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Abstract—Biosensors employing photonics integrated circuits,
and specifically those that rely on interferometric evanescent wave
working principles, have outstanding performances due to the ex-
treme sensitivity exhibited in one-step and direct assay, without the
need of amplification. Within the interferometric configurations,
the Bimodal Waveguide (BiMW) interferometric sensor stands
out due to its demonstrated sensitivity for real-life applications
and the simplicity of its design. To overcome the ambiguities that
arise from the periodic nature of interferometric read-outs, a new
all-optical modulation and the subsequent trigonometry-based al-
gorithm have been proposed and applied to the BiMW biosensor.
This new algorithm has been successfully employed for the se-
lective identification and quantification of the external Spike (S)
protein of the Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2). Our biosensing results from this simple, quick, and
user-friendly method demonstrate high sensitivity and specificity
and pave the way towards a point-of-care device for general use.

Index Terms—Biosensors, integrated optics, silicon photonics,
waveguide interferometry, coronavirus.

I. INTRODUCTION

THE need for rapid, highly sensitive, inexpensive, and
portable platforms for the real-time detection of low con-

centrations of analytes has increased in recent years and has
been revealed of paramount importance during the COVID-19
pandemic. Portable biosensors able to be used at the point-of-
care (POC) are the most effective means of early diagnostics
regarding clinical and pharmaceutical analysis, medical diag-
nostics [1], [2], environmental monitoring [3], and many other
industrial applications. In this rapidly increasing field, photonic
biosensors based on evanescent wave detection have shown to be
one of the best candidates for such POC devices given their ex-
tremely high sensitivity [4]–[6]. More specifically, those based
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on interferometric architectures have shown a remarkably good
sensitivity; 10−7–10−8 refractive index units (RIU) for bulk
detection and in the order of few pg/mm2 for surface sensing,
while presenting clear advantages for label-free analyses [1],
[3], [4].

Classical interferometric architectures such as the Mach-
Zehnder (MZI) [7]–[10], or Young interferometers [11]–[13]
are based on two-path schemes. In these devices, an initial
light beam is split into a reference branch where the evanescent
probing field remains intact and a sensing branch responsible for
guiding the light beam through a sensing area. The properties
of the light beam traveling through the sensing branch will be
altered depending on the refractive index (RI) of the analysed
solution. As a result, interference takes place after recombin-
ing both light beams, producing quantifiable variations on the
resulting light intensity.

Alternatively, single-path configurations have been proposed
to simplify fabrication processes, as well as to reduce costs and
footprint [14], [15]. In these devices, two light modes of different
order or polarization propagate through the same waveguide,
where their respective evanescent fields are affected by the RI of
the analysed solution simultaneously. The displacement between
these modes results in an interferometric output, measurable
either as a variation of the far-field pattern created at the sensor
output and quantifiable by their relative phase variation or as an
intensity deviation after recombining both waves into a single
mode [16], [17]. This idea was first put into practice with
optical fibres [18]–[22] and later applied to silicon photonics,
resulting in the emergence of the Bimodal Waveguide (BiMW)
interferometric biosensor [17], [23].

Interferometric biosensors can achieve very accurate and sen-
sitive results at the expense of hindering the read-out response.
The periodic (sinusoidal) nature of the output intensity with
respect to phase variations raises a series of analytical difficulties
when trying to evaluate the phase displacement, i.e., the evalu-
ated parameter Δϕ, such as sensitivity fading, fringe order, and
direction ambiguities, as shown in Fig. 1.

In order to overcome these drawbacks and obtain an
unambiguous read-out, a wide range of phase compensation
and modulation techniques have been suggested. They are
based on a variety of physical principles induced by electro
and magneto-optical components [24]–[27], thermo-optical
properties [28], or rely on the use of liquid crystals and
photosensitive layers [29], [30]. Further research has also been
carried out for the implementation of spectral interrogation
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Fig. 1. Usual interferometric output ambiguities that hinder the quantification
of the signal: sensitivity fading, directional ambiguities and fringe order ambi-
guities. The correct value to be measured is highlighted in red and the quadrature
point, where sensitivity is maximized, is also shown.

techniques that have been successfully applied on slightly
modified MZI versions [31]–[36]. However, the practical
execution of these methods requires the addition of expensive
and space-demanding equipment such as high precision
spectrometers, narrowband tunable lasers, or an extensive modi-
fication of optimized fabrication protocols. Our group previously
proposed an all-optical modulation technique together with an
algorithm based on Fourier Series deconvolution for achieving a
linear read-out of the MZI and the BiMW biosensor [37]–[39]. A
simple implementation was feasible due to the use of commercial
laser diodes under high-frequency intensity modulations,
without the need to incorporate any extra apparatus.

Now we propose a novel and improved BiMW read-out
algorithm based on simple trigonometric properties of the
periodic read-out signal, which has been implemented using
custom-made software. The proposed method uses an all-optical
modulation technique as previously applied in [37], although
slightly modified for employing the new algorithm, resulting in
a faster, more sensitive, and user-friendly modulation technique
with no additional costly equipment. We show the excellent
performance of this new read-out algorithm with a biosensing
proof-of-concept by detecting the external Spike (S) protein of
the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2). This new algorithm has been optimized for its use
with the BiMW interferometric biosensor, although it could be
extended to any other interferometric-based platform that allows
a sinusoidal intensity-induced phase modulation such as the one
presented below.

II. THE BIMW INTERFEROMETRIC BIOSENSOR

A. Sensor Working Principle

The BiMW biosensor working principle relies on the change
of the properties of a monochromatic transverse electric (TE)
polarized light beam [23]. The waveguide is a three-dimensional
(2.5–3 μm width× 2–3 nm height× 3 cm length) rib waveguide
made of a silicon dioxide (SiO2, RI= 1.46± 0.01 RIU) cladding
and a silicon nitride (Si3N4, RI = 2.00 ± 0.01 RIU) core that

allows the propagation of the fundamental and first TE modes,
previously shown to be the most sensitive ones [38]. More
specifically, as shown in Fig. 2, when light travels through the
waveguide, it first encounters a single-mode section (150 nm
thickness) in which the light solely propagates in its fundamen-
tal mode. This region is followed by a modal splitter, i.e., a
rigorously engineered step junction that geometrically tolerates
the appearance of the first mode. After this point, both modes
propagate through the bimodal section (340 nm thickness) until
the waveguide exit. In this bimodal section, a rectangular part
of the upper cladding is removed to create the sensing area
(centred with dimensions = 50 μm width × 15 mm length).
In general, as light travels through a waveguide, its physical
properties are determined by the core and the top and bottom
claddings refractive indexes. Therefore, any change in the mate-
rials will produce a variation of the light propagation properties.
To be more precise, as both modes propagate along the bimodal
section (see Fig. 2), their evanescent field, i.e., the electric field
exponential tails that slightly penetrate into the claddings (see
equation (3.53) in [40]), are altered by the corresponding RI
of the material. When the two modes reach the sensing area,
they are affected by the solution or the molecules attached to its
surface. Any change to this external environment will imply a
change on the top cladding RI, inducing a quantifiable variation
to the properties of the probing light beam.

Once the propagating modes have crossed the device, they
exit the waveguide such that, if projected on a screen, light
expands vertically, forming a bright, straight line containing the
interferometric output as shown in Fig. 2.

B. Experimental Setup and Output

The visible light travelling in the BiMW interferometric sen-
sor was generated by a commercial laser diode (HL6545MG,
λ = 600 nm, Thorlabs, Newton, New Jersey, USA) plugged
in a miniature temperature-controlled Cooled Mount (LDM21,
Thorlabs, Newton, New Jersey, USA) and kept at a constant
temperature of 25.00± 0.01 ◦C. An aspheric lens (C240TMD-B,
Thorlabs, Newton, New Jersey, USA) directed the emitted light
towards the preferred direction as a collimated light beam.
The light beam was then polarized in the TE direction by a
free-space isolator (IO-3D-660-VLP, Thorlabs, Newton, New
Jersey, USA) and focused on the waveguide entrance by a
40× optical objective (Olympus PLN 40× Objective, Edmund
Optics, Barrington, New Jersey, USA). A total of 20 opera-
tive sensing bimodal waveguides are included in each sensor
chip (3 cm long × 1 cm width), fabricated at wafer-scale in
the cleanroom facilities of the Institute of Microelectronics
of Barcelona (IMB-CNM-CSIC), as previously described [23].
The sensor chips were placed on a custom-made, temperature-
controlled holder adjustable for the coupling of the light in the
waveguide. A fluidic system ensures the continuous flow of
a buffer solution over the sensor chip and the liquid sample
injection to be analysed on the sensing area. The fluidic system
includes a polydimethylsiloxane (PDMS) microfluidic cell with
five channels (channel dimensions = 1.25 mm wide × 500 μm
height) that is hermetically sealed to the sensor chip; a syringe
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Fig. 2. BiMW sensor sketch showing the single mode propagating section, the bimodal section, the step junction, and the sensing area. Travelling light modes
are simulated in orange for both sections, single and bimodal. As the laser beam, in red, exits the waveguide, it expands vertically when projected on a screen.
Horizontally separated intensities Iup and Idown are recorded in real-time. When a sample is injected in the sensor, and under no laser intensity modulations, the
light distribution output will shift up and down as shown in the magnified window.

pump (New Era, US) for the continuous flow of the running
buffer solution (e.g., milli-Q water, phosphate-buffered saline,
etc.); and a 6-port valve (CHEMINERT, VICI, USA) for the
injection of the samples in the sensor. The light output was
recorded by a horizontally split two-sectional photodetector
(S4349, Hamamatsu, Japan). The received data was collected
by an acquisition card (NI USB-6361, National Instruments,
USA) and treated by a custom-made Python software. Due
to the interferometric nature of the device, RI changes on the
chip sensing area caused the vertical output line to shift up and
down. This oscillatory movement was recorded and converted
into a quantifiable signal able to measure any RI changes in
the sensing area. Having a two-sectional photodetector provided
real-time values for the intensities Iup and Idown shown in Fig. 2,
such that without any external tunning of the laser intensity, i.e.
under a non-modulating regime, we could define the sensitivity
parameter, SR [23], [37]–[39], [41], as follows,

SR =
Iup − Idown

Iup + Idown
= A+B cosϕ, (1)

where ϕ is the light phase. Changes like the flow of a new
substance on the sensing area or the binding of biomolecules
resulted in variations on the light propagation characteristics
and, therefore, on its phase ϕ and the signal SR. Hence, Eq. (1)
shows that as time goes by and no changes on the sensing area
occur, the sensor output will remain a continuous straight line,
andϕwill not be altered. In other words, if a solution of the same
RI as the buffer flows through the sensing area (e.g., milli-Q
water while also running milli-Q water), no changes in the SR

will be observed. However, the flow of a different refractive
index solution (e.g., hydrochloric acid (HCl) 0.1 M, Δn = (8.21
± 0.01) ×10−4 RIU) generates the oscillations on the output as
ϕ varies, changing the SR sinusoidally. This behaviour is shown
in Fig. 3, where the SR signal sinusoidally oscillates if and only
if a change in ϕ occurs.

Fig. 3. Recorded SR signal during the detection of HCl 0.1 M injection under
milli-Q water constant flow, with a RI change Δn = (8.21± 0.01)× 10−4

RIU.

C. Phase Retrieval Techniques. A New Algorithm

A phase retrieval process must be carried out in order to obtain
the temporal evolution of the phase ϕ. This is only possible in
relative terms by computing the phase difference Δϕ between
that of the initial solution and the introduced one. Then, Δϕ is
compared to a set of calibration values from which the solution
RI is finally acquired. However, the non-bijective periodic nature
of the SR signal and its resulting phase fringe and direction
ambiguities as well as a potential sensitivity fading, hinder
this process and make it much more complex than desired.
Previous methods involved counting fringes and periods pro-
vided the computed signal is a 2π-periodic function under static
intensity or applying an experimentally restrictive sinusoidal
intensity modulation followed by an algorithm based on Fast
Fourier transforms and the Bessel functions of the first kind
of order 2 and 3 [37]–[39]. To solve these drawbacks, a new
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all-optical modulation algorithm based on simple trigonometric
relationships was designed and implemented to easily retrieve
the pursued phase difference, Δϕ.

As presented in [39] and [42], we can induce a new term in
theSR expression by sinusoidally modulating the intensity, such
that Eq. (1) is modified to obtain Eq. (2):

SR = A+B cos(Δϕ+ ϕ0 + μ sinωt), (2)

where t is the time, ω is the modulating frequency, and μ is the
modulation depth, altogether constituting the modulating term,
μ sinωt. Note that Δϕ = ϕ− ϕ0, being ϕ0 the phase corre-
sponding to the previously mentioned running buffer. Notice
that neither A nor B constants are the same as those previously
defined in Eq. (1).

The first step in the algorithm consists in removing the offsetA
from the signal. This can be done assumingμ ≥ π, which allows
the cosine to fill all its image space, from −1 to 1 regardless of
ϕ0 and Δϕ, ensuring the SR to be well defined and surjectively
fill the interval [A−B,A+B]. Thus, the new centered signal
presented in Eq. (3) will be considered from now on, specifically:

S ′
R = SR − maxSR +minSR

2

= B cos(Δϕ+ ϕ0 + μ sinωt), (3)

for which, due to an abuse of notation, we shall drop the prime
superindex. Let us consider the beginning of a measurement,
in which the running buffer is kept constant such that Δϕ = 0.
In this case, the recorded SR signal from Eq. (3) reaches its
maximum B at a time t1, if ϕ0 + μ sinωt1 = 2πk1, for k1 ∈
Z, and becomes 0 at a time t0 if ϕ0 + μ sinωt0 = π/2 + πk0,
for k0 ∈ Z. Therefore, constantly modulating under the same
sinusoidal signal we can determine times t0 and t1 such that if
we compute the SR at these times, we obtain Eq. (4) and Eq. (5):

SR,t0 = B cos(Δϕ+ ϕ0 + μ sinωt0)

= B cos
(
Δϕ+

π

2
+ πk0

)

= −B sin(Δϕ+ πk0)

= (−1)k0+1B sinΔϕ, (4)

SR,t1 = B cos(Δϕ+ ϕ0 + μ sinωt1)

= B cos(Δϕ+ 2πk1)

= B cosΔϕ. (5)

The phase difference information can now be directly retrieved
dividing these expressions to get Eq. (6) and finally Eq. (7):

SR,t0

SR,t1

=
(−1)k0+1B sinΔϕ

B cosΔϕ

= (−1)k0+1 tanΔϕ, (6)

Δϕ = (−1)k0+1 arctan
SR,t0

SR,t1

, (7)

since the arctangent function can be easily unwrapped compu-
tationally [39]. Note that the sign of the phase shift will always

be known before any measurement as it is possible if the RI
increases with respect to the running buffer and negative if it de-
creases. Thus, the term (−1)k0+1 shall not be taken as an incon-
venience. Furthermore, this algorithm is applicable to any type of
sinusoidal signal in which a time-dependent phase variation be-
having like the modulating term presented above can be induced.

To modulate the laser diode emission and apply the algorithm
presented, a custom-made Python application was developed.
Specifically, the laser intensity was sinusoidally modulated from
100 to 200 mA at a frequency of 10 Hz. Such intensity changes
induced a linear displacement of the central wavelength emitted
by the laser diode, resulting in the addition of the modulat-
ing term μ sinωt. It must be noted that for each probed laser
intensity, the emitted wavelength distribution is very narrowly
supported near its mean, covering less than 0.5 nm around the
centre, while being displaced almost 10 nm for the considered
intensity modulation. At the same time, these characteristics are
not dependant on the modulating frequency and do not induce a
perceivable noise on the system.

The only restriction the proposed algorithm imposes is the
need to have a value of μ ≥ π. This has been proven to be true
as long as the intensity modulating amplitude is higher than
80 mA. To ensure a correct behaviour, it was decided to modulate
from 100 to 200 mA while remaining in the recommended
intensity range of the laser diode and not forcing it to extreme
values. Moreover, the measuring times t0 and t1 used in the
presented phase retrieval method are not unique in most cases.
Depending on the SR obtained, more than one value for t0 or
t1 can be found, thus allowing us to apply the algorithm to all
possible pair combinations and consider the one showing a lower
noise, overall increasing the biosensor sensitivity with respect
to previously employed phase retrieval methods.

If compared to the previous technique proposed in [39], there
are three key differences to be outlined. First, our new algorithm
allows for the use of a larger number of sensor chips since the
previous method requires a strictly fixed value of μ = 1.2π.
Although usually achievable, slight fabrication tolerances may
make this unfeasible for certain sensor chips. Second, the mod-
ulating frequency of 10 Hz ensures at least the same number
of phase retrievals per second and can be increased accordingly
with compounds inducing strong RI which are used during the
experiments. Finally, the algorithm takes place in the time do-
main instead of the frequency domain, which eases its technical
understanding by multidisciplinary users. Hence, the proposed
algorithm is faster, simpler, and more user friendly, altogether
opening the way to be implemented in POC biosensor platforms.

D. Bulk Sensing Evaluation

In order to evaluate the bulk refractive index sensitivity of the
BiMW interferometric biosensor under the discussed algorithm,
five different HCl solutions (0.025, 0.05, 0.1, 0.25, and 0.5 M),
whose respective refractive indexes were measured with a
digital refractometer (Rudolph Research Analytical, USA), were
sequentially injected through the microfluidic system into the
sensing area, while milli-Q water was used as running buffer at
a constant flow rate of 20 μl/min.
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Fig. 4. (A) Real-time computed phase difference during HCl calibration
procedure with five different concentrations. The RI difference with respect to
milli-Q,Δn is given in RIU with an error of 0.01× 10−4. (B) Calibration curve
with its corresponding linear fit, r2 = 0.9998,LOD = (3.21± 0.01)× 10−7

RIU. Plotted points correspond to the average of six measurements with a
standard deviation of approximately 0.01 that cannot be appreciated in the plot.

The new phase retrieval method was applied and the respec-
tive phase differences of each injection, Δϕ, were computed.
Figs. 4(A) and (B) show the variation of the phase depending
on the HCl concentration and the calibration curve obtained by
plotting the phase difference for each HCl solution as a function
of the refractive index change. The limit of detection (LOD)
of the sensor is defined as the minimum variation of RI that
produces a signal at least three times higher than the detectable
noise of the system. It is computed as LOD = 3σ/Sbulk, where
σ is the standard deviation of the retrieved phase, which results
from the propagated error of the mean of the standard deviation
after five experiments that run for 200 seconds with milli-Q
water, and Sbulk is the slope of the linear regression in Fig. 4(B).
Evaluations of the same sensor chip and different sensor chips
showed consistent results of a LOD between 2 and 5× 10−7

RIU. These values demonstrate the validity of the newly pro-
posed algorithm as the results are identical to those obtained
employing previous techniques [37]. In fact, we did not expect
the algorithm to provide different phase variation values from the
ones obtained using other methods since the evaluated parameter
was the same, Δϕ. On the other hand, this method was able

to follow real-time large and small refractive index variations
happening on the sensing area with more precision, as well
as lower noise (σ = 0.00184 rd) as compared with previous
methods (see [43]).

E. Biosensing Evaluation

To fully demonstrate the new all-optical modulation capabil-
ities for biosensing purposes, the rapid and direct detection of a
specific structural protein of the novel Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) was assessed. Among
all the SARS-CoV-2 viral antigens, the external spike (S) protein
is a trimetric glycoprotein that plays an essential role in the
infection, mediating the binding of the viral particles to host
surface cellular receptors. The S protein comprises two func-
tional subunits: S1 subunit that contains the receptor-binding do-
main, which directly binds to the host cell receptor angiotensin-
converting enzyme 2, and S2 subunit, which is responsible for
the membrane fusion. As a proof-of-concept, S1 subunit was
selected as the target analyte to be recognized by its specific
antibody previously immobilized on the sensor chip surface.

The BiMW sensor chip was first functionalized with tri-
ethoxysilane polyethylene glycol carboxylic acid (silane-PEG-
COOH 600 Da; Nanocs, New York, USA), following our pro-
tocol previously detailed in [44]. The silanized sensor chip was
directly placed into the experimental setup for further in-situ
covalent binding of the antibodies. Carboxylic groups pro-
vided by the silane-PEG-COOH were activated employing the
well-known N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide
hydrochloride (EDC)/N-hydroxysulfosuccinimide (sulfo-NHS)
chemistry, highly reactive to primary amine groups acces-
sible in the lysine residues of the antibodies. A solution
with 0.2 M EDC/0.05 M sulfo-NHS in MES buffer (2-(N-
morpholino)ethanesulfonic acid 0.1 M, pH 5.5) was flowed over
the sensor surface. Next, a solution with 50μg/mL of the specific
chimeric monoclonal antibody against Spike protein (anti-S
chAb, 40150-D001, Sino Biological Inc., China) in acetate
buffer (10 mM, pH 5.5) was injected. After antibody binding, a
stable covalent amide bond was formed. The remaining activated
carboxyl groups were blocked with ethanolamine (1 M, pH
8.5) for 2 min. All steps of the immobilization of the anti-S
chAb were monitored in real-time with the new algorithm (see
Fig. 5 A). Milli-Q water was used as the running buffer during
the immobilization step and was then switched to PBST buffer
(phosphate buffer saline (PBS 10 mM) with 0.05% Tween 20,
pH 7.4) for the detection of S1 subunit protein.

Different S1 concentrations ranging from 50 to 1000 ng/mL
were flowed over the sensor surface. As shown in Fig. 5(B), the
biosensor response in real-time exhibits a correlation between
the analysed concentration and the response. Furthermore, the
injection of a control protein (1 μg/mL C-reactive protein,
BBI Solutions, U.K.) confirms that the antibody exclusively
recognized the specific SARS-CoV-2 S1 subunit protein with
no cross-reactivity. The obtained calibration curve shows a
linear concentration-dependent response (r2 = 0.98) resulting
in a LOD of 6.45 ng/mL. These results demonstrate that we
could develop an effective biosensor with the BiMW sensor and
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Fig. 5. Real-time sensorgrams showing (A) the immobilization of 50 µg/mL
anti-S chAb, and (B) the following detection of different S1 subunit concen-
trations (50 - 1000 ng/mL) in comparison to the control protein (1000 ng/mL
CRP).

the new algorithm to identify and quantify SARS-CoV-2 spike
protein in less than 10 min with high sensitivity and specificity.

III. CONCLUSION

A new algorithm has been implemented with a custom-made
software application in order to retrieve the phase difference
from the real-time recorded data. This method based on simple
trigonometry was proven to provide the same results as previ-
ously employed techniques while also reducing the sensor noise
as well as the time and expertise needed to employ the biosensor,
making the BiMW platform more user-friendly. In addition, the
algorithm can be easily applied to any interferometric device
whose output signal behaves similarly to the SR described,
without increasing the intricacy of design nor fabrication pro-
tocols. The aforementioned advances have pushed the BiMW
interferometric biosensor much closer to a user-friendly com-
petitive tool, increasing its potential to be assembled into a truly
POC device.
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