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Abstract Previous works on throughput analysis for IEEE
802.11 protocol are mainly focus on fully connected ad hoc
network. However, with the rapid growth of large scale wire-
less ad hoc network, performance analysis for multi-hop net-
work has gained more and more attention from the researchers.
This paper extends the previous work to analyze the ”Saturation
Throughput” for multi-hop network. Simulation results vali-
date the analysis and a routing protocol based on cross-layer
information is proposed with the effort to achieve the theoreti-
cal throughput limit.

I. Introduction

Wireless ad hoc network, described by [1] as ”art of network-
ing without a network”, is a set of nodes cooperate with each
other to provide some basic networking functions such as rout-
ing, data forwarding any time, any where without the help of
any fixed infrastructure. Along with the growing interest for ad
hoc networks in recent years, IEEE 802.11 MAC layer protocol,
especially the Distributed Coordination Function (DCF), origi-
nally designed for wireless local area communications, is now
the most commonly used MAC layer protocol used in academic
and industry work regarding to wireless ad hoc networks.

The theoretically throughput of IEEE 802.11 DCF has been
studied in [2] and [3]. However, in these works, only fully con-
nected ad hoc networks are considered, that is to say, in the
network all the nodes are in each other’s transmission range,
so there is no hidden/exposed terminal problems. Those works
provide a very good starting point, while the problem is that
the assumption of fully connected network is not sufficient or
realistic any more with the rapid growth of large scale wireless
ad hoc network, such as, sensor network. In these networks,
topology size is larger, number of nodes is bigger, and besides
one hop communications between direct neighbors, there will
be multi-hop communication between the nodes inside the net-
work. In this paper, throughput analysis for IEEE 802.11 DCF
in a multi-hop wireless ad hoc environment is presented. Sim-
ulation results validate the analysis and a new routing protocol
using cross layer information [4] is proposed.

This paper is organized as follows. In Section-II. we briefly
review IEEE802.11 DCF and the Markov model for backoff
window size inherent from [2]. Definitions used throughout
the paper are given in Section-III. and in Section-IV. theoretical
throughput analysis is presented. Network model and the pa-

rameter used with model validation are provided in Section-V.
Performance evaluation of the multi-hop wireless ad hoc net-
work is given in Section-VI. Finally, conclusions and discus-
sion of future work are presented in Section-VII.

II. IEEE 802.11 Distributed Coordina-
tion Function

This section consists two subsections. Subsection-A. This
briefly summarizes the DCF as standardized by the 802.11 pro-
tocol. Subsection-B. reviews the Markov chain model for back-
off window size introduced in [2] which we will used in our
analysis.

A. IEEE 802.11 DCF

IEEE 802.11 MAC DCF employs both the two way hand-
shaking DATA/ACK scheme which is called as basic access
and the optional four way handshaking request-to-send/clear-
to-send, abbreviates as RTS/CTS scheme. In this paper, we
are particularly interested in the RTS/CTS scheme, so only this
scheme is explained in detail here, while basic access scheme
can be referred to [5] and [2].

When a station has packet to transmit, it first sense the chan-
nel. If the channel is idle for a period of time which equals to
distributed inter frame space, abbreviated as DIFS, the station
transmits its RTS to the intended receiver. Otherwise, if the
channel is sensed busy, the station will continue to sense the
channel until it is idle for DIFS, then the station will generate a
random backoff interval before it can actually transmit in order
to minimize the probability of collision with packets transmit-
ted by other stations (as we will see in the future, there are four
different kinds of collision). In addition, a station must perform
randomly backoff between consecutive packets transmission to
avoid channel capture.

A typical wireless communication employing IEEE 802.11
DCF can be described as follows: The sender station initials the
communication by sending a short RTS frame to the intended
receiver. The RTS indicates the length of time the sender would
like to transmit. Upon correct reception of the RTS, the receiv-
ing station waits for a Short Inter frame Space (SIFS) to reduce
the possibility of collision, and then transmits a CTS back to
the source station. The source waits another SIFS before it is
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permitted to transmit the DATA frame. If the DATA frame is re-
ceived correctly, the receiving station acknowledges the frame
after a SIFS by sending an ACK frame to the source. Other sta-
tions utilize information in the duration field of RTS, CTS and
DATA frame to adjust their Network Allocation Vector (NAV),
which determines how long each station will defer any pending
transmissions prior to sensing the medium.

B. Markov Chain Model for Backoff Window
Size

DCF adopts an exponential backoff scheme when collision
happens. Backoff time is slotted and stations are allowed to
transmit at the beginning of the time slot. The slot time, � , is
set equal to the time needed for any station to detect the trans-
mission from its neighbors. At each packet transmission, the
backoff timer is random uniformly chosen from range (0, w-1).
Where w is called contention window, contention window size
starts with the minimum value

�������	�
, and will double at each

failure of transmisson/retransmission until it reach a maximum
value

��� ��
��
, the relation between

��� ��
��
and

��� ���	�
is��� �

������ � ��� ���	�

, where m is backoff stage.
[2] proposed a Markov chain model for a single station’s

backoff window size. The combination of random variables
backoff stage s(t) which corresponding to current contention
window size and backoff counter b(t) which corresponding to
the slots to be wait before the station can try to transmit again
is modelled by a discrete-time Markov chain under the approx-
imation that at each transmission attempt, each packet collides
with constant and independent probability p regardless of the
number of retransmission. Use the same notation as [2] � , the
Markov chain can be expressed as following:���� ��� ���������! �����#"%$'& � $ �)(+*-,.� �/�10 �32 �4(5*6,7�98 2���:,.�;�! ���<,7& � *=$ 0?> 29@ �BA �)(+*-,.� �CAD0 $ 2 �4(5*6,7�98 2���������! � 0 $3�<,E& � > @ �/� �)(+*-,.� �/�10 $ 2 �4(5*9$F�98 2����8��;�G 8��<,7& � > @ �C� �)(+*-,.� �/�%0 $ 2

Interested readers can refer to [2] for the detail description of
this model.

III. Terminologies and Notations

Before presenting the throughput analysis, terminologies as
well as the notations used later in this paper are listed in this
section.

Table-1 is the list of the notations of variables used in the
analysis of this paper. Notice that these variables are not inde-
pendent and we will go through their relations in the rest of the
paper when necessary. HI9J4K<L I�M6NOI�P LRQ M6N Q�SUT?J4K�V�W	XZY#[Z\.T?L I;M^] W	XZY#[Z\_T NOI�M;P V�W	X6\.T`LaQ Mb] W	X6\cTN Q�S d

transmission range r in Table-1is defined as the maximum euclidean dis-
tance between the communicating nodes so that any nodes with smaller eu-
clidean distance can successfully communicate with each other. Both transmis-
sion power and receiving sensitivity can affect r .

Notations Meaning
L The radius of network
N Number of nodes in the network

n

�e�f

Average number of neighbors of each nodeg Node density of the networkhji
Number of links in the networkg � Link density of the network

W
���C���k�

m maximum backoff stage,
��� �

��l�%� � �m

propagation dealy
H packet header, n � � nCoqp:rZs "utwv � p�rZs
r transmission rangex�yEz�{9|F}�~1�:{^�

number of non-overlapping one-hop
set in the network at a given time

Table 1: Notation used through out the paper

Definition 1 Link
In a wireless network, when two nodes x, y are in each other’s

transmission range, it is said that there is a ”link” between
the nodes, which is represented by l(x,y)=1, otherwise l(x,y)=0.
Link is not an actual entity, it represents the capability of com-
munication between two nodes. In the scope of this paper, the
link is regarded as bidirectional with same cost either direction.

Definition 2 Communications
c(x,y,t)=1: l(x,y)=1, and x,y is communicating with each

other at time t .
c(x,y,t)=0: l(x,y)=1, and x,y is not communicating with each

other at time t either because there is no traffic or x/y has to
defer channel access because of other ongoing transmission.

Definition 3 Neighbor and non-active neighbor :h �
:
h �/� ���! �c��(��4�<�<*����9� 2j� $'&

;
h �

is defined as the
neighbor of node x.hB�� *-� 2

: if c(x,y,t)=1, then
hC�� *6� 2.� � � h �

, and
hB�� *-� 2.� � ��

;
hB�� *-� 2

is defined as the non active neighbor of node x. The
context of this set will vary with time.

Definition 4 Links and non-active links :� �
:
� � � ���9*����9� 2  �c��(%h � &

;
� �

is defined as the set of
links belongs to node x.�j�� *-� 2

: if c(x,y,t)=1, then
���� *-� 2�� � ��0 �9*-�G�9� 2

;�j�� *-� 2
is defined as the set of non-active links of node x. The

access to these links has to be deferred at time t. The context of
this set will vary with time too.

Definition 5 Ad Hoc Network
Ad Hoc network can be represented by graph G(V,E), where

V is the set of nodes and E is the set of the links in the network.

Definition 6 One-hop Set
One-hop Set O(x,y,t)is defined as the combination of the non-

active neighbors of the communicating pair (x,y) at time t. The
size of one-hop set �!� is defined as the total number of feasible
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links inside it. At any given time, one-hop set (with regarding
to link) won’t overlap � .� *-�G�9�q�;� 2�� � � ��*-� 21� � � �1*-� 2
The node size of one-hop set � � � � rZ� is the number of nodes
inside it.

Definition 7 Communication Set
Because all the links which are in two hops scope of the

communication pair can not participate in any communication
at same time � , we define the communication pair and all the
links affected by it to be a communication set

�#� �F� ��� ���
, where

c(x,y,t)=1. � *-�G�9�q�;� 2�� � � � � � � ���
�  � ���
�¡
Different communication sets can overlap and��¢ � �F� ��� ��� �'� �O� ��� � �¤£

The size of a communication set �!¥ *-�G�9�q�;� 2 is defined as the
total number of feasible links inside it.

The term ”feasible” is used here because communication
set may overlap. Therefore, attention should be paid to avoid
counting the same link twice in different communication set,
for link that is already deferred by one communication can not
be deferred again by simultaneous communication. Such as in
Figure-1, hollow nodes represents nodes which are currently
involved with ongoing communication, solid nodes are the one
hop, while shadowed nodes are two hop neighbors. One-hop
link is solid and the two hop link is dashed. Nodes (links)
may have different characters in different communication set.
For example, node H is one of the communication nodes in
C(G,H,t) while it is also the two hops neighbor in C(O,P,t);
link HK is the one hop link in C(G,H,t) and two hops link in
C(O,P,t). Links between solid and hollow nodes or two hol-
low nodes must be deactivated while links between two shad-
owed nodes (not show in Figure-1) can be used for simultane-
ous transmission.

If �1¥ * � �<���;� 2 is calculated first, link OK, ON, HK, HN and
MN are counted, so we have:� ¥ * � �;���<� 2¦� $�§
Then for �1¥ *-¨©� n �<� 2 , link OK, ON, HK, HN and MN should
not be counted,thus we got :� ¥ *6¨©� n �;� 2�� $ �

Lemma-1 summarizes the channel access status of the links
in the network.

Lemma 1 When c(x,y)=1, then all the nodes which are two
hops or less away from x, y have to defer their channel access.
Or to say:

when c(x,y)=1, then c(m,*)=0,
�c8

,
8ª(«h/��

or
8¬(«hB��

,
c(n,*)=0,

�q­®�9­/(?h ��
.¯

In some extreme case, such as perfect scheduling, fixed data length, one-
hop set may overlap, however, those cases are already exceed our interest
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Figure 1: A example of how to calculate the size of communi-
cation set

IV. Throughput Analysis

As in [2] and [3], ”saturation throughput” will be used as the
fundamental performance figure in this paper. Here ”saturation
throughput” is the limit reached by the system throughput as
the offered load increases, and represent the maximum goodput
that the system can carry in stable conditions. In other words,
for each node in the network, there will always be packets ready
to be transmitted. Note that in [2] assumptions are made that
there is no hidden terminals problem and all the nodes are in
each other’s transmission range, so at any time there will be
only one valid transmission in the system, while in multi-hop
system, there will be multiple simultaneous transmissions in the
networks, therefore ”saturation throughput” is the total goodput
achieved by the network.

There are three subsections in section-IV. In subsection-A.,
important result from previous work [2] is repeated, serving as
the start point of our work. Subsection-B. lists the preliminary
result about the characteristics of multi-hop network. While in
subsection-C. the detail analysis of the theoretical throughput
limit of multi-hop wireless ad hoc network is provided.

A. Previous Result

In [2], assumption are made that at each transmission at-
tempt, regardless of the number of retransmission suffered,
each packet collides with constant and independent probabil-
ity p. Also a Markov chain model for the backoff window size
is proposed, the brief description of this model is shown in
section-II.-B. Based on those two important assumptions, the
probability that a station transmits in a randomly chosen slot
time À is derived as: (see details in [2])À � � *=$ 0 � > 2*=$ 0 � > 2 * � "%$ 2 " >c� *9$ 0 * � > 2 � 2 (1)

p in (1) is the probability that any transmitted frame will re-
sult in a collision. Note that in [2] À is derived without any spe-
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cial assumption such as no hidden terminal problem/ all nodes
are in each other’s transmission range. However, fully con-
nected network implies that all the nodes in the network are
completely synchronized, given the synchronization condition,
the time axis can to divided into a sequence of non-overlapping
SLOTs ( Á ) Â . Á is defined as the time elapsed between two suc-
cessive successful transmission. Note in ”saturation condition”
that a node always has packet to transmit, apparently each node
will be either in backoff state or in transmit/receive state, fully
connected network guaranteed that the vision of the network
seen from every node will be exactly same. In other words,
nodes in the network are synchronized in Á .

In multi-hop environment, generally, fully connected syn-
chronization (at Á level) can not be achieved any more. How-
ever, slot ( � ) level synchronization can be maintained under
”saturation” condition. The reason is that as previously stated,
node is either in backoff or transmit/receive state, thus neigh-
boring nodes will be synchronized by Á , and nodes two or more
hops away will be synchronized by � through the intermediate
node. In this case, (1) can also be used in ”saturated” multi-hop
environment without any modification. Notice here in (1), the
probability of retransmission is already counted, which has no
difference with ”first transmission” in the information transmit-
ted point of view.

B. Pre-work

Fundamental assumptions in the throughput analysis are:Ã There are N nodes uniformly distributed in a circular space
with radius L, each node will have

­ 
�e�f
neighbors in av-

erage.Ã The mobility of the nodes will not change the communica-
tion set during the period of communication. Or in other
words, the network is relatively stable during the transmis-
sion of data packet or control message.Ã Time is slotted and slots ( � ) are synchronized in the sys-
tem.Ã To simplify the analysis, the data packet length is fixed,
this condition can be loosed using the expectation of
packet length to replace the fixed data packet length in the
course of derivation.Ã Each packet will be received correctly if there is no colli-
sion, under this assumption, the probability that an ACK
packet collided with other packets is negligible.

The network will be characterized by either N and
­ 
�e�f

or
N and g . Because the nodes are uniformly distributed in the
network, the following relation is true:g � ­ 
�e�f "Ä$Å1Æ HÇ�È

(variable) refers to time interval between two consecutive backoff time
counter decrements, which is different from É , (constant), the slot time dis-
cussed in section-B.

Next, given the N and
­ 
�e�f

, the radius of the topology L and
number of links in the network

hli
can be calculated as:Å1Æ H­ 
�e�f "%$ � Å!Ê HhÊ � Ë h­ 
�e�f "%$¤Ì Æh i � h Ì ­ 
�e�f�

Thus the link density is :g i � hjiÅ!Ê H� ­ 
�e�f *-­ 
�e�f "%$ 2� Å1Æ H
Other important parameters includes the average area cov-

ered the one-hop set and communication set ( � � � �<p �=Í and� ¥Î� ��� ) and the expectation of the size of one-hop set and com-
munication set

�ÐÏ � �ZÑ ( � � ) and
�ÐÏ � ¥9Ñ ( � ¥ ). The values of those

parameters are derived as follows:

1. Area covered by one hop set - �G� � �<p �=Í
(a) worst case: suppose the euclidean distance between

the communicating nodes is l. then:�1� � � ~ p �=Í *-� 2®�ÓÒ§ Å � H "ÕÔ §� � H
(b) expectation: the expectation of the �G� � � ~ p �ÎÍ can be

calculated by:� � � � ~ p �=Í ��Ö sA � � � � ~ p �=Í *6� 2=× *6� 2=Ø �
Under realistic assumption that the euclidean dis-
tance between the communicating pair is uniformly
distributed between (0,r) and use the area of rectan-
gular to approximate the area of the one-hop set, we
will have�1� � � ~ p �ÎÍ � Ù sA $Æ Ì * � Æ "u� 2 Ì � Æ Ø �� Ú Æ H (2)

2. Expectation of size of one hop set -
�ÐÏ �G� Ñ ( �1� )

Given the nodes are uniformly distributed in the topology
and the average area covered by one-hop set, it is obvious
that �1� � g i Ì �!� � �<p �=Í� Ú g Æ H� Ú Ì ­ 
�e�f *�­ 
�e�f "%$ 2� Å (3)� � � � rZ� � g Ì � � � �<p �=Í� Ú g Æ H� Ú *-­ 
�e�f "%$ 2� Å (4)
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3. Area covered by communication set - � ¥Î� ���
(a) typical case:

suppose the euclidean distance between ongoing
communication (A,B) is l. Use the similar approach
as � � � � ~ p �=Í , � ¥Î� ��� is regarded as the sum of area
covered by circles with A/B as centers with radius 2r.
Use the area of rectangular to approximate the area
covered by two overlapping circle. we got:� ¥Î� ��� *-� 2Û� * Ò Æ "u� 2 Ì Ò Æ
Note that although not all nodes in the area of those
circle areas will be the two hop neighbors of A/B,
however, A bias factor

,+Ü ×FÝb�k
�Þ?ß $
is needed to

account for the nodes (links) that are not equal or less
than two hops away from the communication nodes
in the calculated ”area” of communication set. Thus
the actual area of communication set is less than the
total area of 2 circles discussed above. Intuitively ,× Ýb�	
�Þ

would be related to g , and will decrease with
the growth of g . In this paper,

× Ýb�k
�Þ
is set to be 0.34

based on simulation results. So we have:�1¥Î� ��� *6� 2Û� ×FÝ6�k
�Þ Ì * Ò Æ "�� 2 Ì Ò Æ
(b) expectation: the expectation of � ¥Î� ��� can be calcu-

lated by:�1¥Î� ��� � ×'Ýb�	
�Þ Ì Ù sA �1¥Î� ��� *-� 29× *-� 2ÎØ �� ×'Ýb�	
�Þ Ì Ù sA $Æ Ì * Ò Æ "u� 2 Ì Ò Æ Ø �� × Ýb�	
�Þ Ì $�à Ì Æ H (5)

4. Expectation of size of communication set - ��¥
Given the nodes are uniformly distributed in the topology
and the average area covered by communication set, it is
obvious that�1¥ � ×'Ýb�	
�Þ Ì g i Ì �1¥Î� ���� $�à Ì ×'Ýb�k
�Þ g i Æ H� á Ì × Ýb�k
�Þ Ì ­ 
�e�f Ì *�­ 
�e�f "%$ 2Å (6)

Notice that the ”Saturation throughput” can only be achieved
when all the possible links that can transmit actually do trans-
mit. In other words, it’s an ideal upper limit that the system
could achieve by carefully pick the nodes to transmit so that
there would be maximum number of simultaneous transmis-
sions in the network. The problem is whether this ideal condi-
tion is achievable and how to do that? The following algorithm
gives one of the possible ways.

AlgorithmÃ Step 1: List the size of all the possible communication set
in a ascending order. Basically, each link in the network
will generate a possible communication set.

C

B

A
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çRçRççRçRç

èRèRèRèèRèRèRèèRèRèRèèRèRèRèèRèRèRèèRèRèRèèRèRèRèèRèRèRèèRèRèRèèRèRèRè
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ìRìRìRììRìRìRì
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Figure 2: Flow assignation of Figure-1 using the proposed al-
gorithm

Ã Step 2: Pick the first communication set with least size,
transmission along the corresponding link can be granted,
therefore there will be least links affected by the addition
of the flow.Ã Step 3: Update the size of all the remaining possible
communication sets.Ã Step 4: If two communication sets have the same size,
the tie is broken by pick the communication set in which
the distance between two communicating nodes is closer.Ã Step 5: Repeat steps 1-4 until there is no possible com-
munication set left.

The metric used in the algorithm is � ¥ as we defined in
Definition-7. Using the algorithm, as shown in Figure-2, there
will be five simultaneous transmission in the network to achieve
”saturation condition”.

Figure-3 depicts the ideal load assignment of a medium size
ad hoc network which is in ”saturation condition”. In which
solid links represent ongoing communication, while dashed and
darkened links are the one-hop and two-hop away links respec-
tively. Most links in Figure-3 are either solid or dashed, the per-
centage of darkened links (two hop links communication) will
be low, otherwise there still are some links can bear more traffic
at the given time. Table-2 shows the actual percentage of two
hop links by running the proposed algorithm on networks with
different size and density. Most of time the percentage of two
hop link is less than 4%, thus the network has been partitioned
into several non-overlapping one hop sets. Given the number
of non-overlap one-hop sets and ”saturation throughput” of a
single communication set, it is straightforward that ”saturation
throughput” of multi-hop network will be the product of the
two.

Because all the nodes are uniformly distributed in the net-
work, the number of non-overlap one-hop sets can be easily
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Figure 3: Flow assignation of a larger network using the pro-
posed algorithm

calculated by h76c8 � � � ~ p �ÎÍ � 8 Å!Ê H�!� � � ~ p �ÎÍ 9� 8;: s=<?> ��A@CBEDGF �Ú Æ H 9� 8 Å Ì hÚ *�­ 
�e�f "Ä$ 2 9 (7)

where
8 � 9

means the maximum integer which is less than x.
From (7) we can see that the number of non-overlapping one-

hop set is only determined by N and
­ 
�e�f

C. Throughput

We revisit (1) from [2] here: The probability of a station to
transmit in a random selected slot is derived under the Markov
chain backoff window model:À � � *=$ 0 � > 2*9$ 0 � > 2 * � "Ä$ 2 " >q� *=$ 0 * � > 2 � 2

where p is the conditional collision probability and W is the
minimum backoff window size,

� � ��� ���k�
.

In general, these probabilities depend on the conditional col-
lision probability p, which is still unknown. To find the value
of p, it is sufficient to note that the probability p that a transmit-
ted packet encounters a collision, is the probability that, there
are more than one link try to transmit at same time inside the

­ 
�e�f
two hop links (%)

­ 
�e�f
two hop links (%)

2 3.8975 25 0
3 2.5075 30 0
4 1.9325 35 0.24
5 0.81 50 0
6 1.875 60 0.43
7 0.3225 75 0
8 0.2775 85 0
9 0.9825 100 0

10 0.025 110 0
20 0 125 0

Table 2: Percentage of blue link in the network

communication set. This yields> � $ 0 *=$ 0 À 2 HJI (8)

Equations (1) and (8) represent a nonlinear system in the two
unknowns À and p, which can be solved using numerical tech-
niques. It is easy to prove that this system has a unique solution.
In fact, inverting (8), we obtainÀ * > 2Û� $ 0 *=$ 0?> 2LKM I

This is a continuous and monotone increasing function in the
range

> ( *-,.��$ 2
, that starts from À *-, 2©� ,

and grows up toÀ *9$ 2 � $
. Equation À * > 2 defined by (1) is also continuous in

the range
> (+*-,.��$ 2

. [2]
Normalized system throughput S can be expressed by:� � E[payload information transmitted in Á ]

E[ Á ]
[2]

where�ÐÏ
payload info in Á Ñ � h76_8 � � � p �=Í � ÞON ¥Î¥ � Þ9Þ �Ð*6� 2�ÐÏ Á Ñ � � � r i � � "�� � s � ÞON ¥Î¥ � Þ=ÞQP!Þ "� � s �SR�T H P R�T H "u� � s �VUVT H P UWT H
� ÞON ¥Î¥ � Þ=Þ is the probability that a packet is transmitted suc-

cessfully, and
� � r i � is the probability all the links inside the

communication set are idle, whereas
�XR�T H and

�VUVT H are the
probabilities of the transmission collided during RTS time or
during CTS time, respectively. � is the duration of an empty
slot time,

P Þ
is the average time needed for a successful trans-

mission, while
P R�T H ,

P UWT H are the period of time during which
the channel is sensed busy by non-colliding stations when two
RTS frames collide or RTS frame collides with CTS frame.

Let node A be the node initial the communication, node B
be the node which node A is communicating with and N’(x) be
the number of non-active neighbors of x, the above probability
and time can be expressed as:
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� � r i � � *9$ 0 À 2EH I (9)� � s � $ 0 � � r i �� $ 0 *=$ 0 À 2 H I (10)� R�T H � � ¥Î� i i �kÞ=� � � 
�� R�T HJY � � � � r i �� $ 0 *=$ 0 À 2 � � �[Z �$ 0 *=$ 0 À 2 HJI� $ 0 *=$ 0 À 2 � � @CBED ~ � �$ 0 *=$ 0 À 2 H I (11)�VUVT H � � � � ¥Î� i i �kÞÎ� � � 
Z� R�T H � � � � � r i � Ì� ¥Î� i i �kÞ=� � � 
�� UWT HJY � � � � r i � � � � ¥Î� i i 
Z� R�T H� *9$ 0 À 2 � � @EBED ~ � �$ 0 *=$ 0 À 2 H I Ì *=$ 0 *=$ 0 À 2 � � �[\ � 2� *9$ 0 À 2 � � @EBED ~ � �$ 0 *=$ 0 À 2 H I Ì *=$ 0 *=$ 0 À 2 � �]@CBED ~ � � 2� *9$ 0 À 2 � �]@EBED ~ � � Ì *=$ 0 *=$ 0 À 2 � �]@CBED ~ � � 2$ 0 *=$ 0 À 2 H I (12)� ÞCN ¥Î¥ � Þ=Þ � � � � � � r i � Ì � � � ¥Î� i i �aÞÎ� � � 
Z� R�T H]Y � � � � r i � Ì� � � ¥Î� i i �kÞÎ� � � 
Z� UVT HJY � � � � r i � � � � ¥Î� i i 
Z� R�T H� � � s 0 � � s �^R�T H 0 � � s �^UWT H� *9$ 0 *9$ 0 À 2 H I 2 Ì *=$ 0 *9$ 0 *9$ 0 À 2 � @CBED 2 0*9$ 0 À 2 � @CB_D Ì *=$ 0 *=$ 0 À 2 � @EBED 292� *9$ 0 *9$ 0 À 2 HJI 2 Ì *=$ 0 *9$ 0 À 2 H �]@EBED 2 (13)P Þ � ` P � " �XaAbj� " m " �cP � " �XaAbj� " m "n "u�ÐÏ � Ñ " �XaAbj� " m "uv �ed"cf agbj� " m (14)P R�T H � ` P � " �XaAbj� " m (15)P UWT H � ` P � " �XaAbj� " m " �cP � "�hagbj� " � "if agbj� (16)� R�T H and
� UWT H is derived based on the fact that collision of

RTS frames happens when least one of non-active neighbors of
node B transmits simultaneously with node A and collision of
CTS frames happens when no collision happens at RTS frame
but at least one of the non-active neighbor of node A transmits
simultaneously with node B when it reply CTS frame to node
A.

Note here we neglect the fact that the two or more colliding
stations, before sensing the channel again, need to wait an ACK
Timeout, and thus

P R�T H and
P UWT H for these colliding stations

is greater than that considered here. Retransmission is taken
into account in the expression of probability a station transmit
at any given time slot Á , so it is not included again in

P R�T H andP UWT H .

V. Model Validation

The topology considered in this paper consists of a finite
number of stations uniformly distributed in a circular space

with radius L. The following justified assumptions are made
to improve analytical tractability without loss of generality:Ã The effect of propagation delay is insignificant with re-

spect to frame transmission time and media access delay;
hence, it is negligible in the analysis. This is a very realis-
tic assumption for transmission ranges

ß �FÚ ,
m.Ã Only a single ad hoc network consisting of one BSS is

considered. Hence, it is assumed there are no interfering
BSSs—the DSSS spreading sequence is unique.Ã Collisions caused by simultaneous transmission are as-
sumed to be the most significant cause of packet corrup-
tion.Ã Node mobility is assumed negligible with respect to frame
transmission time. Hence, transmissions always complete
before a mobile receiver moves out of range.

In order to make sure the ”saturation throughput” is achieved,
enough load has to be generated, so for every link, on each di-
rection, up to half of the link capacity of load has been injected
at the beginning of simulation. To validate the analytical result
given in Section-IV., throughput is measured by the fraction of
time spent on successfully transmission versus the whole sim-
ulation time (exclude the transit time needed for the network to
reach steady state).

Network simulator (ns2) is used in our simulation. The sys-
tem parameter for analysis and simulation are the default value
used by ns-2, whose values are listed in Table-3.

Parameters Value Parameters Value� ���k�
32 DIFS 50 jWk�C��
��
1024 SIFS 10 jWk

m 5 rate 2Mb/s� 20 jWk RTS 44 bytes
H 6 bytes CTS 38 bytes
r 250 m ACK 39 bytes

Table 3: System parameter values.

To validate the model, a single one-hop set is picked up from
the network regarding to one specific communication, and mea-
sure the throughput of this specific one-hop set. The compar-
ison between the analytical and simulation result is shown in
Figure-4. To elminate the effect of routing, communication are
limited between neighbors. Each simulation point is run 10
times and the average of the result from the top 2 run is used to
guarantee the ”saturation condition”.

From Figure-4 we can see that the analysis relatively accu-
rate for networks with low and mediate density thus the model
is validated. For network with average number of neighbors
up to 10 the simulation result is quite close to the analytical
one, with the density increase, the discrepancy begins to grow.
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Figure 4: Model Validation

The possible reason for this is as the density grows, backoff be-
comes more frequent, thus the probability of transmission will
be less than the analysis expected.

VI. Performance Evaluation

Figure-5 depicts the delay experienced at a randomly se-
lected node in one-hop set, the maximum queue length used
in simulation is set to be 1000. Under ”saturation condition”,
it is reasonable to assume the queue is always full, the delay
one packet experiences will be the sum of queueing delay and
the processing delay, which in turn could be approximated by
the time difference between packet enter the queue and left the
queue. Once a packet becomes the head of the queue, it will
remain there until it is successfully received by next hop or the
retransmit limit is reached, which one comes first. Based on the
above assumption, theoretically the delay (D) can be approxi-
mated by:

f �
Maximum queue length Ì Delay of the 1st packet

in queue� Êml N � N � Ì f Í 
 ¥Cn � �
where

f Í 
 ¥Cn � �po� � Þ 6�qQq Ì P!Þ "%*9$ 0 � Þ 6�qQq 2 Ì Á
Figure-5 shows basically simulation result agrees with the-

oretical analysis and they have same growing tendency . How
ever, because in reality the node will have to deal with some
queuing issues even the communication is between neighbors,
so the simulation result is slightly larger than theoretical result
(
Ü�$ Úgr

).
It has be proposed that the ”saturation throughput” depends

on the both the ”saturation throughput” and
h76c8 � � � ~ p �=Í and
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Figure 5: Average Delay experienced

the overall network throughput should be the product of them.
However, simulation result shows great discrepancy between
the theory and practice in Figure-6.

The reason of the discrepancy lies in several aspects. The
most important one is that the analytical ”overall throughput”
is derived under the assumption of ideal condition, or, in other
words, all the links that may transmit actually do transmit, in
practice, this condition is seldom satisfied under current rout-
ing/scheduling scheme.

Here is the place to put in the idea of the cross-layer routing
based on MAC layer delay.

VII. Conclusion

In this paper, the ”saturation throughput” of multi-hop wire-
less ad hoc network is studied. Simulation results shows that
the analytical model for one-hop set throughput is accurate,
while there is enough space left for the improvement of overall
network throughput using interactive routing algorithms.
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