
S-XTC: A Signal-Strength Based Topology Control
Algorithm for Sensor Networks

TIK-Report Nr. 235

Matthias Dyer
Computer Engineering and Networks Laboratory

Swiss Federal Institute of Technology (ETH) Zurich
8092, Zurich, Switzerland

dyer@tik.ee.ethz.ch

Abstract— We present S-XTC, a topology control algorithm
that uses the received signal strength indicator (RSSI) of the
radio on the sensor nodes. The algorithm is based on XTC,
an simple topology control algorithm that constructs a relative
neighborhood graph. In contrast to XTC our extended version
is robust against an error-prone RSSI. It guarantees the con-
nectivity and a bounded degree and is able to adapt to network
changes. We discuss the shortcomings of previous algorithms and
evaluate S-XTC by analytical proofs, simulation results and a case
study. We have successfully implemented and tested S-XTC on
the BTnodes.

I. I NTRODUCTION

Many applications for wireless sensor/actor networks
(WSN) require that all nodes are connected into a com-
mon network. Consider for example a sensor network for
environmental monitoring, where the nodes regularly report
their measured data to a base station. In other applications,
such as wireless intrusion detection or fire alarm systems, the
connectivity of the network is even more important and often
mission critical.

On the other hand, the applications usually run on small
devices with very limited resources in terms of computation,
communication and energy. In order to maximize the lifetime
of the nodes, energy efficient algorithms in all layers of the
application are required. One possibility for saving energy is
to choose the right network topology. Especially in dense net-
works, where a node is within the transmission range of many
other nodes, selecting a subset of neighbors to communicate
has a large potential to reduce the power consumption.

A topology control algorithm that runs on wireless nodes,
selects a set of neighbors for communication, such that the
resulting topology has advantageous properties. It can have
several objectives. In this work the goal is to reduce the
number of communication links and to avoid bad quality
connections, while guaranteeing a robust connected network
whenever possible. WhenG is the visibility graph, containing
an edge for everypossiblelink between two nodes, andGTC

the reduced graph obtained trough topology control, with only
the selectedlinks, the connectivity is guaranteed ifGTC is
connected, wheneverG is connected. This task is challenging,
because the algorithm needs to be fully distributed and only
local information can be used for the decisions. Furthermore

it should be simple and practical on common available sensor
node platforms, i.e. no additional hardware for localization
should be required.

A. Related Work

Early work in topology control focused on the special
case of randomly distributed nodes. Hou and Li [1] can be
considered originators of topology control.

We do not consider centralized algorithms here, as they can
not be implemented on distributed nodes. In [], distributed
topology control algorithms are presented that assume that
every node knows its location (e.g. from a GPS device). The
CBTC algorithm [2] is based on directional information, which
could also be achieved by directional antennas and beam-
forming.

Topology control for Bluetooth ad-hoc networks is also
referred to as scatternet formation. Previous research in this
area has led to a number of algorithms, that can be evaluated
according to following three properties: (a) guarantee for
connected topology, (b) guarantee for degree constraint, and
(c) requirement that all devices are within each others range. In
[3], the authors compared four prominent scatternet formation
algorithms and evaluate their performance. A more recent
comparison with four additional algorithms can be found in
[4]. Only two of eight evaluated algorithms guarantee property
(a) and (b) and do not require all devices to be within each
others range. One of them, the Bluemesh algorithm [5], forms
a mesh topology. However, it only considers connectivity in-
formation for selecting the neighbors. In contrast to Bluemesh,
the second algorithm, described in [4] additionally uses the
RSSI and constructs a sparse mesh scatternet, also known as
the relative neighborhood graph (RNG).

The XTC algorithm [6] uses an abstract link weight, such
as the RSSI, in order to construct a graph corresponding to the
RNG with the link weight as distance. Compared with previous
solutions, XTC was probably the simplest, and therefore
most practical topology control algorithm, that guarantees the
connectivity.

These algorithms still have considerable drawbacks, that
renders them impractical. Firstly, most algorithms assume
that all nodes start simultaneously with the execution of



the protocol. Secondly, especially the RSSI-based algorithms
assume that the estimation of the distance with the RSSI has
a fidelity of 1, i.e. RSSI1 > RSSI2 ⇒ d1 < d2. In practice,
this is not the case.

In [7] the authors present an algorithm where a node
connects to the k neighbors with the highest RSSI (k is a
predefined constant). Although the connectivity is not guar-
anteed for this algorithm, it addresses the two above issues.
The authors used a stochastic RSSI model in their simulations.
Further, the execution of the algorithm is delayed in order to
allow the nodes to start within a given time interval. However,
this approach is still not flexible enough in practice, as no
node can join the network anymore after the first links have
been established.

In previous work [8], we presented an implementation of
a of a simple, yet effective tree-building algorithm that was
able to dynamically adapt to network changes such as node
addition and deletion.

B. Contributions

In this work we present S-XTC, a topology control algo-
rithm that uses the received signal strength indicator (RSSI) of
the radio on the sensor nodes. The novel contribution of this
paper is twofold: To the best of our knowledge, the presented
algorithm is the first one that combines (a) energy efficiency
through topology control based on a single link metric, (b)
the ability to dynamically adapt to network changes, (c) the
guarantee for connectivity and low degree, and (d) a realistic
model for the RSSI.

Furthermore we have implemented and tested our algo-
rithm on the BTnodes, a dual-radio platform (Bluetooth
and CC1000) for developing ad-hoc network applications.
In contrast to our work, related algorithms have not been
implemented and evaluated on real sensor node platforms yet.
Only simulation results are presented that are often based on
impractical and unrealistic assumptions.

While the given case-study addresses some specific issues
and constraints originating from the Bluetooth standard and
devices, our algorithm can be applied also on platforms with
other radio technology.

C. Application Scenario

A typical application scenario where this algorithm fits in
is the following:

A large amount of sensor nodes are deployed in a field.
The nodes need to be sufficiently dense deployed such that
no disconnected clusters exist1. Besides that, no additional
constraints on the deployment are made, which allows for both
sparse and very dense regions.

The nodes remain stationary. However, it is possible that
additional nodes join or leave, e.g. because they are powered
by a solar cell, they run out of battery, or they are initially
deployed at a later time. It is further possible that the quality

1As studied in percolation theory [9], for randomly and uniformly distrib-
uted nodes, the network will be connected with very high probability if the
network density is above 5 nodes per unit disk.

of a connection between two nodes is temporally impaired by
obstacles.

The nodes can measure the signal strength of received
signals. This is a reasonable assumption, as this feature has
become a standard in almost all modern radio devices on the
sensor nodes.

When the nodes are turned on they start executing the S-
XTC algorithm which runs possibly forever, or until a certain
state is reached. E.g. it terminates when a path to a base-station
exists and vice versa, it can be reactivated when this path is
lost.

The topology control algorithm is typically implemented
as a separate network layer in the embedded software of the
nodes. It notifies the higher layer about the links to the selected
neighbors. The advantages of the topology control for the
application are as follows:
• Connectivity:The application can reach all other nodes

through the selected neighbors.
• Low Degree:Even in very dense networks the number of

selected neighbors is low, which allows for more efficient
execution of communication operations such as routing
or flooding. Furthermore a low degree is essential if
protocols are used, that limit the maximal number of
connected neighbors.

• Energy Efficiency:A node can save energy in two ways
through topology control: For link oriented communica-
tion systems, such as Bluetooth, the power consumption
generally grows linearly with the number of connections
[10]. A lower degree then consequently leads to lower
power consumption. For communication systems that can
individually adjust the transmit power, energy is saved by
reducing the transmit power to the level that is just needed
to reach the worst selected neighbor and not the whole
neighborhood anymore.

In section IV, we give a specific example of this application
scenario.

II. XTC A LGORITHM

A. Algorithm and Properties

Our algorithm is based on the recently published XTC
algorithm [6], which is an extremely simple and strictly local
algorithm. The authors of XTC claim that it is faster than any
previous proposal and that it is currently the most realistic
topology control algorithm available. Let us briefly describe
here the basic functionality of XTC.

The algorithm consists of three main steps: Neighbor order-
ing, neighbor order exchange, and edge selection (see Alg. 1).

The algorithm operates on a initial graphG = (V, E), which
we refer here to as thevisibility graph. For simulation and
comparison, it is commonly accepted to assume that Graph
G is a Unit Disk Graph (UDG), i.e. an Euclidean graph
containing an edge(u, v) if and only if the normalized distance
|uv| is smaller or equal than1. In other words: two nodes only
“see” each other if they are within each others range.

In the first step, each network node computes a total order
over all its neighbors with respect to decreasing link quality.



Algorithm 1 XTC
1: Establish order≺u over u’s neighbors inG
2: Broadcast≺u to each neighbor inG; receive orders from all

neighbors
3: Select topology control neighbors:
4: Nu := {}; Ñu := {}
5: while (≺u contains unprocessed neighbors)do
6: v := least unprocessed neighbor in≺u

7: if (∃w ∈ Nu ∪ Ñu : w ≺v u) then
8: Ñu := Ñu ∪ {v}
9: else

10: Nu := Nu ∪ {v}
11: end if
12: end while

A node u selects the link to nodev, if no already processed
nodew exists, that appears beforeu in the received order≺v

(w ≺v u). After completition of the algorithm, the setNu

containsu’s neighbors in the topology control graphGXTC .
The main properties of the resulting topology ofGXTC are

the following (see [6] for additional properties and proofs):

1) Symmetry:A nodeu includes a neighborv in Nu if and
only if v includesu in Nv.

2) Connectivity: Two nodesu and v are connected in
GXTC if and only if they are connected in the visibility
graphG. Consequently, the graphGXTC is connected
if and only if G is connected.

3) Bounded Degree:Given an Euclidean GraphG, GXTC

has degree at most6.
4) Sparseness:In a average-case simulation where nodes

are placed randomly and uniformly on a Euclidean
plane, the average degree of the nodes inGXTC is
constant at approximately2.5.

B. Evaluation with a realistic RSSI model

XTC has been evaluated in [6] mainly on Euclidean graphs.
If we use the RSSI value instead of the Euclidean distance for
the ordering of neighbors in the first step of the algorithm, we
obtain different results. In order to understand this behavior
we first measuredRSSI u(v) on our target platform.

The result is shown in Fig. 1 and Fig. 2. We can see that the
RSSI is not a monotonous decreasing function of the distance,
which is most likely because of reflections. A second effect
is that at a given distance the measured values have a large
variance. So even if the nodes are stationary, there are large
fluctuations of the RSSI. Other radio transceivers also show
this behavior [11].

To investigate the consequence of this on the results and
properties of the resulting topology we simulated the XTC
algorithm. In contrast to the simulations presented in [6]
we use the following RSSI model for the neighbor ordering
instead of the Euclidean distance:

w ≺u v ⇔ RSSIu(w) > RSSIu(v)
RSSI u(v) = RSSI 1 − a · log(|uv|)− σRSSI · x
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Fig. 1. RSSI versus distance. We measured with two BTnodes at distance
|uv| and 1 m above the ground on a roof and alternated transmitting and
receiving. The bold line is the average of 20 values. We read the RSSI of
an unconnected neighbor with the hciinquiry command (see HCI functional
description of the Bluetooth Core 1.2. Spec.).
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Fig. 2. RSSI fluctuations versus time of two stationary nodes.

a =
RSSI 1 − RSSI dmax

log(dmax)
x ∼ N (0, 1)

The reflections and the fluctuations of the RSSI are ex-
pressed in the model with the standard deviationσRSSI mul-
tiplied with a standard normal distributed random variablex.
The model fits to our measurements with the valuesRSSI 1 =
−57 dBm, RSSI dmax = −83 dBm, dmax = 40 m, and
σRSSI = 6 dBm. In the simulation 1000 nodes are placed
randomly and uniformly in a square field. We alteredσRSSI

and the network densityδ. The network density is is defined
as the average number of nodes within range (dmax), which is
equivalent to the number of nodes per unit disk. We simulated
with densities from 1 to 30 nodes per unit disk and with a
σRSSI from 0 to 13. The presented plots are averaged results
of 1000 graphs.

Fig. 3 shows the average and maximal degree of the nodes in
GXTC . For σRSSI = 0 the neighbor ordering is the same2 as
with the Euclidean distance and we obtain the same results as
in [6]. However forσRSSI > 0, the degrees are not bounded.
They grow with the network density and withσRSSI . The
number of edges also increases, as it is proportional to the
average degree. For largerσRSSI , the link metric becomes

2−a · log(|uv|) > −a · log(|uw|) ⇔ |uv| < |uw|
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Fig. 3. Average and maximal degree vs. the network density and the RSSI standard deviationσRSSI .

uncorrelated to the distance. In [6] was shown that for the
case of arbitrary link weights (general weighted graphs) the
degree of the nodes inGXTC with n nodes can beΘ(n) and
the number of edgesΘ(n2).

III. S-XTC A LGORITHM

The XTC algorithm, as well as the majority of other pro-
posed algorithms, can not be applied directly to our application
scenario, because they contain rather impractical assumptions.
In the case of XTC, we have identified following problems.

1) Device Discovery is an unreliable operation. Especially
in dense networks, it can not be guaranteed that all
neighbors are found, as required in the first step of XTC.

2) The nodes are not a priori synchronized and do not start
all at the same time. However, an assumption in XTC,
is that the tree phases are synchronized on all nodes.

3) It is assumed that the topology does not change.
4) For the XTC algorithm, the link weights are required to

be symmetric. However, without additional communica-
tion we have RSSIu(v) 6= RSSIv(u), and no guarantee
for the connectivity can be given anymore.

5) A realistic RSSI is not a monotonous decreasing func-
tion of the distance(RSSIu(v) > RSSIu(w) ⇔ |uv| <
|uw|). The maximal degree of a node is not bounded in
that case.

6) As in XTC, every node needs to exchange its ordered
list with all reachable neighbors, the time needed for
this operation scales badly with the network density.

Our proposed S-XTC algorithm addresses the above prob-
lems with 3 extensions.
• Dynamic Adaptation:With a general protocol change we

solve problems 1-4.
• Bounded Degree:This extension can be used if a bounded

degree is required (Problem 5).
• Scalability: With an additional heuristic, we reduce the

number of required ordered list exchanges, while still
guaranteeing the connectivity (Problem 6).

A. Wireless Communication

1) Communication Primitives:In order to foster an imple-
mentation of our algorithm not only for simulation but also
on real sensor nodes, we give a more detailed description
of the algorithm than the ones presented in previous work.

In particular, we describe what messages are exchanged and
how they are handled. We use the following communication
primitives:

discover: Beacon messages with the device ID are send.
When such a message is received, the ID is stored and the
RSSI is measured. For Bluetooth, there exist for this purpose
an integrated function (hciinquiry).

connect/disconnect:Only needed in connection oriented
protocols such as Bluetooth, where a dedicated channel be-
tween two nodes must be established before messages can be
sent.

send:We only consider point-to-point communication. The
reason is that in dense networks the high interference would
make a reliable broadcast transmission hard to achieve. In the
case of Bluetooth, the communication is link oriented.

2) Assymetric RSSI link model:The algorithm uses a link
weight to decide whether a link is selected or not. However,
if we only take the local measured RSSI of neighbor for this
decision, it might be possible that the resulting topology is not
connected. The reason is that the RSSIs measured are usually
not the same on both sides of the link. Therefore, we need to
define a common link weight. We use the following notation
for a link in the visibility graphG:

u v
|uv|u |uv|v

||uv||

|uv|u = −RSSIu(v)
|uv|v = −RSSIv(u)
‖uv‖ = f(|uv|u, |uv|v)

RSSIu(v) is the RSSI value of nodev measured by nodeu.
The higher the value, the better the link is considered.‖uv‖ is
the common link weight, that can be calculated on one side as
soon as the local weight from the other side has been received.
At this time, it is not important what functionf is.

B. Dynamic Adaptation

1) Algorithm: The pseudo-code for this extension is given
in Algorithm 2.

The main idea is that the decision, whether nodeu selects
neighborv or not, is taken directly when an order list≺v is
received atu. This has the same result as the original XTC



Algorithm 2 Adaptive XTC (for an individual nodeu)

1: processdiscovery
2: repeat
3: discover network changes
4: determine order≺u

5: add changed neighbors to ordered queueQ
6: sleep(tsleep)
7: until termination event
8: end process

1: processconnect
2: loop
3: if (Q not empty)then
4: v = next node inQ
5: connect(v) // if needed
6: send(v, orderlist(u, ≺u))
7: removev from Q
8: end if
9: end loop

10: end process

1: processmessage dispatch
2: message = waitForMessages
3: callMessageHandler(message)
4: end process

1: msg handler orderlist(nodev, list ≺v)
2: removev from Q
3: makeSymmetric(≺u, ≺v)
4: if (∃w : w ≺u v andw ≺v u) then
5: send(v, nack(u, ≺u))
6: else
7: send(v, ack(u, ≺u))
8: inform higher layer thatv is selected
9: end if

10: end msghandler

1: msg handler ack(nodev, list ≺v)
2: makeSymmetric(≺u, ≺v)
3: inform higher layer thatv is selected
4: end msghandler

1: msg handler nack(nodev, list ≺v)
2: makeSymmetric(≺u, ≺v)
3: inform higher layer thatv is deselected
4: disconnect(v)
5: end msghandler

1: function makeSymmetric(list≺u, list ≺v)
2: determine‖uv‖
3: ≺u,old=≺u

4: update≺u and≺v using‖uv‖
5: add all (w : w ≺u,old v andv ≺u w) to Q
6: end function

algorithm, because the decision only depends on≺u and≺v

and not on the other neighbors order lists. This allows for
asynchronous operation of the nodes, because these decisions
can be taken independently from the other neighbors state. A
further advantage is that the algorithm becomes more memory
efficient. There is no need anymore to store all neighbors order
lists after the decision.

The algorithm has three processes that run in parallel. The
discoveryprocess is responsible for detecting network changes
such as new discovered nodes or changes in the link quality.
The RSSI from all visible neighbors are measured and stored
with the node ID in a ordered list≺u. Based on the old and
the new list, it can be determined which neighbors are affected
by the change. Those neighbors are added to a ordered queue

Q. It can not be guaranteed that every time all neighbors
are correctly detected. The algorithm therefore continuously
repeats these operations which ensures statistically, that all
neighbors are found if the algorithm runs long enough.

The connectprocess continuously processes the entries in
Q by sending≺u to the neighbors. In contrast to the original
XTC algorithm, the list≺u not only contains the order of the
nodes, but also the absolute link weights, which are needed
later to calculate a common symmetric link weight.

The the message dispatch process calls for every incoming
message the appropriate handler. If an order list is received the
function makeSymmetricis called. The common link weight
‖uv‖ can be calculated from the local link weights in≺u

and ≺v. Node v is then reordered in≺u and nodeu is
reordered in≺v according to‖uv‖. The reordering however,
can influence the selection decision of the nodesw (line 5 in
makeSymmetric) that are betweenv’s old and new position in
≺u. These nodes are therefore readded to the queueQ.

2) RSSI Fluctuations:The algorithm reacts on network
changes such as node addition and deletion and link losses.
However, unnecessary changes due to RSSI fluctuations should
be avoided as much as possible, since they cost energy
and impair the network stability. In a field experiment with
stationary nodes, deployed with 12 nodes per unit disc, we
counted the number of connection establishments. Filtering the
RSSI with a low-pass filter reduced the number of connection
establishments by20%. Additionally, we introduced a thresh-
old value∆RSSI th. The local neighbor order is only changed
if the difference between the old and the new RSSI value is
bigger than∆RSSI th. Fig. III-B.2 shows that an increased
∆RSSI th stabilizes the network.
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Fig. 4. Network establishment with 3 different∆RSSI th values in [dBm].

C. Bounded Degree

The problem of the unbounded degree is not solved by
the first extension. The discovery process measures the signal
strength multiple periodically and averages the result. This has
the effect that the fluctuations are smoothed and the correlation
between RSSI and distance is improved. Experiments have
shown that we could reduce the standard deviationσRSSI with
filtering from 6 to 3 dBm. However, we see from Fig. 3, that
for σRSSI = 3 the maximal degree that has been found during
the simulation is still above 8 for high densities. If the nodes
have a limited connectivity capability that is lower, such as



BTnodes or the iMotes [12], no guarantee for connectivity
can be given anymore. We therefore propose the extension in
Algorithm 3.

Algorithm 3 Bounded XTC (for an individual nodeu)

1: processconnect
2: loop
3: if (Q not empty)then
4: v = next node inQ
5: connect(v) // if needed
6: send(v, orderlist(u, ≺u \ deleted(v))
7: removev from Q
8: end if
9: end loop

10: end process

1: msg handler orderlist(nodev, list ≺v)
2: removev from Q
3: makeSymmetric(≺u, ≺v)
4: repeat
5: w = next node in list≺v

6: until ((w ≺u v) or endOfList)
7: if (endOfList) then // no common neighbor in≺v

8: degree = degree + 1
9: send(v, ack(u, ≺u))

10: inform higher layer thatv is selected
11: else if (w ≺v u) then // better common neighbor
12: send(v, nack(u, ≺u))
13: else
14: degree = degree + 1
15: send(v, ack(u, ≺u))
16: inform higher layer thatv is selected
17: altNode(v) = w
18: if (worstCandidate≺u v) then
19: worstCandidate = v
20: end if
21: end if
22: if ((degree> bound) and (worstCandidate not null))then
23: send(worstCandidate, swap(u, altNode(worstCandidate)))
24: deleted(altNode(worstCandidate)) = worstCandidate
25: degree = degree - 1
26: end if
27: end msghandler

1: msg handler ack(nodev, list ≺v)
2: makeSymmetric(≺u, ≺v)
3: degree = degree + 1
4: inform higher layer thatv is selected
5: repeat
6: w = next node in list≺v

7: until ((w ≺u v) or endOfList)
8: if (w ≺u v) then
9: ... same as orderlist line 17-25

10: end msghandler

1: msg handler swap(nodev, nodew)
2: deleted(w) = v
3: addw to Q
4: inform higher layer thatv is deselected
5: degree = degree - 1;
6: disconnect(v)
7: end msghandler

This algorithm replaces the message handlerorderlist and
ack of Algorithm 2 and adds a further handlerswap.

We explain the algorithm with the example in Fig. 5. An
order list≺v is send to nodeu, which starts to iterate through
that list. Nodeu searches for common neighborsw, that appear
beforev in ≺u. If no such node is foundu selectsv. Otherwise
it is checked whether nodew appears beforeu in ≺v. If

u
v

w

u
v

w

Fig. 5. When nodeu receives the order list≺v it remembers nodew as an
alternative. If the degree ofu is higher than the bound, the worst connection
with an alternative is deleted. In this case au sends to the messageswap(u,
w) to v.

true, thenw is a common better neighbor ofu and v, and
the link uv is not selected. These two cases also appeared in
the previous two algorithms. However the third case is new: if
w appears afteru in ≺v, we have the situation on the left in
Fig. 5. Nodeu can also reachv throughw. This information
is stored in an additional arrayaltNode. Additionally, nodeu
remembers the worst connected neighborworstCandidate, that
has an alternative route. At the end of the message handler
the current node degree is checked. If it is greater than the
specified bound, it sends aswapmessage toworstCandidate.
Node v handles theswapmessage, by adding nodew to the
queueQ and disconnecting the link tou.

The nodes of the disconnected link are not deleted from
from the order list, because if the discovery process finds them
again, it would interpret them as new nodes. Instead, the nodes
are only removed when sending an order list to a alternative
node. Considering the example in Fig. 5 on the right side,
when nodeu sends an order list tow (connect process, line
6), it sends≺u \ v, for all other nodes it sends≺u. So the
edgeuv is only deleted in the view ofw. This information is
stored in the arraydeleted.

Note that in theswap handler, neighbor nodew is not
directly connected. Instead, it is added to the queueQ, in order
to force nodew to check if the new edge is really necessary.

The following theorem proves that this algorithm guarantees
a maximal degree of 6, ifG is a Unit Disk Graph.

Theorem 1 (Bounded Degree):Given a Unit Disk Graph,
the topology control graph, obtained by Alg. 3 and a specified
bound of 6, has at most degree 6.

Proof: Assume for contradiction that one node has
degree bigger than 6. When the seventh neighbor was selected
worstCandidatemust have beennull at the end of theorderlist
or theackmessage handler. This can only be the case if during
the connection of all 7 neighbors no alternative node was
found. Then this is only possible if there is no pair in the 7
neighbors that are also neighbors of each other. In a Unit Disk
Graph, this would mean that no two adjacent edges enclose
an angle less thanπ/3, which is only possible with at most 6
neighbors.

We have evaluated this extension with a specified bound of 5
in the same simulation setup as for Fig. 3. The result is shown
in Fig. 6, where we can see that none of the nodes violates the
given bound. Compared to Fig. 3 the average degree is also
improved, which is a result of the deleted edges.

In the simulation, where the Unit Disk Graph model is
used, the degree bound can be set to 5. However in a real
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3D environment with reflections and obstacles, we expect this
bound to be higher, but still bounded.

D. Improved Scalability in Dense Networks

The third extension addresses the scalability in dense net-
works. Suppose for example that a node has 100 neighbors.
The XTC algorithm would require to exchange the order
list with all of them, even if at the end only 5 nodes are
selected maximally. There will be a high interference, because
also all the 100 neighbors want to exchange their order with
each other. Broadcast communication does not help much.
However for link oriented communication, such as Bluetooth,
the situation is even worse. For every neighbor a connection
has to be opened before the exchange and closed afterwards
if it is not needed anymore. The time for a connection setup
in Bluetooth is in the order of a few seconds, if both nodes
are ready. But if one node is already trying to connect to
another node or performing a device discovery (inquiry), the
delay can grow to tens of seconds, which is not practical. We
have measured the time for the initial setup and found it to be
growing quadratic with the network density. The results can
be found in [?]. The same problem was also identified by the
authors of [4].

We can considerably reduce the number of required ex-
changes as shown in Fig. 7. We use the notation of Sec. III-
A.2.

Suppose every node has a candidate list with all neighbor
nodes, with which order lists have to be exchanged. This
candidate list contains initially all neighbors. However, as soon
as the first order lists have been exchanged, the candidate list
can be reduced based on the received information. E.g. after

nodeu has received the order list≺v from v and calculated the
common link weight‖uv‖, it can use additional information
about a common neighborw for the decision whetherw is
removed from the candidate list. In particular, nodeu removes
nodew from the candidate list, if

|uw|u > |vw|v , and (1)

|uw|u > ‖uv‖. (2)

For Euclidean graphs, this is the case if nodew is in the gray
area in Fig. 7. An exchange of order lists between two nodesu
andw is only prevented, if bothu removesw andw removes
u from their candidate lists.

We now show with the following theorem that with re-
duction applied to the XTC altogirhm the connectivity is
still guaranteed, if the common link weight is defined as
‖uv‖ = min(|uv|u, |uv|v).

Theorem 2 (Valid Reduction):The reduction of order list
exchanges applied to the XTC algorithm does not lead to a
disconnected topology if the common link weight is defined
as‖uv‖ = min(|uv|u, |uv|v).

Proof: Since we know thatGXTC is connected, we proof
that GXTC ⊆ Greduction. If an edgeuw ∈ GXTC is not in
Greduction, it has not been selected due to a missing order
list exchange. The only two possibilities for this are: (a) the
edgeuw is removed from the candidate lists of bothu andw,
and (b) the edge is not selected because another order list is
missing.

Consider for contradiction an edgeuw ∈ GXTC with

|uw|u ≤ |uw|w ⇒ ‖uw‖ = |uw|u. (3)

In order to removew from u’s candidate list, there must have
been an order list exchange betweenu and a third nodev.
Becauseuw ∈ GXTC, the following equation must hold:

(‖uw‖ < ‖uv‖) ∪ (‖uw‖ < ‖vw‖) (4)

The conditions for the removal ofw from u’s candidate list
are given in Eq. 1 and Eq. 2. Combining Eq. 1-3 we get:

‖uw‖ > |vw|v (5)

‖uw‖ > ‖uv‖ (6)

With Eq. 4 and Eq. 6, we obtain:

‖uw‖ < ‖vw‖ (7)

Eq. 5 and 7 however, contradict the minimum definition:

‖uw‖ < ‖vw‖ ≤ |vw|v < ‖uw‖ (8)

This proofs that (a) is not possible. For (b), consider the
order list≺u of a nodeu. A neighborv can only be deselected
due to a missing order list of a third nodew, if w appears
beforev in ≺u, but afterv if ‖uw‖ was known. This would
mean that|uw|u < ‖uw‖ which is in contradiction to the
definition.
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IV. CASE STUDY

We have implemented S-XTC on the BTnodes, a versatile,
lightweight, autonomous platform based on a Bluetooth radio
and a microcontroller. The implementation of a topology
control algorithm is one part in a new methodology called
Deployment Support Network.

A. Deployment Support Network

Deployment-support networks (DSNs) have been proposed
[8] as a non-permanent, wireless cable replacement for the
development, testing and debugging of sensor network ap-
plications. This approach allows to deploy and test large
numbers of devices in a realistic physical scenario. The DSN
is transparent, highly scalable, and can be quickly deployed. It
does not disturb the target WSN any more than the traditional,
cable-based approach. For the engineer, everything actually
looks as if the usual cables were in place; he can thus use
the same tools. The DSN nodes are attached to WSN target
devices via a programming and debugging cable and form an
autonomous network (see Fig. 8). The WSN nodes can then be
accessed through serial-port tunnels operated over the DSN.
With this tool, the limit for largescale prototyping is pushed
from simulation and virtualization to coordinated real-world
deployment.
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As a general service, the DSN provides access to the
sensor nodes with a wireless backbone network. One or more
host computer are used to connect to the network and to
communicate with the target sen- sor nodes.

In [8] we describe a simple tree-building algorithm that is
used for building and maintaining the backbone network. The
main problem with that solution was, that a link loss in the
tree resulted in a disconnected network. Furthermore, because
the algorithm was based on random search and connect, also
bad quality links were used in the backbone network.

We have successfully replaced the tree algorithm with
S-XTC. We have permanently deployed 39 BTnodes on a
office floor (see Fig. 9). The network density in this setup
varies between 2 and 12. However, the algorithm successfully
connected the nodes into a connected network with an average
degree 2.9 and a maximal degree 5.

V. CONCLUSION

In this paper we presented a topology control algorithm that
combines:
• energy efficiency through topology control based on a

single link metric,
• the ability to dynamically adapt to network changes,
• the guarantee for connectivity and low degree, and
• a realistic model for asymmetric and inaccurate RSSIs.
We described 3 extensions to XTC, that renders the algo-

rithm into a reliable and practical protocol. The first extension
addresses most shortcomings of previous algorithm, i.e. the dy-
namic adaptation, unreliable operations, asynchronous startup
and asymmetric link weights. With the second extension we
can analytically guarantee a bound on the degree. The third
extension finally, significantly improves the scalability in dense
networks.

We have successfully implemented and tested this algorithm
on the BTnode platform.
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