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ABSTRACT

In the context of multi-hop wireless networks, various topol-
ogy control algorithms have been proposed to adapt the
transmission range of nodes based on local information while
maintaining a connected topology. These algorithms are
particularly suited for deployment in sensor networks which
typically consist of energy constrained sensors. Sensor nodes
should support power adaptation in order to use the benefits
of topology control for energy conservation. In this paper,
we design a framework for evaluating the performance of
topology control algorithms using overall network through-
put, and total energy consumption per packet delivered, as
the metrics. Our goal is to identify the scenarios in which
topology control improves the network performance. We
supplement our analysis with ns2 simulations using the cone-
based topology control algorithm [10, 19].

Based on our analysis and simulations, we find that link
layer retransmissions are essential with topology control to
avoid throughput degradation due to increase in number of
hops in lightly loaded networks. In heavily loaded networks,
the throughput can be improved by a factor up to k2, where
k is the average factor of reduction in transmission range
using topology control. Studies of energy consumption re-
veal that improvements of up to k* can be obtained using
topology control. However, these improvements decrease as
the traffic pattern shifts from local (few hop connections) to
non-local (hop lengths of the order of the diameter of the
network). These results can be used to guide the deployment
of topology control algorithms in sensor networks.
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1. INTRODUCTION

Multi-hop wireless networks, such as radio networks [7],
ad-hoc networks [14], and sensor networks [4, 15], are net-
works where communication between two devices may go
through multiple consecutive wireless links. Unlike wired
networks for which the topology is fixed (except in cases
of link failures), these networks have dynamic topologies
based on the location of the devices and their range of trans-
mission. For sufficiently dense networks, nodes can restrict
communication only to nearby nodes with reduced range
of transmission and yet maintain global network connectiv-
ity. The mechanism for computing the sufficient transmis-
sion ranges for each node is called topology control, and its
main goal is to optimize performance metrics such as net-
work lifetime and throughput while maintaining a connected
network.

Reduction in transmission range reduces the per packet
energy consumption and also promotes spatial reuse. How-
ever lengthening of routes effects the end-to-end reliability of
flows. Taking these factors into account, it becomes critical
to understand the applicability and usefulness of topology
control in various networking scenarios. To this end, the
goal in this paper is to design a framework for analyzing
the performance of networks with topology control and to
identify scenarios where topology control is beneficial to use.
Our study is focused on UDP flows and the metrics used are
throughput improvement, and energy efficiency. We define
throughput to be the total number of bits received per sec-
ond by the destinations of all the multi-hop flows in the
network. For purposes of energy consumption comparisons,
the metric we use is the total transmission and reception
energy consumed per successfully received bit.

This paper makes the following two contributions to the
understanding of the performance of topology control. First,
we present an analytical framework for characterizing the
performance of topology control under different traffic pat-
terns, packet error rates, and maximum number of link layer
retransmissions. Second, using the cone-based topology con-
trol algorithm [10] as an example, we show that the results
from realistic simulation setting closely follow our analysis.
Based on our studies, the performance of topology control
for large networks can be characterized as follows:

e In heavily loaded scenarios, topology control can im-



prove the throughput by a factor up to k%, where k is
the average factor of reduction in transmission range
obtained by using topology control.

In lightly loaded scenarios, channel error causes reduc-
tion in throughput. Increase in link layer persistence
lessens the severity of throughput reduction.

Studies of energy consumption reveal that improve-
ments of up to k* can be obtained using topology con-
trol for local unicast traffic. For an unreliable link
layer, Topology Control increases the energy consump-
tion, if the traffic pattern is non-local. However, this
can be effectively prevented by the use of link layer
retransmissions.

While the results in this paper apply to wireless ad hoc
networks in general, the following two main aspects of the
framework are specifically targeted for sensor networks. First,
we assume a network of relatively large number of nodes that
are randomly placed in a region. The random distribution
can be a result of sensor deployment from moving aircrafts
or vehicles. Second, we consider energy efficiency as one of
the study parameters, which is vital for sensor networks, as
replacing or recharging batteries is difficult, if not impossi-
ble.

The rest of the paper is organized as follows. Section 2
characterizes the benefits of using topology control in terms
of end-to-end throughput improvements and energy efficiency.
Section 3 presents results from simulation on the ns2 simu-
lator using an idealized MAC layer and a simple fixed error
rate channel model as well as a more realistic ambient noise
dependent channel model. In Section 4, we present related
work in the field of topology control for multi-hop wireless
networks. Section 5 points to areas which are part of our
future work. Section 6 concludes the paper.

2. ANALYSIS OF NETWORK THROUGH-
PUT AND ENERGY EFFICIENCY

In this section we analyze the performance of networks
with topology control in terms of network throughput and
energy efficiency. We first state our assumptions and de-
scribe our traffic model. We then analyze the performance of
networks using topology control under different traffic pat-
terns, network loads, link layer reliability and channel error
rates.

2.1 Assumptionsand Traffic M odel

The range of interference for packet transmissions is larger
than the transmission range. For our analysis, we assume
that within the range of interference, no other transmissions
or receptions may occur simultaneously’. Nodes closer to
the boundary of the network may have part of their inter-
ference region outside the network boundaries. In order to
properly apply our analytical results to the simulation sce-
narios, we define the notion of effective interference range.
For a node with its interference region completely inside
the network boundary, the effective interference range is the
same as the interference range. Otherwise, it is defined as
the radius of a disk whose area is equal to the area of the
interference region inside the network boundaries. We refer

LA more realistic interference model is used in our simula-
tions.
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to the scheme where no topology control is used as Plain.
Let R:ic and ric be the average effective interference range
and transmission range respectively, when topology control
is used and let R,; and r,; be the corresponding notations
for Plain. We assume the network is dense enough such that
the network is connected if every node uses r,; as its trans-

mission range. Let k. = R—i’i and k = % If the network is
sufficiently large, k. = k as typically the interference range
scales with the transmission range. Throughout this paper,
the subscript tc is used to refer to a parameter associated
with the network using Topology Control, and the subscript
pl to refer to the parameter associated with the network
without using Topology Control. We drop the subscript tc
and pl when our discussion applies to both. If R,, is the
maximum transmission range, then R, = R,,. We assume
that the network nodes are uniformly distributed in a square
area of size A.

The bit error rate is a function of various parameters in-
cluding the modulation scheme, the received power, the am-
bient noise and the raw channel bit-rate. For our analysis
we make the simplifying assumption that the channel error
rate is independent of the received power. However, in our
simulations we consider both, a realistic channel error model
based on received power and ambient noise (see Section 3.3),
and the error model independent of received power. The for-
mer model considers our results in a more realistic setting
while the latter provides insights into our study as it corre-
sponds to the model used in our analysis.

We assume that all packets are of same length. Our analy-
sis assumes that the transmission range is uniform across all
the nodes in the network?. This average transmission range
will be smaller for Topology Control than for Plain. We
do not model the possible effects of routing protocols and
MAC layer collision avoidance mechanisms. We leave it to
the simulations to explore these dimensions of the problem.

We use the power law traffic pattern as our traffic model [8].
It allows modeling of a variety of traffic patterns ranging
from “local” traffic to traffic spanning the diameter of the
network. Under the power law distribution of network traf-
fic, the probability that a node communicates with a desti-
nation at a distance of x, is proportional to xA, for a constant
A. So, the expression for the probability is given by

x)\
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€ is introduced to make the probability density function
well-defined for A < —1. It is a non-zero minimum dis-
tance between any source-destination pair. The power law
distribution captures the overall locality of network traffic.
For large negative A, destinations are clustered close to the
sender. For large positive A, destinations are dispersed to
the periphery of the network. A = 0 corresponds to a traf-
fic pattern where the distance between the source and the
destination is picked from a uniform distribution.

For this traffic pattern, the average path length L is given
by
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2This assumption holds well when the node density is uni-
form.



Closed form expression of L with respect to different A
can be found in [8]. Given this traffic pattern with various
values of A\, we derive expressions for the throughput ratio
and energy efficiency ratio of Topology Control over Plain.
We present the expressions graphically based on numerical
solutions obtained using the Matlab toolkit.

2.2 Throughput Analysis

We study two different types of network scenarios, namely
saturated and unsaturated. The distinction is based on the
total MAC layer traffic load in the network. In a saturated
network, the MAC layer can not handle any extra transmis-
sions beyond the current load. For such scenarios, besides
other factors, the total end-to-end throughput is limited by
the hop-by-hop throughput, commonly referred to as the
capacity of the network. In an unsaturated network, the
raw channel capacity is not fully utilized. For such scenar-
ios, the limiting network capacity will not play any role.
However, other factors such as channel error rate and max-
imum number of allowed link layer retransmissions impact
the throughput ratio. We therefore study the two cases sep-
arately.

2.2.1 Unsaturated Networks

In this scenario, the shared media has very few packets to
send. Let O be the total end-to-end traffic that gets injected
into the network per unit time. This does not include pack-
ets that have not left the sender’s buffer. Let S(z) be the
probability that a packet will be delivered to a destination at
a distance of z units. Clearly S(z) = (1 — p™®)"® where
p is the probability of transmission failure on a link, mtx
is the maximum number of transmission attempts made by
the link layer, and h(z) is the number of hops needed for
the packet.

In a highly dense network, h(x) can be approximated by
[£] (r is the average transmission range). If the network
density is not very high, the expression for h(x) is a lower
bound on the hop length. Since the total traffic for distance
x is Oq(z), the total traffic successfully delivered to distance
z is ©¢(z)S(z). The overall throughput integrated over all
distances is thus,

®3)

In unsaturated scenarios, the total traffic that the senders
are generating is exactly the traffic that gets injected into
the network (©). Therefore © will drop out of the equation
when we consider the throughput ratio, which is given by

VA
T= / Oq(x)S(z)dx

T
Tratio T_tc
pl
1, if p=0
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1—(1—pmtx) "pl

Since the closed form solution for general p and A is cum-
bersome and unwieldy, we only give the closed form solution
for specific cases. We resort to plots from numerical solu-
tions to illustrate the value of Trqtio for different p and A.
Clearly, the overall throughput will be the same for both
Plain and Topology Control provided that the link is reli-
able. Since normally r:;. < rp;, Equation 4 shows that the
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throughput of Topology Control will be less than Plain. We
plot the throughput ratio in Figures 1(a) and 1(b). The pa-
rameters used are as follows: 7, = 250m, ri. = 92m and
p = 1.56 % 10™* nodes per square meter. The transmission
range 7p; is based on Lucent WaveLAN’s transmission range
that is also used in our simulations. The transmission range
for Topology Control 7., is based on the average transmis-
sion range observed in our simulations with a node density
of p. Figure 1(a) shows that the throughput of Topology
Control will decrease drastically as A and p increases. Since
link layer retransmissions increase S(x), the throughput ra-
tio will decrease gradually with increasing A if link layer
retransmits as shown in Figure 1(b).

Intuitively, in an unsaturated network, the reduction in
spectrum utilization does not improve the throughput as the
spectrum is not the bottleneck. The end-to-end reliability
of the packets impact the total throughput.

2.2.2 Saturated Networks

The throughput in this case will be the same as in Equa-
tion 3 except that © will no longer be same for Topology
Control and Plain. © is a function of p, number of link
layer transmission attempts mtz, and transmission range
r. The proportion of traffic that can go into the air for
a destination distance z away is ©g(x). Let G(z) denote
the expected number of hop-by-hop transmissions that oc-
cur when a packet begins its journey to a destination at a
distance = away (See appendix for the expression of G(z)).
The total one hop transmissions per unit time will then be
Q= féﬂ Oq(x)G(x)dz. If the network is saturated, then
the maximum number of possible one hop transmissions per
unit time is % where W is the raw bandwidth of the chan-
nel, R is the effective sensing range. Let 1 be the efficiency
of the MAC layer. Then Q = n¥4  Therefore,

TR2"

nWA
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Thus, the throughput ratio is,
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From Equation 6 and Figure 2, we see that Topology Con-
trol can achieve a throughput k2 times more than Plain if
the traffic pattern is local. As the traffic pattern becomes
more and more non-local, the throughput ratio drops.

Note that, in the above analysis we assume that for Topol-
ogy Control, the variance of the transmission and interfer-
ence ranges across nodes in the network is small. Otherwise,
Tratio can be much smaller.

Intuitively, in a saturated network, the extra available
spectrum obtained due to topology control, is used up by
other flows as the spectrum is the bottleneck. As a re-
sult, for saturated networks, topology control improves the
throughput, specially for local traffic. For non-local traffic,
the end-to-end reliability decreases sharply for the case of
topology control, and may reduce the total throughput.



Unsaturated Network: mtx=1, r‘c=92 and rpl=250

Throughput Ratio

o 1 2
A

(a) No link layer retransmission

-1

ratio

Unsaturated Network: mtx=3, =92 and rpl=250

o 1 2 3
A

(b) Up to two retransmissions

-1
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Figure 2: Saturated networks: throughput ratio 7)., with respect to A and packet dropping probability p.

2.3 Energy Efficiency

Recall that energy efficiency is defined to be the ratio of
the amount of energy consumed per successfully delivered
packet for Plain over that of Topology Control. Therefore,
by definition, energy efficiency is independent of network
load.

For Plain, the transmission energy Ef,’f is proportional to
RY, where both R, the maximum transmission range, and
v, the power loss factor are constants. So, Ef,f is a con-
stant. However, for Topology Control, EfZ is proportional
to 77, where the range r is discovered as a result of the
topology control algorithm. We use v = 4 for our stud-
ies. Now we compute the energy consumed for receiving
packets. For Topology Control, every packet transmission
is received by mR?p — 1 nodes, where p is the density of
nodes in the network. Each packet reception consumes a
constant energy ™. The sum of transmission energy and
receiving energy associated with one transmission is then
E = E* + (nR%*p — 1)E™. The total energy consump-
tion for a packet trying to reach a destination at a distance
of z is G(x)E. Therefore, the total energy consumption is

Fiotar = feﬁ Oq¢(z)G(z)dz. Since the throughput 7' mea-
sures the number of packets delivered per unit time, the en-
ergy consumption per packet delivered E¢ is proportional
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to —E‘%‘“‘ . Thus the energy efficiency ratio is
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If we consider transmission power alone, then E,q4ti0 can
be up to k*. If we consider reception power only, then Eqio
can be up to k2. In order to illustrate the energy efficiency,
we plot it using the following parameters, r,; = 250, ryc = 92
p = 1.56 * 10~* nodes per square meter, and Fi* = oL
1 gt

From Figure 3, we see that Topology Control saves energy
when the traffic pattern is local. Link layer retransmission
improves only a little bit.

We observe that for traffic pattern ranging from local to
random (A = 0 corresponds to traffic where the distance
to the destination is picked uniformly), Topology Control
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Figure 3: Energy efficiency F, .o with respect to A\ and packet dropping probability p.

is always better in terms of energy efficiency. However, for
unreliable channel model, energy efficiency of Topology Con-
trol is lower when the traffic pattern is to destinations far
away (A > 0). The energy efficiency can be improved by
link layer retransmissions.

3. SIMULATION RESULTS

In our analysis in Section 2, we made some simplifying
assumptions (Section 2.1). The goal of our simulations is
to study the performance of Topology Control and Plain
in realistic settings. We find that the conclusions from our
analysis are similar to those from the simulations. And, in
most cases the results from the simulations match closely
with the results from the analysis.

3.1 Simulation Setup

In order for topology control to be practical, the algorithm
must be distributed and use only local information, such
as the algorithms in [10, 17, 9] ( [9] is an improvement
over [17]). Li et al. show that [10] and [9] produce similar
topologies. We expect the results to be similar for the two
algorithms [10, 9], and chose to simulate the algorithm in
[10].

The algorithm is implemented in ns-2 network simulator
[16], using the wireless extension developed at Carnegie Mel-
lon [6]. We implement the CBTC algorithm proposed in [10]
with oo = 27 /3 and its optimizations. According to the algo-
rithm, each node independently picks the minimum trans-
mission range such that for every cone of degree a from that
node, there is a neighbor in the reduced transmission range.
In practice, frequent message exchanges are needed to main-
tain these neighbors which can incur a significant overhead.
We implemented asymmetric edge removal, shrink-back and
pair-wise edge removal optimizations as discussed in [10].
Since our goal is not to study a specific topology control
algorithm but to characterize the performance of topology
control algorithms, we assume perfect knowledge of the lo-
cation (x-y coordinates) of neighbors. This corresponds to a
long-lived static network where neighbors do not go down or
go away. For the same reason, we also pre-compute shortest
routes based on global information.

The standard IEEE 802.11 does not work correctly with
topology control algorithms. The reason is that the mech-
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anism in IEEE 802.11 that deals with the hidden-terminal
problem (RTS/CTS/ACK) assumes that every node has the
same transmission range. This is not the case for networks
using topology control, as each node determines its own
transmission range. Several power efficient protocols [20,
13] that work in the presence of non uniform transmission
ranges of nodes have been proposed. When used in con-
junction with topology control, these MAC layer solutions
will further improve energy efficiency and throughput. How-
ever, to keep our study independent of any MAC layer be-
havior we use an idealized version of a CSMA/CA proto-
col using knowledge of transmissions in the nearby region.
For this purpose, we choose to modify the WaveLAN-I [18]
CSMA/CA MAC protocol. Specifically, a transmission will
not proceed if it can collide with any receiving packet at
other nodes (i.e. the media is considered busy in that case)
or if the packet will collide at the receiver. We refer to this
MAC layer as the IDEAL MAC layer. Note that, the busy
tone in PCMA [13] can achieve this effect. But the use
of IDEAL MAC may underestimate the collision rate that
would occur on a real MAC.

We assume that the received power drops with distance
with an exponent of 4. That is, for the same received power,
the transmit power is proportional to d*, where d is the
transmission distance. We assume that the power required
to receive a transmission at the receiver is a constant and
is one-half the maximum transmit power. The carrier fre-
quency is 914MHz, and the transmission raw bandwidth
2MHz. We assume omni-directional antennas with 0dB gain,
and the antenna is placed 1.5 meters above a node. The re-
ceive threshold is —94 dBW. The carrier sense threshold
is —108 dBW and the capture threshold is 10 dB. These
parameters simulate the 914 MHz Lucent WaveLAN DSSS
radio interface. The receiving power is 0.1409 W.

Each node has a maximum transmission range of 250 me-
ters which corresponds to a transmission power of 0.2818
W. There have been studies on network lifetime by assum-
ing that each node has a fixed amount of energy supply [10,
3]. We focus on the performance of the network before any
node runs out of energy. The nodes are placed uniformly at
random in a square region of 800 by 800 meters.

For our simulations we have used two different link error
models. The first model is a simple error model that corre-
sponds to the one used in our analysis. In this model, the
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Figure 4: 100 node unsaturated network: performance with channel error independent of transmission power
(Comparable analytical results shown in Figures 1 and 3)

channel error rate is represented by a fixed probability. In
our second model, the bit error rate is a function of several
factors such as the ambient noise, the received power and
the raw bit rate. The model also depends on the modula-
tion scheme. This model helps in studying the performance
of Topology Control more realistically. In the remaining sec-
tion, we present the results based on the two error models.

3.2 Simulation Results: fixed link error model

We vary the traffic pattern and show how it affects the
performance of Topology Control over Plain. We consider
the class of traffic patterns with power law distance distri-
bution.

We simulate a 100 node network deployed in the 800m
x 800m square region. The measured average transmission
range of Topology Control is 7¢c, = 92m. Since rp; is 250m,
the transmission range ratio is k1 = el — 250 — 979 The

Tte 92

interference range of Plain is 550m. For Plain, the mea-
sured average effective interference range R,; is 390m. For
Topology Control, the measured average effective interfer-
ence range Ric1 = 187.7. Therefore, ke1 = 2.04, keo = 2.80.

First, we present results for the unsaturated scenario. We
plot the simulation results on throughput ratio and energy
efficiency ratio with respect to different A and p in Fig-
ure 4. For throughput ratio, the simulation graphs of Fig-
ures 4 (a) and 4(b) correspond to the analysis graphs of
Figures 1(a) and 1(b). We observe that although the simu-
lation results are slightly lower than the throughput ratios
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obtained from analysis, the pattern of the corresponding
graphs are very similar. Similarly for energy efficiency, the
simulation graphs of Figures 4 (c¢) and 4(d) correspond to
the analysis graphs of Figures 3(a) and 3(b). Once again the
patterns from the analysis match very well with the simula-
tions. However, for values of A > 0, the energy efficiency ob-
served in simulations is lower than the results obtained from
analysis. The main reason for this discrepancy is the ap-
proximate model used in our analysis that assumes uniform
transmission power across all nodes in the network when
topology control is used. In the simulations, the nodes have
varying transmission ranges depending on the result of ap-
plying the topology control algorithm on the local topology.
We observe several interesting facts from these graphs: (1)
Even modest retransmissions such as 2 times significantly
increases the throughput of Topology Control. (2) Energy
efficiency ratio decreases drastically as A increases. Energy
efficiency ratio is only slightly affected by p and link layer
retransmissions.

We present the results of the saturated case in Figure 5.
As our analysis predicts, neither the packet error rate nor
the number of link layer retransmissions affect the through-
put ratio very much. Note that the throughput ratio at
A = —3 and p = 0 is around 2.8 (Figure 5(a)). which is
less than the k%, = 4. This is the effect of the variance
of transmission range of Topology Control. Also observe
that the pattern of the graphs in Figure 5 corresponds very
closely to our analysis graphs in Figure 2 and Figure 3. Like
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in the unsaturated case, the energy efficiency graph shows
that Topology Control does not save energy if the traffic
pattern is non-local.

3.3 Simulation Results: ambient noise based
link error model

Our analysis as well as the simulations presented thus far
assumed that the channel error rate is independent of the
received power. However, in reality the bit error rate (pp)
is a function of the modulation scheme, the received power,
the ambient noise and the raw channel bit rate. Assuming
BPSK (binary-phase-shift-keying) modulation *, the expres-
sion for bit error rate py, is given by [5]:

P

8

) ®)

where N is the noise spectral density (noise power per Hz),

f is the raw channel bit rate which for our simulations is 2
Mbps, and erfc(x) is given by:

o2 [T
erfe(z) =1 NG /0 dt 9)

We have studied our results under this channel model as
well, and have found the same pattern in terms of through-

3For modulation schemes OOK and M-FSK an extra con-
stant inside the square root is needed for the expression of
Db

py = 0.5 x er fe(
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put ratio and energy efficiency ratio, as observed in our anal-
ysis and previous simulations with simplified received power
independent channel error model. We present a few results
for this channel model and show conformance with previous
observations.

We present the throughput ratios for both saturated and
unsaturated networks with 100 nodes. Figure 6(a) shows
the unsaturated scenario without any retransmissions. As
observed in our analysis and simulation with simple chan-
nel model, under low network load, the throughput drops
significantly with increase in the ambient noise level N.
The ambient noise level effects the packet drop probability.
By adding retransmissions the throughput ratio can be im-
proved. Figure 6(b) shows the unsaturated scenario without
any retransmissions. Once again our observations are very
similar to the simple channel model and analysis. The same
holds for energy efficiency (not presented here due to lack
of space). Thus we observe that the performance character-
ization of topology control using the simple channel model
is applicable to the more realistic channel model as well.

4. RELATED WORK

Recent work on topology control has concentrated on find-
ing algorithms to improve throughput and energy efficiency
while guaranteeing global connectivity using only local po-
sition or direction information. In the cone-based topology
control algorithm (CBTC) [19, 10] Li Li et al. have studied,
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Figure 6: With noise dependent channel error model: 100 node network

a node u transmits with the minimum power p, . required
to ensure that in every cone of degree o around wu, there is
some node that u can reach with power p, . They showed
that taking o = 57/6 is a necessary and sufficient condition
to guarantee that network connectivity is preserved. More
precisely, if there is a path from s to ¢ when every node
communicates at maximum power then, if o < 57 /6, there
is still a path in the smallest symmetric graph G, containing
all edges (u,v) such that v can communicate with v using
POWET Py, On the other hand, if o > 57/6, connectivity is
not necessarily preserved. Rodoplu and Meng [17] propose a
distributed position-based topology control algorithm that
preserves connectivity and minimum energy path. Their al-
gorithm is improved by Li Li and Halpern [9]. Ning Li et
al. [11] proposed a minimum spanning tree based topology
control algorithm, where each node builds its local minimum
spanning tree independently and only keeps on-tree nodes
that are one-hop away as its neighbors in the final topology.
Fault tolerance issues have also been considered recently.
Bahramgiri et al. [1] have shown that, for the CBTC algo-
rithm, it is necessary to have o < 27/3(k—k mod 2) in order
to tolerate k node failures or to have k node-disjoint paths
between any two nodes in the network. XiangYang Li et
al. [12] have shown that a variant of Yao graph can also pre-
serve k node-disjoint paths. None of these algorithms have
characterized the operating region of topology control un-
der different traffic pattern, load condition and packet error
rate.

Bansal et al. [2] have studied the effect of different fixed
transmission radius on the throughput of TCP traffic and
energy efficiency. They have shown that the total energy
consumption is a convex function of the transmission range
due to tradeoffs between individual packet transmission en-
ergy and the likelihood of retransmission. The TCP session
throughput decreases supra-linearly with a decrease in the
transmission range. However, they do not consider other
traffic patterns or the effect of topology control.

5. DISCUSSION AND FUTURE WORK

We have made some simplifying assumptions in our anal-
ysis. As part of our future work, we are interested in refining
the presented analytical framework by taking the following
factors into account:
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e We would like to incorporate the distribution of the
transmission range of Topology Control into our anal-
ysis. Our current analysis assumes that the transmis-
sion range of all nodes is uniform, albeit reduced, even
when Topology Control is used.

o We have assumed that a transmission reserves an area
within the sensing range. However, in protocols with
RTS/CTS/ACK, the reservation is the union of areas
within the sensing range of source and destination. We
would like to model this type of MAC as well.

e Although our simulations have shown that the simpli-
fied link error model suffices for the purposes of char-
acterizing Topology Control, a more accurate analysis
will be based on a realistic channel error model such
as the one used in part of our simulations.

We would also like to enhance our simulation studies by
incorporating the following:

e We have used an idealized version of CSMA protocol
for the MAC layer. We would like to investigate the
effect of a real MAC protocol such as PCMA [13].

Mobility has not been considered in our study and
it remains to be investigated how the relative perfor-
mance of topology control gets affected when nodes
are mobile.

e Our simulation focuses only on UDP traffic. The ef-
fect of different transmission ranges on TCP through-
put has been studied in [2]. However, they have also
assumed that all nodes have the same transmission
range. It would be interesting to study how TCP
throughput gets affected by variable transmission ranges
if topology control is used.

6. CONCLUSION

In this paper, we study the performance gains of topology
control using analysis and simulations in terms of through-
put and energy efficiency under different traffic patterns,
network load conditions, and packet error rates.

Using the power law traffic pattern for UDP flows, we
have shown that topology control improves the overall end-
to-end network throughput up to a factor of k2 (where k. is



the ratio of effective interference range) in saturated scenar-
ios when the traffic pattern is local. Beyond random traf-
fic pattern, i.e., when traffic becomes more and more non-
local, topology control degrades the performance in terms
of throughput. Although link layer retransmissions can im-
prove the throughput for topology control significantly for
local traffic, its effect on non-local traffic is minimal. The
energy efficiency of topology control is independent of net-
work load, and can be up to k* where k is the average factor
of reduction in transmission range by the use of topology
control. It is not effected much by link layer retransmis-
sions. The energy efficiency of topology control decreases as
the traffic pattern changes from local to non-local.

Based on our analysis and simulations, we conclude that
sensor networks can benefit from the use of topology control
both in terms of throughput and energy consumption, if
the traffic pattern in the network is anywhere from local to
random.

7. REFERENCES

[1] M. Bahrangiri, M. T. Hajiaghayi, and V. S. Mirrokni.
Fault-tolerant and 3-dimensinoal distributed topology
control algorithms in wireless multi-hop networks. In
Proc. the 11th IEEE International Conference on
Computer Communications and Networks (IC3N),
pages 392-397, 2002.

S. Bansal, R. Gupta, R. Shorey, I. Ali, A. Razdan, and
A. Misra. Energy efficiency and throughput for TCP
traffic in multi-hop wireless networks. In Proc. IEEE
Infocom, pages 210-219, June 2002.

B. Chen, K. Jamieson, H. Balakrishnan, and

R. Morris. Span: an energy-efficient coordination
algorithm for topology maintenance in ad hoc wireless
networks. In Proc. seventh Annual ACM/IEEE
International Conference on Mobile Computing and
Networking (MobiCom), pages 85-96, 2001.

L. P. Clare, G. J. Pottie, and J. R. Agre.
Self-organizing distributed sensor networks. In

Proc. SPIE Conf. on Unattended Ground Sensor
Technologies and Applications, pages 229-237, April
1999.

V. K. Garg and J. E. Wilkes. Wireless and Personal
Communications Systems. Prentice Hall, 1996.

C. M. Group. Wireless and mobility extensions to
ns-2. http://www.monarch.cs.cmu.edu/cmu-ns.html,
October 1999.

R. E. Kahn. The organization of computer resources
into a packet radio network. IEEE Transactions on
Communications, COM-25(1):169-178, January 1977.
J. Li, C. Blake, D. S. J. D. Couto, H. I. Lee, and

R. Morris. Capacity of ad hoc wireless networks. In
Proc. seventh Annual ACM/IEEFE International
Conference on Mobile Computing and Networking
(MobiCom), pages 61-69, 2001.

L. Li and J. Y. Halpern. Minimum energy mobile
wireless networks revisited. In Proc. IEEE
International Conference on Communications (ICC),
pages 278-283, June 2001.

2

3]

[4]

[5]

[7]

8]

[9]

140

[10] L. Li, J. Y. Halpern, P. Bahl, Y. M. Wang, and

R. Wattenhofer. Analysis of distributed topology
control algorithms for wireless multi-hop networks. In
Proc. ACM Symposium on Principle of Distributed
Computing (PODC), pages 264-273, August 2001.

N. Li, J. Hou, and L. Sha. Design and analysis of an
mst-based topology control algorithm. In Proc. IEEE
Infocom, pages 1702-1712, 2003.

X. Li, P.-J. Wan, Y. Wang, and C. W. Yi. Fault
tolerant deployment and topology control in wireless
networks. In Proc. IEEE MobiHoc, pages 117-128,
2003.

J. Monks, V. Bharghavan, and W. Hwu. A power
controlled multiple access protocol for wireless packet
networks. In Proc. IEEE Infocom, pages 219228,
April 2001.

C. E. Perkins. Ad Hoc Networking. Addison-Wesley,
Reading, MA, 2001.

G. J. Pottie and W. J. Kaiser. Wireless integrated
network sensors. Communications of the ACM,
43(5):51-58, May 2000.

V. Project. The UCB/LBNL/VINT network
simulator-ns (Version 2).
http://www.isi.edu/nsnam/ns.

V. Rodoplu and T. H. Meng. Minimum energy mobile
wireless networks. IEEE J. Selected Areas in
Communications, 17(8):1333-1344, August 1999.

B. Tuch. Development of WaveLAN, an ISM band
wireless LAN. AT&T Technical Journal, 72(4):27-33,
1993.

R. Wattenhofer, L. Li, P. Bahl, and Y. M. Wang.
Distributed topology control for power efficient
operation in multihop wireless ad hoc networks. In
Proc. IEEE Infocom, pages 1388-1397, April 2001.

S. L. Wu, Y. C. Tseng, and J. P. Sheu. Intelligent
medium access control for mobile ad hoc networks
with busy tones and power control. IEEE Journal on
Selected Areas in Communications, 18(9):1647-1657,
2000.

APPENDI X

In this appendix, we derive the expected number of hop-by-
hop transmissions G(x) for a packet destined for a node at
a distance of . Let p be the packet error rate for each hop.
Let mtz be the maximum number of transmission attempts
of the link layer.

Since a transmission fails over a given hop only when all
mtx transmissions fail, the probability of packet transmis-
sion failure over a link is p = p™**. Given that the transmis-
sion of a single hop is successful (event x), the conditional
probability that the i-th attempt is successful is given by

Prob(ilevent x) = %. Therefore, the conditional ex-
pected number of transmissions over a single link given event
xismi = 3" i- Prob(ilevent x) = ﬁf%. There-
fore the expected number of transmissions over a h hop path
isg(h) = Z?z_ol(ml xi4mtx)*(1—p) *p+hxmy*(1—p)"
The expression G(x) is simply g([£]) where r is the trans-
mission range.



