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Selective detection of Hg (II) over Cd(II) and
Pb(II) ions by DNA functionalized CNT
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Abstract— This work describes the selective detection of Hg(II)
ions over Cd(II) and Pb(II) ions by DNA functionalized carbon
nanotube (DFC) resistive network. The nucleobases, especially
adenine and thymine, which are bound to the nanotubes through
π—π stacking interactions, have strong affinities for Hg(II) ions
and bind to the Hg(II) ions at suitable ligand sites forming a
stable chelate complex. The coordinate ligand-Hg(II) bond
possesses higher covalent character than either the ligand-Cd(II)
or the ligand-Pb(II) bond. The higher the covalent character of
the coordinate bonds in the chelate complex formed on the DFC
network more is the e-scattering at the metal binding sites and
thus greater is the reduction in the conductance of the DFC
network. The amount of covalent character of the metal-ligand
bond is measured by the stability factor of the complex.
Index Terms— heavy metals, sensor, bio-functionalization,
carbon nanotubes,

stabilize mismatched T-T and A-T base pairs and unbound
thymine and adenine bases[4]. When both adenine and
thymine coexist the formation of chelating complex is
governed by inter-ligand interactions including electrostatic,
hydrophobic and stacking interactions[5]. The coordinate
bonds in the chelate complex at the metal binding sites are not
purely covalent but labile covalent bond with significant
degree of ionic character [6]. Experimental analysis have
shown that protons are liberated when Hg(II) binds to
nuclebases in DNA [7, 8] to form complexes. The reaction
scheme for the formation of T-Hg(II)-T complex is
represented in Figure 1 (a). A-Hg-A and A-Hg-T complexes,
shown in Figure 1(b) and (c) respectively, are formed
following the same scheme. Due to the formation of such
complexes the nucleobases undergo conformational changes
which in turn influence the specific rotation of the molecule.

I. INTRODUCTION
The interactions between metal ions and DNA strands can be
either non-specific or specific[1]. Cations exhibit non-specific
binding with the negatively charged phosphate back bone of
the DNA but undergo specific binding with naturally occurring
ligands like nucleobases through pseudo-first order kinetic
interaction. This leads to the generation of duplex moieties
formed by the replacement of imino protons of the nucleobases
by metal ions [2]. Metal ions are classified into hard and soft
ions based on their affinities for the ligand binding sites of the
nucleobases. The soft ions are more polarizable than the hard
ions and the interactions between soft ions and ligands possess
more covalent character than their counterpart. In this work we
study the interaction between soft ions of Hg (II), Cd(II) and
Pb(II) and the nucleobases and compare the covalent character
of their interactions.
Since the nucleobases of the DNA constitutes naturally
occurring multisite ligand, they are used to trap Hg(II) ions
through chelate complex formation. Adenine and thymine are
best suited to form complexes with Hg(II) due to their higher
stability constant with Hg(II) [3]. Driven by negative enthalpy
change and positive entropy change, the Hg(II) ions selectively
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Figure 1: (a) Reaction scheme for T-Hg(II)-T pair formation. Molecular
structures of cross linked (b) A-Hg-A and (c) A-Hg-T complexes. The C, H,
O, N and Hg atoms are depicted by grey, white, red, blue and orange spheres

Hg(II) ion sensors with low detection limits have been
developed based on the chelation chemistry between
nucleobases and Hg(II) ions[9-11]. Wang et al. [12] devised a
micro-fluidic chip-based near-infrared fluorescence detection
set-up for specific analysis of Hg(II) ions with a detection limit
as low as 1.5 nM. The mechanism behind the detection is the
formation of T-Hg (II)-T mismatches followed by loosening of
van der Waals bonds between the nucleobases and the sidewalls of the nanotubes. The device utilizes multipart
fabrication process flow for the development of micro-fluidic
channels and suffers from higher time of detection. Liu et al.
[13] constructed DNA modified electrode based
electrochemical detection scheme for Hg(II) ion which
achieves a low detection limit of 0.32 nM with good
selectivity and reusability.
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This paper provides an electrical platform for selective
detection of Hg(II) ions through ligand chemistry route using
DNA functionalized carbon nanotube (DFC) network. The
shortcomings of colorimetric, fluorescence-based and
electrochemical methods (namely, unstable chemical and
fluorescence signals, and signals from contaminating
colorants) are avoided in this work.
Comparative
measurements with Hg (II), Cd(II) and Pb(II) ions in this work
show that the nucleobases respond strongly to Hg(II) ions due
to the formation of chelate complex between Hg(II) ions and
ligand sites. The ssDNA strands unbinds from the surface of
DFC as the Hg(II) produces weakening of the π—π stacking
interaction between nanotubes and nucleobases which forms
chelate complex with the Hg(II) ions. The nucleobase-Hg (II)nucleobase coordinate bond possesses high covalent character
and imparts greater stability to the complex than those with
Cd(II) and Pb(II) ions. Selective detection of Hg(II) ions for
concentration as low as 0.05 nM was achieved by the device.

between Au electrodes by micro-cantilever based drop
dispensing technique using Nano-eNabler system (Bioforce
Nanoscience, USA) as shown in Figure 3a. This drop casting
technique produces DFC film of maximum thickness 90 nm as
characterized by Dektak surface profilometer. Figure 3b shows
the Dektak profilometer image of the tested device. The
mounds on the DFC network are due to remnant agglomerates
in the solution. The steps of DFC synthesis and the process of
device fabrication are discussed in detail in our earlier work
[15].

II. EXPERIMENTS
A. Materials
The SWNT and the ssDNA samples were purchased from
Sigma Aldrich, USA as detailed in [14]. The ssDNA sample
constitutes 41.9% G-C and 58.1% A-T content. Analytical
grade Hg (II) acetate, Cd(II) acetate and Pb(II) acetate were
purchased from Sigma Aldrich, USA.
B. Instruments
FESEM investigations on DFC film were performed with
SUPRA 40 FEG-SEM (Carl Zeiss SMT AG, Germany). CD
investigations were performed using JASCO J-810 (Tokyo,
Japan) spectropolarimeter in the wavelength range of 220 nm330 nm at room temperature. Electrical characterization of the
device was performed in the probe station (PLV 50, Cascade
Microtech, Germany) by semiconductor parameter analyzer
(SPA), (Model: 4155C Agilent Technologies, USA), remotely
connected to a computer through which data acquisition takes
place. The schematic representation of the experimental set-up
is shown in Figure 2.
C. Synthesis of DFC
The DFC solution was prepared as follows. First, the
ssDNA solution was prepared by adding 0.1 mg of ssDNA in 5
ml tris buffer solution and allowing the ssDNA to dissolve
overnight in the sample mixer (HulaMixer™ from Life
Technologies-Invitrogen, USA). Following this, 0.2 mg
SWNT was then added to the ssDNA solution, and subjected
to 4 hours of alternate cycles of (i) low intensity sonication for
30 mins in an ice bath and (ii) mixing in sample mixer for 30
mins. The resultant solution was centrifuged at 2000 r/min to
eliminate the large bundles of unmodified SWNT.
The supernatant (stock) solution was collected and preserved
for drop casting between Au-electrodes. The Au electrodes of
thickness 150 nm, width 20 µm, and separated by gap length
of 25 µm were fabricated by conventional photolithography on
thermally grown SiO2 layer. The DFC solution was drop cast

Figure 2: Schematic representation of the experimental set-up

DFC network

Au

(b)

Au

Thermally oxidized Sisubstrate

Figure 3: a) Photograph of solution dispensing of DFC solution between Auelectrodes separated by a gap of 25 μm by micro-cantilever based drop
dispensing technique (b) Dektak profilometer image of the tested device
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III. RESULTS
A. Electron Microscopy Characterization
Figure 4 (a) and (b) show the FESEM images of DFC network
on SiO2 substrate before and after addition of Hg (II) ions
respectively. Before addition of metal ions the DFC network
shows thick wrapping of DNA around CNTs. After addition of
Hg(II) ions there is a distinct change in morphology of the
DFC network. The non-covalent van der Waals interactions
between DNA strands and surface of the nanotubes are
weakened on exposure to Hg (II) ions as a result of which the
strands are loosened and unwrapped to form sparse
agglomerates of chelate complexes on the nanotube surface as
shown in Figure 4 (b).

Figure 4: FESEM image of DFC network before (a) and after (b) Hg (II) ion
treatment

B. Electrical characterization
Electrical characterization of DFC resistive network was
performed in response to different concentrations of Hg(II),
Cd(II) and Pb(II) ions at temperature 22 °C, 40% RH and
under normal atmospheric pressure. The chemical stability of
co-ordinate bonds between metal (M) ions and nucleobases in
the chelate complex was studied by I-V semi-log plots of Mions treated DFC network at different concentrations of Mions. The thick wrapping of ssDNA over SWNT in DFC (as
shown in Figure 4 a) provides schottky character to the
nanotube- nanotube and Au-nanotube contacts of the DFC
network which gives rise to exponential behavior of the I-V
curves. I-V measurements were performed on separate devices
for each concentrations of 0.05 nM, 0.5 nM, 5 nM, 50 nM and
500 nM for Hg(II), Cd(II) and Pb(II) ions as shown in Figure
5, 6 and 7 respectively . All the I-V characteristics for different
concentrations of respective M-ion were compared with the IV curve obtained from DI water which was considered as a
control of the experiment.
The blank response of DFC network towards DI water is
represented by
DFC
DI ………………. (1)

found differences in contact areas between DFC network and
Au electrodes contribute to the error. This problem has
restricted us to calibrate the devices in terms of output signal
current for different concentrations of the M-ions. Therefore
we calibrated the device against different concentrations of Mions with the stability factor, :
DFC

where
DFC

M ion

M ion

…………………..(2)

= conductance of M-ion treated DFC network,

= conductance of the untreated DFC network, and

is

given by (1). M ion decreases in response to different
concentrations of M-ions,: it is found to be strong for Hg (II)
ions and weak for Cd (II) and Pb (II) ions. represents the
number and strength of the coordinate covalent bonds between
the central M-ions and the ligand in the chelate complex.
Figure 8 shows
vs. concentration of Hg(II), Cd(II) and
Pb(II) ions in the range of 0.05-500 nM. The nucleobases-M
coordinate bonds possess mixed covalent and ionic character.
The amount of covalent character depends of the affinity of the
respective nucleobases for different metal ions. For a fixed
concentration of M-ion,
depends on the covalent character
of the coordinate bonds upon chelation which increases the
stability of the complex. Thus
is considered as the stability
constant of the nucleobase-M-nucleobase chelate complex
formed on the surface of DFC.
In our study, the detection limits are determined as the
3 , is
concentration of M-ions at which the limiting criteria
satisfied. The detection limit of Cd(II) and Pb(II) of our device
is graphically determined to be 1 nM and 10 nM respectively.
However, since the experiments were conducted in the M-ion
concentration range of 0.05-500 nM, the detection limit of
Hg(II) was determined to be 1 pM by extrapolating the vs.
3.
concentration plot to
The hydrophobic nucleobases of the ssDNA bind themselves
on the nanotube wall through non-covalent van der Waals
interactions, whereas the phosphate backbone of the DNA,
being hydrophilic, is in contact with the aqueous medium. The
metal (M)-ions interacts with the ligand nucleobases to form
chelate complexes on the surface of DFC where the

where DFC and DI are the slopes of the I-V semi-log curves
for DFC network before and after addition of DI water
respectively.
DFC based resistive devices are known to suffer from
reproducibility error in output signal current due to variation in
chirality of the nanotubes in the network. Additionally we

1530-437X (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JSEN.2014.2382129, IEEE Sensors Journal

4

Figure 7: (a)-(e) Semi-log I-V plots
of untreated and Pb (II) ion treated
DFC network for concentrations of
0.05 nM, 0.5 nM, 5 nM, 50 nM and
500 nM respectively

Figure 5: (a) I-V characteristics of control experiment with DI water (b) – (f)
Semi-log I-V plots of untreated and Hg(II) ion treated DFC network for
concentrations of 0.05 nM, 0.5 nM, 5 nM, 50 nM and 500 nM respectively

Figure 8: Stability factor vs. concentration plot for Hg (II), Cd(II) and Pb(II)
ions

Figure 6: (a)-(e) Semi-log I-V plots
of untreated and Cd(II) ion treated
DFC network for concentrations of
0.05 nM, 0.5 nM, 5 nM, 50 nM and
500 nM respectively

Figure 9: Schematic representation of chelation of nucleobases with Hg(II)
ions on the surface of DFC network

Figure 10: Sensitivity vs. concentration plot for Hg(II), Cd(II) and Pb(II) ions

Figure 11:
solution

CD spectrograph of untreated and metal ion treated DFC
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.
Figure 12: Comparative percentage decrease in CD intensity and electrical
conductance of DFC after addition of different M-ion solutions of
concentration 5 nM

nucleobases for Cd(II) and Pb(II) ions, no significant reduction
in intensity is observed on interaction with DFC. However,
the positive and the negative peaks for Cd(II) and Pb(II) ion
treated DFC solution suffer red and blue shifts of 3 nm and 4
nm respectively. This is due to the conformational changes in
nucleobases and variations in wrapping pitch upon interaction
with M-ions. As the CD intensity is heavily reduced for Hg (II)
ion treated DFC solution this peak shift could not be
ascertained. The steep positive peak at 230 nm for Hg (II) ion
is attributable to the formation of duplex and multiplex chelate
complex. Percentage decrease in electrical conductance and
CD intensities for different M-ion solutions of concentration 5
nM are compared in Figure 12.
IV. DISCUSSIONS

stability of the nucleobase-M-nucleobase coordinate covalent
bond in the complex depends on different metal ion affinities
of respective nucleobases. The formation of chelate complex
by Hg (II) ions on the DFC surface is schematically shown in
Figure 9.
d
Figure 10 shows the log-log plot of sensitivity( S
) vs.
dC
concentration for Hg(II), Cd(II) and Pb(II) ions and are
determined from the slope of the piecewise linear regions
between two adjacent data points in Figure 8. The plot shows
that for different concentrations of Hg (II), the corresponding
sensitivities were one order higher than those obtained for
Cd(II) and Pb(II) ions. The metal ions become less sensitive to
nucleobases at high concentrations due to exhaustion of the
ligand binding sites on the nucleobases.
C. Optical characterization
The interaction between DFC network and M-ions were
further investigated by circular dichroism (CD) spectroscopy
which confirmed the establishment of strong coordinate
covalent bond between Hg (II) ions and DFC. Measurements
were performed after separately adding 5 nM solution of metal
ions to 1/20 parts of the stock solutions of DFC in the
volumetric ratio of 1:3. CD spectra of untreated and M-ion
treated DFC solution are shown in Figure 11. The CD
spectrum of untreated DFC solution shows positive and
negative peaks at 278 nm and 245 nm respectively with a
crossover at 260 nm. The CD intensities in both positive and
negative sides are highest for untreated DFC solution and
decreases when the DFC solution was treated with` M-ions.
The larger the reduction in CD intensity the stronger is the
covalent bonds established between the M-ions and the
nucleobases of the DFC. Both positive and negative CD peaks
are drastically reduced on addition of Hg (II) ions as compared
to that of Cd(II) and Pb(II) ions. The large reduction in
intensity for Hg(II) ions is attributed to the weakening of the
π—π stacking interactions between the nanotubes and the
nucleobases on chelation as a result of which DNA strands
loosen from the surface of the nanotubes. The Hg(II) ions,
with high affinity for the nucleobases, attacks the ligand sites
to form most stable chelate complex as compared to that with
Cd(II) and Pb(II) ions. Owing to the low affinity of the

The nucleobases undergo chelation with Hg (II) ions forming
highly stabilized coordinate covalent bonds between ligand
and the central Hg (II) ion which lead to higher
than formed
by the Cd(II) and Pb(II) ions. When Hg(II) ions bind
covalently to the nucleobase the strength of π-π stacking
interactions between the surface of the SWNT and the
nucleobase are weakened [16]. The repulsive cationic
interactions stretch the DNA strands resulting in partial or
complete detachment of the DNA strands from the nanotube
surface. Thus the pitch of wrapping of DNA strands around the
nanotube increases after binding with the Hg (II) ions. The
nucleobase thus, selectively targets the Hg (II) ions in the
aqueous medium at specific ligand sites forming chelating
complexes.
In contrast, due to the lower metal ion affinity of the
nucleobase for Cd(II) and Pb(II) ions, they establish
irreversible partial coordinate covalent bonds with these metal
ions. These bonds with Cd(II) and Pb(II) ions exhibit lower
covalent character than that with Hg(II) ions and therefore
imparts less stability to their corresponding chelate complexes.
The more the covalent character in the nucleobases-M
coordinate bond, the more stable is the complex. The stability
of the nucleobase-M bond studied in our work can be
expressed as nucleobase-Hg(II) > nucleobase-Cd(II) >
nucleobase-Pb(II).
The M-ions bound to the nucleobases through partial
coordinate covalent bond set up scattering sites for electron
transport on the surface of the DFC network. This electron
scattering at the metal binding sites is pronounced when the
covalent character of the coordinate bond is high leading to
greater stability of the nucleobases-M chelating complex for
Hg (II) ions. The e-scattering at the metal binding sites
decreases the overall conductance of the DFC network.
Moreover, cross-linking of the nucleobases through Hg (II)
ions forming a complex structure releases protons which
recombine with the electrons causing reduction in the
availability of electrons contributing to charge transport in the
DFC network, thereby decreasing the overall conductance of
the DFC network. The nucleobases are less sensitive towards
Cd(II) and Pb(II) ions which inhibit the formation of stable
chelate complexes on DFC surface resulting in less decrease in
DFC network conductance. However Cd(II) and Pb(II) as well
as the Hg(II) ions undergo unspecific binding at the phosphate
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backbone of the type -P-O-M-O-P-, which decreases the
mutual electrostatic repulsion between adjacent strands [17].

[13]

V. CONCLUSIONS
The work describes the development of DFC resistive network
based selective detection scheme for Hg (II) ions. Comparative
studies with Hg (II), Cd(II) and Pb(II) ions reveal that the
conductance of the DFC network suffer significant drop when
Hg(II) ions interact with the nucleobases to form chelate
complex on the surface of the DFC. The formation of chelate
complex between the Hg(II) and the nucleobases imparts
maximum covalent character into the coordinate bond at the
Hg(II) binding sites of the nucleobases. The nucleobases are
less sensitive to Cd(II) and Pb(II) ions and induce
comparatively less covalent character to the coordinate bond
forming a less stable chelate complex. The covalent character
of the coordinate bond with the ligand is measured in terms of
the stability factor Δ which is highest for Hg (II) ions. Since
nucleobases selectively targets the Hg (II) ions forming a
highly chelate stable complex. DFC network shows promise
for selective and fast electronic detection of Hg (II) ions.
Concentration as low as 0.05 nM of Hg (II) ions was
successfully detected by the DFC resistive network.
REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

B. Lippert, "Multiplicity of metal ion binding patterns to
nucleobases," Coordination Chemistry Reviews, vol. 200-202,
487–516, 2000.
A. A. Voityuk, "Electronic Coupling Mediated by Stacked
[Thymine-Hg-Thymine] Base Pairs," J. Phys. Chem. B, vol. 110,
no.(42), pp. 21010-21013, 2006.
B. L. Vallee and D. D. Ulmer, "Biochemical Effects of Mercury,
Cadmium, and Lead," Annual Review of Biochemistry, vol. 41,
91-128, 1972.
H. Torigoe, A. Ono, and T. Kozasa, "HgII Ion Specifically Binds
with T:T Mismatched Base Pair in Duplex DNA," Chem. Eur. J.,
vol. 16, no.(44), pp. 13218 - 13225, 2010.
R. Ghose, "Metal Complexation with Adenine and Thymine,"
Synthesis and Reactivity in Inorganic and Metal-Organic
Chemistry, vol. 22, no.(4), pp. 379-392 1992.
Y. Tanaka, S. Oda, H. Yamaguchi, Y. Kondo, C. Kojima, and A.
Ono, "15N−15N J-Coupling Across HgII: Direct Observation of
HgII-Mediated T−T Base Pairs in a DNA Duplex," Journal of the
American Chemical Society, vol. 129, no.(2), pp. 244-245, 2007.
T. Yamane and N. Davidson, "On the Complexing of
Desoxyribonucleic Acid (DNA) by Mercuric Ion," J. Am. Chem.
Soc., vol. 83, no.(12), pp. 2599-2607, 1961.
J. Sebera, J. Burda, M. Straka, A. Ono, C. Kojima, Y. Tanaka, and
V. r. Sychrovsky, "Formation of a Thymine-HgII-Thymine MetalMediated DNA Base Pair: Proposal and Theoretical Calculation of
the Reaction Pathway," Chem. Eur. J., vol. 19, 9884 - 9894, 2013.
J.-S. Lee and C. A. Mirkin, "Chip-Based Scanometric Detection of
Mercuric Ion Using DNA-Functionalized Gold Nanoparticles,"
Anal. Chem., vol. 80, 6805-6808, 2008.
B.-C. Ye and B.-C. Yin, "Highly Sensitive Detection of
Mercury(II) ions by Fluorescence Polarization Enhanced by Gold
Nanoparticles," Angew. Chem. Int. Ed., vol. 47, 1 - 6, 2008.
C. V. Hoang, M. Oyama, O. Saito, M. Aono, and T. Nagao,
"Monitoring the Presence of Ionic Mercury in Environmental
Water by Plasmon-Enhanced Infrared Spectroscopy," Scientific
Reports, vol. 3 no.(1175), pp. 1-6, 2013.
J. Wang, H. Chen, P. Zhang, Z. Zhang, S. Zhang, and J. Kong,
"Probing trace Hg2+ in a microfluidic chip coupled with in situ
near-infrared fluorescence detection," Talanta, vol. 114, 204-210,
2013.

[14]

[15]

[16]

[17]

X. Liu, C. Sun, H. Wu, Y. Zhang, J. Jiang, G. Shen, and R. Yu,
"Label-Free Electrochemical Biosensor of Mercury Ions Based on
DNA Strand Displacement by Thymine–Hg(II)–Thymine
Complex," Electroanalysis, vol. 22, no.(17-18), pp. 2110-2116,
2010.
A. Paul, B. Pramanick, B. Bhattacharya, and T. K. Bhattacharyya,
"DNA functionalized carbon nanotube network as humidity
sensors," IEEE Sensors Journal vol. 13, no.(5), pp. 1806-1816,
2013.
A. Paul, B. Bhattacharya, and T. K. Bhattacharyya, "Fabrication
and Performance of solution based micro-patterned DNA
functionalized carbon nanotube network as humidity sensors,"
IEEE Transactions on Nanotechnology vol. 13, no.(2), pp. 335342, 2014.
X. Gao, G. Xing, Y. Yang, X. Shi, R. Liu, W. Chu, L. Jing, F.
Zhao, C. Ye, H. Yuan, X. Fang, and C. W. Zhao, "Detection of
Trace Hg2+ via Induced Circular Dichroism of DNA Wrapped
Around Single-Walled Carbon Nanotubes," J. Am. Chem. Soc.,
vol. 130, 9190-9191, 2008.
D. A. Megger, N. Megger, and J. Muller, Interplay between Metal
Ions and Nucleic Acids, vol. 10. New York: Springer, 2012.

Ambarish Paul obtained his Bachelors
(Honours) degree in Physics from Calcutta
University, Kolkata in 2004, his Master of
Science (M.Sc) degree in Physics from Banaras
Hindu University (BHU), Varanasi in 2006 and
his Master of Technology (M.Tech) in
Advanced Materials Science and Technology
from National Institute of Technology (NIT),
Durgapur in 2008. Presently, he is a PhD student at Advanced
Technology Development Centre, Indian Institute of Technology (IIT),
Kharagpur. His research interest includes bio-functionalization of carbon
nanotube and utilizing it in sensing applications.
Baidurya Bhattacharya obtained his B.Tech in
Civil Engineering from the Indian Institute of
Technology Kharagpur in 1991 and his MS
(1994) and PhD (1997) degrees in Civil
Engineering from the Johns Hopkins University,
Baltimore. He was an Assistant Professor at the
Univeristy of Delaware (2001-2006) and a visiting
faculty at Stanford University (2005) before
joining the Indian Institute of Technology
Kharagpur in 2006 where he became a Professor
in 2011.
Tarun K. Bhattacharyya (M’12) received the
B.Sc. degree (Hons.) in physics and the B.Tech.
degree in radio-physics and electronics from the
University of Calcutta, India, in 1984 and 1987,
respectively, and the M.E. and Ph.D. degrees in
electronics and telecommunication engineering
from Jadavpur University, India, in 1991 and 1996,
respectively. He joined the Electronics and
Electrical Communication Engineering Department
of the Indian Institute of Technology Kharagpur, India in 2000 where he
became a Professor in 2014. Dr. Bhattacharyya was the recipient of IBM
Faculty Award in 2012.

1530-437X (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

