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Abstract
A unique property of open spectrum systems is the
heterogeneity in spectrum access. This property pro-
vides challenges for MAC designers, including the
elimination of common control channels for infor-
mation exchange. In this paper, we propose a dis-
tributed, scalable and efficient coordination frame-
work for Open Spectrum ad hoc networks that takes
spectrum heterogeneity into account. The framework
is an end-device based approach where devices dy-
namically select their coordination channel based on
local conditions, removing the need for a predefined,
commonly available spectrum slice for control traf-
fic. Extensive simulation results show that our dis-
tributed channel selection algorithm performs sim-
ilarly to a centralized near-optimal algorithm, and
that under our framework with distributed coordina-
tion channels, TCP throughput between devices im-
proves by a factor of 2-4 over a comparable scenario
without channel coordination.
Keywords: ad-hoc wireless networks, MAC, coordi-
nation, multi-channel, opportunistic spectrum access

1 Introduction
A variety of wireless devices are becoming increas-
ingly ubiquitous, placing additional stress on the
fixed radio spectrum available to all access technolo-
gies. In order to eliminate interference, current poli-
cies allocate fixed spectrum slices to each wireless
technology. Its centralized, static nature prevents it
from utilizing the dynamic reuse of unused allocated
spectrum, resulting in very poor utilization and spec-
trum holes. Studies have shown that reuse of such
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”wasted” spectrum can provide an order of magni-
tude improvement in system capacity [7].

These results provide further motivation for the
Open Spectrum [2, 6, 9] approach for spectrum ac-
cess. Enabled by software defined radio (SDR) tech-
nology [4, 8], Open Spectrum allows users to sense
locally available (unallocated or unused by primary
users) spectrum ranges and utilize them opportunis-
tically. The unlicensed use of unused spectrum can
coexist with legacy spectrum users, increasing capac-
ity and utilization.

A proper MAC protocol (or coordination protocol)
is required to exploit the benefits of Open Spectrum.
The exchange of coordination and control signals re-
quires a signaling path. Previous works on multi-
channel MAC protocols [1, 13, 12] assume homogene-
ity across devices and the existence of a common con-
trol channel. These assumptions do not hold in Open
Spectrum systems, where the availability of spectrum
ranges fluctuates with location and time, and de-
pends on the device’s RF configuration, a property
we refer to as spectrum heterogeneity. Other ap-
proaches [14] statically assign a slice in a licensed
band as the dedicated control channel for all devices.
Since bandwidth used by control messages increases
with device density and spectrum range, this fixed
assignment would limit the growth and scalability of
these networks. It also mandates a priori assignment
(or standardization) of spectrum before deployment,
making deployment difficult.

In this paper, we describe the design of a dis-
tributed, scalable and efficient coordination frame-
work for Open Spectrum ad hoc networks while con-
sidering spectrum heterogeneity. We propose an end-
device based approach where each device dynamically
selects the coordination channel based on local con-
ditions. This eliminates the requirement of a prede-
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fined, commonly available spectrum slice for control
messages, and load-balances control messages across
multiple spectrum slices. To the best of our knowl-
edge, this work is the first to provide sufficient coordi-
nation across devices to exploit the benefits of Open
Spectrum, ensure connectivity and avoid interference
without requiring a common channel among devices.

The paper is organized as follows. Section 2 pro-
vides background on open spectrum and spectrum
heterogeneity, followed by the problem definition and
proposed framework in Section 3. Next, we define in
detail our approaches to the issues of neighbor dis-
covery and information exchange in Section 4, coor-
dination channel selection in Section 5, and coordina-
tion procedures in Section 6. We present simulation
and analysis results in Section 7. Finally, we discuss
implications of our work and future directions in Sec-
tion 8 and conclude in Section 9.

2 Background and Related Works

In this section, we briefly describe the problem of
spectrum heterogeneity and related works in the con-
text of Open Spectrum systems.

The Open Spectrum approach allows unlicensed
users (who we refer to as secondary users) to coexist
with legacy spectrum users (primary users), thereby
“creating” new capacity and commercial value from
existing spectrum ranges. Secondary users utilize un-
used licensed bands on a non-interfering or leasing
basis based on agreements and constraints imposed
by primary users. Secondary users can detect the
fixed spectrum signatures or footprints of primaries
automatically, through operator-initiated broadcasts,
or by accessing a central database. While the goal is
to maximize spectrum utilization, an overriding re-
quirement is that secondary users do not interfere
with normal operation of primary users. A recent
example of this approach is the FCC’s recent report
on the feasibility of allowing unlicensed devices to
operate in TV broadcast spectrum ranges at loca-
tions and times when it is underutilized [5]. Devices
(secondary users) can detect the presence of a sound
carrier in NTSC (analog TV) systems or a pilot tone
in ATSC (digital TV) systems, and operate without
interfering with TV broadcasts (primary users).

The key to efficient utilization of Open Spectrum
is coordination between sender and receiver nodes.
Without control, a transceiver needs to scan across
channels for incoming messages and select outgoing
channels for transmission. Spectrum access based
solely on local observations can result in improper
use of spectrum opportunities and even harmful in-
terference to neighboring devices. In contrast, coordi-
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Figure 1: Simulated spectrum availability of secondary

users in a 1 km2 area. We show change in availability

at 10 minute intervals, when 30 primary users move ran-

domly with speed between 0-2km/h. Each primary user

occupies one channel.

nation allows the transmitter and receiver to quickly
agree on the data transmission channel. This not only
eliminates the need for a transceiver to constantly
scan the spectrum, but also allows peers to negotiate
for the most appropriate communication channel(s).

Previous efforts to solve the coordination prob-
lem [14] assume that all devices have interference-
free access to an a priori dedicated control channel,
possibly in a licensed band. There are several dis-
advantages to this approach. First, since the band-
width requirement of control messages scales with de-
vice density and spectrum range, a fixed assignment
limits the growth of Open Spectrum systems. Sec-
ond, it mandates a priori spectrum assignment before
deployment, making deployment difficult. In addi-
tion, coordination/control channels have been stud-
ied in multi-channel MAC protocols [1, 13, 12]. They
assume homogenous devices and thus the existence
of either a dedicated common channel or a dedi-
cated time segment for control messages to coordi-
nate transmission.

Spectrum Heterogeneity: In Open Spectrum
systems, primary users’ mobility and traffic varia-
tions result in the fact that each device’s spectrum
availability fluctuates with both location and time,
a property we call spectrum heterogeneity. For ex-
ample, Fig. 1 plots an area’s spectrum availability to
secondary users while occupied by a group of mov-
ing primary users. Assuming the spectrum is divided
into two channel 1 and 2, and a relatively low mo-
bility rate for primary users, we see that spectrum
availability varies significantly over time and across
channels. Spectrum heterogeneity is also a conse-
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quence of variations in device radio capabilities. For
example, a new radio device might have an integrated
Ultra Wide Band (UWB) and IEEE 802.11a/b/g in-
terfaces while an older device just has 802.11a.

The lack of available spectrum across a single chan-
nel prevents the use of approaches that require a per-
sistent common control channel. In particular, the
lack of a common control channel impacts coordina-
tion by complicating neighbor discovery and channel
coordination. For neighbor discovery, devices need
to scan across multiple channels to discover enough
neighbors for adequate connectivity, all while mini-
mizing broadcast bandwidth and response time. For
channel coordination, sender/receiver pairs need to
perform pair-wise negotiations to search for common
channels, and to efficiently disseminate such informa-
tion to other neighbors in the area.

Our work seeks to address these requirements, by
providing a framework and algorithms for wireless
devices to independently discover neighbors and co-
ordinate communication channels, all in the context
of open spectrum systems where persistent common
control channels are nonexistent.

3 Problem statement and Proposed Framework

In this section, we define the context and assump-
tions of our work. We consider a network consist-
ing of both primary users (license holders) and sec-
ondary users (unlicensed users). Spectrum licensed
to primary users are accessible to secondary users un-
der the constraint that secondary users do not inter-
fere with transmissions of primary users. The collec-
tion of opened spectrum forms a spectrum pool, and
is divided into non-overlapping orthogonal channels,
each associated with a channel access technology, e.g.
CSMA, TDMA, etc. Assuming that they can detect
the presence of primary users 1, each secondary user
keeps a list of channels unoccupied by primaries.

We assume that transceivers on secondary user de-
vices are frequency agile (i.e. able to transmit or re-
ceive in different spectrum slices if their frequencies
are known prior to transmissions), but not necessarily
wideband tunable (i.e. can scan through a wide spec-
trum range and detect frequencies of active transmis-
sions in real time). Therefore, senders and receivers
need to negotiate channels for communication. We
assume that at any given time, each transceiver can
only communicate (send/listen) through one channel
with one neighbor, (i.e., transceivers are half-duplex).
Each device selects a channel and transmit power be-

1Secondary users can perform spectrum analysis or listen
to a spectrum server’s broadcast of primary users and their
channel usage.
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Figure 2: A sample topology of Secondary Users (SE:

S1-S11) and Primary Users (PR: &p(d)), where Si(a, b, c)

represents secondary users i, with a, b, c as available chan-

nels), p(d) represents a primary user occupying channel

d. A line connects two secondary users if they are within

transmission range of each other.

fore each communication. Although transmit power
control can be employed to balance interference range
and connectivity, we assume that each device trans-
mits at a fixed power to provide a short-range trans-
mission.

Fig. 2 shows a sample network topology that con-
sists of 8 primary devices and 11 secondary devices.
The spectrum is divided into 4 channels and each
primary device randomly selects a channel to use.
Available channels at secondary devices are derived
according to the channel occupation of primary users.

Spectrum heterogeneity, as illustrated in Fig. 2,
prevents the use of a common control channel. With-
out a common control channel, secondary users can-
not communicate and utilize the available spectrum
efficiently. Efficient use of underutilized spectrum
requires a distributed protocol to find coordination
channels for each secondary device. The number of
coordination channels used by each device should be
minimized to reduce signaling overhead and frequent
hopping between channels.

Given the assumptions above, we propose a scal-
able, distributed and efficient coordination protocol
for Open Spectrum enabled ad hoc networks with spec-
trum heterogeneity. The protocol enable automatic
neighbor discovery, distributed coordination channels
selection and efficient spectrum utilization. As topol-
ogy changes or nodes join/leave the network, devices
should self-organize and dynamically adjust coordi-
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nation channels. This protocol eliminates the need of
a fixed, widely accessible coordination channel, and
reduces congestion by distributing load across coor-
dination channels.

To address these issues, we propose a MAC layer
framework consisting of the following modules:

• Neighbor Discovery and Information Exchange:
Devices announce their existence via beacons to
their neighbors. Using broadcast beacons, they
also exchange information with neighbors on
channel availability, coordination channels and
associated information.

• Distributed Coordination Channel Selection: De-
vices dynamically select coordination chan-
nels(s). This is the core component of the frame-
work.

• Coordination Protocol: Once coordination chan-
nels are selected, users utilize them according to
the specified protocol.

• Spectrum Coordination: Devices coordinate
transmissions on data channels through local co-
ordination channels.

In the following sections, we will describe each com-
ponent in more detail.

4 Neighbor Discovery and Information Exchange
Neighbor discovery is the process where devices ad-
vertise their existence to their neighbors and listen to
advertisements to learn about them. An active de-
vice periodically broadcasts an advertisement to the
neighborhood, announcing its availability and some
associated information, e.g. the existence of primary
users. When a device is powered on, it first per-
forms a scan to discover neighbor advertisements, and
sends out a neighbor solicitation to ask for immediate
advertisements 2. In general, beacons are transmit-
ted during Beacon Transmission Time (BTT). The
BTT is a regularly scheduled short time slice dedi-
cated for beacon transmissions, and known to every
device. The beacon transmission interval (Tbeacon)
refers to the time interval between two consecutive
BTTs. We assume that devices are time synchro-
nized using techniques from literature [3, 11, 12].

In this work, we assume a true ad hoc network
without central access points. Each device broad-
casts beacons to advertise its existence. In previous
systems, devices sent all beacons across a common

2IEEE 802.11 uses a similar beacon and beacon request
scheme to exchange information between an access point and
devices in its range.

control channel accessible to all. Because of spectrum
heterogeneity in Open Spectrum systems, however,
each device needs to broadcast and listen to beacons
on multiple channels to ensure neighbor discovery.

To minimize the resulting bandwidth overhead, de-
vices can increase the beacon transmission interval
Tbeacon by a constant factor C, where C is the number
of channels in the spectrum pool. A device then stag-
gers or rotates its beacons across different channels
separated by intervals of Tbeacon, such that the result-
ing beacon rate across all channels remains 1beacon

Tbeacon
.

For example, let’s say a device D beacons once ev-
ery second on a common control channel. In an open
spectrum system with 5 channels, it would beacon
on each channel at 5 second intervals, starting with
channel 1 at time 1 second, channel 2 one second
later, channel 3 one second later, and so on.

Beacons contain information on channel availabil-
ity, subscribed coordination channel(s) and informa-
tion (traffic load, etc.) about each coordination chan-
nel. Since each device can only sense properties of its
immediate area, decisions made solely on local infor-
mation can be inaccurate. Beacon broadcasts allow
devices to share common information such as chan-
nel conditions with neighbors, providing each device
with more accurate information about a wider area,
resulting in more accurate identification of spectrum
opportunities and an improved ability to utilize them.

When a device joins the system, it first scans and
listens to multiple channels for beacons. It gathers
local information about nearby primary users, a list
of neighbor devices, their available channels and asso-
ciated coordination channels. It also notes the sched-
uled time slice during which neighbor devices will lis-
ten to each particular channel. The device uses this
information to chooses its coordination channel(s)
(see Section 6). If no neighbors are detected within
a timeout period, the device assumes no neighbors
are in transmission range, and either moves to other
location or waits for other devices to join.

5 Coordination Channel Selection
Now we are aware of wireless neighbors within our
transmission range, the next step is to communicate
amongst secondary devices to choose a set of com-
monly available coordination channels. First, we pro-
pose a theoretical model for solving the problem in a
centralized manner over a fixed topology. Then, we
describe a distributed coordination channel selection
algorithm and illustrate its usage through examples.

5.1 Theoretical Model for a Fixed Topology
For a fixed network topology, we can use a central-
ized algorithm to determine the optimal coordination
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channel assignment, where the number of coordina-
tion channels is minimal. We now reduce the cen-
tralized problem to a variant of the graph coloring
problem by mapping channels into colors.

We define a bidirectional graph G = (U,E, C,L)
where U is a set of vertices denoting the secondary
devices. For each vertex v ∈ U , a set of local colors
represent available channels at the device. M denotes
the size of U . C represents the collection of colors
(channels), and L the color availability vector (the set
of colors that each node can be assigned), a matrix
of |U | by |C|:

L = {lu,i|lu,i ∈ {0, 1}, u ∈ U, i ∈ C} (1)

E is the set of undirected edges between vertices rep-
resenting connectivity between two vertices. That is,
if two vertices are within transmission range and they
share at least one common color/channel in L, then
they are connected by an edge and must share one
common color in their color assignment:

E = {eu,v|eu,v ∈ {0, 1}, ∀u, v ∈ U} (2)

Note that eu,v = ev,u, and if eu,v = 1, then∑
i∈C lu,ilv,i ≥ 1. In the following, we assume that

U is a connected graph 3. We define a coordination
channel assignment at vertex u as:

Au = {au,i|au,i ∈ {0, 1}, au,i ≤ lu,i} (3)

Given graph G, we color each vertex using a number
of colors from its color list (in L), such that if an
edge exists between two vertices, then they share at
least one color in their assigned colors. That is, each
vertex u needs to connect to all of its neighbors:

R(Au) =
∏

v∈U,e(u,v)>0

e(u, v)
∑

i∈C

au,i · av,i > 0 (4)

We refer to this as the connectivity constraint.
The goal of the graph coloring problem is to mini-

mize the average number of colors used by each vertex
subject to connectivity constraints. It is equivalent to
minimizing the number of coordination channels used
by each device in order to reduce signaling overhead
and frequent hopping among channels. For example,
if all vertices share a common channel/color, then
the optimal solution is to color all vertices with that
color. With spectrum heterogeneity from open spec-
trum systems, this problem appears to be NP-hard.

3If the graph can be reduced into a set of disconnected sub-
graphs, then the optimization can be applied independently at
each sub-graph.

In the following, we present a centralized greedy algo-
rithm that performs well for common topologies. The
algorithm consists of the following three sub-modules.

Subgraph Generation: We find and assign
“must-have” colors. For each edge, if two associated
vertices only share one color on their color list, as-
sign that color to both vertices. We then segment
graph G into sub-graphs associated with each color,
i.e. a color c sub-graph includes only vertices in G
that have the color c on its available list, and the
associated edges.

Greedy Color Assignment: We incrementally
“process” subgraphs starting with the largest. We
start with the subgraph SG containing the most num-
ber of edges and assign all vertices SG’s color. We
then examine the remaining subgraphs and remove
from them any common edges shared with SG. This
process is repeated on the next largest subgraph, un-
til all subgraphs have been processed, or contain no
edges.

• Based on G, define a connectivity graph T =
(U,E).

• Step 1: For each color c, we define a colored sub-
graph Ts(c) = (Uc, Ec) where

Uc = {u | lu,c = 1, u ∈ U}
Ec = {eu,v, u, v ∈ Uc} (5)

• Step 2: Compute N(c) =
∑

u,v∈Uc,u<v eu,v, c ∈
C as the number of edges in sub-graph c. Find
the colored sub-graph with the largest number
of edges, and assign the associated color to each
vertex in the sub-graph.

c∗ = arg max
c∈C

N(c)

au,c∗ = 1, ∀u ∈ U∗
c (6)

If two sub-graphs have the same number of
edges, select the sub-graph with the minimum
number of vertices, as it has less number of iso-
lated groups.

• Step 3: Reduce the connectivity graph and sub-
graphs to exclude the edges that have been cov-
ered by sub-graph c∗ i.e.

T = T \H(c∗)
H(c) = H(c) \H(c∗),∀c ∈ C, N(c) > 0(7)

if T = φ, then stop, otherwise go to step 2.
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Figure 3: An example of Coordination Channel Selection

where Si(a, b, c)[a, c] represents secondary user i, with

a, b, c as available channels and a, c as coordination chan-

nels.

We note that constraints can be incorporated into
the assignment algorithm. For example, if there is a
upper bound on the load of each channel, e.g. one
vertex can not use the same color to connect to more
than χn vertices, we need to prune the color sub-
graphs so that each vertex has no more than χn edges.

Color Prune: We prune unnecessary colors from
node assignments. For each color assigned to vertex
v, v generates a “color list” of all vertices connected
to v by an edge and who also share this color assign-
ment. If the “color list” for color c1 is a subset of c2’s
color list, then we remove the color c1 from all nodes
in its color list. This is performed iteratively for each
vertex in the network.

Fig. 3 illustrates the color (coordination channel)
assignment for the example in Fig 2, using the above
centralized greedy algorithm. After generating sub-
graphs, the algorithm first selects channel 3 as the
subgraph covering the most number of edges (11),
channel 2 as the subgraph with largest number of
left over edges (5) and finally channel 1 to cover the
final edge between S2 and S11. From a network per-
spective, devices in transmission range (neighbors)
want to share a common coordination channel, and
self-organize into a virtual group for local coordi-
nation. Virtual groups likely overlap, since devices
at the group boundaries will to subscribe to multi-
ple coordination channels to ensure connectivity to
their neighbors. These devices behaves like bridges
between groups and ensure global connectivity.

5.2 Distributed Coordination Channel Selection
Our centralized approach to channel selection re-
quires a central controller with knowledge of the en-
tire network topology, and is thus unsuitable for de-
centralized dynamic networks (e.g. ad-hoc networks).
We now propose a distributed algorithm where each
device selects its coordination channel(s) dynami-
cally. By eavesdropping on beacon broadcasts, de-
vices can hear their neighbors’ channel availability
and chosen coordination channel(s). To ensure ade-
quate connectivity, each device wants to choose the
channel that is used by the largest number of neigh-
bor devices. Devices need to balance the tradeoff
between maximizing connectivity and reducing the
overhead and complexity of managing multiple coor-
dination channels. The selection criteria are as fol-
lows:

• Connectivity: choose channel used by the largest
number of active neighbors.

• Transmission range: for equally popular chan-
nels, choose the one with higher transmission
range 4, thus maximizing the chance that the
signal can reach any new devices.

• Load-balancing: Each device announces the load
of its coordination channel in beacon signals, al-
lowing other devices to avoid highly loaded co-
ordination channels.

At network initialization, each devices performs
discovery to get a list of its neighbors and their chan-
nel availability. Each device then iterates through
the following steps until a coordination channel is es-
tablished with each neighbor. We begin by putting
all neighbors on our “todo list.”

1. Connectivity broadcast: We define a channel’s
connectivity level as the number of neighbors
that can be connected through this channel. Us-
ing knowledge of available channels at neigh-
bors on our todo list, each device finds the local
channel with the highest “expected” connectiv-
ity, and broadcasts to those neighbors the chan-
nel ID, its connectivity level and a random num-
ber between 0 and 1.

2. Channel selection: After recording beacons from
its neighbors on its todo list, each device selects
the channel specified by the largest number of
those neighbors. To break ties, it chooses the

4The channels can differ in transmission ranges due to fre-
quency and power constraints of the assigned spectrum.
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channel that has the beacon with the largest ran-
dom number inside. Each device then broadcasts
its selection. Once it has learned of its neighbors
who have joined this coordination channel, the
device removes those neighbors from its todo list.

3. ”Must Have” channel selection: If there is only
one channel common to two neighboring devices,
then these two devices will choose this channel
as coordination channel.

4. Repeat if needed: repeat steps 1-3 until reason-
able connectivity is established.

In each iteration of the above algorithm, a device
chooses a common coordination channel with a sub-
set of its neighbors. It removes them from its list,
and repeats the process until a coordination channel
has been established with enough neighbors to en-
sure connectivity. We can use the results of previous
work [15] to determine when reasonable connectivity
has been established. Fig. 4 illustrates the proce-
dures of distributed coordination channel assignment
for our example in Fig 2.

Devices should adjust coordination channels to
adapt to changes in the network, including changes
in topology or join/leaves of primary and secondary
users. For system stability, these adaptive steps
should occur at large time intervals regardless of the
frequency of network change events.

When a device joins the network, it performs neigh-
bor discovery to get the channel availability and co-
ordination channels of its neighbors. From the list of
coordination channels used by neighbors, it chooses
the uncongested channel used by the largest number
of common neighbors. If no reasonable choices exist,
it chooses one of its available channels and negoti-
ates with its neighbors via beacon broadcasts. When
a device adds a channel to its coordination channel
list, it performs the color prune procedure defined in
Section 5.1 to remove redundant channels.

When a primary user appears and wants to use
one channel, all the impacted devices must release
the channel within a predefined time frame. Devices
using this channel for coordination can use this time
to negotiate a new coordination channel. One so-
lution is to choose one of the coordination channels
currently used by neighboring devices. This is equiv-
alent to joining a neighboring virtual group. If no
feasible virtual groups exist, they can use the chan-
nel connectivity broadcast to select new coordination
channels and form new virtual groups.
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Figure 4: An example of distributed coordination chan-

nel selection. In (a), n,m+x refers to n: intended coordi-

nation channel, m: the connectivity level of the channel,

x: a random number between 0 and 1.

6 Coordination Protocol

Once network devices have selected their coordina-
tion channels, they need to determine when and how
to utilize the coordination channel to control data
transmission. In this section, we examine this prob-
lem in two phases: how nodes align their time slots
to send and listen on the same coordination channel,
and how they negotiate to schedule data transmis-
sions.

6.1 Coordination Channel Alignment

In a realistic scenario, some devices in the system
must actively utilize multiple coordination channels
to maintain network connectivity. To coordinate con-
trol information exchange across multiple channels,
these devices must schedule their transceivers to lis-
ten on each coordination channel at the same time
slice as other devices on that coordination channel.
In this section, we present a simple approach to
this complex scheduling problem. We are develop-

7



�

�

�

�

�

�

�

�

�

	

�

�

�

�

	

�

�

�

�

	

�

�

�

�

�

�

�

�

�

�

	

�

��
���
������

������
������

����
�����

�

�

�

�

�

�

�

�

�

	

�

�

�

�

	

�

�����������������

����
�����

�����������������

Figure 5: An example of CHWins for a system using 2

coordination channels.

ing more scalable algorithms for coordination channel
alignment as part of ongoing work.

A device with k (k ≥ 2) coordination channels
belongs to k different virtual groups (Section 5.2).
While we can dedicate the channel to only control
traffic [13], this can severely limit the number of chan-
nels available for data transmission when the number
of channels is small. This is particularly of concern
to devices with multiple coordination channels.

Instead, we propose to use a channel negotiation
window approach similar to [12]. Each coordination
channel K has a time slice, its channel negotiation
window (CHWin), during which devices in its vir-
tual group use K to coordinate and schedule data
transmissions. Each device uses collision resolution
protocols such as CSMA/CA to resolve any collision
within group K as in [12].

A device that utilize multiple coordination chan-
nels (and thus belong to multiple virtual groups)
must communicate on CHWins for each of its coor-
dination channels. Since it can only listen to one
channel at a given time, CHWins for its coordination
channels must not overlap in time. We propose a
simple approach to guarantee this non-overlap prop-
erty for all devices: the scheduled order of CHWins
is predefined and known to all devices. One simple
order is to schedule all CHWins in sorted order by
channel name or number. For example, in a system
with three channels A, B and C, the CHWin order is
A,B, C. During the first time slice after every bea-
con, devices in A’s virtual group send/receive coordi-
nation messages on channel A. During the next time
slice, all devices in B’s virtual group coordinate on
channel B, followed in the next slice by C’s virtual
group on channel C. This ensures that no combina-

tion of coordination channels overlap in their CHWin
time slices.

The basic scheme is shown in the first Tbeacon time
period of Fig. 5, where the CHWins of 2 channels
is followed by a long time slice designated for data
transmission. One result of this design, however, is
that in each beacon period Tbeacon, the channel with
the lowest sort valued name (e.g. A) will always have
its CHWin scheduled first after the beacon. This
means that for a device m utilizing two or more coor-
dination channels (A and B), other devices on chan-
nel A can always make a reservation with m for the
data transmission segment, making m unable to lis-
ten to another channel during the data transmission
segment. Over time, scheduling of data will unfairly
favor devices using coordination channel A over de-
vices using coordination channel B.

To impose fairness, we modify the design so that
at every beacon interval, the first CHWin is assigned
to the channel that the beacon is sent out on. Recall
from Section 4 that beacons are sent out on a rotating
order of channels. By scheduling the first CHWin on
the beaconing channel, we ensure each channel gets
a fair share in a rotating list of channels, where the
rest of the CHWins remain in sorted order. For exam-
ple, where the basic scheme would schedule CHWins
in order (A,B, C) in every beacon period, the modi-
fied fair scheme would rotate: (A,B, C), followed by
(B, C,A), followed by (C, A,B). Fig. 5 shows this
fair scheduling scheme for a system with 2 channels.
Note that each beacon period changes the ordering
of CHWins.

In a system with a total of N channels, for each
coordination channel there are N − 1 unused time
slices. To improve efficiency, those time slices can
be used for control information exchange within the
group or for discovering new nodes who may want
to join the group. Devices within the group can lis-
ten for channel activities to get information on other
neighbor’s transmissions and detect the activity of
primary users in the neighborhood. Detailed discus-
sion of these activities are beyond the scope of this
paper.

We recognize this scheme is not optimal in its time-
slice allocation, and bandwidth overhead scales lin-
early with the number of channels. We discuss this
limitation and more efficient algorithms in Section 8.

6.2 Spectrum Coordination

Once the coordination channels are selected and the
associated CHWins are planed, devices can negotiate
data transmissions. Devices who intend to commu-
nicate can negotiate the choice of data channel on

8



the coordination channel, while others monitor the
coordination channel to collect information of chan-
nel status in different data channels. This is help-
ful to characterize spectrum opportunities and reg-
ulate channel access to avoid harmful interference.
In this work, we use a procedure similiar to that of
[12], where each pair of transmitter/receiver negoti-
ates the data channel to use and broadcast the infor-
mation through coordination channel. The detailed
procedure is as follows:

Based on the CHWin design, each transmitter
sends out a CHI-REQ packet with a preferable chan-
nel list, that indicates quality/priority of the data
channel that it would like to use. After receiving a
CHI-REQ packet, the intended receiver chooses one
data channel from the list by integrating the prior-
ity of transmitter and receiver. It then informs the
transmitter about its decision through an CHI-ACK
packet in the same coordination channel. The trans-
mitter then confirms with an CHI-CFM to the re-
ceiver with the decision. Both transmitter and re-
ceiver set their preferable channel list to include only
the selected channel. Neighbors who hear CHI-CFM
packet can update their record on channel conditions
and modify their preferable channel list to facilitate
future negotiations. In particular, each device can
count the number of CHI-CFM that it has received
in the current CHWin to determine the load on each
data channel and update its quality/priority measure
on each channel. This can be integrated with other
information obtained through coordination informa-
tion exchange to provide a proper acquisition of chan-
nel status.

After selecting the data channel, each transmis-
sion pair can invoke the MAC protocol specified by
the chosen channel to access channel and transmit
packets. For example, IEEE 802.11 involves random
backoff, RTS/CTS handshaking to reduce collision
among multiple transmissions. It should be noted
that those MAC overhead are distributed into each
data channel, rather on coordination channel. This
approach reduces the coordination overhead and pro-
vides better system scalability.

7 Experimental Results

7.1 Coordination channel selection

We investigate the statistical performance of coordi-
nation channel selection, based on an immobile sys-
tem consisting multiple primary and secondary de-
vices in a unit one by one area. The spectrum is
divided into 6 channels and each primary device ran-
domly selects a channel to use. Here for simplicity, we
do not assume any impact of interference between pri-

mary devices. We further assume that each primary
device has an interference sensitive range of Rp, that
is, if a secondary device is within Rp distance from
a primary device, then the secondary device can not
use the channel that the primary device occupies. We
also assume that if two secondary devices are within
Rs distance from each other, they can interconnect.

We randomly place primary and secondary devices,
and derive the available channel at each secondary
device based on primary users’ channel occupation.
We evaluate the performance of coordination chan-
nel assignment using centralized and distributed al-
gorithms described in Section 5. The results are aver-
aged over 2000 device placements. The statistics are
the average number of coordination channels assigned
to each secondary user (Nc) and the average total
number of coordination channels required to coordi-
nate the system (Sc). Sc reflects the average num-
ber of virtual groups in the system. We also define
an indicator of heterogeneity H(G) as the probabil-
ity of a channel in each vertex’s available list that
is not shared by all of its neighbors. Apparently, if
the channel availability at each secondary user is the
same, H(G) = 0.

Fig. 6 illustrates the statistical results for the sim-
ulated system with different number of primary and
secondary devices. Increasing the number of primary
devices or the number of secondary devices increases
the level of spectrum heterogeneity, and consequently
Sc and Nc. It is interesting that Nc is relatively small
(1-1.5). This is mostly due to that channel availabil-
ity is location dependent. Unless the primary sensi-
tivity range Rp is significantly smaller than secondary
device’s transmission range Rs, neighboring devices
are likely to have one or two channels in common.
Once the value of Rp and Rs are defined, Sc is rel-
atively insensitive to the number of primary devices
and the number of secondary devices. On the other
hand, the value of Sc strongly depends on the global
topology, and hence quite sensitive to the variation
of the number of primary and secondary devices.

We observe that distributed algorithm produces
similar Ns value as that of centralized algorithm.
However, there is still visible difference in terms of
Sc. This is again because Sc depends strongly on the
global topology while Nc only depends on local con-
ditions. Hence, centralized algorithm which operates
based on knowledge of global topology and device
condition produces superior performance in Sc, but
less visible improvement in Nc.
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Figure 6: Coordination channel statistics assuming Rp =

0.2, Rs = 0.3 and 6 channels.

7.2 Spectrum coordination using CSMA protocol

We compare the performance of our proposed coor-
dinated system that uses coordination channel to ne-
gotiate spectrum access, to a uncoordinated system
where each secondary device randomly hops among
available channels. After primary devices have se-
lected the channel to use, the channel availability at
each secondary device are derived, and can be char-
acterized by a topology. We modify standard NS
code of IEEE 802.11 single channel system to include
multiple channels and coordination CHWins. Data
transmission at each channel is at 11Mbps data rate.
The CHWin interval for coordinated system is set to
100ms with CHWin length of 5ms, and the hopping
interval for uncoordinated system is set to 100ms for
a fair comparison. We conduct extensive studies on
various topologies. Due to space limit, we focus on
three fixed topologies specified in Fig. 7. For topolo-
gies I and II, we assume all the traffic flows are large
file transfer running on TCP, and use TCP through-
put as performance metric. For topology III, all the
flows are streaming video with constant bit rate run-
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Figure 7: Simulation Topologies

ning on UDP, and packet delay is used for perfor-
mance evaluation.

Topology I consists of three nodes without any
common channel, so that device C has to use chan-
nels 1 and 2 to coordinate with A and B separately.
Hence, flows from A to C, and B to C are multiplexed
in time. This can be observed in Fig. 8(a). On the
other hand, in a uncoordinated system, transmissions
are constantly interrupted as C hops between channel
1 and 2, which produces throughput and delay vari-
ations. When data channels of transmitting and re-
ceiving devices mismatch, all the packets sent to the
receiver are lost. However, as the transmitter can
not differentiate the loss due to channel mismatch-
ing, transmission errors, or confliction, it simply re-
transmits the lost packets. This increases the delay
variance of TCP packets. Overall, we see that coor-
dination produces 175% of throughput improvement.

In topology II, devices A, B and C select channel
1 as coordination channel. In coordinated system,
during each CHWin, both flows are scheduled in the
same data channel. For example, A schedules with C
to use channel 1 as data channel, and C update its
preferable channel list to only include channel 1(as
it will use channel 1 for data channel in the follow-
ing data transmission interval). When B negotiate
with C, C chooses channel 1. Hence, both flows share
channel 1 and resolve collision through CSMA pro-
tocol. This can be observed from TCP throughput
in Fig. 9(a)). On the other hand, uncoordinated sys-
tem suffers from many transmit/receive channel mis-
match as A, B and C randomly hop among channels
1 and 2. Large delay jitter leads to frequent TCP
timeout, e.g. flow 1’s TCP timeout at 12 sec and
resumes at 26 sec (Fig. 9(b)). In this case, coordi-
nation produces as much as 4 times of throughput
improvement. Notice that the coordinated system
for this topology is similar to that in [12]. We want
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Figure 8: TCP throughput of topology I’s traffic flows

to emphasize the gain of scheduling two flows with
the same destination on the same data channel, and
its impact on TCP performance.

In topology III, we examine a fully connected sys-
tem consisting of 2 virtual groups with one overlap-
ping device. We assume UDP flows with arrival rate
of 100 packets per second, each packet being 512bytes
long. All the flows are conflicted and hence can oc-
cur concurrently if using different channels. Within
each group, coordination allows conflicting transmis-
sions to take place on different channels, e.g. flow A
to B uses channel 2 as flow C to D uses channel 1.
Inter-group coordination, performed by D, resolves
conflict between flow C to D and E to D. Results in
Fig 10 show that coordination reduces packet delay
significantly.

8 Discussion and Future Work
Scalability: In this paper, we propose a simple align-
ment scheme to coordinate CHWins. In its current
format, the coordination overhead scales linearly with
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Figure 9: TCP Throughput of topology II’s traffic flows

the number of channels. This design limits the scal-
ability of the system. However, as we observed, the
number of coordination channels used in an area (Sc)
is usually less than the total number of channels, it
is feasible to develop more efficient algorithm to re-
duce the number of CHWin time slices that each de-
vice should tune to. For example, the CHWin time
of a coordination group (virtual group) can be se-
lected on-demand. Before setting up a new virtual
group, devices should use knowledge about neighbor-
ing virtual groups to select the position of beacon
and CHWin to avoid overlapping/interference with
their neighboring virtual groups. The positions of
CHWin of different channels should also rotate to
provide fairness in channel negotiation. We are cur-
rently investigating this problem.

Extension to coexistence systems: In this paper,
we assume that each channel is associated with a pre-
defined channel access scheme, i.e. CSMA, TDMA,
etc. Our scheme can also be extended to the co-
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Figure 10: Packet delay of of topology III’s traffic flows

existence problem where channels are shared by de-
vices that are associated with different and mutually
interfering access technologies. An example will be
coexistence of 802.11 and 802.16 systems in the un-
licensed band. In the current setting, two devices
can only communicate if they have the same technol-
ogy. Therefore, two pairs of transmissions with differ-
ent technologies will interfere with each other. There
have been proposals on using out-of-band channel(s)
as coordination channel [10]. However, it requires
each transceiver to access multiple channels concur-
rently. Our proposed scheme can be extended to pro-
vide coordination among different technologies with-
out the use of any out-of-band channels. We propose
to implement a common transmission/access technol-
ogy during beacon and CHWin periods on each de-
vice. Coordination aims to schedule transmissions
involving different technologies onto different chan-
nels to avoid collision. We plan to investigate this
problem in a future paper.

9 Conclusion
In this paper, we present a distributed, scalable and
efficient coordination framework to explore/utilize
the unused bandwidth in Open Spectrum ad hoc net-
works while considering spectrum heterogeneity. Un-
der the framework, each device dynamically selects
the coordination channel based on local conditions,
eliminating the need of a common channel for con-
trol messages. We present both a centralized for-
mulation for coordination channel selection as well
a distributed algorithm. Simulations show that our
distributed algorithm performs extremely well com-
pared to the centralized algorithm. Extensive net-
work simulations also show that system throughput
with control channel coordination increased by a fac-
tor of 2–4 compared to no coordination. We also
discuss the limitations and extension of the proposal
and are currently developing new schemes to address
these issues.
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