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A Loose-Virtual-Clustering-Based Routing
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Abstract—Power heterogeneity is common in mobile ad hoc net-
works (MANETs). With high-power nodes, MANETs can improve
network scalability, connectivity, and broadcasting robustness.
However, the throughput of power heterogeneous MANETs can
be severely impacted by high-power nodes. To address this issue,
we present a loose-virtual-clustering-based (LVC) routing protocol
for power heterogeneous (LRPH) MANETs. To explore the advan-
tages of high-power nodes, we develop an LVC algorithm to con-
struct a hierarchical network and to eliminate unidirectional links.
To reduce the interference raised by high-power nodes, we develop
routing algorithms to avoid packet forwarding via high-power
nodes. Via the combination of analytical modeling, simulations,
and real-world experiments, we demonstrate the effectiveness of
LRPH on improving the performance of power heterogeneous
MANETs.

Index Terms—Clustering, mobile ad hoc networks (MANETs),
power heterogeneous, routing.

I. INTRODUCTION

IN RECENT years, there has been growing research inter-
est in heterogeneous mobile ad hoc networks (MANETs).

Such mobile network consists of devices with heterogeneous
characteristics in terms of transmission power [1], [2], en-
ergy [3], capacity [4], radio [5], etc. [6]. A typical example
of power heterogeneous MANETs is the vehicular ad hoc
networks (VANETs), which are composed of heterogeneous
wireless equipment carried by human and vehicles. In such
a heterogeneous network, different devices are likely to have
different capacities and are thus likely to transmit data with
different power levels.

IEEE 802.11 is the most popular and practical technology
deployed by a communication device in a vehicular network.
Therefore, in the vehicular communication environment, wire-
less networks based on ad hoc technology can provide a more
convenient communication solution for passengers, drivers, or
vehicles on the road. For example, a passenger could estab-
lish a connection with other nearby passengers to share or
to search information, or a driver could query the real-time
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traffic information and share the traffic information with other
drivers. The most attractive application based on VANETs is
to design the intelligent transportation system to improve the
driving safety and support networking services among moving
vehicles. Hence, we focus on the IEEE 802.11-based power
heterogeneous MANETs in this paper.

In 802.11-based power heterogeneous MANETs, mobile
nodes have different transmission power, and power hetero-
geneity becomes a double-edged sword. On one hand, the
benefits of high-power nodes are the expansion of network
coverage area and the reduction in the transmission delay. High-
power nodes also generally have advantages in power, storage,
computation capability, and data transmission rate. As a result,
research efforts have been carried out to explore these advan-
tages, such as backbone construction [7] and topology control
[8]. On the other hand, the large transmission range of high-
power nodes leads to large interference, which further reduces
the spatial utilization of network channel resources [9], [10].
Because of different transmission power and other factors (e.g.,
interference, barrier, and noise), asymmetric or unidirectional
links will exist in MANETs. Existing research results show
that routing protocols over unidirectional links perform poorly
in multihop wireless networks [11]. However, the existing
routing protocols in power heterogeneous MANETs are only
designed to detect the unidirectional links and to avoid the
transmissions based on asymmetric links without considering
the benefits from high-power nodes. Hence, the problem is how
to improve the routing performance of power heterogeneous
MANETs by efficiently exploiting the advantages and avoiding
the disadvantages of high-power nodes, which is the focus of
this paper.

In this paper, we develop a loose-virtual-clustering-based
(LVC) routing protocol for power heterogeneous MANETs,
i.e., LRPH. Our protocol is compatible with the IEEE 802.11
distributed coordination function (DCF) protocol. It does not
rely on geographic information [12], [13] or multiradio mul-
tichannels [13], [14], and can be deployed on general mo-
bile devices, including laptops, personal digital assistants, etc.
LRPH takes the double-edged nature of high-power nodes into
account. To exploit the benefit of high-power nodes, a novel
hierarchical structure is maintained in LVC, where the unidi-
rectional links are effectively detected. Clustering is a known
scheme to improve the performance of the networks [15]–
[19]. However, in the existing clustering schemes, each node
in the network should play a certain role (e.g., cluster head,
member, or gateway) [20]. We define this as a strong coupling
cluster. In a strong coupling cluster, the cost of constructing
and maintaining a cluster may significantly increase and affect
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the network performance. In our clustering, a loose coupling
relationship is established between nodes. Based on the LVC,
LRPH is adaptive to the density of high-power nodes. Recall
that high-power nodes with a larger transmission range will cre-
ate large interference areas and low channel spatial utilization.
In such case, we developed routing algorithms to avoid packet
forwarding via high-power nodes. We conducted extensive
analysis, simulations, and real-world experiments to validate
the effectiveness of LRPH. Simulation results show that LRPH
achieves much better performance than other existing protocols.
We have implemented LRPH in Microsoft WinCE environment
and conducted real-world experiments. Our data matches the
theoretical and simulation findings well.

The rest of this paper is organized as follows. In Section II,
we review the related work. In Section III, the design rationale
and detail components of LRPH are presented. In Section IV,
we analyze the efficiency and overhead of LRPH. In Section V,
we evaluate the performance of LRPH via extensive simula-
tions. In Section VI, we demonstrate the system implementation
and experimental results. Finally, we conclude this paper in
Section VII.

II. RELATED WORK

Numerous routing protocols have been developed in the
wireless networking community to target various scenarios, and
much research effort has been paid to study the taxonomy of ad
hoc routing protocols and to survey the representative protocols
in different categories [21]–[24]. For example, Boukerche et al.
[21], [23] provided the comprehensive summary of the routing
protocols for MANETs. Unfortunately, most of the existing
protocols are limited to homogenous networks and perform
ineffectively in power heterogeneous networks.

There are some routing protocols for heterogeneous
MANETs. Multiclass (MC) [12] is a position-aided routing
protocol for power heterogeneous MANETs. The idea of MC is
to divide the entire routing area into cells and to select a high-
power node in each cell as the backbone node (B-node). Then,
a new medium access control (MAC) protocol called hybrid
MAC (HMAC) is designed to cooperate with the routing layer.
Based on the cell structure and HMAC, MC achieves better
performance. However, a fixed cell makes MC to work well
only in a network with high density of high-power nodes. In
[13], a cross-layer approach is presented that simultaneously
extends the MAC and network layers to minimize the prob-
lems caused by link asymmetry and exploits the advantages
of heterogeneous MANETs. Hierarchical optimized link state
routing (HOLSR) [14] is a routing protocol proposed to im-
prove the scalability of OLSR for large-scale heterogeneous
networks. In HOLSR, mobile nodes are organized into clusters
according to the capacity of a node. However, if the node is at
higher hierarchy, then it needs to maintain more information. In
[3], a cross-layer-designed device–energy–load aware relaying
(DELAR) framework that achieves energy conservation from
multiple facets, including power-aware routing, transmission
scheduling, and power control, is proposed. DELAR mainly
focuses on addressing the issue of energy conservation in
heterogeneous MANETs. In [1], a cross-layer approach to

Fig. 1. Overview of the LRPH.

address several challenging problems raised by link asymmetry
in power heterogeneous MANETs is developed. In particular,
an algorithm at the network layer was proposed to establish
reverse paths for unidirectional links and to share the topolog-
ical information with the MAC layer. In the link layer, a new
MAC protocol was presented based on IEEE 802.11 to address
the heterogeneous hidden/exposed terminal problems in power
heterogeneous MANETs.

Different from the existing routing on power heterogeneous
MANETs, our proposed approach does not rely on geographic
information or multiradio multichannel and can be deployed on
general 802.11-based mobile devices. Our proposal considers
both the advantages and disadvantages of high-power nodes.
In addition, some realistic factors have been taken into consid-
eration, including unidirectional links and the loose coupling
relationship between nodes in cluster.

III. LRPH MOBILE Ad Hoc NETWORKS

To improve the network performance and to address the
issues of high-power nodes, we propose an LRPH MANETs.
As shown in Fig. 1, LRPH consists of two core components.
The first component (Component A) is the LVC algorithm that
is used to tackle the unidirectional link and to construct the
hierarchical structure. The second component (Component B)
is the routing, including the route discovery and route main-
tenance. In the following, we first list the network model and
definitions. We then present the two components in detail.

A. Network Model

There are two types of nodes in the networks: B-nodes and
general nodes (G-nodes). B-nodes refer to the nodes with high
power and a large transmission range. G-nodes refer to the
nodes with low power and a small transmission range. The
numbers of B-nodes and G-nodes are denoted as NB and
NG, respectively. Because of the complexity and high-cost of
B-nodes, we assume that NB � NG.

We assume that each node is equipped with one IEEE
802.11b radio using a single channel. The theoretical trans-
mission ranges of B-nodes and G-nodes are RB and RG,
respectively. To reflect the dynamic nature of MANETs in
practice, we assume that transmission ranges may be 10%
deviated from theoretical values. Hence, unidirectional links
may exist not only in the link between B-nodes and G-nodes
but in the link between two homogeneous nodes as well. To
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TABLE I
NOTATION DEFINITIONS

facilitate the discussion, we list key notations in Table I. The
state of G-nodes in the networks can be defined as follows.

Definition 1–Gisolated: Gisolated is defined as a G-node that
is not covered by any B-node.

Definition 2–Gmember: Gmember is defined as a G-node whose
bidirectional neighbors (BNs) are covered by its cluster head.

Definition 3–Ggateway: Ggateway is defined as a G-node
whose BNs are not covered by its cluster head.

B. LVC Algorithm

Here, we introduce the LVC algorithm. In LVC, unidirec-
tional links in the network can be discovered using a BN
discovery scheme. To exploit the benefits of high-power nodes,
LVC establishes a hierarchical structure for the network.

1) BND: To eliminate unidirectional links, we present an
effective scheme to discover bidirectional links. In particular,
each node periodically sends a bidirectional neighbor discovery
(BND) packet, containing its own information (e.g., ID, type,
state, etc.) and the information on its discovered neighbors. The
discovered neighbors refer to the nodes learned by the received
BND packet. All nodes build aware neighbor (AN) and BN
tables based on the received BND packets. Using the BN table,
the BNs can be identified.

Procedures for discovering BNs:
Step 1: Each node broadcasts BND packets within one hop and

notifies all neighbors about its type or state.
Step 2: After sending BND packets, each node waits for TBND

to collect BND packets sent from its neighbors. The received
BND packets will be used to construct the AN table, which
stores the information (e.g., ID, type, state, etc.) of all
discovered nodes. As a result, AN = NB

RB
(gi) ∩NG

RG
(gi).

Step 3: After waiting for TBND, each node broadcasts BND
packets again. In this step, the information on the node
itself and all nodes in the AN table will be added to the
BND packets.

Step 4: When receiving BND packets, each node will check
whether its own node information is in the BND packets.
If so, a bidirectional link between the current node and the
sender of that BND packet will be determined. Then, the
sender of the BND packet will be added into the BN table.
As a result, BN = NB

RG
(gi) ∩NG

RG
(gi).

2) LVC: To exploit the benefits of B-nodes, we design a
novel LVC algorithm. In LVC, a B-node is chosen as the
cluster head and establishes a loose coupling relationship with
G-nodes. Different from the strong coupling clustering, only
G-nodes under the coverage of B-nodes will participate in
the clustering. Consequently, only G-nodes in the Gmember or

Ggateway state will be involved in the clustering, whereas those
nodes uncovered by the B-nodes (e.g., Gisolated) will not be in-
volved in the clustering. Two features appear in LVC. First, the
loose clustering avoids heavy overhead caused by reconstruct-
ing and maintaining the cluster when the density of B-nodes is
small. Second, LRPH protocol can be adaptive to the density of
B-nodes, even when all G-nodes are in the Gisolated state.

All nodes build a local aware topology (LAT) table by
exchanging control packets during building LVC. Notice that
the LAT table stores a local topology information based on
discovered bidirectional links. The detailed procedures for con-
structing LVC are presented in the following.

Procedures for Building LVC:

Step 1: Each G-node broadcasts G-node LVC initialization
(GLI) packets to all B-nodes in the AN table. The BN infor-
mation in the BN is added to GLI. Notice that GLI will only
be delivered within the limited area controlled by time-to-
live (TTL). Because TTL is very small, broadcasting GLI
packets will not incur much overhead to the network.

Step 2: Each B-node waits for TLVC to collect GLI and
build the LAT table for the local topology information
local_topo_info based on the BN information in GLI.
Then, the B-nodes broadcast B-node LVC initializa-
tion (BLI) packets within one hop and notifies local_
topo_info to all the G-nodes within its covered range.

Step 3: After sending GLI packets in Step 1, the G-nodes wait
TLVC for receiving BLI packets from the B-nodes. Then,
the G-nodes build LAT based on the local_topo_info
received in BLI packets.

Step 4: Each G-node determines its own state based on the
definitions about G-nodes and selects the cluster head
using the scheme proposed in Section III-B4. Then, each
node takes the following operation according to its state.

• If a G-node is in either the Gmember or Ggateway state,
it multicasts cluster member register (CMR) packets
to both the new and old cluster heads. Notice that
CMR packets will only be sent to the new cluster
during the initialization. Similar to the GLI packet, the
information in CMR contains the BNs. The routes to
the new and old cluster heads can be obtained based
on the topology in LAT table.

• If a G-node is in the Gisolated state, it cannot receive
any BLI packets and does not have a cluster head.
Hence, the G-node will do nothing.

Step 5: Each cluster head waits for TLVC to collect CMR
packets from its cluster members and rebuild the LAT for
its cluster members. The topology information on cluster
members will be managed by the cluster head. Then, the
cluster head broadcasts cluster head declare (CHD) packets
to the G-nodes covered by the cluster head in one hop.

Step 6: When a G-node receives CHD packets, it knows the
topology information and updates the information into
LAT. However, the B-node does not process received CHD
packets.

After the given six steps of initialization, a hierarchical
structure is established. In particular, all B-nodes build the LAT
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based on the received CMR packets, and all G-nodes build LAT
based on the received CHD packets.

3) LVC Maintenance: When links between nodes fail, the
maintenance of LVC will be activated. In particular, when node
ni detects any of the following conditions based on the period-
ical BND packets, it enters the procedure of LVC maintenance.

• If node ni does not receive the BND packet from node nj

in the AN table within a time window, nj should be out of
its coverage range.

• If node ni receives the BND packet from node nj and node
nj is not in the AN table, a new link between ni and nj

should be added.

In the following, we present the detailed procedures for
G-nodes and B-nodes to maintain LVC, respectively.

Procedures for G-nodes to maintain LVC:

Step1: G-node ni updates its node state and AN and BN tables.
Step 2:

• If nj is the cluster head of ni, the maintaining pro-
cedure need to obtain a new cluster head. First, ni

calculates the route to the old cluster head in accor-
dance to LAT and then updates the topology informa-
tion related to nj in LAT. Second, ni selects a new
cluster head (except in the case when the state of
ni becomes Gisolated). Finally, ni multicasts CMR
packets to both the new and old cluster heads nj .
Hence, at this moment, node ni registers to the new
cluster head and notifies the old cluster that ni is out
of the transmission range of nj .

• If nj is a B-node but not the cluster head of ni,
ni leaves the coverage range of B-node nj , and ni

updates the topology information on nj in LAT.
• If nj is G-node and in the BN table, the bidirectional

link fails. Gmember or Ggateway nodes send the BN
update (BNU) packet to the cluster head for updating
the BNs.

Step 3: When a B-node receives CMR packets, it broadcast
CHD packets. If the cluster head receives BNU packets,
it broadcasts BNU packets again in one hop. The G-node
updates the cluster and LAT information in accordance
with received packets.

Procedures for B-nodes to maintain LVC:

Step 1: B-node ni updates LAT, AN, and BN tables.
Step 2: If nj is in the BN table of ni, ni broadcasts BNU

packets in one hop to update the LAT tables of all nodes
within its coverage range.

4) Cluster Head Selection: Let N be the number of B-nodes
in the AN table maintained at any G-node gi. The cluster head
of gi can be determined by the following rules. If N = 0,
G-node gi is not covered by any B-node. According to the
rule for establishing LVC, gi does not need any cluster head.
If N = 1, gi selects the only B-node that covers it as the
cluster head. Otherwise, gi is covered by a number of B-nodes
(N > 1). Then, it selects a B-node, which has the shortest path
to gi. Since each node has a LAT that contains the topology of
the local area, the B-node close to gi can be determined using
well-known shortest path algorithms (e.g., Dijstra).

C. Routing Components in LRPH

Here, we focus on the routing components in LRPH, in-
cluding the route discovery and route maintenance. In the
route discovery, the route to the destination can be obtained
effectively based on LVC. In the route maintenance procedure,
we deal with cases such as route failure.

1) Route Discovery Procedure: When source node S wants
to send a data packet to destination node D, S first searches
whether the route to D exists in its route cache. If the route
exists, S directly sends the data packet. Otherwise, S activates
the route discovery procedure to find a route to D. The route
discovery process consists of the local routing (LR) and global
routing (GR) components described in the following.

LR: If D is in the LAT table, the route to D will be directly
obtained. To reduce the interference from data transmission
from a B-node, the route calculation intends to avoid
B-nodes in the path.

GR: If D is not in the LAT table, S broadcasts a route request
(RREQ) packet to discover the source route to D. When
a node receives the complete route to D, it replies with a
route reply (RREP) packet to S. After S receives the RREP
packet, it inserts the new route into its route cache and
sends data packets. The forwarding procedure for RREQ
and RREP packets will be described in the following.

RREQ/RREP Forwarding Procedures: For node ni, we as-
sume that the node sequence associated with the discovered
path in the received RREQ packet is n1 → n2 → · · · → ni−1;
then, the RREQ packet will be processed as follows.

Step 1: ni determines whether the RREQ packet is a duplicate
packet. If so, the RREQ packet will be discarded. Other-
wise, go to Step 2.

Step 2: If ni is destination node D, or ni could obtain the route
to D from the route cache or the LAT table, the broadcast of
RREQ packets will be stopped, and a complete path from
S to D will be discovered. Otherwise, go to Step 3.

Step 3: If ni is a B-node, it will be appended to the node
sequence of the discovered path in the RREQ packet. Then,
the RREQ packet will be broadcasted continually. If ni is
a G-node, go to Step 4.

Step 4: If ni−1 is a G-node and is not in the BN table
(unidirectional links), the RREQ packet will be discarded.
When ni is a BN of ni−1, the action will be taken based
on the node’s state. Particularly, if S(ni) = Ggateway or
S(ni) = Gisolated, go to Step 5; otherwise, go to Step 6.

Step 5: When a G-node in the Ggateway or Gisolated state
receives RREQ packets, it will append ni to the node
sequence of the discovered path in the RREQ packet and
continually broadcast the RREQ packets.

Step 6: When a G-node in the Gmember state receives RREQ
packets, it will check the type of node ni−1. If ni−1 is the
cluster head of ni, RREQ will be discarded. Otherwise, ni

will be appended to the node sequence of the discovered
path in the RREQ packets, and the RREQ packets will be
broadcast continually.

When a node obtains a complete source route to D, it replies
with a RREP packet to S directly and notifies S about the
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Fig. 2. Processing a RREP packet.

discovered route. Because the RREP packet is delivered using
unicast, the bidirectional links will be used. However, the links
between B-nodes and G-nodes in the discovered route may be
unidirectional. Consequently, those unidirectional links must be
repaired. In addition, by considering the fact that transmitting
through B-nodes can dramatically degrade the throughput of a
network, our scheme will try to exclude B-nodes in the path
by replacing B-nodes with multihop G-nodes. Although this
scheme may increase route hops and delay, network throughput
can be ultimately improved.

Fig. 2 shows an example to illustrate how to process the
RREP packet. Assume that the route to destination is S →
· · · → a → B1 → c → d · · · → D, where B1 → c is a unidi-
rectional link. Therefore, when c receives the RREP packet,
it replaces the route a → B1 → c in the RREP packet with
multihop G-nodes a → m → n → c. Notice that this route can
be obtained through the LAT table. As a result, S receives a
bidirectional route to D with as few B-nodes as possible. In
addition, a timer is set to initiate a new round of route discovery
until the timer expires, and there is no response from the RREP
packets. If the route discovery fails for several times, data
transmission will ultimately be canceled.

To summarize, we highlight some unique features of our
route discovery procedures. First, our technique takes the large
coverage space for B-nodes to the broadcast RREQ packet.
Hence, the delay from the route discovery can be improved.
Second, forwarding rules for the RREQ packet is based on
the state of a node and local topology information; therefore,
redundant transmissions of RREQ packets can be avoided, and
the overhead of the route discovery procedure can be signifi-
cantly reduced. Third, our scheme intends to avoid forwarding
data packets through B-nodes; therefore, the impact of B-nodes
on network throughput can be largely reduced. Finally, LRPH
is adaptive to the density of B-nodes for LVC. In an extreme
case where no B-node exists in the network, i.e., the state of all
nodes belongs to Gisolated, LRPH becomes a routing protocol
similar to classical source routing. The difference is that LRPH
forwards data packets through bidirectional links and improves
transmission efficiency.

2) Route Maintenance Procedure: When a middle node on
the route detects the link failure through the BN table, the route
maintenance is activated. First, a route error (RERR) packet is
created and sent to the source node along the reverse route.
When any middle node (including the source node) along the
route receives the RERR packet, the route with the broken link
will be removed from the routing cache. When the source node

Fig. 3. Cases of communication. (a) Communication between a B-node and a
G-node. (b) Communication between two B-nodes.

receives the RERR packet, a new round of route discovery
procedure will be activated.

IV. ANALYSIS

A. Impact of B-nodes on Channel Spatial Usage

Fig. 3 shows the two cases of communication related to
B-nodes, where the black and white nodes are the B-nodes
and G-nodes, respectively. Obviously, when a B-node transmits
data, it creates an interference area of πR2

B . Notice that we
assume that the sensing, interference, and transmission ranges
are all equal here. Without considering the channel occupancy
time, our analysis considers two cases: 1) the communication
between a B-node and a G-node and 2) the communication
between two B-nodes.

1) Communication Between a B-node and a G-node: The
unicast in 802.11 is based on bidirectional links. As shown
in Fig. 3(a), the G-nodes that can communicate with B-node
a are located in the area centered at node a with a radius of
RG. Hence, the maximum space (denoted as S) for the com-
munication between a B-node and a G-node is expressed by

S=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

πR2
B ,

(
RG≤ RB

2

)
R2

B+arccos

(
RB

2RG
·
(
2R2

G−R2
B

)

+ RB

√
R2

G−R2
B

4

)
, (else).

(1)

In fact, the maximum required space is denoted as (4π/3 +√
3/2)R2

G, which is the size of the shadowed region in Fig. 3(a).
Obviously, the maximum required space is always smaller than
S in (1). Hence, the communication between a B-node and a
G-node wastes the channel space.

2) Communication Between Two B-nodes: When two
B-nodes communicate with each other, each node will create
the interference area of πR2

B . Hence, the total created space
SB can be derived by πR2

B ≤ SB ≤ (4π/3 +
√

3/2)R2
G. If

the transmission between two B-nodes is replaced by multihop
G-nodes, the required channel space Sspace can be depicted as
the shadowed region in Fig. 3(b).

For a route that consists of n+ 1 G-nodes, it is obvious
that the maximum value of SG can be created for the linear
topology. In this case, each node is located at the edge of its
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neighbors’ coverage area, and all nodes on the route are in a
line. Then, we have

SG ≤ n(π/3 +
√

3/2)R2
G + πR2

G. (2)

Then, the expectation of SG, which is denoted as E(SG), can
be obtained based on the analysis results in [25] about the
hop count for a path. We can find obviously that E(SG) < SB

in most cases. This confirms that transmitting data through
B-nodes will dramatically reduce the channel spatial reuse.
If we replace the packet forwarding path through multihop
G-nodes, the channel space usage can be greatly improved,
and better network throughput can be ultimately achieved. This
result further provides theoretical foundation for the routing
design of LRPH, which avoids packet forwarding through
B-nodes.

3) Compromised Strategy About B-nodes: As shown by the
earlier analysis, the transmission through B-nodes can dramat-
ically reduce the channel spatial reuse and throughput. From
the energy aspect, the poor channel spatial reuse also leads to
serious energy usage. To this end, the solution proposed in this
paper establishes an acceptable tradeoff between the power and
routing efficiency. On one hand, to exploit the advantage of
the B-nodes, more responsibility has been taken by B-nodes in
conducting management and computation. In particular, with
the help of the wide coverage area, B-nodes will be used
to broadcast the local information to neighboring nodes and
forward broadcasting RREQ packet quickly to the destination.
Benefiting from the high power, storage, and computation, B-
nodes can be used to construct the backbone network, working
as the cluster head and storing local information. Hence, the
centralized control and optimization could be conducted by a
B-node in a local area determined by the clustering algorithm.
On the other hand, to reduce the adverse impact of B-nodes
on channel spatial usage and energy waste, the B-node tries to
avoid forwarding data packet in routing.

B. Overhead of LRPH

Let COLRPH be the total number of control packets trans-
mitted per unit time over the network; it consists of two
components and can be represented by

COLRPH = COLVC + COROUTING (3)

where COLVC is the overhead caused by the LVC algorithm,
and COROUTING is the overhead caused by the routing proce-
dure. In the following, we derive the formula for the two given
components.

1) COLVC: From the procedures of the LVC algorithm,
COLVC consists of the overhead caused by the periodical
BND packets COBND and clustering procedure COcluster. Ac-
cording to the procedures of establishing the LVC, COcluster

should be considered for both G-nodes and B-nodes. Hence,
COcluster = COB + COG, where COB represents the overhead
of the B-node, and COG represents the overhead of the G-node,
respectively. In our analysis, we assume that the number
of G-nodes covered by B-nodes is NG_LVC, which satisfies
NG_LVC ≤ NG.

First, we analyze the overhead caused by periodically trans-
mitting BND packets COBND. If we assume that the frequency
of sending BND packets is fBND, the overhead from BND can
be derived by

COBND = fBND · (NB +NG). (4)

COcluster is analyzed from both COG and COB . COG

consists of two parts: COCMR and COBNU, where COCMR

represents the overhead for multicasting CMR packets, and
COBNU represents the overhead for sending BNU packets.
Let the frequencies of sending CMR and BNU be fCMR and
fBNU, respectively. Recall that the sending events of CMR and
BNU are activated by BND. Hence, both fCMR and fBNU are
smaller than fBND and fCMR + fBNU ≤ fBND. Consequently,
when G-nodes send CMR and RNU packets to the cluster head
through multiple hops, COG becomes

COG =(fCMR · 2 · Hop + fBNU · Hop) ·NG_LVC

<fBND · (2 · Hop) ·NG_LVC. (5)

where Hop is the average hop count of the route from a G-node
to its cluster head.

COB is computed in the same way. Both CHD and BNU
from a B-node contribute COB . The frequency of sending these
two packets is fCHD + fBNU ≤ fBND and Hop = 1, respec-
tively. Hence, COB can be derived by

COB =(fCHD + fBNU) · 1 ·NB

≤ fBND ·NB . (6)

From (5) and (6), we have

COcluster =COG + COB ;
<fBND · (2 · Hop ·NG_LVC+·NB). (7)

Finally, the total overhead caused by the LVC of LRPH can
be derived by

COLVC = COBND + COcluster. (8)

From (8), we know that COLVC is highly correlated to N ,
particularly to NB . When there is no B-node in the network
(i.e., NB = 0), all G-nodes are isolated nodes, and NG_LVC =
0. Then, COcluster = 0. COLVC only comes from the periodical
BND packets (COBND). In addition, the second term of (8)
indicates that Hop greatly affects the COLVC. Based on the
analysis in [25], Hop is very small (Hop < 2) in most cases
when degG is 7. (This means that the nodes within the net-
work are connected with a high probability [26], [27].) Hence,
COcluster will not incur a high overhead.

2) COROUTING: COROUTING is contributed by the route
discovery and route maintenance. Because the LR does not
send control packets and can obtain the route directly from
LAT, COROUTING is mainly contributed by the overhead of
processing RREQ and RREP packets in the GR and RERR
packets in the route maintenance. The broadcasting RREQ
packets accounts for the majority of COROUTING because
sending RREP and RERR packets is unicast, leading to a very
low overhead. The RREQ packet sending in LRPH is similar to



2296 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 62, NO. 5, JUNE 2013

the typical on-demand routing with a low overhead, and many
studies deeply analyzed its overhead [22]. It is worth pointing
out that the overhead of route discovery in LRPH is smaller
than the classical on-demand routing protocols. Because RREQ
packets are broadcast through B-nodes, redundantly broadcast-
ing RREQ packets can be avoided. In fact, COROUTING is
highly correlated to ρB . When ρB is small or even no B-node
exists in the network, routes can be discovered through broad-
casting RREQ packets similar to dynamic source routing (DSR)
[28]. However, because the unidirectional links in DSR incur
a large number of rerouting and maintenance packets, the
overhead of DSR is much larger than COROUTING.

C. Discussion

The G-nodes in LRPH take more responsibility for forward-
ing data packets to the destination. Nevertheless, the energy
consumption of G-nodes might not necessarily be faster than
that of high-power nodes. In particular, for a network with light
traffic load, the energy consumption of the network mainly
comes from the control packets for maintaining the network,
and B-nodes may consume energy faster than G-nodes. First,
B-nodes in LRPH play the role of cluster head; more control
information should be transmitted for the purpose of local
network management and maintenance (e.g., CHD packets).
Second, the energy consumption of B-nodes for transmitting
per bit data is much higher than G-nodes. For the energy model
in [29], when RG and RB are 250 and 550 m, respectively, the
energy consumption of B-nodes for transmitting per bit data is
about five times that of G-nodes.

As an important aspect of the mobile wireless networks,
energy issues (e.g., energy usage balance and network lifetime)
have been well studied in the literature [30]. Because the goal
of this paper is mainly to address the issues of routing, energy
issues are not our main focus. Nevertheless, we believe that our
protocol could be easily integrated with the existing algorithms
to address the energy usage balance issue and to prolong the
network lifetime. One possible way is to avoid low-energy
G-nodes or the hot spot based on energy-aware metrics.

V. EVALUATION BY SIMULATION

A. Evaluation Methodology

1) Experimental Setup: OPNET Modeler 10.0 is used to
investigate the effectiveness of LRPH. In all experiments, the
MAC layer protocol is based on the IEEE standard 802.11 DCF.
The data rate of G-nodes and B-nodes are set to 1 and 2 Mbps,
respectively. RG is 200 m, and RB is larger than RG. To re-
flect the real-world environment, effective transmission ranges
(ERs) of all nodes are 10% deviated from the theoretical
transmission range. Hence, an ER is chosen randomly from
[0.9 ·R, 1.1 ·R], where R is the theoretical transmission range.

In our simulations, we use the constant bit rate (CBR) traffic.
The source and the destination of each traffic flow are randomly
selected during the simulation. The mobility model is based on
a random waypoint with the maximum node speed Vmax and a
pause time of 0 s.

2) Experiment Metrics: To evaluate the performance of
LRPH, we use the following five metrics [22]: through-
put, packet delivery ratio (PDR), end-to-end delay, normal-
ized overhead, and energy consumption per received packet
(ECRP) [30].

PDR and delay are the two most important metrics for
evaluating the routing performance. Through these two metrics,
we can observe whether the protocol could forward the data
packets and qualify its efficiency. The measurement of nor-
malized overheard reflects the cost of successfully transmitting
one packet. In addition to the disadvantage of B-nodes in
channel spatial reuse and throughput, transmission with the
participation of B-nodes will also lead to serious energy usage.
To evaluate the performance of protocols in this perspective,
we use ECRP, which is an effective metric to reflect the
energy efficiency of routing protocols. To be specific, ECRP is
computed according to the energy model in [29]. In this model,
the radio dissipated Eelec = 50 nJ/bit to operate the transmitter
or receiver circuitry and Eamp = 100 pJ/bit/m2 for the transmit
amplifier to achieve an acceptable receiver threshold. Hence,
to transmit or receive a k-bit message over a distance of d,
the energy cost will be Eelec ∗ k + Eamp ∗ k ∗ d2 and Eelec ∗ k,
respectively.

3) Evaluation Schemes and Scenery: We investigate the per-
formance of LRPH versus RB , NB , and mobility. We compared
LRPH with other three baseline protocols. The first protocol
is called LHPR-B, where the mechanism for avoiding B-node
forwarding is not adopted, and other mechanisms are the same
as LRPH. The second routing protocol is MC [12], which is
one representative routing protocol for power heterogeneous
MANETs. In particular, B-nodes are selected as the cluster head
to construct the clustered backbone network as the clustering
algorithm in LRPH. The third protocol is DSR [28], which is
one representative routing protocol for MANETs. LRPH will
become a routing protocol similar to DSR when all nodes are
G-nodes. Each simulation was run for 600 s, and each data point
in simulation results below was averaged over 50 runs with a
different seed. The bars in each figure represent 95% confidence
intervals.

B. Experiment Results

1) Impact of B-Nodes on Throughput: In this set of simu-
lations, 60 nodes (including both B-nodes and G-nodes) are
randomly distributed in a 1000 × 1000-m2 field. All nodes send
packets of 512 B at a rate of ten packets per second. The
destination of each packet is chosen from BNs. Vmax is set to
0 m/s, which means all nodes remain static during the simu-
lation. Two sets of simulations are conducted: 1) varying NB

from 0 to 60 with RB = 600 m and 2) increasing RB from 200
to 1400 m with 20 B-nodes.

Fig. 4(a) and (b) shows the throughput versus NB and RB ,
respectively. In Fig. 4(a), we observe that throughput declines
as NB increases. In particular, the throughput drops to 50%
when all nodes are B-nodes. Fig. 4(b) shows that the throughput
declines as RB increases. There is a small throughput gain
when the transmission range is larger than 800 m in Fig. 4(b).
This can be reasoned that the number of B-nodes, which
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Fig. 4. (a) Throughput versus NB . (b) Throughput versus RB .

interferes with data transmission (e.g., hidden terminals), has
reduced after RB achieves a certain degree.

2) Transmission Range of B-nodes: In this set of simula-
tions, we evaluate the performance of LRPH, LRPH-B, MC,
and DSR when RB is in [300, 1000 m]. The simulations are
conducted on a network with 145 G-nodes and ten B-nodes,
deployed in an area of 1500 × 1500 m2. RG is 200 m, and the
number of CBR flows is 20. The maximum node speed Vmax is
set to 10 m/s. All sources send packets of 512 B at the rate of
four packets per second.

Fig. 5(a) shows the throughput of four protocols versus RB .
We have a few observations. First, as expected, the throughput
of the four protocols decreases as RB increases because more
nodes will be interfered. Second, LRPH constantly achieves
much better throughput than LRPH-B, MC, and DSR. For
example, when the transmission range of B-nodes is 1000 m,
the throughput of LRPH can be improved by approximately
10%, 25%, and 55% in comparison with MC, LRPH-B, and
DSR, respectively. This can be reasoned that B-nodes in LRPH
are avoided to forward data packets, and the interference of
B-nodes is largely reduced. The throughput of DSR is the
lowest because it treats all nodes equally.

Fig. 5(b) shows the PDR of the four protocols versus RB .
We have few observations. First, the PDR of LRPH, LRPH-B,
and DSR decreases as RB increases because the transmission
of B-nodes incurs a large number of conflicts for transmis-
sion. Second, LRPH has the highest PDR in comparison with

the other three protocols. Recall that, in LRPH, B-nodes are
avoided to forward data packets, which reduces the negative
impact of B-nodes on data transmission. Although the impact
of B-nodes in MC is also reduced by HMAC, sparse B-nodes
cannot guarantee that each cell contains a B-node. In addition,
the routing discovery in MC is poor for unidirectional links and
sparse B-nodes.

Fig. 5(c) shows the end-to-end delay of the four protocols
versus RB . We have several observations. First, the end-to-end
delay of LRPH, LRPH-B, and MC decreases as RB increases,
which can be explained in the following. If RB is larger,
then the LAT in LRPH and LRPH-B will maintain more local
topology information. It increases the chance of obtaining the
path directly from the local route cache. Even if the path cannot
be derived from the local route cache, the route can be quickly
discovered within several hops through B-nodes. In MC, the
connectivity between B-nodes improved as RB increases; the
delay will be reduced via B-nodes. Nevertheless, the delay of
MC is higher than LRPH and LRPH-B for the poor routing
discovery under unidirectional links and sparse B-nodes. Sec-
ond, the delay of DSR increases as RB increases, and is much
higher than that of LRPH and LRPH-B. It can be reasoned that
unidirectional links in networks increase as RB increases, but
IEEE 802.11 DCF performs poorly under unidirectional links.

Fig. 5(d) shows the normalized overhead of LRPH, LRPH-B,
and MC versus RB . We have a few observations. First, the nor-
malized overhead of LRPH, LRPH-B, and MC decreases as RB

increases. When RB is large, the cluster becomes stable, and
the cost of maintaining LVC is reduced; therefore, COcluster

decreases. In addition, RREQ packets are mainly forwarded
between connected B-nodes, the redundant broadcast of RREQ
is avoided, and the overhead is further reduced. Hence, the
overhead in LRPH decreases as RB increases. The normalized
overhead of MC decreases because of the increase in the density
of B-nodes. Second, because of the higher PDR of LRPH, the
normalized overhead of LHPR-B is slightly higher than that of
LRPH. Third, the normalized overhead of MC is higher than
LRPH for sparse B-nodes, unidirectional links, and centralized
location service. Fourth, the normalized overhead of DSR is
much higher than that of other three protocols for the high over-
head along with the low PDR. In the best case, the normalized
overhead is more than 1000, which is not shown in the figure.

Fig. 5(e) shows the ECRP of the four protocols versus
RB . We have a few observations. First, the ECRP of LRPH
decreases as RB increases. As shown in the earlier simulation
results, the normalized overhead decreases as RB increases.
Although the transmission through B-nodes consumes more
energy as RB increases, the mechanism for avoiding B-node
forwarding enables that the energy consumption is minimally
affected by the increase in RB . Second, the ECRP of the other
three protocols increase because more energy is required for a
larger RB . In particular, the average ECRP of DSR is above
1 J. Hence, we do not show the ECRP of DSR in Fig. 5(e).
Nevertheless, there was one exception that the ECRP of MC
decreases at the beginning phase of the RB increase due to
a sharp decrease in the normalized overhead of MC. Finally,
LRPH has the lowest ECRP in comparison with the other three
protocols.
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Fig. 5. Effectiveness of LRPH versus RB . (a) Throughput. (b) PDR. (c) End-to-end delay. (d) Normalized overhead. (e) ECRP.LINK LOC.

Fig. 6. Effectiveness of LRPH versus NB . (a) Throughput. (b) PDR. (c) End-to-end delay. (d) Normalized overhead. (e) ECRP.LINK LOC.

3) Number of B-Nodes: In this set of simulations, we evalu-
ate the effectiveness of LRPH, LRPH-B, MC, and DSR versus
NB . The simulations run on a network with 150 nodes (includ-
ing G-nodes and B-nodes) in an area of 1500 × 1500 m2. RG

and RB are 200 and 600 m, respectively. The maximum node
speed Vmax is set to 10 m/s. Considering the connectivity and
cost of networks, NB varies from 0 to 25. The number of CBR

flows is 20. All sources send packets of 512 B at the rate of four
packets per second.

Fig. 6(a) shows the throughput of the four protocols versus
NB . We have a few observations. First, the throughput of
LRPH, LRPH-B, and DSR decreases as NB increases because
more transmission through low-power nodes will be interfered
with by B-nodes. Second, LRPH has the highest throughput in
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comparison with the other three protocols. For example, the
throughput of LRPH is approximately 20% higher than that
of LRPH-B and MC. Finally, DSR has the worst throughput
because DSR treats all nodes equally without considering the
power heterogeneity of nodes.

Fig. 6(b) shows the PDR of the four protocols versus NB . We
have several observations. First, The PDR of LRPH, LRPH-B,
and DSR decreases as NB increases because more data packets
will be conflicted with the transmission of B-nodes. Second, the
PDR of MC increases as NB increases. This is mainly caused
by the increase in the density of B-nodes and the improvement
of the connectivity between B-nodes. Third, the PDR of LRPH
is higher than that of LRPH-B, DSR has the lowest PDR, and
the PDR of MC is lower than that of LRPH but higher than that
of DSR.

Fig. 6(c) shows the end-to-end delay of the four protocols
versus NB . We have several observations. First, the end-to-
end delay of both LRPH and LRPH-B decreases as NB in-
creases. More data packets are transmitted through LR as NB

increases. Then, in the GR, the routing discovery could be
quickly completed with the help of B-nodes and LAT. Finally,
the connectivity between B-nodes is gradually improved as
NB increases. Second, the end-to-end delay of MC is higher
than that of LRPH and LRPH-B due to the unidirectional links
and sparse B-nodes. Third, the end-to-end delay of LRPH is
slightly higher than LRPH-B due to forwarding data packets via
G-nodes. Fourth, the end-to-end delay of DSR increases as NB

increases and is much higher than that those of LRPH and
LRPH-B, as expected.

Fig. 6(d) shows the normalized overhead of the four pro-
tocols versus NB . We have several observations. First, the
normalized overhead of LRPH and LRPH-B decreases as NB

increases. More data packets are routed through LR, and the
control overhead is reduced. The connectivity between B-nodes
is improved, and the redundant RREQ broadcasting can be
avoided. Second, the normalized overhead of MC decrease as
NB increases for the improvement of B-node’s density and
connectivity. Third, the normalized overhead of DSR is much
higher than both LRPH and LRPH-B for the high overhead and
low PDR (no more than 20%). Similarly, we do not show the
results in Fig. 6(d).

Fig. 6(e) shows the ECRP of the four protocols versus NB .
We have a few observations. First, the ECRP of LRPH and
MC decreases as NB increases. For LRPH, although more
clustering is established and more energy may be consumed as
NB increases, the decrease in the normalized overhead, which
benefits from the clustering, balances the energy consumption.
The decrease in MC is mainly caused by the sharp decrease
in normalized overhead and the increase in PDR. Second, the
ECRP of LRPH-B decreases at the beginning phase of the NB

increase because the energy consumed by the new added B-
nodes is offset by the sharply normalized overhead decrease.
However, the ECRP of LRPH-B increases after NB reach ten
because more B-nodes are involved in the data forwarding.
Third, the ECRP of DSR increases as NB increases. In the best
case, the energy consumption achieves 1.6535 J per received
packet. Hence, the simulation results are not shown in the
figure. Fourth, LRPH shows the lowest ECRP. In the worst

case, the energy consumption is only 0.0193 J per received
packet.

4) Effect of Mobility: In this set of simulations, we evaluate
the performance of LRPH, LRPH-B, MC, and DSR under
different mobility by varying the node’s speed from 0 to 20 m/s.
The simulations run on a network with 145 G-nodes and ten
B-nodes in an area of 1500 × 1500 m2. RG and RB are 200
and 600 m, respectively. All sources transmit packets of 512 B
at the rate of four packets per second.

Fig. 7(a) shows the throughput of four protocols under
different node mobility. We have several observations. First,
the throughput of four protocols decreases as the node speed
increases. This can be explained as follows: A higher mobility
causes more broken links and transmission failures. Second, the
throughput of LRPH is higher than that of the others because
LRPH avoids forwarding data packets via B-nodes. Third, the
throughput of DSR is the smallest because the interference
of B-nodes and the unidirectional links are not considered
in DSR.

Fig. 7(b) shows the PDR of four protocols under different
node mobility values. We have a few observations. First, LRPH
achieves the highest PDR in comparison with the other three
protocols. Even in the worst case (e.g., Vmax = 20), the PDR of
LRPH is constantly over 85%. Second, the PDR of MC is lower
than that of LRPH and LRPH-B because of sparse B-nodes and
unidirectional links. The PDR of DSR is the lowest because of
the same reason explained earlier.

Fig. 7(c) shows the end-to-end delay of four protocols
under different node mobility. We have several observations.
First, The end-to-end delays of four protocols increase as the
node speed increases, leading to more packet retransmission
and rerouting. Second, the end-to-end delay of LRPH and
LRPH-B is approximately equal to and much smaller than that
of the others because the LVC and unidirectional links are
considered in LRPH and LRPH-B. The end-to-end delay of MC
is higher than that of LRPH and LRPH-B, and DSR achieves
the highest delay, as expected.

Fig. 7(d) shows the normalized overhead of four protocols
under different node mobility. We have a few observations.
First, As expected, the normalized overhead of four protocols
increases as the node speed increases. This can be explained
by the fact that higher node mobility will cause more overhead
for network maintenance (e.g., routing, clustering, and others).
Second, the normalized overhead of LRPH is smaller than
that of LRPH-B because of the higher PDR of LRPH. Third,
the normalized overhead of MC is higher than that of LRPH
and LRPH-B. The normalized overhead of DSR is the highest
in comparison with other three protocols for the same reason
as before.

Fig. 7(e) shows the ECRP of four protocols under different
node mobility. We have a few observations. First, The ECRP
of four protocols increases as the node speed grows because
more energy should be used for retransmission and rerouting.
Second, LRPH shows the lowest ECRP in comparison with
that of other three protocols. The ECRP of LRPH-B is higher
than that of LRPH but lower than that of MC. The energy
consumption of DSR is much higher than that of MC, LRPH-B,
and LRPH for the same reasons as before.
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Fig. 7. Effectiveness of LRPH versus Mobility. (a) Throughput. (b) PDR. (c) End-to-end delay. (d) Normalized overhead. (e) ECRP.

Fig. 8. Experiment of LRPH in a real-world implementation.

VI. EVALUATION BY REAL-WORLD IMPLEMENTATION

A. Implementation

To evaluate the feasibility of LRPH in real-world systems,
we implemented the LRPH protocol and conducted real-world
experiments. Our implementation is based on Windows CE
5.0 Device Emulator in a platform builder in Windows XP.
We implemented LRPH, MC, and DSR by calling the in-
terface functions of Windows CE and by inserting additional
modules. Fig. 8(d) shows the implementation architecture of
routing protocols on Windows CE. As shown in Fig. 8(d), the
Network Driver Interface Specification (NDIS) driver module
consists of a Transmission Control Protocol/Internet Protocol
stack and is responsible for all functionalities at the MAC
layer and above, and the LRPH module is the new mod-
ule that we added for LRPH. To transparently route packets

via the LRPH module, we modified the NDIS module by
adding the NDIS intermediate driver, which is located be-
tween the protocol driver and the miniport driver. Hence, data
packets through the NDIS will be detected, modified, and
rerouted. We developed the NDIS intermediate driver based
on the “PASSTHRU” driver provided by Microsoft, which
has no built-in filtering capability. Specifically, we modified
the interface function MiniPortSendPacket for sending pack-
ets and ProtocolReceivePacket for receiving packets based on
“PASSTHRU.” We added the filtering functions into these two
interfaces to process packets. When packets are captured by the
intermediate driver, the LRPH protocol will process packets.
In addition, we implemented the software in the application
layer to generate traffic and display the experimental process.
Fig. 8(c) shows the interface of our developed application
program.

B. Experimental Setup

Our experimental setup consists of 18 wireless nodes using
laptops, which all run on Windows CE simulator on Microsoft
Windows XP. As shown in Fig. 8(b), the two classes of laptops
with the IEEE 802.11-based wireless card are deployed in our
experimental heterogeneous ad hoc networks. To reflect the het-
erogeneity of the devices in the vehicle network, we configure
the two types of devices with different parameters. For example,
B-nodes represent the communication devices carried by the
vehicle, and G-nodes represent the mobile devices carried by
the driver, the passenger, and the passerby. Hence, devices used
in our real-world experiments are appropriate to the vehicular
communication network. The parameters of the two types of
nodes are described in Table II.
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TABLE II
PARAMETERS OF NODES IN THE EXPERIMENTAL SETUP

The experiments were carried out in a 500 m × 200 m
outdoor field. Fig. 8(a) shows the part of the experiment en-
vironment, where all nodes are randomly deployed. The testing
traffic in our experiments uses CBR flow. The testing software
sends four 512-B data packets per second. We consider two
tests scenarios: 1) static environment and 2) mobile environ-
ment. In each test scenario, we increase the number of CBR
flows from one to five and measure the performance of LRPH,
MC, and DSR. Each test lasts for 10 min. In the mobile
scenario, each mobile node was carried by one person walking
randomly in the test field with a speed of approximately 4 km/h.
In our experiments, we consider the following two metrics:
PDRand Overhead.

C. Experimental Results

Fig. 9(a) and (b) shows the PDR and overhead of LRPH, MC,
and DSR under the static and mobile environment, respectively.
The data in these figures are averaged over 20 tests, and each
test is carried out using different source and destination pairs.
In these figures, the legend names with -S and -M denote
experimental results under the static and mobile scenarios,
respectively. In Fig. 9(a), we have a few observations: First,
the PDR of the three routing protocols decreases in both test
scenarios. This can be explained by the fact that heavy traffic
load leads to the serious network congestion and transmission
failure. Second, the PDR of LPRH is the highest in the three
protocols and is much higher than other two protocols under
different traffic loads. In particular, the PDR of LRPH is above
60% in most cases. However, the PDR of MC and DSR is
below 60%. Fig. 9(b) shows the overhead of the three routing
protocols in both test scenarios. We have few observations.
First, the overhead of the four protocols increases as the number
of flows increases, and the overhead of MC and DSR increases
much faster than that of LRPH. Second, the overhead of LRPH
is the lowest in comparison with the other two protocols. In
addition, from the experimental results shown in Fig. 9, we
conclude that all the three protocols in mobile scenarios suffer
serious performance degradation in comparison with the static
case. This is as expected, i.e., mobility leads to more broken
links and instability of data transmission. As a result, more
data packets cannot be successfully delivered to destinations,
and more control packets will be generated for maintaining the
connectivity of the network.

Experimental results demonstrate that the performance of
LRPH outperforms other two routing protocols over power het-
erogeneous MANETs. In addition, we can find that, although
the performance trend of the three protocols matches the simu-

Fig. 9. Experimental results under static and mobile scenarios.

lation results well, the experimental data of the three protocols
are much worse than the simulation results. This is because,
under the realistic network environment, the wireless links
become fragile and of low quality. Fortunately, all mechanisms
and transmissions in LRPH are based on the bidirectional links.
However, MC and DSR do not consider this issues; all strategies
(e.g., clustering and route discovery) almost fail.

VII. CONCLUSION

In this paper, we have developed an LVC-based routing
protocol named LRPH for power heterogeneous MANETs.
LRPH is considered to be a double-edged sword because of
its high-power nodes. We designed an LVC algorithm to elimi-
nate unidirectional links and to benefit from high-power nodes
in transmission range, processing capability, reliability, and
bandwidth. We developed routing schemes to optimize packet
forwarding by avoiding data packet forwarding through high-
power nodes. Hence, the channel space utilization and network
throughput can be largely improved. Through a combination
of analytical modeling and an extensive set of simulations, we
demonstrated the effectiveness of LRPH over power hetero-
geneous MANETs. A proof-of-concept system on Microsoft
WinCE has been also implemented, and real-world experiments
have been conducted and validated our theoretical and simula-
tion findings well.
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