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Here, it is proposed an alternative to magnify the sensitivity of a single optical fiber interferometric sensor up to
two orders of magnitude. The method consists of fabricating the sensing interferometer with a specific length
whose spectrum is added to that of a virtual interferometer whose length is linked to the sensing interferometer.
In this manner, the spectrum of the sensing and virtual interferometers are made to coincide in a maximum or a
minimum. The pattern resulting from said sum has a well-defined envelope that is easy to monitor and correlate
with the measurand. Thus, the sensor sensitivity can be magnified as desirable. To demonstrate the method, a
microscopic Fabry-Perot interferometer was fabricated and tested as temperature sensor. A temperature sensi-

tivity amplification of 124 times was demonstrated experimentally. The method here proposed may pave the way
to practical implementation of the Vernier effect with a single interferometer or resonator.

1. Introduction

Interferometric optical fiber sensors are known for their high sensi-
tivity and resolution, which can be determinant to monitor or detect
minute changes of a parameter of interest.

In demanding applications, it is desirable to tune or to increase
substantially the sensitivity of such devices without compromising their
fabrication or interrogation. To this end, the sensor community has
proposed different alternatives. A straightforward and successful
approach is to increase the length of the interferometer. For example,
optical fiber interferometers with arms with hundreds of meters in
length have been demonstrated to monitor nanostrain and microseisms
[1]. Another example is the ultrasensitive rotation sensor based on the
Sagnac effect, which is assembled with several kilometers of polariza-
tion maintaining optical fiber [2].

The above approaches may be impractical or impossible to imple-
ment with interferometers that are miniature per se, with Fabry-Perot
interferometers for example. In this case, the sensitivity can be
increased by using two interferometers with different lengths (different
periods); one of them is used as a reference and the other as a sensor. The
idea of cascading two interferometers with different periods is to
implement an optical analog of a caliper. For this reason, such an

approach is known as the optical Vernier effect, which was demon-
strated first with optical resonators [3-5].

In theory, the sensitivity amplification of a sensing system
comprising two interferometers with slightly different periods, either in
series or in parallel, is huge, see for example Refs. [6-16]. This is so
because the envelope of the superposition of two interference patterns
shifts much more than a single interference pattern [5,17,18]. However,
to track the evolution of the wavelength position of such an envelope, a
light source, spectrometer, and passive fiber devices like couplers that
operate in an ultra-wide spectral range are necessary. A sensor interro-
gation system with such requirements is expensive and bulky, hence,
impractical. In addition, the fabrication of two interferometers with very
specific periods is challenging, even with existing techniques. For these
reasons, the sensing systems based on the optical Vernier effect reported
so far have been demonstrated only in well-controlled laboratory
environments.

Therefore, it is important to investigate new mechanisms to increase
the sensitivity of interferometric optical fiber sensors without the
referred drawbacks. To this end, the concept of optical harmonic Vernier
effect [19] and artificial (or virtual) reference spectrum have been re-
ported [20-28]. However, in such works, the physical length of the
sensor and that of the real or virtual reference are arbitrary. For this
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reason, the experimental sensitivity amplification based on the methods
proposed in [19,20,21] have not reached the expected theoretical
values.

In this work, we propose a simple alternative to magnify the sensi-
tivity of a single interferometer between one and two orders of magni-
tude. Our approach consists of cascading the sensing interferometer with
a virtual or artificial reference. Unlike the methods previously reported
[20-28], in our approach, the lengths of the sensing and reference in-
terferometers are not arbitrary; however, they can be calculated easily.
The feasibility of our method was demonstrated with a single micro-
scopic Fabry-Perot interferometer that was illuminated with a narrow-
band light emitting diode. The sensitivity of such interferometer was
tunable with the virtual reference; sensitivity amplification of two or-
ders of magnitude as compared with that of a single interferometer was
demonstrated experimentally.

The concepts and signal processing proposed here can be imple-
mented with literally any type of two-beam or two-mode interferometer
and even with resonators. The sensitivity of such measuring devices can
be substantially enhanced. Thus, we believe that the approach and re-
sults reported here may pave the way for practical applications of the
optical Vernier effect with resonant or interferometric sensors.

2. Theoretical analysis

The transfer function of a two-beam or two-mode interferometric
sensor can be expressed as:

T = A+ Bcos(2zA/4) @

where A and B are terms that depend exclusively on the intensities of
the interfering beams or modes, A is the wavelength of the excitation
optical source, and A can be either A = nd;, A = Ands;, A = 2nds or A =
2Ands, depending if the transmission or reflection is monitored and if the
interference is between beams or modes. In these expressions, n is the
refractive index of the optical fiber or cavity, and An is the difference
between the effective refractive indices of the interfering modes. ds is the
physical length of the interferometer. When the interference is between
two beams, A is the optical path length or the optical distance.

In an interferometric sensor, changes of the measurand being sensed,
e.g., temperature, strain, refractive index, etc. can alter A. This may
result in a picometer shift of the interference pattern expressed by Eq.
(1). Therefore, a change in the measurand can be deduced from the shift
of the transmission or reflection spectrum of the interferometer. To do
so, interferometric sensors are interrogated with a wide spectrum light
source and an optical spectrum analyzer or with a tunable laser and a
photodetector. To quantify the interference pattern shift, the wave-
length position of the maxima of the pattern can be monitored.

The maxima of Eq. (1) appear at wavelengths that fulfill the
following equation [29],

27N/A = 27k 2

where k is an integer.

Now, let us suppose that we take advantage of the periodic nature of
interferometers and design them with lengths given by d; = ki./p,
where A, is the wavelength where we want an interference pattern
maximum and p can be either n, 2n, An or 2 An depending on the type of
interferometer and how it is interrogated (in transmission or in reflec-
tion mode).

Let us define Lg = A./p. This means, we propose to design the in-
terferometers with a physical length that fulfills the following condition:

ds = kLB (3)

Note that the previous expression is valid whether the interferometer
is a low-finesse Fabry-Perot, a Sagnac, Mach-Zehnder, Michelson, or
modal one. The transmission or reflection spectrum of such in-
terferometers is periodic in wavelength.
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According to Eq. (3), to calculate the length of a sensing interfer-
ometer, the only thing needed is the value of n or An. This means, the
refractive index of the cavity (in case of a Fabry-Perot interferometer), or
the refractive index of the fiber core. In case of modal interferometers;
the effective refractive indices of the interfering modes must be
calculated.

It is important to point out that the above analysis is not valid if more
than two beams or modes participate in the interference.

To implement an optical analog of a caliper with two in-
terferometers, we propose a reference interferometer of the same type of
the sensing interferometer but with a length that is proportional to L.
The transfer function of the reference interferometer can also be
expressed with Eq. (1). In this manner, both interferometers will have a
maximum at A.

If the sensing and reference interferometers are in parallel, the
transfer function (Ty) of the cascade will be the sum of the individual
transfer functions [10]. After normalization we get,

Ty = cos[m(As + A,)/A]cos[n(A; — A,) /2] @)

In Eq. (4), As = pds and A, = pd,, where d; and d; are, respectively, the
lengths of the sensing and reference interferometers.

In the composed spectrum given in Eq. (4), the sum of A gives the
high frequency component and the subtraction of the same gives the low
frequency component, which is the envelope of the composed spectrum.
The maximum of the envelope is also located at A, as ds and d, are
multiple of Lg.

The optical analog of the Vernier effect is especially interesting for
sensing applications since the sensitivity of the sensing system can be
magnified by a factor M, which has been widely discussed in the liter-
ature. The sensitivity magnification is [5,10,17,19].

M = A /1A — A ®

The above equation suggests that by having two interferometers with
very similar lengths or periods, the sensor sensitivity can be increased a
large number of times. However, when d; and d, are similar, it is difficult
to monitor the wavelength position of the envelope, as it can be ultra-
broad.

One way to ensure that the envelope’s maximum is tracked is to
design the interferometers so that their A fulfill the following condition
[29]:

7|As — Ay|fAe = Tm 6)

where m is an integer. Equation (6) is satisfied when the length of the
reference interferometer is as follows

d, = (k+m)Ly )

This means that the reference interferometer can be mLg times longer
or shorter than the sensing one. In either case, the maximum of the
envelope will be at A, in which a maximum of both sensing and reference
interferometers coincide.

If we chose to track the minimum of the envelope as proposed in
[14,30-32], the condition given in Eq. (6) changes, as on the right hand
side, we will have #(m +1/2) [33]. In this case, d, = [k £ (m + 1/2)|L. It
means that while the sensor has a maximum at /., the reference inter-
ferometer has a minimum in that wavelength. Thus, the envelope has a
minimum at 4, that is also easy to monitor and correlate with a meas-
urand. Thus, the analysis is analogous for the case of tracing the
maximum or the minimum dip of a sinusoidal spectrum. The value of m
will change, from an integer to an integer plus a half, in the maximum or
minimum tracing cases, respectively.

Note that if in Eq. (5), we substitute A; and A, with the values of dg
and d, given in Eq. (3) and Eq. (7), the sensitivity magnification is
reduced to the following simple expression:

M =k/m (8)
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According to Eq. (8), any sensitivity amplification can be achieved; it
only depends on the selected values of k and m. The absolute maximum
value of M can be achieved when m = 1; this is to say, when the dif-
ference in length between the sensing and reference interferometer is Lp.

It can be noted that according to Eq. (8), M can only have finite and
reachable values, which suggests practical implementation of the con-
cepts here proposed. If maximum values of M are desirable, the period of
the sensing interferometer should be as short as possible.

We would like to point out that the ‘resolution’ of a caliper is
calculated with a ratio between one division of the primary scale over
the number of divisions of the Vernier (auxiliary) scale. In a caliper, the
larger the number of divisions of the Vernier scale the higher the reso-
lution. This is what Eq. (8) suggests, higher sensitivity magnification,
hence higher resolution, can be achieved when the interference patterns
have a large number of maxima and minima.

The values of k and m have great implications on the period or Free
Spectral Range (FSR.p,) of the envelope and on the measuring range of
the sensor, as there is a tradeoff between these two factors and the
sensitivity magnification. For great m values, the sensitivity amplifica-
tion will be smaller, but the FSR,,, will be shorter, which makes easier to
trace the maximum of the envelope. On the other hand, a large sensi-
tivity amplification (a great M value) may reduce substantially the total
measuring range. Furthermore, the detection limit can be degenerated
by using the Vernier effect, especially for great M values [34].

We have that the period of the envelope, based on the analysis re-
ported in [5,7,18], combined with Egs. (3) and (7) is reduced to the
following simple expression:

FSRy = Ac/m (C)]

Therefore, for low m values, the FSR,,, can be thousands of nano-
meters, which imposes the use of an ultra-broad light source and a
suitable spectrometer to follow the evolution of the envelope. For this
reason, some authors have limited the FSR,, to the measuring spectral
range for a correct trace of the position of the maximum of the envelope,
see for example [16,19,27,35]. In our case, this is not the situation since
the envelope can be centered at A.. A Spline fit over local maxima is
successful if the envelope has at least three local maxima in the inter-
rogation wavelength range.

The free spectral range of the sensing interferometer, following the
analysis discussed in [5,7,18] with Eq. (3), is:

FSR, = A./k (10)

Thus, according to Egs. (9) and (10), FSR., > 3FSR, means that
M > 3. This is the minimum sensitivity magnification that can be ach-
ieved with the optical Vernier effect, for a correct tracing of the
maximum or minimum dip, with at least three maxima per envelope.

Let us now analyze the measuring range that can be achieved. We
must first define the measuring range of a sensor, which is given by:

AA; = FSR;/S; an

with S; the sensitivity of the sensing interferometer. The A ., is the
range in which the unique maximum or maxima of the envelope can be
traced. Note that a great sensitivity magnification will drastically reduce
the A ¢ny, since a large change of the measurand will shift the envelope
outside the measuring spectral range (A1), which is the spectral width of
the light source used to interrogate the interferometers. If we chose a
great m to ensure that FSR.,, < A4, the measuring range is not altered.
On the contrary, when FSR¢;,, > A4, the maximum change of the
measurand that can be detected will be severely limited.

We can define

Ao = DA/ Sen (12)

where S, is the sensitivity that is achieved when the envelope is
monitored. Therefore, we have:

AN,/ AN = M(FSR,/AX) (13)
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Equation (13) indicates that the measuring range of a sensing system
based on the optical Vernier effect is reduced M times.

The above theoretical analysis allows us to design a sensing system
based on two interferometers in parallel with a sensitivity amplification
defined by Eq. (8) and maximum possible measuring range.

Next, we discuss some examples and experimental results.

3. Results and discussion

In the previous section, we have discussed the relation between the
lengths of the sensing and reference interferometers to implement a
functional Vernier effect. In some situations, it will be difficult to center
the two interferometers at A because it will imply manufacturing the
interferometers with an error well below Lg. This can be about a few
nanometers for Fabry-Perot interferometers (FPI). Thus, herein we
propose to build a virtual reference interferometer, which is of the same
type of the sensing interferometer, but with a length that is linked to the
sensing interferometer, see Eq. (7).

It is important to point out that the use of an artificial reference
spectrum has been recently proposed by other authors, see for example
[20-28]. However, in those works, the lengths (periods) of the real
sensor and that of the artificial reference did not have any specific
relationship. In our case, the sensing device and the virtual reference
have lengths that fulfill Egs. (3) and (7). The technique reported here is
centered on magnifying and pushing the limit of the sensitivity of a
single interferometric sensor with a simple signal processing. Limiting
factors such as the signal demodulation jumps can be overcome by
combining with existing techniques such as the ones reported in [36].

The interferometric sensor can be interrogated as usual, with a
narrow-band light source and a conventional optical spectrum analyzer
(OSA). The measured spectrum is added to a virtual reference that is
calculated with the transfer function of the sensing interferometer but
with a length that fulfills the condition stated in Eq. (7). The composed
spectrum is then calculated with Eq. (4). By tuning the length of the
virtual interferometer, the sensitivity amplification and measuring
range of the sensor can also be tuned. Furthermore, the technique here
proposed allows a simple data processing of the measured spectrum
through Spline fit over local maxima and allows reducing the depen-
dence on the spectral wavelength range of the light source and passive
devices through normalization.

To demonstrate the feasibility of our approach, we fabricated some
low-finesse FPIs whose cavities where made of polymer. The fabrication
procedure and transfer function of the FPI are described in detail in [37].
To allow a better understanding of the sensor, in Fig. 1, we show a
schematic representation of the device and its interrogation. The inter-
ference in said device is between two beams, one is reflected from the

Fig. 1. Schematic representation of a Fabry-Perot interferometer and its
interrogation which comprises a super-luminescent light emitting diode (SLED),
a 2x1 coupler, and an optical spectrum analyzer (OSA). The signal processing is
done with a virtual reference. k and Lp are defined in the text; n, is the
refractive index of the cavity.
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fiber-polymer interface and the other from the polymer-external me-
dium interface. The spectral width of the super-luminescent light
emitting diode (SLED) used in the interrogation system had a Al =
140 nm. The central or peak wavelength of the SLED was 1550 nm.

In the FPI shown in Fig. 1, Lg = Ac/(2n,), where n, is the refractive
index of the polymer that fills the cavity. In our case, n,= 1.5409 at
1550 nm. Thus, according to Eq. (3), Lg = 0.503um at that wavelength.
In the following analysis, the cavity length of the virtual FPI will be
considered to be longer, i. e. d. = d; + mLg.

A sample was fabricated with k = 258, so, with dg& 129.77 pm. As an
application example, the sample was exposed to temperatures from 20
to 46 °C. Fig. 2 shows the normalized interference patterns of the FPI at
different temperatures. From the experimental data, the temperature
sensitivity of the device was found to be —75.5 pm/°C. The shift of the
interference pattern was to shorter wavelengths due to the expansion of
the polymer [37].

In order to monitor all the aforementioned temperature range with
an enhanced sensitivity, we calculated a virtual FPI for with the transfer
function provided in [37]. A maximum of the sensing and virtual FPI
were made to coincide at 1547.26 nm, which happened when the tem-
perature was 34 °C. Thus, by following the theoretical analysis discussed
in section II, the length of the virtual FPI was d, = 137.82 pm, when m =
16 and d; = 132.29 pm, when m = 5. Under these conditions, the
sensitivity magnifications were expected to be M ~ 16 and M ~ 52,
respectively.

Fig. 3 displays the normalized interference patterns of a FPI with dg=
129.77 pm and that of the virtual reference calculated when m = 16. The
sum of both patterns and the envelope of the composed spectrum are
also shown in the figure. The evolution of the envelope as a function of
temperature is shown in Fig. 4(a) and the calibration curves are shown
in Fig. 4(b). The fitting equations of the experimental points shown in
stars, empty circles, and solid dots were, respectively T = -13.25 A +
20768.45, T = 0.85A-1279.53, T = 0.27A-383.97. In all cases, T is
temperature in degree Celsius and A is in nanometers. From Fig. 4(b), the
temperature sensitivities were found to be 1177.4 pm/°C and 3697.5
pm/°C, when m was 16 and 5, respectively. This means, the sensitivity
magnifications experimentally obtained were 16 (when m = 16) and 51
(when m = 5), which are in good agreement with the theoretical values.
It is interesting to note that the above sensitivity amplifications were
achieved without reducing the temperature measuring range.

A second sample was fabricated to increase the temperature sensi-
tivity of the sensor as much as possible. A FPI was built with a polymer
cavity with dg = 177.86 pm, i.e., k = 354. In this case, the minimum of
the envelope was correlated with temperature. To enhance the tem-
perature sensitivity by two orders of magnitude, the length of the cavity
of the virtual FPI was calculated as d,=d;+ (2 + 1/2)Lg. This means, d,
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Fig. 2. Reflection spectra of a FPI (ds = 129.77 pm) at different temperatures
indicated in the graph.
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Fig. 3. Normalized spectra of a fabricated FPI sensor with dy = 129.77 pm, of
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line is the maxima in which sensor and virtual reference are made to coincide.

T l I | l I
1001 o sensor 5 i
© M=16
| M | 51 ’,r‘*'
. e i
o
s K i
Lk
5 *,'
: *
=
o 40F ‘*"‘
* | -
'- eeo
20 | "*— e ‘e‘ —
3 QQ .....
@ g 1 . . . . | .

?
35 40 45
Temperature (°C)

Fig. 4. (a) Evolution of the normalized envelope shown in Fig. 3 as a function
of temperature. (b) Shift of the interference pattern of a single sensor (solid
dots) and shift of the envelope (hollow dots or stars) as a function of temper-
ature for two different virtual references. In all cases the sensing FPI had ds =
129.77 pm.
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= 181.36 pm.

In Fig. 5, we show the reflection spectrum of the fabricated sensor
and of the virtual reference as well as the resulting sum of both spectra
and its envelope. Note that in this case, a minimum of the reflection
spectrum of the virtual interferometer is made to coincide with a
maximum of the spectrum of the sensing interferometer. Consequently,
the envelope has a minimum at such wavelength, which is indicated in
Fig. 5 with the vertical dotted line.

The shape and evolution of the envelope at different temperatures
are shown in Fig. 6(a). The shift of the interference pattern of the FPI and
the shift of the envelope as a function of temperature are shown in Fig. 6
(b). The fitting equation for the case shift of the envelop is T(°C) =-7.31A
(nm) + 11449.15, while the fitting equation of the shift of the inter-
ferometer is T(°C) = 0.06A(nm)-51.48. Thus, the temperature sensitivity
through the Vernier effect was found to be 16899.8 pm/°C. This means
the temperature sensitivity magnification that was obtained experi-
mentally was 124. The theoretical value was 142. The discrepancy be-
tween the expected and measured sensitivity amplifications may be due
to imperfections of the real sample, which is referenced with an ideal
one. It can be noted that the measurement range was reduced to 4 °C.

The huge sensitivity magnification that can be experimentally ach-
ieved with our Fabry-Perot interferometer and signal processing can be
crucial to detect, for instance, trace amount of chemical substances as
they can induce minute refractive index changes of the polymeric cavity
of the FPI [17].

It is worth mentioning that the about experimental sensitivity am-
plifications were obtained with a simple interrogation system. The light
source (an SLED) and the optical fiber coupler used in the experiments
were narrow band and of low cost. Such components do not comprise
the overall cost of a sensor.

Our results suggest that it is feasible to implement the Vernier effect
with a single and compact interferometer and a simple sensor interro-
gation system. The sensor sensitivity can be amplified one order of
magnitude without comprising the measuring range. Higher sensitivity
amplification is possible but the measuring range is reduced.

4. Conclusions

In this work, we have demonstrated that the Vernier effect can be
implemented with a single interferometer and virtual reference that is
easy to calculate. We have provided simple formulae to calculate the
lengths of the sensor and the virtual reference.

Since a virtual reference has no fabrication errors or dependence on
the external environment, it can be designed to tune the sensitivity

Reflection

|| ——Envelope
1.0 Sum

1 | '} 1 J
1500 1530 1560 1590 1620
Wavelength (nm)

Fig. 5. Normalized reflection spectrum of a sensor where d; = 177.86 um, of a
virtual reference calculated with m = 2.5, and resulting spectrum of the sum of
the sensor plus reference spectra. The envelope is shown with a thick solid line.
In this case, a minimum of the reference is made to coincide with a maximum of
the sensor.
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Fig. 6. (a) Evolution of the normalized envelope shown at the bottom of Fig. 5
as a function of temperature. (b) Shift of the envelope shown in (a) and shift of
the interference pattern of a single FPI as a function of temperature. The solid
lines are linear fittings to the experimental points. In this case, the temperature
sensitivity was amplified 124 times.

amplification of an interferometric sensor. For example, the sensor
sensitivity can be amplified between a few times to two orders of
magnitude.

An important advantage of the approach proposed here is that the
interrogation system of the sensor and the virtual reference is as simple
as that of a single interferometer. Thus, it can be implemented with
widely available components.

It seems feasible to implement a multi-point sensing system with
several interferometers and a single or multiple virtual references. Thus,
the analysis and results reported may pave the way to practical appli-
cations of the Vernier effect with optical fiber interferometers.
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