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Objective

* The aim of this paper Is to explore novel
approaches for improving throughput and
reliability of wireless sensor networks while
minimizing the energy consumption.



Classic Wireless Sensor Networks

In wireless sensor networks, a path (a sequence of nodes between the
source and the destination) is chosen and then packets are forwarded,
or routed, along the path.

To overcome link-level packet loss and to avoid significant end-to-end
throughput degradation, networks often use link-level retransmissions.

Moreover, if any packet is “lost” during the transmission, that specific
packet is retransmitted from the source node.

— However, there is no guarantee that the retransmitted packet can be
correctly received by the destination node.
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Cooperative Network Coding

Cooperative Network Coding (CNC) synergistically integrates
Network Coding with cluster-based Cooperative Communications
to improve network reliability and enhance network performance.

CNC is a technology that exploits the massive deployment of
nodes in wireless sensor and other networks

CNC is based on Dr. Haas’ work [1] and 1s enhanced by our
analysis and evaluation of the effects of retransmissions.
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CNC — Parameters

The table below shows the system parameters for Cooperative
Network Coding.

Number of nodes in the cluster i

Number of clusters between the source and the destination
Number of nodes in the cluster 1 that are connected to the source node
Number of nodes in the cluster i+1 that are connected with node (i, j)

Whether node (K, j) is connected to the destination node or not

Kd

Pi jyi+1, 1y | Probability of link error between node (i, j) and node (i+1, 1)
Number of original packets in a block (i.e., block size)

Number of coded packets transmitted by the source node

Note that the probability of link error between node (i, j) and node
(iI+1, J) depends on the transmission power, channel conditions,
modulation scheme, and packet length, among other factors.



CNC - Operation

The source create coded packets y; from the original (uncoded)
packets x; and transmits coded packets towards the nodes in
cluster 1.

A cluster is (dynamically) formed by a group of nodes
geographically located close to each other.

— The coded packets are calculated as:
m

3’1 — z Cjkxk ] = {1, 2, 3, ...,m'}

k=1
— The addition and multiplication operations are performed over a
GF(29)
Nodes in cluster 1 create a coded packet from the received packets
and transmit it towards the next cluster.

Nodes, in cluster 2 through K, receive the coded packets, create a
coded packet and transmit it to the next cluster.

The destination receives coded packets from cluster K and decodes
the original message.

The sink must receive at least m linearly independent packets
necessary to recover the original information.



Minimizing Energy Consumption: CNC

« The energy required to network code a packet is calculated as:
L
Enc = mEpsp + - (MEyy, + (m —1)Espp)

Where:

— E;rsg IS the energy required to generate the random coefficients using
linear feedback shift register (LFSR),

— L is the packet length in bits,
— q is the field size, GF (29),

— Eyy; 1S the energy require to multiply a random coefficient and the
packet (portion of the packet that depends on the Galois Field size),
and

— Eapp 1S the energy required to add the results of two multiplication
processes.

« Since with Network Coding, all the packets are coded, the energy
required for each node to code m’ packets is:

, L
EnopEye =M (mELFSR - a (MmEyy, + (m — 1)EADD)>



CNC - Energy (contd.)

* In Network Coding, the linear independency of the coded packets
Is a function of the field size.

— Thus, the expected number of transmitted packets until transmitting m
linearly independent coded packets, when using RLNC, can be

calculated as:
, 1
= E .

=1~ (1)

« The average probability p; of the m’ coded packets being linearly
Independent:

m

Pu=

« As we can see with RLNC, the source node needs to transmit a
number of coded packets m’ that is at least the smallest integer not

less than M’.
- m
==y —
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Cooperative Diversity Coding — Overview

Diversity Coding (DC) [12] is an established feed-forward spatial
diversity technology that enables near Instant self-healing and
fault-tolerance in the presence of link failures.

The protection information (c;) carries a combination of the data
lines (d;).
The figure below shows a Diversity Coding system that uses a

spatial parity check code for a point-to-point system with N data
lines and 1 protection line.

— If any of the data lines fail (e.g. d5), through the protection line (c;),
the destination (receiver) can recover the information of the data line

that was lost (d3).

Transmitter Receiver
Diversity Coding system (1 — for — N) 10



Diversity Coding (DC) — Details

 Diversity Coding improves network reliability = Information Is
transmitted through spatially different paths.

» The coding coefficients (B;;) are calculated as:
Bij = at~DU-D) i=1,2..,N;j=12,...M
where a is a primitive element of GF (29) and g = [log,(M + N + 1)].

— Since the coding coefficients are known by the source and destination
nodes, there is no need to transmit the f;; coefficients in the packet

header.
! 1 1 1 1
i @ a* = alV~1
:B —3 | az a4 az(N_l)
1 gM-1 gM-D2 .. (M-D(N-D)]

 Since the coding coefficients are known by the source and
destination nodes, there is no need to transmit the coefficients In
the packet header.



CDC - Energy

The energy required to diversity code a packet is calculated as:

L
Epc = a(mEMUL + (m — 1)Espp)

Where:
— L is the packet length in bits,
— q is the field size, GF (29),

— Eyy; 1S the energy require to multiply a random coefficient and the
packet (portion of the packet that depends on the Galois Field size),
and

— Eapp 15 the energy required to add the results of two multiplication
processes.

Since with Network Coding, all the packets are coded, the energy
required for each node to code m’ packets is:

Enopep, = (m' —m)Epc

Enopey, = (m' —m) a (mEyy, + (m — 1)Epp)
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Energy Savings : CDC

As we can see from the previous equations, the source node
requires less energy when using DC to create coded packets

(EEOURCEDC)-
— That is:

Esourcepe = Esourceye — m'mE;psg — ma (mEyy, + (m — 1) E4pp)

— the second term on the right hand side of the equation is the energy
savings for using known coding coefficients, and

— the third term on the right hand side of the equation is the energy
savings achieved for coding only the protection packets.

The total number of transmitted packets in the network with CDC
or CNC is the same and is calculated as:

K
i /
Erorar =m + ‘ ‘ni
i=1

— where K is the number of clusters between the source and destination
nodes.

However, as shown in above, the source requires less energy to
code the packets with CDC compared to CNC.

13



Simulation Parameters

The results presented in the following figures and tables were
obtained through simulations by running 1,000 experiments.

An experiment is considered successful when the sink was able to
decode the information from the source.

The coding operations were performed over a GF (28).

The parameters for the analyses and simulations of Cooperative
Network Coding and Cooperative Diversity Coding are similar to
the parameters used in [1]:

The number of original packets m is 10,

All the clusters have the same number of nodes n = n;,

The network consists of 20 clusters (K = 20),

The connectivity between node (i, j) and nodes in the cluster i + 1 is
the same, r = r; = 1;; and,

All the links have the same characteristics, 1.e., p = P j)(i+1,0):

 This assumption may be unrealistic but it simplifies the study.

* Note that the probability of link error depends on the transmission power,
channel conditions, modulation scheme, packet length, among other factors.
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Results

The figure below shows the performance of CDC and CNC given
that the number of information packets is equal to the number of
transmitted packets (m = m')

As shown below, the source needs to transmit at least m + 1
combination packets otherwise the source needs to make a
retransmission with very high probability.

This is because the links between the source and the nodes in the
first cluster are error prone.

In other words, when the
number of combination packets
Is equal to the number of
Information packets, regardless
of the connectivity among the
nodes and the propability of link
error (s, # 0), itis not

| 035|bleI to ﬁa?/e qu:I ranld< (at | —=—C0C, p =005, /=4

east m linearly independent vt EE
packets) with high probability in +EBE:§ 0,05, 76 | panie
the first cluster. o Hop 5 Hop 10 Hop 15

Number of hops (/)

.
=)
(@]
[}
-
=
Q
%)
Y
[}
-
[
Ka]
£
=3
c
]
[}
wled
(@]
[}
a
x
Ll

received information packets

co
co

15



Range

Minimum

Results (contd.)

The tables below show the linear independency of the packets at
each cluster for CDC for a probability of link error of 0.10, given
that the source node transmitted 11 coded packets.

— On average, no need for a retransmission from the source node
because cluster 11 has full rank and the retransmission can be made
from those clusters.

Descriptive Statistics

rort | hope [ ops | [ wepo | ropto [ hepts [ opie | | wopis | fopz [oesinaon
IR B T B

Statistic

|0
Statistic -
| ] 10

Maximum Statistic

Mean

Std.
Deviation
Variance

Skewness Statistic

Statistic 10.00 10.00 10. 00 10 00 10 00 10 00 10 OO 10 00 10 00 9 60
Std. Error .001 .001

-31.623 -31.623 -31.623 -1.730
077 077 077 077

Std. Error
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Results (contd.)

The figure below, along with the tables shown in the next chart, shows the
most general case where full rank is achieved at a sufficient number of
nodes including the last cluster, and a selective retransmission has to be
made by the nodes in the last cluster for the destination to be able to
decode the source’s information.

The expected number of information packets decoded at the destination as
a function of the number of coded packets.

Note that the source node should transmit at least m + 1 coded packets.
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Results (contd.)

* The first table presents the results for CDC
— Giventhatp = 0.05, r = 6 and m’ = 11.

— In the worst case 2 nodes in the last cluster need to
retransmit a coded packet.

Descriptive Statistics

oot [ opz [ s | [ ropie [ hopts [ opts | rept7 [ ropto [ opio | nopeo [pestnaion
R I ] ) 2 ) ) ) R
‘nn—

o Saie |10

inun Sasie | 10

Mean Statistic 10.00 10.00 10. 00 10 00 10 00 10 00 10 00 10 00 10 00 10 00 9 88
Std. Error .000 .000 .000 .000 .000 .000 .000 .000 .000 012

Std. Statistic

.368
Deviation

Skewness Statistic -3.298
.077

Std. Error
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CNC & CDC = Retransmissions

The figure below shows the performance of CNC and CDC vs. the
number of nodes per cluster.

As it was expected, the performance of these two approaches
Increases when the number of nodes per cluster increases because
there are more nodes in each cluster transmitting combination
packets.

However, increasing the number of nodes per cluster is not a
preferred option because of the extra energy that is spent by the
entire network. -

A better option Is to
retransmit from the
last cluster, where
the system still has
full rank (linear
Independency of the
combination
packets).

Probability of link
error is p and the
connectivity is r

——CDC, p=0.05, r=4
——CNC, p=0.05, r=4
——CDC, p=0.05, r=6
—CNC, p=0.05, r=6
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Conclusions

In this paper, we present an approach to minimize the energy
consumption of multihop wireless packet networks, while
achieving the required level of reliability.

Our approach is to optimize and balance the use of forward error
control, error detection, and retransmissions at the packet level for
these networks.

Additionally, we introduce Cooperative Diversity Coding (CDC),
which is a novel means to code the information packets, with the
aim of minimizing the energy consumed for coding operations.

The performance of CDC is similar to CNC in terms of the
probability of successful reception at the destination and expected
number of correctly received information packets at the
destination.
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Conclusions (contd.)

Selective retransmissions minimize both the energy consumed by
the network and the delay, while achieving the desired throughput.

The source need only transmit about 10% - 30% coded packets and
utilize retransmission by the nodes in the last cluster that has full
rank (100% linear independency among the packets) to minimize
energy utilization.

Achieving minimal energy consumption, with the required level of
reliability is critical for the optimum functioning of many wireless
sensor and body area networks.

For representative applications, the optimized CDC or CNC

network achieves >25% energy savings compared to the baseline
CNC scheme.
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