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Sensitivity Estimation of a Planar Optical Waveguide Using
Broadband Difference Interferometeric Principle for Detection
of Hemoglobin Concentration in Blood
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Abstract—Broadband differences interferometeric analysis of a three-layer planar polymer optical
waveguide is proposed and optimized to detect the concentration of hemoglobin in blood. The dispersion
characteristic and cutoff film thickness of proposed waveguide are obtained by matching the field at
various boundaries. The obtained cutoff film thickness for TEy and TMy modes is 0.09 um, 0.1 um at
operating wavelength 400 nm, and 0.19 pum and 0.23 um at operating wavelength 800 nm, respectively.
The effective refractive indices of TEg and TMy modes are obtained at two considered wavelengths, i.e.,
400 nm and 800 nm, and hence the difference of their propagation constant is calculated. It is observed
that the propagation constant of these modes decreases with the increase of wavelength. Also, the
difference of propagation constant attains its maximum value at certain wavelength and decreases either
side of this wavelength. The interference maxima signals at output are considered as sensing signal.
The maxima of interference signals, close to the maximum value of propagation constant, are shifted
sufficiently with the change in cover refractive index. The maximum sensitivity 3.8 nm/RIU is obtained
in the proposed broadband differences interferometeric analysis of waveguide at film thickness 300 nm.
Hence, at this film thickness the sensing signal changes by 0.68 nm/g/L of hemoglobin concentration in
blood.

1. INTRODUCTION

Growing demand for low cost and efficient devices to diagnose the disease in the healthcare and
pharmaceutical industries plays a major role behind the development of optical biosensors [1-4]. In
this regard, the hemoglobin (HB) is an important protein of our red blood cell which maintain the
oxygen level in the body. The monitoring of HB concentration in blood is an important issue because
any decrease in HB concentration may cause various deceases [5]. The property of blood can be
described by various optical parameters, and it is observed that its refractive index highly depends
on the HB concentration in blood [6]. Therefore, it can be easily monitored using optical biosensors.
An optical biosensor consists of a bio-receptor to capture the target analyte and a transducer whose
optical properties, such as absorption, reflectance, emission, and interferometeric pattern, is altered
in the presence of analyte [7,8]. There are various popular methods for monitoring the change
in optical properties, and some of these methods are surface plasmon resonance (SPR) [9], micro-
ring resonators [10,11], reflectometric interference spectroscopy (RifS) [12], photonic interferometric
biosensors [13], and planar waveguide interferometers [9,14]. Out of these methods, it is suggested that
the interferometeric analysis provides larger sensitivity by operating them on single wavelength [15].
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Mach-Zehnder and Young interferometers are two popular double-path interferometers that may be
able to detect changes in the effective refractive index of the order of 10~®. But in the case of double
path interferometer the monochromatic light propagates through two laterally separated waveguide
channels. One is called reference arm and the other called sensing arm, which interfere with each
other at receiver end and resulting in their relative phase shift. The monochromatic interferometers
suggested above result in phase ambiguity. This phase ambiguity problem can be resolved by using
broadband interferometers where a continuous light of selected wavelength range is used [16, 17]. Hence
to measure refractive index with great accuracy over a wide spectral range, a broadband Mach-
Zehnder interferometer is used as an analytical tool, where some suitable arrangement of sensing
and reference waveguides results in sinusoidal TE and TM spectra with substantially different Eigen
frequencies. Here the instantaneous de-convolution of multiplexed polarizations provides large spectral
shifts with small noise. Based on this technique, portable biosensors are demonstrated by some group
of researchers [15,17]. In this regard, the phase signal of two polarizations over a wide spectral range of
wavelength is also measured by broadband Young interferometer [18], and a label-free and multiplexed
detection of bio-molecules based on this interferometer is demonstrated by Makarona et al. [19]. Further,
the basic drawback of these double-path interferometers is that the interference signal becomes highly
sensitive to any misalignment of the path or any mechanical noise (vibrations and shocks) present in
the path. This drawback of double-path interferometers can be minimized by considering common-path
interferometers in which different modes or modes of different orders propagate along single path [20].
Since in common-path interferometers, the cover refractive index highly affects the phase difference
between TE-TM modes [21,22], in the present communication common-path broadband difference
interferometeric principle is used to analyze the optical waveguide based sensor.

However, the polymer optical waveguides draw much attention for the fabrication of optical
biosensors due to their potential of economic mass production, simplicity and flexibility of waveguide
fabrication methods, and suitability to attach with bio-molecules. There are wide ranges of low-cost
optical polymers available that retain excellent optical, chemical, and mechanical properties. Most of
these polymers are transparent in 400-2000 nm wavelength range and have broad refractive index range
from n = 1.3 to 1.7 with approximately low losses, i.e., 0.1 dB/cm.

Therefore, in this communication, common path broadband difference interferometer analysis
of a planar polymer optical waveguide for measurement of HB concentration is presented. The
proposed planar waveguide consists of polystyrene (PS) as waveguide layer and PMMA (poly methyl
methacrylate) as substrate, and distil water/blood works as cover layer. This proposed structure has a
high contrast in the refractive index and, consequently, may have high mode sensitivity to changes in
the system parameters. The present work is organized as follows. The basic theories and mathematical
modeling of common path broadband difference interferometer analysis are presented in Section 2. The
obtained results are discussed in Section 3. Finally, the important findings are concluded in Section 4.

2. MATHEMATICAL FORMULATION

The proposed three-layer polymer waveguide structure is shown in Fig. 1, in which a phase difference
between TE and TM modes is produced by the waveguide structure. The waveguide consists of a film
layer of refractive index ny, thickness d, and a semi-infinite substrate region and cover region of their
respective refractive indices ns and n..

This three-layer waveguide supports only those modes for which the constructive interference occurs
between the guided beams, after reflection at the two boundaries [23, 24]. Hence, characteristic equations
for TE and TM modes are written from Appendix A as:

p q\
dh — arctan (h) — arctan <h) =mmn for TE (1)
dh — arctan ( 270 —arctan ( L70) = mr for TM (2)
h ng h n.

where ¢ = B2 — k?n2, h? = k:Qn? — B2, p?> = B? — k?n? and f is the propagation constant given by

B = kN, with N being the guided mode effective refractive index and k = 2777 A is the wavelength of
light, and m is the order of the mode. It is observed that the effective index of a guided mode increases
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Figure 1. Schematic diagram of proposed three-layer planar waveguide structure.

with film thickness and achieves its maximum value N (free propagation). In this waveguide only those
modes propagate for which the film thickness d is greater than the cut-off thickness d.. Hence the cut-off
film thickness d, is given as [23]

9 1 2_.2\2
de (M) ; (nfc —n2)? — arctan (M) =mmn for TE (3)
nf - ns
de (M) Y (n} —nZ)? — arctan <nc> ﬁ =mm for TM (4)

Since the proposed waveguide is designed to use for sensing application, the cover sensitivity is
determined by the change of maxima of output interference signal due to changes of the refractive

index of the cover medium Ang A
A
S {nc} - Anc (58’)

Similarly, the cover sensitivity is also determined by the change of maxima of output interference signal
due to the change in HB concentration

A

Sinet = 3@

where AC' is the change in HB concentration in blood.
The cover region may consist of either pure water or human blood (HB and plasma). The refractive
index of HB solution is calculated by using the following equations [6]

NHB = NH,0 + aCHB (6)

where npp,0 = 1.3245 + 84052107 _ 3.9572x10° _ 236111087 apd o = 0.193 x 1073 L/g.

However, modes are the particular pattern of electric field and magnetic field that are repeated as
an interval of wavelength. In planar optical waveguides modes are classified as TE,, and TM,, where
m =0, 1, 2... is the mode order. The phase velocity of mode propagation in optical waveguide is given
as vy = ¢/N, where c is the velocity of light in vacuum. The effective refractive index N depends on
polarization, order of mode, wavelength of incident light, refractive index, and thickness of film medium.
It also depends on the penetration depth of the evanescent field. The evanescent field is exponentially
decreased in the cover medium, hence the penetration depth is given as [25]

A (N2 )i (7)

T o

(5b)

Az,
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If the light is coupled into the proposed planar waveguide, then the TE and TM modes are coherently
excited. These two modes propagate on a common path and interact with the sample over a length
L. After propagating the length L, a phase difference Ay between two modes occurs, if the plane of
polarization of the output polarizer is set at an angle to the surface of the optical waveguide 45°. The
signal recorded by the detector I(\,t) can be expressed by [25, 26]

I(\t) = In {1+ cos|Ap(A, t)]} (8)

The thickness of film layer is chosen such that only the TEg and TMy modes of a super-continuum
light source propagate in planar waveguide. To obtain the coherence condition of light in waveguide, a
polarizer is placed at 45° to the perpendicular direction of the waveguide surface. If Ip(\) is the coupled
optical power of the orthogonal modes TEy and TMj, then the spectral signal I()) is given by

T = 5 1o(A) {1+ cos[Ap(V)]} )

These two orthogonal modes may experience different effective refractive indices over the propagation
length L; hence the phase difference between the modes at the output of waveguide is given as

27
Ap (A) = LINtm (A) = Nt (V)] (10)
The normalized distribution of light intensity at the structure at output is
In(A) = {1 + cos[Ap(N)]} (11)

It is clear from Equation (10) that the phase change Ay between the modes depends on propagation
path length L, effective refractive indices (N1y, NTg), and wavelength A\. The phase change per unit
of the propagation path length can be determined by using the mode propagation constant 5. Hence,
it can be used to describe the phenomena of broadband interference. [ is proportional to effective
refractive index that is expressed as

2
Bi () = T Ni(A,ne) (12)
By solving Equations (10), (11), and (12), we have
Ap (N ne) =AB(N\ne)- L (13)

where Af is the difference between the propagation constants of the TE and TM modes.

3. RESULTS AND DISCUSSION

In order to analyze polymer waveguide based broadband difference interferometer, a three-layer planar
waveguide is considered. The waveguide has a film layer of polystyrene (PS) which is sandwiched
between a semi-infinite substrate layer of poly methyl methacrylate (PMMA) and a semi-infinite cover
layer of either pure water or HB solution. Using Equations (1) and (2), dispersion curve of the proposed
waveguide is plotted and shown in Figs. 2(a) and 2(b) for TM modes and TE modes, respectively. The
effective refractive indices of proposed waveguide at the shortest 400 nm and longest 800 nm wavelengths
of light are calculated as a function of the film thickness d from minimum deviation prism method [27].
It is clear from Fig. 2 that the TEg and TMy modes at wavelength 400 nm have respective cutoff film
thicknesses 0.09 wum and 0.11 um, and at 800 nm wavelength the cutoff film thicknesses are 0.19 pm and
0.23 um. These cutoff values of film thicknesses (d.) can also be calculated by using Equations (3)
and (4). The dependence of the cut-off film thicknesses of the modes on the incident wavelength is
plotted in Fig. 3.

This curve is plotted to select the film layer thickness and respective wavelength for which only the
propagation of TEy and TMy modes is possible. For further analysis of the proposed waveguide, the
film thicknesses d; = 300nm, ds = 350 nm, d3 = 400nm, d4s = 450 nm, and ds = 500 nm are selected. It
is clear from Fig. 3 that the film thicknesses d4 = 450 nm and ds = 500 nm are not single mode in the
considered wavelength range. These selected film thicknesses are marked with red arrow lines in Fig. 2
that reflects the ranges of change in the effective refractive index for both TEy and TMq polarizations.
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Figure 2. Variation of effective refractive indices for as a function of the film layer thickness d for (a)
TM mode, (b) TE mode.
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Figure 3. Variation of the cutoff film thickness with wavelength for first two lower order modes.

Using Equation (12) the propagation constants for TM mode are calculated, and their variation
with wavelength is plotted at fixed film thickness as shown in Fig. 4(a). The similar exercise has been
done of TE modes and is shown in Fig. 4(b). It is found that the propagation constant monotonically
decreases for both TEy and TMq propagating modes in considered wavelength range. It is also observed
that larger values of propagation constant are observed for larger film thickness at fixed wavelength.

Further, the difference of TEy and TM, propagation constants, i.e., AB(A, n.) as a function of the
wavelength at considered film thicknesses is plotted as shown in Fig. 5, and hence phase difference
dependence Ap(A,n.) is calculated using Equation (10). It is clear from this figure that at film
thickness of 300 nm, 350 nm, and 400 nm, AS(A,n.) first increases up to their respective maximum
value 0.01683 pm~', 0.01446 um~!, and 0.01265 um~', and then starts decreasing under considered
wavelength range. This maximum value of Af is red shifted with the increase of film thickness. Other
two considered thickness (450nm and 500 nm) difference of propagation constants increases with the
increase in the wavelength in considered wavelength range. Since 300 nm thick film layer of waveguide
shows maximum change in propagation constant, this thickness is selected to observe the impact of
cover refractive index on the output signal.

The variation in AS with wavelength, after passing to a 1 mm propagation path in the proposed
three-layer waveguide having pure water (n.1) in cover region is plotted and shown by the blue continuous
line in Fig. 6. The blue dotted line in this figure shows the variation in AS with wavelength after
increasing the cover refractive index by 0.001 (n.2). Here a parallel shift in propagation constant
difference along the function value axis is observed. The respective phase between modes can be easily
determined using Equation (12). Here the obtained phase difference decreases with the increase of cover
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Figure 4. Dependency of propagation constants of proposed waveguide with wavelength at fixed film
thickness for (a) TM modes, (b) TE mode.
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Figure 5. Variation of propagation constants difference with wavelength at fixed film thicknesses.
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Figure 6. Variation of output interference signal with incident wavelength at 300 nm of film thickness
and 1 mm length of propagation path of proposed waveguide having pure water (solid line) in cover
region and after increasing cover refractive index by 0.001 (dotted line).

refractive index in all wavelengths in the range under consideration. The output interference signal in
the presence of pure water in cover region is also plotted in Fig. 6 and shown by red solid line while after
increasing the cover refractive index by 0.001 is plotted by red dotted line. The variation of Ag and
the output signal with wavelength for two above mentioned cover refractive index can also be plotted
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at other considered film thicknesses, i.e., 350 nm, 400 nm, 450 nm, and 500 nm. The maximum value of
output interference signal occurs when its phase difference is equal to integral multiple of 2. Since in
this study a continuous source of light (400 nm to 800 nm) is used, at zero phase difference region (near
the maximum value of AS) the interference signals have the same value for each wavelength, hence a
wider interference signal is obtained. If the refractive index of sensing region changes, i.e., the cover
refractive index changes, which changes the phase shift, as a consequence of this the output interference
signal of the system will change. This change in output interference signal is prominent close to the
wavelength range where AS has its maximum value. This effect can be visualized by considering the
maxima of the output interference signal. The maxima of the output signals are marked on both sides
near the maximum value of AS curve by black dotted line as shown in Fig. 6. Here, by changing the
cover refractive index the selected maximum is shifted towards the longer wavelength, i.e., red shifted
when phase shift Ap increases with wavelength and the other selected maximum is shifted towards
the shorter wavelength, i.e., blue shifted when phase shift Ay decreases with wavelength. Around
the maximum value of AS, this phase change is constant with wavelength, but its value depends on
cover refractive index. It is also clear from Fig. 6 that the distance between two successive maxima of
output interference signal is larger near the change of slope of the phase difference. Further, the mode
sensitivities due to change in cover refractive index of proposed waveguide at film thickness d = 300,
350, 400, 450 and d = 500 nm are calculated. The obtained sensitivities at respective film thicknesses are
3.8nm/RIU, 3.6 nm/RIU, 3.5nm/RIU, 1.8 nm/RIU, and 1.6 nm/RIU. It is clear that the sensitivity of
proposed waveguide decreases with the increase of film thickness, and maximum sensitivity is observed
at 300 nm of film thickness for our considered cases.

Hence, this film thickness is used to find the variation of AS and the output signal with wavelength
at different HB concentration as shown in Fig. 7. In this figure the variation of HB concentration lies
between 40 and 160g/L with 40 g/L increment. It is clear from the output interference signal that
the output interference signal, the maxima shifted with increment of the HB concentration. The HB
concentration sensitivity of proposed sensor at various concentrations is calculated and tabulated in
Table 1. It is clear from Table 1 that the sensitivity decreases with the increase of HB concentration.
Here the maximum obtained sensitivity for HB concentration is 0.68 nm/(g/L).

—_— Aplri=0 (a)

me==  Affore= 40 0.1

........ — A for o= 40 (b)
====Aplor =50

Shgnal for o= 40

Signal for o= 0

Signal for ¢= 40
=~ Signal for ¢= 80

E
=
= Red shift "
F om Blue shift -
| i
BT A, = BANS S 103
B T N o fx s s
f: \\_7, A \ 2
y A i s
008" - Nt s a0 &
0% 04 048 0s 0ss 08 s
Mpam])

A for o= 50 (C)

AP for ¢= 120 LA
p a0

Signal for ¢= 50

= == Signal for c= 120

Red shift

045

Blue shift|

[ 3]

0.5%
Mpm)

[ ]

TNANARANE

0.65

= Ap for ¢= 160

- Signal for c= 160

A for = 120 (d)

Signal fer ¢=120

o7

Output signal

Figure 7. Variations in AS (black line) and output signal (red line) with incident wavelength for (a)
0-40g/L, (b) 40-80g/L, (c) 80-120¢g/L and (d) 120-160 g/L concentration of HB in blood at fixed film
layer thicknesses 300 nm and 1 mm propagation length of waveguide.
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Table 1. Sensitivity of proposed sensor for each 40 (g/L) increment of HB concentration.

HB concentration C/(g/L) | Wavelength Shift (nm) | Sensitivity nm/(g/L)
40 17.1 0.43
80 27.0 0.68
120 18.0 0.45
160 19.8 0.49

4. CONCLUSIONS

The sensitivity of a three-layer planar polymer waveguide is optimized utilizing common path broadband
difference interferometeric principle and demonstrated for the detection of HB concentration in blood.
The proposed waveguide is analyzed by considering the film thicknesses 300 nm, 350 nm, 400 nm, 450 nm,
and 500 nm in which the film thicknesses 450 nm and 500 nm do not lie in the single mode waveguide
within the considered wavelength range 400-800 nm. The propagation constant difference of TEy and
TMjp modes at two considered wavelengths, i.e., 400nm and 800 nm, is obtained. This propagation
constant difference Af has its maximum value at 300 nm film thickness in all considered cases. The
first maximum of output interference signal close to the maximum of propagation constant difference is
considered as a sensing signal that gives maximum shifts compared to the other output interference signal
maxima. The shifts of output signal maxima due to change in cover refractive index also depend on the
direction of slope of phase difference, i.e., red shifted when phase shift Ay increases with wavelength and
blue shifted when phase shift Ay decreases with wavelength. The optimized waveguide shows maximum
sensitivity 3.8 nm/RIU at 300 nm film thickness. The maximum obtained sensitivity of proposed sensor
with HB concentration is 0.68 nm/(g/L).
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APPENDIX A.

The performance of proposed biosensor is obtained by solving Maxwell’s equations for a three-layer
structure, and the Helmholtz equations are obtained which can be written as
0?F(2)
Ox?

where FF = E or H depending on the light polarization, and 8 = kgN, with kg being the free space
wavenumber and N the model effective index.
The solutions of proposed waveguide for different regions can be written as:

+ (*n* = B*) F(2) =0 (A1)

Age~ipzeilker—wt) (Substrate)
F(z) = ¢ (Ape™* + Bpe=h) e!hz=w)  (Film) (A2)
Ape—itzgilkaz—wt) (Cover)

where ¢% = 82 — k*n2, h% = an?c — B2, p? = g% — k2n?.
Here, n., ny, and n, are refractive indices of cover, film, and substrate region, respectively.
By matching the fields and applying the following boundary conditions:

(i) For TE mode, F' and %—f are continuous across the two boundaries.

(ii) For TM mode, F' and (%) %—5 are continuous across the two boundaries.

By using above boundary conditions, the matrix equation can be written in the following form:

A =0. (A3)
1 -1 —1 0
A 0 cihdy o—ihdy e—iady
S
Ap b i h 0
where, € = By and A, = ngp n?p n?cp
Ac 0 — h cihds h —ihdy cihds
2p P 2p
"y "y "y

The above equation can be written for TE modes by putting p = 0 and for TM modes p = 1.
It is clear from above equation that the coefficient matrix £ # 0, so to get nontrivial solution

[Ap| =0 (A4)

A waveguide mode arises when the reflected beams in the film achieve constructive interference upon
experiencing reflections. The constructive interference between the guided beams exists if the wave
fronts are in phase after reflection at the two boundaries i.e., the total phase shift should be an integral
multiple of 27r. So, by solving above Eq. (A4) the dispersion relation for the proposed waveguide can
be written as:

p q\
dh — arctan <h) — arctan (h> =mn for TE mode (A5)
dh — arctan | 20} — arctan ( 270 ) = mr for TM mode (A6)
h ng h ne

where m = 0,1, 2... is the order of mode.
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Above proposed waveguide supports only those modes for which the film thickness d is greater

than the cut-off thickness d.. Hence for cut-off film thickness d., Eqs. (A5) & (A6) can be modified by
putting A, p, and g expressions from Eq. (A2);

1
2 1 2 _ 2 2
de () 777 (n?c —n?)? — arctan (ngc — Zé) =mm for TE (AT)
i 2 2 2 %
2 1 _
de (A) 777 (nfc —n?)? — arctan <Zﬁ> (Z; — Zé) =mm for TM (A8)
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