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Abstract. In a multihop MANET (mobile ad-hoc network), reliable
broadcast support at the MAC layer will be of great benefit to the rout-
ing function, multicasting applications, cluster maintenance, and real-
time systems. In this paper, we propose a new hybrid MAC protocol,
called the adaptive location-aware broadcast (ALAB) protocol, for link-
level broadcast support in multichannel systems. ALAB is scalable and
mobility-transparent since it does not require any link state information.
Above all, in ALAB, both deadlock and hidden terminal problems are
completely solved. In principle, ALAB tries to combine both of the ad-
vantages of the allocation- and contention-based protocols and overcomes
their individual drawbacks. At high traffic or density, ALAB outperforms
the pure TDMA because of spatial reuse and dynamic slot management.
At low traffic or density, ALAB outperforms the pure CSMA/CA because
of its embedded stable tree-splitting algorithms. In addition, ALAB pro-
vides deterministic access delay bounds from its base TDMA allocation
protocol. Simulation results do confirm the advantage of our scheme over
other MAC protocols, such as IEEE 802.11, ADAPT, and ABROAD,
even under the fixed-total-bandwidth model.

1 Introduction

With the revolutionary advances of wireless technology, the applications of the
MANET (mobile ad-hoc network) are getting more and more important, espe-
cially in the emergency, military, and outdoor business environments, in which
instant fixed infrastructure or centralized administration is difficult or too expen-
sive to establish. In the MANET, pair of nodes communicates by sending packets
either over a direct wireless link or through a sequences of wireless links including
some intermediate nodes. Due to the broadcast nature of the radio transmission
medium and the rapidly dynamic topology changes in the MANET, every algo-
rithms and protocols developed on it will face great challenges. In this paper, we
are specially interested in a medium access control (MAC) protocol for multihop
ad-hoc networks with multiple frequency channels.
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A MAC protocol is to address how to allocate the multiaccess medium and
resolve potential contention/collision among various nodes. MAC protocols pro-
posed so far can be approximately classified into two categories [5]. One is
allocation-based protocols, and the other is contention-based protocols. Deter-
ministic allocation-based protocols, such as TDMA and its variants [9], are pri-
marily designed to support bounded delay topology-independent transmissions
by scheduled slot assignments. Nevertheless, these protocols are insensitive to
variations in network loads or node connectivity. Although dynamic topology-
dependent TDMA-based transmission scheduling protocols [13] can adjust them-
selves to node connectivity, they are not suitable for highly mobility environ-
ments due to heavy loads on updated link state information maintenance. As
to the contention-based protocols, such as CSMA/CA and it variants [14], they
are primarily designed to support asynchronous transmissions and burst traf-
fic. However, CSMA/CA is inherently unstable [7]. Because of this reason, the
CARMA protocol based on the deterministic tree-splitting algorithm [7] was
proposed. In CARMA, in order to maintain a consistent channel view for all
nodes in a multihop wireless network, a base station should be set up to govern
this task. Hence it is not suitable for the large-scale MANET.

Most previous works on MAC protocols including IEEE 802.11, ADAPT [4],
CARMA [7], and GRID [14] are designed to support only reliable unicast trans-
mission. As indicated in [5,8,11], support for reliable broadcast at the MAC
layer will be of great benefit to the routing function, multicasting applications,
cluster maintenance, and real-time systems. Clearly, a single reliable broadcast
can be implemented by sending one or more reliable unicast messages. However,
this approach is not scalable since the time to complete a broadcast increases
with the number of neighbors. Besides, MAC protocols typically do not main-
tain link state information [5]. Recently, several MAC protocols for broadcast
support have been proposed, including ABROAD [5], TPMA [8], RBRP [11],
CATA [13], and FPRP [15]. All of them depend on the collision detection ca-
pacity. In TPMA and RBRP, nodes with bad luck in their elimination phase
or reservation request phase may lead to starvation. To make matters worse,
all of these protocols may lead to deadlocks. A deadlock [11] is said to occur
if two conflicting broadcasts are scheduled in the same slot and the senders do
not realize this conflict. We also notice that all the above-mentioned protocols
have focused only on single channel systems. From many literatures [9,14], we
know that a multichannel system outperforms a single channel system in many
aspects, including throughput, reliability, bandwidth utilization, network scala-
bility, synchronization implementation, and QoS support.

The authors in [5] developed a novel hybrid MAC protocol, called ABROAD,
for reliable broadcast in single channel MANETs. Importantly, they try to com-
bine both of the advantages of the allocation- and contention-based protocols
and overcomes their individual drawbacks. Thus, ABROAD can dynamically
self-adjust its behavior according to the prevailing network conditions [4,5]. Fol-
lowing their hybrid approach, but with a whole different design strategy, we
propose a new multichannel MAC protocol based on the tree-splitting algo-
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rithms for link-level broadcast support in multihop ad-hoc networks. We call the
resulting distributed protocol “Adaptive Location-Aware Broadcast” (ALAB)
protocol. Since a MANET should operate in a physical area, it is very natu-
ral to exploit location information in such an environment [14]. In addition, via
a GPS (Global Positioning Systems), every node can get absolute timing and
location information; thus synchronization becomes easy [8,11,12]. The advan-
tages of the ALAB protocol are as follows. (i) ALAB supports reliable unicast,
multicast, and broadcast transmission services in an integrated manner. That
is, unicast and multicast packets are considered as special cases of broadcast
packets. (ii) ALAB is scalable and mobility-transparent since it does not require
any link state information. Moreover, both the time to broadcast a packet and
the number of channels required for the MANET are independent of the net-
work topology. (iii) In ALAB, no hidden or exposed terminal problems will exist.
Therefore, our design does not need any handshake process such as RTS/CTS
or RTS/CR/RA [8]. (iv) Like ABROAD, ALAB also provides bounded access
delay from its base TDMA allocation protocol. Furthermore, ALAB is stable
and adapts well to any traffic and network topologies. (v) In ALAB, the dead-
lock and starvation problems are completely eliminated. (vi) Under the severe
traffic load and node density conditions, ALAB delivers superior performance
than ABROAD, which outperforms TDMA, IEEE 802.11, and ADAPT [4,5],
even under the fixed-total-bandwidth model.

2 The ALAB Protocol

2.1 Model and Assumptions

A multihop mobile radio network used to pass messages containing data and
control information can be modelled as an undirected graph G = (V, E) in which
V (|V| = N) is the set of mobile hosts and there is an edge (u, v) ∈ E if and only if
u and v can mutually receive each other’s transmissions. In this case, we say that
u and v are neighbors. Note that the edge set may vary over time because of nodal
mobility. We can assign each node v in the network a unique identifer (ID) by a
number in ℵ = {0, 1, . . . , N −1}, where |ℵ| = N . In this paper, all logarithms are
assumed to be base 2. Given an integer v ∈ ℵ, let Binary(v) = (v1v2 . . . vk−1vk)
denote its binary string, where k = 	logN
. Thus, every integer in ℵ can be
represented by a unique binary k-tuples (v1v2 . . . vk−1vk), where vi ∈ {0, 1}. In
addition, each channel is uniquely assigned by a number in C = {0, 1, . . . , ρ−1},
where 1 ≤ ρ < N .

Within a TDMA network, the time axis is divided into units called (trans-
mission) frames, and each frame is composed of time slots. Each slot in turn
comprises mini-slots. Nodes in the network are assumed to be synchronized and
that the frame length is the same for each node. Each mobile radio host in a
multichannel network is equipped with the transceivers (a single transmitter and
multiple receivers). Depending on the ability of the transceivers, each node can
communicate with others either in the full-duplex mode or in the half-duplex
mode. In the half-duplex mode, each host cannot transmit and receive at the
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Fig. 1. Ten mobile hosts are dispersed randomly over the 2D geographic region. The
integer within in the grid is the channel number, while the integer pairs are the grid
coordinate. The center part of the geographic area shows the relation between r and d.

same time [3]. In the full-duplex mode, each host can transmit only one packet
on one channel but receive multiple packets on all channels simultaneously [9].
Throughout this paper, we assume every node works in the full-duplex mode.
On the same channel, two types of communication collisions will arise [9]. The
primary collision occurs when a node transmitting in a given mini-slot is receiv-
ing in the same mini-slot on the same channel. This also implies the converse:
a receiving node cannot be transmitting on the same channel at the same time.
The secondary collision occurs when node receives more than one packet in a
mini-slot on the same channel. In both cases, all packets are rendered useless.
To this end, we assume that if more than one node is transmitting on the same
channel such that the packets overlap in time, then collision occurs on that chan-
nel. On the other hand, simultaneous reception of packets on other channels is
not affected [3,9]. In this paper, we also assume that a node is capable of deter-
mining the current status of a single radio channel [12]. That is, at the end of
a mini-slot, each node can obtain feedback from the receiver specifying whether
the status of a radio channel is (i) NULL: no transmission on the channel, (ii)
SINGLE: exactly one transmission on the channel, or (iii) COLLISION: two or
more transmissions on the channel.

The basic idea behind the ALAB protocol is very simple; in brief, we just
imitate the organization of cellular/cluster networks. This approach is widely
adopted in many issues for the MANET [6,14]. Each node is assumed to know
its own position by virtue of its GPS receiver but not the position of any other
nodes in the network. In our model of the ad-hoc network, nodes are dispersed
randomly over a pre-defined geographic region, which is partitioned into two-
dimensional logical grids as illustrated in Fig. 1. Each grid is a square of size
d×d. Let ri be the transmission range of node i. Determining the optimal values
of ri and d is not an easy task. In our design, we restrict

√
2d ≤ ri ≤ 2d. Let

ℵ∞ = {0, 1, 2, 3, . . .}. Grids are numbered 〈x, y〉 following the conventional xy-
coordinate. Every node must know how to map its physical location (x′, y′) ∈
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Fig. 2. The ALAB slot and frame structure.

(�, �) to the corresponding grid coordinate 〈x, y〉 ∈ 〈ℵ∞,ℵ∞〉. As illustrated in
Fig. 1, we assign 〈x, y〉 = 〈�x′

d �, �y′

d �〉. Besides, each grid is assigned a unique
channel. When a node is located at a grid 〈x, y〉, it must use the channel assigned
to the grid 〈x, y〉 for transmission. Given two different girds 〈x1, y1〉 and 〈x2, y2〉,
if max{|x1 − x2|, |y1 − y2|} ≤ 4, then these two girds are called the interfering
grids. The interfering grids are forbidden to be assigned the same channel to
prevent co-channel interference in the packet transmission phase of ALAB. (We
will explain it in the next subsection.) To attain this goal, we can simply apply
the distance-4 coloring algorithms [14] to assign a channel for each grid. In the
meantime, the frequency reuse should be maximized. Fig. 1 shows the possible
channel assignments. Let |G| be the total number of grids over the geographic
region. By a simple counting, the total number of channels required for the
ALAB protocol is min{25, |G|}.

The main purposes of these restrictions are as follows. Nodes within the
same grid form a single-hop cluster. In other words, all nodes within the same
grid can hear the transmission of others. By the collision detection ability of
the transceivers, all nodes within the same grid are able to maintain a consistent
channel view. Due to the channel consistency in every grid, no deadlock or hidden
terminal problems will exist.

2.2 Protocol Description

The ALAB protocol integrates a tree-splitting collision resolution protocol within
each slot of a TDMA allocation protocol. Each node is assigned a transmission
schedule (frame) consisting of N slots. The slot and frame structure of the ALAB
protocol, which is somewhat like the design of HYPERLAN [1], is shown in Fig.
2. The frame is divided into fixed-sized slots. Each slot is composed of three
parts: a priority reservation phase and a collision resolution phase followed by
a packet transmission phase. The first two phases are called the leader election
phase. The priority reservation phase occupies the first mini-slot and the colli-
sion resolution phase consists of the next M mini-slots. The final mini-slot is the
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packet transmission phase. In the priority reservation phase, only the predeter-
mined primary and secondary candidate nodes have the chance to reserve the
slot. However, when the first mini-slot remains unused, all active nodes contend
to use it either by the randomized collision resolution algorithm or by the deter-
ministic one. A node is said an active node if it has packets to send. Through
the leader election phase, we guarantee that at most one active node will survive
in a gird. The survival(s) gets the right of broadcast in the packet transmission
phase. Recall that the transmission range is limited and simultaneous reception
of packets on other channels is not affected. As a result, inter-grid communi-
cations via data packets are collision-free. In the following, we will focus the
protocol description on a single grid, say 〈x, y〉. Before we describe the ALAB
protocol in detail, we also make the following assumptions. (i) A node located
in a grid 〈x, y〉 is assumed to continuously monitor the status of the channel as-
signed to 〈x, y〉. (ii) A node wishing to transmit a packet which may has arrived
in the interim, it would wait until the beginning of the next slot. (iii) The channel
introduces no errors, so control-packet collisions are the only source of errors.
Nodes can perfectly detect such collisions immediately at the end of each mini-
slot. (iv) Each mini-slot is designed to accommodate the packet transmission
time and the guard time, which corresponds to the maximum differential prop-
agation delay between any pair of nodes. Since the network are assumed to be
synchronized, all active nodes enter the priority reservation phase synchronously.

1) Priority Reservation Phase: In slot i of a frame, we let the node with
the ID = i − 1 mod N be the primary candidate (PC for short) node and the
node with the ID = i − 1 + �N

2 � mod N be the secondary candidate (SC for
short) node. In our design, the priority of the PC node is higher than that of the
SC node. At the beginning of the first mini-slot, only the PC and SC nodes are
allowed to send RTB (Request-To-Broadcast) control packets with probability 1.
At the end of the first mini-slot, if the status of the channel is COLLISION, then
the PC node overwhelmingly wins the slot to broadcast a packet. If the status of
the channel is SINGLE, all active nodes except the winner quit the contention at
the remaining mini-slots, abandon the corresponding packet transmission mini-
slot and wait for the next slot. Otherwise, all active nodes enter the collision
resolution phase.

2.a) Randomized Collision Resolution Phase: At the beginning of the ith
mini-slot, where 2 ≤ i ≤ M + 1, all active nodes send RTBs with probabil-
ity 1. At the end of the ith mini-slot, if the status of the channel is NULL,
then the collision resolution period is over. The contending nodes involved in
the COLLISION split randomly into two subsets by each flipping a coin. Those
who obtain heads (with probability p) send an RTB in the next mini-slot; while
those who obtain tails (with probability 1− p) become inactive and wait for the
next slot. This process keeps running until a SINGLE is reported or i equals
M +1, whichever comes first. The above-mentioned algorithm is similar to that
of TPMA [8]. We can find that the collision resolution process stops immediately
once a NULL occurs. One can make a further improvement, however. On con-
dition that a NULL is sensed, all previous contenders are allowed to flip a coin
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again and those who obtain heads can send RTBs in the next mini-slot. Thus the
collision resolution phase will never terminate in the NULL state before mini-slot
M +1. It is worth noticing that nodes with bad luck in the randomized collision
resolution phase will not starve because of the underlying TDMA protocol. The
advantages of the randomized approach are that it achieves fairness naturally
and a winner may arise quickly. A reasonable value of M could be 1 + 	log N

|G|
.
2.b) Deterministic Collision Resolution Phase: Our deterministic collision

resolution algorithm is similar to that in [2]. We assume that every node keeps an
integer variable temporary ID used for the collision resolution phase. Initially,
temporary ID = ID. We let M = 1 + 	logN
 and (b1b2, · · · , bk) be the binary
representation of any given node temporary ID, where k = 	logN
. At the
beginning of the second mini-slot, all active nodes send RTB packets. If the
status of the channel is NULL, then the collision resolution period is over. If
a COLLISION occurs, all active nodes with b1 = 0 send RTB packets in the
next mini-slot. The general rule on the (i + 2)th mini-slot, 1 ≤ i ≤ M − 1, is
that all active nodes with bi = 0 send RTBs; at the end of the mini-slot, if a
COLLISION is alarmed, all active nodes with bi = 1 are backlogged and wait
for the next slot; while a NULL is detected, all active nodes with bi = 1 remain
active in the next mini-slot. This process continues running until a SINGLE is
recognized. Clearly, at the end of the collision resolution process, only the active
node with the lowest-numbered temporary ID will be the winner. To ensure
fairness, each node subtracts one (mod N) from its current temporary ID at
the end of every slot. The advantage of the deterministic approach is that a
winner is guaranteed to be elected if at least one active node exists. However,
only the partial fairness can be achieved because of the multihop characteristic
in ad-hoc networks. Besides, the value of M by the deterministic approach may
be larger than that by the randomized approach.

In packet transmission phase, every winner in every grid in the leader elec-
tion phase starts to transmit. Since simultaneous reception of packets on other
channels is not affected, all nodes can gain the data concurrently. The control
packet length is typically smaller than the data packet length, it is worthwhile
taking multiple mini-slots to compete for the access right. To sum up, our hybrid
MAC protocol is similar to the leader election among active nodes within each
gird in every slot.

3 Performance Simulations

Two bandwidth models have been proposed in [14] to evaluate the network
throughput performance for multichannel ad-hoc networks. (i) Fixed-channel-
bandwidth: Each channel has a fixed bandwidth. The more the channels, the more
bandwidth the network can potentially use. This model is especially suitable for
CDMA environments. (ii) Fixed-total-bandwidth: The total bandwidth offered to
the network is fixed. With more channels, each channel will have less bandwidth.
This model is especially suitable for FDMA environments.
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Fig. 3. Ld/Lc versus throughput under the fixed-total-bandwidth model. (η = 8 and
|G| = 10× 10.)

Due to space limitations, mathematical analysis can be referred to our tech-
nical report [6]. In this section, we report the simulation results. We use the fixed-
increment time advance approach [10] for our discrete-event simulation model
to evaluate the performance of ALAB. We have developed a simulator by C++.
The ad-hoc network is simulated by placing N nodes randomly and uniformly
within a bounded geographic region. The geographic region size (|G| = A

d2 ) is
measured by the number of grids. The transmission range of all simulated nodes
is r meters. The control packet length Lc including the guard time is 20 bytes
and the data packet length Ld is a multiple of Lc. Network traffic was generated
according to a Poisson arrival process with a mean of λ packets per second, and
uniformly distributed among the nodes. If the fixed-channel-bandwidth model
is assumed, each channel’s bandwidth is 1 Mbps. If the fixed-total-bandwidth
is assumed, the total bandwidth is 1 Mbps. We will consider the effect of node
density on the performance instead of the average degree, where the node density
of the grid plane (η = N

|G| ) is defined as the average number of nodes per grid.

A) Effect of Data Packet Length: In Fig. 3, we show the effect of the ratio
Ld/Lc on the throughput performance under the fixed-total-bandwidth model.
In this experiment, we fix η and G as 8 and 10 × 10, respectively. We can see
that when Ld/Lc ≤ 125, the throughput is highly promoted with the increasing
length of data packet. This is because each successful leader election process can
schedule more data bits to be sent. However, if we further increase the ratio
Ld/Lc, the throughput of ALAB will be saturated at a certain point. As shown
in Fig. 3, as both offered load and Ld/Lc increase, the throughput of ALAB
(deterministic collision resolution approach) approaches the network capacity.

B) Effect of Arrival Rate and Bandwidth Models: In this experiment, we as-
sume that N = 512, r = 2d, |G| = 8 × 8, η = 8, and Ld/Lc = 50. Fig. 4 and
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5 show the throughput versus the offered load under the fixed-total-bandwidth
model and under the fixed-channel-bandwidth model respectively. Especially,
even under the fixed-total-bandwidth model, we find a 70% increase in the peak
performance for ALAB over ABROAD, which delivers superior performance
than TDMA, IEEE 802.11, and ADAPT [4,5]. The reasons are three-fold. (i) In
ALAB, via the location-aware channel assignment scheme, the number of poten-
tial interfering terminals is significantly reduced from the size of two-hop neigh-
borhood to the size of intra-grid neighborhood. (ii) Via the leader election process
in ALAB, the probability for a node to reserve a slot is highly boosted. (iii) In
such a crowed environment, the erasure effect [8] or deadlocks also cause the
performance of ABROAD degradation. However, it is not very fair to compare
ABROAD and ALAB because of their different assumptions on the transceivers.
In Fig. 5, we see that the ALAB protocol with the deterministic collision reso-
lution approach performs best since an active node is guaranteed to be elected
(if it exists) in a grid in a slot.

C) Effect of Node Density : Fig. 6 shows the throughput versus node density
and arrival rate under the fixed-channel-bandwidth model. We use N = 256
and Ld/Lc = 75. We see that as the node density decreases and/or the traffic
load increases, the throughput increases monotonically and is finally saturated
at a certain point. Especially, we find that when λ = 15 ∼ 20 and η = 4 ∼ 16,
the deterministic collision resolution approach yields about 27.67% ∼ 56.67%
improvement in the throughput, as compared with the randomized one. This is
reasonable due to the uncertainty in the leader election phase by the randomized
approach. Given fixed A and N , decreasing the node density will promote the
throughput; meanwhile, it will cause the number of grids increase. Since we
restrict

√
2d ≤ r ≤ 2d in our design, a larger number of grids implies a shorter
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transmission range. From the perspective of the routing performance, this will
result in more hops from sources to destinations. To sum up, determining the
optimal values of r and d is not an easy task.

D) Effect of Node ID Distribution: In all the above experiments, we have
observed that the ALAB protocol with the deterministic collision resolution ap-
proach performs best. However, its collision resolution method highly depends
on the distribution of the node IDs. In spite of the multihop characteristic in
ad-hoc networks, each contending station should receive an equal share of the
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transmission bandwidth. We conduct an experiment to understand this fairness
issue. We use N = 16, η = 4, |G| = 4, and Ld/Lc = 75. Four sample nodes
intended for our observation are 0000, 0001, 1010, and 1011. Furthermore, we
assume that they are located in a same grid. Fig. 7 shows the simulation result
under the fixed-channel-bandwidth model. We see that as the offered load in-
creases, the performance range of the sample nodes increases significantly. That
is, the unfairness problem becomes serious when traffic load is heavy. Therefore,
if fairness is critical, the ALAB protocol with the improved randomized collision
resolution approach may be a compromise solution.
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Fig. 7. Node ID versus node throughput under the fixed-channel-bandwidth model.
(N = 16, η = 4, |G| = 4, and Ld/Lc = 75.)

4 Conclusions

In this paper, we have proposed a new adaptive location-aware MAC proto-
col, called ALAB, for link-level broadcast support in multichannel MANETs.
By virtue of GPS and channel assign scheme, all nodes within the same grid are
able to maintain a consistent channel view. Due to the channel consistency in ev-
ery grid, no deadlock or hidden terminal problems will exist. ALAB is scalable
and mobility-transparent since it does not require any link state information.
Using the ternary channel feedback information, our novel hybrid broadcast
scheme can achieve high throughput performance. In principle, ALAB tries to
combine both of the advantages of the allocation- and contention-based proto-
cols and overcomes their individual drawbacks. ALAB has deterministic access
guarantees by its base TDMA allocation protocol while providing flexible and
efficient bandwidth management by reclaiming unused slots through the stable
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tree-splitting algorithms. Extensive experimental results have been conducted,
which take many factors, such as channel bandwidth models, arrival rate, data
packet length, node density, and fairness, into consideration. Both analysis [6]
and simulation results do confirm the advantage of our scheme over other MAC
protocols, such as IEEE 802.11, ADAPT [4], and ABROAD [5], even under the
fixed-total-bandwidth model. All these results make ALAB a promising protocol
to enhance the performance of the MANET.
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