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Abstract—In wireless mesh access networks working in an ad
hoc model, link asymmetry exists because of the heterogeneous
transmission range of mesh clients and mesh routers. In such net-
works, several challenges, including the unidirectional link prob-
lem, heterogeneous hidden problem, and heterogeneous exposed
problem, can dramatically degrade network performance. In this
paper, we develop a cross-layer approach for mesh access networks
to simultaneously address these challenges and improve network
performance. The main ideas of our approach are to eliminate the
unidirectional link at the network layer and design novel hand-
shake and channel reservation mechanisms at the medium-access-
control (MAC) layer using topological information collected in
the network layer. Via a combination of theoretical analysis and
extensive evaluation, we validate that our approach can achieve
better performance with lower cost in comparison with existing
approaches.

Index Terms—Cross-layer design, heterogeneous hidden/
exposed problems, link asymmetry, mesh access networks.

I. INTRODUCTION

W IRELESS MESH networks (WMNs) are developed
for a new broadband Internet access technology with

growing interests in both research and industry [1], [2]. They
are used to extend last-mile access to the Internet. A WMN
typically adopts a three-tier architecture shown in Fig. 1, which
consists of mesh gateways, mesh routers, and mesh clients.
As we can see, the first tier of a WMN consists of mesh
gateways, which connect the wireless mesh backbone to the
Internet backbone. The second tier of a WMN is its wireless
mesh backbone, which consists of a number of wireless routers
at fixed sites. Each mesh router needs relay and delivers traffic
from the mesh client to the mesh gateway and then directly to
the Internet. The third tier of a WMN is its wireless mesh access
network (WMAN), which consists of mesh clients, an access
point to the mesh backbone, and a wireless connection between
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Fig. 1. Wireless mesh architecture and mesh access network.

the mesh client to the mesh backbone. In WMANs, wireless
local area networks, mobile ad hoc networks (MANETs), and
cellular networks are three different access network models.
Various standards, including IEEE 802.11 a/b/g, IEEE 802.15,
and IEEE 802.16, have been integrated into WMNs.

In a WMN, the medium-access-control (MAC) protocol
plays a crucial role in coordinating nodes to access the wireless
channel in an efficient and fair manner. Increasing research
efforts in MAC protocol for WMNs have been developed in
recent years. However, most of existing research efforts tend
to improve the performance of the mesh backbone [3]–[8],
and only a few research efforts have been paid to study mesh
access networks. Fig. 2 shows a typical mesh access network
connected via an ad hoc model. We can see that there are
one router and several clients in a mesh access network. The
transmission range of the mesh router is generally larger than
that of the mesh client. This indicates that link asymmetry exists
in the mesh access network. In such a network, a MAC protocol
needs to be in place to coordinate channel access in multihops.
Because the MAC standard IEEE 802.11 [9] is mainly designed
to coordinate channel access within one hop, it cannot handle
link asymmetry for a mesh access network connecting via an
ad hoc model.

Link asymmetry poses numerous new challenges, including
the unidirectional link problem [10], the heterogeneous hidden
problem [11], and the heterogeneous exposed problem [12],
which dramatically degrade the network performance [13].
These problems have been widely studied in MANETs
[10], [14]–[20]. However, a WMAN is quite different from a
MANET, and existing approaches designed for MANETs may
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Fig. 2. WMN.

Fig. 3. Overview of our approach.

not be feasible for WMNs. This motivates us to tackle the
link asymmetry issue in WMANs and simultaneously solve the
aforementioned three problems, leading to the improvement of
network performance.

In this paper, we develop a cross-layer approach to tackle
the three aforementioned problems for a mesh access network
connected via an ad hoc model. The overall picture of our
solution is shown in Fig. 3. We can observe that there are
three parts in our solution. In the network layer, we develop
an algorithm to establish the local route spanning tree for each
mesh client. With the spanning tree, the mesh router and mesh
clients can be connected via multihop communication. In the
link layer, we propose a new MAC protocol based on the
defer and backoff mechanisms of the IEEE 802.11 protocol.
The active acknowledgment mechanism in the IEEE 802.11
protocol is not used. Instead, we introduce two new control
frames: 1) delay to send (DTS) and 2) negative ACK (N-ACK).
DTS is used to avoid collision on demand by canceling the
transmission of a heterogeneous hidden terminal. N-ACK is
used to request the source node to retransmit DATA when
collision occurs on the data channel. In our cross-layer design,
the routing protocol offers support to the MAC protocol in the
link layer, and real-time topological information in the spanning
tree is integrated into the link layer. Hence, when sending and
processing frames in the link layer, topological information in
the network layer can be used by the MAC protocol.

Based on mechanisms provided in the network layer and
the link layer and their interactions, we introduce three mecha-

nisms to address the unidirectional link problem, heterogeneous
hidden problem, and heterogeneous exposed problem, respec-
tively. In particular, the unidirectional link problem is solved
by routing clear to send (CTS) via multihop mesh clients, the
heterogeneous hidden problem is solved by routing DTS on
demand, and the heterogeneous exposed problem is solved by
processing CTS from the mesh router, depending on whether
the mesh router is a bidirectional neighbor or not. By formally
analyzing extensive simulations, we find that our approach
can significantly improve network performance with low cost,
in comparison with the IEEE 802.11 and one representative
protocol, i.e., the cross-layer framework (CLF) [19], to handle
link asymmetry for MANETs.

The rest of this paper is organized as follows: In Section II,
we present the problems and design rationale. In Section III, we
first describe the network model and then present our approach
in detail. In Section IV, we analyze the efficiency of our
approach. The simulation results are presented in Section V.
In Section VI, we review the related work. In Section VII, we
conclude this paper and outline our future research direction.

II. PROBLEMS AND DESIGN RATIONALE

A. Problems Overview

The IEEE 802.11 protocol has been widely used in the mesh
backbone and mesh access network. However, link asymmetry
between the mesh router and the mesh client, as shown in Fig. 2,
dramatically degrades network performance. Hence, the link
asymmetry raises the following three problems: 1) unidirec-
tional link problem [13]; 2) heterogeneous hidden problem; and
3) heterogeneous exposed problem [12].

1) Unidirectional link problem. This refers to the problem
in which clients with small transmission range cannot
respond to routers after receiving requests from routers.
As shown in Fig. 2, the network link between router
R and client G belongs to a unidirectional link. We
can see that client G cannot send CTS to respond RTS
from router R due to the small transmission range of G.
This problem leads to incorrect topological information
and misbehavior of routing protocols, which commonly
assume that the links of the network are bidirectional.

2) Heterogeneous hidden problem. This refers to collisions
raised by accessing the channel from B-node, which can-
not be silenced by the G-node CTS frame. As shown in
Fig. 2, router R becomes a heterogeneous hidden terminal
of client B because router R cannot receive CTS from
client B. Hence, a collision occurs if router R accesses
the channel when client B receives data from client
A. Because the heterogeneous hidden terminal increases
the chance of collision for data transmission, network
throughput can be dramatically reduced.

3) Heterogeneous exposed problem. This refers to the
decline of spatial reuse of wireless channel that is caused
by clients, which are forced to remain silent by the
router’s CTS. However, their data transmission will not
interfere with the data transmission of the router that sent
the CTS. As shown in Fig. 2, both clients C and D are
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heterogeneous exposed terminals for router R, because
clients B and C remain silent by receiving router R’s
CTS. However, the communication between client B and
client C will not affect router R to receive data from client
F or client E. Obviously, the spatial reuse of network
channels significantly decreases, because a number of
clients are forced to remain silent in this case.

There are several research efforts to address the unidirec-
tional link problem [10], [13], [15], [16], whereas others aim
to address the heterogeneous hidden problem [11], [12], [14],
[17], [18], [21]. Nevertheless, to the best of our knowledge, no
existing research simultaneously addresses all these problems.
The detailed literatures are introduced in detail in Section VI.

B. Design Rationale

Link asymmetry raises two key issues in mesh access net-
works. The first issue is that the benefit of a large transmission
range of the mesh router is limited due to the unidirectional link
problem. The mesh router could not transmit a data frame to the
mesh client far away by its large transmission range. As a result,
effective transmission of mesh routers, along with network
connectivity, is limited. The second issue is that the large
transmission range of the mesh router decreases the network
capacity. The heterogeneous hidden problem may incur high
collisions, and the heterogeneous exposed problem decreases
the spatial reuse of network channel resources. It is important to
have a good tradeoff between exploiting its advantage and mit-
igating its weakness. This motivates us to develop approaches
to simultaneously handle these three problems.

The key to simultaneously address these three problems is
to eliminate unidirectional links. However, the elimination of
unidirectional links is not a simple task, because the chance of
the mesh router to access the channel should not simultaneously
increase. In the desired approach, by eliminating the unidirec-
tional links, the mesh client and mesh router could handshake
via multihop paths, whereas the collisions and spatial reuse
should remain at the same level where unidirectional links are
not eliminated. The solution should consider the cross-layer
design as well. This is because the three problems raised by
link asymmetry covered both the network layer and the link
layer. Existing approaches in the network layer [10], [13], [15],
[16] and the link layer [11], [12], [14], [17], [18], [21] could
not completely address these problems. Hence, the desired
approach needs the cooperation between the network layer and
the link layer, i.e., the MAC protocol needs the topology infor-
mation obtained in the network layer, and the routing protocol
needs the MAC protocol to directly address the unidirectional
link problem.

III. OUR APPROACH

A. Network Model

We consider a WMN for suburban or rural residential ar-
eas. The network consists of mesh gateways, mesh routers,
and mesh clients. As shown in Fig. 1, the network shows a
hierarchical topology, where each mesh gateway is connected
to several mesh routers providing Internet access, a number of

mesh routers located at fixed sites serve as a wireless mesh
backbone, and a number of mesh clients are located at the mesh
routers. As we can see, there are several WMANs, and each
network consists of a mesh router, along with the surrounding
mesh clients connected via the ad hoc model.

In a WMAN, each mesh client is equipped with two net-
work interface cards (NICs) working on different orthogonal
channels defined in the direct sequence spread spectrum. In the
wireless mesh backbone, two NICs are equipped in the mesh
router, which work on the same channel used in the mesh access
network. Additional NICs equipped in mesh routers result in
a separate channel for data transmission among mesh routers.
Two NICs are used in the mesh gateway as well: One is used
to access the mesh backbone, and the other is used to connect
to the Internet. Without loss of generality, we assume that the
transmission ranges of both mesh routers and mesh gateways
are the same and are set to RR and that the transmission range
of mesh clients is set to RC , which is much smaller than RR.
We also assume that the receiving power thresholds for all
channels are the same.

B. Our Approach

In this section, we present our approach in detail.
1) Basic Handshake and Channel Reservation Operations:

We introduce two new control frames DTS and N-ACK in our
solution. Therefore, there are three basic handshake operations
in our approach. RTS/CTS/DATA is used to handle nor-
mal data transmission. When a node needs to send DATA, it
first checks the data channel and the control channel. When
both channels are idle and the idle time lasts longer than
the period of time that is equal to short interframe space,
RTS can be transmitted via the control channel. By receiving
RTS, if the channel condition allows it to receive DATA,
the destination node promptly replies to RTS by CTS. Af-
ter receiving CTS from the destination, DATA is sent from
the data channel. RTS/DTS/Backoff/ · · · /retransmit is
used when the channel condition of the destination does not
meet the requirements for receiving DATA. After receiving
DTS from the destination, the source node will delay its data
transmission and retry after backoff. This way, the chance
of collision can be largely reduced. RTS/CTS/DATA/N −
ACK/Backoff/ · · · /Retransmit is used to provide the re-
liability for DATA transmission. When collision occurs on the
data channel, the destination will send N-ACK to the source.
After the backoff procedure, retransmission will recover the
collided DATA frame.

Along with the basic handshake operations, channel reser-
vation operations are also performed in our protocol. To this
end, the network allocation vector (NAV) as a period of time
is used to determine how long the channel will be occupied.
Each node maintains three NAVs. In particular, NAVC is used
to monitor the control channel. When NAVC is positive, trans-
mitting control frame is forbidden. NAVS and NAVR are used to
manage sending and receiving operations on the data channel,
respectively. RTS is not allowed to transmit when NAVS is
positive, whereas data receiving is forbidden when NAVR is
positive.
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TABLE I
CHANNEL RESERVATION OPERATIONS

Fig. 4. Example of local route spanning tree.

Each control frame is appended with a Duration field to
support channel reservation. Based on handshake operations,
when handshake is conducted on the control channel, the
duration information appended in each control frame can be
used to update three NAVs (i.e., NAVC, NAVS, and NAVR) for
channel reservation. The basic channel reservation operations
are summarized in Table I.

2) Addressing the Unidirectional Link Problem: Establish-
ing reverse paths between mesh routers and mesh clients is
critical in our approach. As we discussed earlier, we need
to establish multihop routing reserve paths for mesh routers
and mesh clients, because their links are unidirectional. Note
that, for each mesh client Ci, we do not need to set up paths
connecting it to all routers in the network. Instead, each client
Ci only needs to establish paths to connect routers within a
range of RR. We define these routers as a set names as R(ci).
As shown in Fig. 4, client C1 establishes a path consisting of
routers R2, R3, and R4 within the range of RR via clients
C4, C2, and C3. We can see that C1 does not establish a path
with router R5, because R5 is not within C1’s range of RR.
Obviously, the local route spanning tree LRST (c1) consists of
C1 as its root and routers in R(C1), i.e., (R1, R2, R3, and R4)
as its leafs.

There are three steps for establishing LRST and addressing
the unidirectional link problem. In the first step, we build
a bidirectional table for each node to determine whether a
unidirectional link exists between a pair of router and client. In
the second step, mesh clients are connected to mesh routers by

discovering multihop paths. In this step, LRST can be formed in
each mesh client. In the third step, the topological information
of LRST is used to address the unidirectional link problem. In
the following, we present the detailed procedures one by one.

Step 1: Establishing the bidirectional neighbor table. The
bidirectional neighbor table is used to determine whether
a unidirectional link exists between the router and the
client. The router and the client may periodically need
to broadcast Hello packets. In the following, we define
Hello(ci) or Hello(ri) as the Hello packet sent by client
ci and router ri, respectively. This way, when a mesh router
receives Hello(ci) or Hello(ri), it knows that ci or ri

are its bidirectional neighbors. By receiving Hello(ci),
a mesh client can also ensure that ci is its bidirectional
neighbor. However, when a Hello(ri) is received by a
mesh client, it cannot determine whether these routers are
its bidirectional neighbors or not. To address this prob-
lem, Hello(ri) should append the bidirectional neighbor
table of ri. According to the neighbor list appended in
Hello(ri), a mesh client can determine whether routers are
its bidirectional neighbor or not. Hence, the bidirectional
neighbor table is formed. In addition, a sequence num-
ber is also appended in Hello(ri). It is used to indicate
the freshness of information. Once the router generates a
Hello packet, the sequence number will increase. When
a Hello(ri) is received by ci and ri is the bidirectional
neighbor of this client, a sequence number that is larger
than the sequence number maintained for ri will trigger
an update for the record of ri in the bidirectional neighbor
table.

Step 2: Establishing a reverse path to connect the router and
the client. When a new bidirectional link between client
ci and router ri is detected by receiving Hello(ri) or an
update is triggered for ri due to a fresh sequence number,
a connection from ci to ri is established. In this case, ci

notifies its bidirectional neighbors that the path from ci to
ri has been established by broadcasting a RSCP (ci, ri).
After receiving RSCP (ci, ri), the bidirectional neighbors
of ci will obtain the information that ri could be connected
via ci. Therefore, those bidirectional neighbors continue to
broadcast RSCP (x, ri), where x belongs to the bidirec-
tional neighbors of ci. Hence, the bidirectional neighbors
of ci can connect to router ri. By repeating this process, a
distributed LRST will be formed, and routers are connected
via multihop paths connected through mesh clients.

Step 3: Eliminating unidirectional link. The purpose of estab-
lishing LRST is to enable control information exchange
between the router and the client on unidirectional links
for the MAC protocol. By the interactions between the
network and link layers in our approach, the MAC protocol
can use LRST to route control frames via multihop paths
through clients. Fig. 4 shows one simple example. We can
observe that the link between router R3 and client C1 is
the unidirectional link. When router R3 wants to transmit
DATA to client C1, it first sends RTS to client C1. After
receiving RTS from router R3, client C1 finds that R3 is
not its bidirectional neighbor according to LRST. Hence, it
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Fig. 5. Solution for the heterogeneous hidden problem.

Fig. 6. Solution for the heterogeneous exposed problem.

replies to R3’s RTS by CTS via multihop paths through
clients. CTS is first delivered to intermediate client C2,
which then forwards CTS to R3. Finally, router R3 sends
DATA to client C1. As we can see, the unidirectional link
problem is solved by our proposed mechanisms.

3) Addressing Heterogeneous Hidden Problem: We now
consider the heterogeneous hidden problem. The main idea to
solve this problem is to route control frames, which can either
block or delay the router’s transmission. One scheme to achieve
this goal is to increase the coverage of CTS sent by client
[19]. Another scheme is to delay the transmission of router on
demand. This scheme is based on the fact that collision may
only occur when the heterogeneous hidden terminals access
the channel and the client receives DATA. Obviously, the on
demanded scheme incurs much less overhead.

We adopt the second scheme in our approach. In particular,
each client senses potential collision by listening to the control
channel. If RTS from the router is received by the client on the
control channel when it is receiving DATA, the client can ensure
that the DATA transmission from that router will collide with
the DATA to be received. In this case, DTS is forwarded via a
multihop path through mesh clients to the heterogeneous hidden
terminal, i.e., the router, to cancel its current data transmission.
Fig. 5 shows a simple example, where client B is receiving
DATA from A after RTS/CTS handshake. At this moment,

router C tends to send DATA to client D; it sends RTS on
the control channel to D, and D replies to CTS. Nevertheless,
router C will not immediately transmit DATA on the data chan-
nel, but it will wait a period of time to see if there is any DTS
that has arrived. When receiving RTS from router C, client B
finds that DATA transmission will collide with the DATA to be
received. Meanwhile, client B finds that the link between router
C is unidirectional according to its LRST; hence, it transmits
DTS to client E, and client E forwards the DTS frame. Finally,
router C receives DTS, cancels its transmission, and retries
according to the Duration field in the DTS frame. As we
can see, the heterogeneous hidden problem is solved by our
proposed mechanisms.

4) Addressing the Heterogeneous Exposed Problem: Be-
cause of the large transmission range of the router, the CTS
frame from the router may block data transmission from clients.
Hence, the problem becomes how to decrease the coverage of
the CTS frame. Our idea is to limit the effective coverage of the
CTS frame from the router.

Based on the LRST established in the network layer, each
client can determine whether the router is its bidirectional
neighbor or not. Hence, when the client receives CTS from
the router, it can process CTS in different ways than those
listed here. When the router is not its bidirectional neighbor,
CTS will be ignored. If the router is the bidirectional neighbor,
the CTS frame will be processed. Fig. 6 shows one simple
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Fig. 7. Timing of our proposed protocol.

example. We can see that clients D and E are heterogeneous
exposed terminals when router B replies CTS to client A. Using
our mechanism, client C and router F will be blocked after
receiving CTS from router B, because they are bidirectional
neighbors based on LRST. However, clients D and E find
that router B is not their bidirectional neighbor based on
LRST. Hence, they simply ignore CTS and initialize RTS for
data transmission. As we can see, the heterogeneous exposed
problem is solved by our proposed mechanisms.

C. Extensions

We now present the extensions of our approach in three
aspects.

1) Topology Coverage and Overhead Control for LRST:
From the process of establishing LRST, broadcasting RSCP
determines the network coverage and control overhead. To
control the coverage and reduce the overhead incurred by
LRST, we consider two aspects: 1) limiting the coverage of
broadcasting RSCP within range of Ri in each client and
2) removing unnecessary RSCP broadcasting. In the following,
we list these two mechanisms, and related analysis is presented
in Section IV.

First, the coverage of RSCP can be controlled within R(ci)
by checking LRST. Each node uses a flag to record the infor-
mation of router ri when receiving Hello(ri) at first glance.
This process indicates that clients are within the transmission
range of router ri. This way, only these clients can broadcast
RSCP (x, ri), where x ∈ C(ri).

Second, a broadcast storm would be triggered if each client
establishes a connection with a router by receiving Hello(ri) or
RSCP . To handle this problem and eliminate the unnecessary
broadcasting, we have two rules: 1) With an update of the
bidirectional neighbor table for ri according to Step 1 described
in the previous section, those clients that are bidirectional
neighbors of ri can broadcast RSCP (ci, ri). 2) For those
clients that are not the bidirectional neighbor of ri receiving
RSCP (x, ri), if a larger sequence number occurs or if a small
hop count attains ri with an equal sequence number is appended
in RSCP (x, ri), an RSCP can be broadcast again.

2) Acknowledgement for Routing Control Frames: During
the process of routing control frames at the MAC protocol, a

collision on the control channel is inevitable. If control frames
are collided in the routing process, the resources used for
routing control frames will be wasted. Hence, we introduce
hop-by-hop acknowledgement for the routing control frame to
achieve the reliability. Fig. 5 show one simple example. In
the process of routing DTS from client B to router C, DTS
forwarded from B to E is acknowledged by DTS forwarded
from E to F . DTS forwarded from E to F is also acknowledged
by DTS forwarded from F to C. Finally, an additional DTS is
sent from router C to client F for acknowledging DTS sent
from F to C. If any forwarded DTS is not acknowledged,
the backoff procedure according to the BEB algorithm and
retransmission will be carried out to recover collided DTS. This
way, the reliability of transmitting control frames is provided in
our approach during the routing process.

3) Timing Control for Multihop Handshake in Unidirec-
tional Links: The essential goal of MAC protocols is to let
nodes access the shared channel in different times and avoid
the interference to each other. Traditional MAC protocols adopt
control frames to coordinate nodes to access the channel within
one hop. Hence, timers and durations for sending control
frames are all static. However, in our approach, the MAC
protocol coordinates with nodes that are multihops away. When
control frames are routed by multihops, collisions and backoff
may occur. Hence, the time duration for exchanging control
frames between the router and clients via multihops is variable.
Fig. 7 shows one example for the timing of our protocol. In this
figure, the source is node R, and the destination is C1. Before
sending DATA, router R waits for TW until receiving CTS
from C1. Nevertheless, TW is difficult to determine because
of channel contention in the process of routing CTS. If TW

is too large, the channel utilization will be reduced, posing
unfairness of the router. If TW is too small, the failure of
handshake between the router and the client may occur, and
more collisions will occur, as a result of retransmitting RTS
from the router.

The key for timing control in our protocol is to estimate
TW according to network conditions before the router transmits
RTS. To estimate the delay of control frames in one path,
we first establish the relationship between one-hop delay (i.e.,
delay(x), where x is in path(x, ri)) and the count of nodes
simultaneously accessing channel. Let DK be the delay for
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successfully transmitting data after K tries. Let pK(ni) be
the probability of successful data transmission after K tries,
where ni is the number of nodes simultaneously accessing
the channel. Let p(Dk) be the probability of successful data
transmission with delay equals to Dk. Thus, the following
equation is the probability of successful transmission after k
tries, with the delay equal to Dk on the condition that ni nodes
simultaneously compete for the channel:

p(Dk) = pk(ni) (1)

where pk(ni) decreases when K increases, and Dk is the
transmission delay associated with K tries. We consider the
case where the control frames are successfully transmitted only
if pK(ni) is less than 0.01%. In the following, we discuss how
to derive the closed formula for p(DK) and pk(ni).

From [22], the relationship between delay D and retransmis-
sion times K can be derived by

Dk = A(K) + T. (2)

Because of space limitation, we will not give the detailed
derivation of A(K) and T . In [23], 2-D Markov chain was
adopted to model IEEE 802.11 protocol. Based on [23], we
know that the probability τ in which one node transmits data
in a given time slot tslot is

τ =
2(1 − 2p)

(1 − 2p)(W + 1) + (pW (1 − (2p)m))
(3)

where p is the probability of collisions in a given slot tslot, m is
the backoff stage for sending frame, and W is the minimum
contention window. Thus, collision probability if ni nodes
simultaneously access channel becomes

p =Pb − Ps (4)

Pb = 1 − Pi = 1 − (1 − τ)ni (5)

Ps =niτ(1 − τ)ni−1 (6)

where pb is the probability that the channel is busy in a given
time slot, ps is the probability that data transmission from the
node is successful in a given time slot, and pi is the probability
that the given time slot is idle. Hence, the probability that data
transmission is successful at K + 1 tries can be derived by

pK(ni) = (1 − p)K . (7)

When this happens, it means that K retransmission occurs
and that delay is Dk. Consequently, pk(ni) is a function of ni

according to (3), (4), and (7). Equation (1) can be derived from
(2) and (7), and one-hop delay, i.e., delay(x), x ∈ path(ni, ri),
can be estimated. Hence, TW can be estimated by

TW = MAX (path_delay(ni, ri)) (8)

path_delay(ni, ri) =
∑

x∈path(ni,ri)

delay(x). (9)

From (9), we observe that TW is the maximal path_delay
from client ni to router ri. This is because the router cannot

access the data channel after receiving CTS from its destination
client. The router should wait enough time to see if there is
any DTS that arrived. If DTS is received by the router, DATA
transmission from the router should be canceled. Consequently,
TW should consider the time for receiving both CTS and DTS.

To make the aforementioned algorithm effective, each router
in the network should obtain its clients’ neighbor count and
hop counts connected to those clients. Hence, extension should
be made when establishing LRST. When the reserve path is
established from client ci to router ri, registered information
aware client register packet (ACRP) is delivered from ci to ri. In
ACRP, the neighbor count and hop count of ri will be appended,
and each router will then estimate TW .

IV. ANALYSIS

In this section, we analyze the overhead induced by establish-
ing LRST for eliminating unidirectional links and the overhead
induced by routing DTS frames to solve the heterogeneous
hidden problem.

A. Overhead for Establishing LRST

As we stated in Section III, the purpose of establishing LRST
is to eliminate unidirectional links between routers and clients
with a broad range of RR/RC . Hence, we derive the overhead
induced by establishing LRST here.

Let fR be the frequency in which routers send Hello packets,
and let fC be the frequency in which clients send Hello packets.
Let S(y) be the size of control frame y and |C(ri)| be the
average number of clients within the transmission range of node
ri. Let nC and nR be the number of routers and clients in the
network, respectively (nC > nR). Let hop be the average hop
count from ci to ri. From the procedures of establishing LRST
in Section III, the overhead is mainly contributed by the follow-
ing: 1) Hello packets periodically from routers and clients and
2) RSCP and ACRP packets from clients to establish reverse
paths. Hence, the overhead induced by Hello packet from
clients becomes OHelloC = fC · nC · S(Hello). The overhead
induced by a Hello packet from routers is OHelloR = fR · nR ·
S(Hello). Hence, the overhead induced by RSCP and ACRP
packets becomes

Or = fR · |C(ri)| · nR ·
(
S(RSCP ) + hop · ACRP

)
. (10)

We can see that the overheads OHelloC, OHelloR, and Or do
not depend on traffic load. We also observe that Or is mainly
determined by |C(ri)| and hop, whereas nR, nC , fR, and fC

are constant. In addition, RR/RC is the parameter to determine
|C(ri)| and hop, where |C(ri)| is the average client count
covered by ri’s transmission range and hop is the average hop
count from ci to ri. We will further explore the relationship
among these parameters here.

We assume that nodes in the network are distributed and
follow a 2-D Poisson process with density ρ. Hence, the prob-
ability that k nodes exist in an area of A, which is denoted by
p(k,A), is p(k,A) = ((ρA)k/k!)e−ρA.
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Let ρR and ρC be the density of routers and clients, re-
spectively. Obviously, |C(ri)| = πR2

RρC . Let σ be the ratio of
RR/RC . Thus, |C(ri)| is derived by

|C(ri)| = π(δRC)2ρC . (11)

Without loss of generality, we assume that the average hop
count hop is a ratio of distance. Hence, hop becomes

hop =
RR

2RC
=

σ

2
. (12)

Based on (10)–(12), Or can be derived by

Or = fR ·π ·(δRC)2 ·ρC ·nR ·
(
S(RSCP ) +

σ

2
· S(ACRP )

)
.

(13)

According to (13), we know that Or increases when the ratio
of RR/RC increases. The overhead introduced by RSCP is a
direct ratio (RR/RC)2, whereas the overhead introduced by
ACRP is a direct ratio of (RR/RC)3. Hence, the overhead be-
comes extremely large when σ is large enough. In addition, we
can observe that |C(ri)| is a direct ratio of σ2, and hop is linear
to σ. Hence, the key factor for controlling Or becomes |C(ri)|.
In Section VI, we will evaluate the overhead of establishing
LRST using extensive simulations.

B. Overhead for Blocking Heterogeneous
Hidden Terminals

After unidirectional links are eliminated, the heterogeneous
hidden terminals can be blocked, and collisions can be avoided.
Recall that, in Section III, to block the heterogeneous hidden
terminals, we propose an intelligent routing scheme for de-
livering the DTS frame to limited routers. In the following,
we compare our intelligent routing scheme with one existing
scheme [19], which blindly sends BWRES (similar to DTS)
to all potential hidden terminals via the multicast transmission
mechanism.

We assume that the interval for generating packets on routers
and clients follows an exponential distribution, i.e.,

fx(x0) =
{

ae−ax0 , x0 > 0, a > 0
0, otherwise.

(14)

Thus, the probability pa for contending the data channel by
sending RTS within tslot for both routers and clients becomes

pa =

tslot∫
−∞

ae−ax0 d(x0). (15)

Note that there are at most πR2
R/πR2

C = δ2 pairs of clients
simultaneously accessing the data channel within the router’s
transmission range. Hence, the probability that n pairs of clients
simultaneously accessing the data channel within the router’s
transmission range in tslot becomes

p(X = n) = Cn
δ2Pn

a (1 − Pa)δ2−n. (16)

Then, the mean value of p(n) is
∑δ2

n=0 np(n) ≤ nG, and
the overhead Or induced by an intelligent routing DTS frame
within tslot can be derived by

Or = PrnR · S(DTS) · hop ·
δ2∑

n=0

nP (n) (17)

where Pr = nR · pa.
The overhead O′

r induced by the scheme that blindly routes
the DTS frame via multicast within tslot can be derived by

O′
r = P ′

c · nR · S(DTS) · hop · πR2
RρR (18)

where P ′
r = nC · pa.

According to the preceding formula, we observe that the
key factor for determining Or and O′

r is nR/nC . Hence,
P ′

r is larger than Pr, because nC is larger than nR. Only

when
∑δ2

n=0 np(n) = nC and πR2
RρR = nR is Or equal to

O′
r. Otherwise, O′

r is larger than Or. In addition, sending the
BW_RES frame to all potential hidden terminals via multicast
does not guarantee the delivery of all BW_RES frames, whereas
our intelligent routing scheme can guarantee the reliability
of routing the DTS frame via hop-by-hop acknowledgment.
Hence, the routing scheme in our approach can effectively
block the heterogeneous hidden terminals with low cost.

V. PERFORMANCE EVALUATION

A. Evaluation Methodology

1) Experimental Setup: In our evaluation, we use OPNET,
which is a widely used simulation tool in both academia and
industry. We use the standard IEEE 802.11 protocol and the
CLF in [19] as the baseline protocols in comparison with our
approach CLSM.

In our experiments, we assume that the node’s transmission
range is equal to its carrier-sense range. For fairness considera-
tion in our simulations, we fixed the data transmission rate to
2 Mb/s for our compared protocols (IEEE 802.11 and CLF)
and fixed the data transmission rate to 1 Mb/s for both the
data and control channels, leading to the total data transmission
rate, which is 2 Mb/s in our simulation. By simulating different
ratios in data and control channels with a total transmission
rate of 2 Mb/s, we find that allocating 1 Mb/s for both data
and control channels achieves the best performance. Because
of space limitation in this paper, we did not include such
simulation results. We adopt a constant bit rate (CBR) traffic
model because it is a very popular traffic model and has been
widely used in the simulation of the MAC protocol by other
researchers [15], [17], [19], [20], [24]–[26]. For mobility, the
Random Way Point mobility model [27] is adopted in our
experiments.

The network capacity and impact of collision are the main
aspects we considered for the network. To evaluate network ca-
pacity, we consider the metric aggregated one-hop throughput,
which is defined as the total number of packets delivered to the
destinations. To measure the impact of collision, we introduce
the metric efficiency of data delivery ratio, which is defined as
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Fig. 8. Simulation topology.

Fig. 9. Simulation results: Heterogeneous hidden problem.

the ratio of the aggregate one-hop throughput to the number of
transmitted packets.

We consider three kinds of experiments: On static line
topologies, the effectiveness of CLSM is validated. On a star-
like topology shown in Fig. 11 and random topology, CLSM
is compared with the IEEE 802.11 protocol and CLF protocol
in terms of various scenarios, including different traffic loads
and transmission ranges of nodes. Following, we present these
simulations, respectively.

B. Simulation on Static Line Topology

We begin with experiments on static topologies to validate
the effectiveness of CLSM to deal with the heterogeneous
hidden and heterogeneous exposed problems.

1) Handling the Heterogeneous Hidden Problem: Fig. 8
shows a line topology in which all nodes are static. In Fig. 8(a),
node R is a mesh router, whereas others are mesh clients. There
are two CBR traffic flows, i.e., from client C1 and router R as
source nodes to client C2 and client C4 as destination nodes.
Since CBR traffic flows are simultaneously started, router R
becomes a heterogeneous hidden terminal in our simulation.
The rate of both CBR traffic is 10 packet/s. Simulations were
performed in ten rounds with the size of data increased from
1024 bits to 10 240 bits, with a step of 1024 bits.

Fig. 9(a) and (b) shows the results for the aggregated one-
hop throughput and efficiency of the data delivery ratio of the
CLSM protocol versus the IEEE 802.11 protocol, respectively.
From these figures, we have a few observations: 1) As expected
and shown in Fig. 9(a), the throughput of CLSM is much higher
than that of the IEEE 802.11 with the increase in traffic load.
2) As shown in Fig. 9(b), the efficient data delivery ratio of
CLSM decreases much faster than that of the IEEE 802.11 with
the increase in traffic load. For example, the efficiency of data
delivery ratio for the IEEE 802.11 protocol is only 50% of the
efficiency of data delivery ratio for CLSM. This is because, in
CLSM, the DTS frame enables client C1 and router R to access
the channel in different time durations, significantly reducing
the chance of collision for data transmission.

2) Handling the Heterogeneous Exposed Problem: In
Fig. 8(b), nodes R1 and R2 are mesh routers, and others are
mesh clients. Two CBR traffic flows appear in the topology:
one is from client C1 to router R1, and the other is from client
C2 to client C3. The rate of flow from client C1 to client C2

is 10 packet/s, and the size of each packet is from 1024 to
10 240 bits. To emulate the heterogeneous exposed problem,
the rate of flow from client C1 to router R1 is 100 packet/s, and
data size is 10 240 bits. Hence, client C2 and client C3 become
heterogeneous exposed terminals in the topology, as shown in
Fig. 8(b).
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Fig. 10. Simulation result: Heterogeneous exposed problem.

Fig. 11. Starlike topology and results of flows from clients to the router.

Fig. 10(a) and (b) shows the simulation results in terms
of throughput and efficiency of data delivery ratio for CLSM
and IEEE 802.11. These results lead to a few observations.
1) The throughput of CLSM steadily increases, whereas the
throughput of the IEEE 802.11 protocol rapidly decreases when
the traffic load increases. 2) The efficiency of the data delivery
ratio of IEEE 802.11 more rapidly decreases, in comparison
with CLSM when the traffic load increases. These observations
can explain that, in CLSM, client C2 and client C3 ignore CTS
from router R1 according to their LRSTs, whereas client C4

and router R2 are blocked by CTS from router R1.

C. Simulation on the Static Star Topology

We now present the performance of CLSM, in comparison
with the IEEE 802.11 protocol and CLF protocol [19] in a
star topology, as shown in Fig. 11. We can see from Fig. 11
that flow1, flow2, and flow3 represent traffic from the clients
to the router, whereas flow4 represents the traffic from the
router to the client. The transmission range of the router is
450 m, whereas the transmission range of the client is 150 m
(RR/RC = 3 : 1). All these clients are covered by router R.
We modified the network-layer protocol for nodes running
the IEEE 802.11 protocol. This enables data packets to be
forwarded hop by hop when the link between the router and

the client is unidirectional. This indicates that packets from
router R to client C3 should be delivered to C1 first and then
forwarded by C1 and C2. However, in CLSM and CLF, because
of the reserve paths, packets from router R to C3 can be
directly delivered. In this set of simulations, we consider the
throughput in both the client and the router to measure the
overall performance.

1) Flows From Client to Router: In this experiment, we
fix the traffic load of flow4 and increase the load of flow1
to flow3 in each round. In flow1 to flow3, each client is a
source node transmitting data packets to the router with a rate
of 10 packet/s. The packet size is 1024 bits in the beginning.
Simulations were conducted in ten rounds over 200 s; during
each time, we increased the size of the packet by 1024 bits.
Fig. 11 shows the throughput and efficiency of the data delivery
ratio of the CLSM, IEEE 802.11, and CLF protocols in terms
of different traffic loads on these three flows, respectively. From
these figures, we can see that, with the increase in traffic load,
throughput increases, whereas the efficiency of the data delivery
ratio decreases. Obviously, the performance of CLSM is much
better than the other two protocols. In particular, the throughput
of CLSM is much higher than that of the other two protocols,
and the efficiency of the data delivery ratio stays high level
when the traffic load is not very high. We can also observe
that the performance of CLF becomes even worse than the
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Fig. 12. Simulation result of flows from the router to clients.

IEEE 802.11 protocol. This can be reasoned that CLF is de-
signed for MANETs only and not carefully considered for mesh
access networks.

2) Flows From the Router to Clients: In this experiment, we
fix the traffic load of flow1 to flow3 and increase the load of
flow4 in each round. The data rate of flow1 is 10 packet/s, and
the packet size is 1024 bits in the beginning; the rate of flow1
to flow3 is 10 packet/s with a fixed packet size of 4096 bits.
We consider the throughput of clients C1, C2, and C3, which
are one-hop, two-hop, and three-hop neighbors of router R,
respectively. Simulations were performed in ten rounds over
200 s; during each time, we increased the size of the packet
by 1024 bits. Simulation results are shown in Fig. 12. As we
can see, the one-hop client throughput for all three protocols
remains similar. It is obvious that CLSM achieves better perfor-
mance in two-hop clients and three-hop clients, in comparison
with IEEE 802.11 and CLF. We would like to clarify that, if
we do not forward data packets for the IEEE 802.11 protocol
at the network layer, there is no throughput in the two-hop and
three-hop clients. Such results confirm that unidirectional links
should be eliminated in mesh access networks in the CLSM
and MAC protocols designed for mesh access networks has to
provide the coordination from mesh clients.

D. Simulation on Random Topology

We now present the performance of CLSM, in comparison
with the IEEE 802.11 protocol and CLF protocol in random
topology for WMANs under various scenarios, including vari-
ous traffic loads and transmission range of the mesh router. The
purpose of this set of experiments is to evaluate the network
capacity of our approach.

The network topology consists of 80 clients and eight
routers randomly deployed within an area measuring 1000 m ×
1000 m. On a side note, because the focus of this paper is not to
study the mesh backbone network, we do not consider the traffic
for the mesh backbone. The throughput and efficiency of the
data delivery ratio are evaluated under different conditions. The
default setting of parameters are given as follows: The transmis-
sion range of the mesh clients is 150 m, and the transmission
range of the mesh router is 300 m (RR/RC = 2 : 1). Each
router is located at a fixed position, whereas each client moves
based on the Random Way Point mobility model with a speed

in the range of [1 m/s, 6 m/s], and the pause interval is 0.1 s.
Each node in the network is a CBR traffic source with a rate of
10 packet/s, and the destination node is randomly selected from
each node’s transmission range.

1) Traffic Load: In this experiment, each node in the net-
work is a CBR traffic source with a rate of 10 packet/s,
and the packet size increases from 1024 bits to 10 240 bits.
Fig. 13(a) and (b) illustrates the throughput and efficiency of
the data delivery ratio of the CLSM, IEEE 802.11, and CLF
protocol in terms of different traffic loads. From these figures,
we have several observations: 1) The aggregate throughput
of CLSM is constantly much higher than that of the IEEE
802.11 and CLF protocols on various traffic loads. 2) When
the traffic load increases, the efficiency of the data delivery
ratio of these three protocols decline. However, the decline of
CLSM is much slower than that of the other two protocols. It
can be reasoned that the handshake and channel reservation
mechanisms incurred by CLSM can effectively deal with the
heterogeneous hidden and heterogeneous exposed problems.
Simulation results also demonstrate that the throughput of
CLSM is improved by up to 27% and that the efficiency of
data delivery ratio is improved by up to 14%, in comparison
with that of the IEEE 802.11 protocol. 3) The performance of
the CLF protocol is much better than that of the IEEE 802.11
protocol when the traffic load is low and performs worse than
the IEEE 802.11 protocol when the traffic load is high. This is
because the control overhead induced by BW_RES is a major
factor when the traffic load is high. It also induces a high chance
of collision at the MAC layer when a multicast BW_RES
frame is used.

2) Transmission Range of Mesh Router: In this experiment,
the CBR traffic load is fixed, and the data size is 5120 bits.
We let the transmission range of mesh client RC to be 150 m,
and the transmission range of client RR increases from 200
to 600 m with an increase step of 50 m in each round of
simulation. Fig. 14 shows the simulation results. We have
a few observations: 1) The throughput and efficiency of the
data deliver ratio of these three protocols decline when RR

increases. This can be explained by the fact that, with a larger
RR, the negative impact of link asymmetry will deteriorate.
2) The decline of throughput and efficiency of the data delivery
ratio of CLSM is much slower than that in the IEEE 802.11 and
CLF protocols. We know that, when RR increases, the spatial
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Fig. 13. Random topology with variable traffic load.

Fig. 14. Random topology with variable transmission range for the mesh router.

reuse of network channels become worse, and the adaptation
of our CLSM to deal with this scenario is better than the IEEE
802.11 and CLF protocols. 3) The performance of the CLF
protocol deteriorates when RR becomes three times larger than
RG. This is because CLF is not adaptive to different ratios of
RR/RC . When RR becomes large, the BW_RES multicast
mechanism becomes ineffective.

VI. RELATED WORK

Most of existing research efforts on the MAC protocol for
WMNs are dedicated to improve the performance of the wire-
less mesh backbone [3]–[8]. In [3] and [6], mechanisms were
developed to reduce channel collision and provide concurrent
data transmission for different nodes. In [4] and [5], channel
allocation mechanisms were studied to improve the capacity of
wireless mesh backbone networks. To the best of our knowl-
edge, very little research aims to study WMANs.

Numerous research efforts have been paid to study link
asymmetry for MANETs. At the network layer, a number
of schemes were proposed to address the unidirectional link
problem [10], [13], [15], [16]. For example, in [13] and
[15], schemes were proposed to directly bypass unidirectional
links and route packets via bidirectional links. However, these
schemes can only mitigate the impact of high-power nodes on

network performance in a certain degree and cannot completely
resolve the heterogeneous hidden problem and heterogeneous
exposed problem. In [10] and [16], tunneling-based approaches
were proposed to eliminate asymmetrical links by establishing
reserve paths by multihop low-power nodes, which are used to
route control frames at the MAC layer. These approaches hide
unidirectional links from upper layer protocols to transparently
facilitate their operation. With increasing the probability to
access the channel from high-power nodes, these tunnel-based
schemes could potentially increase collisions and reduce the
spatial utilization of network channel resources.

At the MAC layer, a number of schemes were proposed to
address the heterogeneous hidden problem and heterogeneous
exposed problem raised by link asymmetry [11], [12], [14],
[17], [18]. For example, in [11], a multichannel MAC proto-
col with an RTS/OTS/CTS (ROC) handshake mechanism was
proposed. In [14], a scheme based on flooding BW_RES
frame (similar to CTS) was proposed to block heterogeneous
hidden terminals. However, this scheme can dramatically re-
duce network throughput because of the collision and control
overhead posed by flooding BW_RES frames. In [17], a time-
divided MAC protocol was proposed. However, this scheme is
hard to deploy, because it relies on global synchronization of
network nodes and assumes that all frames will be successfully
transmitted.
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In [19], a cross-layer approach was proposed to establish
the reverse paths for unidirectional links by integrating the
topology information into the MAC layer. Several flaws exists
in this scheme. First, this scheme strictly assumes that the
transmission range ratio between the high-power node and low-
power node is strictly set to 2 : 1. This limits the feasibility of
this scheme in general network systems. Second, because each
node maintains topology information within two hops, reserve
paths may not be constructed successfully. Third, BW RES
frames are flooded to all high-power nodes, incurring a high
chance of collision to the network. Finally, this scheme fails to
deal with timing issues related to routing control frames at the
MAC layer through multi-hops.

VII. FINAL REMARKS

In this paper, we have developed a cross-layer-based ap-
proach to deal with several challenging problems raised by
link asymmetry in mesh access networks working in an ad hoc
model. In particular, we have developed algorithms to establish
reverse paths for unidirectional links at the network layer and
share the topological information with the MAC layer. Novel
handshake and channel reservation mechanisms have been de-
veloped to address the heterogeneous hidden and heterogeneous
exposed problems at the MAC layer. Via theoretical analysis
and extended simulations, we have validated that our approach
is more efficient in terms of high throughput and incurs lower
cost for WMANs, in comparison with a few representative
protocols. As part of our ongoing work, we tend to integrate
our approach with other approaches in mesh core networks.
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