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Abstract: A paradigm for multiple-input multiple-output (MIMO) channel modeling demands
diversity technique to compensate the effects of fading and shadowing. In this paper, error
performance of MIMO system is analyzed with orthogonal space time block code (OSTBC) and
maximal ratio combining (MRC) techniques over Weibull-gamma (WG) fading channel. WG
distribution forms a composite channel model which is used to determine the effects of multipath
as well as shadowing. In this scenario, exact analytical expressions for symbol error rate (SER) are
computed for MIMO systems using OSTBC and MRC. Consequently, the effects of fading severity
by varying shape parameters are also shown by simulation and analytical results.
Keywords: multiple-input multiple-output, orthogonal space time block code, maximal ratio
combining, Weibull-gamma fading, symbol error rate.

1. Introduction
In the present wireless systems, the demand of proliferation of bandwidth for high data rate
and reliable communication requirement is increasing. Multiple-input multiple-output (MIMO)
systems have been investigated to achieve these requirements. Also, diversity techniques have
been recommended for increasing the reliability of system. Orthogonal space time block codes
(OSTBCs) have been employed in MIMO systems to achieve the full transmit diversity while
permitting a simple maximum likelihood decoding algorithm. This algorithm is based on linear
processing of received signals [1-2]. MIMO system uses receiver diversity e.g. maximal ratio
combining to achieve improved error rate performance by maximizing output signal-to-noise
ratio (SNR) [3].
Various channel models have been addressed in literature to model small scale fading and
the system performance has been evaluated for Rayleigh, Rician, Nakagami-m, Weibull fading
scenario with OSTBC using different modulation techniques [4-6]. In [7-9], error rate of MIMOMRC system has been analyzed with and without noise and interference. In [10],
computationally efficient bit error rate (BER) expressions have been computed for MIMO
system using OSTBC and MRC with transmit antenna selection (TAS) technique in
equicorrelated Rayleigh fading environment. It has been analyzed that TAS/MRC performs
better than OSTBC in terms of BER. Large scale fading effect (i.e., shadowing) has also been
considered along with small scale fading for analyzing the system performance. Hence,
lognormal and gamma distributions have been introduced to evaluate shadowing effects [11-12].
In [13-15], channel models like Rayleigh-lognormal, Nakagami-m- lognormal and Weibulllognormal channels have been investigated. Although, gamma distribution is numerically more
appropriate than lognormal distribution to model shadowing effects [16], several
generic/composite distributions have been proposed using gamma distribution as an alternative
of lognormal distribution. For example, K [16], and Generalized-K [17] channel models have
been recommended for reducing complexity and enhancing accuracy of computational analysis.
In [12], a newly recommended composite fading channel i.e. Weibull-gamma (WG) has been
described in the hypergeometric form and subsequently an alternative has been given in [18]
where WG distribution is denoted in the form of Meijer-G function. In this composite fading,
Weibull fading considers the radar clutters, different mobile fading effects and gamma fading
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considers the effect of shadowing. In [19], outage probability has been obtained through a joint
distribution using selection combining. In addition, arbitrary input branches have been
considered over exponentially correlated composite WG fading channels. Thereafter,
representations of bivariate WG distribution and outage probability with dual-branch selection
diversity have been measured over bivariate WG fading channel [20].
The recent work proposed in [21-22] is the motivation behind this paper. However, the
statistical characterization of MIMO-WG fading channel is not fully investigated in the existing
literature. Therefore, this channel model is taken into consideration for the system performance
analysis.
In this paper, WG channel is used with OSTBC and MRC for analyzing the MIMO system
performance. Although, MRC gives the superior error rate performance compared to that of other
receiver combining techniques, OSTBC is less complex than MRC. CDF based approach is used
to evaluate the SER performance for the proposed system design. Exact analytical expressions
for SER are computed in terms of Meijer-G function. Analytical results are verified by simulation
results. As higher order modulation schemes offer high data rates, hence, 16-phase shift keying
(16-PSK) and 16-quadrature amplitude modulation (16-QAM) are used to analyze the system
performance. Consequently, the dominating effects of fading and shadowing with their small
parameters values as well as the mitigating effects by varying their parameters values are
demonstrated.
The remainder of this paper is prepared as follows. MIMO system and channel model are
described in section 2. Analytical and simulation results for SER are given in section 3. Finally,
the paper is concluded in section 4.
2. System and Channel Model
MIMO systems consider 𝑁𝑟 × 𝑁𝑡 antennas where, 𝑁𝑡 and 𝑁𝑟 indicate number of transmit and
receive antennas respectively with complex channel matrix 𝐻. In 𝐻, each element of channel is
independent and identically distributed (i.i.d.) Gaussian random variables with zero mean and
𝑁0 variance. The received signal over 𝕋 successive symbol durations is represented by 𝑍, which
is a complex matrix with size 𝑁𝑟 × 𝕋
𝐸

𝑍 = √ 𝑠 𝐻𝑋 + 𝒩

(1)

𝑁𝑡

where, 𝐸𝑠 is total transmit energy at each time interval, 𝑋 is transmit signal with matrix size
𝑁𝑡 × 𝕋, 𝒩 is receiver noise with matrix size 𝑁𝑟 × 𝕋 and its coefficients modeled as i.i.d. random
variables.
The WG fading channel 𝐻 is considered to model the effects of large and small scale fading.
This channel matrix is given by 𝐻 = √𝒢/𝑑 𝜗 𝐻𝑤 . Here, 𝑑 is the distance between transmitter and
receiver and 𝜗 is the path loss exponent. In [23], probability density function (PDF) of 𝒢 which
denotes i.i.d. gamma random variable is given as
𝑓(𝑔) =

1

−𝑔

Γ𝑚 Ω𝑚

𝑔𝑚−1 exp ( ) ,
Ω

𝑔, Ω, 𝑚 ≥ 0

(2)

Here, amplitude 𝑟 = |ℎ𝑖,𝑗 | is Weibull distributed for each entry of 𝐻𝑤 , ℎ𝑖,𝑗 is the channel gain
among 𝑖 𝑡ℎ transmit antenna and 𝑗𝑡ℎ receive antenna. Phase is uniformly distributed in the interval
[0, 2𝜋]. Each entry of matrix 𝐻𝑤 follows an i.i.d Weibull PDF [23], which is given by
𝑓(𝑟) = 𝛽 (

Γ(1+2/𝛽) 𝛽/2
𝑔

)

𝑟 𝛽−1 exp [− (𝑟 2

Γ(1+2/𝛽) 𝛽/2
𝑔

)

] , 𝛽 > 0, 𝑔 ≥ 0, 𝑟 ≥ 0

(3)

where, 𝑔 = 𝐸[𝑟 2 ], Ω = 𝐸[𝑔2 ], 𝑚 and 𝛽 are gamma and Weibull fading parameters
respectively. In [18], WG composite PDF is calculated from (2) and (3) through conditional PDF.
For m→∞, the WG distribution approximates Weibull distribution. Using [23, eq. (9.34.3)], for
𝛽 = 2, it follows K or Rayleigh-lognormal distribution. For 𝛽 = 2, m →∞, it approaches Rayleigh
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distribution and for 𝛽 →∞, m →∞, it approaches additive white Gaussian noise (AWGN)
distribution. Weibull and gamma random variables are independent of each other.
Cumulative distribution function (CDF) of 𝛾 given in [18] is represented as
𝐹𝛾 (𝛾) = (

2
𝛽

Γ(1+ )
̅
𝛾
𝑚

)

𝛽
2

1
𝛽+3 𝛽
𝑚− 2
𝛽𝑘 2 ℓ
𝛾2

𝛽

ℓ

ℓ+𝑘−2

2Γ𝑚(√2𝜋)
𝑣 𝑣+1

𝑘+ℓ,1
𝐺1,𝑘+ℓ+1
(

2
𝛽

[𝑚Γ(1+ )𝛾]
(𝛾
̅ ℓ )ℓ 𝑘 𝑘

1
ℓ 1−𝑘

|

)

(4)

1
𝑏𝑘+ℓ ,−
𝑘

𝑣+𝑢−1

where, = , ∆(𝑢, 𝑣) = ,
,…,
, ℓ and 𝑘 are positive integers.
𝑘
2
𝑢 𝑢
𝑢
To enhance the system performance, OSTBC and MRC are employed which is given in section
2.1 and 2.2 respectively.
A. MIMO-OSTBC System
In space-time coded MIMO systems, mapping is done by converting number of bits into
symbols [25]. The effective SNR (𝛾) for MIMO-OSTBC is obtained as
𝛾𝑜 =

𝜌
𝑅𝑐 𝑁𝑡

[trace(H† H)]

(5)

where, = 𝐸𝑠 /𝑁0 , 𝑅𝑐 denotes the code rate of OSTBC, ‖. ‖ represents the Frobenius norm of
matrix, (. )† is Hermitian transposition and trace(. ) is the summation of diagonal elements of
2
†
𝑟
𝑡
∑𝑁
matrix or matrix trace. trace(𝐻† 𝐻) = ‖𝐻‖2 = ∑𝑁𝑖=1
𝑗=1 ‖ℎ𝑖𝑗 ‖ = 𝒢 trace(𝐻𝑤 𝐻𝑤 ).
B. MIMO-MRC System
According to [25], a weighted sum in MIMO-MRC system is defined by combining all the
𝑁𝑟 branches and represented as
𝑁

𝑟
𝑌𝑀 = (𝑊1𝑀 , 𝑊2𝑀 , … … . . 𝑊𝑁𝑀𝑟 )𝑌 = ∑𝑗=1
𝑊𝑗𝑀 𝑌𝑗

(6)

where, 𝑌 denotes is the received signal, 𝑊𝑁𝑀𝑟 is weight vector and (𝑊1𝑀 , 𝑊2𝑀 , … … . . 𝑊𝑁𝑀𝑟 ) = 𝑊𝑀𝑇 .
The combined signal 𝑌𝑗 is represented by signal and noise vectors. Therefore, average SNR
for MRC is expressed by the ratio of signal power 𝑝𝑠𝑖𝑔 to noise power 𝑝𝑛𝑜𝑖𝑠𝑒 , which is given as
𝛾𝑀 =

𝑝𝑠𝑖𝑔
𝑝𝑛𝑜𝑖𝑠𝑒

2

=

𝑇
𝐸𝑠 |𝑊𝑀
𝐻|
𝑇‖
𝑁0 ‖𝑊𝑀

(7)

2

where, 𝐻 = [ℎ1 ℎ2 … ℎ𝑁𝑟 ]T , [. ]T is the transpose of matrix. By following Cauchy-Schwartz
inequality from [25], average SNR illustrates the upper bound as
𝛾𝑀 =

𝐸𝑠 ‖𝐻‖2

(8)

𝑁0

In section 3, (5) and (8) are used to calculate SER for efficient system design in WG fading
environment.
3. Symbol Error Rate Analysis
SER is a substantial measure to evaluate the MIMO system performance. In [26], the average
SER is given as
SER (𝜌) = E𝜌[𝑎0 𝑄(√2𝑏0 𝜌)]

(9)

where 𝑄(. ) is the Gaussian 𝑄-function, 𝑎0 and 𝑏0 are explicitly defined modulation constants.
The values of these constants for M-PSK and M-QAM are given in table 1.
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Table 1. Modulation techniques with modulation-explicit constants
Modulation Technique
Modulation constants (𝒂𝟎 , 𝒃𝟎 )
M-PSK
(2, sin2 (𝜋/M))
M-QAM
(4, 3⁄(2(𝑀 − 1)))
The appropriate representation of (9) can be expressed as
SER =

𝑎0 √𝑏0
2√𝜋

∞ 𝑒 −𝑏0 𝑡

∫0

√𝑡

𝐹𝜌 (𝑡)𝑑𝑡

(10)

where, 𝐹𝜌 (𝑡) is the CDF of 𝜌. Substituting (4) into (10), setting the value of 𝛾𝑜 and after some
mathematical computation, the appropriate SER expression of (10) for proposed OSTBC-MIMO
system is achieved using [24, eq. (7.813.1)]

SER o (𝜌) =

1 1 1−𝛽𝑖𝑗
− +
𝑎0 𝑏0 2 𝜆 2𝜆

2√𝜋

(

𝑅𝑐 𝑑 𝜗 𝑁𝑡 Γ(1+

𝛽𝑖𝑗
2

2
)
𝛽𝑖𝑗

)

Ω𝑖𝑗 𝑚𝑖𝑗 𝜌

1

𝑚 −
𝑘 2 𝜆 𝑖𝑗

𝜆+𝑘−2

2Γ𝑚𝑖𝑗 (√2𝜋)

[𝑅𝑐 𝑑 𝜗 𝑁𝑡 𝑚𝑖𝑗 Γ(1+2⁄𝛽 )]

𝑘+𝜆,2
× 𝐺2,𝑘+𝜆+1

𝛽𝑖𝑗 +3
2 −1

1 𝛽𝑖𝑗 −1
1
𝜆 1−𝜆− 2𝜆 ,1−𝑚
𝑖𝑗

𝑖𝑗

𝜆

(Ω𝑖𝑗 𝑚𝑖𝑗 𝜌𝜆) 𝑘 𝑘 𝑏0

|
𝑏𝑘+𝜆 ,−

(

1
𝑘

)
(11)

Similarly, substituting the value of 𝛾𝑀 , SER for MIMO-MRC system can be represented as
SER M (𝜌) =

1 1 1−𝛽𝑗
− +
𝑎0 𝑏0 2 𝜆 2𝜆

2√𝜋

(

2
Γ(1+ )
𝛽𝑗

Ωj 𝑚𝑗 𝜌

)

𝛽𝑗
2

𝛽𝑗 +3

1
𝑚 − 2 −1
𝑘2𝜆 𝑗
𝜆+𝑘−2

2Γ𝑚𝑗 (√2𝜋)

[𝑚𝑗 Γ(1+2⁄𝛽 )]
𝑗

𝑘+𝜆,2
× 𝐺2,𝑘+𝜆+1

𝜆

1 𝛽𝑗 −1
1
𝜆 1−𝜆− 2𝜆 ,1−𝑚
𝑗

(Ωj 𝑚𝑗 𝜌𝜆) 𝑘 𝑘 𝑏0

|
𝑏𝑘+𝜆 ,−

(

(12)
1
𝑘

)

The analytical results can be obtained using (11) and (12). These expressions are applicable
for an arbitrary number of antenna configurations and arbitrary fading scenarios.
Figures 1-4 demonstrate the system performance with the consideration of 𝑁𝑟 × 𝑁𝑡 as 1×2
and 1×4 for OSTBC and 2×1 and 4×1 for MRC over WG fading channel to signify the suitability
of proposed computation. More explicitly, in Figure. 1 and 2, SER is plotted for MIMO-OSTBC
for numerous values of 𝛽 and 𝑚 using 16-PSK and 16-QAM respectively. SER improves with
the increase in 𝜌. Also, for higher values of 𝛽 and 𝑚 with a fixed 𝜌, SER performance increases.
Consequently, improved SER is achieved by increasing 𝑁𝑡 from 2 to 4. It is noted that for 𝛽 =2,
WG channel model approximates K channel model. Although, higher order modulation provides
high data rate, 16-PSK and 16-QAM modulation schemes are used to analyze the system
performance. The number of constellation points is same in both the modulation techniques but
16-QAM gives improved error performance, it can be seen from Figures 1-4.
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Figure 1. SER for MIMO-OSTBC (1×2 and 1×4) systems using 16-PSK over WG fading
channel
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Figure 2. SER for MIMO-OSTBC (1×2 and 1×4) systems using 16-QAM over WG fading
channel
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Figure 3. SER for MIMO-MRC (2×1 and 4×1) systems using 16-PSK over WG fading channel
It is clearly depicted from the results that 16-PSK gives 3 dB reduced error performance than
16-QAM. For 16-PSK, 𝑎0 =2, 𝑏0 = 0.0381 and for 16-QAM, 𝑎0 = 4, 𝑏0 = 0.1. For simulation,
Ω = 1 and 𝑅𝑐 = 1 is considered.
Multipath is highly accountable to degrade the wireless system performance. The impact of
shadowing can also reduce the error rate performance of wireless system. Hence, reduced
shadowing effect can be observed by high values of 𝑚. Here, four combinations of 𝛽 and 𝑚 are
considered and SER performance is evaluated at these values.
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Figure 4. SER for MIMO-MRC (2×1 and 4×1) systems
using 16-QAM over WG fading channel
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The WG channel matrix 𝐻 is created by the product of the each entries of Weibull and gamma
random variable. In Figure 3 and 4, SER performance of MIMO-MRC system is evaluated with
the same configurations and parameters as considered for OSTBC. It is analyzed from Figures.
1-4 that MRC (2×1 and 4×1) gives approximately 3 dB enhanced SER performance than OSTBC
(1×2 and 1×4). This 3dB loss is obtained due to the radiation of half energy by each transmit
antenna to provide the total radiated power equivalent to one transmit antenna. By changing the
antenna configuration or increasing the number of antennas at transmitter and receiver end, SER
performance can be highly improved but with the increased cost of system.
5. Conclusion
In this paper, WG channel model is presented to analyze the MIMO system performance.
MIMO system is investigated with OSTBC and MRC in terms of SER operating over WG
fading channels. Simulation and analytical results illustrate that 16-QAM gives decreased error
rate than 16-PSK under this scenario. Also, MRC shows the better error performance than
OSTBC. The mathematical and simulation analysis provide the worth and flexibility of proposed
channel model. Further, this work can be extended for OFDM with multiple antenna system to
measure the error rate and capacity performance in diversity scenario over WG fading channel.
6. References
[1]
[2]
[3]

[4]

[5]

R. Heath and A. Paulraj, “Linear Dispersion Codes for MIMO Systems Based on Frame
Theory,” IEEE Transactions on Signal Processing, vol. 50, no. 10, pp. 2429–2441, 2002.
M. Jankiraman, Space-Time Codes and MIMO Systems, Artech House, London, 2004.
C. H. Tse, K. W. Yip, and T. Ng, “Performance tradeoffs between maximum ratio
transmission and switched-transmit diversity,” 11th IEEE International Symposium on
Personal, Indoor and Mobile Radio Communications, vol. 2, pp. 1485–1489, 2000.
H. Zhang and T. A. Gulliver, “Capacity and error probability analysis for orthogonal spacetime block codes over fading channels,” IEEE Transactions on Wireless Communications,
vol. 4, no. 2, pp. 808-819, 2005.
K. Tiwari and D.S. Saini, “BER performance comparison of MIMO system with STBC and
MRC over different fading channels,” IEEE International conference on High Performance
Computing and Application (ICHPCA’14), pp.1-6, 2014.

[6] J. Perez, J. Ibanez, L. Vielva, and I. Santamaria, “Closed-form approximation for the outage
capacity of orthogonal STBC,” IEEE Communication Letters, vol. 9, no.11, pp. 961-963,
2005.
[7] M. Li, M. Lin, Z. Gong, J. Yu, Z. Zhang, R. Peng, and D. Li, “Performance analysis of
MIMO MRC systems,” IEEE Electronics Letters, vol. 43, no. 23, 2007.
[8] J. M. Romero-Jerez and J. P. Pe˜na-Martin, “ASER of Rectangular MQAM in NoiseLimited and Interference-Limited MIMO MRC Systems,” IEEE Wireless Communication
Letters, vol. 1, no. 1, pp.18- 21, 2012.
[9] K. Ming and M.-S. Alouini, “A comparative study on the performance of MIMO MRC
systems with and without cochannel interference,” IEEE Transactions on Communications,
vol.52, no.8, pp.1417-1425, 2004.
[10] M. Kulkarni, L. Choudhary, B. Kumbhani, and R. S. Kshetrimayum, “Performance analysis
comparison of transmit antenna selection with maximal ratio combining and orthogonal
space time block codes in equicorrelated Rayleigh fading multiple input multiple output
channels,” IET Communications, vol.8, no.10, pp. 1850-1858, 2014.
[11] M. Alouini and M. Simon, “Dual diversity over log-normal fading channels,” IEEE
International Conference on Communications (ICC), vol. 4, pp. 1089 – 1093, 2001.
[12] S. Nadarajah and S. Kotz, “A class of generalized models for shadowed fading channels,”
Wireless Personal Communications, vol. 43, pp. 1113–1120, 2007.

57

Keerti Tiwari, et al.

[13] A. Abdi and M. Kaveh, “Comparison of DPSK and MSK bit error rates for K and Rayleighlognormal fading distributions,” IEEE Communication Letters, vol. 4, no. 4, pp. 122-124,
2000.
[14] P. M. Shankar, Fading and shadowing in wireless systems, Springer-Verlag, New York,
2012.
[15] P. Karadimas and S. A. Kotsopoulos, “The Weibull–Lognormal Fading Channel: Analysis,
Simulation, and Validation,” IEEE Transactions on Vehicular Technology, vol. 58, no. 7,
pp. 3808-3813, 2009.
[16] A. Abdi and M. Kaveh, “K distribution: An appropriate substitute for Rayleigh-lognormal
distribution in fading-shadowing wireless channels,” Electronics Letters, vol. 34, pp. 851–
852, 1998.
[17] P. Bithas, N. Sagias, P. Mathiopoulos, G. Karagiannidis, and A. Rontogiannis, “On the
Performance Analysis of Digital Communications over Generalized-K Fading Channels,”
IEEE Communication Letters, vol. 4, no. 10, pp. 353-355, 2006.
[18] P. S. Bithas, “Weibull-Gamma Composite Distribution: Alternative Multipath/Shadowing
Fading Model,” Electronics Letters, vol. 45, no. 14, pp. 749–751, 2009.
[19] T. Reddy, R. Subadar, and P. R. Sahu, “Outage probability of selection combiner over
exponentially correlated Weibull-gamma fading channels for arbitrary number of
branches,” National Conference on Communications (NCC), pp. 1-5, 2010.
[20] Z. Ni, X. Zhang, X. Liu, and D. Yang, “Bivariate Weibull-gamma composite distribution
with arbitrary fading parameters,” Electronics Letters, vol. 48, no. 18, pp. 1165-1167, 2012.
[21] I. S. Ansari, M.-S. Alouini, “On the Performance Analysis of Digital Communications over
Weibull-Gamma Channels,” IEEE 81st Vehicular Technology Conference (VTC Spring),
pp.1-7, 2015.
[22] K. Tiwari and D. S. Saini, “SER Improvisation of MIMO-MRC System over WeibullGamma Fading Channel,” IEEE International conference on Signal Processing and
Communications (ICSC 2015) pp. 70-73, 2015.
[23] M. Simon and M. Alouini, Digital communication over fading channels, John Wiley &
Sons., New York, 2nd edn., 2000.
[24] I. S. Gradshteyn and I. M. Ryzhik, Table of integrals, series, and products, Academic press,
New York, 7th edn., 2007.
[25] Y. Soo Cho, J. Kim, W. Young Yang, and C. G. Kang, MIMO-OFDM Wireless
Communications with MATLAB, John Wiley & Sons (Asia) Pte. Ltd, 2010.
[26] J. G. Proakis, Digital Communications, McGraw-Hill, New York, 4th edn., 2001.

58

Error Rate Analysis of MIMO System with OSTBC and MRC in Composite

Keerti Tiwari received B.E. (Hons.) degree in Electronics and
Communication from Indira Gandhi Engineering College Sagar/ Rajiv Gandhi
Technical University (RGTU) Bhopal, India in 2007. She received M.E. degree
in Electronics and Telecommunication from Shri Govindram Seksaria Institute
of Technology & Science Indore/ RGTU Bhopal, India in 2009. Currently, she
is working towards Ph.D. degree at Jaypee University of Information
Technology Waknaghat, India. Her research interests include channel
modeling, MIMO, OFDM and next generation communication systems.

Davinder S. Saini was born in Nalagarh, India in January 1976. He received
B.E. degree in Electronics and Telecommunication Engineering from College
of Engineering Osmanabad, India in 1998. He received M.Tech degree in
Communication Systems from Indian Institute of Technology (IIT) Roorkee,
India in 2001. He received Ph.D degree in Electronics and Communication
from Jaypee University of Information Technology Waknaghat, India in 2008.
He has been with Jaypee University of Information Technology Waknaghat
for more than 13 years. Currently, he is working as an Associate Professor and
Head in Electronics and Communication department of Chandigarh College of Engineering and
Technology, Chandigarh, India. His research areas include Channelization (OVSF) codes and
optimization in WCDMA, routing algorithms, security issues in MANETs and MIMO-OFDM.

Sunil V. Bhooshan completed his B.Tech. degree from Indian Institute of
Technology, New Delhi from the Department of Electrical Engineering. After
completing B.Tech, he joined the post graduate program of the University of
Illinois at Urbana-Champaign where he completed his M.S. and Ph.D. degrees
from the Department of Electrical Engineering. Here he worked on his thesis
project/research, and also on projects from industry on a measurement related
projects which were to materialize as product/parts of a product which were to
be later marketed by the company. Briefly he joined the Electrical Engineering
Department of the Indian Institute of Technology, Kanpur as Assistant Professor. He is currently
Head of the Department in Department of Electronics and Communication Engineering, Jaypee
University of Information Technology, Waknaghat, India.

59

