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Abstract

In this work, we propose a fast conjugate gradient method (CGM) for beamforming, after
thoroughly analyzing the performances of the least mean square (LMS), the recursive least
square (RLS), and the sample matrix inversion (SMI) adaptive beamforming algorithms.
Various experiments are carried out to analyze the performances of each beamformer in
detail. The proposed conjugate gradient method does not use the Eigen spread of the signal
correlation matrix as in the case of the LMS and the RLS methods. It computes antenna
array weights orthogonally for each iteration. Hence the convergence rate and the null
depths of the proposed method are much better than the LMS, the SMI the RLS and the
classical CGM. Also, the simulation results confirm that this method has a speed improve-
ment of about 60% over the classical conjugate gradient method. This aspect significantly
reduces the processor burden and saves a lot of power during the beamforming process.
Hence the proposed method is superior compared to the LMS, the RLS, the SMI, and clas-
sical CGM and most suitable for high-speed mobile communication.

Keywords CGM - LMS - RLS - SMI - Smart antenna

1 Introduction

An adaptive beamformer [1-5] shown in Fig. 1 is a novel technology and it has been used
in the wireless communication systems for many years. By administering advanced net-
workability, it enhances the revenues of network operators and provides fewer chances of
discarded calls to consumers.

An adaptive beamformer performs spatial signal processing adaptively. It consists of
an array of transmitters and receivers. These systems are initially developed in the early
1960s for radar [6, 7] and sonar [8, 9]. The modern applications of adaptive beamform-
ers includes radio telemetry, long term evolution (LTE) [10], imaging [11], seismology
[12], mobile sensor networks [13], biomedicine [14], 5G cellular communication [15],
IEEE802.16 WiMax [16], W-CDMA [17], and UTM [18].
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Fig. 1 Block representation of an adaptive beamformer

There are several adaptive beamforming methods are available in the literature for
wireless communication, among them, most popular are the LMS, the RLS, the SMI
and the CGM algorithms. However, most of these methods present the difficulty of
practical implimentation due to many aspects [19, 20]. In the literature, the LMS is
the simplest and the most studied approach among all the beamforming methods [21].
This beamforming algorithm requires a large number of iterations for the beamform-
ing which makes it unfit for a few wireless communication applications [22]. To solve
this problem, the RLS algorithm uses a gain matrix in place of gradient step size. The
RLS algorithm requires less iterations, has better nulling and null depth than the LMS
approach [23, 24]. The SMI algorithm is a fast/nulling beamforming approach because
of the direct computation of the covariance matrix [25, 26]. It uses the matrix inversion
technique which avoids the iterations for the beamforming. This method is much better
than the LMS and the RLS in most applications [27-29].

The CGM [30] enhances the convergence speed by using conjugate paths for each new
iteration to provide the optimum solution. The CGM technique has fast convergence rate
and good null depth than the aforementioned methods [31-33].

In this research, convergence rate and null depths of the proposed beamformer is
improved by improving the classical CGM algorithm. The proposed algorithm provides
about 60% of improvement in convergence speed over the classical CGM.

2 Array Signal Model

Consider a uniform linear antenna array (ULA) composed of L antenna elements,
L=(,2,...,L—1) for a DOA problem. Let, M number of source signals are impinging
from directions [(00), (91), (02), . (GL_I)]. Let the spacing between each antenna ele-
ments be d = 0.54, where A is the wave number of incoming signals. The signal received at
the ULA is expresses as
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x(n) = [a(6,).a(6,).a(6,),...,a(0,_;)|s(n) + n@n) = A - s(n) + n(n).

Here, a(9,~)= Steering vector of L-element for the 6, directions. s(rn)=1Induced signal vector,
which is a complex micro chromatic at time n. n(n)=Noise vector at each antenna element, it
has zero mean and ¢ variance. A = [a(6,),a(0,),a(6,),...,a(6,_,)], L x L array manifold
vector.

This array manifold vector includes all possible steering vectors.

3 Adaptive Beamforming Algorithms

In adaptive beamforming technique, antenna groups are utilized to focus the maximum power
in the direction of the intended signal while discarding matching frequency signals from
unwanted directions. Weights of the antenna are computed and updated adaptively using sig-
nal samples [19-21].

This adaptive method allows a fine beam in the intended path plus decreased yield in addi-
tional paths, which brings effect in noteworthy enhancement in signal-to-interference-plus-
noise ratio (SINR). Base stations are exclusively used to transmit each received signal from
client by using this technique.

This significantly diminishes the complete intrusion in the system. This is accomplished by
varying the weights applied to a single antenna used in the array [22-25].

3.1 The LMS Algorithm

The LMS beamforming approach is quite simple and exploited in many wireless communica-
tion applications until today [26]. This method can perform beamforming without the require-
ment of matrix inversion which is used in the SMI method. It uses a fixed step size for beam-
forming. This makes the LMS the most competent and simple. Hence this approach is usually
most commonly considered adaptive beamforming technique in various applications.

The LMS method can be designed using the following weight equation

w(n + 1) + w(n) + pe*(m)x(n) )

Here, e(n) = s(n) — w (n)x(n) and pu = 3,,(1 )

The antenna array output for this method is
output . y(n) = w(n) * x(n)

Here, w(n)=weight vector, p=step size, e =error signal and R,, =autocorrelation matrix.

3.2 The Sample Matrix Inversion (SMI) Algorithm

This beamformer is also known as ‘direct matrix inversion’ (DMI). The SMI scheme uses
K-time snapshots to estimate the average time of ACM. This scheme uses optimum Weiner
solution to calculate the antenna array weights and it is given by

win) =R 'r 2

Xx XS

Here, R_! represents the inverse of autocorrelation matrix of R . r, is the

Ry
cross-correlation.
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The autocorrelation matrix and cross-correlations are expressed as
R, =E[XX"] and r,=E[XS"]

where X is the matrix of the induced signal. X is the hermitian transpose of the matrix X.
S is the matrix of a reference signal and E is the expectation operator.
The correlation matrix R, can be estimated using the following expression

k
R, = Z‘l, x(mx(n)" 3)

where k is the observation vector.
The correlation matrix r,, can be expressed as

Iy =

k
Z s*(n)x(n) “4)
n=1

1 —

This method is also known as a block adaptive approach since it uses a block of data and it
estimates the antenna array weights by block by block. The array factor for beamforming can
be calculated using the expression:

AF =

L
wll (i) 27450 _90° < 6+ 0.001 < +90° (5)

i=1

3.3 The Recursive Least Square (RLS) Algorithm

The RLS algorithm is one of the most popular adaptive beamforming algorithms in array sig-
nal processing. It has a fast convergence rate as compared to the LMS and the SMI schemes.

An important aspect of the RLS scheme is that this method does not require the inversion
of a matrix. Hence this method has a better convergence rate and can also be used for large
antenna array-based communication systems. The required correlation vector and the correla-
tion matrix can be calculated recursively. These parameters can be expressed as

k
R, () = ) x,(0x"(n) ©6)

n=1

k
r(n) =Y s*mx(n) @)
i=1

Here, k is the block length. The weighted estimate of the above expression can be obtained
as

k
R, (1) = ) & Ix,mx (n)
n:l (8)
r(m) = Y &5 (mx,(n)
n=1
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Here, £ is the ‘forgetting factor’ and it is sometimes also called “exponential weighting
of factor rank (2)”. Here the value of ‘£’ is a positive constant (0<¢£<1).

R, (n) = ER_ (k — 1) + x(n)x (n) )

r(n) = ér(k — 1) + s*(n)x(n) (10)

4 The Proposed Conjugate Gradient Method

The eigenvalue spread of the array covariance matrix is the problem with the steepest
descent schemes. The greater eigenvalue spreads result in slower convergences. The con-
jugate gradient approach accelerates the convergence rate of the beamforming algorithm.
It searches perpendicular (conjugate) paths for every iteration to provide an optimum solu-
tion. The proposed CGM approach is an iterative method and its main goal is to reduce the
quadratic cost function

J(w) = %WHW—SHW (11)
Let us take the gradient of cost function as:
V,Jw)=38w—s 12)

Where 9 is the kXL is array matrix samples. The weight update equation of classical
CGM is

wn + 1) = wn) — u(m)D, (n) (13)

Here, the value of step size is given by

I'H(n)tgtng'(l’l)
u(n) = —ij(n)&”&Dn(n) (14)
Here, D, is the direction vectors r(n) is residual vector respectively.
Now let us update the direction vector and residual vector as:
D,(n+ 1) = r(n+ 1) — a(n)D,(n) (15)
r(n+ 1) =r(n) + u(m)dD,(n) (16)

Now, the value of £(n) can be obtained by the use of linear search which minimizes
J(w(n)).
rf(n+ D)9%%r(n + 1)
En) = —
rf(n)99r(n)

an

Now, using (13)—(17), the new CGM technique for efficient beamforming is devised as
follows.
The correlation matrix R can be estimated using the following expression as:
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k—1
R = %;x(n—k)xﬁ(n—k) (18)

where k is the observation vector. The correlation matrix r can be expressed as

k—1
r= %;s*(n—k)x(n—k) (19)

Now the weight of the proposed CGM method is expressed as
wi(m) = wi(n = 1) — o (n)¢;_y(n) (20)

where wy(n) is the kth weight vector at time n. a;(n) is the step size which is required to
update the weights. £,_,(n) is the parameter for searching the direction. The expression of
this parameter can be obtained as

2(n) = fi () + Iy ()€ (). @1
Here f,(n) is the opposite gradient direction of a cost function which is expressed as
filn) = =VJ(w(n)). (22)
The iteration expression of the above value can be written as
S = fi_ (n) — (MR (n),_ (n) (23)
The value of the a,(n) is given in the following lines to have the minimum cost function as

() = — 14 ,fl_l(n)fkq(”) (24)
¢ 1 (R, (n)

The parameter 7, (n) mentioned in (21) is very useful to obtain the R, (n) orthogonally for
the direction vector {f (n),(k=1,2,.. .)}. The expression of 71, (n) can be expressed as

R (M) (n) ]

(25)

n(n) = —
e lff_l(n)Rk(n)fk_l(n)

The expressions from (18)—(25) represent the process of the proposed CGM algorithm.
Finally, the array factor for beamforming can be calculated as

L
AF = 2 wh (i) 27450 _90° < 9 +0.001 < +90° (26)

i=1

5 Results and Discussion

Computer simulations have been conducted for various adaptive beamforming algo-
rithms to study the performance of well-known methods and the proposed method. In
these simulations, L element arrays with inter- element spacing d =0.5\ are considered.
The variance of 62=0.01 is assumed. In each method, the array element weights are
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calculated according to the design equations of the adaptive beamformer. Also, array
factors are calculated and plotted for the range —90° <6 <90°.

5.1 Analysis of the LMS Algorithm

Now, firstly let us study the performance of the LMS beamformer in detail. The simula-
tion parameters used in this method are tabulated in Table 1.

The simulated results of the LMS algorithm are shown below. Figure 2a and b are
the radiation pattern in rectangular and polar form respectively. The normalized array
pattern of the LMS algorithm is shown in Fig. 2c. The LMS algorithm is the first choice
of communication engineer when a simple beamforming method is required. Though
it less complex, requires huge iterations (about 80) before producing the signal. Hence
this method is not recommended method fast communication applications.

5.2 Analysis of the SMI Algorithm

The simulation parameters used for SMI scheme are as follows:

Consider a ULA array configuration with array elements=10; array antenna spac-
ing (d)=M2; angle of desired signal=0,=0°, angle of interference signal 8, =—60°.
Let block length =30. Consider a white Gaussian noise with variance Gi=0.01. The AF
plots in rectangular and polar forms are shown in Fig. 3a and b respectively. The nor-
malized array pattern of the SMI algorithm is shown in Fig. 3c.

The SMI method uses computation of the inverse of the autocorrelation matrix which
leads to error. Hence this method is not suitable for communication systems in which
large antenna arrays are required.

5.3 Analysis of the RLS Algorithm

Let us consider a number of elements=06, a number of snapshots=200, the spacing
between the array elements, d=4/2, the value of £ = 0.91, AOA of the interference sig-
nal =—60° and AOA of induced signal =0°. The radiation pattern in rectangular and polar
forms is shown in Fig. 4a, b respectively. The normalized array pattern of the RLS algo-
rithm is shown in Fig. 4c.

Table 1 Simulation parameters

of the LMS algorithm S. no Parameters Values
1 Type of antenna configuration ULA
2 Antenna elements 8
3 Inter element spacing d=0.51
4 AOA of induced signal o°
5 Interferences [—20° 30°]
6 Values of step size p=0.2
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Fig.2 a Radiation pattern. b Polar pattern. ¢ Normalized array pattern, L=8

Figure 5a, b show the convergence of weight vector and convergence of estimated
parameters of the RLS algorithm respectively.

It can be noticed that the error of this algorithm decreases for each iteration.

5.4 Results and Analysis of the Proposed Algorithm

The simulation parameters used for the implementation of the proposed CGM algorithm
are as follows,

Consider the following parameters used for the simulation of the proposed algorithm.
Let inter-element spacing (d)=A/2, DoA=6,=0°, angle of interference=0,=-30°,
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Fig. 3 a Radiation pattern. b Polar pattern. ¢ Normalized array pattern L=5

number of samples =200, forgetting factor £=0.91, number of array elements=5 and
40 and additive white noise with variance Gi=0.01. The results obtained for the less
array elements (N =15) are shown below. Figure 6a and b represent the rectangular and
polar forms of radiation patterns obtained for the proposed method for L=35 antenna
elements. The real part of the desired signal at the array output is shown in Fig. 7.
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CEM Adatithve Beamitnvt
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Fig. 6 Radiation pattern: a rectangular pattern. b Polar pattern for less array elements

The normalized antenna array pattern is shown in Fig. 8. The normal and the three-
dimensional (3D) view of the normalized antenna array pattern is shown in Fig. 8a, b
respectively.

The proposed method can be applied for the larger array elements. When the array
elements L =4, the antenna weights are as follows. The simulation results for this case
are shown from Figs. 9, 10 and 11.

Fig.7 The real part of the pro- Signal {real part) of element of the ULA
posed algorithm B '

AR St e o
i “ll‘ |!|||h||I I,-.3l!|':"l DLl

[ 0.1 0.2 0.3 0.4 0.5

Signal (real part) with the proposed beamforming method
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Fig. 11 Plot of convergence a classical CGM. b The proposed CGM

wl=1 w2=0.95633-0.026015i, w3 =0.93249—-0.070915i, w4 =0.93541-0.121671
w5 = 0.96424-0.16353i, w6 = 1.0106—0.18437i, w7 = 1.0611—0.17812i, w8 =
1.1009 —0.14661, w9 = 1.1187—-0.0989564i, w10 = 1.1091 —0.049027i, wll =
1.0751-0.011303i, w12 =1.0263 +0.00326491, w13 =0.97716 —0.0095522i, wl4 =
0.94175—0.046034i, w15 = 0.93042—0.095589i, w16 = 0.94644—0.14383i, w17 =
0.98517 —0.176761, wl8 = 1.0354—0.18481i, w19 = 1.0825-0.16565i, w20 =
1.1128 —0.12484i, w2l = 1.1175-0.074223i, w22 = 1.0953 —0.02851 w23 =
1.0526 —0.00094008i, w24 = 1.0017 +0.00045527i, w25 =0.95758—0.024719i, w26 =
0.93289 —0.069154i, w27 = 0.93484—0.119951, w28 = 0.96286—0.16236i, w29 =
1.0088 — 0.184084i, w30 = 1.0594 —0.1788i, w31l = 1.0999 —0.148041, w32 =
1.1185-0.10075i, w33 = 1.1099—-0.050651i, w34 = 1.0766—0.012282i, w35 =
1.0282 +0.0032153i, w36 = 0.97872—0.008658i, w37 = 0.94263 —0.0444551, w38 =
0.93035—0.093784i, w39 =0.94545—-0.14233i, w40 =0.98354 —0.17599i.

The normalized radiation pattern of the proposed method for large array elements is
shown in Fig. 9. The normal and three-dimensional normalized array pattern is shown
in Fig. 10a and b respectively. The convergence analysis of the classical CGM and the
proposed method is shown in Fig. 11a and b respectively. From the above figures we
note that the proposed conjugate gradient method has the fastest convergence rate over
all the methods discussed in the paper. The improvement factor of the proposed method
over classical CGM is calculated as follows.

5.5 Calculation of Improvement Factor
Let us consider the number of iterations of the CGM algorithm for beamform-

ing=¢; = 10.
Also, the number of iterations of the proposed method for beamforming =& = 4
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Improvement factor = <§L z &N >
L

<§L‘f §N> X 100 in percentage
L

<10 4
10
= 60%.

)xloo

The above calculation and the experimental results illustrate that the proposed method
has about 60% of improvement over the classical CGM algorithm. This significantly
reduces the processor speed and saves a lot of power. Hence this method is most suitable
for 5G and beyond cellular communication. A comparison of various popular beamformers
is tabulated in Table 2.

6 Conclusion

The main concern of this research is to analyze various beamforming methods and to pro-
pose a fast beamforming method. The LMS is the most popular and studied beamforming
method among the adaptive beam formring algorithms. But the key demerit of this tech-
nique is that it requires a large number of iterations before beamforming. It takes more
iterations to produce the required beam which is an undesirable and inefficient method and
not suitable for high-speed mobile communication.

Computer simulations are evident that the proposed CGM beamforming method exhib-
its superior performance in terms of convergence rate, accuracy, null depths, speed and
robustness as compared to the LMS, the RLS, the SMI and classical CGM methods. The
proposed method has about 60% of improvement over the classical CGM method. Hence
the communication system using this method can provide enhanced system capacity as
compared to the other methods.

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of interest.

References

1. Huang, W., & Sheng, X. M. (2012). Modified projection approach for robust adaptive array beamform-
ing. Signal Processing, 92(7), 1758-1763.

2. Gu, A. L. (2012). Robust adaptive beamforming based on interference covariance matrix reconstruc-
tion and steering vector estimation. /[EEE Transactions on Signal Processing, 60(7), 3881-3885.

3. Huang, L., Zhang, J., Xu, X., & Ye, Z. (2015). Robust adaptive beamforming with a novel interfer-
ence-plus-noise covariance matrix reconstruction method. /EEE Transactions on Signal Processing,
63(7), 1643-1650.

4. Khabbazibasmenj, S. A., & Vorobyov, A. H. (2012). Robust adaptive beamforming based on steering
vector estimation with as little as possible prior information. IEEE Transactions on Signal Processing,
60(6), 2974-2987.

5. Mukil, A. (2019). Kaiser window based blind beamformers for radar application. /ETE Journal of
Research. https://doi.org/10.1080/03772063.2019.1689188.

@ Springer


https://doi.org/10.1080/03772063.2019.1689188

V. Dakulagi, M. Alagirisamy

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Saxena, P., & Kothari, A. G. (2014). Performance analysis of adaptive beamforming algorithms for
smart antennas. /ERI Procedia, 10, 131-137.

Bakhar, Md. (2019). Advances in smart antenna systems for wireless communication. Springer
Wireless Personal Communications.. https://doi.org/10.1007/s11277-019-06764-6.

Jiang, X., Zeng, W.-J., Yasotharan, A., So, H. C., & Kirubarajan, T. (2015). Quadratically con-
strained minimum dispersion beamforming via gradient projection. IEEE Transactions on Signal
Processing, 63(1), 192-205.

Tian, Z., Bell, K. L., & Van Trees, H. L. (2001). A recursive least squares implementation for
Icmp beamforming under quadratic constraint. /JEEE Transactions on Signal Processing, 49(6),
1138-1145.

de Lamare Ruan, R. C. (2016). Robust adaptive beamforming based on low-rank and cross-correla-
tion techniques. IEEE Transactions on Signal Processing, 64(15), 3919-3932.

Chang, P. S., & Willson, A. N. (2000). Analysis of conjugate gradient algorithms for adaptive filter-
ing. IEEE Transactions on Signal Processing, 48(2), 409—-418.

de Lamare Wang, R. (2012). Set-membership constrained conjugate gradient adaptive algorithm for
beamforming. IET Signal Processing, 6(8), 789-797.

Vani, (2018). Efficient blind beamfoming algorithms for phased array and MIMO radar. IETE Jour-
nal of Research, 64(2), 241-246. https://doi.org/10.1080/03772063.2017.1351319.

Jiang, H., & Li, M. R. (2012). On the conjugate gradient matched filter. [EEE Transactions on Sig-
nal Processing, 60(5), 2660-2666.

Schlosser, R., Heckler, M. V. T., Sperandio, M., & Machado, R. (2013). Synthesis of linear antenna
arrays for radio base stations. Orlando: IEEE Antennas Propagation Society International Symposium.
Kwong, R. H., & Johnston, E. W. (1992). A variable step size LMS algorithm. IEEE Transactions
on Signal Processing, 40, 1633—-1642.

Slock, T. M. (1993). On the convergence behavior of the LMS and the normalized LMS algorithms.
IEEE Transactions on Signal Processing, 41, 2811-2825.

Rupp, M. (1993). The behavior of LMS and NLMS algorithms in the presence of spherically invar-
iant processes. IEEE Transactions on Signal Processing, 41, 1149-1160.

Srar, J. A., Chung, K. S., & Mansour, A. (2010). Adaptive array beamforming using a combined
LMS-LMS algorithm. /IEEE Transactions on Antennas and Propagation, 58, 3545-3557.

Lopes, P. A. C., Tavares, G., & Gerald, J. B. (2007). A new type of normalized LMS algorithm
based on the Kalman filter. In Proceedings of the IEEE international conference on acoustics,
speech and signal processing, Hawaii, U.S.A. (pp. 1345-1348).

Veerendra, D. (2019). Adaptive beamforming algorithms using 2D-novel ULA for wireless com-
munications. SN Applied Sciences, 1(9), 1-9. https://doi.org/10.1007/s42452-019-1009-z.

Xiao, Xiao, & Yilong, Lu. (2019). Data-Based Model For Wide Nulling Problem In Adaptive Digital
Beamforming Antenna Array. Antennas and Wireless Propagation Letters IEEE, 18(11), 2249-2253.
Mandyam, G. D. (1997). Adaptive beamforming based on the conjugate gradient algorithm. /[EEE
Trans on AES, 33(1), 343-347.

Boray, G. K., & Srinath, M. D. (1992). Conjugate gradient techniques for adaptive filtering. IEEE
Transactions on Circuits and Systems, 39(1), 1-10.

Vani, R. M. (2014). Implementation and optimization of modified MUSIC algorithm for high
resolution DOA estimation. In Proceedings of IEEE international microwave and RF conference,
December 2014 (pp. 190-193). https://doi.org/10.1109/imarc.2014.7038985.

Liu, Y., & Cuia, H. (2015). Antenna array signal direction of arrival estimation on digital signal
processor (DSP). Procedia Computer Science, 55, 782-791.

Ali, R. L. (2012). A robust least mean square algorithm for adaptive array signal processing. Wire-
less Personal Communications, 68(4), 1449-1461.

Rana, M. M. (2011). Performance comparison of LMS and RLS channel estimation algorithms
for 40 MIMO OFDM systems. In Proceedings of IEEE international conference on computer and
information technology, December.

Bakhar, M. (2019). Smart antenna system for DOA estimation using single snapshot. Springer
Wireless Personal Communications., 107(1), 81-93. https://doi.org/10.1007/s11277-019-06241-0.
Wang, L., & de Lamare, R. C. (2010). Constrained adaptive filtering algorithms based on conjugate
gradient techniques for beamforming. IET Signal Processing, 4, 686-697.

Chang, P. S., & Willson, A. N. (2000). Analysis of conjugate gradient algorithms for adaptive filter-
ing. IEEE Transactions on Signal Processing, 48, 409-418.

Shubair, R., Merri, A., & Jessmi. (2018). Improved adaptive beamforming using a hybrid LMS/
SMI approach. In Proceedings of IEEE wireless and optical communications networks conference
(pp. 603—606). https://doi.org/10.1109/wocn.2005.1436097.

Springer


https://doi.org/10.1007/s11277-019-06764-6
https://doi.org/10.1080/03772063.2017.1351319
https://doi.org/10.1007/s42452-019-1009-z
https://doi.org/10.1109/imarc.2014.7038985
https://doi.org/10.1007/s11277-019-06241-0
https://doi.org/10.1109/wocn.2005.1436097

Adaptive Beamformers for High-Speed Mobile Communication

33. Khalaf, A. A. M,, El-Daly, A.-R. B. M., & Hamed, H. F. A. (2018). A hybrid NLMS/RLS algorithm
to enhance the beamforming process of smart antenna systems. Journal of Telecommunication, Elec-
tronic and Computer Engineering, 10(1-4), 15-22.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Veerendra Dakulagi has earned the B.E in Electronics and Communi-
cation Engineering and the M.Tech. in power electronics from the Vis-
vesvaraya Technological University, Belagavi, India, in 2007 and 2011
respectively. He received the Ph.D. degree in array signal processing
from the same university in the year 2018. From 2007 to 2008, he was
an Asst. Prof. in Sapthagiri Engineering College, Bangalore, India.
From 2009 to 2010, he was an Asst. Professor in BKIT, Bhalki, India.
From 2010 to 2017 he was an Asst. Professor in Dept. of E&CE, Guru
Nanak Dev Engineering College, Bidar, India. Since March 2017 he is
an Associate Professor and Dean (R&D) of the same institute. His

i research interests are in the area of signal processing and communica-
tions that include statistical and array signal processing, adaptive

o

¥ L]
C

beamforming, spatial diversity in wireless communications, multiuser
and MIMO communications. He has published over 40 technical
papers (including IEEE, Elsevier, Springer and Taylor and Francis)
and 02 patents in these areas. He has received many awards in educa-
tion including, an ‘Award for Research Publications’ by vision group
on science and technology, Govt. of Karnataka, India under the leadership of Bharat Ratna Prof. C.N.R.
Rao. He is serving as a reviewer to various Elsevier, Taylor & Francis, Springer journals and International
Conferences. He is the Editor-in-Chief of the Journal of Advanced Research in Wireless, Mobile & Tele-
communication, and Journal of Advanced Research in Signal Processing & Applications. Also, he serves as
an Associate Editor/editorial board for Journal on Communication Engineering and Systems, Journal on
Electronics Engineering. Currently, he is also the postdoctoral fellow of Electronics and Communication
Engineering dept., Lincoln University College, Kuala Lumpur Malaysia.

Mukil Alagirisamy received her Bachelor’s degree in Electronics and
Communication Engineering, in 2005 and Master of Engineering
degree in Communication Systems in 2007 and Ph.D. in Engineering
in 2012. She completed her PDF in 2015. She started her career as a
lecturer at Hindustan Engineering College, India. She was working as
an Assistant Professor at B.S. Abdur Rahman University, India. Later
she joined as a Lecturer at Stamford College, Malaysia. Currently, she
is working as an Assistant Professor and Coordinator for Master of
Science in Electrical, Electronics and Telecommunication Engineering
programs at Lincoln University College, Malaysia. She has 12 years of
experience in teaching subjects like Data Communication, Analog and
Digital Communications, Digital Signal Processing and Satellite Com-
munications. Her research interests are in Sink mobility patterns, Clus-
tering, Modulation, Data Aggregation and Compressive Sensing Tech-
niques for Wireless Sensor Networks.

@ Springer



