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Lymphocytes cells are generally round in shape and
have large dense nuclei with a transparent thin -rim of
cytoplasm.
T-Lymphocyte cells which are immunecompetent are long-lived and constitute two-thirds of
Lymphocytes that are circulating in the blood and lymph
systems [3]. For identification and characterization of
lymphocyte cells their morphological and functional
characteristics are needed to be studied.
The existing methods for differentiation and detection of
cancer cells are biopsy, endoscopy, X-ray and magnetic
resonance imaging. These methods require large
investments and expensive machine setup. In most of the
cases, cancer is diagnosed only after it has been
metastasized intensively. Early detection of cancer
improves chances of survival of the patient and better
response to the treatment. Thus fast, efficient and accurate
methods for cancer detection and clinical diagnosis are
urgently required.
There are different optical techniques which can be
employed for the sensing applications, such as photonic
band gap method, spectroscopy, optical imaging,
fluorescence, and others. Photonic sensing technology has
paved way to efficient characterization and evaluation of
the bio-materials [5]-[8]. The scalability and selectivity of
integrated photonic aids in the development of the sensor
design which can assess the minutes of bio-materials,
escalating detection of most fatal and common diseases
such as hematological disorders and cancer in earlier stages
[9],[10]. They can be used to screen the target cell lines or
to analyze the changes in the protein contents of cell in
cancer research and proteomics [10], [11].
The photonic crystal based sensor is compact, robust,
consumes low power, and portable which can give instant
analysis of complex bio-materials [12]-[15]. In this paper, a
two-dimensional photonic crystal based sensor model is
proposed for complete analysis of Lymphocyte cell and its
components.
In Section II of this paper an integrated photonics
approach has been proposed for developing a photonic
crystal based structure for spectral analysis of normal
Lymphocyte cell and its components. In Section III of the
present work the design of the proposed sensor has been
described in detail.

Abstract—Early stage cancer cell detection is currently the
need of the hour .In this paper, a 2-dimensional photonic
crystal based sensor with line-defect has been designed for
complete spectral analysis of normal Lymphocyte cell and its
components for early stage detection of “Leukemia”. As
dielectric properties of the cancer cells differ from the normal
cell, they can be differentiated and detected using integrated
photonic approach. In the present work, MEEP (MIT
Electromagnetic Equation Propagation) simulation tool which
implements Finite Difference Time Domain (FDTD) method
has been used for designing and modelling of the sensor. The
shifts in the transmitted output power levels and transmission
frequencies have been observed for normal Lymphocyte cell
and its components .It has been observed from the band
structure obtained from MPB (MIT Photonic Bands)
simulation tool that for little change in refractive index (RI) of
the bio sample taken into consideration there will be a
significant shift in the resonant frequency and hence it acts as
a sensor. The designed sensor can differentiate between
different components of Lymphocyte cell as well as normal
and cancerous cell.This indicates that it is highly sensitive
even for little change in refractive index.
Keywords— Photonic crystal sensor, Lymphocyte cell,
Leukemia, FDTD , MEEP, MPB.

I. INTRODUCTION
Cancer is the leading cause of death worldwide,
responsible for 8.2 million deaths in 2012 [1]. It is expected
that annual cancer cases will rise from 14 million in 2012
to 22 million within the next two decades [1].Lymphocytes
are one of the types of white blood cell that helps body
fight infection. Abnormal Lymphocyte cells are responsible
for causing ―Chronic Lymphocytic Leukemia‖ [2],[3].
Blood plasma constitutes cellular elements such as Red
Corpuscles (Erythrocytes), platelets (thrombocytes), and
five types of White corpuscles (Leukocytes). Lymphocytes
are one of the types of Leukocytes which migrate out of
post capillary venules into lymphatic tissue or connective
tissue and perform their functions both within and outside
the blood stream. One third of all circulating Leukocytes
consist of Lymphocyte cells which are formed in variety of
lymphoid tissues [2]. Depending on their size which varies
from (6-30 μm ) they are functionally divided into T-cells,
B-cells and Natural Killer (NK) cells [3].
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In Section IV, the transmission and reflection spectrums
for normal Lymphocyte cell and its components are shown
after the designed optical sensor is simulated by using
MEEP (MIT Electromagnetic Equation Propagation)
simulation tool which implements FDTD (Finite Difference
Time Domain) method. Also band structure of the cell and
its components has been shown by using MPB (MIT‘s
Photonic Band) simulation tool. In section V, comparison
with various approaches has been done and obtained results
have been discussed thoroughly. In Section VI, conclusions
have been made about the present work. In future, the
designed structure can be fabricated as a lab-on-chip sensor
for complete analysis of Lymphocyte cell and its
differentiation with cancerous cells as authors have already
worked on the GDSII file for the designed sensor structure
[5] for different medical application.

(2)
To find the value of P(ω) , MEEP computes the integral
P(t) of the Poynting vector at each time, and then Fouriertransform the value obtained. The flux at the specified
regions and the frequencies that we want to compute can be
computed by MEEP [17].
For solving the Eigen states and Eigen frequencies of the
Maxwell's equation MPB (MIT Photonic Bands) simulation
tool has been used. The Eigen frequencies and resonant
wavelengths are obtained as the output of the simulation
results in MPB. The band structure is obtained plotting
these Eigen frequencies against ‗k- points‘ [19],[20].
From literature survey [9]-[11] it has been found that the
dielectric constant of normal cell varies from 1.8225 to
1.8769, where as for cancer cell it varies from 1.9376 to
1.9628 .In the present work, a detailed study has been done
on refractive index profile [14] of a healthy Lymphocyte
cell and its components. The database tabulated in Table I
is for normal Lymphocyte cell. From Table I, it can be
observed that the change in refractive index of different
components of Lymphocyte cell is very small. The sensor
design proposed in the present work is highly sensitive and
able to capture the minute change in the refractive index
profile within the Lymphocyte cell.

II. THEORY
Photonic crystal is the refractive index profile of
different material arranged periodically in two or three
dimensions and in different lattice structures [12],[13].
There are two configurations in which it can be fabricated:
rods in air configuration and holes in slab configuration
[12]. The peculiar characteristic of photonic crystal is that
it can control flow of light by acting as a narrowband
wavelength reflectance filter where at the resonant
wavelength 100% of incident light will get reflected back
while all other wavelengths are transmitted through the
sensor structure [12]. The light perturbation can be
manipulated by creating defects either line defect or point
defect. The propagation of light in photonic crystal is
explained by Equation (1) which is obtained by solving
Maxwell's electromagnetic equations [24].

III. SENSOR DESIGN
We propose a two-dimensional (2D) photonic crystal
based structure for complete spectral analysis of a healthy
Lymphocyte cell and its different components. The sensor
designed consists of a hexagonal 2D computational cell of
lattice size of 17 x 17.3205 x 0 in x-y direction. The
designed sensor has rods in air configuration with ―line
defect‖. The air i.e. the background of the sensor is dipped
in the blood sample and the sensor device is absorbed with
Lymphocyte cells. A Gaussian light source will pass
through it through the input port of the sample. The
propagation of electromagnetic waves takes place within
the sensor device. Dielectric properties of Lymphocyte cell
and its components differ from each other. Depending upon
the dielectric properties of the Lymphocyte cell and its
components the propagation of light will vary and hence its
optical properties i.e. transmission and reflection
characteristics will get changed.
Design of the sensor device is shown in ―Fig. 1‖ given
below:

(1)
In the above Equation (1), ‗ϵ‘ is permittivity (dielectric
function ϵ = ƞ2, where 'ƞ' is the RI), ‗ω‘ is frequency. The
above equation (1) tells that the frequency 'ω' is inversely
proportional to the dielectric function ‗ϵ‘.
In the present work, the modeling and simulation of
sensor has been done by using MEEP (MIT
Electromagnetic Equation Propagation) tool [16]. MEEP
solves the time varying Maxwell's equation and implement
Finite Difference Time Domain Method (FDTD)[17],[18].
MEEP computes the transmitted flux at the specified
regions, and the frequencies by solving P(t) of the Poynting
vector at each time , and then Fourier transform this to find
P(ω) [17],[18] in as shown in ―(2),‖ given below.
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Band structure can be obtained by plotting Eigen
frequencies versus 'k' points [19][20].For MPB simulation
computations have been done for 250 bands with
1.000000e-07 tolerance for TM polarization for the grid
size is 170x174x1 having cell volume of 294.449.
IV. SIMULATION RESULTS
The main components of a Lymphocyte cell are plasma
membrane (lipid), cytoplasm (protein and water) and
nucleus (protein and water). Each component has a specific
refractive index value [11], [15]. For a cell to retain its
original state the content of the cell should be optimum
.The overall refractive index for normal cell varies from
1.35 to 1.37 [10], [11]. As the content of the cell changes
the overall refractive index of the cell also changes and
hence the optical properties of the cell changes. Cancer is
caused due to change in protein content of the cell [10],
[11]. For a cancer cell, the overall refractive index changes
from 1.39 to 1.40 [10],[11].
With the help of MEEP simulation tool the transmission
spectrum has been obtained for Lymphocyte cell and its
different components .MATLAB tool has been used for
plotting transmission graphs and band structure. As the
refractive index of the bio-sample taken into consideration
will change according to different components of the
Lymphocyte cell the shifts in the transmitted output power
levels and transmission frequencies can be observed from
transmission spectrums which act as signatures for the
designed sensor structure.
Table I shows input refractive index (RI) (where
dielectric constant, ϵ =ƞ2) Lymphocyte cell and its
components [2], normalized transmitted output power and
normalized transmission frequencies.

Fig.1. Design of photonic crystal based sensor with rods in air
configuration.

Designing and simulation of proposed sensor is done
with the help of MEEP tool. Design specifications are
given below:
1. Hexagonal lattice structure of matrix 15x20.
2. Rods in air configuration.
3. Thickness of Perfectly matched layer (PML)
=1.0 a.
4. The size of computational cell is 17 x 17.3205 x
0.
5. Resolution = 10.
6. Lattice constant 'a'=1μm.
7. Radius of rods 'r'=0.17 μm.
8. Dielectric constant of silicon slab =11.56.
9. Dielectric constant of background of the
photonic crystal will change with respect to
bio-sample taken into consideration.
10. Number of frequencies at which flux is
calculated = 500.
11. Polarization = TM.
MEEP uses ―dimensionless‖ units, where the values of
‗ϵ0‘, ‗μ0‘ and ‗c‘ constants are unity. The transmission
spectrum is obtained for different components present in
normal Lymphocyte cell. The refractive index (ƞ) of each
component of Lymphocyte cell has been taken into
consideration. The changed value of refractive index (ƞ)
can be compared with existing refractive index (ƞ) values
of each constituent maintained in database for further
clinical analysis and detection.
In the present work, we have used MPB (MIT Photonic
Bands) tool for computing band structure [19]. MPB solves
the Eigen states and Eigen frequencies of the Maxwell's
equation which is the output of MPB.

TABLE I
INPUT REFRACTIVE INDEX, NORMALIZED OUTPUT POWER AND
NORMALIZED TRANSMISSION FREQUENCY FOR LYMPHOCYTE CELL
AND ITS COMPONENTS.
Biosample
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Refractive
index (ƞ)

Normalized
Output Power

Normalized
Transmission
Frequency

Lymphocyte
cell

1.37

0.2934411

0.41653306

Cytoplasm

1.35

0.3159622

0.37204408

Nucleus

1.39

0.3120085

0.41232464

Plasma

1.48

0.3339060

0.39428857
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The distinct shifts in transmitted output power levels and
output transmission frequencies can be observed from
transmission spectrums shown in ―Fig. 2‖, ―Fig. 3‖, ―Fig.
4‖and ―Fig. 5‖ for normal Lymphocyte cell and its
components i.e. cytoplasm, nucleus and plasma .The
transmission spectrum for normal Lymphocyte cell is
shown in ―Fig. 2‖ given below :

Transmission Spectrum for Nucleus of normal Lymphocyte cell
0.315
-- N o r m a l i z e d T r a n s m i t t e d
O u t p u t P o w e r-->

0.31

Transmission Spectrum for Normal Lymphocyte cell
0.29

Ly mpho c y te c e ll
( no rm a l )

0.28

0.3
0.295
0.29
0.285
0.28
0.275
0.27
0.265
0.4105

0.411

0.4115

0.412

0.4125

0.413

0.4135

0.414

0.4145

0.415

----- N o r m a l i z e d T r a n s m i s s i o n F r e q u e n c y-->

0.27

Fig.4. Transmission spectrum for nucleus of normal Lymphocyte cell.
0.26

The transmission spectrum for plasma of normal
Lymphocyte cell is shown in ―Fig. 5‖ given below:

0.25
0.24

Transmission Spectrum for Plasma of normal Lymphocyte cell

0.23
0.22
0.4145

0.335
0.33

0.415

0.4155

0.416

0.4165

0.417

0.4175

0.418

0.4185

0.419

P la sma o f norma l
Ly mpho c y te c e ll

0.4195
--N o r m a l i z e d T r a n s m i t t e d
O u t p u t P o w e r-->

----N o r m a l i z e d T r a n s m i t t e d
O u t p u t P o w e r-->

0.3

Nucleus o f normal
Ly mpho c y te c e ll

0.305

----- N o r m a l i z e d T r a n s m i s s i o n F r e q u e n c y-->

Fig.2.Transmission spectrum for normal Lymphocyte cell

The transmission spectrum for cytoplasm of normal
Lymphocyte cell is shown in ―Fig. 3‖ given below:
Transmission Spectrum for Cytoplasm of normal Lymphocyte cell

0.325
0.32
0.315
0.31
0.305
0.3
0.295
0.29

0.35
--N o r m a l i z e d T r a n s m i t t e d
O u t p u t P o w e r-->

0.392

0.3

0.3925

0.393

0.3935

0.394

0.3945

0.395

0.3955

0.396

0.3965

0.397

----- N o r m a l i z e d T r a n s m i s s i o n F r e q u e n c y-->

Cyto pla sm o f normal
Ly mpho c y te c e ll

Fig. 5. Transmission spectrum for plasma of normal Lymphocyte cell.
0.25

The transmission spectrum for each component of
Lymphocyte cell differs as observed from ―Fig. 2‖, ―Fig.
3‖, ―Fig. 4‖and ―Fig. 5‖. The distinct shifts in transmitted
output power levels and output transmission frequencies
can be observed from transmission spectrums shown in
―Fig. 2‖, ―Fig. 3‖, ―Fig. 4‖ and ―Fig. 5‖ for normal
Lymphocyte cell and its components i.e. cytoplasm,
nucleus and plasma and thus each spectrum will act as a
signature of the corresponding component of healthy
Lymphocyte cell for the designed sensor. Table II given
below shows transmission power in decibels (dB) and
Quality factor for each component of Lymphocyte cell.

0.2

0.15

0.1
0.37

0.3705

0.371

0.3715

0.372

0.3725

0.373

0.3735

0.374

0.3745

0.375

----- N o r m a l i z e d T r a n s m i s s i o n F r e q u e n c y-->

Fig. 3. Transmission spectrum for cytoplasm of normal Lymphocyte
cell .

The transmission spectrum for nucleus of normal
Lymphocyte cell is shown in ―Fig. 4‖ given below:
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TABLE II
LYMPHOCYTE CELL AND ITS COMPONENTS, TRANSMITTED OUTPUT
POWER AND QUALITY FACTOR

With the help of MPB simulation tool we can obtain the
band structure for Lymphocyte cells and its components as
shown in ―Fig. 7‖ given below. The change in the resonant
frequency with respect to change in the refractive index of
components of normal Lymphocyte cell has been observed
and is shown in Table IV and ―Fig. 7‖.

Name of Biosample

Transmitted
Output Power
(in dB)

Lymphocyte cell

-10.6495

Cytoplasm

-10.0072

1133

Nucleus

-10.1176

8688

Name of Biosample

Plasma

-9.5275

1255

Lymphocyte cell

Quality Factor
(Q-Factor)
8033

TABLE IV
LYMPHOCYTE CELL AND ITS COMPONENTS, REFRACTIVE INDEX,
RESONANT FREQUENCY AND WAVELENGTH

Reflection spectrum has been obtained by using MEEP
simulation tool for Lymphocyte cell and its components as
shown in ―Fig. 6‖ given below:
Re fl ec ti on Spe ct rum for Lymphocy te c el l and i ts components

Refractive
index (ƞ)

Resonant
Frequency(c/a)

Wavelength
(in μm)

1.37

0.34442

1.5253

Cytoplasm

1.35

0.345037

1.5268

Nucleus

1.39

0.343798

1.5239

Plasma

1.48

0.344576

1.5257

n o rm a l L y m p h o c y te ce ll
Cytoplasm of Lym phocyte
Nucleus of Lymphocyte
Plasm a of Lympho cyte

1.2
1.1

The band structure is obtained for various components in
the blood using the output from MPB simulation tool and is
shown in ―Fig. 7‖. The 'k' wave vector is plotted against
resonant frequency.

1
0.9
0.8

Band St ruct ure for normal L ymphocyt e c el l and i ts c omponent s
0.349

0.7

--- R e s o n a n t f r e q u e n c y ( c / a) ----->

--N o r m a l i z e d R e f l e c t e d
O u t p u t P o w e r-->

1.3

0.6
0.5
0.42

0.4205

0.421

0.4215

0.422

0.4225

0.423

0.4235

----- N o r m a l i z e d R e f l e c t i o n F r e q u e n c y-->

Fig. 6. Reflection spectrum for normal Lymphocyte cell and its
components.

The reflection spectrum details are given in Table III
given below. The normalized reflection frequency for
normal lymphocyte cell and its components is 0.42194.

Refractive
index (ƞ)

Normalized
Reflected
Power

1.37

1.0786

0.6572

Cytoplasm

1.35

1.0012

0.0104

Nucleus

1.39

1.1369

1.114

Plasma

1.48

1.2460

1.910

0.346

0.345

0.344

1.5

2

2.5
3
3.5
--- " K ( w a v e- v e c t o r)- P o i n t s "----->

4

4.5

5

Fig.7. Band structure for Lymphocyte cell and its components.

From the band structure we can observe that even a
slightest change in RI alters the resonant frequency. The
designed sensor is sensitive even to small change in the
refractive index of bio-sample.
From transmission spectrum, reflection spectrum and
band structure it is clear that the sensor designed can be
used for complete spectral analysis of a healthy
Lymphocyte cell. These transmission spectrums act as
signature for a normal Lymphocyte cell and any deviations
in these values are indicator of diseased cells.

Reflected
Power in
dB

Lymphocyte
cell

0.347

0.343
1

TABLE III
LYMPHOCYTE CELL AND ITS COMPONENTS, REFRACTIVE INDEX,
REFLECTED OUTPUT POWER AND REFLECTED POWER IN DB
Biosample

C y to pla sm o f L y mp ho c y te c e ll
N u c le u s o f L ymp ho c y te c e ll
P la sma o f Lym pho c yt e c e ll
no rmal Lymphoc yt e c e ll

0.348
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In the present work the transmission and reflection
characteristics of lymphocyte cell have been studied both in
time -domain and frequency-domain by using MEEP and
MPB simulation tools respectively in the wavelength range
of 1530-1565 nm. The graphs obtained are distinct and the
method requires very less time for simulation without any
need for generating optical model of the cell.

V. RESULTS AND DISCUSSIONS
In the present work, the optical properties of
Lymphocyte cell and its components has been obtained.A
comparative study for the present work and the work done
by authors in [15] has been done.In [15] the basic stucture
is photonic crystal based gratings strucutre with a line
defect .The line defect in [15] is due to placement of silicon
rods at different lattice constant.This type of structure is
difficult to fabricate
.In the present work, a two
dimensional 15 x 20 photonic crystal structure with rods in
air configuration has been designed which is easy to
fabricte for analysis of Lymphocyte cell. In [15] the
transmission spectrum has been obtained by using MEEP
tool and spectral analysis has been done in time-domain
only .In [15] the normalized transmission peak obtained for
Lymphocyte cell is 0.25508 and normalized transmission
frequency obtained is 0.28527. But in the present work the
authors have analyzed Lymphocyte cell in frequency
domain also and a detailed study has been done on the band
structure of Lymphocyte cell by using MPB simulation
tool.
Light scattering patterns are sensitive to refractive index,
and hence more accurate results can be obtained by
considering these parameters. One such method is
―Scanning Flow Cytometer (SFC),‖ [21]. For fast detection
of light patterns scattered by single particles which allows a
detailed measurement of the entire angular light scattering
pattern can be done by using SFC but it requires costly
machine setup.
Fluorescence based methods requires labeling of the
cells which is again time-consuming and expensive. Also
labeling can interfere with the shape and contents of the
original cell.
In practical nucleus structure is inhomogeneous. ―Cell
imaging‖ method considers simplest model of mononuclear
cells as a homogeneous sphere and uses ―Confocal
microscopy‖ for measurement [22]. The results obtained
are less accurate due to ―model errors‖ that occur due to
imperfect alignment of SFC and non-central position of the
particle in the flow.
Few characterization methods are based on solving
―Direct and inverse light scattering‖ problems by using
optical models of the single particles [23],[24]. In [25],[26]
light scattering properties of lymphocytes had been studied
and more complicated models such as five-layer spherical
model of mononuclear blood cells had been developed
where inhomogeneous nucleus has been considered in the
wavelength range of 405-543 nm. But these methods
require lots of computation time and these complex models
are not practically possible.

VI. CONCLUSION
Spectral analysis has been done for normal Lymphocyte
cell and its various components. As the dielectric properties
of healthy Lymphocyte cell differs from cancerous or
unhealthy cell it can be differentiated and detected using
the designed photonic crystal based biosensor. It has been
observed from the transmission and reflection spectrums
that for little change in refractive index (RI) of the
biosamples taken into consideration there will be distinct
shifts in the transmitted and reflected output power levels,
transmission and reflection frequencies and resonant
wavelengths and hence the designed sensor can be used for
in-depth analysis of Lymphocyte cell and its various
components. The transmission and reflection spectrums
obtained for the designed sensor acts as signature for a
healthy Lymphocyte cell and can be used in medical
diagnosis purpose. In future, the designed sensor further
can be developed into lab-on-chip device which will make
cancer detection easier, efficient and less expensive.
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