions

A new approach to achieve self-referenced optical sensing by RF
spectrum interrogation has been discussed and demonstrated in this
paper. This approach simply exploits the optical power imbalance be-
tween the branches of a Mach-Zehnder structure induced by the sensing
measurand to vary the response of the generated RF spectrum. Its ap-
plication is demonstrated in a load sensing experiment wherein the
sensor exhibits a linear response with the applied load, and is immune
to any variation in the input optical power, with the coefficient of
variation of not more than 4%. Moreover, the sensor system uses un-
complicated data processing and has capability of multiplexing. This
approach can be adopted for myriad applications by simply replacing
the power loss transducer that is receptive to the desired measurand.
Examples of applications are pressure and temperature sensors, with
macro-bending mechanism, and long-period grating as the power loss
transducer, respectively.
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