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In this study, we investigate the sensing applications in the presence of the nonlinear effects by
proposing an all-optical sensor and considering nonlinear effects on modal propagation and output
intensity based on an ultra-compact nonlinear multimode interference coupler. The sensor can be
tuned to have the highest sensitivity in the wavelength and refractive index ranges and can detect
water-soluble chemicals, air-pollutions, earthquake wave, blood parameters, and heart operation.
The results indicate high output sensitivity to input wavelength whereas the nonlinear effects ap-
pear in the medium. This sensitivity led us to propose a wave sensor of both transverse and longi-
tudinal waves, such as acoustic and light waves, when an external wave interacts with an input
waveguide. For instance, this sensor can be implemented using a long input that is inserted in
the land, and any wave could then be detected from the Earth. The visible changes in intensity at
the output facet in various refractive indices of the surrounding layer show the high sensitivity to
the refractive index of the surrounding layer, which is the foundation of introducing a sensor. Gen-
erally, the results show the high efficiency of nonlinear effects in all-optical sensing performances.

Keywords: nonlinear multimode interference (NLMMI), nonlinear modal propagation analysis (NMPA),
all-optical sensor, cladding refractive, chemical sensing, earthquake, air pollution, water-
-soluble.

1. Introduction

Multimode interference (MMI) couplers [1] have recently become key elements in
planar integrated photonics. These couplers have significant features such as low loss
and crosstalk [2], high optical bandwidth [3], compact size [4], low sensitivity to input
polarization [5], low sensitivity to operating wavelength [6], and tolerance to fabrica-
tion errors. MMI couplers have broad applications in photonic complex circuits.
An important application is an all-optical sensor, especially when operated in the non-
linear regime. 
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MMI couplers have been widely used for various sensing purposes, such as temper-
ature, pressure, and chemical/biological sensors, in which the change in refractive index
is indicative of the change in output intensity [7–9]. Several MMI sensors have been
introduced by changing their configuration to have a small length of self-imaging for-
mation and they are also modeled to have a long length and complicated structures [9].

The NLMMI coupler as an active device is more sensitive to input characterization
and region environment, which can change the interference mechanism among the guid-
ed modes. Nonlinear regimes might be more sensitive to the changes in parameters such
as the refractive index of the surrounding and core layers, input wavelength and inten-
sity produced by self- and cross-phase modulation, wave-mixing, and exchange energy
among exited modes. Therefore, the NLMMI coupler has the potential to be an accurate
sensor.

In this paper, the nonlinear modal propagation analysis (NMPA) [10–15] method
is applied in multimode interference waveguide as a novel and high potential approach
for detecting air pollution, water-soluble materials, and waves, which affect the input
waveguide. Each change in the surrounding layer or input wavelength leads to an MMI
reaction, which is demonstrated in modal propagation and output intensity. The high
changes in output intensity created as a result of the variety of surrounding layers prove
the high performance of the proposed sensor. Notably, this nonlinear device could
demonstrate reaction to other stimuli such as light, acoustic wave, and temperature, as
well as the change in the surrounding layer. 

This paper is arranged as follows: in Section 2, NMPA is introduced and several
nonlinear effects are explained. The results and discussions of the robust sensor are
presented in Section 3. Finally, the conclusion and future directions of this research
are shown in Section 4. 

2. Nonlinear modal propagation analysis

The MMI coupler is introduced to photonic devices as having the simplest structure.
Although this device has broad applications in integrated photonic circuits and tele-
communications, its use has propagated with the appearance of nonlinear effects be-
cause of changes in the modes of the electric field in terms of amplitudes or phases.
This application exchanges energy among modes [15]. This advantage leads to an abil-
ity to control the wave propagation in the medium, thereby contributing to signal pro-
cessing in all-optical functions [13].

The central region of the MMI coupler is the multimode waveguide. The access
waveguides that are usually in single mode are fixed at the input and output facets of
the multimode waveguide (Fig. 1). The performance of these devices depends on
the interference of guided modes, where the complete constructive interference con-
tributes to the formation of single or multiple self-images at precise distances in
the input facet. The interference property of the MMI waveguide significantly depends
on the refractive indices of the core and cladding regions of the multimode waveguide.
In other words, by varying the refractive index in the core or the cladding region, modal
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interferences phenomena are also changed. In fact, by exposing the multimode region
to intense light, the core refractive index becomes a function of intensity in the presence
of the Kerr nonlinear effect. As a result, the modes propagate in a different manner
according to changes in optical properties. We can design an all-optical sensor to have
small MMIs by studying this effect in multimode interference couplers and by applying
the obtained results. In this section, we theoretically study the nonlinear effects in
an MMI coupler by studying the NMPA method in the central region. 

The refractive index is shown in Fig. 2, and our design is shown as well. In fact,
the MMI coupler is assumed as a conventional structure. Notably, nMMI must be higher
than nclad to confine the light in the core region that originates from the total reflection
basis. 

The critical angle determines the mode expansion in the lateral direction and is
dependent on the refractive indices of the core and cladding layer. When boundary con-
ditions are used, the guided modes are discreet, which is consistent with the theory of
optical waveguides. In other words, the critical angle indicates the guided mode
number.

The MMI region is isotropic, and the field in this region is a superposition of all
the modal fields of the MMI. The details of the modal propagation analysis (MPA)
method are shown in [1, 16]. In studying the NMPA, the mode amplitudes are consid-
ered as a function of propagation direction and they not only show the phase and
amplitude changes in the region but also the exchange of energy among modes (in the
z direction). On the other hand, the amplitude of the modal fields is constant in the lin-
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Fig. 1. Schematic structure of an MMI coupler.
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Fig. 2. Refractive index in a ridge waveguide.
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ear regime. Therefore, we follow the conventional MPA while considering the mode
amplitudes as a function of propagation direction, and then the nonlinear coupled equa-
tions of guided modes are solved to obtain the electric field throughout the MMI region
to apply the Kerr effect on MPA and to propose NMPA.

The height of the MMI coupler is considered to be 1 μm that leads to the excitation
of a mode in vertical direction (y) so that a propagation constant is produced in this
direction. The light distribution in 3D is expressed as

(1)

After substituting the above equation in the nonlinear wave equation, the following
equation is obtained

(2)

The second term in the left side of the equation indicates third-harmonic generation.
The explained procedure in our study can be used for the third-harmonic generation
by considering the mentioned term in solving the nonlinear coupled equations and in
obtaining the modes electric field in the launched and generated frequency; however,
because of the sensing application on the frequency ω (same frequency as the input),
we avoid considering the third-harmonic generation and omit the related term. 

From the above equation, we have a dispersion equation as:

(3a)

(3b)

Comparing Eqs. (3a) and (3b), the effective refractive index for the core layer is ob-
tained as

(4)
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The core refractive index is affected by the surrounding layer refractive index, as
shown in Eq. (4).

Notably, the penetration depth of each mode into the cladding region is very small
and has a negligible effect on the device performance. Thus, the clad refractive index
does not contribute to this effective refractive index. Moreover, the negligible pene-
tration and single mode in the vertical direction enable the ease of the efective index
method (EIM) procedure. In the above method, EIM is not an approximation against
the other. Notably the vertical profile of the electric field does not change from the
input waveguide to the MMI. As such, access waveguides should follow the MMI and
be considered in 2D because they have 100% overlap in the y direction because they
have the same mode in the y direction.

In fact, the electric field in the y direction is not affected by the nonlinear medium
and as such, there is no need to indicate it in the electric field, which is why the medium
is studied in 2D. 

Therefore, the field distribution of the light in the MMI region is expressed by

(5)

where v is the mode number, Av(z) is the amplitude of the v-th mode that contains real
and imaginary parts, γv and βv are lateral and longitudinal propagation constants of the
v-th mode, respectively. With the appearance of the nonlinear effect in the MMI region,
the refractive index of this region changes and contains a nonlinear part. The total re-
fractive index of the MMI region is then given by

(6)

where nMMI is the usual weak-field refractive index of the guiding structure (linear
term), I denotes the intensity of the input light, and nNL is the nonlinear refractive index
determined by the Kerr nonlinear effect. 

Here, applying the NMPA is the most important process to study the nonlinear
phenomenon, which is induced in the multimode waveguide that is launched with
a linearly polarized wave. Such a phenomenon could induce several desirable effects
on mode propagations and interactions, as discussed in the next section.

The nonlinear mode equation for the MMI coupler obtained from NMPA is (from
Eq. (2) [13])

(7)

where Cv (p, q) are the overlap coefficients of the different modes. Here, the right-hand
side of Eq. (7) includes self-phase modulation terms (p = q = v = s), cross-phase modu-
lation terms (p = v ≠ q = s), and terms that lead to power exchange among the modes.
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This set of coupled numerical differential equations can be solved using high-accuracy
Finite difference method (FDM) but is time consuming. Moreover, memory limitations
restrict its application to small low-intensity nonlinear MMI.

By solving the set of υ coupled equations of the field amplitudes (v = 0, ±1, ±2, ...),
the field amplitude Av(z) of the modes is obtained. Consequently, by using Eq. (7),
the field in the MMI region can be obtained; numerical calculations show the ampli-
tudes as an interpolating function that are complex numbers.

For clarity, we used the results of self- and cross-phase modulation and wave-mixing
from our last report on glass [15] and they are shown in Fig. 3.

In the self-phase modulation effect, the sinusoidal profile is converted to the Gaussian
profile without change in the amplitude maximum (Fig. 3). However, changes in wave-
length, amplitude maximum, and wavelength shift between two modes originate from
cross-phase modulation and wave-mixing.

The field profile of the guided modes, in general, consists of a superposition of sine
and cosine light waves, with zero fields at the boundaries of the guiding region. In ad-
dition, we assume that there is negligible penetration of the fields in the cladding layer
as well as Goos–Hanchen shift because of the high contrast index, which increases by
imposing nonlinearity. 

The field amplitude in the output port is obtained by evaluating the summation of
the overlap integral between the profile of an output waveguide and the profile of
the excited modes of the MMI region

(8)

By calculating the summation of the above equation with regards to the outputs, the
electric field in the output is obtained.
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3. Results and discussion 

Nonlinear effects in the multimode waveguide cause high sensitivity to physical
parameters such as refractive indices, wavelength, phase, dimension, and input inten-
sity. However, in linear regimes, multimode waveguides as passive do not have any
reaction to every parameter, especially to the input intensity, whereas in nonlinear re-
gime, they are active and have strong reaction to any changes either in the system or
environment characteristics. The high sensitivity of output intensity to the surrounding
layer and input wavelength and intensity give us an opportunity of producing excellent
biological/chemical and geophysics sensors by studying an nonlinear multimode in-
terference (NLMMI) coupler based on the NMPA method. Our study includes inves-
tigations of output intensity as a function of input intensity, input wavelength, and
cladding refractive index (air and liquid categories). The mode expansion of the multi-
mode region and intensity distribution upon the output throat (1.5×5 μm2) demon-
strates the high sensitivity of propagation to such changes. 

Our considerations are limited to the MMI coupler with the following structure,
nMMI = 1.56, WMMI = 10 μm, d = 4.5 μm, b = 1.5 μm and 8.4×10–18 m2/W.
These parameters show the core refractive index, effective width, transversal distance
between the multimode waveguide center and the single input waveguide centers, input
waveguides width, and third-order susceptibility, respectively.

Notably, the material used for the core layer is polydiacetylene due with high
nonlinearity. This material is a Π-junction and has excellent nonlinear properties.
Thus, its susceptibility is more than eight times bigger than that of silicon. Therefore,
polydiacetylene may be best candidate to apply in the NLMMI coupler.

In this section, we present the results that show the ability of NLMMI to propose
biological/chemical and geophysics sensors. The sequence of the results and discussion
are shown as follows to give the reader logical purposes about the mentioned sensor.

The first parameter that should be determined is input intensity, which increases
the sensitivity of the design. Hence, output intensity as a sensing operation parameter
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is studied as a function of input intensity, as shown in Fig. 4. The result shows oscil-
lation on 1000 W/μm2 (electric field is 7×108 N/C), which could be a good option for
an input intensity candidate.

The output sensitivity to input wavelength is an inseparable element of our device;
Fig. 5 validates our claim by studying the normalized output electric field and insertion
loss as a function of input wavelength. This demonstration shows biological and geo-
physics sensors, as discussed below. 

Several researchers claim that an input wavelength around 1550 nm is not a good
option for sensing by polymer waveguides because of higher absorption on these wave-
lengths. As such, they choose 1300 nm as the input wavelength [9]. However, insertion
losses in MMI waveguides are considerable in such cases compared with the absorp-
tion. In nonlinear regime, the result shows that the loss is lower around 1550 nm than
1300 nm, as shown in Fig. 5b. Therefore, 1550 nm can be feasible for a good sensor.

The sensitivity to input wavelength guides us to produce sensors that can detect
earthquake, blood pressure, and heart waves. For clarity, we divided them into two
categories: earthquake and body sensing.

When inputs are connected to the earth, an interaction with any wave such as
an acoustic wave can affect the input wavelength and different wavelengths (or fre-
quency) are shown to the NLMMI. High sensitivity to input wavelength enables the
detection of earth waves such as earthquake waves. Notably, it can provide information
sooner than implemented sensors. Furthermore, more applications could be proposed
because of the sensitivity of the input wavelength to any kind of waves that also contain
light. It can operate as a switch to automatically turn the lamps off and on at day or
night. The reorganization between the words in spelling can be another application so
that such sounds can be translated and converted to word codes during monitoring.

Body applications enable physicists to realize heart operation by touching the heart
area with input waveguide. Putting an input waveguide on a vena enables the mea-
surement of blood pressure and pulse numbers. 
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An important application of waveguide sensors are refractive sensors. In nonlinear
regime, especially in multimode, the waveguide could demonstrate higher sensitivity
to the cladding refractive index without the need of complicated structures. In this pa-
per, we discuss air cladding and water cladding sensors.

First, we tested the refractive index in three different input wavelengths by studying
the output intensity in air with a cladding on 1300, 1530, and 1550 nm. This test can
give more insight for choosing a wavelength and for accurately measuring air pollution
(Fig. 6). 

Figure 6 demonstrates the output intensity of refractive index in air at 1550, 1530,
and 1300 nm wavelengths. At 1530 nm, more oscillations are observed. As such, it can
be a good candidature for air sensing. 

Several researchers prefer the linear curve because of its ability to relate any in-
tensity to a special refractive index, which makes their work easy. However, the ac-
curacy in the small slope is low, similar to that in 1300 nm. However, the linear curve
can only detect just one type of pollution, such as detecting the density of carbon in
air. Applying the wavelength with more oscillation while having multiple intensities
for the refractive index remains to be a challenge. The answer is increasing the output
numbers to analyze any point of refractive index and different amounts of intensity in
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the outputs so that the pollution in air and water can be detected. Here, we choose
1530 nm because it has a higher slope than other wavelengths. 

The intensity distributions in the throat of an output facet show that 1530 nm is
the best choice, as shown in Fig. 7. These simulated results are also provided in Fig. 6.
Three spots in b explain the capability of 1530 nm to detect with high accuracy.

The use of water-soluble refractive index range is the best candidate in sensing
chemically and biologically. Therefore, we apply our design at 1530 nm of wavelength
in the range of 1.3 to 1.5 cladding refractive indices. The result is shown in Fig. 8 and
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demonstrates that a high oscillation is observed in the output intensity in the mentioned
range. Therefore, the percentage of five or more soluble components, such as sugar,
protein, and so on, can be detected with high accuracy. 

Another application of our device is for blood testing, especially in detecting blood
parameters. Such a test could be done in less than a second, and this sensor might be
used in blood tests and in photonics sensing in biological/chemical science in the future. 

Mode interferences are based on multimode interferences that become stronger in
a nonlinear regime because of cross-phase modulation and wave-mixing effects. Here,
the contribution of cladding refractive index to interference is discussed. Therefore,
we indicate the intensity distribution in particular cladding layers in ranges of air and
water. 

Here, the simulated result shows different mode expansions and output throat dis-
tributions on six clad layers, as shown in Figs. 9 and 10, respectively. 
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The simulated results on the last two figures demonstrate high detection of the pro-
posed sensor by NLMMI because of the reaction to small changes in the cladding re-
fractive index.

Notably, in this paper, we focus on a general explanation to show the ability of
NLMMI based on NMPA to produce a high accuracy sensor with a broad range of ap-
plications.

4. Conclusions
We propose an all-optical sensor based on NMPA in an MMI coupler. The sensor can
be tuned to have the highest sensitivity in refractive index ranges sufficient to detect
water-soluble chemical or biological materials and air pollution. Moreover, our device
could be used as a seismograph because of the reaction to changes in input wavelength.
The Kerr nonlinear effect is studied to produce the high-efficiency sensor so that it can
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be operated on any choice of materials for waveguide. Even conventional glass can be
used to design the sensor. The results show visible changes in the field distribution in
the MMI region with the refractive index and input wavelength of various surrounding
layers, which show high sensitivity to the mentioned parameters to propose biological/
chemical and wave sensors.

In our future work, we are going to consider the number of outputs same as the num-
ber of oscillation and work on a spatial sensor that can detect air pollution or protein,
fat, urea, sugar, cholesterol, and bacteria in blood sensors. Other options might include
sensing earthquake and heart pulses.
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