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Abstract End-to-end delay analysis is an important element of network performance analysis in multi-hop
wireless networks. In this paper, we propose an analytical model for estimating the end-to-end delay performance
of wireless networks employing a random access policy for managing node’ transmissions on shared channels
with time-varying capacity. To obtain the closed form expression, a new concept of residual effective capacity
is presented using the definitions of effective bandwidth theory and effective capacity theory. This allows us to
calculate the cumulative distribution function of the queuing delay. Based on this concept, we derive a formula
to calculate the average end-to-end delay for multi-hop wireless networks, with the result including the effect of
a random access protocol, which has not previously been considered. Finally, we validate our analysis through
simulations and provide an example application for our results.
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1 Introduction

With the rapid expansion of communication networks, the percentage of real-time traffic has grown. How
to provide efficient quality of service (QoS) guarantees for real-time traffic is important in wireless network
development [1-3]. As the end-to-end delay is a crucial QoS metric for real-time traffic and traffic with
a delay requirement is increasing dramatically in wireless networks, the end-to-end delay is often used as
the routing metric for designing a QoS routing protocol [4]. Therefore, analyzing the end-to-end delay
performance is very important in research on multi-hop wireless networks. In this paper, we focus on
end-to-end delay analysis for multi-hop wireless networks with a random access policy and time-varying
channels.

End-to-end delay is the sum of the delays encountered by traffic flows or packets at each node along
the path, determined by the length of the path and the sojourn time at each node on the path. The
length of the path of a given communication pair mainly depends on the routing protocol adopted by the
network. Given all route paths for a communication pair, the remaining work in estimating the end-to-
end delay is to derive a formula to calculate the sojourn time at each node on the path. As a node in the
network can be modeled by a queuing model, the sojourn time is obviously only affected by the traffic
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arrival and node service processes. Because the traffic arrival process is a general stochastic process and
the node service process, which is affected by the access protocol, transmission policy and time-varying
channel [5], is difficult to be modeled, analysis of the end-to-end delay in a multi-hop wireless network is
very challenging. Much effort has been spent on analyzing the end-to-end delay performance of wireless
networks [6-13]. However, owning to the complexity of the problem, existing studies focus only on some
of the factors.

A scaling law for the end-to-end delay in wireless random networks was derived in [6]. In this study,
the authors assumed that there is no interference or collisions when two neighboring nodes transmit
simultaneously and that each transmission channel is constant and error free, both of which are imprac-
tical. Various researchers [7-9] investigated the influence of the media access control (MAC) protocol
on end-to-end delay performance. The authors in [7] analyzed the end-to-end delay in a linear network
employing slotted-ALOHA or time division multiple access (TDMA). The optimal transmission policy at
the MAC layer was analyzed in [8], while the end-to-end delay of a homogeneous network with a uniform
distributed traffic load and node density was calculated in [9]. To ascertain which packet scheduling law
is suitable for real-time traffic, various studies examined the effect of the service law on end-to-end delay
performance [10,11]. In this paper, we assume all nodes use a first-in-first-out (FIFO) policy to service
backlogged packets.

All the works mentioned above focused only on the effect of higher layers, and failed to consider the
features of the wireless channel, which is time varying and unreliable. To remedy this oversight, the
authors in [12] studied the influence of a retransmission policy on end-to-end delay performance under
a constant data rate and determined error rate. The statistical upper bound of a network with the
general service process in the area of information theory was derived in [13]. To capture the effect of the
time-varying property of a wireless channel, the authors in [14] considered a channel with time-varying
capacity by extending the work in [15] to a multi-hop scenario. In [14,15], the packet arrival interval
was assumed to be constant. In [16], the analysis was improved by including traffic burstiness in the
analytical model with the help of the concept of residual effective capacity. To further improve the work
in [16], we include the effect of the MAC protocol in the end-to-end delay analysis.

In this paper, we study the influence of the traffic arrival process and time-varying channel on end-to-
end delay performance. Therefore, the traffic arrival process is assumed to be a general stochastic process
while the channel capacity is time varying. Owning to the limitation of the queuing theory, we use network
calculus, which is widely used to analyze queue performance in communication networks, as the analysis
tool [17]. For a given traffic arrival process with a QoS requirement and channel with constant data rate,
the queuing delay distribution can be obtained by using effective bandwidth (EB) function [18,19], which
is an important method for modeling the traffic arrival process in network calculus. Correspondingly, the
queuing delay distribution of a system with constant arrival rate and time-varying service rate can be
calculated by employing the effective capacity (EC) function [15] which is an extension of EB. However,
neither EB nor EC theory can solve the problem with a general arrival process and time-varying channel.
In this paper, we propose the concept of residual effective capacity to release the constraint on traffic
arrival rate or service rate. Although part of this work has been published as a conference paper [16], this
paper improves the accuracy of the results by adding the effect of the MAC protocol and also presents
further simulations.

In the remainder of the paper, we first introduce some mathematical background and our network
model in Section 2. End-to-end delay analysis is presented in Section 3, followed by the simulation
results and applications in Section 4. We conclude our paper in Section 5.

2 Preliminaries and network model

In this paper, we use network calculus theory as analysis tool. Before presenting our analytical model, in
this section we firstly give a brief introduction to the effective bandwidth theory and effective capacity
theory, which are important parts of network calculus theory and will be used in our context. And then
describe the network model which will be investigated in this paper.
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2.1 Preliminaries

Effective bandwidth is a widely used stochastic traffic model for stochastic QoS analysis in computer
networks, and is used to estimate the minimum bandwidth required to guarantee a certain probabilistic
QoS requirement of multiple flows under multiplexing [19]. The authors in [18] calculated the EB function
of a general Markovian traffic model for both a single-source and multiplex system. Later, Chang et al.
introduced the physical meaning of the EB function and applied the EB function to QoS guarantees in
asynchronous transfer mode (ATM) networks [19]. According to [19], the EB function gives the minimum
amount of bandwidth required to satisfy that demanded by a time-varying source to maintain a certain
queue quality. Given the arrival process model of the traffic flow, the EB function can be calculated by
directly applying the results presented in [18] or using the definition in [19]. For example, if the arrival
process is a two-state Markov Modulated Poisson Process (MMPP2) with parameters (ry,72, A1, A2),
according to the results in [18], the effective bandwidth function o) (u) can be directly calculated as

a® (u) :%( — (r1+72) + (A + A)u

—+ \/(7"1 + T — ()\1 + )\2)&)2 — 4()\1)\2&2 — 7"1)\2& — rg)\lu)), u 2 0, (1)

where u is the QoS exponent indicating the service level, and r; and \; are the transition and arrival
rates of state j, j = 1,2, respectively.

When the EB function of the traffic arrival process is given and the service rate is a constant ¢, the
queuing performance of this system can be derived according to [19] as

Pr(g(c0) > z) m ™7, (2)

where ¢(o0) is the steady state queue length, and 6, is the unique solution of a® (u) =c.

In [15], Wu et al. extended EB theory to model wireless channel at the data link layer and proposed
the EC theory. The EC function characterizes the maximum arrival rate that the wireless channel can
handle when satisfying the QoS requirement. EC has been extended to model the capacity of secondary
users in cognitive networks [20]. Let r (¢) be the instantaneous channel capacity at time ¢. The service
provided by the channel during [0, ] is S(t) and is calculated as S(t) = fg r(7)dr, which depends on the
instantaneous channel capacity only and is independent of the traffic arrival process. The EC function of
a wireless channel with instantaneous capacity r (¢) of connection with QoS exponent u is shown in [15]:

-1 1 ¢
(e) — 1 - —u [, T(‘r)d‘r:|
o' (u) " tlggo ; log E {e 0 , Yu > 0. (3)

If the EC function of a wireless channel is known, the queueing delay of a system with constant traffic
arrival rate p can be calculated as [15]:

Pr(d(c0) = x) ~ yee 0%, (4)

where d(00) is the steady state queueing delay, and ~. is the probability that the buffer is nonempty at
a randomly chosen time, and 6, is the unique solution of «/(¢) (u) = p.

However, while (2) requires a constant service rate, Eq. (4) requires a constant traffic arrival rate.
Therefore, neither of these is suitable for the general case with a general traffic model and a time-varying
service process. To solve this problem, we propose the concept of residual effective capacity, which is
used in investigating the queuing delay performance of the general case and is discussed in detail in the
next section.

2.2 Network model

There are N randomly distributed nodes in a multi-hop wireless network. Each node in the network is
immobile and the paths between communication nodes are predefined and time-invariant. In a multi-hop
wireless network, each node has to handle two types of traffic: newly generated traffic and relay traffic
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Figure 1 The node model with EB and EC

as shown in Figure 1. A; new(t) and A; relay (t) represent the numbers of newly arrived packets and relay
packets, respectively, at node i, iin{1,2,..., N}, during [0, ¢]. The total number of packets arriving at
node 4 during [0, t] is A;(t) = Ainew(t) + Ai relay (t). We assume A; now(t) is a stationary random process.
Relay traffic from neighboring nodes depends on the routing protocol, network topology, and traffic
property, amongst others. Owning to the sufficiently randomized events in the network, it is plausible
to declare that the arrival process of relay traffic is a stationary random process [21,22]. Similar to the
assumptions adopted in previous works [5-19], we assume that the traffic arrival process is independent
of the node service process. Therefore, the packet arrival process is a stationary process with average
rate \; and is independent of the channel capacity varying process. Packets from different sources are
buffered in a single queue and are fairly served using a first-in-first-out (FIFO) policy. To simplify the
analysis, we assume that the buffer size of each node is infinite and that each packet has the same
length L.

One important difference between the model in this paper and that in [16] is that a random access
protocol is employed at the MAC layer. Because in wireless networks, such as ad hoc networks, the nodes
in the same sensing range share one wireless channel, a transmission collision occurs when two nodes in
the same sensing range transmit packets simultaneously. Hence, a protocol is needed to manage node
transmissions. The main function of the random access protocol at the MAC layer is scheduling node
transmissions to minimize the probability of transmission collisions thereby maximizing the utility of the
network resource. Under the random access protocol control, a node in the network can only occupy the
channel at a certain opportunity. Therefore, compared with the traditional physical channel model, the
property of the MAC protocol can be modeled by a tuple (Pty, Pcol), where Pt,in(0, 1) and Poin(0, 1) are
the probabilities of a node transmitting in a random slot and a collision occurring, respectively. Note that
the influence of the number of neighbors is included in the process of calculating Pt and Peo [7,23,24].

It is worth pointing out that Py, has different meanings for different MAC protocols. For example, for
ALOHA, Py is defined as the probability that the channel is idle and the node is nonempty, which is
the same as the probability of the backoff counter being 0 when the channel is idle in the CSMA/CA
protocol. Existing works have investigated the values of Py, and P, for these well-known channel
allocation protocols in great detail [23,24]. In this paper, we do not discuss the process of deriving
the values of these two parameters. We denote the probability that node i, iin{1,2,---, N}, has the
opportunity to start a packet transmission in a random slot by P; ¢r. Accordingly, the probability that a
collision occurs is P; co1. We assume that the values of P; ¢ and Pj o are given.

At the physical layer, according to Shannon’s capacity theory, the capacity of the wireless channel of
node ¢ at time ¢ is 7;(t) = Blog(l + SNR;(t)), where B is the channel bandwidth and SNR;(¢) is the
signal-to-noise ratio (SNR) at the receiver at time ¢ when the corresponding transmitter is owned by node
i. The value of SNR;(¢) depends on the channel fading model and the distance between the transmitter
and the receiver. The mean value of SNR;(¢) is SNRayg,i-
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3 End-to-end delay analysis

Because the end-to-end delay is the sum of the sojourn time that the packet experiences at each node
along the path, the fundamental work in calculating the end-to-end delay is to analyze sojourn time.
Unlike previous works [14,15], which assumed that traffic flows in a network are fluid flows and that the
sojourn time is equal to the queuing delay, in this paper, the sojourn time consists of two components:
packet service time and queuing delay. If the channel capacity of node i is 7;(¢), the packet service time
is % at time ¢ for the ideal MAC protocol. However, because we consider the effect of a random access
policy in this paper, the packet service time cannot be directly calculated if r;(t) is given. Owning to
the natural limitations of (2) and (4), the queuing delay cannot be derived by directly applying these
two formulas. To estimate the queueing delay, we must solve two problems: one is extending EC or EB
theory for application to the general case, such as the network model in this paper, while the other is
making them suitable for packetized networks. To solve these two problems, we propose residual effective
capacity, which can help us take good advantage of EC and EB theory to derive the queuing delay in the
general case. In this section, we first introduce the concept of residual effective capacity before analyzing
the packet service time and end-to-end delay performance of the network.

Before giving a definition for residual effective capacity, we define some notations that are used later.
As shown in Figure 1, S;(t) is the service provided by the channel, which is defined in the same way as

in [15]. The EB and EC functions of node i are referred as to az(-b) (u) and az(-c) (u), respectively.

3.1 Residual effective capacity

To understand the delay of a path, we need to ascertain the amount of channel capacity remaining after
servicing the traffic demand. We call this remaining capacity the residual capacity Si(res) (t) over time
interval [0, t], which can be represented as gres) (t) = max {0, (S;(t) — A;(¢)) }. I limy, oo (S () — Ai(t)) <

K3
0, the network is unstable. In this paper, to investigate the delay performance of a stable wireless network,
we enforce lim;_, oo (S;(t) — 4;(t)) > 0. The corresponding EC function of Si(res) (t) is the residual effective

(res) (res)

capacity function denoted by «
described in Theorem 1.

(u). To calculate ;' (u), we develop a property of EC function as

Theorem 1. If the channel capacity S(t) is equal to the sum of a finite sub-channels capacities S®)(t),
then its EC function a!®)(u) is equal to the sum of sub-channels’ EC functions a(°®)(u). That is, if
5(t) = Xy SW(1), o () = 3y oM (u).
Proof. Without loss of generality, we only consider the case with two sub-channels; other cases can
easily be proven by extending the argument. If K =2, S(t) = S (¢) + S®(t), and the theorem can be
proved by proving ol (u) = a(*V (u) + a(? (u).

The asymptotic log-moment generating function of S(t) for Vu > 0, as defined in [15], is

1 1 1
A(c)(fu) _ tlggo ; logE[e’“S(t)] _ tlilgo ; 1OgE[67u(S( )(t)+s(2)(t))]

1
— lim > 1og(E[e_“S(l)(t)]E[e_“S@)(t)])

t—o0
o1 —uSO@ , o 1 —uS® (1)
= tlggo ; log Ele |+ tlggo ; log Ele ]
= A () + A (—q). (5)
By substituting (5) into (3), the EC function of S(t) can be calculated as

ol () = _A(Z(—U) _ —(A(Cl)(—U)qu A (—u)) —A(CZ(—“) + _A(cz)(—“) —aD(u) + D (u). (6)

Eq. (6) indicates that the theorem for K = 2 is correct. For other cases with K > 3, the theorem is

obviously correct based on the results of K = 2. This completes the proof.
(res)

ity from a channel capacity point of view. Let us use an example to explain this relation. Assume that a

To calculate « (u), we investigate the relation between the traffic arrival process and channel capac-
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certain channel with capacity S(t) is shared by two different priority sources, and that the higher priority
source generates Ay (t) bits over interval [0, ¢]. Because service scheduling is preemptive, the channel
capacity for the lower priority source is equal to max {0, (S(¢t) — Ax(¢))}. This indicates that the traffic
load of the higher priority source is the negative value of channel capacity of the lower priority source.
Now we are back to the scenario where each node occupies the whole capacity of a wireless channel. When
we analyze residual effective capacity, the traffic load can be regarded as negative channel capacity, which
is the same as the case in the previous example. Because traffic load is negative channel capacity when
the node calculates residual effective capacity, according to Theorem 1, the residual effective capacity
function of node 7 can be calculated as

o™ (w) = ol (w) — " (w). (7)

Because (7) does not impose any restriction on the traffic model, it is always valid for all traffic and
channel models. Therefore, we can use (7) to calculate the residual capacity function for the general case
with any traffic model and wireless channel model.

(b)

As shown in Figure 1, o; ' (u) is monotonically increasing and al(-c) (u) is monotonically decreasing as

u increases. In addition, when agres) (u) is equal to 0, it implies that all the available capacity has been
completely used. The QoS exponent u obtained under this situation, which is called the critical value
0%,, represents the QoS level of the node. The QoS level of a path can be computed based on the QoS of
each node along the path. Then the network can determine whether to accept a new flow with a certain
QoS requirement. Therefore, the critical value not only helps us estimate delay performance, it can also
be used as a metric to make admission control decisions to guarantee traffic QoS and improve network

utility.

3.2 Service time analysis

As indicated by (4) and (7) the estimation of queuing delay requires an understanding of the packet
service process. Therefore, in this subsection, we investigate the packet service process in our network
scenario. Despite the channel capacity being given, the service process cannot be obtained directly using
r;(t) because the packet service time of node 4 at time ¢ may not equal %(t) owning to the random access
protocol. Therefore, before estimating the queuing delay and end-to-end delay, we first analyze the packet
service time of nodes when the access channel opportunity is controlled by the MAC protocol.

Because the nodes in the same sensing range share limited wireless channels, the actual service capacity
of node ¢ at time ¢t may not be equal to r;(¢). Let the actual channel capacity of node i at time ¢ be
ri(t). Because the queuing delay calculation is based on the EC function of the service capacity, we must
first derive the value of r.(t) and the EC function of 7/ (t).

Despite the channel being idle, if the node does not transmit packets on this channel, the channel is
not available for the node. In other words, the channel is available for node ¢ only when the node is
scheduled by the access protocol. Let C;(t) denote a random variable representing the available channel
capacity for node ¢ at time ¢. Because the transmission probability (P;+,) of node i is given, C;(t) can

be expressed as
ri(t), Pitr
Ci(t) = ~ (8)
0; 1- Pi,tr-

In a distributed wireless network, all nodes in the same sensing range use local information to make
access decision. Hence, there may be more than one node transmitting simultaneously, which causes a
collision. If a collision occurs in the sensing range of node 4, the transmission of node 7 is unsuccessful. To
guarantee a reliable transmission, the packet is retransmitted when the channel become available. In other
words, this part of the available capacity is wasted and cannot provide any service for backlogged packets
at node 1. The probability of waste available capacity is equal to the collision probability. According to
the analysis in [23,24], the value of the collision probability P; o1 of node i is related to the access protocol
and the number of neighbors. For example, for the IEEE 802.11 distributed coordination function (DCF)
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N;
protocol, Picol =1 — [] (1 — Pjt), where N; is the number of node ¢’s neighbors, while in a TDMA
j=1
system, P;col = 0. Given P; col1, according to (8), the actual service capacity of node i at time ¢ can be
calculated as

i(t), Pitr(l— Picol);
/(t): T() P,t( Pz,col) . (9)
0; ]-*Pi,tr(]-*Pi,coly

Substituting (9) into (3), the EC function of node 7 at the MAC layer denoted by agc) (u) can be
expressed as
o -1 logE [exp(uyt_i(r))]

o (u) = - lim, ;

(10)

Although (10) can help us obtain the queuing delay of packets at node 4, it does not give us the packet
service time. In packetized networks, packet service time is an important part of the sojourn time. Next,
we derive a formula for calculating the average packet service time d; of node i.

As a packet may suffer [+1 MAC overhead time as a result of accessing the channel, that is, [ retrans-
missions and one successful transmission during the service process, d; can be expressed as

o L
di = Pé,col(]- - Pi,col) <E[’I“i(t)] + ZE[ 4 col] (l + 1)E[Ti,over]>; (11)
1=0

where E [%] is the average packets transmission time of node i, E[T; co1] is the average time owning to
transmission collision, and E[T; over| is the mean value of MAC overhead time as a results of accessing
the channel.

With a random access protocol, for node i, four cases can occur: 1) none of the nodes in node i’s
sensing range transmits; 2) at least one neighbor of node i transmits when node ¢ does not transmit; 3)
at least one neighbor as well as node ¢ transmit at the same time (transmission collision); and 4) no other
node transmits when node 4 transmits (successful transmission). Of these scenarios, cases 1 and 2 result
in time wasted for node 7 where the time associated with these two cases is T} over. Obviously, collision

time occurs in case 3. For the [-th collision, the collision time T(C)01 T — L(T OEZIOR

i,col in
gin[1, NV

where N, ) is the number of nodes taking part in this collision. Let the neighbors of node ¢ be ordered
according to their average packet transmission time recorded by €2;. The elements in €2; satisfy F [T 0 t)] >

E] Y -> Bl (t)] Now, E[T; co1] can be calculated as

) 2 =) >

BT o] = z Py 1L, P< mmE{ L }

j=1 i,col Ty (t)
N!
+Hj;1 (1= Prar)(1 = TTitn, (1 Pk,tr))E[ L ] 12)
Pz,col T (t) ’
L L
where N{ is the number satisfying E[—==— ,(t)] > E[T—(t)] > E[m]
The probabilities that cases 1 and 2 occur are (1 — P; 4r) va (1= Pj)and (1 — Pie)(1— H;Vil(l —
Pjtr)), respectively. The corresponding times associated with cases 1 and 2 are one slot length and 7} s

respectively. T/ . is determined by the minimum sequence of nodes in case 2. Similar to the analysis of

2,tr
. U Prw ITAZS (1= P
E[T; col], the mean value of T} can be derived as E[T} ] = > - tlr_[ k= 1(1 - “) E[”( 5]. Therefore,
j=1 me—1 ‘m,tr
the average value of T; over can be calculated as
e’} n N; m N; nem
z over Z Pi,tr)n Z C:Ln H Pj tr 1-— H (]- - Pj,tr) (m + (m )E[zjz/tr]) . (13)
n=0 m=0 Jj=1 J=1

By Substituting (12) and (13) into (11), d; can be obtained.
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3.3 End-to-end delay analysis

Now, having obtained the EC function of the service process, we can use the residual effective capacity
function to derive the formula for estimating the average end-to-end delay. First we describe how to find
the queuing delay using the QoS exponent based on residual effective capacity function. Let the time
that a random packet spends in node i be W;, and the cumulative distribution function (CDF) of W; be
Fw (x).

By setting a(res)( ) = 0, the QoS exponent 07
theory and the results in [15], Fy (z) can be derived as

5; of node i can be obtained. Using the large deviation

Fiw(z)=Pr(W; <z)=1- yie lie, (14)

where 6} = a (G*BZ) x 0%,;, and vy; is the probability that the buffer is nonempty at a randomly chosen
slot. Accordmg to queuing theory, ~; is also equal to the probability that node ¢ is busy at a randomly
chosen time. That is, 7; = A; X d;, where d; is calculated in (11). According to probability theory, the
average queuing delay can be derived as

E[W;] = / rdFyw (v) = l (15)
0 0;

The sojourn time D; of a random packet at node 7 is equal to the sum of the queuing time W, and the
packet service time. Using the results in (11) and (15), the average sojourn time F[D;] can be calculated
as

E[D,L] = E[WIL] +d; = 9—* + d (16)

For the wireless networks we investigated in this paper, the service time and CDF of the queuing delay
of packets at node 7, 1 < ¢ < NN, are independent of the others. The sojourn time of a packet at each
node is independent of others on the path. Let W) and DU denote the end-to-end queuing delay and
end-to-end delay of a random H-hop path, respectively. According to (14) and (16), the CDF of W)
and mean value of D7) can be derived in (17) and (18), respectively.

FW(H)(x)/Ox (f1* fax - fg)(t)dt, (17)

where fj,(x), hin[l, H] is the differential of Fpy ().

E[D)] = ZEDh :Z (Z: ) (18)

h=1 h=1

Let the set of all communication pairs in a network be denoted by F where F' = {(i, j)|i send packets
to j}. Ay, and Hy; jy are the average packet arrival rate and path length of communication (i, j),
respectively. Because the average end-to-end delay of a random path is given by in (18), the average
end-to-end delay of the lossless network can be calculated as

E[D] = > MipEIDHen). (19)
(i J)lﬂF WD (i.3)inF

As mentioned in [15], it is difficult to calculate the EC function for a general channel model, while
in some cases, the calculation is even impossible. Owning to the additional effect of MAC protocol
(Ptr, Pcol), the calculation of the EC function becomes more difficult and this difficulty results in the
high complexity of calculating the residual effective capacity function. However, from (18) and (19), we
find that both the calculation of the end-to-end delay of a chosen path and the network are based on two
parameters: «; and 6. In this paper, we develop a simple algorithm to measure these two parameters
and use the measured results to computer the end-to-end delay.
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3.4 An algorithm for measuring parameters

Because the network is a stable system, each node in the network is also a stable queuing system. The
average queuing delay of packets at node i is

E[W;] = E[Qi]d; + E[r], (20)

where E[r;] is the average residual service time of the packet being served and E[Q;] is the average
number of packets in the queue.

Substituting (20) into (15), €5 can be calculated as

Vi
0 = —— 2 21)
' PElQ]d; + E[r] (

From (21), we find 6 can be calculated using the values of v;, E[7;], E[Q;] and A;. A sampling method
is proposed to obtain these measured values.

At the n-th sampling epoch, we record the following values: (1) S;, indicates whether a packet is being
served by node 4, where

g _ 1, a packet is in service,
" 0, no packet is in service,

(2) Qin is the number of packets in the queue, (3) 71, is the residual service time of the packet in service,
and (4) Py, is the number of packets arrived in the previous sample interval. The mean values of Siy,
Qin, Tin and Py, are 4, E[Q;], E[r;] and \;, respectively.

Next, we substitute the sample average results into (21) to obtain 6. By substituting 7 and E[S;,]
into (14), (16), (18) and (19), the distribution of the queuing delay and the sojourn time at node 4, and
the average end-to-end delay of a random path and the network can be calculated, respectively.

4 Simulation results and applications

In this section, we provide various numerical examples to verify the correctness of our analysis and an
example application to show the usefulness of our results. Owning to the complexity of calculating the
EC function, we first implement a simple network scenario in MATLAB. Then, with the help of the
OPNET modeler, we further verify our analytical model. Finally, we present some applications of our
analytical results.

4.1 Numeric results

The network parameter settings in the MATLAB simulation platform are the same as those in the
IEEE 802.11g standard. New traffic arrival processes for all nodes in the network are Poisson processes
with the same parameters and a packet size of 9720 bits. The packet interval for background traffic
is an exponential distribution with mean 0.005 s. We first compared the simulation results against
the calculation results in a single-hop wireless network to verify that our analytical model provides an
accurate estimation of the sojourn time of node. In this network, the values of P;s and P; .o satisfy
Piw = ﬁ and Pjco =1—(1— Pi,tr)N, where N+1 is the number of nodes in the network. The results
are illustrated in Figure 2.

The results in Figure 2 show the relation between sojourn time, number of nodes, and traffic load
because the end-to-end delay of a single-hop network is equal to the sojourn time at the nodes. Because
there is no relay traffic in a single-hop network, the EB function can be directly calculated according
to the new traffic information. In Figure 2, the dashed lines denote simulation results, while the solid
lines are the calculations obtained using (16). Figure 2 confirms that our method can provide a good
estimation of the sojourn time at nodes.

To verify our method in a multi-hop wireless network, we considered a 6-hop path with the values of
the critical parameters in the MAC layer for each hop as given in Table 1. The other network parameters
were the same as in the single-hop network. The average end-to-end delay with varying traffic arrival
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Figure 2 End-to-end delay of a single-hop network
Table 1 Simulation parameters
Item Hop-1 Hop-2 Hop-3 Hop-4 Hop-5 Hop-6
1 1 1 1 1 1
b o 4 i 2 ’ 3 o 4 s 6 ’ 3
1 1 1 1 1 1

Peol 1-(1-3) 1-(1-3) 1-(1-3) 1-(1-3%) 1-(1-3) 1-(1-3)

rates is illustrated in Figure 3. Although we assumed an infinite buffer for each node in the analysis
process, the results are also applicable in the case of a finite buffer. In the simulation, the buffer size
for each node is 200 packets. When a node is under heavy load, many packets are dropped owning to
overflow. Consequently, the actual arrival rate of the node slowly increases after a particular traffic arrival
rate (for example, in Figure 3, the particular value is 160 packets/s). Accordingly, the increase in the
average end-to-end delay tends to be flat.

We used the OPNET Modeler to conduct simulations to further verify our method. We tested our
results on a random topology network of size 1 km x 1 km. There were 50 nodes in the network, with
each node generating the same size 8192 bits packets; the destination of a packet was randomly selected
as one of the nodes. The wireless channel was a Rayleigh fading channel and with 20 MHz bandwidth.
All the nodes were immobile, and there was no Doppler shift. Here, the analytical results were obtained
based on the algorithm proposed in Subsection 3.4, using a sampling interval of 1 ms and calculating the
mean value per ten thousand sample values.

Because we consider the influence of traffic burstiness, channel time-varying and the access protocol
on the end-to-end delay, we verified our analytical model in different situations. First, under the same
MAC protocol, we compared the results of different traffic models with varying arrival rates. Then,
the results for different MAC protocols and multiple average SNR, values were considered. Three traffic
models can be created by setting different values for MMPP2: 1) Poisson process (A1 = A2); 2) ON-OFF
model (A2 = 0); and 3) constant interval time. As the probability access protocol was considered in the
MATLAB simulations, in the OPNET simulation, two types of MAC protocols were used: an ideal MAC
protocol and CSMA/CA.

Comparisons of the results for these three traffic models with different arrival rates are displayed in
Figures 4 and 5. The results shown in these figures are the average end-to-end delay of the networks
with the aforementioned MAC protocols, where “ana” and “sim” represent the analytical and simulation
results, respectively. The results of the cases with different average SNR values are shown in Figures 6
and 7. It can be seen from Figures 4 to 7 that our method not only correctly estimates the delay in the
cases with a constant arrival process, but also provides accurate estimations for other traffic models with
burstiness.
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Figure 3 End-to-end delay of a multi-hop network
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Figure 4 Results for CSMA protocol Figure 5 Results for ideal MAC protocol

4.2 Applications

The work discussed in Section 4 has provided methods to derive the end-to-end delay for a random chosen
path and network, while the simulation results and numerical calculations in Subsection 4.1 verify the
accuracy of our analysis. After obtaining the end-to-end delay performance, different algorithms can be
designed to guarantee QoS from different aspects. One application is introduced bellow as an example of
using the results given in Section 3 as a metric to ensure QoS provisioning.

Admission control schemes are used to grant/deny new traffic arriving at the network by considering
the network load condition or the values of the QoS metrics. For real-time traffic, end-to-end delay is
the QoS metric for admission control, because some available routing protocols, such as dynamic source
routing (DSR) can ensure that the source node has information of the whole path between the source and
destination nodes. While the network is functioning in a stable state, a new traffic flow with an end-to-end
delay requirement arrives. The source node checks its routing table, if there is no path information
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Figure 6 End-to-end delay with varying SNR under the CSMA protocol
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Figure 7 End-to-end delay with varying SNR under the ideal MAC protocol

or the path has expired, the source node uses a source routing protocol to find the path and collect
end-to-end delay information of the path. Based on the delay information of an existing route path or
new path between the source and destination, the source node determines whether this new arrival can

be supported without violating the ongoing traffic. If the answer is yes, the new flow is allowed access;
otherwise, it is denied.

5 Conclusion

In this paper, we extended the application range of EB and EC theory and exploited them in dealing with
the general case. Based on this extension, we proposed an accurate method for analyzing the end-to-end
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delay performance of multi-hop wireless networks and developed a simple algorithm to obtain the values
of critical parameters for the analytical method. Numerical results indicate that this method provides
a good estimation of the average end-to-end delay. Finally, we discussed an application of our results,
namely, an efficient admission control for real-time traffic in multi-hop wireless networks.
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