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Abstract—A critical performance metric of multi-hop wireless
networks is the end-to-end throughput of a multi-hop wireless
path. When the packets of a traffic flow originating from a
source node are relayed by intermediate nodes (relay nodes),
competition between the nodes on the multi-hop routing path
incurs transmission delays from the carrier sensing mechanism,
as well as packet drops and retransmissions due to hidden
terminals. Owing to this complicated interaction between nodes,
problems in the throughput performance analysis of multi-
hop networks have not been fully resolved. In this paper, we
propose an optimization approach to compute the throughput
at each individual link in addition to the end-to-end throughput
in an IEEE 802.11 DCF-based multi-hop wireless network. To
this end, we first analyze a multi-hop chain topology with a
single flow by taking into account transmission collisions from
hidden terminals, and then formulate the optimization problem
to obtain the end-to-end throughput performance of multi-hop
networks. Through extensive ns-2 simulations, we then show
that the proposed approach accurately predicts the throughput
performance obtained by the simulations, within a discrepancy
of less than 10-12 % in the worst case scenario under a variety
of chain and cross topologies.

Index Terms—Multi-hop wireless networks, end-to-end
throughput, IEEE 802.11 WLAN, performance analysis.

I. INTRODUCTION

Multi-hop wireless networks have received considerable
attention in recent years as a new, cost effective, and
performance-adaptive networking technology, primarily be-
cause of their potential in a wide-range of civilian and military
applications, as well as their inherent ability to be used with-
out a pre-existing infrastructure. Multi-hop wireless networks
consist of a number of either stationary or mobile wireless
nodes, which serve as relays to forward traffic from other
nodes (along with their own traffic) and maintain network-
wide connectivity. In other words, the packets of a flow
originating from a source node are relayed by intermediate
nodes (relay nodes) and travel toward their destination along
a multi-hop wireless path. In this manner, any pair of nodes
in a multi-hop wireless network can exchange packets.

However, one-hop wireless networks such wireless local
area networks (WLANSs) are currently very popular and are
widely used on campuses, in offices, and in public locations.
To date, the deployment of multi-hop wireless networks has
been quite limited owing to an unsatisfactory throughput
performance, which is caused by factors such as extremely
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volatile path properties [1], [2], excessive number of dropped
packets [3], [4], and intra- and inter-flow interferences [5].

To improve the overall network throughput in multi-hop
wireless networks, extensive studies and analyses of through-
put performance have been carried out. These analyses have
enabled the development of high-throughput multi-hop net-
works from a sound theoretical basis, instead of taking a
more heuristic approach. For instance, Gupta and Kumar [6]
and Jain et al. [7] analyzed the theoretical capacity bound
of wireless networks using a simplified protocol model. The
authors in [8]-[10] derived the throughput performance of one-
hop wireless networks in consideration of IEEE 802.11 DCF
operation. Ng and Liew [13], [14] then analyzed the maximum
sustainable throughput in multi-hop wireless networks based
on the IEEE 802.11 DCF, under the assumption that the
airtimes are the same for all links. In addition, Gao et al. [15]
derived the throughput value for each link on the path, and
determined the maximum end-to-end throughput as being the
value of the lowest throughput on the path. A more detailed
summary of related work is given in Section II.

The primary aim of this paper is to determine the following:
1) throughput at each individual link, and 2) end-to-end
throughput of multi-hop paths, in an IEEE 802.11 DCF-
based multi-hop wireless network. To achieve these tasks, we
first analyze a multi-hop chain topology with a single flow,
taking into account transmission collisions occurring from
hidden terminals. Then, based on this analytical model, we
formulate an optimization problem to maximize the throughput
of the last link under a set of constraints derived from the
interference relationship among competing nodes for k-hop
chain topologies. It should be noted that our study is different
from the approaches in [13]-[15] in that we do not make
the assumption that all nodes have the same airtime in a
steady state, and that the maximum end-to-end throughput is
determined based on the airtime of the link having the lowest
throughput on the path. Through extensive ns-2 simulations,
this approach is then evaluated in diverse networking scenarios
with different payload sizes, signal attenuation factors, and
network topologies. The simulation results show that the
discrepancy between the end-to-end throughput obtained by
the analysis and the ns-2 simulations is within 12 % for a
chain topology network with one traffic flow and within 10 %
in a six-hop cross topology network with two traffic flows.
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The rest of this paper is organized as follows. In Section II,
we present a summary of existing related work, and highlight
the limitations of current state-of-the-art approaches. In Sec-
tion III, we present an analytical model for collisions owing to
the hidden terminal problem in a multi-hop wireless network,
and In Section IV we formulate an optimization problem to
determine the maximum end-to-end throughput in a multi-hop
wireless path. In Section V, we show our simulation studies,
which verify the estimation accuracy of the throughput in
both chain and cross topologies. Finally, Section VI provides
some concluding remarks, along with a description of several
potential areas of future research.

II. RELATED WORK

Gupta and Kumar [6] analyzed the capacity of wireless
networks, and showed that the per-node throughput capacity is
bounded by @(ﬁ) when n nodes are optimally placed, and
by O( \/nllo—n) when the nodes are placed randomly. Jain et
al. [7] also studied the maximum throughput performance in
multi-hop wireless networks using a conflict graph when the
node placement and traffic workload are given. However, these
studies only focused on identifying the theoretical optimal
capacity of networks by assuming optimal network control
and ignoring the underlying MAC properties.

The performance of the IEEE 802.11 DCF in one-hop net-
works has been previously studied using various approaches,
such as the discrete Markov chain model by Bianchi [8], and
the p-persistent model by Cali et al. [9]. In addition, a more
generalized model based on a fixed point analysis was pro-
posed by Kumar et al. [10]. Garetto et al. [11] identified the in-
terference interactions between two adjacent flows in wireless
networks. Based on the observed interactions, they performed
a formal analysis to obtain the throughput performance. In
[12], Razak et al. generalized the analysis performed in [11],
and then presented the interference interactions between two
flows in a number of different ways. However, because these
models focus on the effects of contention collisions and do
not take into account the hidden node problem, common in
multi-hop networks, they cannot be applied directly.

Recently, several analytical studies on end-to-end through-
put in multi-hop networks based on the IEEE 802.11 DCF
have been presented. For example, Ng and Liew [13], [14]
analyzed the sustainable maximum throughput in chain topol-
ogy networks. They defined the airtime (.S;) of a node N; as
the sum of the transmission time for the frames from V;, the
transmission time for ACKs from N, 1, the durations of DIFS,
and the durations of SIFS; S; also includes the time used for
retransmissions, but excludes the backoff duration. The authors
also defined the normalized airtime z; as |S;|/Time, where
Time is the sampling time interval, and z; is assumed to be
the same for each node in the network. Then, they found a
value of z* that can provide maximum network throughput,
and subsequently calculated the sustainable throughput T(x*).
Gao et al. [16] then improved upon this model in [13] and
derived the optimal hop distance in chain topology networks
by applying a fixed point analysis [10]. It should be noted,

however, that the above studies do not take into account the
different levels of interference at each node, but rather assumed
that z; is the same for all NV;. Unfortunately, this assumption
does not hold true in real multi-hop wireless networks. As a
result, their approach does not provide an accurate estimate of
the throughput performance for short chain networks, where
x; can dramatically decrease with respect to the hop-count on
a multi-hop path.

In an attempt to further improve this model, Gao et al. [15]
extended the model in [16] by relaxing the assumption that
x; is the same for all nodes. However, the throughput of each
link was still computed using a flow constraint, assuming that
links on the same path should have the same throughput; the
authors determined the end-to-end throughput as the lowest
throughput on the path. Based on the above considerations,
the solutions presented in [15] have a tendency to provide
a lower throughput for nodes that are closer to the source
node. For instance, in a four-hop chain topology, the first node
has the lowest throughput at 1.72 Mb/s, whereas the second,
third, and fourth nodes have throughputs of 1.78, 1.78, and
2.24 Mb/s, respectively. However, for a single traffic flow,
nodes cannot have a higher throughput than the preceding
node on a multi-hop path. Razak et al. [17], [18] analyzed
the performance of a single chain network and characterized
the different types of interference interactions. In [19], Garetto
et al. presented Information Asymmetry (IA) and Flow-in-
the-Middle (FIM) to predict the per-flow throughput in ar-
bitrary networks by estimating the portion of busy time by
each node and the probability of a successful transmission.
Carvalho et al. [20] provided an analytical model for multi-hop
networks with multiple senders and receivers. In this model,
the authors analyzed the system performance by considering
various physical layer parameters. Recently, Zhao et al. [21]
considered both neighboring interference and hidden node
problems to compute the end-to-end throughput of a multi-hop
network. The authors also considered a multi-rate scenario for
a throughput analysis of this network type.

III. MULTI-HOP NETWORK MODEL

As the basis of our model, we consider a multi-hop wireless
network composed of IEEE 802.11 DCF nodes; IEEE 802.11
DCEF is based on carrier sense multiple access with collision
avoidance (CSMA/CA) [22]. Fig. 1 shows an example of a
chain topology with seven nodes (k = 6), where Ny and Ny, are
the source and destination nodes, respectively. In this model,
the traffic flow is generated from Ny, and the intermediate
nodes between Ny and Ni then buffer and forward the traffic
toward V. The distance between two adjacent nodes is set to
be within the transmission range (dr), and the carrier sensing
range (dg) is determined using the value of the carrier sensing
threshold. In the analysis, dg is set to 2.2 x dr; the interference
range (dy) depends on the values of the capture threshold «
and path loss attenuation factor 3, which are between two and
four [23], (i.e., df = {/a x dr).

In a multi-hop chain topology, the collisions due to simul-
taneous transmissions depend on the number of nodes in the
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Fig. 1. Multi-hop wireless network with six-hop chain topology.

carrier sensing range (dg). In Fig. 1, the maximum number of
competing nodes is five, (e.g., N3 competes with N1, No, Ny,
and N;), and the channel attempt probability with which a
node starts a transmission at a certain slot is 1/16; the attempt
probability is given by &we when CW = CW,p;,, where
CW and CW,,;, are the contention window value and the
minimum value of CW, as stated in [8]-[10]. Based on these
factors, the corresponding collision probability is computed
to be approximately 0.034. These results indicate that in a
multi-hop chain topology, collisions owing to simultaneous
transmissions are negligible, and transmission failures are
more likely due to hidden nodes.

First, we consider collisions from hidden nodes, as shown in
Fig. 1. For « = 10 dB and 8 = 3.3, d; =~ 2 x d. In this case,
the transmissions from Ny may be corrupted by transmissions
from N3, as N3 becomes a hidden node to Ny. Fig. 2 shows
timing diagrams for the transmissions of Ny and N3 under the
IEEE 802.11 DCF without an RTS/CTS exchange. In Cases 1
and 2, while N3 is transmitting, /N; simultaneously receives
frames from Ng; thus, its transmission will be unsuccessful as
N3 is within the interference range of /V;. However, in Case 3,
the transmission of Ny will be successful as the transmission
from N4 does not interfere with the reception of /V;. Thus, the
ratio of transmission failure for Ny due to interference from
N3 can be given by

" Tprrs + Tppo) + Tpara(l)

(D

Trrame(l)
Here, Trranmp(l) is the amount of time spent to complete a
data transmission, and is given by

Trrame(l) = Tprrs+Tepoy+Tpara(l)+Tsirs+Tack,

where [ is the size of a DATA frame, Tp;rs and Ts;pg are
the interframe spaces defined in the IEEE 802.11 standard,
Tg(pcy is the backoff time, and Tpara and Tack are the
transmission times for the DATA and ACK frames, respec-
tively. It should be noted here that our model does not include
the binary exponential backoff (BEB) mechanism of IEEE
802.11 DCF, and that E[BC] is given by CW,,,:, /2. (we will
further discuss the effect of this simplification in Section V).
In Fig. 2, the ratio of transmission failure is derived under the
assumption that the N3 — Ny link is fully utilized. Therefore,
if the airtime (denoted by x3) is lower than 1, the transmission
failure rate at Ny is given by u - x3 owing to the hidden
terminal.

However, for the path loss factor 8 = 4.0, d; becomes
1.78 x dr. This implies that N3 will no longer interfere with
N because it is beyond the interference range of /Ny, as shown
in Fig. 1. The hidden node problem occurs when the receiver
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Ny | //DATA : N5 — N}
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Case1 N0 DATA}: Ny — N]
Case 2 Ny DATA : Ngi — N|
Cases o /DATA : Ny — N,

Fig. 2. Timing diagrams for two concurrent transmissions under IEEE 802.11
DCF with an RTS/CTS exchange. The transmission from V3 interferes with
the data reception at N7 in Cases 1 and 2.

cannot decode the signals from the sender, as is the case when
the receiver has already tuned to another transmission [15]. Let
us now consider Case 2 in Fig. 2. When N3 begins to transmit,
N, senses the signals from N3 and tunes to this transmission,
although it cannot correctly decode the signal. At this point,
even though Ny starts to transmit to /N7, /N7 cannot capture the
signals from Ny, as it has already tuned to the transmission
from N3. Consequently, no ACK frame will be sent to Ny,
which in turn is interpreted as a collision by Ny. Note that
Cases 1 and 3 in Fig. 2 do not cause a transmission failure in
Ni. In this case, u becomes

_ Tpara(l)
Trrame(l)

)
The ratio of transmission failure is derived for a simple chain
topology where only one hidden terminal exists. When there
are multiple hidden terminals, the failure ratio increases by
Z:}Cu - x;p, where J{ is the set of hidden nodes, and z; ,
is the airtime of these hidden nodes for IN;. Note that, for
simplicity, we ignore the interactions among the hidden nodes
themselves.

IV. OPTIMIZATION BASED THROUGHPUT ANALYSIS

The normalized airtime z; is defined as a portion of the
transmission airtime of N; over unit time ¢ in a steady state
as t — oo [13]-[16]. Note that x; includes the transmission
time and MAC overhead, including the back-off time for
transmission contention. By definition, the throughput of N;
is given by

l
Trrame(l)’
where p; is the collision probability. The collision probability
p; is calculated as ;‘_Z“A, where € denotes the set of
common nodes for link 4 irYi’C[14], [15]. Note that any node
n € C cannot transmit while /V; is transmitting as such nodes
are within the same carrier sensing range. In this analysis, it
is assumed that a collision only occurs due to transmissions
from hidden nodes. The end-to-end throughput achievable on
a k-hop wireless path is

Ti(l) =z (1= pi) G)

l

T =21 ———————
© i Trrame(l)

“



under the assumption that pi_; is negligible at the last hop.
This assumption is based on the fact that collisions on a multi-
hop wireless path are mainly due to hidden terminals, and that
the last hop has no hidden terminals. To compute the maximum
end-to-end throughput, we propose an optimization approach
for maximizing the airtime of the last link z;_; with a set
of constraints derived from the interference relationship among
the competing nodes.

1) One-hop chain topology: In a one-hop chain topology,
Ny is the sender and N; is the receiver. The optimization
problem for this topology can be formulated as

maximize xg 5)

subject to  xp < 1.

The constraint, ¢ < 1, implies that the maximum of x( is 1
as there are no other competing nodes. Thus, the solution to
(5) is simply zg = 1, implying that the maximum throughput
is achieved when Ny is continuously transmitting.

2) Two-hop chain topology: In a two-hop chain topology,
Ny is a sender, Ny is a receiver, and they both compete with
each other. Note that x; cannot exceed xy because /N7 cannot
send out more than the amount of data received from Nj.
Here, the objective function is to maximize x; as the end-to-
end throughput is the receiving rate at the last node, No, i.e.,
the throughput of Nj.

maximize 1
subject to xp +x1 < 1, (6)
X1 S Zo-

The solution to (6) is g = x1 = %, which implies that the

maximum end-to-end throughput is obtained when Ny and Ny
have equal access to the channel.

3) Three-hop chain topology: The modeling of a three-hop
chain topology is similar to that of a two-hop chain topology.
Three nodes, Ny, N1, and N2, compete for the channel, and
there are no hidden nodes. In this case, the objective function
is to maximize xo as follows.

maximize o

subject to xg+x1 + 22 <1 7
1 < xo
To < Xq.

The solution to this problem is thus g = z; = 29 = %

4) Four-hop chain topology: In a four-hop chain topology,
the hidden node problem needs to be considered as N3 is
hidden from Nj. Here, the outgoing traffic from N; cannot
exceed the amount of incoming traffic that has been success-

fully delivered from Ny. This constraint is expressed as

&) , ®

1—$1—ZC2

I1§I0<1—

Because N3 is allowed to access the channel only when Vg
and N, are idle, the airtime during which Ny and N3 may
collide is 1 — x1 — xo [14], [15].

@ Ny Ns Ns N7 Ns @

N,

Fig. 3. A multi-hop wireless network with a six-hop cross topology.

Similarly, the optimization for a four-hop network is for-
mulated as

maximize x3

subjectto zg+x1 +22 <1 )
U X T
21 < 70 (1_73)
1—171 — T2
T2 <11
I3 S Z9.

5) k-hop chain topology (kK > 4): In a k-hop chain
topology, we further generalize the constraint for hidden nodes
as

U X Tjt4 U X Tij4+3
Tipp(l-—7———— | <z |l - ——— |,
1—xipo —wiys 1 —mip1 —miyo
fori =0,---,(k—5). This constraint implies that the amount

of outgoing traffic sent by N;;; cannot exceed the amount of
incoming traffic from N;. Thus, because all links other than
the last three links suffer from the hidden node problem, the
formulation used to find the maximum end-to-end throughput
becomes

maximize Xp_1
To+a1+20 <1

U X Tjt4q
Tit1 1-—
1 —miyo —wiys

U X Tij43
<z (1_—Z+>
1 —mip1 — wigo

for i =0,---,(k—5)

U X T—1
Thog <Tp_g (1 - —————
1l—xp 3 -2

T2 < T3

subject to (10)

Trp—1 < Tp_2.



TABLE I
HIDDEN AND COMMON NODES FOR THE SIX-HOP CROSS TOPOLOGY IN

FI1G. 3.

Link Hidden nodes | Common nodes
N:; — N4 NG N4, N5
N4 — Ns Ny N5, Ne

No Ns, N
Nio N5, N
N5 — Ng Ng N67N7
N N2, Ng
N1 Ns, N1o
No — N Nsg N1, No
N1 — N» Nio N2, N
N7 N2, N
N5 N2, Ne
Na — Ng Ni1 Ne, N1o
Ng N77N6
Ny Ne, N5

6) Cross topology: At this point, in multi-hop chain topolo-
gies, there has only been one flow in the network, and each N;
is interfered with by only one hidden node. However, in cross
topologies, several flows may coexist, and some nodes may
have multiple hidden nodes. In this topology, the normalized
airtime of node N,, in which frames can be successfully
transmitted, can be calculated as

Ty <1—UXZ%>7

where x; , is the airtimes of the nodes NV; ,, and z. is the
airtime of the node N,.. Note that IN;, are the nodes hidden
nodes from NV,., and N, is the common node within the carrier
sense ranges of both N, and NV; .

Fig. 3 shows an example of six-hop cross topology with two
flows; the hidden nodes and common nodes for each link are
listed in Table I. For this topology, we impose another con-
straint in that two flows equally share the channel bandwidth,
i.e., xg = x11. Then, using (11) and the information in Table
I, the optimization can be formulated, and here is omitted due
to the page limit.

(1)

V. VERIFICATION

In this section, the derived analysis for the end-to-end
throughput in multi-hop wireless networks is verified through
extensive simulations. In this analysis, the ns-2 simulator
(version 2.30) is used, and the presented results are the
averaged values from ten runs with a simulation time of 100
seconds. Also note that the sender nodes transmit UDP packets
with 1000 bytes payload, and that an RTS/CTS exchange is not
enabled. The IEEE 802.11b parameters used in the simulation
are listed in Table II, and the path loss exponent attenuation
factor 5 is set to 3.3 by default. Finally, the optimization
problems are solved using cvx, a Matlab-based optimization
tool [24].

A. Normalized airtime

First, we need to solve the optimization problem of (10) for
a k-hop chain topology, where the number of hops k varies

TABLE II
IEEE 802.11B PARAMETERS USED IN THE SIMULATIONS AND ANALYSES.

Parameter Value

TD IFS 50 HSec

Tsrrs 10 psec

Tsiot 20 usec

PHY overhead 192 psec
Data frame MAC header 28 bytes
Ack frame MAC header 14 bytes
UDP/IP header 20 bytes

Attenuation factor S 3.3

Data transmission rate 11 Mb/s
Ack transmission rate 2 Mb/s
PHY header transmit rate 1 Mb/s
CWmin 31
CWnaz 1023
Buffer size of nodes 50 packets

TABLE III
NORMALIZED AIRTIME OBTAINED USING THE ANALYSIS FOR k-HOP
CHAIN TOPOLOGY (PAYLOAD SIZE IS 1000 BYTES).

k‘ Xo X1 | i) | xrs3 | X4 | T5 | T6 | X7
1 1

21 05 0.5

31033(1033]033

410471026 | 026 | 0.26

51041 0351 022|022 | 0.22

6 | 038 0327029 | 020 | 0.20 | 0.20

71041 030 [ 028026 [ 019 ] 0.19 | 0.19
81040 | 033 | 027 | 025 | 0.24 | 0.18 | 0.18 | 0.18

from 1 to 8. Table III shows the normalized airtime of each
link for k-hop networks, and it can be seen that the solutions
satisfy the original constraints in (10).

Table IV shows the normalized airtime (Z;) obtained using
ns-2 simulations, as calculated by dividing the total airtime
of N; with the simulation time of 100 seconds. We can
see that the analysis provides quite accurate estimates of the
normalized airtime, especially for the last three links of the
network shown in Tables III and IV. However, the discrepancy
between x; and ; increases for nodes closer to the source.

B. Maximum end-to-end throughput

To verify the correctness of the proposed analysis, the
maximum throughput of the linear topologies was investi-
gated for several payload sizes. Table V and Fig. 4 illustrate

TABLE IV
NORMALIZED AIRTIME OBTAINED USING NS-2 SIMULATIONS FOR k-HOP
CHAIN TOPOLOGY (PAYLOAD SIZE IS 1000 BYTES).

k| 2o T [ &2 | & | &4 | @5 | 26 | a7
1] 1.00

21051 | 0.51

310371039 ] 038

4170531026 025]0.24

51048 1040 [ 023 ] 022 | 0.21

61045 (0381031021 | 021 | 0.20

71049 035]0.29 [ 025 | 0.20 | 0.19 | 0.19
810471038 (028 | 025 ] 0.23 | 0.19 | 0.19 | 0.18




TABLE V
MAXIMUM END-TO-END THROUGHPUT OBTAINED USING THE ANALYSIS
AND NS-2 (KB/S, PAYLOAD SIZE IS 1000 BYTES).

k | Analysis | Simulation | Discrepancy (%)
1 5088.47 5088.62 0.00
2 2676.15 2485.40 7.13
3 1801.39 1789.50 0.66
4 1392.33 1226.72 11.89
5 1213.60 1090.05 10.18
6 1102.68 1050.00 4.78
7 1029.47 991.97 3.64
8 980.41 970.08 1.05
12 880.00 909.92 3.40
16 839.37 891.06 6.15
7 ‘ — ‘
GP analysis, I=1460 —=—
ns-2 simulation, /=1460 —=—
= 6 GP analysis, /=1000 —e— 1
3 ns-2 simulation, /=1000 —e—
S 5l GP analysis, I=500 —=— |
5 ns-2 simulation, /=500 —&—
Q.
9
5 3
5
e 2r
2
WL
0 L L L L L L L

Path length (k)

Fig. 4. Maximum end-to-end throughput for payload sizes of 500, 1000, and
1460 bytes (8 = 3.3).

a comparison of the calculated maximum throughput from
the analysis with that measured from the ns-2 simulations.
Because the end-to-end throughput in a multi-hop wireless
path depends on the offered load during the simulation, we
can determine the maximum end-to-end throughput by varying
the offered load from 10 Kb/s to 6.5 Mb/s at a resolution
of 10 Kb/s. In the simulation results, the summation of each
airtime within the same carrier sensing range exceeds 1. This
is due to the assumption that every node spends the same
amount of backoff time, which is computed to be CW/2
without considering the neighboring nodes for simplicity. This
problem would be resolved using a more accurate modeling
of the backoff mechanism as previously mentioned.

Fig. 4 shows specifically that the maximum end-to-end
throughput obtained from the analysis matches quite well
that of the ns-2 simulations within a wide range of path
lengths k with different payload sizes. In Table V, the largest
discrepancy between the maximum end-to-end throughputs of
the analysis and those from the simulations is within 11.89
% in a four-hop network, with a payload size of 1000 bytes.
From Table V, we can see that in most cases, the throughputs
measured through the ns-2 simulations are lower than those
from the analysis, which is mainly due to the EIFS of the
IEEE 802.11 DCF, which was not considered in the modeling.
According to the IEEE 802.11 DCF specifications, if a node

7 T T T T
GP analysis, I=1460 —=—
ns-2 simulation, I=1460 —=—
& 6 Ng’s analysis, i=1460 —e— 1
3 GP analysis, =500 ——
S 5/ ns-2 simulation, /=500 —=— |
= Ng’s analysis, (=500 —e—
3
S 4t
3
9
e
5 3¢
j
@
2 2
°
c
wooy
0 L L L L L L L

Path length (k)

Fig. 5. Comparison of maximum end-to-end throughput for the analysis,
ns-2 simulation, and Ng’s analysis in [14] (8 = 4).

fails to decode a frame after its reception, the node assumes
that the frame was a data frame and expects an ACK frame
to follow. The node then defers its transmission for Tgrrg,
resulting in a lower throughput performance in the simulation
than in the analysis.

C. Effect of attenuation factors

We investigated the effects of channel fading, particularly,
the effect of path loss attenuation factor /3. Attenuation factor 3
varies between 3.3 and 4. For a larger value of 3, the transmis-
sion and interference ranges are smaller such that the numbers
of competing and hidden nodes are also decreased in chain and
cross multi-hop networks. In this case, the ratio of transmission
failures u becomes smaller in (2) as the interference range
is smaller for 8 = 4. Fig. 5 compares the maximum end-
to-end throughputs calculated by the analysis and measured
through the simulations, and shows that the analysis provides
accurate estimates of the end-to-end throughputs for 8 = 4.0.
We then compared the proposed analysis with an analysis by
Ng and Liew in [14], in which the authors derived the end-
to-end throughput in multi-hop wireless networks under the
assumption that the airtimes of all nodes on the path are the
same. Fig. 5 shows that their results are well matched with the
measured throughput from the simulations when the number
of hops is greater than seven. Conversely, the results obtained
from the analysis are well matched with the simulation results
for all cases.

D. Cross topology

We performed an ns-2 simulation for the cross topology, the
results of which are shown in Fig. 3. We then compared the
simulation results to those obtained from the analysis. Table VI
shows the end-to-end throughput obtained from the analysis
and by the simulations. In the worst case, the discrepancy
between the analysis and simulations is less than 9.5 %,
regardless of 3 or the payload size in the cross topology. We
then confirmed that in all cases, the optimization solutions
with less strict constraints satisfied all original constraints.



TABLE VI
MAXIMUM END-TO-END THROUGHPUT PER FLOW FOR THE CROSS
TOPOLOGY IN FIG. 3 (KB/S).

Attenuation factor | Payload (byte) 500 1000 1460
Simulation 320.0 462.8 536.5

B =33 Analysis 340.8 5014 588.8
Discrepancy 61% 77% 88 %

Simulation 405.8 552.6 646.3

B =4.0 Analysis 4477 6073 684.6
Discrepancy 94% 9.0% 5.6%

VI. CONCLUSIONS

In this paper, we analyzed the end-to-end throughput of an
IEEE 802.11 DCF-based multi-hop network. We formulated an
optimization problem to compute the throughput of each node
on a multi-hop path, determined using the throughput value
obtained at the last hop of the wireless path. The optimization
problem was then solved using geometric programming, which
could provide a globally optimal solution for the airtime of all
links on the path. This method was first applied to a multi-
hop network with a chain topology, and, in the worst case, the
discrepancy between the end-to-end throughputs obtained from
the analysis and the ns-2 simulation was as little as 12 %. In
a cross topology, the discrepancy was less than 10 %, which
confirms the potential for applying this approach to various
wireless networks with a more general topology. In addition,
the analysis was successfully applied to estimate the number
of transmission attempts required for a successful transmission
at the intermediate nodes.

An immediate research agenda is to apply the analysis
to more general scenarios with various topologies, including
multiple flows and varied transmission rates, as only simple
chain and cross topologies were taken into consideration in
this work. Once a set of competing and hidden nodes for
each node is identified, the analysis is expected to make the
optimization problem solvable, allowing us to numerically
obtain a high throughput performance in a variety of multi-
hop wireless networks. Next, we intend to develop a more
detailed mathematical model for IEEE 802.11 DCF in terms
of the airtime of links on a multi-hop path. The new model is
expected to overcome the limitations of this paper, including
detailed behaviors such as the binary exponential backoff
(BEB) mechanism and delay owing to EIFS in IEEE 802.11
DCE.
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