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Abstract: We propose a novel multiplexing system for sensing of dynamic
strains excited in different multimode optical fibers. Multiplexing of the
sensors is implemented by using vectorial wave mixing technique in the
reflection geometry of hologram formation in a photorefractive crystal of
CdTelV. We analyzed different mechanisms of the crosstalk between
measuring channels and showed that system performance is strongly
affected by residual stresses of the photorefractive crystal.
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1. Introduction

In many practical situations (e.g. vibration sensing in industrial environments) it is desirable
to use a multiplexing sensor in order to address many transducers to many points in the
monitored area. As known [1,2], an optical fiber itself can serve as a sensitive element for
detection of small dynamic stresses caused by a change of a chosen physical parameter, such
as mechanical displacement, pressure, electric field, etc. These dynamic stresses result in
modulation of the phase of light transmitted through the fiber. Detection of the phase
modulation is usually performed by means of an interferometer. However, an unstable
environment also affects the light phase, which typically varies more slowly but with higher
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amplitude than the phase modulation caused by the physical parameter to be measured. To
achieve high sensitivity of measurements under unstable environments, the interferometer
must be capable of adapting these slowly varying phase changes. In the case of multiplexed
fiber sensors, each fiber (each measuring channel) should be supported with its own
stabilization system, which makes the whole arrangement very complex and expensive.

It is well known that two-wave mixing in photorefractive crystals (PRC) provides a
simple and elegant implementation of adaptive interferometer for measuring small phase
modulation [3]. In this technique, the reference and object beams are coupled because of
mutual self-diffraction from a dynamic hologram continuously recorded in PRC by these
beams. This coupling leads to the phase-to-intensity transformation and it automatically
stabilizes the working point of the interferometer. Moreover, the holographic nature of the
beam coupling allows an efficient use of multimode fibers in the interferometer [1,2]. As has
recently been proposed [4-6], a single photorefractive crystal can be used for multiplexing
several adaptive interferometers. In the proposed configurations, several object beams
reflected from different parts of a specimen [4,5] or emerging from different fibers [6] are
coupled with a single reference beam in the transmission geometry when all the interacting
beams enter the same face of the PRC sample. However, such geometry is characterized by
appreciable crosstalk between the channels due to object-to-object beam-coupling since any
pair of the object beams is capable of creating their own dynamic hologram. Moreover, a
strong ac-external electric field must be applied to the crystal to enhance the beam coupling in
the transmission geometry. In this paper we describe a simpler geometry of multiple beams
coupling in PRC, which possesses much lower crosstalk between the channels and does not
require the application of any external electric field. Moreover, we have analyzed the physical
mechanisms, which could lead to the crosstalk between different measuring channels.

2. Vectorial wave mixing in thereflection geometry for sensors multiplexing

In our configuration, the single reference beam enters the crystal from one face of the PRC
sample while multiple object beams are introduced from the opposite face of the sample to be
overlapped with the reference beam, as shown in Fig. 1. Each object beam constitutes a pair
with the reference beam in PRC, and each pair forms a dynamic hologram of the reflection
type. The high spatial frequency of the reflection holograms provides a strong enough
diffusion field to ensure high sensitivity of the interferometer to the phase excursions, even
without an external electric field [7]. We use a fast photorefractive crystal of CdTe:V, which

belongs to the cubic symmetry group of 43m. Efficient coupling of light beams in these
crystals via the reflection hologram occurs when the interacting waves propagate
approximately along one of the principal crystallographic axes <100> [7]. In this
configuration interference of any pair of the object beams forms a transmission hologram with
the grating vector (and consequently, with the space-charge-filed vector) aimost orthogonal to
the axis of propagation. Such a grating should not couple the object beams because of the
specific feature of the electro-optic tensor of crystals of the cubic symmetry: the transverse
electric field does not change the propagation constant of the light wave when it propagates
along the principal axis[8]. Therefore, we expect that object-object dynamic hologram should
not contribute to the crosstalk among the measuring channels unless internal stresses are
present inside the crystal sample.

Another advantage of sensors multiplexing in the reflection geometry is the possibility to
arrange larger number of channels in one crystal because the angle of incidence of the object
beams may vary arbitrarily in two dimensions. In contrast, only one plane of incidence for all
object beams is alowed in the transmission geometry. For clearness of the axonometric
drawing, in Fig. 1 we show only four beams which interfere with the reference beam but the
number of object beams can be easily increased.
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Fig. 1. Schematic of multiple beam interaction by using vectorial wave-coupling in the
reflection geometry in a single CdTe crystal when the interfering beams propagate at small
angle to the principal axis [001]. Each object beam (linearly polarized) creates a dynamic
hologram of the transmission type with a common reference beam (elliptically polarized).

To ensure linear phase-to-intensity transformation, an interferometer has to maintain the
guadrature conditions where the relative phase between the reference and object waves is
equal to z72. For a beam mixer using dynamic hologram in photorefractive crystal the phase
difference between the diffracted reference and transmitted object beams is defined by the
mechanism of the hologram formation. As it was shown in [9], it is possible to fulfill the
guadrature conditions for hologram recorded in the diffusion regime (without external electric
field) only when the polarization states of the interfering beams are different. This technique
is referred to as vectorial wave mixing [9]. We have applied it to implement adaptive
interferometric system for stabilization of multiplexed fiber-optic sensors by using reflection-
type dynamic holograms in the photorefractive crystal of CdTe:V. In the case when the object
beams are speckled waves emerged from a multimode fiber, it is convenient to set the linear
polarization for al the object beams and the elliptical polarization for the reference beam as
shown in Fig. 1. Consequently, all the object beams are of the same linear polarization state.

3. Experimental

Experimental study of the crosstalk between different measuring channels in the proposed
multiplexed-sensors system was carried out in the simplified set-up using only two object
beams and one common reference beam. Layout of the experimental set-up is shown in Fig. 2.
A light beam generated by a CW Nd:YAG laser (A = 1064 nm) is divided into two beams.
One of them is used as a reference and the other is split in two beams, which are launched into
two separate multimode fibers. Each fiber has a core of 550 pum in diameter, numerical
aperture of 0.22, and the length of 7.5 m. Both fibers are tightly wound over different
piezoelectric cylinders. By applying a voltage to the cylinders, we introduce strains into the
fibers, which lead to the phase modulation of the output speckled wave. Both waves emerged
from the fibers are focused by respective lenses into the same part of PRC where they are
mixed with the reference beam directed from the other side of the crystal. The object beams
are incident to the PRC sample at an angle of about 15 degrees in respect to the [001]-axis.
The diameters of the two objects and of the reference beams at the input faces were 1 mm.
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Fig. 2. Layout of the experimental setup for crosstalk measurements when only two measuring
channels are incorporated. Piezoelectric cylinders are used for excitation of dynamic strainsin
multimode fibers with the core diameter of 550 um. Speckled beams emerged from both fibers
are directed in the same volume of the crystal as the reference beam.

The technique of vectorial wave mixing [9], in which the polarization state of the
reference beam is different from that of the object beams, was used to maximize the
sensitivity of the adaptive interferometer to small phase excursions. A single polarizer is
positioned in front of the crystal to select the linear polarization state for all the object beams.
The polarization state of the reference beam is controlled by a quarter-wave plate (QWP in
Fig. 2). Each object beam transmitted through the crystal is entirely collected into the active
area of the respective photodiode to measure the intensity modulation of the respective beam
after its coupling with the reference beam. By applying sinusoidal voltage at the frequency f to
any piezoelectric cylinders, we modulate the phase of light transmitted through its respective
fiber. This phase modulation results in appearance of a harmonic signal the same frequency f
as the voltage applied in the similar way as we recently reported for a multimode fiber-sensor
with an adaptive interferometer using dynamic photorefractive hologram of the reflection type
[2]. Typical response of the photodiode is shown in Fig. 3. Pure sinusoidal shape of the signal
confirms that the strains in the fiber are harmonically modulated.
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Fig. 3. Oscilloscope trace of the photodiode (PD1) response when sinusoidal voltage at the
frequency f = 15 kHz is applied to the respective piezoe ectric cylinder (piezo 1in Fig. 2).

To estimate the crosstalk between two channels, we modulated the strains (at the
frequency f) of only one fiber (the object beam 1) but measured the response of the
photodiode (PD2) corresponding to another fiber, which was non-excited. The measurements
were done by means of a lock-in amplifier. Since the modulation frequency is not known a
priori in most of the applications, the response of the second photodiode at any frequency on
the excitation of the first fiber should be considered as a crosstalk. To separate the crosstalk
from the noise, we measured the response at the first (f) and second (2f) harmonics of the
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excitation frequency because these are the highest expected when the first channel is excited
at the frequency f. Quantitatively, the crosstalk can be evaluated as

_[s:()]+[s:(2f)
Ogy =—— 7
[Si(F)
where Si(f) is the amplitude of response of the first photodiode on the excitation of the first

fiber at the frequency f, and S(f) and S(2f) are the modulations amplitudes of the signal from
the second photodiode at the first and second harmonics, respectively.

: @

4. Crosstalk estimation
4.1 Crosstalk dependence on the reference beam intensity

It was previously suggested [4-6] that the main mechanism of the crosstalk between different
channels in multiplexed dynamic interferometer with PRC is the coupling of two object beams
via the transmission-type hologram recorded by the object beams. In the beams-interaction
geometry used in our experiments, which is depicted in Fig. 2, such a hologram should not
couple the object beams regardless of the orientation of its vector. However, we detected
presence of both the first (f) and second (2f) harmonics in the output current from the
photodiode PD2 when the dynamic strains at the frequency f were excited only in the first
fiber. Amplitudes of these harmonics depend on the amplitude of the fiber-strains modulation.
In addition, the crosstalk depends on the intensity of the reference beam. This dependence is
shown in Fig. 3 from which one can see that the amplitude of the first harmonic is even bigger
than that of the second harmonic. Note that the maximal photocurrent modulation is observed
for zero-intensity of the reference beam, i.e. when no main reflection hologram is recorded but
there is the transmission hologram created by two object beams. Possible reasons of the
observed behavior of the crosstalk are discussed below.

1.2 T T T T

| | | |

%\ 1 =4 | | | |
e 1F----- el - T T -

o | | | |

o | | | |
2 08F-——-—--- === == === T T

i g | | | |
E 06l---arir - S .

g ’ | égféeﬁ | | |
g o04)b---—- LT G o
e A %
8 02b----- [ [ IR Lo

= @ O] r‘j 5 ‘7 - | |

L0000 aalbag
0 3 6 9 12 15

Reference-to-Object intensity ratio

Fig. 4. Dependence of the signal from PD2 on the intensity ratio of the reference beam and the
object beam 1. Measurements were carried out at the crystal area with maximal stresses.
Periodical strains were excited in the fiber 1 at the frequency f so that the amplitude of the
phase modulation of the object beam 1 is 1.1 radians. The object beam 2 had no modulation
and its intensity at the crystal input was equal to that of the object beam 1. Squares are peak-to-
peak modulation of the photocurrent at the frequency f and circles are the modulation
amplitude at the frequency 2f.

4.2 Crosstalk due to coupling via transmission hologram

As we pointed out above, self-diffraction from the dynamic hologram created by two object
beams is forbidden in our configuration. However, interna stresses inside our particular
sample of CdTe:V may change the situation. These stresses modify the local symmetry of the
crystal thus allowing beam coupling via transverse electrooptic effect. The existence of these
stresses was confirmed in a control experiment by placing the crystal between two crossed
polarizers: after uniform illumination some areas of the crystal are more transparent than the
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others. Dependence of Fig. 4 was measured when the object beams are directed to the
samplée's area containing the strongest internal stresses, which is the most transparent area of
the crystal in the crossed polarizers. In the crosstalk measurements both object beams have the
same linear polarization. It is well known [3,10] that coupling of these beams via dynamic
hologram recorded in the diffusion regime should lead to the intensity modulation at the
frequency 2f when the phase of one beam is modulated at the frequency f. Linear phase-to-
intensity transformation is not expected in these conditions. However, we have also observed
the crosstalk at the frequency f as it is shown in Fig. 4. This can be explained by presence of
the external stresses in the crystal. Since the stresses are unevenly distributed over the crystal,
the object beams may have different polarization states in some parts within the crystal thus
resulting in the linear phase-to-intensity transformation as it occurs in the configuration of
vectorial wave mixing [9].

This model of the crosstalk was confirmed by directing al the interacting beams in the
sample's area with the smallest stresses. In this case much smaller signal at the first harmonic
was detected as it is shown in Fig. 5. At the absence of the reference beam the intensity
modulation at the frequency f has very small amplitude but it rises with increasing intensity of
the reference beam and finally saturates at the level, which is lower than that in the crystal
area with strong internal stresses. It was found that the amplitude of the first harmonic in the
area with minimal stresses does not change when the object beam 2 is blocked. Therefore, we
attribute it to scattering of the object beam 1 in the direction of the detector PD2. Detailed
explanation of the observed behavior is given in following subsection.
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Fig. 5. Amplitude of the PD2-photocurrent modulation as a function of the reference-to-object
beams intensity ratio measured in the crystal area with the smallest internal stresses. Other
experimental parameters are the same as for measurements shown in Fig. 3. Squares are peak-
to-peak modulation of the photocurrent at the frequency f and circles are the modulation
amplitude at the frequency 2f.

4.3 Intensity modul ation of object beams

As we recently reported in [2], the largest source of noise in a dynamic-strains sensor with
multimode fiber is polarization instability of dynamic speckle pattern emerged from the fiber.
This noise manifests itself as intensity modulation of any object beam at the input in the
crystal. By installing the polarizer, which is essential in any configuration of waves coupling
in photorefractive crygtals, we select the linear component from various polarization states,
averaging these components over the set of speckles. Since the number of speckles emerged
from the fiber is finite, any external impact (like temperature, pressure, or bending, including
periodically introduced strains) affects the fiber, resulting in change of both the size and
polarization state of each individual speckle thus leading to changes in the magnitude of the
averaged polarization component. By this way periodically modulated strains of any
multimode fiber produce not only phase but also intensity modulation at the frequency of f.
The amplitude of this modulation is unstable because it depends on the environmental
conditions. Moreover, it cannot be compensated for by a dynamic hologram. The larger the
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core of multimode fiber, the smaller such kind of intensity modulation [2]. It is easy to detect
this modulation by the photodiode PD1 of the set-up shown in Fig. 2 when the strains are
modulated in the fiber 1 but both the object beam 2 and reference are blocked.

Some part of the object beam 1 is scattered in the direction of PD2 due to imperfections
at the surface and/or in the volume of the photorefractive crystal. Since the intensity of the
object beam has small component modulated at the frequency f, we measure a small signal at
the first harmonic from PD2 when both the reference and second object beams are blocked
(seethe origin of the abscissaaxisin Fig. 5). If the reference beam is switched on, it interferes
with the scattered part of the first object beam and creates the reflection-type hologram in
PRC. After being diffracted from this hologram, the reference beam is #72-phase shifted in
respect to the scattered part of the object beam 1 because both beams have different
polarization states optimized for vectorial wave mixing [9]. Therefore, phase modulation of
the scattered part of the object beam 1 is linearly transferred into intensity modulation, which
is detected by the photodiode PD2. This explains ten-fold increase of the modulation at the
first harmonic shown in Fig. 5 and its independence from the presence of the object beam 2.

4.4 Intensity modulation of the reference beam

There is still another possible mechanism of the crosstalk leading to the intensity modulation
at the first harmonic, which may occur even without direct object-to-object coupling or light
scattering. It relates to the intensity modulation of the reference beam. Such a modulation
inevitably appears due to its coupling with the phase-modulated object beam 1. Note that the
reference-beam intensity is modulated at the first harmonic because of the fulfillment of the
quadrature conditions after anisotropic diffraction of differently polarized beams from the
reflection-type dynamic hologram recorded in the diffusion regime [7]. The reference beam is
also diffracted in the direction of the photodiode PD2 from the second reflection-type
hologram. Therefore, it contributes to the modulation of the PD2-photocurrent at the first
harmonic. Let us estimate this contribution as a function of the reference beam intensity.

For the hologram recorded by the reference beam and object beam 1, the object beam 2
acts as an additional uniform illumination leading to diminishing of the interference-pattern
visibility. Therefore, in the approximation of small diffraction efficiency [10], the modulated
part of the intensity of both the reference and the object beam 1 is expressed as

s(f)=2a—8la . &)

Ip+lg+lg

Here g istheintensity of the reference beam; |5 and |, are the intensities of the object beams
1 and 2, respectively; wq is the amplitude of the phase modulation (in radians); and A, is the
proportionality coefficient, which takes into account the crystal geometry, amplitude of the
space-charge field, and the polarization states of the interacting beams. Note that the
amplitude of the intensity modulation of the reference beam Si(f) in Eq. 2 is exactly the same
as the intensity modulation detected by the photodiode PD1, which is considered as an
informative signal. The reference beam simultaneously diffracts from the second hologram
thus contributing to the intensity modulation at the frequency f detected by the photodiode
PD2, which originates from the modulated part Sy(f) of the reference beam:

2
S,(1)= A8 (1) =y, ®

(IR+|51+ISZ)2 1(IR-’—ISl-"_ISZ)3

In Egs. 2 and 3, the term AZl.lg,/(Ix+1q +1s,) has the physicd meaning of the

diffraction efficiency of a dynamic hologram, which explicitly shows dependence on the
visibility of the respective interference pattern. Analysis of Eq. 3 shows that Sy(f) is zero when
Ir = 0, then it reaches its maximum at Ig/lg = 4 (if Ig is equal to |y as we have in our
experiment), and it again approaches to zero a large intensity of the reference beam.
However, the experimental curves show continuous either decreasing or increasing while they
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obtained in the crystal areas with or without stresses, respectively. Therefore, we conclude
that this mechanism of the crosstalk is negligible in our sample of CdTe:V comparing with
scattering from crystal imperfections and consequent diffraction from the object-to-object
hologram.

In the crystal area with strong internal stresses some parts of both object beams may still
have the same polarization states. The object beam 1 is phase modulated with the modulation
amplitude of . Its coupling with the part of the object beam 2 having the same polarization
state via the photorefractive hologram recorded in the diffusion regime results in quadratic
phase demodulation [3,10]. This is the mechanism, which explains appearance of the PD2-
photocurrent modulation at the second harmonic. The reference beam just decreases the
coupling between two object beams and the modulated part of the intensity at the photodiode
2 can be written as[10]:

_ I Sll S2 2
Slef)=2m i )
Here A; is the proportionality coefficient, which is different from A; in Eq. 2 because they
describe efficiency of holograms of different types. According to Eq. 4, the amplitude of the
photocurrent component modulated at the frequency of 2f is maximal at Ir = 0 and then it
continuously decreases with increasing of the reference-beam intensity. The same behavior is
observed in the experiment as one can seein Fig. 4.

4.5 Complete crosstalk

As we pointed out in Sect. 3, the complete crosstalk between two measuring channels includes
amplitudes of the modulation at the frequencies f and 2f, when the phase of the object beam 1
is modulated at the frequency f. Dependence of the normalized complete crosstalk (defined by
Eq. 1) on the intensity ratio of the reference-to-object beam is shown in Fig. 6 for two areas of
the crystal containing the strongest and smallest internal stresses.
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Fig. 6. The crosstalk parameter as, as a function of the reference-to-object beams intensity
ratio. Measurements were carried out in the crystal area with internal stresses (squares) and
without stresses (circles).

As one can see the crosstalk between the channels in the area of the crystal with strong
internal stresses is much higher than that in the area free of stresses. Even in the stressed part
of the crystal, the crosstalk is smaller compare with the system configuration with all
transmission holograms. This is certainly advantage of the proposed configuration in which
dynamic holograms are recorded in the reflection geometry. The normalized crosstalk
parameter o is very convenient for estimation of the number of multiplexed measured
channels supported by dynamic holograms recorded in the same volume of the photorefractive
crystal. It is worth noting that in any case the crosstalk is diminishing when the intensity of
the reference beam becomes much stronger than that of the object beams.

#98963 - $15.00 USD Received 16 Jul 2008; revised 16 Oct 2008; accepted 19 Oct 2008; published 21 Oct 2008
(C) 2008 OSA 27 October 2008/ Vol. 16, No. 22/ OPTICS EXPRESS 18047



5. Discussion

In addition to the phase modulation, dynamic strains excited in a multimode fiber result in the
intensity modulation of the object beam after the polarizer. The intensity of the input object
beam is modulated at the either first or second harmonics of the excitation frequency but it is
characterized by unstable amplitude of modulation. Dynamic hologram in a photorefractive
crystal servesfor both transformation of phase- to intensity-modulation and compensation for
slow varying instabilities thus forming the informative signal Sy(f). However, the hologram
cannot compensate for instabilities of the input intensity modulation of the object beam [2].
Fortunately, these instabilities are smaller than the amplitude of the stabilized informative
signal and their maximal value is proportional to the amplitude of the strains excitation. This
allows us to detect very small dynamic strains excited in the optical fiber. The minimal
detectable amplitude of dynamic strains excited in a 1-cm piece of the multimode fiber with
the core-diameter of 550 pmisassmall as0.01 ue [2].

When additional measuring channel is added to the optical system, the sensitivity of each
channel to strain detection is decreasing. There are two reasons of this decreasing: (i) noise
increasing due to the crosstalk between channels and (ii) signal decreasing caused by
diminished efficiency of dynamic hologram. Let us first discuss the crosstalk influence.
Considering the worst situation, we suppose that the phase of the first object beam is
modulated with the amplitude of 1.1 radians (which leads to the maximal intensity modulation
in dynamic interferometer) at the frequency f and estimate the detection limit of the second
channel for the signal at the same frequency. This modulation according to Fig. 6 leads to the
crosstalk noise of -23 dB at the crystal area with stresses for large intensity ratio. Therefore,
the phase modulation in the second channel with peak-to-peak amplitude of 5x10° radians
results in SNR = 1. The polarization noise associated with this phase modulation is much
smaller than the crosstalk noise. The minimal detectable amplitude of dynamic strains in this
case is defined by the crosstalk noise and it is 0.06 pe for excitation of 1 cm of the multimode
fiber. Since the crosstalk is two times smaller in the crystal areawith the smallest stresses (see
Fig. 6), the strains with the amplitude of 0.03 pe can be detected in this part of crystal using
two-channel system. Evidently, the crosstalk noise increases in each channel if we add more
fibers to the system. Therefore, the smallest detectable strain becomes higher that decreases
the dynamic band of strains measurements.
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Fig. 6. Amplitude of the signal detected by PD1 as a function of the intensity ratio of two
object beams: |s/lg. The intensity of the reference beam (Ig) is used as a parameter. Dynamic
strains were excited in the fiber 1 so that the peak-to-peak amplitude of the phase modulation
of the object beam 1 is 1.1 radians. The intensity of the object beam 1 is 5 mwW/mm?
everywhere.

Each object beam added to the measuring system aso affects the amplitude of the
informative signal through the visibility of the interference pattern as it is presented by Eq. 2.
Influence of multiplexed object beams on the amplitude of the informative signal was studied
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experimentally. Here we measured the amplitude of the signal S(f) from the photodiode PD1
as afunction of the intensity |5 of the object beam 2 when dynamic strains are excited in the
fiber 1 (see Fig. 2). Assuming that in the multiplexed system intensities of different object
beams are equal each other, theratio |/l Simulates the number of multiplexed channels. The
experimental results are presented in Fig. 6 for different intensities of the reference beam. As
expected from Eq. 2, diminishing of the informative signal S(f) is smaller when Ig >> |s. For
Ir = 1614, the signal amplitude is decreasing by only 1.0 dB after adding 8 channels. It is
much smaller than increasing of the crosstalk noise but both these factors affect the dynamic
band of measurements. For each channel the measuring band would be 14 dB if the system
incorporates 10 object beams mixed in the crystal area with the smallest stresses.

6. Conclusions

A multiplexed interferometric sensor has been developed that alows for simultaneous
detection of dynamic strains excited in different multimode optical fibers. Multiplexing of
adaptive interferometers is implemented in a single photorefractive crystal by using vectoria
wave mixing in the reflection geometry of hologram recording without any external field.
This configuration has potentially low crosstalk between the measuring channels. It is shown
however that residual stresses and imperfections of particular photorefractive crysta of
CdTeV are main reasons of the crosstalk in the proposed system. Nevertheless, it is possible
to design sensor consisting of 10 adaptive interferometers in the same volume of the crystal
with diminished dynamic band of measurements. Use of photorefractive crystals with higher
quality could improve the parameters of the multiplexed sensor.
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