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Abstract— Energy efficient MAC protocols have been devel-
oped for wireless sensor and ad hoc networks so that inactive
nodes can transition to sleep state to conserve energy. It has
been recognized that forming and keeping a continuously awake
Connected Dominating Set (CDS) serves to significantly reduce
the route setup latency (since it minimizes the number of wakeup
operations that are undertaken). Recently published studies show
that, under certain traffic conditions, the CDS approach can
lead to the reduction of the average level of energy consumption
while ensuring a high network throughput level. Under the
Mobile Backbone Network (MBN) architecture introduced by
I. Rubin et al., a mobile backbone is dynamically constructed to
provide a topological covering of the network. Nodes that join
the mobile backbone are identified as Backbone Nodes (BNs). In
this paper, we study a MBN Power Saving (MBN-PS) system.
The dynamically elected BNs are kept active and are used to
effectively manage the awake and sleep states of their client
nodes. We study the throughput (per-watt) efficiency performance
of the MBN-PS protocol by analytical calculations, as well as by
extensive simulation evaluations. We analytically show that when
the number of active network flows is above a minimal level,
the underlying throughput efficiency attained by the MBN-PS
scheme is better than that achieved by a corresponding network
that does not form a backbone structure.

I. INTRODUCTION

Many data communications and sensor wireless networks
include network nodes that are highly energy limited. To
preserve acceptable operational lifetimes for such nodes, it is
thus essential to employ networking protocols that conserve
the energy consumption at such nodes. The radio control
module used by many wireless devices can be modelled to
dynamically operate in four key states: sleep, idle, receive,
and transmit states. Measurements conducted on such modules
have shown that the energy consumption of nodal entity when
it resides in idle state is only slightly lower than that observed
when it re-sides in transmit or receive states [1]. Thus it is
crucial from energy-saving perspective to transition the radio
module into sleep state when it is not in use. We show in
Table I the energy consumption rates of the Lucent WaveLAN
802.11b network interface card, as measured by L. M. Feeney
et al. [1].

Several energy efficient MAC protocols have been proposed
for ad hoc networks [2], [3] for operation under the framework
of IEEE 802.11 Power Saving mode. Under the IEEE 802.11
specification, nodes fall into sleep state periodically. Nodes can
(at their own initiative) periodically wake up during the ATIM
window to participate in potential communication activities. In

TABLE I

ENERGY CONSUMPTION RATES OF THE LUCENT WAVELAN 802.11B

NETWORK INTERFACE CARD

Sleep Idle Receive Transmit
47.4mW 739mW 901mW 1.35W

[2], nodes that are used by flows with short packet inter-arrival
time are kept awake so that the end-to-end packet delay is not
degraded in a significant fashion due to the need to wake up
the nodes located along the route of a flow each time a separate
packet arrives to the system.

Several energy-efficient MAC protocols have been proposed
specifically for sensor networks in [4]–[6]. Under S-MAC [4],
nodes periodically wake up for receiving RTS packets. Nodes
that receive RTS packets remain awake until their data packet
transmissions are completed. In [4], [5], nodes that overhear
RTS packets that are not destined to them transition into sleep
state to avoid unnecessary energy consumption.

Several energy-efficient systems have been developed for ad
hoc networks using the formation of a Connected Dominating
Set (CDS). In [7], the SPAN architecture is introduced to re-
duce energy consumption without significantly diminishing
the network capacity. Under the SPAN architecture, nodes
are dynamically selected to join a forwarding backbone as
coordinators. Nodes that join the forwarding backbone are
kept awake so that the route setup latency remains small.
Nodes that do not join the forwarding backbone fall into sleep
state and awake periodically. In [8], the GAF architecture is
introduced to form a Connected Dominating Set (CDS) using
GPS based nodal location information. Under GAF, one node
in each grid is selected as a forwarding node and is kept
awake. The rest of the nodes in each grid fall into sleep
state and awake periodically. Using a load balancing scheme,
nodes selection as forwarding nodes is rotated for each grid.
Simulation results show the SPAN and GAF schemes to
provide significant energy savings under certain traffic loading
conditions.

In [9], [10], I. Rubin et al. has introduced the Mobile
Backbone Network (MBN) architecture to support multimedia
applications for ad hoc wireless networks. Under the Mobile
Backbone Network (MBN) architecture, a mobile backbone is
dynamically constructed to provide a topological covering of
the network. Nodes that join the mobile backbone are identi-
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Fig. 1. Illustrative Mobile Backbone Network (MBN) Configuration

fied as Backbone Nodes (BNs). Furthermore, an MBN based
on demand routing scheme has been developed, under which
route request messages are flooded only across the backbone
network (Bnet). This operation, through the incorporation of
congestion and flow control schemes has been shown to yield
excellent delay-throughput performance behavior, ensuring the
QoS operation of admitted flows. In this paper, we intro-duce
protocols for operating a mobile ad hoc wireless network that
is operated by using the MBN approach in an energy aware
fashion. The dynamically elected BNs are kept active and are
used to manage effectively the awake and sleep states of their
client nodes (across their access nets, Anets).

In this paper, we study the throughput (per-watt) efficiency
performance of the MBN-PS protocol by analytical calcula-
tions, as well as by extensive simulation evaluations under
the QualNet Simulator. We compare the MBN-PS protocol
to other power saving schemes. We show our mechanisms to
yield outstanding throughput (per-watt) efficiency level. Using
our analytical model, we prove that, when the number of
active network flows is above a minimal level, the underlying
throughput efficiency attained by the MBN-PS scheme is better
than that achieved by a corresponding networking operation
that does not form a backbone structure.

The rest of the paper is organized as follows. In Section II,
we introduce the Mobile Backbone Network architecture. In
Section III, we analytically study the bit-per-joule performance
of the ad hoc network when a backbone network that provides
full coverage of network nodes is formed. In Section IV, we
present bit-per-joule throughput performance evaluation anal-
yses of the ad hoc network by using our analytical technique
as well as by the use of cross layer simulations. Conclusions
are drawn in Section V.

II. MOBILE BACKBONE NETWORK ARCHITECTURE

We have recently introduced the Mobile Backbone Network
(MBN) architecture in [9], [10]. In the MBN architecture,
two classes of nodes are identified: Regular Nodes (RNs)
and Backbone Capable Nodes (BCNs). RNs are assumed
to possess limited storage and energy processing resources.
BCNs can have more storage and processing resources. BCNs
are dynamically elected to act as Backbone Nodes (BNs)
to construct a mobile backbone (Bnet). We have introduced

a distributed topology synthesis protocol [11], [12] for the
construction of the mobile backbone. Assuming a connected
network layout, this backbone provides a topological covering
of the network so that each BCN is a single hop away from
at least one BN, and each RN can reach at least a single
BN by traversing a path that consists solely of RNs. We note
that for the special case under which all nodes are BCNs, the
Bnet layout serves as a connected dominated set (CDS) of the
network graph. Each BCN/RN is required to associate with
a single BN. RNs and BCNs that have associated with a BN
form an Access Network (Anet). Its structure is illustrated in
Fig. 1.

In [13], we have presented a so-called Mobile Backbone
Network Routing with Flow Control (MBNR-FC) mechanism
for routing flows across the mobile backbone. Under this
protocol, route discovery packets are selectively flooded across
the Bnet only. Due to its use of restricted flooding of route
request packets, this operation significantly reduces the routing
control overhead, leading to a highly scalable and robust
mobile ad hoc network operation. A flow control mechanism
is embedded in the route discovery process to guide admitted
traffic flows to traverse less congested areas. The flow con-
trol mechanism prevents congested network nodes, as well
as neighbors of congested nodes, from participating in the
flooding of route discovery messages. Furthermore, it prevents
an excessive rate of traffic flows from being injected into the
network so that the Quality-of-Service (QoS) of admitted flows
could be maintained.

In this paper, we incorporate an energy aware scheme into
the MBN. The power saving mechanism that we employ at
the MAC layer is designed in accordance with the operation
of the IEEE 802.11 power saving mode. Under the MBN
power saving mode, BNs are kept awake. BCNs and RNs wake
up periodically at the beginning of each super frame. They
stay awake during a control & management (C&M) period.
BCNs or RNs that participate in transporting traffic flows (i.e.
they serve as source/destination or relay nodes.) remain awake
during the rest of the super frame. Inactive BCNs and RNs
fall into sleep state after the common awake interval. They
wake up periodically (at their own initiative) during C&M
periods. The specification and description details of the MBN
power saving protocol used in this paper are described in the
Appendix.

III. BIT-PER-JOULE PERFORMANCE ANALYSIS

In this section, we mathematically characterize the bit-per-
joule performance of on-demand routing protocols in ad hoc
networks with or without mobile backbones. We assume that
the Mobile Backbone Network Routing with Flow Control and
Power Saving (MBNR-FC/PS) scheme is employed by ad hoc
networks with mobile backbones. We assume that the AODV
routing with Flow Control and Power Saving (AODV-FC/PS)
scheme is employed by ad hoc networks that do not employ a
mobile backbone. We show that the bit-per-joule performance
achieved by the MBNR-FC/PS scheme in ad hoc networks that
construct mobile backbones is better than that achieved by the
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AODV-FC/PS scheme that is employed in ad hoc networks
that do not construct mobile backbones, when the network is
loaded with a sufficiently high number of flows.

Our performance analysis proceeds as follows. We first
calculate the throughput efficiency of the ad hoc network under
prescribed parameters. We then evaluate the energy consump-
tion involved in operating these distinct routing schemes.

A. Network Throughput Capacity

Consider an ad hoc network that consists of N nodes, each
of which is capable of transmitting across the shared wireless
channel at a data rate of R bits per second. We assume the
overall flow arrival process to be governed by the statistics of
a Poisson process. We denote the average number of flows that
arrive per second in the network (i.e., the overall network flow
arrival rate) by fa. For simplicity on presentation, we assume
each flow to last for a random duration that is exponentially
distributed with mean duration equal to T sec. Once a flow is
activated, it involves the generation of random packet arrivals;
this process is also characterized as a Poisson process. Denote
the packet arrival rate of each activated flow by λ. The average
packet size is set equal to Lp bits. Denote the average path
length across the network of admitted flows by π̄.

We define a link flow to denote the flow generated across
a link by an admitted end-to-end flow, considering a link that
resides along the route of an underlying flow. Thus, each flow
that traverses a path that consists of k links induces k link-
flows across the corresponding k links. Hence, the average
total link flow rate fl (also expressing the sum of the internal
link flow rate) is calculated as the following:

fl = π̄fa (1)

Under the MBN-PS scheme, each node periodically trans-
mits a hello message every Tframe seconds (see Appendix).
Denote the average size of the hello message by L. Under
the AODV-FC/PS scheme, we set L = 40 bytes. Under the
MBNR-FC/DA scheme, the hello message includes topologi-
cal synthesis information, yielding L = 110 bytes.

Assume the ad hoc network to occupy a geographic area
A. Let SRF denote the estimated MAC-layer spatial reuse
factor for communications that take place in A. We derive
such an estimate by calculating the number of disjoint non-
interfering disks that can be included in A. For simplicity,
we assume that the network area is statistically well covered
by traffic flows, and that nodes that are located at a distance
of 2r from each other can engage in simultaneous packet
transmissions. Consequently, we can set SRF = A

πr2 . The
transport capacity available for accommodating message flows
is given as SRF × R − NL/Tframe, where NL/Tframe

represents the transport capacity consumed by the periodical
hello message transmissions. Thus the maximum number of
link-flows Mf that can be accommodated internally by the
network is given as:

Mf =
⌊

SRF ×R−NL/Tframe

λ× Lp

⌋
(2)

For this comparison purpose, we note that we have shown in
our papers (see [12], [13]) that the MBNR-FC scheme achieves
a throughput efficiency that is equal or (significantly) better
than that achieved by the AODV scheme, attaining an average
path length that is close to that achieved by the AODV scheme
and a SRF value that is the same or better than that achieved
by the latter scheme.

The system employs a flow control scheme that ensures
that it is not overloaded. Flows are admitted into the network
only if it is determined that there is sufficient capacity to
accommodate them (as accomplished through the use of the
flow admission and congestion control components mentioned
above). Consequently, the underlying queuing system is sta-
ble, and is thus guaranteed to exhibit steady state behavior,
as we assume henceforth. We model the network as an
M/M/Mf/Mf queuing system, considering flows as arriving
customers. The customer (i.e., flow) arrival rate is fl. The
service rate of each server is given by 1/T .

Denote the number of link-flows admitted into the network,
at steady state, by X . The link flow blocking probability PB
is given by Erlang’s Loss Formula:

PB = P (X = Mf ) =
(flT )Mf /Mf !
Mf∑
i=0

(flT )i/i!

(3)

Thus, the admitted link flow rate is equal to fl(1− PB). We
denote the average number of admitted link flows by Nf . It
is given as the following:

Nf = flT (1− PB). (4)

The network end-to-end throughput capacity is thus given
as:

TH =
Nf

π̄
λLp = fa(1− PB)TλLp (5)

We have studied the mobility impact on the throughput per-
formance of the system, using analytical as well as simulation
evaluations. These performance evaluations have shown that
under a non-excessive nodal velocity level (including levels
that are as high as 3m/s), when the mobile backbone network
is loaded at a moderate traffic intensity level, the routing
control overhead is relatively low; being typically lower than
or equal to about 1% of the offered data transport load.

B. Energy Consumption Rate

We state that a node is an awake node when it is not in
a sleep state. The energy consumption rate consists of two
key components. (For approximate calculation, we neglect the
energy consumption rate when a node is in the sleep state,
since it is significantly smaller than the energy consumption
rates incurred when a node is in other states.) One component
is contributed by nodes during periods that are transmitting
packets. The other component is contributed by nodes that are
awake but are not in transmission mode. For our approximate
analysis, we regard in this paper the energy consumption rates
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at a node that is in receive state to be the same as that incurred
when it is in an awake idle state.

Denote the energy consumption rate at a node that is in
the awake non-transmission state by Wr watts. Denote the
fraction of time (under steady state conditions) that an awake
node stays in the transmission state by ρ. Denote by Na the
number of awake nodes in the network, at any time. The
energy consumption rate contributed by nodes that are in
awake non-transmission state is equal to NaWr(1−ρ). Denote
the energy consumption rate at the transmission mode by Wt

watts. Since the average number of admitted link flows is Nf ,
the energy consumption rate contributed by nodes that are in
transmission state is given by NfλLpWt/R. Thus the average
energy consumption rate W is thus given by the following:

W = NaWr(1− ρ) + NfλLpWt/R.

We note that at steady state, a number Na of awake nodes
exist, and the overall transmitted message bit rate is equal to
NfλLp bits per second. Hence, the average fraction of time
that an awake node stays in the transmit state is given by
ρ = Nf λLp

NaR . Hence, we obtain the following equation:

W = NaWr + NfλLp(Wt −Wr)/R (6)

The energy consumption rate of network nodes under the
AODV-FC/PS and the MBNR-FC/PS schemes differ in that
they involve different values for the number of awake nodes
Na. In the following, we calculate these Na values as obtained
under the AODV-FC/PS and the MBNR-FC/PS schemes.

C. Number of Awake Nodes

Denote the number of links in the network by m and the
average degree of each node by k. The average link flow arrival
rate per node denoted by fn is given as:

fn =
fl(1− PB)

m
k =

fl(1− PB)
Nk/2

k =
2fl(1− PB)

N
(7)

Denote the maximum number of link flows that can be
loaded across a link by mf . We thus have mf =

⌊
R

λ×Lp

⌋
.

We model the system that processes link flows at each node
as an M/M/mf/mf queuing system. The average customer
arrival rate for this system is fn. Each server operates at a
service rate of 1/T .

Denote Pn the steady-state probability that the number of
link flows loaded at a node is equal to n. We conclude:

P0 =

[ mf∑

i=0

(fnT )i/i!

]−1

. (8)

The probability that a node does not transport traffic flows at
a given time is given by P0. Thus for the average number of
awake nodes at any time, we have the following:

Na = N(1− P0). (9)

Under the MBNR-FC/PS scheme that is employed for an
ad hoc network that forms dynamically a mobile backbone,
we assume here that backbone nodes are always awake, while

the rest of nodes are in the sleep mode unless they are source
or destinations nodes. Assume the number of backbone nodes
to be equal to NB . Assume the mobile backbone network to
occupy a geographic area A. To provide complete one-hop
coverage, we need to have a sufficient number of backbone
nodes; approximately (by area coverage): NB ≈ A

3R2 [14].
Since the average number of traffic flows carried across

the network is equal to Nf/π̄, the number of source and
destination nodes is equal to 2Nf/π̄. Since backbone nodes are
the only forwarding nodes in the network under the MBNR-
FC/PS scheme, the number of awake nodes under this scheme
is upper bounded by max {NB + 2Nf/π̄, N}.

D. Bit-Per-Joule Throughput Efficiency Performance

For the AODV-FC and MBNR-FC schemes, the bit-per-
joule throughput (per-watt) efficiency performance, denoted
by χaodv and χmbnr respectively, are concluded by using
Eq. 5 for the throughput and Eq. 6 for expressing the average
consumed power level:

χaodv =
1

N(1− P0) π̄Wr

Nf λLp
+ π̄(Wt−Wr)

R

(10)

χmbnr =
1

max {NB + 2Nf/π̄, N} π̄Wr

Nf λLp
+ π̄(Wt−Wr)

R

(11)

We show in the performance evaluation section that as
the number of flows in the network increases, the number
of awake nodes under the AODV-FC/PS scheme is noted to
be significantly higher than that realized under the MBNR-
FC/PS scheme. We conclude that the bit-per-joule throughput
efficiency performance of ad hoc networks with mobile back-
bones stays higher than that experienced without the formation
of a mobile backbone when the number of traffic flows is
sufficiently high.

IV. BIT-PER-JOULE PERFORMANCE UNDER FULL MOBILE

BACKBONE COVERAGE

In this section, we analyze the bit-per-joule performance
under the AODV-FC/PS and MBNR-FC/PS schemes in an
illustrative network. We assume that the network contains 50
nodes that roam in an area of dimensions given by 1700m×
400m. We assume each node is equipped with a wireless radio
that operates at a data rate of 2Mbps; yielding an effective
transmission rage of about 200m. We have carried out cross-
layer simulations of the underlying two schemes. Under this
setup, the number of backbone nodes NB is observed to be
equal to 8. We set the average flow duration time T to be
equal to 20s. The average packet inter-arrival time 1/λ is set
to be 0.3s and the average packet size is set to be equal to
564 bytes. The average path length per traffic flow is equal to
6 hops. We assume the involved power levels to be given by:
Wr = 900mW and Wt = 1300mW .

The bit-per-joule performance level achieved under different
flow arrival rates fa is plotted in Fig. 2, showing results ob-
tained by using simulations as well as our analytical approach.
As we see in Fig. 2, when the flow arrival rate increases above
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a certain level, the bit-per-joule performance attained under the
MBNR-FC/PS scheme is significantly better than that achieved
under the AODV-FC/PS scheme. This behavior is explained
by noting that the number of awake nodes observed under the
AODV-FC/PS scheme is larger than that incurred under the
MBNR-FC/PS scheme, when the offered flow arrival rate is
sufficiently high.

In Fig. 3, we show the variation of the number of awake
nodes Na as a function of the flow arrival rate, using our
analytical calculations. As illustrated in Fig. 3, as the offered
flow arrival rate increases, the number of nodes that must be
awaken to provide for the transportation of packets across
discovered routes increases rapidly under the AODV-FC/PS
scheme. In turn, the corresponding number of awake nodes ob-
served under the MBNR-FC/PS scheme is significantly lower.
The mobile backbone serves to concentrate flow distributions
through the use of a lower number of active nodes.

Next, we provide results that exhibit the bit-per-joule per-
formance of our MBNR-FC/PS system as a function of the
packet arrival rate (per flow), under prescribed values for
the flow arrival rate and the packet size. We fix the offered
flow arrival rate fa to be equal to 0.5 flows per second.
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Fig. 4. Bit-Per-Joule Performance under Various Packet Arrival Rates

We fix the packet size to be equal to 564 bytes. We also
compare the performance of our scheme with those exhibited
by other power saving oriented ad hoc routing protocols. We
use the same network configuration as that described above.
The results are shown in Fig. 4. We identify the protocol
presented in [2] as the AODV-UIUC scheme. Since our power-
saving MAC protocol (see Appendix) is the same as that used
in [2] (both operate in accordance with the IEEE 802.11
power saving mode), we have compared the bit-per-joule
performance obtained under these two protocols to identify
the benefits of employing the mobile backbone architecture as
operated under our energy aware routing scheme.

As well demonstrated in Fig. 4, the bit-per-joule per-
formance of the MBNR-FC/PS and AODV-FC/PS schemes
derived by using simulations closely track the performance
results predicted by using the analysis procedures derived
above. We note that for an offered flow rate that is not very
low, the bit-per-joule performance obtained under the MBNR-
FC/PS scheme is superior to that obtained under the AODV-
FC/PS and AODV-UIUC schemes, uniformly over the global
per flow throughput range. We further observe that at a loading
(or throughput) rate of 30Kbps per flow the system is only
moderately loaded, so that the flow control mechanism is
not impacting in a major manner the underlying operation.
Consequently, the results of Fig. 4 indicate that our scheme
provides performance gains also when the operation of the
congestion and flow control components is not yet dominant.
These gains are induced by the selective establishment of
routes across the mobile backbone, which tends to reduce the
need for awakening an excess number of nodes.

V. CONCLUSIONS

In this paper, we study the bit-per-joule throughput ef-
ficiency performance exhibited by an ad hoc network that
operates by forming (hierarchically) or not forming (in a flat
manner) a mobile backbone. We derive our results by using
simulations as well as through the derivation of analytical
approximations. We present mathematical expressions to cal-

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2006 proceedings.

3799

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on March 11, 2009 at 05:12 from IEEE Xplore.  Restrictions apply.



culate the bit-per-joule performance in an ad hoc network with
or without a mobile backbone under various traffic conditions.
Based on these mathematical expressions, a network designer
is able to determine whether constructing a mobile backbone
serves to enhance the bit-per-joule performance of an ad
hoc network, under prescribed traffic loading condition. We
conclude that the bit-per-joule throughput efficiency perfor-
mance of ad hoc networks that form mobile backbones stays
higher than that experienced without the formation of a mobile
backbone when the number of traffic flows is sufficiently high.

APPENDIX: MBN-PS PROTOCOL

In this Appendix, we provide a detailed definition of our
MBN-PS protocol. The following description builds on top
of the operation of the MBN topology synthesis protocol (see
Section II) and the IEEE 802.11 power saving mode operation
(see Section I).

We integrate the hello message exchange process used by
our topology synthesis protocol (MBN-TSP) with the IEEE
802.11 power saving scheme. Under our MBN-TSP, each node
periodically issues hello messages; these messages are used by
the node to learn its link layer neighborhood. In our protocol, a
node includes wakeup notification data (corresponding to that
included in an IEEE 802.11 ATIM message), if any, in hello
messages. Under the MBN-PS power saving scheme, nodes
wake up periodically and stay awake during a specified period
of time (identified by us as the hello period). This period is
selected in a manner that will allow high fraction of the nodes
to successfully send (to their neighbors) their most current
hello message during the underlying period duration. In this
manner, any node that has a message that it needs to forward
to a neighbor, is able to notify and thus wake up this neighbor
following the subsequent hello period, provided the neighbor
has awaken during the latter period.

Nodes are synchronized to wake up at the beginning of each
super frame. The time duration of a super frame is set by the
management protocol. In our simulation, we have set it up
to be equal to 1 second. Frame synchronization mechanism
is employed by the nodes. Accurate synchronization may
be hard to achieve between nodes that are multi-hop away.
However, we note that accurate frame synchronization acqui-
sition is only required for the interaction between neighboring
nodes. A number of synchronization mechanisms have been
proposed and studied for the operation in a multi-hop net-
work environment (e.g., [15]–[17]). We note that in [17], the
frequency at which synchronization beacons are generated is
significantly reduced by requiring only nodes that are members
of a minimum connected dominating set (MCDS) to send
synchronization beacons. This approach is readily incorporated
into our MBN-PS scheme.

Our MBN-PS protocol is specified in accordance with the
finite state machine whose state transition diagram is shown
in Fig. 5.

We define a hello state as the state at which the node
resides during a system’s hello period. We further distinguish
between hello I and hello II states. As noted before, a hello

 

Fig. 5. Finite State Machine Specifying the MBN-PS Protocol

period is established at the start of each super frame. While
in either hello state, each node broadcasts a hello message to
its neighboring nodes; as noted above, a hello message may
contain wakeup notifications. A timer (identified as the hello
period duration timer) is used for controlling the time period
during which a node stays in its hello state. In our simulation
of the MBN-PS scheme, when a node has 20 neighbors, the
size of its hello message is determined to be equal to 110 bytes.
Thus, the transmission time of a hello message is equal to 0.44
ms, under a data rate of 2 Mbps. When the WLAN link (at the
MAC layer) is not overloaded, our simulations have shown the
overall MAC access delay to be (at the 99-percentile) lower
than 1 ms. We have adopted in our simulation a hello period
duration of 100 ms; this has proven to be sufficiently long for
accommodating the hello message traffic load generated in our
simulations, under our prescribed nodal density scenarios.

Given that a node is in hello I state, when its hello period
duration timer expires, the node checks whether it has received
wakeup notifications or whether it is scheduled to send a data
messages during this hello I state. If both events indicators are
null, the node transitions into the sleep state. Otherwise, the
node transitions into active I state for the purpose of executing
its indicated data transmission tasks.

In the sleep state, a node minimizes the energy consumed
for its operation since it is engaged in no packet transmission
or reception activities. The length of time during which a node
stays in sleep state (identified as the sleep state duration) can
be selected individually by each node. At the end of its sleep
state period, the node waits until the start of the subsequent
hello period and it then transitions into hello I state. In our
simulations, the sleep state duration is set to be equal to 900
ms.

While in active I and active II states, a node can transmit
and receive data messages. An active state timer is used for
controlling the length of time that a node stays in these states
(identified as the active I and II period durations). In our
implementation, we set these durations to be equal to 900 ms.
(Note that a packet transmission that is not completed within
an Active state is continued during the subsequent Hello state.)
As the node transitions into active I state, the active state
timer is initiated. While in active I state, if a node transmits
or receives a data message, it immediately transitions to active
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II state. The value of the active state timer is preserved. If no
message is transmitted or received in active I state, when the
active state timer expires, the node waits until the start of the
subsequent hello period and then transitions into hello I state.

Once the node has transitioned into active II state, the node
waits until the end of data message receptions or transmissions,
or until the active state timer expires if the latter event occurs
at a later time. The node then waits until the start of the
subsequent hello period and then transitions into hello II state.

Following the hello II state a node always transitions into
active I state. We distinguish between hello II and hello I
states to enable the following operation: when a node receives
data messages during its active states, it will resume reception
activity following residence in hello II state, expecting pos-
sible reception of subsequent messages. In this manner, the
operation tends to keep the node awake for the duration of
a flow’s activity burst (provided the packet inter-arrival times
realized during this period are not exceedingly long). In this
way, we also act to reduce the frequency at which a radio is
switched between on and off modes, as well as reduce packet
delay performance.

Under our MBN-PS scheme, a node maintains a list of
its neighboring nodes to which it needs to forward packets
currently residing in its queue. A node uses this list to include
(in its next hello message) wakeup notification for the proper
neighbors.

As noted above, following its residence in hello II state,
a node always transitions to active I state. In turn, following
its residence in hello I state, a node will transition to either
active I state or sleep state. To assist the transmission actions
undertaken by its neighbors, a node that resides in the hello I
state proceeds to predict its most likely next state (identified
as the predicted next state). This prediction is carried out
by the node prior to the transmission of its hello message;
the predicted next state information is included in the node’s
hello message, so that its neighbors can accordingly adjust
their transmission behavior, as described in the following.
(We note that at the termination time of the hello period, the
node is able to determine the next state to transition to, in
accordance with the underlying state transition diagram noted
above.) In the following, we describe: a). The rules used by
the node to predict its next state; b). The rules used by its
neighbors in determining their transmission behavior based on
this information.

a). Rules used by a node that resides in hello I state to
predict its next state: 1). If the node receives no wakeup noti-
fications in this hello period and sends no wakeup notifications,
it predicts its next state to be the sleep state. 2). Otherwise, it
predicts its next state to be the active state.

b). Rules used by a node upon reception of a hello message
that contains predicted next state information: 1). If the stated
predicted next state is the sleep state, the receiving node
refrains from sending a message to the underlying node, pro-
vided it has not sent a notification during the underlying hello
I period. 2). Otherwise, the receiver node is not constrained
in its operation.
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