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Abstract: Underwater network size estimation is inefficient by applying conventional protocol based techniques used for
terrestrial networks due to non-negligible capture effect, long propagation delay, high absorption and dispersion of the medium.
For this reason, a statistical signal processing approach based on cross-correlation has been proposed in our previous works,
which is equally applicable to any environment networks. Initially, this estimation approach was formulated without considering
multipath propagation effects. But, one of the common difficulties of underwater or terrestrial wireless communication is
multipath propagation. Multipath spread is more severe in underwater acoustic channel (UAC) than terrestrial radio channel.
This paper aims to address the multipath propagation issue. To mitigate the effects of multipath propagation, a robust estimation
approach using corss-correlation of Gaussian signals received at two sensors has been investigated in this paper.

Keywords: Cross-correlation Function (CCF), Dispersion Coefficient (k), Multipath Propagation Effects,
Network Size Estimation, Underwater Acoustic Channel (UAC), Underwater Network

1. Introduction

Aqueous environment observation has become
increasingly important and underwater networks are
deployed for the purpose of scientific exploration, pollution
monitoring, oceanographic data collection, discovering
natural resources, surveillance etc. To fulfill these tasks, it is
very important to know the number of operating nodes
available in a network to ensure proper operation and
maintenance of the network. This justifies the necessity of
underwater network size estimation. A brief literature review
on network size estimation methods is given below to further
justify the necessity of corss-correlation based cardinality
estimation approach.

A cardinality estimation technique based on Good-Turing
estimator [1] of the missing mass has been proposed by
Budianu et al. [2, 3] for terrestrial sensor networks. In RFID
systems, different protocols [4—6] have been used for tag
estimation, which is similar to size estimation in wireless
communications network. Size of a network can be estimated

using distributed orthogonalization [7]. Another cardinality
estimation technique for wireless mobile ad hoc networks has
been proposed in [8, 9], using two novel statistical methods,
called the tokened random walk and the circled random walk.
For size estimation of dynamic anonymous networks, two
leader-based counting algorithms based on a technique that
mimics an energy-transfer between network nodes have been
investigated in [10]. Estimation of network cardinality by
distributed anonymous strategies relying on statistical
inference methods has been considered by Varagnolo et al.
[11]. Previously mentioned techniques do not consider the
unique characteristics of UAC [12] such as non-negligible
capture effect, strong background noise, large propagation
latency and high path loss. So, they are not suitable for
underwater network size estimation.

Considering capture effect of underwater environment, a
size estimation method has been proposed by Howlader et al.
[13, 14], which is similar to probabilistic framed slotted
ALOHA. Howlader et al. also proposed a delay insensitive
estimation process based on ALOHA protocol [15] to
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overcome the limitation of long propagation delay of UAC.
An intermission-based underwater network size and structure
estimation technique has been investigated by Blouin [16].
Protocol dependency of these techniques [13—16] limits their
usefulness in underwater environment. In order to obtain a
size estimation technique with reduced protocol complexity,
Anower et al. introduced a signal processing approach based
on cross-correlation of Gaussian signals received at two
sensors [17, 18], which is equally suitable for any
environment networks. An improved cross-correlation based
size estimation scheme using three sensors has been proposed
by Chowdhury et al. [19, 20], which shows better estimation
performance in terms of estimation accuracy, time and energy
[21]. Several assumptions have been made in the initial
formulation of cross-correlation based estimation process. The
assumptions of unity signal strength, infinite bandwidth of
Gaussian signals, equal received power (ERP) from each
node, infinite signal length have been investigated and
removed in [22-26].

One of the remaining assumptions that requires further
investigation is the assumption of no multipath propagation.
Like terrestrial wireless communications network, multipath
propagation is also occurred in underwater wireless
communications network (UWCN), which results in
inter-symbol interference (ISI). Typical multipath spreads in
the commonly used radio channels are on the order of several
symbol intervals, whereas in UACs they increase to several
tens or a hundred of symbol intervals for moderate to high data
rates [27], which implies more severe effects of multipath in
UWCN.

The severe effects of multipath propagation is considered in
this paper to estimate the size of UWCN and a robust
estimation approach based on cross-correlation of Gaussian
signals received at two sensors is proposed to compensate the
effects of multipath. The rest of the paper is arranged as
follows. Section 2 contains the background of this work. A
robust estimation process in presence of multipath signal
propagation is proposed in Section 3 with the corresponding
simulation results. In Section 4, concluding remarks of this
paper is presented with future directions.
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Fig. 1. Distribution of underwater network nodes with N transmitting nodes
for two-sensor scheme.

2. Background

Cross-correlation based size estimation procedure using
two sensors [17, 18] is described in this section as background
for better understanding of multipath compensation technique.
In this estimation process, a three-dimensional spherical
region has been considered as an UWCN that contains N
transmitting nodes which are uniformly distributed over the
volume of a large sphere and two spatially separated receiving
nodes (H; and H,) which are located at the middle of the
sphere for estimation purpose as shown in Fig. 1. In this case,
transmitting nodes are called nodes and receiving nodes are
called sensors. The first step of this estimation scheme is to
formulate cross-correlation function (CCF). For this
formulation, the 3D space is taken as a cube such that the
dimension of the cube is equal to the diameter of the sphere,
and two sensors and nodes are placed similar to the Fig. 1.

The sensors (H, and H>) initiate the estimation process by
sending probe request to N nodes. It is assumed that, all nodes
can transmit Gaussian signals in response to that probe request
using acoustic wave as the underwater communication carrier.
Simultaneously transmitted Gaussian signals from N nodes in
response to the probe request reached the sensors with the
corresponding time delays and attenuations. The signals at
each sensor location are superimposed on each other to form
the composite Gaussian signals, S, (t) and S, ,(t), which
are then received by H; and H,, respectively. CCF (C(7)) is
formulated by cross-correlating the composite signals
received by H; and H,. Due to the simultaneous transmission
from all nodes, the total estimation time is less for this scheme
even at the presence of large propagation latency of UWCN
[21].

Gaussian signal has a certain characteristics that,
cross-correlation of two Gaussian signals results a delta
function, which is the basic idea of this estimation approach
and also the reason of using Gaussian signals as transmitted
signals. Thus, CCF due to composite Gaussian signals takes
the form of a series of delta functions [17] as shown in Fig. 2.
Amplitudes and positions of these delta functions depend on
the attenuations and the delay differences of the signals
coming to the sensors, respectively. In this process, the
positions of the deltas in the CCF are referred to as bins. If N is
larger than the number of bins, b, there will be more than one
delta in a bin due to the same delay differences. This increases
the amplitude of the deltas in the bins (as shown in Fig. 2),
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Fig. 2. Bins, b of CCF obtained with N (=1000) nodes.
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where b is given by [28]:

p = 2xdoBSXSR _ 4 (1
Sp

Here, dpgs is the distance between the sensors, Sy is the
sampling rate and Sp is the speed of acoustic wave
propagation.

Ratio of standard deviation (o) to the mean (u), R of CCF is
chosen as the estimation parameter of this process, as it
requires no prior knowledge of the signal strength from the
nodes [22, 29]. To overcome the difficulty of determining ¢
and u of the CCF using complex statistical expressions, the
cross-correlation problem is being reframed into probability
problem [18] using the well-known occupancy problem [30].
After reframing, R of CCF can be expressed as [17]:

o _ (1) _ [o-n
R = ; = s = ~ (2)
b

Using this expression, network size, N can be estimated, as
we know b from (1) and can calculate R from the CCF.

Since all the transmitted Gaussian signals are combined at
the sensors and node specific signals are irrelevant for size
estimation, the concept of capture effect does not apply to this
method. Moreover, this technique requires a simple protocol
for probing to initiate the simultaneous transmission, which
eliminates the problem of using medium access control protocol

Nodes

Sensors

I Composite Gaussian
signals

Gaussian

signals

in UWCN. The total estimation process of two-sensor scheme
is represented through a block diagram in Fig. 3.

3. Effect of Multipath

In previous section, estimation is performed considering only
one (direct) path. But practically, signals may propagate
through different paths to reach the sensors due to the reflector
present in the medium and the dispersive nature of the wave. In
the underwater environment with an acoustic wave, the seabed
and sea surface will be the two major reflectors. To make the
estimation process robust, multipath effects are considered in
two-sensor scheme using one direct path and two indirect paths
(due to both surface and bottom reflections) as shown in Fig. 4
and 5. As the direct path is always shorter than the indirect path,
the powers of the direct path signals will be stronger than those
of the indirect path signals.

Strengths of the deltas in the CCF depend on the signals’
strengths [22], which indicate that, the deltas due to the direct
path will be dominant and contribute more to form the CCF.
As the CCF due to direct path is sufficiently dominant,
standard deviation and mean of this CCF will be greater than
that of the CCF due to indirect path. So, ratio of standard
deviation to the mean of CCF considering multipath, R can be
approximated by the ratio of standard deviation to the mean of
CCEF due to only the direct path.

Standard deviation i

Fig. 3. Block diagram representation of the estimation process for two-sensor scheme.
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Transmitter

Fig. 4. Concept of multipath: one direct and two indirect paths.
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Fig. 5. Distribution of transmitters and receivers (+) with two reflectors.
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Fig. 6. Rs of CCF: k=3 and b = 19 (dpgs = 0.5m and Sg = 30kSa/s).

The results in Fig. 6 show the effectiveness of two-sensor
scheme in case of multipath reception. The solid line indicates the
theoretical results and the stars and circles indicate the simulated
results with and without multipath, respectively. It can be seen
that the two simulated results are sufficiently close to each other
and both follow the theoretical results. So, we can say that,
multipath delay has negligible impact on the estimation results.
Simulated results of Fig. 6 are obtained in matlab programming
environment using dispersion cefficient, k=3 and b = 19 (dpgs =
0.5m and Sk = 30kSa/s). Other parameters used in the simulation
(throughout the work unless otherwise mentioned) are:
dimension of the cube, D = 2000m; signal length, N, = 10°
samples (because the required N, for accurate estimation using
two-sensor scheme is greater than or equal to 300000 samples
[26]); Sp = 1500m/s; SNR = 20db; absorption coefficient, a = 1
(implying equal received power of direct path signals from all

nodes); N =10 and number of iterations, u = 1.

Multipath effects on the estimation process has been
neglected based on the assumption that, indirect path signals’
strengths are sufficiently lower than those of direct path
signals. This is true for high values of k. But, indirect path
signals’ strengths cannot be neglected for low values of £. In
that case, indirect path signals can contribute significantly to
form the CCF. So, estimation parameter derived form the
CCF due to multipath can not be approximated by that due to
only the direct path in case of low dispersion factor. For this
reason, a generalized estimation approach for any dispersion
factor by compensating the multipath effects is provided in
this section to increase the robustness of cross-correlation
based size estimation method.

We know that, path loss depend on a, k£ and distance
between transmitter and receiver, d [31]. But, in this approach
only the distance dependent spreading loss is considered as
path loss, because a = 1 due to ERP case. ERP case can be
obtained using probing technique. It is noted that, ERP implies
equal received power of direct path signals from all nodes.
Now, to properly demonstrate the robust estimation process
with multipath effects due to both surface and bottom
reflections, let us consider a similar simulation environment as
discussed in the previous section. The theoretical & simulated
results for the CCF from such an arrangement of 100 nodes
with 9 bins (dpgs = 0.25m and Sk = 30kSa/s), 100 iterations
and different & values, are presented in Fig. 7 to 10.

Fig. 7. CCFs with k = 0 from: (a) both direct and reflected signals (surface and bottom); (b) only reflected signals, and (c) only direct signal.
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Fig. 8. CCFs with k = 1 from: (a) both direct and reflected signals (surface and bottom); (b) only reflected signals; and (c) only direct signal.

Fig. 9. CCFs with k = 1.5 from: (a) both direct and reflected signals (surface and bottom); (b) only reflected signals; and (c) only direct signal.



Advances in Networks 2015; 3(3): 22-32

Fig. 10. CCFs with k = 2 from: (a) both direct and reflected signals (surface and bottom); (b) only reflected signals; and (c) only direct signal.

Fig. 12. CCF from only direct path signals.

Fig. 11. CCFs with different k (0, 0.5, 1, 1.25, 1.5, 1.75 and 2) from both direct
and reflected signals (surface and bottom).

24
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Fig. 13. CCFs with different k (0, 0.5, 1, 1.25, 1.5, 1.75 and 2) from only
reflected signals (both surface and bottom,).

The values of dispersion coefficients are: k=0 in Fig. 7, k=
1 in Fig. 8, k= 1.5 in Fig. 9 and £ =2 in Fig. 10. Each of these
figures has three separate plots: the top for CCFs with
multipath, i.e., one direct and two indirect path signals are
responsible for forming the CCF, the middle for CCFs due to
reflected (both surface and bottom) signals only; and the
bottom for CCFs due to only direct signals, i.e., without
multipath, as in Section 2. These figures show that, dispersion
coefficient has no effect on the CCFs due to only the direct
path signals as ERP case is considered for these signals. It has
already been known that deltas without multipath, i.e., with
only direct path, follow a random distribution to form the CCF;
this will also be true for deltas with indirect paths. Thus, the
CCF with multipath will be the summation of three random
variables. To clarify the above discussion, Fig. 11 to Fig. 13
are plotted.

Fig. 14. Peaks of deltas in bins of CCF due to both direct and reflected signals
with k = 0.

Fig. 15. Peaks of deltas in bins of CCF due to only reflected signal with k = 0.

These results demonstrate that, multipath effect decreases
with increasing k and can be neglected because of the higher
values of k in a practical underwater acoustic environment.
The investigation of neglecting multipath effect on estimation
due to both surface and bottom reflections has already been
provided in this section. Now, we develope a generalized size
estimation process using the ratio of the standard deviation to
the mean of the CCF by compensating multipath due to both
surface and bottom reflections with any possible values of .
Let us consider a CCF for » =9 with multipath (one direct and
two indirect paths from both surface and bottom reflections),
in which the delta peaks in the bins are P,;, Py, Py3, Pas, Pas,
Py, Py, Py and Py, as shown in Fig. 14, and the
corresponding peaks for the direct and reflected paths are P4,
P24, Pr3d, Prads Pasas Pasa» Pa7ds Paga and Pagg, and Payy, Py, Posy,
Py, Pose, Pagr, Panr, Pagr and Poo,, respectively, as shown in Fig.
15, where Py =Py +Py, . Pp=Ppg+ Py

Py =Pyt P3,. s, Py =Pyt Py, Ps=Psgths,
Py =Pygg t P s Py =Pgt Py, Pg=Pgythyg,
and Prg = Pygy + Py, -

It is shown in these figures that, not all bins are affected by
the reflected signals and there is a mirror effect with respect to
the middle bin. The affected bins are 2 to 8 and, due to the
mirror effect, the peaks of the 2™ & 8™, 3 & 7", 4" & 6" bins
are similar. As only the CCF with multipath is available in this
process, it will have to suffice for the estimation. However,
using a similar process to that for finding the ratio of the
standard deviation to the mean of the CCF to estimate the
number of nodes without multipath is not appropriate in this
case, because of the extended peaks due to the signals of the
reflected paths. But, if we can deduct the extended peaks from
the CCF with multipath, the process will be exactly the same
as that for the CCF without multipath and will be appropriate
for estimation. To do this, we represent the peaks due to both
direct and reflected signals (Fig. 14) as percentages of the
peaks due to only reflected signals (Fig. 15).

The process of obtaining percentages is:
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. P
Percentageat 1™ bin, p,,», = 1:2)1’ x100%
21

where, P, represents peak at 1* bin due to reflected signal
only and P,; represents peak at 1* bin due to both direct and
reflected signals.

Similarly for the affected bins, the percentages are obtained
using the following expressions:

P, P,
Pm22 = ;Zr x100% , pyo3 =—25x100%,
2 Py

P P
Piag = X100% , s =2 x100%,
24 Ps
P
Pm26 = };W x100%, puo7 = ;W x100%,

26 27

P;
Pm2s = ;Sr x100%

28

Detailed results are provided in Fig. 16 to 18. These
percentages are independent of the number of nodes but
dependent on the dispersion coefficient, k£, and the number of
bins, b. We investigate the percentages for different values of &
with 9 bins, as shown in Fig. 16 and 17. Fig. 16 shows the
percentages of deltas due to reflected signals in each affected
bin of the CCF. The percentage contributions of the different
affected bins for different k are presented in Fig. 17. To obtain
the percentages for any £, the percentages of all affected bins
are expressed in terms of k using 4™-degree approximations, as
shown in Fig. 18. The approximated expressions are:

Py = Poog =13k 6,415 +1162 =12k +11  (3)
P23 = Py = 0.34k% = 0.71k% =093k —15k +77 (4)
Pora = Pore = —1.3k% +7k> =15k% = 4.4k +90 (5)

Pmas =—021k* +21% = 7.8k = 7.3k +92 (6)

Fig. 16. Percentages of deltas in affected bins of CCF due to reflected signals (both surface and bottom) with different k (0, 0.5, 1, 1.25, 1.5, 1.75 and 2).

Fig. 17. Percentage contributions of reflected signals (both surface and bottom) in affected bins for different k (0, 0.5, 1, 1.25, 1.5, 1.75 and 2).
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@

Fig. 18. Percentage contributions of reflected signals (both surface and bottom) for different k (0, 0.5, 1, 1.25, 1.5, 1.75 and 2) in: (a) bin 2 and 8, (b) bin 3 and

7, (c) bin 4 and 6, and (d) bin 5.

Fig. 19. CCF after deduction.

Now, to obtain the estimation parameter, i.e., the ratio of the
standard deviation to the mean of the CCF, deductions of the
extended peaks of the corresponding bins are obtained as
follows. In bin 1, the deducted peak is:

P14y = Py = p21%of Py

Similarly, for the affected bins, 2 to 8, the deducted peaks
are:

Pyogs = Py = ppaa%of Py, Pazge = Po3 = ppoz%of B3,

Prgas = Pog = P4 %0f Py, Prsgg = Pos = pyos%of Pos

Prgas = Prg ~ Pma6%00f Pog o Prygs = Py = piya7%0f Py
Prggs = Pog = piyag%0f Pog .

Fig. 20. Rs of CCF: comparison of results from theoretical, simulated without
multipath and  simulated with multipath (using proposed multipath
compensation technique with both surface and bottom reflections) for
different k (0, 1, 1.5 and 2) using b = 9 (dpgs = 0.25m and Sg = 30kSa/s).
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The peaks of the CCF after deduction for 100 nodes with
100 iterations are shown in Fig. 19. To demonstrate the
effectiveness of the process, the Rs of the CCF after deduction
for different numbers of nodes with one iteration are plotted in
Fig. 20 using b =9 (dpps = 0.25m and Sy = 30kSa/s). It can be
seen from the results that the technique is good enough to
estimate in multipath environment.

4. Conclusion

This work is done to mitigate the effect of multipath signal
propagation on cross-correlation based underwater network
size estimation technique. It is shown that, efficient estimation
is possible in case of high dispersion factor by neglecting the
multipath effects due to negligible strengths of indirect path
signals. Considering the possible scenario of low dispersion
coefficient, a generalized estimation process for any dispersion
factor has been demonstrated in this paper by compensating the
multipath effects. The robustness of this estimation approach in
multipath environment has been verified by simulation. It is
noted that, only the two-sensor case of cross-correlation based
estimation method is considered in this paper. In future, our
plan is to investigate the effects of multipath on three-sensor
schemes. Current research is going on to analyze the estimation
performance in various shaped network with random placement
of sensors and different distribution of nodes. Finally,
conducting experimental estimation using this technique is our
ultimate goal.

References

[11 L Good, “The population frequencies of species and the
estimation of population parameters,” Biometrika, vol. 40, no.
3—4, pp. 237264, 1953. doi: 10.1093/biomet/40.3-4.237.

[2] C. Budianu, and L. Tong, “Good-Turing estimation of the
number of operating sensors: a large deviations analysis,” Int.
Conf. Acoustics, Speech, Signal Processing (ICASSP),
Monteral, QC, Canada, May 2004, vol. 2, pp. 1029-1032. doi:
10.1109/ICASSP.2004.1326436.

[3] C. Budianu, S. Ben-David, and L. Tong, “Estimation of the
number of operating sensors in large-scale sensor network with
mobile access,” IEEE Transactions on Signal Processing, vol.
54, no. 5, pp. 1703-1715, May 2006. doi:
10.1109/TSP.2006.871973.

[4] P. Soli¢, J. Radi¢, and N. Rozié, “Energy Efficient Tag
Estimation Method for ALOHA-Based RFID Systems,” /EEE
Journal on Sensors, vol. 14, no. 10, pp. 3637-3647, Oct. 2014.
doi: 10.1109/JSEN.2014.2330418.

[5] K. Yeh,N.Lo, K. Tsai, Y. Li, and E. Winata, “A novel RFID tag
identification protocol: adaptive n-resolution and k-collision
arbitration,” Wireless Personal Communications (Springer),
vol. 77, mno. 3, pp. 1775-1800, August 2014. doi:
10.1007/511277-014-1608-3.

[6] Y. Zheng, and M. Li, “Towards More Efficient Cardinality
Estimation for Large-Scale RFID Systems,” [EEE/ACM
Transactions on Networking, vol. 22, no. 6, pp. 1886—1896,
Dec. 2014. doi: 10.1109/TNET.2013.2288352.

(7]

[10]

[11]

[12]

[14]

[15]

[16]

[18]

O. Sluciak, and M. Rupp, “Network size estimation using
distributed orthogonalization,” IEEE Signal Processing Letters,
vol. 20, no. 4, pp. 347-350, April 2013. doi:
10.1109/LSP.2013.2247756.

S. Chen, “Estimating the Number of Nodes in a Mobile
Wireless Network,” [EEE Global Telecommunications
Conference (GLOBECOM 2010), 6-10 Dec. 2010, pp. 1-5. doi:
10.1109/GLOCOM.2010.5684126.

Shipping Chen, Y. Qiao, S. Chen, and J. Li, “Estimating the
cardinlaity of a mobile peer-to-peer network,”/EEE Journal on
Selected Areas in Communications, vol. 31, no. 9, pp. 359-368,
September 2013. doi: 10.1109/JSAC.2013.SUP.0513032.

G. Luna, R. Baldoni, S. Bonomi, and I. Chatzigiannakis,
“Conscious and Unconscious Counting on Anonymous
Dynamic Networks,” In Proceedings of 15th International
Conference on Distributed Computingand Networking (ICDCN
2014),3-6 Jan. 2014, Amrita University, Coimbatore, India, pp.
257-271. doi: 10.1007/978-3-642-45249-9 17.

D. Varagnolo, G. Pillonetto, and L. Schenato, “Distributed
Cardinality Estimation in Anonymous Networks,” IEEE
Transactions on Automatic Control, vol. 59, no. 3, pp. 645-659,
March 2014. doi: 10.1109/TAC.2013.2287113.

S. Climent, A. Sanchez, J. V. Capella, N. Meratnia, and J. J.
Serrano, ‘“Underwater Acoustic Wireless Sensor Networks:
Advances and Future Trends in Physical, MAC and Routing
Layers,” Sensors (Basel, Switzerland), vol. 14, no. 1, pp.
795-833, Jan. 2014. doi: 10.3390/s140100795.

M. S. A. Howlader, M. R. Frater, and M. J. Ryan, “Estimation
in underwater sensor networks taking into account capture,” In
Proceedings of IEEE Oceans’07, Aberdeen, Scotland, 18-21
June, 2007, pp. 1-6.

M. S. A. Howlader, M. R. Frater, and M. J. Ryan, “Estimating the
number of neighbours and their distribution in an underwater
communication network (UWCN),” In Proceedings of Second
International ~ Conference on Sensor Technologies and
Applications, Canberra, 20-22 November, 2007.

M. S. A. Howlader, M. R. Frater, and M. J. Ryan,
“Delay-insensitive identification of neighbors using unslotted
and slotted protocols,” Wirel. Commun. Mob. Comput., vol. 14,
no. 8, pp. 831-848, June 2014. doi: 10.1002/wecm.2242.

S. Blouin, “Intermission-based adaptive structure estimation of
wireless underwater networks,” In Proceedings of 10th IEEE
International Conference on Networking, Sensing and Control
(ICNSC), 10-12  April, 2013, pp. 146-151. doi:
10.1109/ICNSC.2013.6548727.

S. Anower, M. R. Frater, and M. J. Ryan, “Estimation by
cross-correlation of the number of nodes in underwater
networks,” In Proc. Australasian Telecommunication Networks
and Applications Conf. (ATNAC), 10-12 November, 2009, pp.
1-6. doi: 10.1109/ATNAC.2009.5464716.

M. S. Anower, M. A. Motin, A. S. M. Sayem, and S. A. H.
Chowdhury, “A node estimation technique in underwater
wireless sensor network,” In Proceedings of International
Conference on Informatics, Electronics & Vision (ICIEV2013),
17-18 May, 2013, pp. 1-6. doi: 10.1109/ICIEV.2013.6572582.

S. A. H. Chowdhury, M. S. Anower, and J. E. Giti, “A signal
processing approach of underwater network node estimation
with three sensors,” In Proc. Ist Int. Conf. Electrical
Engineering and Information & Communication Technology
(ICEEICT 2014), 10-12 April, 2014, Dhaka, Bangladesh, pp.
1-6. doi: 10.1109/ICEEICT.2014.6919116.



29

[20]

[21]

[22]

[23]

[24]

[25]

Md. Shamim Anower ef al.: A Robust Signal Processing Approach of Underwater Network Size Estimation
Taking Multipath Propagation Effects into Account

S. A. H. Chowdhury, M. S. Anower, and J. E. Giti, “Effect of
sensor number and location in cross-correlation based node
estimation technique for underwater communications network,”
In Proceedings of 3rd International Conference on Informatics,
Electronics & Vision (ICIEV 2014), 23-24 May, 2014, Dhaka,
Bangladesh, pp. 1-6. doi: 10.1109/ICIEV.2014.6850728.

S. A. H. Chowdhury, M. S. Anower, and J. E. Giti,
“Performance comparison of underwater network size
estimation techniques,” Int. J. Systems, Control and
Communications (in press).

S. A. H. Chowdhury, M. S. Anower, J. E. Giti, and M. 1. Haque,
“Effect of signal strength on different parameters of
cross-correlation function in underwater network cardinality
estimation,” In Proceedings of 17th International Conference
on Computer and Information Technology (ICCIT 2014),
22-23 Dec. 2014, Dhaka, Bangladesh, pp. 430-434. doi:
10.1109/ICCITechn.2014.7073159.

S. K. Bain, S. A. H. Chowdhury, A. H. M. Asif, M. S. Anower,
M. F. Pervej, and S. S. Haque, “Impact of underwater
bandwidth on cross-correlation based node estimation
technique,” In Proceedings of 17th International Conference
on Computer and Information Technology (ICCIT 2014),
22-23 Dec. 2014, Dhaka, Bangladesh, pp. 494-497. doi:
10.1109/ICCITechn.2014.7073159.

M. S. Anower, S. A. H. Chowdhury, J. E. Giti, and M. 1. Haque,
“Effect of bandwidth in cross-correlation based underwater
network size estimation,” In Proc. 8th Int. Conf. Electrical and
Computer Engineering (ICECE 2014), 20-22 Dec. 2014,
Dhaka, Bangladesh, pp- 413-41e. doi:
10.1109/ICECE.2014.7026897.

M. K. Hossain, M. S. Anower, M. M. Rahman, and S. M. N.

[26]

[29]

Siraj, “Effect of dispersion coefficient on underwater network
size estimation,” In Proc. 2nd Int. Conf. Electrical
Engineering and Information & Communication Technology
(ICEEICT), 21-23 May, 2015, Dhaka, Bangladesh.

M. A. Hossen, S. A. H. Chowdhury, M. S. Anower, S. Hossen,
M. F. Pervej, and M. M. Hasan, “Effect of Signal Length in
Cross-correlation based Underwater Network Size Estimation,”
In Proc. 2nd Int. Conf. Electrical Engineering and Information
& Communication Technology (ICEEICT), 21-23 May, 2015,
Dhaka, Bangladesh.

M. Stojanovic, “Underwater wireless communications: current
achievements and research challenges,” Newsletter, /[EEE
Oceanic Engineering Society, 2006.

M. S. Anower, “Estimation using cross-correlation in a
communications network,” Ph.D. dissertation, SEIT,
University of New South Wales at Australian Defense Force
Academy, Canberra, 2011.

M. S. Anower, S. A. H. Chowdhury, J. E. Giti, A. S. M. Sayem,
and M. I. Haque, “Underwater network size estimation
estimation using cross-correlation: selection of estimation
parameter,” In Proc. 9th Int. Forum on Strategic Technology
(IFOST 2014), 21-23 Oct. 2014, Cox’s Bazar, Bangladesh, pp.
170-173. doi: 10.1109/IFOST.2014.6991097.

W. Feller, An Introduction to Probability Theory and its
Applications, John Wiley, 1968.

M. S. A. Howlader, “Estimation and identification of
neighbours in wireless networks considering the capture effect
and long delay,” Ph.D. dissertation, SEIT, University of New
South Wales at Australian Defense Force Academy, Canberra,
2009.



