
 

  
 
Abstract—Recent advances in methods to increase 

network capacity has lead to the introduction of a 
new concept called Network Coding. Network Coding 
holds the promise of increasing capacity in MANETs 
as well. However, very few practical results and 
implementations are available. In this paper we 
propose the use of deterministic Network Coding in a 
MANET. We present and describe the tools used to 
implement and investigate this new method.  
 

Index Terms — Capacity, Mobile Ad-hoc 
Networks, Network Coding, Network Topology.  
 

I. INTRODUCTION 
HE universal need for better control over resources 
in communication networks is a problem that is 

studied continuously. Maximum network capacity needs 
to be defined and then utilized to ensure that as much 
information as possible is delivered in the most 
economic manner. One way in which this can be 
addressed, is by using Network Coding.  Research on 
Network Coding to date led to a wide variety of 
theoretical results especially in wired networks. In wired 
networks, Network Coding can be implemented 
deterministically. 

We also want to address the capacity and resource 
control problem in Mobile Ad-hoc Networks 
(MANETs). MANETs are complex networks of which 
the topology changes constantly and unpredictably. One 
documented implementation of Network Coding in 
MANETs is Random Network Coding [1]. 

In this paper, we investigate the opportunities that the 
properties of MANETs provide for practical 
implementation of deterministic Network Coding. 

This paper is structured in the following manner: 
We first give an introduction to MANETs. We then 

look at the maximum throughput capacity with the Min 
cut Max flow theorem.  

Network Coding is explained together with the 
advantages possible by combining the inherent 
properties of MANETs and the advantages of Network 
Coding. We introduce our new method to implement 
deterministic Network Coding in MANETs. Finally we 
present a modified capacity calculation algorithm to test 
the efficiency of our new method.   

                                                 
 

II. MOBILE AD-HOC NETWORKS 
A Mobile Ad-hoc Network (MANET) is a type of 

wireless network that typically consist of mobile routers 
and in some cases also laptop computers. These wireless 
mobile nodes are connected by wireless links to form a 
varying arbitrary network topology.  

Because these nodes are free to move randomly and 
organize themselves arbitrarily, the topology may 
change rapidly and unpredictably. The management of 
ad-hoc networks is decentralized. That implies that each 
node present in the network act as a forwarding node, 
forwarding messages to other nodes. The selection of 
forwarding nodes changes dynamically with the 
topology. A MANET may operate as a standalone 
network, or be connected to a larger network such as the 
internet. 

In other words a MANET is a network that is highly 
mobile, consisting of nodes with high processing power 
that receive frequent routing updates. 

The advantages and disadvantages of MANETs can be 
summarized as follows [2]: 

Advantages:  
i. Adaptability  
ii. Flexibility  
iii. Efficient communication in environments with 

little or no infrastructure.  
Disadvantages: 
i. Vulnerable to attacks 
ii. Congestion in the network and poor utilization 

of the network. 
These disadvantages manifest as a result of a 

combination of factors: The use of an open medium, 
with a decentralized nature and a topology that changes 
dynamically, with poor physical security.  

One of the biggest challenges in working with 
MANETs is to determine the network capacity. When 
the capacity is known, using [3, 4], we can make use of 
Network Coding to utilize this capacity,  

In our research we focus on developing a new 
technique to reduce congestion in a MANET while 
improving the utilization using Network Coding.  

III. MIN CUT MAX FLOW THEOREM 
As an introduction to the maximum capacity of a 

network, we refer to the Min Cut, Max Flow theorem 
[5]. Alternative methods include Steiner tree packing, 
Linear Programming and a method called MSDA [3, 4].   
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Min-cut Max-flow theorem: 
The maximum flow of information in a network is 

equal to the sum of the cut of the link capacities [5]. 
 Using the theorem - we cut the network, separating 

the sender and receiver nodes (as can be seen in figure 1) 
to cross as little of the links as possible to determine the 
minimum cut. We can see that the minimum cut, and 
therefore the maximum flow (or maximum throughput 
capacity) of this network is equal to 2. 

 

 
 
Fig. 1.  Butterfly Network explaining Min Cut, Max 
Flow Theorem  

 
The only way that we can utilize this maximum 

throughput capacity, is by using Network Coding [6]. 

IV. INTRODUCTION TO NETWORK CODING 

A. What is Network Coding? 
Network Coding is a field that was first introduced in 

2000 [7] as a method to utilize the maximum capacity of 
a network and maximize the flow of information in that 
network. It suggested coding at packet level in wired 
P2P networks. The idea sprouts from research done in 
[8] on satellite communications using a source coding 
system which consists of multiple sources, encoders, and 
decoders.  

 Applications where Network Coding can be 
especially useful are MANETs, Power Line 
Communication as well as Wireless Sensor Networks. 

B. How does Network Coding work? 
We will now explain Deterministic Network Coding: 

We use the Butterfly network from [9], as depicted in 
figure 2, to explain the how Network Coding works. The 
links in the figure all have unit capacity and messages a 
and b are binary.  

Two nodes, A and B need to transmit their messages 
to both Nodes X and Y. Each of the nodes can deliver 
their own message to the node that is connected to it, but 
have to route their messages through the network to 
reach the other node. When making use of traditional 
routing (Figure 2a), node C simply receives and replicate 
the information it receives from the previous sender 
node.  In this case the two messages a and b will reach 
node C simultaneously. Node C will send out message a 
first, and then message b. Thus, at the end of a single 
arbitrary time unit, only node Y will have received both 

messages, while node X still has only message A. This 
results in a throughput of 1.5.  

 

 
Fig. 2.  Butterfly Network a) Without Network Coding 
b) With Network Coding 

 
When we make use of Network Coding (Figure 2b), 

we give node C the capability to transmit a linear 
combination (logical XOR) of the binary messages a and 
b.  Message c has the same length as message a and b, 
and is transmitted via node D to nodes X and Y. We then 
give nodes X and Y the capability to decode message c 
by using the other message it already received and 
solving the two linearly independent equations.  In this 
special case, it merely means adding the single message 
that the node has already received to the network coded 
message.  This time, by the end of a single arbitrary time 
unit, both nodes X and Y have both messages. Two 
messages were delivered, making the throughput 2. [7] 

This method however changes the way node C works, 
because it has to form linear combinations of the 
messages it receives before forwarding it. It also requires 
nodes X and Y to have knowledge of the network 
topology and how the messages reaching it are encoded 
in order to deduce the two original messages from the 
messages it received.  

An attempt to make Network Coding more practical 
for MANETs is Random Network Coding [1], but we 
want to see if we can use a known topology of the 
deterministic approach in a MANET. Because the 
deterministic approach to network coding requires little 
overhead, this approach may be useful to improve 
network utilization in a MANET.   

C. What benefits do we get from Network Coding 
The use of Network Coding in a network may provide 
the following benefits:  
1) Throughput [7], [9], [11]:  

The improved throughput in networks was the first 
major result of Network Coding.  

If we refer to the throughput achieved with network 
coding in the deterministic example, we see that we have 
achieved the maximum throughput as calculated using 
the min-cut max-flow theorem. 
2) Robustness [9], [11], [12]: 

The robustness of the network refers to the ability of 
the network to remain functioning even though a link has 
failed completely.  



 

3) Adaptability [11], [13]: 
Adaptability is an important benefit when looking at 

MANETs, as this refers to the ability of the network to 
cope with nodes constantly joining and leaving the 
network, resulting in a constantly changing topology. 
4) Security [11]: 

The security benefit is an inherent benefit, seeing that 
linear combinations of data are sent over the network, 
and not the actual data. This benefit while useful, is 
however not sufficient. If a malicious entity listens long 
enough and receive sufficient messages to decode the 
information, the information can still be eavesdropped. 

 
Thus we see that Network Coding can address many 

of the problems associated with MANETs. 

V. CONCEPTUAL NEW IDEA 
We found that there is currently no method that 

indicates where in a MANET or how exactly at that 
specific location deterministic Network Coding could be 
implemented. This led to our research question: Can a 
known topology used in deterministic Network Coding 
be used to apply Network Coding Practically in 
MANETs? 

  
Our hypothesis is: 
The unique mobility present in MANETs creates 

multiple opportunities for opportunistic implementation 
of deterministic Network Coding in the routing of 
information. 

 
We propose to examine the connection matrix of a 

MANET, to see if we can find sub-matrixes that are 
known Network Coding networks. If we can find these 
sub-matrixes, we know where in the MANET the 
opportunity to implement Network Coding exists. 
Because we use known topologies we then also know 
how to implement Network Coding, i.e. which nodes 
should change in their functionality, and which should 
have information on the network topology. Our aim in 
this is to improve the local throughput of part of the 
MANET, by using deterministic Network Coding 
topologies in a part of the information path. 

We foresee the following benefits when using this 
concept: 

1. An improvement in the total throughput (better 
utilization of the network’s capacity) 

2. Lower occupation of the total network. 
3. Improved quality of service, because of a lower 

delay in the network. 
We propose the following method to illustrate this 
concept: 
i. Select a Network Coding topology of which the 

gain and capacity is known. 
ii. Derive the connection matrix of this Network 

Coding topology. 
iii. Determine the connection matrix of the larger 

MANET from a suitable distance vector routing 
algorithm; 

iv. Search the larger MANET matrix for the known 
topology matrix. 

v. Implement Network Coding at the appropriate 
nodes. 

vi. Re-iterate steps (iv) and (v) after a routing 
update. 

 
In order to evaluate whether or not it is worth it to 
implement deterministic Network Coding in the 
MANET, we compare the capacity of the MANET 
before and after the opportunistic implementation of 
Network Coding. 

VI. IMPLEMENTATION OF METHOD 
To demonstrate that implementation of this concept 

is practically possible, we will now use the Butterfly 
topology as our known topology, and search for it in a 
random MANET.  We do this as follows: 

A. Initial steps (Steps i – iii) 
We translate the Butterfly network in Figure 2 to a 

6x6 connection matrix: 
 

1 0 1 0 1 0
0 1 1 0 0 1
1 1 1 1 0 0
0 0 1 1 1 1
1 0 0 1 1 0
0 1 0 1 0 1

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

 

  
We then create a connection matrix of a random 
MANET of 7x7 with a connectivity of at least 3 
connections per node, representing the state of the 
network for one stream of information. We use a 7x7 
network, because it is currently the size of the largest 
physical testing facility in South-Africa (at the 
MERAKA institute), but we also test our technique in 
larger networks, to test scalability of the technique. This 
is sufficient for this implementation, because the size of 
the random MANET is one order bigger than the matrix 
that we search for. We scan the large matrix, using the 
method described in step iv, for all permutations of the 
smaller 6x6 matrix.  

Once we have found the smaller matrix-location in 
the larger matrix, we know (referring to figure 2b) that 
node C should have encoding capability, thus the node 
should logically XOR the information received from 
nodes A and B. Nodes X and Y should have decoding 
capability, that is, they should derive the two original 
messages from the information received. 

B. Finding the required topology (Step iv)  
We generate a random n x n connection matrix with a 

connectivity of at least 3. We then want to locate the 
butterfly topology inherently present in the random 
matrix. In order to locate the butterfly matrix within the 
larger network connection matrix several methods can be 
used. The simplest of these methods would be iterative 
looping. The fundamental concept of iterative looping is 
a nested looping structure. This effectively moves a 
window across the network connection matrix and 
continually compares the data in the current window to 
that of the desired data, in this case the butterfly matrix. 



 

Although this method is accurate it is not desired since it 
scales poorly, and is computationally intensive. For the 
reasons stated above we propose using a different 
method.  

Our method is based on the two dimensional cross 
correlation of the network connection matrix and the 
butterfly matrix. The cross correlation of two datasets 
can be seen as the similarity of those two datasets, and is 
commonly used to search for patterns in a random 
dataset by forming the cross-correlation to known 
patterns. This technique finds application in digital 
signal processing (DSP) as well as image processing. 

The concept of cross-correlation is extended to two 
dimensions with the network connection matrix being 
used as the random dataset and the butterfly matrix being 
used as the known pattern. The result of the cross-
correlation operation xcor(connection, butterfly) results 
in a new matrix M with values indicating the level of 
cross-correlation. In order to extract the correct values, 
the auto-correlation of the butterfly matrix is formed. By 
scanning M for this value the location of the butterfly 
matrix can be determined. 

Advantages of using the cross-correlation method is 
scalability, as the method remains computationally 
efficient when using larger matrices. A further advantage 
is the ability to detect where partial Butterfly structures 
occur within the network connection matrix. These 
partial structures then have the potential to become 
butterflies if the topology of the network changes 
slightly.  

Both methods were implemented in Matlab in order 
to compare both the accuracy as well as the 
computational efficiency. For small matrices of less than 
40x40 both methods perform equally well in terms of 
computation time. For larger matrices of 100x100 the 
cross-correlation method’s computation time is 
significantly less than that of the iterative looping. As the 
matrix dimensions increase the computational 
advantages of the cross-correlation method increases. 

We can then implement Network Coding at the 
appropriate nodes. The search is reiterated after possible 
topology changes. (Steps v and vi).  

VII. CAPACITY CALCULATIONS 
We define capacity of a MANET as: Capacity is the 

number of 1-hop sessions that share the same channel. 
[3, 4] 

In order to test the improvement that our idea 
offers, we use a technique called MSDA [3, 4]: 

 
MSDA uses the original generated connection matrix 

as the 1-hop adjacency matrix 1
nxn nxnA A= . We then 

define a delay of k and use exact multiplication of 

nxnA to calculate k
nxnA . 

It is then required to calculate all the k-hop paths. We 
do this with the following new algorithm: 

 
1. We look in the upper-triangle of k

nxnA  for a 
value equal to k and store the column numbers 

of the start and end nodes (as the first and last 
values) in a vector Path of size k+1 as the 
source and sink nodes.  

2. We move to the row number corresponding to 
the column where the sink was found and 
search for the value k-1. Ignore the columns of 
the source and sink as well as the values on the 
diagonal of the k

nxnA  matrix. This value is 
stored as the second value in the vector Path. 

3. We repeat the search in the corresponding row 
of this node’s column for the value k-2, to fill 
the second to last element in Path. 

4. We repeat this process until vector Path is filled 
and then perform a check that the last found 
node is indeed connected to the first node in 
Path. If it is not connected, the path is deleted. 

5. All the generated Path vectors are then stored in 
PathSet. 

 
Continuing with MSDA, for every node in PathSet, 

the probability that the node is present in PathSet is then 
calculated, and the sum of the probabilities on a path are 
then used to calculate the probability of each path.  

The path with the lowest probability is then selected 
and all the paths containing any of the nodes that are 
present in the selected path are then deleted. 

By doing this, we find all the independent k-hop 
paths in nxnA .  

This result is used in the MSDA algorithm, after 
which, we can calculate the capacity of the MANET as 
in [3]: 

 
2

0( )min ,
k
nxn

node E
s

packet
i A

BW D n n nN
BW i n

∈

⎡ ⎤
⎢ ⎥⎢ ⎥− −

= ⎢ ⎥⎢ ⎥−⎢ ⎥⎣ ⎦⎢ ⎥
⎣ ⎦

∑
 (1) 

 
Where /node packetBW BW⎢ ⎥⎣ ⎦ is the number of one-hop 

sessions that the channel can support, ED  is the end-to 
end delay, n  is the number of nodes and 0n  is the 

number of 0’s in the connection matrix nxnA . 
To calculate the benefit of using the Butterfly 

Network Coding network we then use the location of the 
Butterfly matrix in the larger matrix, and modify the 
MSDA algorithm in the following manner: 

We ensure that the paths with node combination 
corresponding to nodes C and D in figure 2 are arranged 
at the top of PathSet to increase the probability that they 
are selected as a path. We also modify the algorithm not 
to delete k-hop paths with that specific node 
combination.. 

With this modification included, we again calculate 
the capacity, using (1). 

Finally we compare the calculated capacities of the 
MANET to see the improvement of implementing 
Network Coding in this way. 



 

VIII. PRACTICAL RESULTS 
We implemented our method as described in 

section IV in networks with 6, 7, 8, 9, 10 and 11 nodes 
respectively.  

We generated 100 random connection matrices for 
each size network. Our random matrix generator 
generated 100 unique matrices, checking that a 
particular connection matrix is not used more than 
once, but not necessarily that it is not a permutation of 
a matrix that was already tested.  

The generated matrices also had connectivity (C) 
of exactly 3, meaning that each node was connected to 
3 other nodes. The connectivity of three is the 
minimum connectivity that will allow the possibility 
of a butterfly network to exist (refer to figure 2), but 
does not guarantee the existence of a butterfly network 
in large networks. Results will be better for networks 
with higher connectivity. 

The results of this implementation can be seen in 
table 1. 

In all of the networks butterflies were found (being 
small networks). In most instances far more than one 
butterfly network was found, although these are not 
necessarily disjoint or unique butterfly networks. 

IX. DISCUSSION OF RESULTS 
We find the following four improvements in the 

network: 
i. More available paths: 

For each butterfly network present, we have the 
possibility of one extra path available, 
sometimes more provided that two butterfly 
networks do not make use of the same link. 

ii. Better utilization of the network 
This can be seen as a qualitative improvement. 

iii. We can define an upper limit for the network 
throughput. 
The communication flow that passes through 
the paths making use of Network Coding has an 
upper limit of the throughput of the network 
code. In the best case, the paths used in the flow 
only meet in the Network Coding section and 
thereafter disjoin, thus the Min Cut of the flow 
is situated in the Network Coding section. In the 
worst case, the Min cut occurs outside the 
Network Coding section and has a lower value. 

iv. This method is energy efficient, because fewer 
transmissions are needed to deliver the same 
amount of information. 

   
This method proves to be successful, provided 

that we use a routing protocol that knows what the 

whole network looks like – such a protocol for 
MANETs is currently being developed.  
The cost of using this method is the following: 
i. Clever nodes: 

ii. Route establishment delay 
iii. A high connectivity is required  

 
These drawbacks are compensated for when the 

MANET is implemented using Laptops in a close 
vicinity to each other.  Laptops inherently have the high 
processing power to perform the computations for these 
“clever nodes” and are able to compensate for the route 
establishment delay. 

X. CONCLUSION 
The changing nature of MANETs offers many 

possibilities for the opportunistic implementation of 
Network Coding. It is impossible to guarantee a specific 
increase in capacity due to the constantly varying 
topology of the MANET. Theoretically this increase in 
topology can be as high as the maximum throughput 
capacity, but in practice this is seldom seen.  

We have presented in this paper the necessary tools 
for the network planner to determine whether our 
Network Coding method can be useful or not for a 
specific implementation. 
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