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Abstract 
Multi-hop ad-hoc networking paradigm is expected to be the key fea-

ture in future wireless communication systems. In a typical data broad-

cast scenario multi-hop ad-hoc routing protocols tends to allow devices 

to communicate and form networks in a manner to enable them to 

successfully communicate and share information with all the nodes.  

A concept of cooperative diversity can be applied to multi-hop networks 

in which multiple nodes cooperate to transmit the same data to a desti-

nation. This cooperation can be based on the use of Single Frequency 

Networks (SFN), also known as a form of Macro-diversity. 

This work comprises of a design of an SFN based distributed coopera-

tive routing protocol(SFN-DCRP) for multi-hop ad-hoc networks using 

the MATLAB based tool Prowler (Probabilistic wireless network simula-

tor). The proposed protocol is proactive and incurs minimum per packet 

delay. A delivery rate or reachability improvement of up-to 36% points 

for a node is observed for the SFN based protocol as compared to a non-

SFN based protocol in an ideal channel environment using Prowler. 

Since Prowler uses a CSMA MAC protocol, a deficiency of less than 0.1 

percent exists in the measurements due to collisions in the network. 

Keywords: Cooperative Diversity, SFN, Prowler, Multi-hop Networks, 

Routing, Broadcast 
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1 Introduction 
With the advent of a future generation of wireless communication 

networking technology, an increased focus is on multi-hop ad-hoc 

networks. These networks, as compared to cellular networks, require no 

infrastructure instalment and thus provide very cost effective solutions 

for quick deployment scenarios. Multi-hopping is the key feature in 

these networks. The major concerns for protocol design in this area 

involve energy conservation, scalability due to the large number of 

nodes, bandwidth, delay and security. 

 

With the dynamic topology constraint, multi-hop networks must be self-

organizing with power control capabilities. A few examples of multi-

hop ad-hoc networks deployment include Emergency Disaster 

Situations, Battlefield communications, Multi-hop hybrid cellular 

networks (Figure 1-1) such as 5G, Wireless sensor networks and Mesh 

Networks. In addition, of particular interest are Mobile and Vehicular 

ad-hoc networks (MANETs and VANETs) and Multimedia ad-hoc 

networks. 

 

 

 
Figure 1-1 Hybrid Cellular Multi-hop Network Example [14] 

 



Design and Evaluation of SFN 

based Distributed Cooperative 

Routing Protocol - for Multi-hop 

Ad-hoc Networks 

Sidra Muneer  

1 Introduction 

2013-08-20 

 

2 

1.1 Background and problem motivation 

The non-deterministic nature of the wireless channel used for 

communication plays a very significant role in the complexity and 

energy consumption of communicating nodes. However, this 

characteristic can be utilized as a benefit by deploying a Single Frequency 

Network (SFN). In an SFN, several transmitters send the same signal on 

the same frequency. SFN based cooperative techniques in a wireless 

multi-hop network are suggested in [1]. 

 

The SFN based cooperative approach allows two or more nodes to 

transmit the same information on the same frequency, simultaneously, 

in order to achieve diversity gain. As shown in Figure 1-2, if node 1 

wants to unicast information to node 4, node 2 and node 3 can cooperate 

and forward information received from 1 to 4. This kind of cooperation 

is also known as cooperative diversity.  

 

A possible scenario of this cooperation could be that a sensor wants to 

report its measurement/reading to the access point (AP) but, 

transmitting on high power to communicate with AP directly, can affect 

its lifetime. Therefore, to increase its lifetime, it can reduce its transmit 

power so that only nearby nodes can hear it. Thus, the nearby nodes can 

cooperate to forward its transmission. By only deploying simple multi-

hop techniques in this case can prove to be an energy bottleneck for the 

cooperating node. With the multiple node cooperation based on SFN, 

energy for cooperation is distributed among different nodes and, thus, a 

possible increase in the network lifetime could be achieved. 

 

1 

2 

3 

4 t1 t2 

Figure 1-2 Node 1 broadcasts at t1, node 2 and node 3 are in range. They hear 

node 1’s transmission and forward received information to node 4 at t2. 
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The communication in which cooperative diversity is deployed, has 

several advantages such as, transmit power reduction due to signal 

combining, increased reachability, decrease in the required SNR at the 

receiver, low network power consumption, increased life time of 

network and so on. 

 

1.2 Own Contributions 

This thesis work is based on a work carried out in [1] where SFN based 

energy aware routing algorithms were presented. The aim of this project 

is to design a protocol for these algorithms and evaluate this protocol in 

the Prowler toolbox. The algorithms presented were also centralized, 

however, this project is focused towards implementing a distributed 

version of these algorithms.  

 

1.3 Scope 

This project aims at using the Prowler tool for the simulation of 

cooperative routing protocols. Prowler is based on MATLAB and 

presents a very accurate channel model for Wireless Sensor Networks. 

Since a wide range of sensor network platforms exist, most of the 

simulation softwares are targeted towards a particular platform. 

Prowler was also targeted for Berkley MICA motes but, it can be 

modified to simulate more general systems. This work also includes a 

modification to the Prowler configuration to incorporate cooperative 

communication strategies at different communication layers. In relation 

to ad-hoc network protocol design, this project does not consider a 

mobility constraint on a network and is not evaluated in this regard, 

however a moderate mobility or a dynamic topology could be 

considered. 

 

1.4 Overall aim 

The overall aim of this project is to design a protocol for the SFN based 

broadcast routing algorithms and to evaluate its performance in an ideal 

channel environment using the Prowler toolbox. 

1.5 Concrete and Verifiable Goals  

The following are the concrete and verifiable goals of this project. 
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• Evaluate and select a channel model and radio propaga-

tion characteristics in Prowler. 

•  Design a distributed cooperative MAC layer in Prowler. 

• Evaluate and verify a MAC layer design for a simple mod-

el and topology. 

• Design a distributed version of SFN based Routing Proto-

cols by developing a routing layer in Prowler. 

• Evaluate model for routing protocol delay.  

• Evaluate model for simple data broadcast cases.  

• Evaluate model for random nodes and topologies 

• Evaluate and compute node reachability for the above cas-

es and compare it with non SFN based approach (multi-

hop routing). 

• Evaluate and compare the effect on the performance of 

protocols in the presence of CSMA.  

1.6 Outline 

Chapter 2 gives a literature review for this project. Chapter 3 presents a 

review of Prowler, the capabilities it offers, its channel model and simu-

lation environment etc. Chapter 4 presents the assumptions, considera-

tions and performance measures for this simulation model. Chapter 5 

explains the actual protocol design in Prowler. Results and Discussions 

are presented in Chapter 6 and Chapter 7. 
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2 Cooperative Diversity in Multi-hop 

Networks 
With the advancement in communication technology and new protocol 

developments, the self-managing and decentralized approaches are 

gaining popularity. In the ad-hoc networking paradigm, single hop 

refers to the direct communication between two nodes without the need 

of an access point or a central entity. A Multi-hop paradigm refers to the 

communication between two end nodes through intermediate nodes 

over a wireless medium. In a Multi-hop ad-hoc networking scenario, the 

user devices cooperatively provide network functionality in order to 

dynamically self-organize themselves into a network topology to suc-

cessively communicate and share information. 

Similarly the concept of cooperative diversity is not new. It is also 

known as macro diversity and is being used in a soft handover for 3G 

systems and coordinated multipoint (CoMP) is being used in the uplink 

of LTE for increased performance and network utilization [1]. 

2.1 Cooperative Diversity 

 In a typical non-cooperative scenario, reception refers to the signal 

decoding from a single source and regards other signals as interference. 

In cooperative techniques the signal from other sources (cooperating 

nodes) can contribute to form a stronger signal and hence achieve a 

diversity gain (similar to antenna diversity but without multiple anten-

nas). 

In view of multi-hop ad-hoc networks, cooperative diversity has nu-

merous advantages, for example, it can lead to a significant power 

reduction for the transmitting nodes [2]. Cooperative relaying mitigates 

the effects of mobility, fading, and collisions. The benefits of cooperation 

can lead to a decreased delay, higher throughput, increased coverage, 

and energy efficiency [2] . 

The PHY and MAC layer designs must be taken into consideration 

when designing cooperation protocols. For SFN based networks, typical 
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OFDM based equipment can be considered without any change, howev-

er, the MAC layer design requires special attention. [3] defines issues of 

cooperative MAC in relation to making decisions as to when to cooperate 

and whom to cooperate with. Below, a literature review of a work carried in 

cooperative communications for different type of ad-hoc networks 

considering OFDM systems is provided. 

2.2 Related work 

The term cooperative diversity was first introduced by Laneman [4] in 

his PhD. Work. Since then Cooperation techniques have been widely 

suggested inducing cross layer solutions, physical layer power control 

and coding techniques, MAC layer protocols and numerous network 

layer routing protocols for traditional as well as multi-hop networks.  

[4] defines cooperative diversity as,  

“A space diversity technique which uses collection of distributed 

antennas belonging to multiple nodes each with its own informa-

tion to transmit.”  

The work by Laneman presents cooperative diversity protocols for a 

half duplex transmission scenario with CSI only known at the receivers 

and measures performance in terms of outage probability with SNR 

approximations.  

[5] suggests that cooperative diversity is expected to increase the 

achievable rate and improve the network reliability. A cooperation 

based energy efficient MAC and routing protocols have been proposed 

for CDMA based systems with a slowly varying channel. But, the coop-

erative relay selection scheme used is based upon the angle of arrival 

and the relative location information of cooperating nodes. They as-

sumed the channel attenuation of signals based on a path loss in the 

AWGN channel. An energy saving of up to 50-56% as compared to non-

cooperative minimum energy routing, was observed. 

[6] compares the outage behavior of the proposed cooperative diversity 

based routing (CDR) with a Multi-hop relay routing (MRR) using an 

analytical method. The location information of neighboring nodes is 

assumed to be known. Using a decode and forward relay strategy in a 



Design and Evaluation of SFN 

based Distributed Cooperative 

Routing Protocol - for Multi-hop 

Ad-hoc Networks 

Sidra Muneer  

2 Cooperative Diversity in Multi-

hop Networks 

2013-08-20 

 

7 

Rayleigh fading environment, analytical results show a 21.5dB power 

gain from a network of 7 nodes for a given outage of 1x10-3. 

[7] Proposes cooperative OFDM for WSN (COFDM-WSN) in which, 

cooperative nodes retransmit a signal, by modulating at different OFDM 

frequencies and then the signal at the destination is combined with the 

MRC in order to achieve diversity gain. The proposed scheme is built 

upon a clustered network topology and verifies a tradeoff between 

energy consumption and cluster size in WSN. It employs TDMA and 

CSMA (hybrid) approach for synchronized access to cluster heads. 

[8] Presents a distributed MAC relaying protocol based on 802.11g. 

More than 300% of energy effectiveness was observed. 

[2] Identifies issues related to the implementation of cooperation in 

WSN, which include the need for a partner selection scheme, allocation 

scheme for rate adaptation and a cooperation aware routing scheme. An 

attempt is made to accommodate all these issues in the design of this 

protocol. 

[1] Presents Single Frequency Network (SFN) based energy efficient rout-

ing algorithms for WSNs. SFN refers to the technique in which two 

nodes cooperate to transmit the same signal, simultaneously, using the 

same carrier frequency to achieve full diversity (macro-diversity). 37% 

of increased coverage and 54% of increased data rate possibility was 

observed with this technique. They considered OFDM based systems. 

This work will consider the distributed approach to these algorithms for 

a cooperative routing scheme and to implement these in a real scenario 

for ad-hoc networks. 

In the next section, a review of the approaches used in WSNs and ad-hoc 

networks for MAC, Physical Layer and Network Layer is provided.  

2.3 Link Layer 

The Link Layer is responsible for medium access in Wireless Sensor and 

ad-hoc networks. The approaches used for medium access in WSNs and 

ad-hoc Networks, in general, includes competition based methods such 

as CSMA/CA that have an advantage of minimum protocol overhead 

with no messages exchanged but, which are prone to hidden node 
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problems. This problem can be dealt by using RTS/CTS messages but 

this can incur a significant delay.  

The TDMA based approaches can reduce the number of collisions by 

allocating time slots for transmission but, TDMA has an additional 

overhead for synchronisation. Similarly, FDMA is also a collision free 

strategy but requires strict time synchronisation and, for which fre-

quency hopping capabilities are also costly [10]. 

2.4 Physical Layer  

The approaches at the physical layer in ad-hoc tend to reduce the com-

plexity and power usage as much as possible. This is the major compo-

nent for the energy consumption in devices. The modulation techniques 

used at the physical layer vary. The modern physical layer approaches 

provide dynamic power control capabilities and modulation adaptation 

[10] which will also be considered in this thesis.  

2.5 Network Layer 

For multi-hop ad-hoc networks, two type of routing protocols exist, 

namely, Pro-active and Reactive [11]. Reactive protocols contain on 

demand route discovery mechanisms and examples include, AODV, 

TORA and DSR (source routing). Proactive protocols include DSDV and 

OLSR, which periodically broadcast routing information for route 

discovery and maintenance.   

In WSNs the approaches to routing protocols tend to avoid large trans-

missions for route determinations. For example, if a node maintains a 

routing table, then, the periodic updates for routing can provide an 

energy bottleneck. In addition, the route determination phase should 

not incur any significant delay in the system. 

2.5.1 SFN based Cooperative Routing Algorithms 

The algorithms proposed in [1] require SNR (Signal to Noise Ratio) 

knowledge about neighbors of all nodes on the network layer. This 

knowledge is supposed to be acquired in the routing initiation phase. 

The algorithms are described below. 
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Non-SFN algorithm formulates routes to broadcast data to 

as many nodes as possible by finding the possible shortest 

multi-hop paths to the destinations.  

 

SFN-A works in two phases. In the first phase, multi-hop 

paths are evaluated. In the second phase, the SFNs of 

minimum size are formed. Multi-hopping is never deployed 

after SFNs even if it is energy efficient.  

 

SFN-B algorithm allows a maximum reachability by firstly 

minimizing the hops and then minimizing the possible SFN 

sizes. 

 

SFN-D algorithm maximizes the reachability and minimizes 

the energy consumption by,firstly, finding the minimum 

size SFNs and then deploying a minimum hop. 
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3 Simulation Tool 

3.1 Background 

One special kind of multi-hop ad-hoc network is the Wireless Sensor 

network (WSN) consisting of small nodes that send information to the 

base station or access point as shown in Figure 3-1. These devices are 

required to be very small in size and low in cost, which places con-

straints on their energy consumption, memory, computational speed 

and communication bandwidth. The topology of a WSN can vary from a 

simple star to a complex mesh topology. Data propagation techniques 

used in WSN can be routing or flooding. A typical WSN is shown below.  

 

 

The typical WSN nodes being developed consists of omni-directional 

antennas with a short communication range. There are many state-of-

the-art simulation tools for wireless sensor networks. The majority of the 

sensor nodes being developed in industry are capable of using Tiny-OS. 

For extensibility, consideration has been given to the Prowler tool for 

the simulation built in MATLAB by Gyla [12] described below.  

3.2 Prowler-A WSN Simulator 

Prowler (Probabilistic wireless network simulator) is a MATLAB based 

simulation tool for WSN. It models the nondeterministic nature of a 

communication channel and low level communication protocols. It is an 

event driven simulator with nice visualization capabilities. It can be used 

 

 

 
 

Gatew

ay / BS 

 

  

Figure 3-1 A typical wireless sensor network. 
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for application prototyping, performance measurement and parameter 

optimization [12]. The snapshot of the prowler GUI is shown below. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 3-2  Prowler Graphical User Interface. The white area shows network 

animation and table below shows events in the network. 

Prowler can be configured for an arbitrary number of nodes and dy-

namic network topologies. It was targeted for a Berkley MICA platform 

but, can be modified to simulate more general systems. It provides a 

very accurate radio model. Its functionality is expandable via plug-in 

support.  

The MAC protocol used in prowler is CSMA/CA. Berkeley MICA motes 

were based on a 916MHz transceiver with signal strength and sensitivity 

control having three operating modes, namely, transmit, receive or 

power off. The energy consumed per bit for the transmission is 1uJ and 

for the reception is 0.5uJ. The various characteristics of Prowler such as 

the default channel propagation model, signal reception conditions and 

MAC layer pre-designed in PROWLER will be discussed in the next 

section.  
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3.2.1 Propagation Model of Prowler  

The Propagation Model in Prowler can be deterministic or probabilistic, 

but, the default option is probabilistic. The deterministic propagation 

model estimates the signal strength from the transmitter to the receiver 

based on the following equation. 

d
PdP transmitidealrec




1

1
)(, , (3.1) 

where d is the distance and   =2. Thus the signal varies as a square of 

the distance. The probabilistic model depends upon two factors i.e.   

which implies fading due to topology change and   which implies 

fading over time. 

3.2.2 Signal Reception and collisions 

Two models exist for signal reception. The first one is based on the 

reception limit for the receive signal strength and the other is based on 

the receiver’s noise variance parameter  2

n  (given below) and is more 

accurate, but, slow. 







jk

recn

rec

kiP

jiP
SINR

),(

),(
2

, (3.2) 

Total signal strength at node i is given as: 


k

rectot kiPiP ),()( , (3.3) 

3.2.3 MAC Layer and Application Layer 

The MAC layer of the Prowler implements the CSMA protocol. The 

application layer is provided with events similar to those of the Tiny OS 

environment. Radio and application are plug-ins in Prowler and thus a 

new model can easily be incorporated if necessary. 

The CSMA, with collision avoidance, is used in Prowler. However, it 

uses no acknowledgment policy and thus collisions result in packet 

losses. 
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4 Simulation Model 

4.1 Hardware Considerations 

High rate ultra wideband OFDM based devices are considered, as 

specified in the ECMA-368 specifications which are based on IEEE 

802.13a [13]. CSMA is considered for the channel access scheme as this is 

the default scheme of Prowler and is also supported in the ECMA 

standard. No-ACK policy is assumed for delay sensitive data communi-

cation between devices. 

Power management in these standard devices allows them to turn off or 

to use a reduced power level for long periods of time this capability is 

considered in this protocol design.  

4.2 Signal Reception Model 

The channel model considered for this project is the simple ideal channel 

model in PROWLER, which simulates the deterministic nature of the 

communication channel as given in 3.2.1. This project will use the radio 

model with a reception model based on SINR. In the first phase of the 

project, the SINR estimation in the Prowler radio model will be changed 

to reflect a signal quality model [1] based on SFN, which is given by the 

following equation. 

 























SFNk

jkext

SFNi

ji

SFNk

jk

SFNi

jijijext

SFNi

jiji

j PI

P

PwPI

wP

SINR
,

,

,,,,

,,

)1(

, (4.1)  

where, 

jiP ,
= power received at receiver j from transmitter i belonging to SFN. 

jkP ,
=power received from all transmitters not belonging to SFN 

extI =External noise and interference=0.0025mW 

jiw ,
=weighing factor dependent upon ISI and Doppler shift we assume 

jiw ,
=1. 
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Table 4-1 Hardware Characteristics of ECMA-368 

Radio frequency [MHz] 3100 to 10600  

Max data rate (Mbps) 53.3-480 

Transmission power  

RIP(dBm) 

-10.3 

Modulation MB-OFDM 

Receive sensitivity 

(dBm) 

-80.8 to -70.4  

Multichannel Yes 

Packet Length(Prowler) 960bits 

  

This phase also includes verification of a 3dB gain. By considering the 

above mentioned values it is possible to calculate the range of each 

node. 

4.3 MAC Layer Model 

The project will use the default MAC layer model of Prowler i.e. 

CSMA/CA. For the case of cooperative diversity, when simultaneous 

transmission is required, a synchronization mechanism at the MAC 

layer is adopted, which is controlled through a simulator and thus a 

centralized MAC model is being considered. However, for the actual 

scenario, a different synchronization scenario is assumed, which is 

described in 4.5. 

4.4 Network Layer Model 

A routing protocol is built on top of Prowler which incorporates SFN 

based routing algorithms. A simple scenario of four nodes is considered, 

as shown in Figure 4-1. 
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Node 1 acts as a data source and needs to broadcast data to all the nodes 

in the network. The ability for the network to deploy SFN is character-

ized by the CSI (channel state information) which is known at the rout-

ing nodes. For this purpose, a protocol is built in which all the sensor 

nodes measure their SNR at neighboring nodes and pass this infor-

mation to the other nodes, which will decide the SFN formations.  

4.5 Assumptions 

It is assumed that a OFDM modulation scheme is being deployed at the 

physical layer for all nodes in a system. It is also assumed that when a 

node shares its CSI, it also sends information about the OFDM channels 

available for forwarding data or forming SFNs. Thus, a channel selection 

scheme is required for synchronization as proposed in [7]. The assump-

tion is that this scheme already exists and that there are always channels 

available at neighboring nodes for forming SFNs. With the assumption 

of this channel selection scheme for synchronization, SFN formation is 

only allowed at the same hops in this protocol design. 

The following additional assumptions are considered for the protocol 

design in Prowler. 

1. A broadcast control channel with maximum 

transmission power is assumed for each node on which it can send 

requests to all the nodes in the network to share their CSI. All nodes 

exchanging control information compete for the channel using CSMA. 

Control packets are assumed to be transmitted at a minimum acceptable 

rate to avoid control data corruption. 

2. All nodes are assumed to reply with an SNR 

response packet unicast to the node which requested the SNR with a 

1 

2 

3 

4 

Figure 4-2:  Figure 4-1 Simple Model for simulations 
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maximum power level and to compete for a channel to share this infor-

mation using CSMA. This packet is also assumed to contain information 

about the available subcarriers at the replying node. 

3. The protocol built in this work is for a distrib-

uted multi-hop broadcast case and is proactive. With a proactive strate-

gy, nodes can build their routing tables at the start and can then run for 

a longer period of data transmission. Other assumptions for measure-

ments are given below. 

Table 4-2: Simulation Model Parameters 

Transmission Power Routing Initiation Phase 10mW 

Transmission Power Data Transfer Phase 1mW 

Range of each node (Data Transfer) 10m 

Required SNR for data transfer 4dB 

Maximum SFN Size 5 

Receiver Sensitivity -10dBm 

Node Density 0.01nodes/m2 

4.6 Performance Measurement 

Routing Initiation Phase Delay 

Protocol delay is measured in terms of the number of messages sent by 

all the nodes in a system during the routing initiation phase to initialize 

and build all the routing tables. Since CSMA is being used, the total 

messages sent among all reachable or directly connected nodes 

contribute to the total timeslots required by the protocol to build all the 

routing information.  
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The average delay in routing initiation phase is also measured for a 

network with uniform random topologies for two different transmission 

power levels, using a different strategy for the routing initiation phase. 

Reachability 

The average node reachability for the given protocol is defined as the 

total number of destinations it can reach in the data transfer phase. This 

is measured by broadcasting data from node 1 and, all the nodes receiv-

ing the transmission are considered reachable. Thus reachability refers 

to the ratio of the number of data receptions (say m) in the network to 

the total nodes. If the network size is N nodes, then the reachability R is 

given as, 

N

m
R  ,  (4.2) 

Measurement Error 

Because of CSMA, there are packet losses due to collisions as modeled in 

Prowler. These losses result in missing information about some nodes 

during the routing initiation phase. This is measured as a deficiency for 

this protocol in the presence of CSMA/CA MAC protocol and is given 

by error E. If d is the number of packets dropped by all the receivers and 

s is the number of packets successfully received, then the error E is 

approximated as. 

ds

d
R


 ,  (4.3) 
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5 Protocol Design 
In this chapter, a routing protocol application will be built on top of 

Prowler, which incorporates SFN based algorithms. A bottom up ap-

proach will be used for this work. Starting from the Signal Reception 

model, changing the MAC model according to the requirements and 

building the protocol, all stages are designed and evaluated iteratively. 

For each stage, if the previous stage delimits its functionality or perfor-

mance, the results have been evaluated in this regard. 

 

Figure 5-1 Project Design Flow 

5.1 Signal Estimation and Reception 

First of all the signal reception model will be incorporated into the 

Prowler radio model for SINR. Before a node starts a transmission, a 

channel idle check event occurs. If a node is allowed to transmit, then 

the simulator estimates its received signal strength for all the potential 

receivers in the system. In this case, the incorporated reception model is 

based on equation 3.1. 
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The following code shows the estimation of the received signal strength 

at all nodes in the system and then a packet received start event is 

triggered for nodes with SINR. 

 

5.1.1 Diversity Gain Verification 

It will now be verified through simulation that, by using a cooperative 

approach based on SFN in this radio model, there is always a 3dB diver-

sity gain. This is achieved when using a cooperative approach as com-

pared to a simple one hop routing. Consider a simple case of three 

nodes as shown in Figure 5-2, where nodes 1 and 3 will send a message 

cooperatively to node 2. In a simple case, node 1 will send a message to 

node 3. The received power at node 3 for both cases, for average runs of 

500 simulations, is shown in Figure 5-3. With this figure, it can be seen 

that there is always an expected 3dB gain when cooperating nodes are at 

an equal distance from the destination node. 

I_ext=sim_params('get', 'REC_NOISE_VAR'); 
theta=sim_params('get', 'RECEPTION_SINR'); 
for rec_ix=1:length(mote_IDs) 
 if rec_ix~=ix 
  P_ij_non_SFN=total_rec_power(rec_ix); 
   if strcmp(radio_data(rec_ix).state, 'idle') 

    P_ij_SFN=sum(P_ij(:,rec_ix)); 

    if P_ij_SFN/(I_ext+P_ij_non_SFN)>=theta  % SINR good to 

receive 
     receive_power(rec_ix)=P_ij_SFN; 
     receive_ID(rec_ix)=ID; 
     data.signal_strength=P_ij_SFN;   

     % received signal strength 

     prowler('InsertEvents2Q', make_event(t+1,     

              'Packet_Receive_Start', mote_IDs(rec_ix), 

data, ID)); 
    else % this mote will not receive this message, SINR too 

low 
    end 
   elseif strcmp(radio_data(rec_ix).state, 'receive') 
    % check if currently received message is disturbed by 

this new  

      Transmission 

     if receive_power(rec_ix)/(I_ext+total_rec_power(rec_ix) 

          +P_ij(rec_ix)-receive_power(rec_ix))>theta 
        % reception is not disturbed by this message 
     else % this message caused a collision 
         radio_data(rec_ix).state='collision'; 
     end 
   end 
 end 
end 
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Figure 5-3 A 3dB diversity gain at node 2 when 1 and 3 cooperates. 

5.2 MAC Layer 

For the routing initiation phase, a simple CSMA/CA is used. However, 

for MAC layer synchronization, when a cooperating node belonging to 

SFN transmits data, the transmission for all nodes belonging to that SFN 

is initiated by the simulator. Thus, the simulator controls the MAC layer 

synchronization problem. Although this approach is not practical as it 

assumes a centralized synchronization, it is assumed that this issue can 

be resolved by means of MAC schemes being used for the UWB stand-

ard. The following code deals with the synchronization of cooperating 

nodes when the first node belonging to the SFN is allowed to transmit. 

d 
d 

1 

2 

3 

Figure 5-2 Simple scenario for 3dB gain verification for 

node cooperation 
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5.3 Topology 

Two cases are considered, a simple network and a random network 

case. In the first case, the network topology of four nodes, as shown in 

Figure 4-1, is considered. Node 1 acts a data source. Node 2 and node 3 

are at an equal distance from 1. Node 4 is considered as being sufficient-

ly far from node 1 such that it can only receive a signal in the case when 

1 is transmitting at its maximum power level. For a normal transmission 

power of 1, node 4 is in a state of outage so that SFN or multi-hop rout-

ing could be deployed.  

5.4 SFN based Cooperative Routing Protocol 

The purpose of this protocol is to achieve the minimum communication 

overhead while deploying SFN formation to achieve the maximum 

reachability based on algorithms. The protocol is proactive and consists 

of a routing initiation phase in which all nodes gather the required 

routing information for the data transfer phase. 

Table 5-1 Routing Initiation Phase 

R
o

u
ti

n
g

 I
n

it
ia

ti
o

n
 

P
h

as
e

 

SNR Measurement Phase 

SNR Table Broadcast Phase 

Routing Information Packet Broadcast Phase 

for tx=1:length(mote_IDs) 
     if (radio_data(tx).transmit_pending)&& 

(radio_data(tx).SFN_id==SFN) 
        %% trigger packet transmit start event at t 
        if(tx~=ix) 

prowler('InsertEvents2Q', make_event(t, Pack-

et_Transmit_Start', tx, data)); 
          radio_data(tx).state='transmit'; 
        end 
        %% assunming all nodes belonging to SFN 
        %% transmit at same power 
        P_ij(k,:)=data.signal_strength*radiotopology(tx,:)  

        % this transmitter's received signal strength 
        k=k+1; 
        end 
     end 
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5.4.1 Routing Initiation Phase 

The routing initiation phase is described below. 

1. Each node maintains an SNR table which con-

tains instantaneous SNR values measured for its transmission to 

each of its neighbor. 

2. SNR Measurement Phase Figure 5-4-Figure 5-5: 

On Initialization or whenever there is a topology change for a 

node, it broadcasts an SNR Request Packet as shown in figure 

Figure 5-4. 

 

3. When a node receives an SNR Request Packet, 

it measures the received signal strength and noise level, and cal-

culates the SNR. It also adds a request to the queue, if it is already 

in transmission mode, or replies immediately with an SNR re-

sponse packet uni-casted to the original node. 

 

Figure 5-4 SNR Request Response Phase 
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4. On receiving an SNR Response packet from its 

neighbor a node updates its SNR table for that neighbor and also 

starts a timer for sharing its SNR table.  

 

5. SNR Table Broadcast Phase Figure 5-6: When 

the timer expires for a node, it broadcasts its SNR table. The timer 

is usually set to expire if there are no more SNR requests or re-

plies in the next for example, 4-5 time slots. The node then can as-

sume that the SNR measurement phase has ended and it can now 

broadcast its SNR table. 

6. On receiving the SNR table, each node runs 

SFN based routing algorithms to formulate a routing table based 

on the known CSI of its neighbors. Then it starts a timer for 

broadcasting Routing Information Packet (RIP) to its neighbors. 

7. Routing Information Broadcast Phase Figure 5-7: 

On receiving a RIP, each node determines whether it has to take 

part in the SFN formation for sending the node broadcasted data 

and formulates a forwarding table.  

Figure 5-5 SNR Request Response Cont. 
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8. Finally on data broadcast timer expiration, a 

data transmission phase can successfully start. The number of 

messages M sent in the routing initiation phase can be modeled 

by the following equation. 

nnM 22  ,  (5.1) 

where, n is the number of nodes in the network. 

This equation is derived below. 

 

In Routing Initiation Phase, each node sends following packets: 

 

SNR Request packet=1  

SNR Response Packet=n-1 

SNR Table Broadcast=1  

Routing Information Broadcast=1 
 

Total Messages Sent by each node=1+n-1+1+1=n+2 
For n number of nodes, 

               Total Messages sent=M=n(n+2)=n2+2n 

Figure 5-6 SNR Table Broadcast Phase 
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5.4.2 Data Transmission Phase and SFN formations 

When a node broadcasts data, the neighbors rebroadcast it based on 

their forwarding table. From the forwarding table, a node determines 

whether or not it has to take part in SFN formation.  

With a moderate mobility constraint, a different strategy could be 

adopted, for example, if a new node, say B, enters a network, the com-

munication between two nodes in the routing update phase should take 

place by means of messages as shown in Figure 5-8. However, cases 

without mobility are only considered in this work. 

 

Figure 5-7 Routing Information Broadcast Phase 
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RIP  Broadcast 

 

RIP  Broadcast 

SNR Table Broadcast 

A B 

SNR Request Broadcast 

SNR Response + Request 

SNR Response 

Timer Expired Timer Expired 

Run Algorithm and Broadcast RIP 

SNR Table Broadcast 

Run Algorithm and Broadcast RIP 

Figure 5-8 Routing Update Phase between two nodes with CSMA (Node B enters the 

network) 
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5.5 Protocol Data Structures 

The protocol data structures are presented for a simple case with topol-

ogy as shown in Figure 4-2. 

5.5.1 SNR Table 

The SNR Table at each node contains entries of all the neighbor IDs and 

their measured SNR from this node. The following MATLAB code 

presents the SNR table with regards to each node.  

 
 

Table 5-2 SNR Table at node 1 for simple case 

ID SS(mW)Ptrans=10mW, SNR=6dB 

1 100 

3 16.667 

4 5.263 

2 16.667 

 

Table 5-3 SNR Table at Node 2 

ID SS(mW)Ptrans=10mW, SNR=6dB 

2 100 

3 23.333 

1 16.667 

4 16.667 

 

Table 5-4 SNR Table at Node 3 

ID SS(mW)Ptrans=10mW, SNR=6dB 

3 1 

1 16.667 

4 16.667 

2 33.333 

 

Table 5-5 SNR Table at Node 4 

ID SS(mW)Ptrans=10mW, SNR=6dB 

4 1 

1 5.263 

3 16.667 

2 16.667 

 

snr=struct('dest',ID,'gain',100); 
Memory=struct(…,'snr_table',{snr},…) 
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5.5.2 CSI table 

On receiving the SNR table from each neighbor, the node stores this 

table in the CSI table and runs an algorithm to formulate a routing table. 

The CSI table is a collection of each neighbor’s ID and its SNR table. The 

following snippet shows the CSI at each node.  

 

5.5.3 Routing Table 

The Routing Table is formulated after each algorithm run. It contains all 

the all destinations at each hop. Based on the algorithm, it also contains 

information about multi-hopping or SFN formation if any is required by 

the neighbors to reach any destination. The following snippet shows the 

routing table structure. 

 

5.5.4 Forwarding Table 

After formulating the routing table, a node must communicate infor-

mation to cooperating nodes with regards to relaying its data. For this 

purpose, it broadcast an RIP. On receiving an RIP, each node formulates 

a forwarding table (FT). An FT is required to store information for 

cooperating or relaying a neighbor’s information. It is shown below. 

 

The routing table can be used as a forwarding table if it also has a source 

field. Since, in this case, information from the forwarding table is also 

being used by the MAC layer (SFN_ID), it has been explicitly named as 

a forwarding table. 

5.6 Algorithm Invocation 

The algorithm’s design is limited in the sense that SFNs are allowed at 

the same hop for synchronization purposes. Also, if a node at the same 

path=struct('src',0,'dest',0,'SFN_Partner',0,'SFN_ID',0); 
memory=struct'FT',{path,…} 
 

route=struct('dest',0,'Nxt_hop',0,'SFN_Partner',0,'SFN_ID',0); 
memory=struct('RT',{route},...) 
 

csi=struct('neigbour',ID,'sinr_table',{snr}); 

Memory=struct(…,'csi_table',{csi},…) 
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hop has to provide both multi-hopping and SFNs for different destina-

tions, then, only SFNs are formed at that hop. 

5.6.1 Non-SFN 

A non-SFN algorithm tends to broadcast data to as many nodes as 

possible by finding the possible shortest multi-hop paths to destinations. 

In the protocol design, nodes only find information up to one hop of the 

communication path, when a neighbor shares its SNR table. Thus up-to 

only one hop destinations are evaluated as reachable destinations. When 

a node broadcasts data, for example node1 in the figure below, all the 

neighbors receive it. In addition, based on the information from their 

forwarding table, the nodes will rebroadcast the data to increase cover-

age. The receiving nodes will rebroadcast based on their forwarding 

tables as shown below. 

 

 

 

 

 

 

3

2

4

1

 

Figure 5-9 Multi-hop Broadcast Route for a simple case 

5.6.2 SFN-A 

SFN A works in two phases. Firstly, the multi-hop paths are evaluated. 

In the second phase, an SFN of up to a minimum size (say 5) are formed. 

Multi-hopping is never deployed after SFN formations. The protocol 

implementation decides upon SFN formations at same hop only. A 

simple case is considered, in which node 1 broadcasts data and nodes 2 

and 3 can listen to the broadcast. But, node 4 is out of range. The trans-

mission path adapted by the network for this broadcast in the case of the 

SFN-A algorithm is shown below (green lines shows SFN formations). 
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1

2

3

4

 

Figure 5-10 SFN-A Broadcast Path for Node 1's data 

5.6.3 SFN-B 

The SFN-B algorithm allows for maximum reachability by firstly mini-

mizing hops and then minimizing possible SFN sizes. The protocol 

deploys CSI in a manner similar to SFN-A. 

1

2

3

4

5

6 7

8

9

10

 

Figure 5-11 SFN-B Broadcast Path for 1's data (random case) 

5.6.4 SFN-D 

SFN-D algorithm maximizes the reachability and minimizes the energy 

consumption by firstly finding minimum size SFNs and then deploying 

the minimum hop. 
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5.7 Synchronization 

Synchronization required for the control channel is achieved using 

CSMA as provided in the Prowler. For a data transfer phase, an OFDM 

carrier synchronization environment is assumed, where each SFN for-

mation is performed through a separate set of OFDM carriers. It was 

assumed a channel selection scheme exists. When neighbors share their 

CSI, they also share information about the available forwarding chan-

nels. This is an assumption for a real system but, in simulations, SFN 

formations are synchronized in a different way.  

First of all, the SFN formations are allowed for nodes at the same hop, so 

that these formations occur at the same time. This configuration can lead 

to a larger coverage and poses an interference issue as well. However, 

this effect has not been analyzed. A data transmission is conducted from 

a single node (usually node 1) at a time to measure its broadcast range. 
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Figure 5-12 Synchronization example multi-hopping 
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5.8 Packet Format and Header Information 

The proposed protocol consists of information bits in the header of each 

packet, to differentiate between types of control packets. For the control 

channel, the following information bits are included in the packet head-

er. 

Table 5-6 Header Information for control Packets 

Source Destination SNR_Req SNR_Resp SNR_Table RIB 

 

Source specifies the source of the packet. Destination specifies the destina-

tion address. For broadcast, the destination address is retained as 0 to 

allow all nodes to receive the broadcast. 

5.8.1 Control Packets 

The description of each field in the control packet header is described 

below. 

SNR_Request 

To identify an SNR Request Packet, the field SNR_Req in the header 

should be true or logical 1 and the SNR_Resp field must be false or 

logical zero. 

SNR_Response 

To identify an SNR Request Packet, the field SNR_Req in the header 

should be false or logical 0 and the SNR_Resp field must be true or 

logical 1. 

SNR_Request_Response 

To identify an SNR Request Response Packet, the fields SNR_Req and 

SNR_Resp, both must be true or logical one. This type is currently not 

used in Routing Initiation Phase. 
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SNR_Table Broadcast 

If the SNR_Table field is 1, then the packet received consists of the SNR 

table from the specified source node. 

Routing Information Broadcast 

If RIB is true then the control data field contains the routing table of the 

node as specified by the source address.   

5.8.2 Data Packets 

Data Packet format used is shown below. 

Table 5-7 Header Information for data packets 

Source Destination SFN_ID Data 

Data_Broadcast Packet 

In the case of a simple data broadcast, the SFN_ID is kept false or logical 

0. For the broadcast destination the address is kept at 0. 

Data_Broadcast_SFN Packet 

For the SFN broadcast case, a unique id SFN_ID is assigned to each 

originating broadcast so that all the nodes forming the SFN are allowed 

to transmit using CSMA, since all have the same non-zero SFN_ID. 

5.9 Distributed Approach 

In a completely distributed approach an SNR is measured only among 

the reachable nodes, however, an SNR table is broadcast to the whole 

network through flooding or by using the technique of Multipoint 

Relay(as in OLSR) or using SFN flooding (described below). In such a 

case, each node can determine paths to all possible destinations and can 

flood back this information to the network. However, this approach is 

not considered in this case because, a data broadcast case is being con-

sidered and the desire is to avoid a large routing initiation phase over-

head and synchronization in this case. The proposed approach could be 

beneficial for a unicast case and can result in increased reachability. 



Design and Evaluation of SFN 

based Distributed Cooperative 

Routing Protocol - for Multi-hop 

Ad-hoc Networks 

Sidra Muneer  

5 Protocol Design 

2013-08-20 

 

34 

The algorithms are limited for proactive routing in the  sense that if a 

destination is reachable through SFN formations in the data transfer 

phase, the destination is unable to know information in the routing 

initiation phase unless, the SFNs are deployed. This problem is tackled 

by assuming that there is always a channel available for the destination 

to receive control information. However, for this problem, SFN flooding 

can also be used in the routing initiation phase. 

 In SFN flooding, a node broadcasts the packet; all the neighbors that 

receive the packet make the SFN and retransmit using the same fre-

quency in the same timeslot. All the next hop nodes that receive the 

transmission again make the SFN and transmit but, this packet must 

have TTL (time to live) information to avoid large retransmissions. 



Design and Evaluation of SFN 

based Distributed Cooperative 

Routing Protocol - for Multi-hop 

Ad-hoc Networks 

Sidra Muneer  

6 Simulation Results 

2013-08-20 

 

35 

6 Simulation Results 

6.1 Protocol Delay 

First of all, the delay incurred by the proposed protocol in the routing 

initiation phase will be presented. The measurement setup was 

comprised of an area of 30mx30m with the nodes varying from 5 to 30. 

For all the topologies, nodes are randomly uniformly distributed over 

the area so that, taking an average over different runs, provides a 

constant node density. Delay would be same for multi-hopping and SFN 

cases as, the protocol is proactive and the routing initiation phase is the 

same for all the cases. 
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Figure 6-1 Protocol Delay 

The curve obeys n2+2n. The protocol is not scalable and hence is more 

suitable for small networks or clustered approaches. 
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6.2 Routing Initiation Phase 

The delay in terms of the number of messages sent is also evaluated for 

two different transmit power levels for similar networks, which shows 

that, with increased power level, there are more exposed nodes or 

neighbours and thus the protocol incurs an increased delay in the 

routing initiation and update phase. Also, the protocol is not scalable 

with respect to node densities and, thus, is more suitable for less dense 

networks. The measurement also includes routing update phase 

strategies (Figure 5-8) because of which the delay is higher than 

previous plot.   

 
Figure 6-2 Routing Initiation Phase 

 

6.3 Reachability 

After the routing initiation phase, a data transmission phase can success-

fully start to allow all the nodes to communicate and share information. 

Average node reachability is measured by broadcasting data from node 

1 to all other nodes for uniformly distributed nodes with random topol-
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ogies. A system size is varied but keeping the node density constant i.e. 

0.01nodes/m2. The results of 100 runs average are shown in the figure 

below. 
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Figure 6-3 Reachability vs System Size 

The above figure shows a maximum of 11.6% points reachability gain 

for SFN vs. non SFN multi-hopping for a network size of 10 nodes. The 

gain is less than was suggested in [1], which was evaluated for the same 

node density. One possible reason could be that the gain was suggested 

for a higher transmission power level used in data transfer phase. An-

other reason could be that this protocol is limited to form SFNs only 

with the nodes at the same hop. Also, due to collisions in the CSMA, the 

SNR information about some links is unknown, which also limits those 

links to take part in SFN formations.  

The results show that increasing the system size does not increase or 

maintain a reachability curve. Reachability decreases with an increase in 

the system size. The reason for this might be because a larger system 

means that there are more collisions in the network. 
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Figure 6-4 Reachability vs Node Density 

Reachability is again measured by varying node density with an area of 

900m2. The results are shown in Figure 6-4. 

From the results it can be seen that with the increased node density over 

the same area, reachability also increases. The average reachability gain 

of the SFN based protocol is higher than for the non-SFN based proto-

col. For example, for SFN-B the percentage increase in reachability over 

non-SFN is 2.1%,11.6%,21%,23.8%,36% and 25.5% points for each num-

ber of nodes. 

Thus, with the increased node density over an area of 900m2, SFN-B 

provides a reachability gain of a maximum of up-to 36 percentage points 

over a non-SFN multi-hopping for 25 nodes in a real network scenario 

with CSMA. 

For this protocol, since the delay in the routing initiation phase is the 

same for all four algorithms (energy consumption could also be consid-

ered as being the same), for a given tolerable delay, the SFN based 

protocol can provide more reachability over non-SFN.  
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6.4 Measurement Error 

Measurement Error or deficiency is measured for the same setup as 

node reachability by considering the collisions in the system. 
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Figure 6-5 Collisions during Routing Initiation Phase 

The error relates to the amount of missing information in the routing 

initiation phase for the protocols and is due to the collisions because of 

the CSMA. For a larger size of system, the network anticipates more 

collisions, thus more information is missing and it limits the SFNs that 

could be formed at each hop and hence decreases reachability. 
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7 Conclusion 
For an SFN based cooperative protocol design for multi-hop ad-hoc 

networks, this project considers an ideal channel environment in Prowl-

er and a CSMA protocol at the MAC layer in the routing initiation 

phase. After changing the signal reception model to reflect the OFDM 

reception characteristics, the model offers a 3dB gain for two nodes 

transmitting at the same time.  

The SFN based cooperative routing protocol is designed as an applica-

tion in Prowler and is evaluated for random nodes and topologies. The 

protocol is completely distributed and proactive with an assumption of 

utilizing the power control capabilities available in radios. 

The protocol delay for the routing initiation phase of the node is evalu-

ated and compared for two different power levels. The protocol is not 

scalable with respect to the number of nodes and is suitable for less 

dense networks or clustered approaches in order to avoid large routing 

initiation delay overhead.  

A reachability of the network is evaluated by broadcasting data from a 

single node to the network with random topologies. A reachability gain 

of 5-15 percentage points is observed for the SFN-B protocol as com-

pared to the non-SFN for a node density of 0.01nodes/m2. An increase in 

the system size does not produce any benefit with regards to reachabil-

ity. 

The average node reachability is also measured by increasing the node 

density. A gain of up-to 36 percentage points is observed for the SFN-B 

protocol as compared to the non-SFN for a network of 20 nodes over an 

area of 900m2.An increase in the node density increase the reachability.  

Previous work on these routing algorithms proposed the same reacha-

bility gain for all SFN based approaches over non-SFN but, in our re-

sults, it is different. This is mainly because our protocol design only 

allows SFN formations at the same hop and thus the SFN-A and SFN-D 

suffer a reachability loss as compared to SFN-B.  
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An error or deficiency in measurement due to collisions is approximated 

as being below 0.1% for the above scenario. 

The protocol incurs more delay overhead for an increase in exposed 

nodes or neighbors and thus is more suitable for less dense networks.  

For a given delay, the SFN based network can provide increased reach-

ability, and can increase the data rate due to improved SNR at some 

links.  

With an CSMA, a larger network size can lead to more collisions and 

hence to a reduced average node reachability. 

7.1 Security 

The security considerations of the system being proposed are of concern 

because of the nature of the wireless communication channel. By eaves-

dropping, it is possible to hear data not intended for the listener. An 

imposter can forge data using a fake id and can modify and replay 

previously transmitted data. It is assumed that a MAC layer frame 

protection scheme, as proposed in ECMA, is being used for the given 

system. Consideration is not given in relation to security at the network 

layer. 

7.2 Future Work 

The protocol design does not consider OFDM channel availability at 

neighboring nodes for forming SFN information. If this information is 

considered, then the decision should also incorporate the channel avail-

ability in addition to the algorithm design and thus an OFDM channel 

selection scheme must exist. This information could be shared when 

broadcasting an SNR table. For synchronization in the data transfer 

phase, this protocol design uses an approach at the MAC layer using a 

modification to CSMA. However, in actual practice, a distributed ap-

proach should exist. This could again be achieved using the channel 

selection scheme as described above. With the CSMA, being used in the 

data transfer phase, the SFN transmission can also incorporate RTS/CTS 

to the source or to the destination for synchronization. 



Design and Evaluation of SFN 

based Distributed Cooperative 

Routing Protocol - for Multi-hop 

Ad-hoc Networks 

Sidra Muneer  

7 Conclusion 

2013-08-20 

 

42 

The protocol design considers the broadcast case in particular, but, it is 

easily extensible to the Multicast/Unicast case. A completely distributed 

approach for such a case is also proposed, in which, CSI is broadcast to 

the whole network through simple or SFN flooding. However, no de-

sign or any evaluation has not been performed for such a case.  

A reactive approach could also be considered for protocol design in this 

way, however, it can lead to more energy consumption in the case of 

SFN flooding.  

SFN cooperative protocol has not been designed to support dynamic 

topology, thus any related design and evaluation for this, with any 

mobility model could also be considered. 
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Appendix A: Developed Code 
 

Application Name: SFN_Protocol 

https://docs.google.com/file/d/0By7wuEgzzU1Wc1I1TjU0am1falk/edit?u

sp=sharing 

Simulation File: SFN_Protocol_Simulation 

https://docs.google.com/file/d/0By7wuEgzzU1WZGlIb0JlaTNfN2s/edit?

usp=sharing  

Helper Files (All files): 

https://docs.google.com/file/d/0By7wuEgzzU1WS3ZuT253a0FDWEk/edi

t?usp=sharing  

 

https://docs.google.com/file/d/0By7wuEgzzU1Wc1I1TjU0am1falk/edit?usp=sharing
https://docs.google.com/file/d/0By7wuEgzzU1Wc1I1TjU0am1falk/edit?usp=sharing
https://docs.google.com/file/d/0By7wuEgzzU1WZGlIb0JlaTNfN2s/edit?usp=sharing
https://docs.google.com/file/d/0By7wuEgzzU1WZGlIb0JlaTNfN2s/edit?usp=sharing
https://docs.google.com/file/d/0By7wuEgzzU1WS3ZuT253a0FDWEk/edit?usp=sharing
https://docs.google.com/file/d/0By7wuEgzzU1WS3ZuT253a0FDWEk/edit?usp=sharing

