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Abstract: We present a detailed theoretical and experimental study on the
sensitivity enhancement for multimode fiber (MMF) speckle sensor. Using
mode coupling theory, we derive an expression showing that the sensitivity
of the MMF speckle sensor depends on the intensity profile of the MMF
modes. Particularly, we use our theory to study the influence of the spatial
filtering window on the sensitivity, and the experimental results have found
a good agreement with the theory. Our results suggest that the sensitivity of
an MMF speckle sensor can be greatly enhanced by adjusting the size and
location of the spatial filtering window. An 80-fold improvement on
sensitivity was achieved in our experiment, as compared with the
conventional MMF speckle sensor with the filtering window placed at the
center of the speckle field.
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1. Introduction

The multimode fiber (MMF) speckle pattern, consisting of many granular bright spots, is
formed as a result of interference between the modes propagating within the optical fiber [1].
This MMF speckle field is sensitive to external perturbations, and therefore is excellent in
measuring a number of parameters [2-7]. MMF speckle sensors offer many advantages such
as large coupling tolerance, easy installation and implementation of low-cost optoelectronics
[8].

MMF speckle pattern varies if the MMF is perturbed, although the total intensity of the
speckle field is approximately a constant because of the conservation of light propagating
within the fiber. The speckle pattern variation serves as the principle for optical fiber speckle
sensors [9]. Several methods have been proposed to measure the speckle variation. One
commonly used method is the spatial filtering, which monitors a section of the MMF speckle
field [1,5,6,10-12]. For example, a pinhole can be placed in front of the photo-detector, only
allowing the selected section of the speckle field to pass through to the photo-detector [10].
Alternatively, a single mode fiber (SMF) can be spliced to the MMF to effectively serve as a
spatial filter [12]. Other methods, including the mean absolute speckle intensity variation
method [10,13,14] and the intensity inner product method, were also used [15].



As a widely used and successfully commercialized fiber-optic sensing technology, MMF
speckle sensing has been continuously developed over the past and have found many real
applications, such as heartbeat monitoring or embedded sensing in a smart bed [16,17]. There
are still strong ongoing research efforts mainly to improve the speckle sensor performance. A
suitable model to interpret the speckle-pattern variation under perturbation is desirable but
very challenging to be developed due to the various factors influencing the speckle pattern
[14]. For example, the misalignment between the lead-in pigtail optical fiber and the MMF
can affect the speckle distribution [8,18]. The light source also influences the sensitivity. For
example, a light source with higher coherence generally shows a speckle pattern of higher
contrast and better sensitivity [14]. In addition, the coherence length of the light source needs
to be tailored when the speckle sensor is designed for long distance applications [19].
Moreover, the number of modes supported by the MMF affects the speckle pattern and the
sensitivity. A larger number of modes lead to higher sensitivity [20]. Furthermore, the
sensitivity of the speckle sensor depends on the properties of the detector too. Three main
characteristics of a detector are usually considered, namely, the resolution, the sensor area and
the dynamic range [14]. However, there are few studies on the influence of spatial modes on
the sensor performance. We expect this effect to be significant, because different spatial
modes should respond to external perturbations quite differently. Therefore, by selecting a
specific spatial filtering window to detect certain spatial mode groups, the sensitivity could be
improved. In this study, we firstly derive a theoretical formula showing how the spatial
filtering window can be selected to improve the sensitivity of the speckle sensor. Then, we
verify the simulation results using experiments.

2. Theory

In MMFs, the LP,, fiber modes can degenerate to cylindrical modes, which are also called the
principal mode groups (PMG) with a new subscript m=/+2v [21-23]. The transverse
wavenumbers and propagation constants within the same PMG are similar to each other in
value. Thus, for a step-index MMF, each cylindrical mode should correspond to a spatial ring
in the MMF output image plane [21]. When the MMF is perturbed, the mode coupling occurs,
and the following coupled equation [21,24-27] is used to describe the mode coupling:

N
AR, = zn:l&n¢mdmn (Pn - Pm) 1)

where d., is the coupling coefficient between the mth and nth guided mode, P, and P, are the
initial powers of mth and nth mode, and N is the total number of guided modes. Another
attenuation factor should also be included in Eq. (1) if the attenuation needs to be considered
[28-30]. Eq. (1) shows the total power variation of the mth mode through mode coupling from
the power of all the other modes. Given that the mode coupling is dominated between the
neighboring modes [21,27-30], Eq. (1) can be simplified as:

AR, =dm(Pm+1_ I:’m)"'dm—l(F’m—l_ Pm) )

where only the mode coupling between neighboring modes is taken into account.

Since coupling dominates between neighboring cylindrical modes and each mode
corresponds to a spatial ring in the image plane, the power exchange in the image plane also
dominates between neighboring rings (or modes). An example is shown in Fig 1. Supposing
that the spatial filtering window only allows the rings Py, P,, P3, P4 Ps and Pgto be detected,
the power of each ring can be derived using following equations based on Eg. (2):

Rt+A)=RM)+(R-P)roi—(R-R)x (3)

R(t+At) =R (t)+ (R -R) . — (B — B x2s (4)



R(t+At) =PR(t)+ (R —Py)xas — (B — P xaa (5)

Pa(t+At) =P(t) + (B —P) xza — (P — B) 1us (6)
Rs(t+At) = By (t) + (P, — ) xas — (B — B) 186 (7)
Rs(t+At) =R (t) + (B — Fs) 56 — (Fs — Pr) 267 (8)

where the y;; represents the power exchange coefficients between the ith and the jth rings. The
meaning of the above equations can be easily understood. For example in Eq. (3), the power
change on P; equals to the net power flow into the ring, i.e. the power flowing into the ring
minus the power flowing out of the ring.
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Fig. 1. Schematic diagram of the rings corresponding to cylindrical modes (principal mode group) in the image plane

The power detected by the window is the summation of Equations (3)-(8):

Paindou(t +AL) = P, (t + At) +z:j P, (t +At) + P (t + At)
= Puindowkt) + @Ao1201 + A= @)A1 212 — (1= B)Ase 156 — 67267

where Aj; represents the power difference between the ith and jth rings. The coefficients o and
p are introduced because the rings P; and Pg are only partially covered by the window. Since
the mode coupling coefficient d,, is a function of external perturbation, it is expected that the
power exchange coefficient y,, is also a function of external perturbation. If we assume a
uniform power exchange coefficient y, Eq. (9) can be expressed as:

PWindOV\(t + At) = PWindOV\(t) + (aAOl + (1_ a)Alz - (1_ﬂ)A56 _ﬂA67)Z (10)

A dynamic signal can be detected by the window if the second term of Eq. (10) is not zero, i.e.
there is net power exchange to the window. Otherwise, the power detected through the
window remains as a constant over time. The coefficient y is determined by two factors,
namely, the inherent deformation and applied deformation [25,26]. In Eq. (10), a large
coefficient of y will result in a strong power variation. This suggests that the sensing signal
very much depends on the mode power difference at the edge of the window, Ag)+y). It should
be noted that Eq. (10) can be extended to an arbitrary window covering any number of rings.
An important conclusion can be drawn here: the net power exchange at the edge of the
filtering window contributes to the dynamic sensing signal, which further determines the
sensitivity.

The sensitivity of the speckle sensor, related to the detected signal amplitude, with a flat-
top intensity distribution is shown in Fig. 2. The circles in the blue curve represent the spatial
rings in the image plane. The sensitivities of windows covering 4 and 12 rings were calculated
according to Eq. (10). Because we assumed that the detection window completely covered the
edge rings, the values of o and B, which represented the coverage ratio of the edge rings by the

)



window, were set to 1. Then, the power difference A at both edge rings were calculated, and
the differences between these two were used to represent the sensitivity. It can be seen clearly
that both the location and the size of the window affect the sensitivity of the speckle sensor.
For a small window, the sensitivity is lower when the window is centrally placed in the
speckle field than when the window is placed where the intensity level drops abruptly, i.e.
where an intensity cliff is present, as shown Fig 2(a). However, when the window size is
increased, the sensitivity can be improved for the centrally placed window. This is because
this larger window covers the intensity cliff even if it is placed at the center of the speckle
field, and the net power exchange at the edges of the window is sufficient, leading to higher
signal amplitude.
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Fig. 2. The normalized speckle intensity distributions (blue) and corresponding sensitivity curves (red) of the spatial
filtering windows at different locations with window sizes of: a) 4 rings, and b) 12 rings. Each circle in the blue curve
represents a spatial ring in the image plane.

3. Experiment and results

The experiment setup used to investigate the response of speckle sensor to external
perturbation is shown in Fig. 3. A pigtailed laser diode (Thorlabs LP642-SF20) operating at
642nm with an output power of 12mW (maximum output 20mW) was used. An FC/PC
connector connected the laser-diode and the MMF. The MMF had an NA of 0.39 and a core
diameter of 200um. There were 100 turns of fiber wrapped around the piezoelectric transducer,
approximate 8.8m in total length. A function generator (RIGOL DG4162) generated a 5Hz
1V, sine wave, which was subsequently amplified by a high voltage amplifier (Pintech HA-
405) to 100V,,. An objective lens with an NA of 0.65 was used to collimate the light at the
output of the MMF, and the output was imaged by a CCD camera (1024x1280 pixels,
GigaView SVSI). The exposure time was chosen as 9us to avoid CCD saturation and to
ensure sufficient brightness. The frame rate was 500Hz and the recording time was 2 seconds,
so that 1000 image frames were captured in each measurement.
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Fig. 3. The experimental setup to investigate the speckle field response to external perturbation



The captured frames of the speckle field were all firstly sectioned to sub-images. For
example, Fig 4(a) showed one captured frame of the speckle field. This frame was
subsequently sectioned into 64>80 sub-images corresponding to spatial filtering windows of
1616 pixels in Fig. 4(b). Each window was labeled by its row and column numbers.

Before any further analysis, the Nyquist imaging criterion for speckle imaging was
verified to ensure that there were at least 2 pixels for each one-dimensional speckle [31,32].
Here we defined the pixel with the highest intensity among all other pixels in a speckle as the
local intensity maxima of this speckle. Subsequently the number of local intensity maxima
was counted to estimate the number of speckles. Then, based on the number of pixels
occupied by the speckle field, we estimated that there were 17 to 19 pixels in each speckle,
which satisfied the Nyquist imaging criterion.

a) Intensity distribution b) Intensity distribution

. 150 o 1150

% 2 s A

2 200 £ 2008

g E :

Z 400 jon 2 4 100

T <z :

Z 600 £ 600

= - <

- Su {)

= S0 s

= 8O0 = N

x -4

1000 o L 0

200 6 1000 200 HO0 1K)
Column pixel number Column pixel number

Fig. 4. One frame of the speckle field recorded by CCD. (a) the speckle field intensity distribution; (b) the same frame
sectioned into 64>80 sub-images corresponding to spatial filtering windows of 1616 pixels.

Fig. 5 shows the total intensity of three representative windows at the periphery, the
middle, and the inner regions along the radial direction of the speckle field, i.e. the sub-images
(33,18), (33,27), (33,36). The total intensity was calculated by adding the intensities of all the
pixels in the selected window. Clearly, when there was no perturbation applied to the MMF,
the total intensity of the windows remained as a constant except for some background noise,
due to such as the inherent mode coupling and the noise of CCD camera. However, when the
5Hz perturbation was applied on the MMF, the total intensity varied as a result of the
perturbation. The signal contained both the 5Hz component and its harmonics. This was
because the coefficient y in Eq. (10) contains the harmonic components of the applied
perturbation [24,25].
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Fig. 5. The total intensity of the selected speckle sections by different windows. (a) Background noise when the
piezoelectric transducer was not activated; (b) the response when the 100V, 5Hz sine wave was applied to the
piezoelectric transducer. |, represents the intensity level peak to peak, which determines the sensitivity.

The 1, maps and the corresponding AC signal waveforms are shown in Fig. 6. These
plots were obtained using the following procedure. The speckle image was firstly sectioned to
a number of small windows, as described previously. As 1000 frames of the speckle field
under external perturbation were acquired, we calculated the total intensity sum of each
window in each frame and therefore obtained 1000 intensity values (over 1000 frames) for
each window. By plotting these intensity values, an AC waveform of each window for 1000
frames was obtained. The Iy, value for each window was then calculated based on the
waveform. It can be seen for the windows of 16x16, 32>32, 64>64 pixels, the I,, was lower at
the center of the speckle field and then increased when it was away from the center. For the
window of 256>256 pixels, the 1,, was higher at the center of the speckle field. It should be
noted that a larger window is not always desirable, even though the Iy, value can be higher
sometimes. A larger window introduced higher noise level as shown in Fig 6. The Iy,
waveforms of windows at 1616, 32>32 and 64>64 pixels displayed reasonable signal to
noise levels. However, for the windows of 128128 and 256>256 pixels, the I,, waveforms
became very noisy. If the intensity level of the whole speckle field was summed, no signal
was observed in Fig 6(f). This can be explained according to the light power conservation.
Based on the above analysis, we can conclude that both the size and the location of the spatial
filtering window need to be carefully chosen in order to optimize the sensing performance.
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Fig. 6. Maps of I,,and corresponding signal waveforms with the largest I,,. The speckle field was sectioned into sub-
images corresponding to the filtering window sizes of a)16x16, b)32>32, ¢)64>64, d)128x128, e) 256>256, and f)
1024x1280. The signal waveforms with the largest I,, were given for, a) sub-image (32,35), b) sub-image (18,18), c)
sub-image (9,9), d) sub-image (5,5), €) sub-image (3,3), and f) the whole image. For each sectioning window, the
total intensities of 1000 frames were firstly calculated to obtain the waveforms and the I, values.

In summary, the results agree well with our theoretical analysis conducted in the Section
2. The sensitivity depends on the location and the size of the filtering window which covered
the sectioned speckle field of different |ntenS|ty profile. To further demonstrate this, the
normalized intensity profile of the 512" row is shown using the blue curve in Fig. 7. The
corresponding sensitivity to this intensity profile was calculated using Eq. (10). As discussed



previously, the values of a and B were set to 1 by assuming the window completely covered
the edge cylindrical modes. Based on the number of pixels occupied by the speckle field and
the number of cylindrical modes estimated according to the formula given in [21], each pixel
was estimated to correspond to 1 to 2 projected cylindrical modes on the image plane. In this
case, we used the intensity difference between neighboring pixels as the approximated values
for intensity difference (Ag+1)) between the neighboring modes. The measured sensitivity
(the green curve) of the windows that covers the blue intensity profile was obtained by using
the 1,, maps of Fig. 6(a) and Fig. 6(e). The measured sensitivity and calculated sensitivity
using Eq. (10) agree with each other. It can be clearly seen in Fig. 7 that for the window of
16x16 pixels, the calculated sensitivity is higher at the location where the intensity level
abruptly dropped. For the window of 256>256 pixels, the sensitivity is higher at the center.
This agrees with the discussion in Section 2, because this centrally-placed window covers the
intensity cliff, and therefore sufficient net power exchange is detected at the edge of the
window.
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Fig. 7. Intensity profile of pixels at 512" row and the sensitivity of corresponding windows of (a) 1616 pixels, and
(b) 256>256 pixels. The intensity profile is the blue curve. The green curve is the measured sensitivity (lp,) of
windows which covered the 512" row, obtained from the maps in Fig. 6(a) and Fig. 6(e). The red curve represents the
calculated sensitivity based on the intensity profile using Eqg. (10).

According to Nyquist sampling criterion, the CCD camera used needs to have a sampling
rate at least twice the frequency of the signal [33]. However, most CCD cameras have limited
frame rates, which is not suitable for high-speed signal measurement. Therefore, we built a
photodetector-based sensing system, as shown in Fig 8.



o ——— -

~NY

o - e N ™
La.x;r!ﬁod: FC/PC Connector Translation

o Stage SMF _—
Power = - -
Function Amplificr ; s
Generator ,/,P—. Piezoelectric Photodetector
ers —
34 MMI Iransducer

+.—LL

Oscilliscope

£ A\
L]

Fig. 8. Schematic of the SMF-MMF misalignment-based speckle sensing system

The laser diode, the function generator, and the amplifier were the same as those used in
Fig. 3. The MMF had a core diameter of 50um and a NA of 0.22. The SMF used as the
filtering window and the laser fiber pigtail had a 0.10 NA and a mode field diameter of 4.3 —
4.6pm. This SMF was connected to a Si photodetector (Thorlabs PDA36A) by a FC/PC
connector. The translational stage of a fusion splicer was used to adjust the alignment between
the SMF and the MMF manually with a translational resolution of 6um. In order to have
enough measurement points, the speckle image projected to the input plane of the SMF should
be as large as possible so that the SMF can be misaligned with respect to the MMF at several
positions. Therefore, the axial distance between the SMF and the MMF should be as large as
possible. In our experiment, the axial distance between the SMF and the MMF was adjusted to
be 310um, which was the maximum distance allowed by the translational stage. Then, the
measurements were conducted with the SMF-MMF misalignment being 6um, 12um, 18um,
24pm, 30pm, 36pum and 42um along the Y direction. During the alignment procedure, the
output power was monitored by a power meter (Thorlabs PM20A). Then, a 100V, 50Hz sine
wave was applied to the piezoelectric transducer, and the signal response was monitored by
the photodetector and displayed on the oscilloscope.

The coupled power from MMF to SMF and the voltage peak to peak (V) of the detected
signals are shown in Fig 9. The corresponding specific signal curves are shown in Fig 10.
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Fig. 9. Sensitivity improvement using SMF-MMF misalignment
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Fig. 10. Detected signal waveforms when the filtering SMF was misaligned to different positions with respect to the
sensing MMF.



It can be seen clearly that the measured curves in Fig. 9 agree well with the expectation
given in Fig. 2. The sensitivity was very low when the SMF was located at the center of the
MMF, with the best signal amplitude of 11.7mV. When the SMF was moved to the position
where the power level abruptly dropped, a significant sensitivity improvement can be
observed. The highest signal amplitude measured in our experiment was 804mV. This
corresponded to a sensitivity enhancement of 80 folds. Therefore, it proved that the sensitivity
of the speckle sensor depends on the intensity profile of the MMF modes. An appropriate
designed window can be used to enhance the sensitivity of the speckle sensor.

4. Conclusion

In this paper, we investigated both theoretically and experimentally the sensitivity
enhancement of a speckle sensor by adjusting the spatial filtering window. A simple
theoretical model based on mode-coupling equations was developed to describe the influence
of the spatial filtering window on sensitivity. We demonstrated that the sensitivity of the
speckle sensor highly depends on the efficiency of net power exchange of the spatial filtering
window that covers different spatial modes. Particularly, a high sensitivity can be obtained if
the neighboring modes at the edges of the window have a large power difference. In this way,
a more efficient net-power exchange to the filtering window can be achieved, thereby leading
to a higher sensitivity. We used two speckle sensor experiment configurations to verify our
theory. The sensitivity improvement up to 80-fold was achieved in our experiment and good
agreements were found between the theoretical analysis and experimental results. Our results
lead to the conclusion that both the location and the size of the spatial filtering window are
critical when designing a fiber-optic speckle sensor. This should be useful for future fiber-
optic speckle sensor theory and design.
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