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Vernier effect using in-line highly
coupled multicore fibers

Natanael Cuando-Espitial*, Miguel A. Fuentes-Fuentes?, Amado Velazquez-Benitez?,
Rodrigo Amezcua“, Juan Hernandez-Cordero® & Daniel A. May-Arrioja®

We demonstrate optical fiber sensors based on highly coupled multicore fibers operating with the
optical Vernier effect. The sensors are constructed using a simple device incorporating single-mode
fibers (SMFs) and a segment of a multicore fiber. In particular, we evaluated the performance of

a sensor based on a seven-core fiber (SCF) spliced at both ends to conventional SMFs, yielding a
versatile arrangement for realizing Vernier-based fiber sensors. The SMF-SCF-SMF device can be
fabricated using standard splicing procedures and serve as a “building block” for both, reflection and
transmission sensing configurations. As demonstrated with our experimental results, the Vernier
arrangements can yield a ten-fold increase in sensitivity for temperature measurements compared to
a conventional single SMF-SCF-SMF device, thereby confirming the enhanced sensitivity that can be
attained with this optical effect. Furthermore, through theoretical analysis, we obtain the relevant
parameters that must be optimized in order to achieve an optimal sensitivity for a specific application.
Our findings thus provide the necessary guidelines for constructing Vernier-based sensors with all-fiber
devices based on highly coupled multicore optical fibers, which constitutes an ideal framework to
develop highly sensitive fiber sensors for different applications.

The optical Vernier effect is an efficient yet simple method widely used for enhancing the sensitivity of fiber optic
sensors (FOS)'2. Essentially, the effect is produced upon combining two interferometric or resonant structures
designed with similar free spectral ranges (FSRs)’. When the spectral responses of both structures are super-
imposed, a low spatial frequency envelope is generated, and any spectral shift in one of the optical structures
results in an enhanced shift of the envelope’s frequency. In practical applications, one of the structures is used as
a reference while the other is allowed to be affected by an external disturbance®. In principle, the Vernier effect
can increase the sensitivity of FOS considerably, and devices based on this effect are typically engineered by opti-
mizing the available linewidth for detection?. For example, a Vernier effect-based fiber refractometer has been
recently reported with a sensitivity of 500 pm/RIU, a record value for this kind of fiber sensor®. Thanks to the
inherent advantages of fiber optics, the Vernier effect has been successfully used in temperature®?°, pressure®*=,
refractive index®*~*, strain**-2, curvature®>*, displacement, and humidity®® FOS. Moreover, mature technolo-
gies such as focused ion bean and femtosecond laser micromachining®*®, photonic crystal fibers”*¢, and fiber
tapering**>6 have been effectively used in the construction of highly-sensitive Vernier devices, thus demonstrat-
ing the versatility of Vernier-based sensor schemes.

In terms of interferometric structures, Vernier-based FOS have typically utilized Fabry-Perot
interferometers!#6-20:34-3845-48.5536 ' Mach-Zehnder interferometers?-3>4>5%, Sagnac interferometers?!-2>3%30
and fiber-optic ring resonators?®4%41:52, either connected in parallel or in tandem configurations, depending on
the application. Although interferometric arrangements have been the preferred choice for generating the optical
Vernier effect, a similar spectral response can be obtained from coupled optical structures. Few reports have been
published on exploring highly-coupled optical devices in Vernier-based FOS**, and the advent of novel optical
fibers may offer new possibilities for developing innovative sensing configurations. For example, multicore fibers
(MCFs) have emerged as a promissory solution for increasing the amount of information transmitted in a single
fiber; they have been studied extensively for many years and have become a mature technology with multiple
core counts in a single fiber®”8. These specialty fibers have also been used in FOS due to their ability to transmit
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multiple signals, an advantageous feature for applications such as tridimensional deformation detection®.

Despite their attractive features for sensing applications, only one work has explored the use of MCFs for imple-
menting the Vernier effect™, albeit using an MCF with negligible coupling effects due to a large separation among
the cores (24 um). While uncoupled cores allow for increasing the number of individual channels within a fiber,
coupled MCFs generate multiple spatial light distributions, modes or super-modes®"-¢2. Highly-coupled cores also
provide multimode interference effects and energy transfer within cores, thus yielding a wavelength modulated
transmission spectrum whose features depend on the physical parameters of the MCF*%. For example, highly-
coupled seven core fibers (SCFs)®* allocate the cores symmetrically within the structure yielding a sinusoidal
spectral response, very similar to that obtained from interferometric arrangements®®®. These spectral features
of SCFs have also been demonstrated to be remarkably sensitive for sensing applications®>.

In this work, we demonstrate the implementation of the optical Vernier effect using solely highly-coupled
SCFs as an alternative to conventional interferometric arrangements. The fundamental difference for generat-
ing the spectra arising from the Vernier effect lies in the fact that a small length of a few centimeters of a SCF
can effectively generate a sinusoidal spectral response useful either as a reference or a sensing signal. Among
other advantages, the proposed approach requires an exceptionally undemanding fabrication process, provides
excellent versatility for transmission and reflection sensing schemes, is fully compatible with conventional fiber
technologies, and shows excellent potential for being incorporated in different processes for further sensitivity
enhancement and straightforward analysis. Thus, as shown in the following sections, our proposal results in a
simple method to fabricate highly sensitive fiber sensors without the need for sophisticated and/or expensive
fabrication approaches.

Principle of operation. The building block for a sensor based on an SCF comprises two conventional
single-mode fibers (SMFs) spliced at both ends of an SCF section. A highly-coupled MCF such as the SCF used
in this work can be modeled using coupled-mode theory®"*¢78 and for an SMF-SCF-SMF arrangement, the
normalized intensity can be shown to be (see Methods for details):

[= ;{3cos(2f7xL> +4}. (1)

In this expression, I is the normalized intensity, L is the length of the SCF, and « represents the coupling
coefficient, which is, in general, a function of the optical and geometrical features of the SCF. Fig. 1a shows
in solid black curves the spectral features of the normalized intensity calculated by means of Eq. (1) for three
SMF-SCF-SMF devices (D,, D, and D;) with a fixed coupling coeflicient (x) and different SCF lengths (L, = 9.30,
L, =9.57 and L; = 10.5 cm, respectively). The coupling coeflicient x was evaluated using core and cladding
refractive index of n,,=1.45 and n;=1.444. Core diameters of 2p=9 um and a center-to-center core separation
of d=11.86 um were obtained using image processing; these dimensions are within the typical values reported
for this type of highly-coupled MCFs>*¢%63-%_Briefly, we high-contrasted the original image of the SCF, applied
edge detection and binarization to find the area of each core. The mass centroid of these areas were set as the
cores centers and the resulting areas were used to find an equivalent disk with the same area. The mean value of
the seven equivalent disks was 9.0 um. Similarly, the mean value between mass centroids was 11.86 pm. As seen
in Fig. 1a, the transmission spectra of the three devices show similar FSRs (13.9, 13.6, and 12.3 nm, respectively),
a key requirement for implementing the Vernier effect. To illustrate the impact of an external disturbance on
the spectral response of an SMF-SCF-SMF device, we have simulated a temperature increase in device D; and
the result is shown in the bottom plot of Fig. 1a as a solid red curve. The simulated temperature increment was
from 26 to 150 °C, accounting for changes in the refractive indices of the SCF according to the thermo-optic
coeflicients of the core (9.75x 1076 °C™) and cladding (9.5 x 107® °C™!) materials, as previously reported®7°. As
depicted in Fig.1a, the increase in temperature shifts the spectrum by ~ 3 nm, which agrees well with the reported
sensitivity of 28.7 pm°C™" using similar SCF structures®.

Let us now consider the possible configurations of SMF-SCF-SMF devices that may serve for implementing
the Vernier effect. We have recently shown that the spectral response of such devices connected in series and par-
allel can be effectively modeled by the product and addition, respectively, of their individual responses®. Further-
more, and in contrast with most interferometric fiber structures, SCF-based fiber devices can be readily imple-
mented in both transmission and reflection configurations. As a result of the versatility of the SMF-SCF-SMF
building blocks, four basic arrangements for implementing the Vernier effect can be derived; namely: readout
from the transmission spectrum of two devices connected in series or parallel (i.e., transmission-series and
transmission-parallel) and readout from the back-reflected spectrum from the devices again connected in either
way (i.e., reflection-series and reflection-parallel). As shown schematically in Fig. 1c—f, these configurations can
be realized with standard fiber optic devices such as 50/50 couplers and optical circulators, and their spectral
features may be obtained upon launching a broad-band light source (LS) and registering either the reflected or
the transmitted signals using an optical spectrum analyzer (OSA). While the spectral envelope of the concat-
enated SMF-SCF-SMF devices can be obtained as the product of their individual spectra, the combined signal
from the parallel configuration can be calculated as the addition of each spectrum (see details in the Methods
section). The analytical expressions of the spectral envelopes are thus given by:

1
El* = %{41 + 48cosa + 9cos2ar}, )
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Figure 1. (a) Simulated spectral response at room temperature (26 °C) of SCFs with different lengths (solid
black lines) and spectral response of device D5 at 150 °C (solid red line), (b) Simulated spectral shift as a
function of the applied temperature for device D; and also for the different Vernier configurations, (c)-(f)
Vernier configurations and their simulated spectral responses at room temperature (26 °C) and heated at 150 °C.
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In Egs. (2)-(5), we have denoted the envelope of the transmission and reflection configurations as ETxRx
and the envelopes for the series and parallel configurations are denoted as Eger,par, respectively. In addition, we
used @ = +/7(ksLs — k,L,) where the subscripts s and r refer to sensing and reference devices, respectively. The
subscript in the coupling coeflicient x implies that this factor may vary independently for each fiber device, for
instance, due to external disturbances such as temperature. Notice that Egs. (2)-(5) contain a term with a (+)
sign that corresponds to the upper and lower envelope for each case. Also, note that the expressions show that
the coefficient for the fundamental component (cos «) is larger than that of its harmonic counterpart (cos 2«).
Hence, the former dominates in the spectral envelopes obtained with the configurations studied here. This last
condition implies that for the same value of &, the maximum of the envelope occurs at the same wavelength
regardless of the configuration. Moreover, the maximum of the envelope may change with variations in one of
the coupling coefficients of the SCFs, or by implementing the Vernier configuration with different lengths of
SCF in one of the fiber devices.

We used Egs. (2)-(5) to simulate the spectral response for each configuration, namely, two transmission
arrangements using devices D, and D; (Fig. 1¢,e), and two reflection schemes using devices D, and D; (Fig. 1d,f).
The resulting spectra are shown as solid black curves in the corresponding figure; these were obtained using the
same parameters (i.e., refractive indices, core sizes, and core separations) considered for obtaining the spectral
response of a single SMF-SCF-SMF device (Fig. 1a). It is evident from the figures that the resulting spectra
display a sinusoidal-like behavior with a very similar periodicity to that of the spectrum of the single device.
Notice, however, that in contrast to the latter spectra, the arrangements connected in series and parallel, either
for the transmission or the reflection configurations, exhibit a low-frequency modulation envelope character-
istic of the Vernier effect. For clarity, the upper and lower envelopes of the modulated signals at a reference and
sensing temperature of 26 °C are calculated using Egs. (2)-(5), and are also included in the figures represented
as solid blue curves.

The temperature sensing performance of the SMF-SCF-SMF operating on the Vernier arrangements was
also explored using Eqs. (2)-(5). We chose D; as the sensing element for these calculations while the others
remained unperturbed, serving as reference elements. A temperature increment from ~ 26 °C (room tempera-
ture) to 150 °C was used for the calculations. The changes in the refractive indices of the core and cladding
materials of the SCF used in D; were obtained considering their corresponding thermo-optic coefficients. The
normalized spectra (solid black curves) for the maximum temperature (i.e., T=150 °C) along with their cor-
responding envelopes (solid red curves) are shown in the bottom plots of Fig. 1c—f. As seen in the figures, the
increase in temperature produces a spectral shift towards longer wavelengths. While the periodic-like behavior
of the modulated spectra is preserved, the maxima of the envelopes are clearly red-shifted by A\, as indicated
in the figure. For both transmission configurations (Fig. 1c,e), the wavelength shift is the same (AA=29.5 nm);
similarly, both reflection configurations (Fig. 1d,f) yield the same wavelength shift (A\ =38 nm). The spectral
positions of the envelopes’ maxima were obtained for different temperatures yielding the plot in Fig. 1b, showing
that the spectral shift (AM) increases linearly with temperature for all the configurations. Notice that the linear
fittings for the two reflection configurations yield the same slope (SX% = ngf 0.31 nm°C™), as is also the case
for the transmission arrangements (S1* = Spar =0.24 nm°C™"). Interestingly, despite using the same device for
sensing (D;), the reflection configuration provides an improved sensitivity compared to that of the transmission
arrangement. This improvement is because the SCF lengths considered for D, and D; were more akin than those
of D, and D; (recall that L;=9.30, L,=9.57, and L;=10.5 cm). For comparative purposes, we have included in
Fig. 1b the calculated wavelength shift over the same temperature range for the individual sensing device D;,
yielding a sensitivity of Sps = 0.027 nm°C™". The Vernier configurations therefore provide enhancement factors
close to 9 and 11 times in sensitivity compared to the single sensing device.

Experimental results
For experimental validation, we first fabricated three individual SMF-SCF-SMF devices by splicing commer-
cial SMF (Corning SMF-28e) on both ends of a highly-coupled hexagonal-core SCF as depicted in Fig. 2b. The
SCF used in our experiments was manufactured by the Microstructured Fibers and Devices group at CREOL-
UCF®. This fiber has a symmetric core distribution in a hexagonal array, and the cross-sections of the cores are
also hexagonal (see Fig. 2c). Other relevant features of the SCF include: NA = 0.1317, 120 pm cladding diam-
eter, equivalent core diameter 2p =9 pum and center-to-center core separation of d=11.86 um (see principle of
operation section). The difference among the three fabricated devices is the SCF length, selected as L, =9.30 cm,
L,=9.57 cm, and L;=10.50 cm, for devices D;, D, and D, respectively. It is important to note that the SCFs are
known to be bend-sensitive; thus, care was taken to keep the devices straight in order to avoid any disturbances
due to bending.

The individual spectral features of the devices were obtained using a superluminescent diode (SLD) as the
light source (150 nm bandwidth) and an optical spectrum analyzer (OSA) as depicted schematically in Fig 2a.
The normalized spectra of the three devices are shown in Fig 3a as solid black lines, showing FSRs of 14, 13.5,
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Figure 2. Schematic representation of the basic structure of an SMF-SCF-SMF device. The figure also shows
the experimental setup used to evaluate the temperature sensing performance of the device, as well as a
photograph of the cross-section of the SCFs used to fabricate the devices.

and 12.1 nm, as measured with the OSA, for devices D}, D, and D;, respectively. Notice that the spectra and FSRs
agree well with those obtained for the simulated devices calculated using Egs. (2)-(5) and shown in Fig. 1a. Next,
we evaluated the response to temperature changes for the individual device D; upon increasing the temperature
from 26 to ~ 150 °C using a ceramic hotplate. For these experiments, the polymer coating was removed from
the full SCF length to avoid any contributions due to thermal expansion/elongation from the polymer, and care
was also taken to maintain the fiber in contact with the surface of the hotplate at all times. The temperature
was simultaneously monitored with a thermocouple placed at the center of the hotplate, and the corresponding
spectra were recorded once thermal stability was achieved. The spectrum obtained for the maximum tempera-
ture (150 °C) is included at the bottom plot of Fig 3a (solid red curve). As indicated in the figure, the measured
wavelength shift was 3.7 nm, which agrees with the calculated spectral shift depicted in Fig. 1a. A plot of the
wavelength shift (AN) as a function of the temperature increase (AT = Ty,casured — Lamb) 18 also included in Fig. 3b,
showing a linear relation between both parameters. Notice also that the linear fit of the experimental points
yields a slope that is very close to that obtained from the calculations (see Fig. 1b).

All four configurations required to obtain the Vernier effect (i.e., transmission-series, reflection-series, trans-
mission-parallel, and reflection-parallel) were assembled using the devices D;, D, and D;. As done for the calcula-
tions shown in the previous section, we used D; as the sensing element while D; and D, were used as reference
devices. The corresponding setups are schematically depicted in the top panels of Fig. 3c-f, showing the layout
of the different arrangements as well as the 50/50 couplers and the optical circulator required for their assembly.
We first registered the spectra for room temperature conditions (i.e., T=T,,,) as seen in the plots in the figures’
middle panels. As expected, the spectra showed the low-frequency modulation envelope characteristic of the
Vernier effect. For clarity, we have included in the plots the upper and lower envelopes of the modulated signals
(solid blue curves) calculated using Eqs. (2)-(5). Despite the noise-like features in the reflection configuration
spectra, we have an excellent fitting of the calculated envelopes with the experimental results. We then registered
the spectral changes due to temperature upon heating D; from 26 to 150 °C in each configuration; the spectrum
obtained for the maximum temperature for each case is included in the bottom panels of the figures along with
their corresponding envelopes (solid red curves) calculated by means of Egs. (2)-(5) considering the thermo-
optic coefficients of the SCE The largest envelope spectral shift is indicated in the figures and also included in
Table 1, which contains the results obtained from the calculations from the previous section. It is evident from
Table 1 that the experimental sensitivities are in good agreement with the theoretical predictions. The resulting
wavelength shift of the envelopes’ peaks as a function of temperature are included in Fig. 3b, showing results
for three measurements for each of the tested temperatures. A fit for these points yields a linear relationship
between the wavelength shift (AN) and the temperature increment (AT) for the four arrangements. Notice that
as calculated from the theoretical analysis, the slope (sensitivity) obtained for the reflection configurations is
larger than that of the transmission arrangements (0.32 vs. 0.25 nm°C}, respectively). These features coincide
again with the theoretical analysis, and the sensitivities are also in excellent agreement with the predicted values
obtained from Egs. (2)-(5). For comparison, a plot of the spectral shift as a function of temperature obtained
using only Dj is also included in Fig. 3b, yielding a sensitivity of 0.026 nm°C'. Compared to this value, the
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Figure 3. (a) Experimental spectral response at room temperature (26 °C) of SCFs with different lengths
(solid black lines) and spectral response of device D; at 150 °C (solid red line), (b) Experimental spectral shift
as a function of the applied temperature for device D; and also for the different Vernier configurations, (c)-(f)
Vernier configurations and their experimental spectral responses at room temperature (26 °C) and heated at

150 °C.
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Configuration Device S[nm °C™]

Readout Series/parallel | Sensing | Reference ||AL|[[mm] ||AFSR|[nm] | Theory |Experiment
Transmission Series D, D, 12 1.9 0.24 0.257
Transmission | Parallel D, D, 12 1.9 0.24 0.249
Reflection Series D; D, 9.3 1.4 0.31 0.320
Reflection Parallel D; D, 9.3 1.4 0.31 0.321

- - D; - - - 0.027 0.026

Table 1. Summary of studied configurations and experimental results. The table includes the difference in
length of the SCF used for the sensing and reference devices (|AL| = Lg — Lg), as well as their differences in
Free Spectral Range (i.e.,| AFSR| = FSRs — FSRg). The sensitivities for each case are calculated as S = A1/AT.

Vernier arrangements provide an enhancement in sensitivity of 12.1 and 9.6 times for the reflection and trans-
mission configuration, respectively.

The enhancement in sensitivity obtained with the Vernier configurations is related to the so-called M-factor’?,
which is inversely proportional to the difference in FSRs of the devices used for the setup. In our case, the reflec-
tion configurations were constructed using D, and D3, which have a smaller difference in FSR than devices D, and
D, used for the transmission arrangements (see Table 1). Thus, in theory, the sensitivity of the Vernier setups may
increase considerably as the FSRs (i.e., the SCF lengths) of the devices are closely matched”. However, increased
sensitivities also require more complex detection instruments, and this must be considered for practical realiza-
tions of Vernier-based FOS. Some of these ideas will be discussed in the following sections.

Discussion
For a given SCEF, the coupling coefficient is generally a function of the wavelength and the temperature. Explicitly,
it can be expressed as®”%

J5 02 Ko ]

vsu? ‘ ©)
p V3 K}[W]

k(2 T) =

In this expression, the temperature-dependent refractive indices of the cladding (n.4(T)) and fiber core

neg(T)
1eo(T)

and p is the core radius. Ky and K are the modified Hankel functions of order 0 and 1, respectlve(l}r wjve‘;eas U,
V, and W are related by V2 = U2 + W2, The U parameter can be approximated as U = 2.405¢ while
the V parameter is defined as:
2mpn 2
V2 = (J) 8; (7)

A

(nc(T)) are contained in the factord =1 — . The distance between adjacent cores is represented as d,

where / is the wavelength of light in vacuum and the temperature dependence of ., has been obviated. In a
previous report, we have shown that for constant ambient temperature, the coupling coefficient of an SCF
exhibits a linear tendency around NIR wavelengths. Similarly, using Egs. (6) and (7) it can also be shown that
for a constant wavelength, the coupling coefficient follows a linear trend in the temperature range from 20 to
160 °C, as depicted in Fig. 4.

It follows then that the intricate functional form of k (4, T) (Eq. (6)) can be simplified substantially by means
of first-order approximations. For example, in terms of a first-order Taylor series expansion around (4o, Tp), the
coupling coefficient can be expressed as:

dK
K (4, T)—K()OaTO)‘f'( T) (T —To)+
d (20,To)

8/() ( 92 ) }
+ | === (T—To)|(A—40)s (8)
(3) (%0,To) 920T (%0,To)

where d denotes the partial derivative. Assuming that the term involving the second derivative is much smaller

2
than the first derivative term (i.e., ( i < (3—’;‘) ( ).o,To))’ the expansion now reads:

a).aT)U )
oK

k(A T) = K(Ao,TQ)—f—(aT

oKk
) (T - T0)+< ) (.= J0) = A+B(T — To)+C(Z — Ao),  (9)
(%0,To) 94 (%0,To)

where: A = « (49, Tp), B = ( ) ,andC = (aA )( are constants that can be quickly evaluated using
Eq. (6). Recall from Eq. (1) that for an éMF SCF-SMF arrangement the argument of the sinusoidal term for the
normalized intensity is 2+/7k L; hence, using Eq. (9), the spatial frequency (in rad m™") is simply w = 2+/7CL.
This last equation implies that the spatial frequency depends only on the length of the SCF and does not vary with
temperature, in agreement with the experimental results. Meanwhile, Eq. (9) allows for expressing the phase as
@ = 23/7L{A + B(T — Tg) + Clo}, showing that temperature changes will only affect the phase. Upon evaluating
the derivative of the phase with respect to temperature, we can obtain the sensitivity as:
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Figure 4. The coupling coefficient of the SCF as a function of temperature for three different wavelengths.

S= g—‘; = 2V7BL [md - °C‘1]

This last equation can be expressed in wavelength units using the spatial frequency;, i.e.:

s=lo 1 _2V7BL B, oc]
T o 247CL C

To illustrate the usefulness of this approximation, let us evaluate the sensitivity for device Dj: for an SCF length
of 10.5 cm and using (4o, Tp) = (1520nm, 70°C), we obtain S = 0.0269 [nm . °C_1]; notice that this is in close
agreement with both, the theoretical sensitivity estimated for the device (0.027nm - °C™!) and the experimental
result (0.026nm - °C™Y).

The same approach can be followed to analyze the phase and frequency of the spectral envelopes obtained
with the Vernier configurations. For instance, using Eq. (9), the change in phase with respect to temperature
can be shown to be:

(10)

dp B L o1
ST N T ) o
T  C(L,—L,)

where L, and L, are respectively the lengths of the SCFs used for the sensing and reference devices. Using the
lengths for devices D, and D; (i.e., L;=9.30 cm and L;=10.50 cm), we get Sy = 0.236 [nm . °C71], in close agree-
ment with the theoretical and experimental sensitivities included in Table 1. Similarly, using now devices D, and
D; (L,=9.57 cm and L;=10.50 cm) the approximation yields Sy = 0.304 [nm -°C™ ], again in agreement with
the values reported in Table 1 for the Vernier arrangements constructed with these devices.

Upon comparing Egs. (10) and (11), it is clear that the sensitivity enhancement in the Vernier configurations
is given by the factor:

Ly

My=—>—
(Ls - Lr)

(12)

Notice that the magnification is affected by the difference in lengths of the SCFs used for sensing and ref-
erence devices: the closest the lengths of the SCFs, the larger the enhancement in sensitivity, as observed in
our experimental results. According to this expression, My could be arbitrarily large if the lengths of SCFs are
matched (i.e., Ly = L,); however, practical considerations will limit the enhancement in sensitivity that can be
achieved with the Vernier configurations. To demonstrate this, let us first evaluate in terms of the approximation
the FSR of the Vernier arrangements, given by one-half of the period of the spectral envelope. This evaluation
can be shown to be:

T
BRv = e~ 1) (13)

showing that the FSR increases just as arbitrarily as My when the lengths of the SCFs are matched. Evidently,
measuring an arbitrarily large FSR is not practical because the spectral bandwidth will be limited either by the
optical spectrum analyzer or by the light source used in the experimental setup. For a given spectral bandwidth
(AAinst) and for a targeted temperature range (A Trauge), the optimum sensitivity (Sop¢) for the Vernier arrange-
ment will be given by:
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Ading B Ly B
ATmnge - C (Ls _Lr) N C

Sopt = My (14)

Meanwhile, the optimum Free Spectral Range (FSR
the available spectral bandwidth, i.e.:

opt) Of the spectral envelope should be fully resolved by

T
V7C(Ly— L)

Thus, Egs. (14) and (15) can be used to obtain the lengths for the SCFs (L, and L,,) required to obtain opti-
mum performance from the Vernier configurations. From these expressions, it is straightforward to show that
these lengths are given by:

FSRQP[ == A)binst == (15)

T T 1 1
Ly=——"—L,=— - 16
%0 ﬁBATrange i ﬁ { BATmnge CA}binst } ( )

Therefore, the optimum lengths can be calculated using the constants B and C of the coupling coefficient
approximation and practical considerations such as the temperature range to be measured and the spectral
bandwidth available for sensor interrogation.

It is clear from Eq. (16) that the targeted temperature range will dictate the required length of the sensing
device (i.e., the length for the sensing SCF). The larger the desired temperature range, the shorter the required
device and vice versa. As for the length of the reference device, the bandwidth of the instruments (either the light
source or the optical spectrum analyzer) for an experimental setup are typically known beforehand; thus, for
a fixed value of A\, the length of the SCF can be readily calculated for the targeted temperature range. As an
example, for our experiments, we have A\, ~ 100 nm and AT, ~ 130 °C, yielding L, = 36 cm and L,, = 35cm.
Evidently, these lengths are longer than those used in our devices; we should therefore expect an improved per-
formance when increasing the lengths of the SCFs used in the Vernier configurations.

Conclusions

Highly-coupled multicore fibers provide adequate spectral features for generating the optical Vernier effect
using all-fiber configurations. We have demonstrated that optical fiber sensors based on this effect can be real-
ized by means of a simple device based on SMFs and a segment of a multicore fiber. In particular, we evaluated
the performance of a sensor based on an SCF spliced at both ends to conventional SMFs, yielding a versatile
device for realizing Vernier-based fiber sensors. The SMF-SCF-SMF device was constructed following standard
splicing procedures, and it was shown to serve as a “building block” for reflection and transmission sensing
configurations. Hence, in contrast to other approaches using interferometric devices, our approach does not
require elaborated fabrication nor high-precision adjustments on the lengths of the SCE. As demonstrated with
our experimental results, the Vernier arrangements can yield a ten-fold increase in sensitivity for temperature
measurements compared to a single SMF-SCF-SMF device, thereby confirming the enhanced sensitivity that
can be attained with this optical effect. Through theoretical analysis of the proposed devices, we showed that
the relevant parameter for optimizing the sensitivity with the Vernier configurations is the length of the SCE.
This length has to be chosen following practical considerations such as the temperature range to be measured
and the bandwidth of the instrument used for spectral analysis. This analysis should thus be helpful to provide
the necessary guidelines for constructing Vernier-based fiber optic sensors with optimal sensitivity for different
sensing applications.

Methods
Normalized intensity of an SMF-SCF-SMF device. According to coupled-mode theory, the complex

amplitude of the central core of an SCF of length L is given by”>"*:

A =ikl {cos(ﬁkL) - %m(ﬁu)}, (17)

Thus, the normalized intensity of the central core is:

|AI> =1 = cos? <\ﬁKL> + %sin2 <ﬁKL>. (18)

Using the trigonometric identities cos?6 + sin?0 = 1 and 2cos?d — 1 = 2c0s26, the normalized intensity
can be written as:

3 4
I= ;cos(ZﬁKL) + 5 (19)

Envelopes of SCF Vernier spectra. For two SMF-SCE-SMF devices connected in series and with trans-
mission readout, the normalized intensity is given by:
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1
1 = E{3cos(2ﬁksLs) +4} X {3cos(2ﬁKrLr) +4}, (20)

where the subscripts r and s indicate the reference and sensing devices, respectively. Expanding this product,
we get:

1
I};’r‘ = E{%os <2ﬁK5LS> cos(ZﬁKrLr> + 12cos <2ﬁK5LS> + IZCOS(ZﬁK,Lr> + 16}.

Using 2cosOcosgp = cos(0 — ¢) + cos(0 + ¢), we can write the first term as the sum and the difference of the
arguments and thus obtain:

19 9
%= E{Ecos (zﬁsts - zﬁerr) + ECOS(ZﬁKSLS + ZﬁKrLr) + 12c0s (zﬁKSLS) + 12cos<2ﬁerr) + 16}.

1
1 = %{%os(zﬁms - 2f7err) + 9cos<2ﬁK5Ls + 2«/7K,Lr> + 24cos(2ﬁKSLs) + 24cos<2«/7KrLr> + 32}.

We can also express the third and fourth terms as the sum and the difference of the arguments by using the

trigonometric identity: cosf + cosg = 2cos (%) cos ( 9% > This substitution leads to:

1
% = 5 {9cos <2ﬁxSLS - 2ﬁKrLr> + 9cos <2f7KSLS + 2ﬁerr)
+48cos (ﬁKSLS — «ﬁerr)cos <\ﬁK5Ls + ﬁKrLr) + 32}

With this expression, we can start looking for the corresponding envelope (i.e., the low-frequency signal
in which local maxima values occur). First, we can expect the first term to be part of the envelope as the
argument is proportional to the length difference of the devices. Then, we can notice that the second term,

9cos(2\/7/<SLS + ZﬁKrLr), corresponds to the first harmonic of the high-frequency component of the
third term, COS(«ﬁKSLS + ﬁerr). This relation means that for values of the argument in which the third
term reaches a local maximum or minimum, the second term reaches its maximum. In other words, when

23/7ksLs + 24/7k+ L, = n7, an extreme value is expected in Ig;’,‘ . For this condition, the second term reduces to
9, and the high-frequency component in the third term is reduced to + 48 as a maximum and minimum alternate.

Using this, we can thus elaborate an expression for the envelope that reads:
1
EP* = %{%os (2ﬁK5LS - 2f7er,) 49+ 48cos(ﬁKSLS - ﬁKrLr) + 32}, 1)

Finally, grouping terms and defining « = ~/7k;Ls — ~/7k,L,, we obtain Eq. (2).
Similarly, for two SMF-SCF-SMF devices connected in parallel and with transmission readout, the normal-
ized intensity is:

1 1
Ig;r = ﬂ{?)cos(ZﬁlcsLs) + 4} + ﬁ{3cos<2ﬁerr) + 4}, (22)

1
1;1’; = —{3cos<2ﬁK5Ls) + 3c0s<2«ﬁKrLr> + 8}>

14

Again, using cosf + cosgp = 2cos (9%‘”) cos (%), we obtain:

1
Ix = a{6cos (ﬁ/csLs - ﬁ/{rLr) 6cos (ﬁ/csLs + «ﬁ/crLr) + 8},

par

ITx

par follows the low-frequency component 6cos (ﬁ tsLs — ~/7k+ Lr) which

Then, it is clear that the envelope of
leads, substituting a, to Eq. (3).

For the case of series connection in reflection readout, the light passes twice through each device before
recording the corresponding spectra. Thus, the normalized intensity is:

IS}Z’r‘ = % {3cos <2ﬁKsLs) + 4} X {3cos (ZﬁKrLr> + 4} X {3cos (Z«ﬁ/csLs) + 4} X {3cos <2\f7/(rLr) + 4},
(23)

Rx _ 1Tx Tx
Iser - Iser X Iser

2
R T
1= {1}

Then, the envelope can be obtained as:
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1 2
ER = @{%os (20758 = 2/7irLs ) +9 = 48c0s (Vs — V7 ) + 32} (24)
Finally, for parallel connection in reflection readout, the normalized intensity is:

1 2 1 2
I’ = m{3cos (2f7xSLs) + 4} + m{3cos (2ﬁerr) + 4} , (25)

IRx_i

1
par = 5g {9C082 (ZﬁKSLS> + 24cos(2ﬁK5Ls> + 16}—{—%{%032 (2«/7/{@,) + 24COS(2ﬁKrLr) + 16}

Now, using cos%6 — % = %60529,

1 (9 41 1(9 41
Iﬁa", = 9—8{Ecos <4ﬁK5LS) + 24cos<2«/7xSLs) + 7}+ﬁ{5cos <4ﬁerr> + 24cos<2xf7KrLr> + 7}

1 (9 9
Iﬁ‘r = %{fcos (4«ﬁK5LS) + ECOS (4ﬁ/{rLr) —+ 24cos (ZﬁKSLS) + 24cos (Z«ﬁKrLr> + 41}

2

2

1
= o {9cos <2ﬁKsLS - 2ﬁerr) cos (2f7KSLS + zﬁerr)
+48cos (ﬁ/{sLs — ﬁKrLr>cos («ﬁ/{sLs + ﬁ/crLr> + 41}

. . _ 0—¢ 6+¢
Then, using again cosé + cosp = 2cos (—) cos (T)

Using a similar analysis to that used for I ¥, the extreme values in Iﬁ‘, are expected to occur when the local
maxima in the first two terms coincide. As local maxima are governed by the high-frequency cosine factors and
owning the harmonic nature of the two first terms, the local maxima coincide when 23/7ksLs + 24/7k,Ly = 1.
For these cases, the high-frequency function of the first term,cos (ZﬁksLs + Zﬁ/crLr), equals 1, while the cor-
responding high-frequency function of second terms,cos(v/7«sLs 4+ +/7k:L;), equals + 1. Thus, an expression

for the envelope of IX* may be written as:

par
1
Eg;, = %{%os <2ﬁKsLS — Zﬁ/crLr> =+ 48cos <«ﬁKSLS — ﬁerr> + 41}. (26)

Interestingly, although the expressions for I’* and Ilﬁfr are essentially different, the envelopes found under
this analysis are identical for these two cases.

Construction of SMF-SCF-SMF devices. The devices used in our experiments were fabricated upon
fusion splicing the SMF and the SCE After performing the first splice to join both fibers, the SCF was mounted
over a fiber cleaver and displaced to the desired length using a translational stage with a micrometer. The second
end of the SCF segment was finally spliced to an SME. It should be noted that the fabrication process of these
fiber devices does not require chemical etching, fiber tapering, or laser processing, and only commercially avail-
able equipment is needed.

Received: 23 June 2021; Accepted: 24 August 2021
Published online: 15 September 2021

References
1. Zhang, P. et al. Cascaded fiber-optic Fabry-Perot interferometers with Vernier effect for highly sensitive measurement of axial
strain and magnetic field. Opt. Express 22(16), 19581-19588 (2014).
2. Liu, Y. et al. Fiber-optic sensors based on Vernier effect. Measurement 167, 108451 (2021).
3. Kong, L. et al. Cylinder-type fiber-optic Vernier probe based on cascaded Fabry-Perot interferometers with a controlled FSR ratio.
Appl. Opt. 57(18), 5043-5047 (2018).
4. Li, K. et al. Birefringence induced Vernier effect in optical fiber modal interferometers for enhanced sensing. Sens. Actuators B
Chem. 275, 16-24 (2018).
5. Gomes, A. D. et al. Giant refractometric sensitivity by combining extreme optical Vernier effect and modal interference. Sci. Rep.
10(1), 1-14 (2020).
6. Ong, L. L. K. et al. Cylinder-type fiber-optic Vernier probe based on cascaded Fabry-Perot interferometers with a controlled FSR
ratio. Appl. Opt. 57(18), 5043-5047 (2018).
7. Zhang, G. et al. High temperature Vernier probe utilizing photonic crystal fiber-based Fabry-Perot interferometers. Opt. Express
27(26), 37308-37317 (2019).
8. Wang, E et al. High-sensitivity Fabry-Perot interferometer temperature sensor probe based on liquid crystal and the Vernier effect.
Opt. Lett. 43(21), 3-6 (2018).
9. Zhang, P. et al. Simplified hollow-core fiber-based Fabry-Perot interferometer with modified Vernier effect for highly sensitive
high-temperature measurement. IEEE Photonics J. 7(1), 1-10 (2015).
10. Zhang, J. et al. Ultrasensitive temperature sensor with cascaded fiber optic Fabry-Perot interferometers based on Vernier effect.
IEEE Photonics J. 10(5), 1-11 (2018).
11. Hou, L. et al. Highly sensitive PDMS-filled Fabry-Perot interferometer temperature sensor based on the Vernier effect. Appl. Opt.
58(18), 17239-17250 (2019).
12. Lang, C. et al. Ultra-sensitive fiber-optic temperature sensor consisting of cascaded liquid-air cavities based on Vernier effect. IEEE
Sens. J. 20(10), 52865291 (2020).

Scientific Reports |

(2021) 11:18383 | https://doi.org/10.1038/s41598-021-97646-0 nature portfolio



www.nature.com/scientificreports/

13. Yang, Y. et al. Ultrasensitive temperature sensor based on fiber-optic Fabry-Perot interferometer with Vernier effect. J. Russ. Laser
Res. 40(3), 243-248 (2019).

14. Lei, X. & Dong, X. High-sensitivity Fabry-Perot interferometer high-temperature fiber sensor based on Vernier effect. IEEE Sens.
J.20(10), 5292-5297 (2020).

15. Nan, T. et al. High-temperature fiber sensor based on two paralleled fiber-optic Fabry-Perot interferometers with ultrahigh sen-
sitivity. Opt. Eng. 59(2), 027102 (2020).

16. Gomes, A. D. et al. Multimode Fabry-Perot interferometer probe based on Vernier effect for enhanced temperature sensing. Sen-
sors 19(3), 453 (2019).

17. Su, H. et al. Parallel double-FPIs temperature sensor based on suspended-core microstructured optical fiber. IEEE Photonics
Technol. Lett. 31(24), 1905-1908 (2019).

18. Ruan, T. et al. Cascaded polarizer-PMF-Fabry-Perot structure with a tunable initial state for ultra-highly sensitive temperature
measurement. Appl. Phys. Express 12(12), 122002 (2019).

19. Flores, R. et al. Optical fibre Fabry-Perot interferometer based on inline microcavities for salinity and temperature sensing. Sci.
Rep. 9(1), 1-9 (2019).

20. Xinghu, E et al. A sensitivity-enhanced temperature sensor with end-coated PDMS in few mode fiber based on vernier effect. Opt.
Commun. 479, 127173 (2021).

21. Liu, Q. et al. Sensing characteristics of photonic crystal fiber Sagnac interferometer based on novel birefringence and Vernier effect.
Metrologia 57(3), 035002 (2020).

22. Tang, J. et al. Sensitivity-enhanced temperature sensor by hybrid cascaded configuration of a Sagnac loop and a F-P cavity. Opt.
Express 25(26), 33290-33296 (2017).

23. Shao, L. et al. Sensitivity-enhanced temperature sensor with cascaded fiber optic Sagnac interferometers based on Vernier effect.
Opt. Commun. 336, 73-76 (2015).

24. Zhang, G. et al. Ultra-sensitive high temperature sensor based on a PMPCEF tip cascaded with an ECPMF Sagnac loop. Sens.
Actuators APhys. 314, 112219 (2020).

25. Yang, Y. et al. Sensitivity-enhanced temperature sensor by hybrid cascaded configuration of a Sagnac loop and a FP cavity. Opt.
Express 25(26), 33290-33296 (2017).

26. Gomes, A. D. et al. Hollow microsphere combined with optical harmonic Vernier effect for strain and temperature discrimination.
Opt. Laser Technol. 127, 106198 (2020).

27. Huang, B. et al. Highly sensitive temperature sensor based on all-fiber polarization interference filter with Vernier effect. IEEE
Access 8,207397-207403 (2020).

28. Ding, Z. et al. Highly sensitive temperature sensor based on cascaded HiBi-FLMs with the Vernier effect. J. Opt. Soc. Am. B 37(7),
1948-1955 (2020).

29. Wang, Z. et al. Sensitivity-enhanced fiber temperature sensor based on Vernier effect and dual in-line Mach-Zehnder interfer-
ometers. IEEE Sens. J. 19(18), 7983-7987 (2019).

30. Lin, H. et al. Cascaded fiber Mach-Zehnder interferometers for sensitivity-enhanced gas pressure measurement. IEEE Sens. J.
19(7), 2581-2586 (2019).

31. Lin, H. et al. Ultra-highly sensitive gas pressure sensor based on dual side-hole fiber interferometers with Vernier effect. Opt.
Express 26(22), 28763-28772 (2018).

32. Lu, C. et al. Label free all-fiber static pressure sensor based on Vernier effect with temperature compensation. IEEE Sens. . 20,
4726-4731 (2020).

33. Wang, S. et al. All-optical demodulation fiber acoustic sensor with real-time controllable sensitivity based on optical Vernier effect.
IEEE Photonics J. 11(4), 6801911 (2019).

34. Chen, P. et al. Cascaded-cavity Fabry—Perot interferometric gas pressure sensor based on Vernier effect. Sensors 18, 3677 (2018).

35. Li, Z. et al. High-sensitivity gas pressure Fabry-Perot fiber probe with micro-channel based on Vernier effect. J. Lightwave Technol.
37(14), 3444-3451 (2019).

36. Quan, M. et al. Ultra-high sensitivity Fabry—Perot interferometer gas refractive index fiber sensor based on photonic crystal fiber
and Vernier effect. Opt. Lett. 40(21), 1-4 (2015).

37. Jiewen, J. L. I et al. Ultrasensitive refractive index sensor based on enhanced Vernier effect through cascaded fiber core-offset
pairs. Opt. Express 28(3), 4145-4155 (2020).

38. Yang, Y. et al. High-sensitive all-fiber Fabry-Perot interferometer gas refractive index sensor based on lateral offset splicing and
Vernier effect. Int. J. Light Electron Opt. 196, 163181 (2019).

39. Wang, X. & Wang, Q. A high-birefringence microfiber Sagnac-interferometer biosensor based on the Vernier effect. Sensors 18,
4114 (2018).

40. Xu, Z. et al. Highly sensitive refractive index sensor based on cascaded microfiber knots with Vernier effect. Opt. Express 23(5),
12645-12652 (2015).

41. Xu, Z. et al. Sensitivity-controllable refractive index sensor based on reflective 8-shaped microfiber resonator cooperated with
Vernier effect. Sci. Rep. 9620, 1-8 (2017).

42. Ju,J. et al. Dual Mach-Zehnder interferometer based on side-hole fiber for high-sensitivity refractive index sensing. IEEE Photonics
J.11(6), 7105513 (2019).

43. Chen, G. et al. Double helix microfiber coupler enhances refractive index sensing based on Vernier effect. Opt. Fiber Technol. 54,
102112 (2020).

44. Jia, P. et al. Temperature-compensated fiber-optic Fabry-Perot interferometric gas refractive-index sensor based on hollow silica
tube for high-temperature application. Sens. Actuators B Chem. 244, 226-232 (2017).

45. Nan, T. et al. Ultrasensitive strain sensor based on Vernier effect improved parallel structured fiber-optic Fabry-Perot interferom-
eter. Opt. Express 27(12), 33290-33296 (2019).

46. Tian, J. et al. High-sensitivity fiber-optic strain sensor based on the Vernier effect and separate Fabry-Perot interferometers. J.
Lightwave Technol. 37(21), 5609-5618 (2019).

47. Wu, Y. et al. Highly sensitive Fabry-Perot demodulation based on coarse wavelength sampling and Vernier effect. IEEE Photonics
Technol. Lett. 31(6), 487490 (2019).

48. Deng, J. et al. Ultra-sensitive strain sensor based on femtosecond laser inscribed in-fiber reflection mirrors and Vernier effect. J.
Lightwave Technol. 37(19), 4935-4939 (2019).

49. Zhang, Y. et al. Optical fiber technology sensitivity-enhanced fiber strain sensing system based on microwave frequency scanning
with the Vernier effect. Opt. Fiber Technol. 43, 175-179 (2018).

50. Liu, L. et al. High-sensitivity strain sensor implemented by hybrid cascaded interferometers and the Vernier-effect. Opt. Laser
Technol. 119, 105591 (2019).

51. Xhie, M. et al. Vernier effect of two cascaded in-fiber Mach-Zehnder interferometers based on a spherical-shaped structure. Appl.
Opt. 58(23), 6204-6210 (2019).

52. Xu, R. et al. Experimental characterization of a Vernier strain sensor using cascaded fiber rings. IEEE Photonics Technol. Lett.
24(23), 2125-2128 (2012).

53. Liao, H. et al. Sensitivity amplification of fiber-optic in-line Mach-Zehnder Interferometer sensors with modified Vernier-effect.
Opt. Express 25(22), 26898-26909 (2017).

Scientific Reports|  (2021) 11:18383 | https://doi.org/10.1038/s41598-021-97646-0 nature portfolio



www.nature.com/scientificreports/

54. Zhang, S. et al. Highly sensitive vector curvature sensor based on two juxtaposed fiber Michelson interferometers with Vernier-like
effect. IEEE Sens. J. 19(6), 2148-2154 (2019).

55. Robalinho, P. & Frazao, O. Giant displacement sensitivity using push-pull method in interferometry. Photonics 8(1), 23 (2021).

56. Zhao, Y. et al. Relative humidity sensor based on Vernier effect with GQDs-PVA un-fully filled in hollow core fiber. Sens. Actuators
A 285, 329-337 (2019).

57. Saitoh, K. & Matsuo, S. Multicore fiber technology. J. Lightwave Technol. 34, 55-66 (2016).

58. Willner, A. Optical Fiber Telecommunications VII Vol. 11 (Academic Press, 2019).

59. Villatoro, J. et al. Ultrasensitive vector bending sensor based on multicore optical fiber. Opt. Lett. 41(4), 832-835 (2016).

60. Floris, I. et al. Measurement uncertainty of multicore optical fiber sensors used to sense curvature and bending direction. Measure-
ment 132, 35-46 (2019).

61. Xia, C. et al. Supermodes in coupled multi-core waveguide structures. IEEE J. Sel. Top. Quantum Electron. 22(2), 196-207 (2016).

62. Xia, C. et al. Supermodes for optical transmission. Opt. Express 19(17), 16653-16664 (2011).

63. Van Newkirk, A. et al. Multicore fiber sensors for simultaneous measurement of force and temperature. IEEE Photonics Technol.
Lett. 27(14), 1523-1526 (2015).

64. Salceda-Delgado, G. et al. Compact fiber-optic curvature sensor based on super-mode interference in a seven-core fiber. Opt. Lett.
40(7), 1468-1471 (2015).

65. Antonio-Lopez, J. E. et al. Multicore fiber sensor for high-temperature applications up to 1000°C. Opt. Lett. 39(15), 4309 (2014).

66. Cuando-Espitia, N. et al. Dual-point refractive index measurements using coupled seven-core fibers. J. Lightwave Technol. 39(1),
310-319 (2021).

67. Snyder, A. W. Coupled-mode theory for optical fibers. J. Opt. Soc. Am. 62(11), 1267-1277 (1972).

68. Murakami, Y. & Sudo, S. Coupling characteristics measurements between curved waveguides using a two-core fiber coupler. Appl.
Opt. 20(1), 417-422 (1981).

69. Lines, M. E. Physical origin of the temperature dependence of chromatic dispersion in fused silica. . Appl. Phys. 73(5), 2075-2079
(1993).

70. Medhat, M., El-Zaiat, S. Y., Radi, A. & Omar, M. F. Application of fringes of equal chromatic order for investigating the effect of
temperature on optical parameters of a GRIN optical fibre. . Opt. A Pure Appl. Opt. 4(2), 174 (2002).

71. Arrizabalaga, O. et al. High-performance vector bending and orientation distinguishing curvature sensor based on asymmetric
coupled multi-core fibre. Sci. Rep. 10(1), 14058 (2020).

72. Gomes, A. D. et al. Optical harmonic Vernier effect: A new tool for high performance interferometric fiber sensors. Sensors 19(24),
5431 (2019).

73. Perez-Lejia, A. et al. Generating photon-encoded W states in multiport waveguide-array systems. Phys. Rev. A 87(1), 013842
(2013).

74. Wenhua, R. & Zhongwei, T. A study on the coupling coefficients for multi-core fibers. Optik 127(6), 3248-3252 (2016).

Acknowledgements

This work was partially supported by CONACyT-Mexico through grants Ciencia de Frontera 2019-102963
and CB2016 286368, Gobierno del Estado de Guanajuato through Grant IDEA-GTO AI-20-65 and by UNAM
through Grants DGAPA-PAPIIT TA101220 and DGAPA-PAPIIT IT100421.

Author contributions

M.A.EE, AAM.V.B. and N.C.E. fabricated the SMF-SCF-SMF devices and performed the experiments. R.A.
provided the S.C.F. used in all the experiments. D.M.A., N.C.E., and M.A.EE. conceived the idea. J.H.C. and
N.C.E. developed the analysis for Vernier envelopes, enhancement factor, and optimum design parameters. All
authors discussed the experimental data and contributed to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.C.-E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:18383 | https://doi.org/10.1038/s41598-021-97646-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Vernier effect using in-line highly coupled multicore fibers
	Principle of operation. 
	Experimental results
	Discussion
	Conclusions
	Methods
	Normalized intensity of an SMF–SCF–SMF device. 
	Envelopes of SCF Vernier spectra. 
	Construction of SMF–SCF–SMF devices. 

	References
	Acknowledgements


