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Abstract
Multi hop or Ad hoc, wireless networks use two or more wireless 
hops to convey information from source to destination. In this 
paper we analysis delay of multi hop network by developing  a new 
queue grouping technique to handle the complex correlations of 
the service process resulting from the multi-hop nature of the flows 
and their mutual sharing of the wireless medium. For the tandem 
queue network, where the delay optimal policy is known (DOP), 
the expected delay of the optimal policy numerically coincides 
with the lower bound. The lower bound analysis provides useful 
causes into the design and analysis of optimal or nearly optimal 
scheduling policies. We conduct extensive numerical studies to 
demonstrate that one can design policies whose average delay 
performance is close to the lower bound computed by the techniques 
presented by proposing a novel hierarchical routing protocol 
(NHR), which addresses network self organization (SON) and 
redundancy issues, is introduced. Initial analysis shows promising 
results of the proposed protocol over Multi Hop. 
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I. Introduction
In the multi-hop wireless networks, communication between two 
end nodes is carried out through a number of intermediate nodes 
whose function is to relay information from one point to another. 
The delay performance of wireless networks, however, has largely 
been an open problem. This problem is very difficult even in the 
context of wired networks, primarily because of the complex 
interactions in the network  that make its analysis amenable only 
in special cases like the product form networks. The problem is 
further more a bad situation by the mutual interference inherent 
in wireless networks which, complicates both the scheduling 
mechanisms and their analysis. Some novel analytical techniques 
to compute useful lower bound and delay estimates for wireless 
networks with single hop traffic were developed in [1]. However, 
the analysis is not directly applicable to multi-hop wireless network 
with multi hop flows, due to the difficulty in characterizing the 
departure process at intermediate links. 
We proposed a new, systematic methodology to obtain a 
fundamental lower bound on the average packet delay in the system 
under any scheduling policy. Furthermore, we re-engineer well 
known scheduling policies to achieve good delay performance 
of lower bound. In this paper, we analyze a multi-hop wireless 
network with multiple source-destination pairs, given routing 
and traffic information. Each source injects the packets in to the 
network, which traverses through the network until it reaches the 
destination. A packet is queued at each node in its path where it 
waits for an opportunity to be transmitted. Since the transmission 
medium is shared, concurrent transmissions can interfere with 
each others’ transmissions.
The set of links that do not cause interference with each other 
can be scheduled simultaneously, and we call them activation 

vectors (matching’s). We didn’t impose any apriori restrictions 
on the set of allowed activation vectors, i.e., they can characterize 
any combinatorial interference model.  The delay performance 
of any scheduling policy is primarily limited by the interference, 
which causes many bottlenecks to be formed in the network. We 
demonstrated the use of exclusive sets for the purpose of deriving 
lower bounds on delay for a wireless network with single hop 
traffic in [2].
In this paper, we further generalize the typical notion of a tandem as 
well as novel hierarchal routing, deriving such policies in general, 
is extremely complex. We re-engineer a well-known throughput 
optimal scheduling policy known as the back-pressure policy and 
demonstrate that for certain representative topologies, its delay 
performance is close to the fundamental lower bound. Finally, 
we also present a case where neither back-pressure policy nor the 
shadow queue approach is close to the lower bound. For this case, 
we design a new handcrafted policy whose delay performance 
is actually close to the lower bound, thus demonstrating that the 
lower bound analysis provides useful insights into the design and 
analysis of optimal [3].
 It is designed to cope with the large area of deployment and 
the link or node failures in forest fire similar applications as 
hierarchical routing protocol and Performance analysis of the 
novel hierarchical routing protocol. In general, SON uses multi-
hop hierarchy (to cover large area) and spanning tree (for fast 
routing and less overhead) basic ideas to deal with large area of 
deployment issue. SON is fully distributed that every CH choose 
the nearest parent-CH to the sink to forward data to in the normal 
situation. If the network is congested or the parent-CH is dead, 
then the CH chooses the next best parent with zero communication. 
Furthermore, SON takes high density SN deployment advantage, 
to provide network fault tolerance feature through introducing 
redundant CH. Mainly the operation of SONS can be divided into 
three parts. The start-up phase, the setup phase and the process 
phase [4]. Many routing protocols in WSN have been proposed 
to take account of the inherent features of WSNs, along with 
the application and architecture requirements. These routing 
protocols can be classified according to the network structure, 
protocol operation, resource utilization, or routing protocols [5], 
[6]. Fig. 1 illustrates classification of routing protocols in WSN. 
The proposed routing protocol is classified under hierarchical 
network structure, and hybrid protocol operation that provides 
network connectivity and survivability features as the well known 
routing protocols in WSN based on hierarchical structure. In 
general LEACH and LEACH-C divides the network into clusters 
(sections), and in each cluster there is an elected sensor node to 
act as head of the cluster identified as Cluster Head (CH). The 
cluster head task is to manage communication among member 
nodes of the cluster, data processing, and relay processed sensed 
data to the Base Station (BS) directly as seen in Fig. 2 LEACH and 
LEACH-C outperform flat network protocols in terms of network 
life time[7] [8]. However, LEACH and LEACH-C are not suitable 
to be deployed in large area because of direct communication 
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between CH and BS. Moreover, it does not take into account how 
the network resists the link and SN failure [9].

Fig. 1: Classification of Routing Protocol

Fig. 2: LEACH Network Structure

Another hierarchical routing protocol is Self- Organizing Protocol 
(SOP)[10]. SOP routing protocol can be used with stationary or 
mobile sensor nodes. The protocol works simply by selecting a 
sensor nodes to act as router (relay messages), and these routers 
are to be stationary which form the backbone of the network to 
carry data to the BS. Every sensor node should be able to reach a 
router in order to be part of the network. A routing architecture that 
requires addressing of each sensor node is achieved, by identifying 
the address of the router node to which they are connected. A 
similar enhanced idea is the Proactive Routing with Coordination 
(PROC) [11], in which both protocols are used in a continuous 
dissemination (not on-demand) network type. PROC detect faulty 
node or link when a certain number of consecutives data is not 
acknowledged, then the sender node removes the failed node from 
its neighbor table and resend the data to the best selected parent 

node from the updated neighbor table. On the other hand, PROC 
have long recovery time, and does not have control scheme for 
the traffic flow pattern in the entire network (local solution not 
global).

II. System Model  
We consider a wireless network G = (V,L), where V is the set of 
nodes and L is the set of links. Each link has unit capacity. There 
are N flows, each distinguished by its source destination pair (si, 
di). There is a fixed route (set of links) between the source si and 
corresponding destination di. Each route is a simple path. Each 
flow has its own exogenous arrival stream {Ai(t)}1 t=1. Each 
packet has a deterministic service time equal to one unit. The 
exogenous arrivals at each source are assumed to be independent. 
Let A(t) = (A1(t), . . . ,AN(t)) represent the vector of exogenous 
arrivals, where Ai(t) is the number of packets injected into the 
system by the source si during time slot t (for i ∈ 1, . . . ,N). Let 
_ = (_1, . . . , _N) represent the corresponding long-term average 
arrival rate vector. The path on which flow i is routed is specified 
as Pi := (v0 i , v1 i , . . . , vj i , . . . , v|Pi| i ), where vj i is a node 
at a j-hop distance from the source node si. The source node si is 
denoted by v0 i and the destination node di by v|Pi| i , where |Pi| is 
the path length. The packets arriving at each node are queued.
Each node maintains a separate queue for each flow that passes 
through the node. Let Qj i (t) denote the queue length at node vj 
I corresponding to flow i. After reaching the destination node,
each packet leaves the system, i.e. Q|Pi| i = 0. The queue length 
vector is denoted by Q(t) = (Qj i (t) : i ∈ {1, 2, . . . ,N} and j ∈ 
{1, 2, . . . , Pi}). Multiple flows can share a link e. A link can be 
activated in a time slot t only if the corresponding queue is non 
empty. We use the term activation (scheduling) of a link or a 
queue interchangeably. At most, one packet is served at a queue 
in a given time slot. The service structure is slotted.
In general, SONS uses multi-hop hierarchy (to cover large area) 
and spanning tree (for fast routing and less overhead) basic ideas to 
deal with large area of deployment issue. SONS is fully distributed 
that every CH choose the nearest parent-CH to the sink to forward 
data to in the normal situation. If the network is congested or 
the parent-CH is dead, then the CH chooses the next best parent 
with zero communication (because of the wireless broadcast 
communication nature). Furthermore, SON takes high density 
SN deployment advantage, to provide network fault tolerance 
feature through introducing redundant CH. Mainly the operation 
of SONS can be divided into three parts. The start-up phase, the 
setup phase and the process phase. Fig. 3 illustrates the proposed 
algorithm.
After deploying the SNs in the area of interest in a sleep mode 
(could be deployed long time ago), the start-up phase begins. 
This phase is responsible to build up the WSN in the network 
layer. It starts by initially forming the network into clusters each 
with assigned elected CH (initially same as in LEACH , and then 
afterwards remaining power source is the added factor). Then, a 
tree is created from the sink as the root up to the leaves through 
only the CHs (this process will be described on the next paragraph). 
Based on the tree construction, there will be parents and children 
for each CH except for the leaf CH where it will be parents only. 
For every turn of electing a CH of a cluster, the new CH will send 
a control message to its parent and child(s) (if exist) to update 
the changes of the tree members. After that, the total number of 
children of each CH will be specified starting from leaf CH to its 
parents CH up to the root (sink). Subsequently, we can benefit of 
the network high density deployment and the inexpensive cost 
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of the SNs, by helping the CH to relay and process data of other 
children clusters toward the sink.

Fig. 3: Flow Chart of Proposed Algorithm

This procedure is via SN of cluster to be as Co-operative cluster 
head (C-CH), and assigned by the CH according to the next rank 
on the CH election. This procedure is applied to CH with a total 
number of children exceeds n (from simulation, optimal n will be 
chosen). This will help the network to avoid power drain from the 
CH. Especially for the CH near to the sink (energy holes problem. 
In addition, the procedure provides more paths to the sink which 
helps in solving the data converge-cast problem. Converge-cast 
is a communication pattern, where the data flow is from a set of 
nodes to one node (many-to-one).
This point will make the procedure simple (not complicated), 
that the code is small which helps in saving memory space and 
needs less processing power. Finally, redundancy option for the 
CH is specified by the sink to be either fully-redundant, or semi-
redundant, or no-redundant. Fully-redundant is simply assigns 
a redundant CH node by means of the CH for each cluster. In 
semi-redundant, the CH near to the sink will assign a redundant 
node and the CH distant from the sink will not. 
Tree Creation Process: The process uses three-way messaging 
technique as shown in fig. 4. The tree will be created as follow:

a. A tree creation process request is sent from sink to its • 
neighbour CH(s) that are in the modified transmission 
range.
b. The neighbours CH(s) reply to the BS asking to add them • 
to the tree.
c. A confirmation message is sent from the sink to the neighbour • 
CH(s) which reply with its distance level value. 

Then BS create a table of all answered back children CH(s). As 
well, the replied neighbor CH(s) will create a table that contain 

the parent and the BS with distance level of zero. The Distance
Level (DL) is the number of hops from CH to reach the BS 
via intermediate parent CHs, and is equal to the DL Parent +1. 
Afterwards, CH may have many parents, and then forward data 
to the parent with minimum DL. This will help to transfer data 
to other route if one link is failed or congested, by maintaining 
the DLs in the parent table (increase DL of parent by 2 if it 
congested). Maintaining DLs of the parent table will achieve 
network reliability feature. Each CH(s) with a tree table will repeat 
the 3 ways messaging (steps a –to– c) on all CH(s) children. If the 
CH(s) receives no reply then it will stop the operation and knows 
that it is the leaf CH of the tree.

Fig. 4: TCP using three Way Messaging Technique

III. Deriving Lower Bounds on Average Delay
In this section, we present our methodology to derive lower bounds 
on the system-wide average packet delay for a given multi-hop 
wireless network. At a high level, we partition the flows into 
several groups. Each group passes through a (K, X)-bottleneck 
and the queueing for each group is analyzed individually. The 
grouping is done so as to maximize the lower bound on the system 
wide expected delay. For flows passing through a given bottleneck 
(a group), we lower bound the sum of queues upstream and 
downstream of the bottleneck separately. We reduce the analysis 
of queueing upstream of a (K, X)-bottleneck to studying single 
queue systems fed by appropriate arrival processes. These arrival 
processes are simple functions of the exogenous arrival processes 
of the original network. 
The lower bound on the system-wide average delay of a packet 
is then computed using the statistics of the exogenous arrival 
processes. We derive analytical expressions of the lower bounds 
for a large class of arrival processes. In this section, we first 
characterize the bottlenecks in the system. We then explain how 
to lower bound the average delay of the packets of the flows that 
pass through a given (K, X)-bottleneck. Our analysis justifies 
the reduction of a (K, X)-bottleneck to a single queue system fed 
by appropriate arrival processes. Finally, we present a greedy 
algorithm which takes as input, a system with N flows and possibly 
multiple bottlenecks, and returns a lower bound on the system-
wide average packet delay.
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Characterizing Bottlenecks in the system: Link interference causes 
certain bottlenecks to be formed in the system. We define a (K, 
X)-bottleneck to be a set of links X ,L such that no more than K 
of its links can be scheduled simultaneously. 
This corresponds to a set of links, among which only one link 
can be scheduled at any given time. We call these sets of links 
exclusive sets. We also discuss another type of bottleneck in the 
case of a cycle graph with 5 nodes, where no more than two links 
can be scheduled simultaneously. Some of the important exclusive 
sets for the wireless grid example under the 2-hop interference 
model are highlighted in fig. 5.

Fig. 5: Reducing the External Arrival of the Original System

We use the indicator function 11{i2X} to indicate whether the 
flow i passes through the (K, X)-bottleneck, i.e., 11{i2X} = 1 if  
i ,X 0      (1)
The total flow rate _X crossing the bottleneck X is given by:X 
=XN i=1 11{i2X}(_i)    (2)
Let the flow i enter the (K, X)-bottleneck at the node vki I and 
leave it at the node vli i . Hence, (li−ki) equals the number of links 
in the (K, X)-bottleneck that are used by flow i.
We define _X and AX(t) as follows:X = XN i=1 11{i2X}(li − ki)
(_i)      (3)
AX(t) =XN i=1 11{i2X}(li − ki)(Ai(t))  (4)
The reduction technique: In this section, we describe our 
methodology to derive lower bounds on the average size of the 
queues corresponding to the flows that pass through a (K, X)-
bottleneck. By definition, the number of links/packets scheduled 
in the bottleneck, IX(t) is no more than K, i.e., XN i=1 11{i2X} 
lXi−1 j=ki Ij i (t) = IX(t) ≤ K   (5)
A flow i may pass through multiple links in X. Among all the 
flows that pass through X, let FX denote the maximum number 
of links in the (K, X)-bottleneck that are used by any single flow, 
i.e., FX = N max i=1 11{i2X}(li − ki)  (6)
Let Sk i (t) denote the sum of queue lengths of the first k queues 
of flow i at time t, i.e.,
Sk i (t) = Xk j=0 Qj i (t)    (7)
Sk i (t + 1) = Sk i (t) + Ai(t) – Ik i (t)  (8)
The sum of queues upstream of each link in X at time t is given 
by SX(t) and satisfies the following property.
SX(t) = XN i=1 11{i2X} lXi−1 j=ki Sj i (t) ≥ XN i=1 11{i2X} 
lXi−1 j=ki Qj i (t) ≥ XN
i=1 11{i2X  lXi−1 j=ki Ij i (t) = IX(t)  (9)
Now we consider the evolution of the queues SX under an arbitrary 
scheduling policy which is given by the following equation. SX(t 
+ 1) = SX(t) − IX(t) + AX(t)   (10)

A. Reduced System
Consider a system with a single server and AX(t) as the input. 
The server serves at most K packets from the queue. Let QX(t) 
be the queue length of this system at time t. The queue evolution 

of the reduced system is given by the following equation. QX(t 
+ 1) = (QX(t) − K)+ + AX(t)   (11)
where (x)+ =x if x > 0 0 otherwise.  Without loss of generality 
we can assume that both systems are initially empty, i.e., QX(0) 
= SX(0) = 0. We now establish that at all times t ≥ 0, QX(t) is 
smaller than SX(t).

Theorem 3.1
For a (K,X)-bottleneck in the system, at any time T ≥ 0, the sum 
of the queue lengths SX in X, under any scheduling policy is no 
smaller than that of the reduced system, i.e., QX(T) ≤ SX(T).

Proof
We prove the above theorem using the principle of mathematical 
induction.

Base Case
The theorem holds true for T = 0, since the system is initially 
empty.

Induction Hypothesis
Assume that the theorem holds at a time T = t, i.e., QX(t) ≤ 
SX(t).

Induction Step
The following two cases arise.
Case 1: QX(t) ≥ K
QX(t + 1) = QX(t) − K + AX(t) ≤ SX(t) − K + AX(t) ≤ SX(t) − 
IX(t) + AX(t) = SX(t + 1).(12)
Case 2: QX(t) < K. Using Eq. (9 & 10 ), we have the following, 
QX(t + 1) = AX(t) ≤ SX(t) − IX(t) + AX(t) = SX(t + 1)     (12)
Hence, the theorem is holds for T = t + 1. Thus by the principle of 
mathematical induction, the theorem holds for all T.  The analysis 
here is general, and establishes a fundamental lower bound even 
for the traditional wireline setting.
We emphasize that AX(t) can be computed from Eq. (6) and 
considers only the exogenous inputs to the system. Furthermore, 
the lower bound on the expected delay can be computed using 
only the statistics of the exogenous arrival process and not their 
sample paths. We note that a policy may achieve the above lower 
bound QX(t) on the sum of upstream queues if it schedules the 
same number of packets as the corresponding G/D/K system in 
every time-slot. However, this may not always be possible because 
of the interference caused by other flows in the system. It is also 
important to note that even if a scheme achieves the lower bound 
on SX(t), it does not imply that it would be delay optimal (i.e., 
it will minimize the total number of packets in the system at all 
times). 

C. Bound on Expected Delay
We now present a lower bound on the expected delay of the flows 
passing through the bottleneck as a simple function of the expected 
delay of the reduced system. In the analysis, we use Theorem 3.1 
to bound the queueing upstream of the bottleneck and a simple 
bound on the queueing downstream of the bottleneck. Applying 
Little’s law on the complete system, we derive a lower bound on 
the expected delay of the flows passing through the bottleneck. 
Corollary 3.1: Let E[gDX] be the expected value of queuing delay 
for the G/D/1 system with input AX(t). Further let, E[DX] be the 
expected delay of the flows passing through X. Then E[DX] ≥ 
E[gDX] FX + XN i=1 11{i2X}_i(|Pi| − li) X.
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Proof
Let Q(t) denote the queue length of the G/D/1 system at time t. 
Theorem 3.1 states that at all times, XN i=1 11{i2X} lXi−1 j=ki 
Sj i (t) ≥ Q(t). Since for all j < li − 1, Sj i (t) ≤ Sli−1 i (t), thus XN 
i=1 11{i2X}(li − ki)Sli−1 i (t) ≥ Q(t). Using Eq. (8), it follows 
that, XN  i=1 11{i2X}(FX)Sli−1 i (t) ≥ Q(t)  (13)
and hence, XN i=1 11{i2X} lXi−1 j=0 Qj i ≥ Q(t) FX (14)
After crossing the bottleneck, a packet of flow i has to cross |Pi|−li 
hops. Since the links are of unit capacity, the delay at each of these 
hops is at least one unit. Thus for all li ≤ j <|Pi|, E[Qj
i ] ≥ _i……(15) Taking expectations on both sides of Eq. (13 & 
14) and using Eq. (15), we obtain, XN i=1 11{i2X} X|Pi| j=0 E[Qj 
i ] ≥ E[Q(t)] FX + XN i=1 11{i2X}(_i(|Pi| − li))…..(16)
Applying Little’s law, E[DX] = XN i=1 11{i2X} lXi−1 j=0 E[Qj 
i ]X≥ E[gDX] FX + XN i=1 11{i2X}_i(|Pi| − li)X (17)

D. Flow Partition
Let Z be the set of flows in the system. Let _ be a partition on 
Z such that each element p  is a set of flows passing through a 
common (Kp, Xp)-bottleneck. The expected delay of the flows 
in p can be lower bounded using Corollary 3.1. A system-wide 
lower bound on the expected delay of the packets E[D], can then 
be obtained by a straight-forward application of the Little’s law. 
E[D] ≥ X p2_ _XpE[gDXp ] FXp + XN i=1 11{i2X}_i(|Pi| − li) 
PN i=1 _i     (18)
Our objective is to compute a partition _ such that the lower 
bound on E[D] can be maximized. The optimal partition can be 
computed using a dynamic program, but the computation costs can 
be exponential in the number of flows in the worst case. We now 
present a greedy algorithm which computes a lower bound on the 
average delay for a system containing multiple bottlenecks.
Assume that we have pre-computed a list of (K, X) bottlenecks 
in the system. Algorithm 2 proceeds by greedily searching for 
a set of flows p ⊂ Z and the corresponding (Kp,Xp)bottleneck 
that yields the maximum lower bound. The value of the variable 
BOUND is incremented and the flows in p are then removed from 
Z. The process is repeated until all the flows are removed. Thus, 
we obtain a decomposition of the wireless network into several 
single queue systems, and
obtain a bound on the expected delay.

Algorithm 1 Greedy Partitioning Algorithm
1: Z ← {1, 2 . . .N}
2: BOUND ← 0
3: repeat
4: Find the (K, X)-bottleneck which maximizes E[DX]
5: BOUND ← BOUND + _XE[DX]
6: Z ← Z \ i : i ∈ X
7: until Z = _
8: return BOUND PN
i=1 _i

Fig. 6: Transferring from Multi Hops

The (1, X)-bottlenecks correspond to cliques in the conflict graph 
. Let M be the largest number of links that interfere with a link. 
The time complexity to compute all the (1, X)-bottlenecks is 
exponential in M in the worst case. In general, the time complexity 
to compute all the (K, X)-bottlenecks is exponential. However, 
in our experiments we find that the number of (1, X)-bottlenecks 
in graphs with 2-hop interference is much smaller. To reduce 
the complexity of the problem, we can restrict ourselves to 
computing bottlenecks around the set of links where the several 
flows converge. The lower bound analysis may be loose on account 
of the following. Firstly, inequality (14) is loose when the flows 
pass through different number of links in the same bottleneck. 
Secondly, the lower bound obtained by Algorithm 1 can capture 
the effect of any flow at only one bottleneck. Hence, it would 
underestimate the congestion caused by a flow passing through 
multiple bottlenecks. Thirdly, we assume that the queueing in 
each bottleneck is independent of each other, which may not be 
possible because of interference among two bottlenecks. Finally, 
in the derivation of the lower bound by the reduction technique, 
we have neglected the non-empty queue constraints by grouping 
the arrivals into a single queue, and hence we underestimate the 
delay. We evaluate the impact of these relaxations on the accuracy 
of the lower bound using simulations. Despite these relaxations, 
we find that the lower bound gives a useful estimate of the average 
delay in the system.

IV. Analysis 
To study the proposed protocol in network connectivity and 
survivability features, we need to answer the question. How long 
does the network take to recover from faulty link or node? And 
how much power it consumes? To be able to answer this question 
we use OMNeT++
3.2 simulation tools with INET framework. We consider the same 
power model used in [9]. Where the transmission power (Ptx) and 
reception power (Pr) are:

Where: Eelec = energy consumption to run the transmitter/
receiver. Efs, emp = radio energy dissipation, which consumed in 
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the transmitter amplifier in free space (fs) and multipath (mp).
k = number of bits to be transmitted. d = distance between 
transmitter and receiver in m. With the same parameters of Eelec 
= 50 nJ/bit and eamp = efs = emp = 100 pJ/bit/m2. We assume 
that CH will send 400 bits/packet. The simulated area is 1500m x 
1000m, with a random number of SNs deployed randomly. Also, 
the scenario is created using C++ to specify random failure by 
using Poisson’s reliability SN distribution.

Where:

The assumptions for the network in our study are:
Fixed location of BS, CHs, and redundant CH.• 
The SNs are equipped with the power control facilities to • 
vary their transmitter power.
The clusters assumed to be circular and then the transmissions • 
take a spherical shape.
Assume worst case failure (node failure).• 

Fig. 7: Total Power Consumption

From the simulation, fig. 7 shows a comparison in terms of total 
power consumption. It shows that both SON  types consume 
less energy than LEACH. Moreover, the difference in power 
consumption is increased as the number of sent packets increased. 
In Forest fire and similar applications, LEACH could not far 
communicate directly with the BS, but in simulation we assume 
it is possible (if new wireless technology found). Also, we use the 
short distance of Ptx as well, otherwise the power consumption 
in LEACH will be higher.
On the other hand, the response time for the SONS in case of 
failure can be clearly revealed in figure 8. It shows end-to-end 
delay per packet with 8 hops to reach the BS. Where, the CH 
failure occurs during sending packet 21. SONS with redundancy 
respond better and faster by about 1/3 less time than SONS with 
no redundancy. Further Analysis is applied using the following 
example. The results of the analysis are used to generalize the 
solution. Let’s assume the scenario sample shown in Fig. 9 in 
which CH7 try to send data to the sink.

Fig. 8: Delivery Time Consumption

The time to send a message between children and parent CHs is 
Tm+Tr+Tdelay (19)
Where: Tm: is a time for a message to travel from sender to 
receiver.
Tr: is a time to process the received message plus the time required 
to travel the reply message to the sender.
Tdelay: is a safety margin and is small compared to Tm and Tr.
As an example, if the sender (CH7) didn’t receive a reply for 
the second time then it will update its parent table (see TABLE 
1) and send the same message to the new parent (CH6) with the 
minimum of DL.

Fig. 9: Tree Scenario

Table 1: CH7 Parent Table

The time to detect the broken link or CH failure is 
2(Tm+Tr+Tdelay)    (20)
CH7 use a 2-way message to join the new parent as a child. This 
process takes time of
(Trequest+Tconfirm+Tdelay)   (21)
Where:
Trequest: is the time for a request to travel from sender (CH7) 
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to receiver (CH6).
Tconfirm: is the time to process the received message and a confirm 
travel time from receiver (CH6) to the sender (CH7).
The message sent to CH6 takes time of (Tm+Tr+Tdelay). Then 
CH6 will send the message to CH3 in a time of (Tm+Tr+Tdelay). 
This will lead the time of choosing alternative path, which is 
2(Tm+Tr+Tdelay) + (Trequest+Tconfirm+Tdelay) (22)
Then the time to recover a failure link is [4(Tm+Tr+Tdelay)+(Tr
equest+Tconfirm+Tdelay)] ; same level of DL = [3(Tm+Tr+Tde
lay)+(Trequest+Tconfirm+Tdelay)] ; parent level of DL
Similarly we have the general formula as follows
RL = [n(Tm+Tr+Tdelay)+(Trequest+Tconfirm+Tdelay)]     (23) 
; n(integer) ≥ 3
If n=3 it means recovered to parent level of DL to the sink.
If n=4 it means recovered to same level of DL to the sink.
In LEACH if the link fails (disconnected), then the communication 
will breakdown because there is a direct transmission between 
CH and the sink.
The same analysis done in the link failure case is used to find 
the recovery time for the case of node failure. Discovery time of 
(parent) or link failure is equal to 2 (Tm+Tr+Tdelay) (24)
And the discovery time of (parent) failure is equal to 5 
(Tm+Tr+Tdelay) + (Trequest+Tconfirm+Tdelay) (25)
if it re-route to node that have same parent
Then the time to choose alternative path is greater than or equal 
to [3(Tm+Tr+Tdelay)+ (Trequest+Tconfirm+Tdelay)] (26)
Another discovery method is by repeating the election process. 
If the CH is dead then it will not involve into the next election 
process. The time to replace the failed CH is Telection – (Δte-
process+ telec) 0 ≤ telec ≤ (Telection - Δte-process) (27)
Where:
Telection: schedule election cycle time.
Δte-process: election process time.
telec: live time after election process.
Then in general 3(Tm+Tr+Tdelay)+ (Trequest+Tconfirm+Tdelay) 
RN = Minimum Telection – (Δte-process+ telec) (28)
The effect of node failure is more than link failure. That affects its 
entire children and parent attached to it and need to be replaced with 
a new node. Where as, the link failure is less frequent to happen 
and only affect one node attached to it by the failed link.
In LEACH, the node failure will not be discovered and replaced 
only on the next CH election process. Then, RN is equal to equation 
(25).
It can be seen our new protocol perform better than LEACH in 
this case.
In critical application, redundancy is required in the case of node 
failure. Actually, Redundancy takes place on the expense of the 
network SN resources. This action is acceptable due to the high 
density deployment and the low cost of SNs. Also, it can be 
compromised by using semi redundant network, in which the 
CH near to the sink is more critical which needs redundancy. 
In this analysis, we will assume full-redundant. Redundant CH 
(R-CH) node
works exactly like CH, but without respond (silent respond). So, 
if R-CH listens to a message sent to its CH without respond then 
it will respond immediately to the second time the message is sent 
and then take over the CH operation and choose a new R-CH from 
its cluster members. This process takes 2(Tm+Tr+Tdelay). Or if 
the RCH detects silent operation during CH slot in the cluster 
TDMA then it will take over the failed CH. The failure
detection time is T-tl ; 0 ≤ tl ≤ (T-Δt)  (29)
Where:

T: is the complete cycle time.
Δt: is the time slot.
tl: is the life time of CH from the next TDMA of its time slot to 
the last time slot before the CH slot time.
The time to takeover the failed CH is (2T-Δt-tl) (30)
Generally, the time to recover a failure CH node is 2(Tm+Tr+Tdelay) 
RN,r = Minimum     (31)
Whereas LEACH does not provide redundancy in such situation. 
For comparison assume Tm = Trequest = 130 ms, Tr = Tconfirm 
= 170 ms, Tdelay = 20 ms, and Telection = T = 10 s (parameters 
taken from simulation). Then the response time for SON  with no 
redundancy RN = 1280 ms. Whereas, the response time for SON 
with redundancy RN,r = 640 ms.

Fig. 10: Shows the Response Time of the Two Mode of SON  
Which Match the Above Calculations

V. Conclusion
The proposed protocol provides features of network survivability 
and redundancy. Initial analysis shows that SON overcomes the 
weakness in recovery of link and node failures. In addition, 
simulation shows that SON consumes less energy than leach. 
We show SON is capable to deal with link or node failure and the 
delay analysis of wireless networks is largely an open problem. In 
fact, even in the wire line setting, obtaining analytical results on the 
delay beyond the product form types of networks has posed great 
challenges. These are further exacerbated in the wireless setting 
due to complexity of scheduling needed to mitigate interference. 
Thus, new approaches are required to address the delay problem 
in multi-hop wireless systems. To this end, we develop a new 
approach to reduce the bottlenecks in a multi-hop wireless to 
single queue systems to carry out lower bound analysis.
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