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Abstract— Increasing the capacity of wireless communication is which we consider in this paper, has been adopted by IEEE
an open and interesting research area which has attracted much 802.11 wireless local area networks (WLANSs) [9], [16]. In
attention. The familiar solution is dividing the radio spectrum recent years, all of the commercial developments and the

into several independent radio channels, which can be oper- . .
ated and accessed simultaneously by all nodes within its radio basis for IEEE 802.11 standard [9] have been in the 2.4

transmitting power. All solutions of researches adopt multiple GHz band. In the direct sequence spread spectrum (DSSS)
transceivers to fulfill this goal. Nevertheless, these schemes will specification, the 83.5 MHz radio spectrum are divided into
be short of implementation and may increase the prime cost since 14 channels and some of them can be used simultaneously
most wireless devices only equip one transceiver. Moreover, with nd independently. Using all frequencies to transmit data at
a few exceptions, most researchers have emphasized centralize locati lect fi interf
resource allocation algorithms for cellular systems where the a Sam_e ocation may cause Qeg romag_ne IC wave Interierence
base station keeps track of the requirements of the various that will decrease the transmission quality; therefore, standard
users and is thus responsible for the management of network suggests that at least 25 MHz or 30 MHz guard band should
resources. However, on the other hand, multihop mobile ad hoc pe maintained for any two adjacent cells. As a result, there
networks (MANETSs) are generally configured as peer-to-peer gpq totally 3 available channels can be utilized concurrently
networks with no centralized hubs or controllers. Therefore, for data t fer i t IEEE 802.11 WLANS. In oth

in this paper, we proposed a multichannel medium access or aa_‘ ransier in curren - : S. In o e_r
control (MAC) protocol, named ad hoc multichannel negotiation Words, if the channel data rate is 2 Mb/sec (or 11 Mb/sec in
protocol (AMNP), for multichannel transmission in distribution  IEEE 802.11b), the aggregated network bandwidth in WLANs
fashion. We address the issue of distributed resource allocation will be 6 Mb/sec (or 33 Mb/sec). Unfortunately, with one
for multihop MANETs by presenting an AMNP that builds — yansceiver constraint, the standard only defines the MAC

on the multichannel request-to-send/clear-to-send (MRTS/MCTS) Hi f inale ch | de. Intuitively. the simplest
bandwidth reservation mechanism under the constraint of single CPErations for singieé channel mode. Inturlively, the simplies

transceiver. We show via simulations that AMNP provides a Way to achieve multichannel access is to upgrade mobile
higher throughput compared to its single channel counterpart nodes to equip several transceivers [11], [21]. But from the
g}' prlmt?gr:inrgssu:|rtnsuglasr:)ecs)lﬁ;vf/r?r?;ntﬁzioneif:; n?iifnotf(:hr?)ngglesd view point of cost effectiveness, it is worth to enhancing
Imula H H
AMNP derives well than other multicﬁannel approachpespwith the .Standard MAC protocol for single transceiver to support
multiple transceivers. multlchapnel acce;s. .
A multihop mobile ad hoc network (MANET) is constructed
. INTRODUCTION by several mobility handsets or laptops in a limited communi-
Advanced wireless communication technologies are exteration range, characterized by multihop wireless connectivity
sively investigated and studied in recent years [2], [8], [14&nd changing network topology frequently. The communica-
[18]. These studies include related issues of increasing tiien range is around 150300 meters long and varies from
capacity of transmission, high quality multimedia wirelesdifferent modulation schemes. In recent years, the proliferation
transmission, quality of service (QoS) and reliability, etc. Onef portable and laptop computers has led to LAN technology
of essential issues is medium access control (MAC), whidieing required to support wireless connectivity. IEEE 802.11
is how to utilize radio spectrum efficiently and to resolv&VLANSs standard defines two possible network configurations:
potential contentions and collisions among mobile nodes (one is the infrastructure WLAN and the other one is ad hoc
hosts). Existing works have dedicated to using multiple chanetwork. An infrastructure WLAN connects mobile nodes to
nels [1], [11], [15], [21] to increasing the capacity of wireless wired network via access point (AP). Basically, the AP is a
communications. These researches all focus on providing higitationary node that provides mobile nodes to access the dis-
capacity transmission and resource allocation efficiently tributed systems (e.g., Internet). Contrarily, the ad hoc network
wireless communication systems. is composed solely of nodes within mutual communication
With a selected modulation scheme, high-capacity wirelesange of each other and they are able to communicate to each
networks may be realized either by assigning a single widether directly. In both configurations, all adjacent mobile nodes
band channel or by using multiple narrow-band channels thatcess the same channel will form a basic service set (BSS).
may partially overlap to each other. The latter approachh a BSS, the basic distributed coordination function (DCF)



using carrier sense multiple access with collision avoidance Although the IEEE 802.11 standard provides RTS/CTS
(CSMAJ/CA) mechanism is used as the basic channel access control frame to conquer the hidden terminal problem,
protocol to transmit asynchronous data in the contention nodes may still collide with other nodes unwittingly in
period. other channels since they only equip one transceiver
Our goal in this paper is to investigate and design a new and could not perceive the statuses of other channels.
multichannel CSMAJ/CA protocol for supporting multichannel  This is a severe problem when designing a multichannel
transmission by using single transceiver in multi-hop MANET.  protocol with the constraint on single transceiver. This is
We note that papers [11], [21] had proposed some possible because that each node difficultly collects whole channel
solutions for this scenario by adopting dual transceivers to information within its two hops.
achieve this goal. In paper [21], Wet al. proposed a so-  Channel Information Coherence— Since MANETSs
called dynamic channel allocation (DCA) scheme which one are generally configured as peer-to-peer networks with
transceiver is fixed in a dedicated control channel for con- no centralized hubs or controllers to coordinate resource
tention and the other transceiver is tunable among other chan- allocation, it is a big challenge to design a distributed
nels for data transmission. When a node receives a request-to- fashion of resource reservation protocol for multichannel
send (RTS) control frame from sender in the control channel, access. This is because that a mobile node should have
it will scan all channels except the control channel and choose sufficient channel statuses within its and the expected
the first detected idle channel to inform sender to transmit data. receiver's transmitting area before it transmitting data in
Nevertheless, the requirement of dual transceivers increases order to avoid unexpected collisions.
both the implementation complexity and implementation cost,« Broadcast Transmission— Broadcasting a message to
and becomes impractical for present WLAN adapters. Besides, all nodes in a network is an important activity in multihop
the paper [4] had proposed a multichannel access protocol by MANETSs [5], [13], [17], [20]. In single channel environ-
using single transceiver, however, it can only be applied in ment, it's easy to broadcast a packet to all nodes which
the one-hop BSS of WLAN environment and needs an AP are within the radio transmission range of the source,
to coordinate the multichannel transmission. Therefore, in this since all nodes operate on the same channel. However, in

paper, we propose a contention and reservation baddtbc multichannel environment, nodes may miss a broadcast
multichannel negotiation protocdAMNP) in distributed fash- frame when they are transmitting or receiving data in

ion for supporting multichannel transmission over MANETs  other channels in other data channels. This problem
in which each mobile node equips single transceiver. should be solved further.

The remainder of this paper is organized as follows. In « Mobility and Scalability — Since the MANET is con-
Section Il, we point out some problems and challenges when structed by several movable laptops, the designed multi-
designing a distributed multichannel reservation protocol by channel MAC protocol should satisfy the requirement of

using single transceiver in multihop MANETs. Section I mobility. For example, a mobile node should get sufficient
describes our proposed AMNP in details. Finally, we give the channel statuses of the area in which it moves before it
conclusion and describe future work in Section V. attempting to transmit data. Furthermore, the scalability
that supports unlimited number of mobile node to access

[l. PROBLEM STATEMENT the medium is another important issue when designing

the MAC protocol.

According to above-mentioned and indicated problem state-

. We f|_rst_descr|be some problems and challenge_s of des'gﬁ" nts, we, then, propose a suitable distributed negotiation
ing a distributed contention and resource reservation proto?)g tocol for MANETS

in multichannel multihop MANETs with the constraint on
single transceiver in this section. In order to design an adll. Ab HOC MULTICHANNEL NEGOTIATION PROTOCOL
hoc multichannel negotiation protocol (AMNP), there are (AMNP)
several critical issues needed to be solved. However, to meethis section will describe the proposed AMNP in details.
these objectives, the design of AMNP faces certain challeng@sgeneral, if all mobile nodes are equally allocated to all
and constraints that are not imposed on their single changghjlable channels, the collision probability of each attempted
counterparts. request would be minimized accordingly. However, based on
« Single Transceiver Constraint— Most of present wire- the constraint that the sender and the receiver should stay
less devices of mobile nodes only equip one transceiverito the same channel to complete the request-to-send/clear-
transmit or to receive data. However, many articles [11fp-send (RTS/CTS) handshaking, the mobile node with one
[15], [21] propose potential solutions for multichannetransceiver might exchange data with other mobile nodes
transmission by adopting multiple transceivers to achiewvehich listen to the same channel. As a result, few data frames
this goal. These solutions may not be applied or bheill be transmitted successfully and some nodes will never
implemented on such wireless equipments. communicate with each other. If we assign mobile nodes to
« Hidden Node Problem— The hidden node problem [19] access channels dynamically, a complicated channel scheduler
is one of the most important issues in multihop MANETshas to be provided for the distributed ad hoc WLANS. In stead

A. Challenge Statements
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Fig. 1. An illustration of proposed AMNP, whiofiy represents the contention/reservation channel@ndndC» represent the data channels. The identifier
BB represents the broadcast beacon, the BWT represents the broadcast waited time and the CST is the channel switching/settlling time, respectively.

% MRTS Frame Formate % check sequence) fields are as same as the description in
B B B Eas oo = IEEE 802.11 Standard [9]. The additional fieldelected
Control | PO | RA ‘ R Rl R A N | PSS channel(SC), channel usage indicatiofCUI), and then-th
used channel’s offsedre described as follows. The SC field
/ \ indicates which channel the sender prefers to transmit data
Channel ID:_1 3 4 5 6 7 8 with the receiver. The CUI field length is one octet long and
o] ]o] Ogb\ ofofo]o] the content of CUI indicates the status of the usage in each data
< 1ts =1

channel. Each bit field of CUI represents each corresponding
data channel in prior order calldut map The bit would be
MCTS Frame Formate H set 0, if the corresponding data channel is not in use. On
B RS SO St me e T the contrary, the bit would be set 1, if the corresponding
Ist N-th data channel is in use. The following Offset fields are various
depending on the content of CUI field. For example, shown in
Fig. 2. The frame format of MRTS and MCTS control frame of proposeﬁ:ig_ 2, the second bit of CUI is set 1, that is, only the second
AMNP. data channel is in use currently and the free time of the second
data channel would be the ending time of its transmitted MRTS
us the value of the Offset. The units of Duration field and
ffset field are measured in microsecong),

Frame

Control RA

Duration SC CuI FCS

of employing such complicated scheme, the proposed AM
?C!IOCC:r;[?:nz (;ic:jlcat:n?;rtne;tr:?nn;h;r;nner:efg ' ::le”;c;tr)\'/lii;;;j:s When a node has received a MRTS frame, it will compare
thle SC field of the MRTS with its channel status and then

channels permanently. Fig. 1 illustrates the usage of channels ; :
of AMNP in which channelsC, ~ C,_, represent data check whether it can satisfy the request. If the preselected

channels and channel, alternatively plays the role of the channel is also available in receiver's side, the receiver will
0 . .
dedicated contention channel or data channel dynamic:ally.grant the transmission request and reply the MCTS frame back

. . h ks, th ) , 1Eto the sender immediately. Otherwise, the preselected channel
Since, in ad hoc networks, there is no stationary node fL, ot he granted to use since the preselected data channel in
supporting centralized multichannel control, the distributd qiyer's side is not free. The receiver then reselects another

negotiation protocol which can provide ad hoc multichanng| jjapie channel according to comparing with the status of
transmission is needed. To solve above mentioned proble annel usage of the sender. The reselection rules are as

we adopt the concept of IEEE 802.11 RTS/CTS handsh ows:

mechanism to fulfill multichannel transmission in multihop

mobile ad hoc networks. We name the RTS/CTSadtichan- 1) If the sender has another free data channel and the
nel RTS/CTEMRTS/MCTS). Unlike IEEE 802.11 RTS/CTS channel is also available in receiver’s side. The receiver
mechanism, we need more information to indicate the usage Will select the common available channel to receive data
of other data channels. frames. _ _ _

First, a node attempts to issue a MRTS control frame to 2) If there is no gvallable free Ch"’.‘””e' n the side of the
acquire the authorization of expected data channel when it has sender or receiver now, the receiver will compare all data
a frame to transmit. The purposes of MRTS control frame are channels of both Sender a_md receiver and then select a
used to inform its direct receiver and neighbors the preselected common channel which will be earliest released.
data channel, which it prefers to use to prevent the expodeldase note that we have to consider both sides’ channel
node problem in other channels and the current channel stahfsrmation in order to prevent the hidden node problem. After
within its transmitting range. The frame format of MRTShe checking process, the receiver will reply a MCTS frame
is shown in Fig. 2 where the Frame Control, Duration, RAack to the sender to make the final decision. The MCTS
(receiver address), TA (transmitter address), and FCS (frafn@me contains the current the usage status of data channels



and the agreed selected data channel information. Note that
the sender have to resend the MRTS back to the receiver in
order to refresh the channel status of the sender’s side.

A node will spend an extra&hannel switching/setttlling
time (CST) when it wishes to switch from one channel to
another. The CST is defined as the time to change from
one operating channel frequency to another channel frequency
and is defined as 224s. This time varies from the physical
medium dependent (PMD) entity. Therefore, the duration field
of the MRTS control frame will be SIFS + MCTS + CST +
datalength + SIFS + ACK where SIFS is tlehort inter frame
space In order to avoid other nodes interrupting transmissions
on other channels, nodes that intend to transmit frames must
persistently monitor the control _channel until hear either B The Broadcast in AMNP
MRTS or a MCTS control frame issued by other nodes. This . ) ) L
is because that the channel status is recorded in the MRTS of N€ broadcast operation is an important activity in ad
MCTS control frame. The data transmissions on data channBf¢ networks. However, in multichannel transmission and the
would be guaranteed that no other nodes will interrupt thRonstraint of one transceiver, it is hard to broadcast a frame

communication, if it hears at least an MRTS or an MCT& all neighbors especially nodes transmitting in different

before it transmitting the data. channels. The AMNP uses a so calledadcast beapo(BB) .
. . . technique to conquer this problem. The BB contains the time
Taking Fig. 3 for example, assuming there are 5 mob|?I . .
. t when the broadcast frame will be transmitted. All nodes
nodes in the ad hoc network. Node ¢ and d are the expos . ! . :
. ! . -which received the BB will stay in the contention channel and
terminal of node a and b, and node e is the hidden terminal

of node b. Initially node e finishes its backoff count down” alt a broadcast waiting timgBWT) to receive this frame

ven though it has made a successful reservation. The ending
and then sends an MRTS frame to request the channel 1§ore of BWT is calculated as the time that the last freed

tr.ansm|tt|ng data, Th? receiver .”Ode d approves the reaUsRannel time among current transmissions plus the CST. All
since the channel 1 is also available in side of d. After t X )

. - : scheduled reservations will be delayed a SIFS + BWT +
negotiation of node d and e, node a finishes its backoff co g

IFS + broadcadramelength + SIFS period. The purpose of
down and sends an MRTS to node b to ask channel 1 for ~ . ~ . ) .
L . restraint is in order to broadcast all neighbors including nodes
transmitting data. Since channel 1 has been reserved by node | . L
which is transmitting in other data channels.

d and e, the request could not be accepted. Node b compares
channel statuses of node a with node b and then selects an IV. SIMULATION MODEL AND RESULTS

available channel 2 in this example and sends MCTS ba.CkThe simulation model follows IEEE 802.11b Standard using

to node a. After receiving an MCTS from node b, node a . : .
notified that channel 1 would not be accepted and the agrefBeéss system at the physical layer with the long physical

channel is channel 2. Node a will resend an MRTS to refre Eﬁler convgrgence_ prptoqol (.PLCP) protocol d?‘a unit (PPDU)
L ) . . ormat. Poisson distribution is used to determine the number
the reservation information (to node c in this example).

of MAC service data unit (MSDU) arrivals and the lengths

of the MSDUs are decided by the exponential distribution

function. Most of the parameters were taken from the standard

and are listed in Table I. The Transmit-to-Receive (Tx-to-RX)
The throughput of networks can be improved further by ifurnaround time should be less than.$0including the power-

creasing channel utilization using channel reservation schedd@wn ramp specified in IEEE 802.11 Standard [9] and the Rx-

ing scheme. We named the AMNP with Schedu”ng SchemetgsTX turnaround time should be measured at the MAC/PHY

AMNP/s. The scheduling policies of AMNP/s are as followghterface, and should be less thams5

If there is no available channel for transmission, the senderin all simulations we consider one contention channel and

would choice the first being released channel to reserve ¢ data channels. Each simulation runs least over 10,000,000

needed transmission interval. If the channel is the last availaBlet time (600 sec) and each data point represents an average

channel of the sender’'s side but not in the receiver's Sidéf, at least ten runs with identical traffic mOdelS, but different

the receiver will reserve the first being released channel f@ndomly generated scenarios. Several assumptions were made

transmission by sending the MCTS back to the sender. Aff@ reduce the complexity of the simulation model:

receiving the MCTS, the sender will retransmit a MRTS to « All nodes support the 2 Mb/sec data rate.

update the new reservation. Note that the contention channed All data and control frames were sent at 2 Mb/sec.

Cp would not be considered for data transmission, since thise The propagation delay was neglected.

channel will be used for negotiation reservation or broadcaste The channel was error-free.

transmission. « There was no interference from nearby channels.

MRTS, #1 \f‘\;
( )
1 (MCTS, #1),

7/ [
(MRS, #1), V‘s .
/ (MRTS, #1),  (MCTS, #2), @’ 4
(MRTS, #2), "\ W _ 4
@ e @i
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—

i !
\ i
\ /
/
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Fig. 3. The MRTS/MCTS frame formate of proposed AMNP.

A. Improving the Degree of Channel Utilization



TABLE | g

SYSTEM PARAMETERS IN SIMULATIONS t
Parameter Normal Value !
Simulation Area 300 meters 300 meters 6 F
Transmission range 100 meters 8
Transmission rate 2 Mb/sec § 51
A slot time 20us A
SIFS 10us &
DIFS 50 us g3t
MRTS frame length variable 160 bits (8&) 5 e 0211
MCTS frame length 112 bits (56s) 2 r —=— AMNP
ACK frame length 112 bits (5@s) L 2 DR ot
Preamble and PLCP header 192 bits (182 4+ AMNP/s
MAC header length 34 octets (136) 0 B —
Mean frame length 512 octets 0 6 12 18 24 30 36 42 48 54 60
aCWmin 31 slots ) )
aCWmax 1023 slots Frame arrival rate (frames/sec/node)

Channel Switching Time 224s

Fig. 5. The comparison of throughput derived by IEEE 802.11, AMNP,
DCA, DCA/cost, and AMNP/s when number of nodes is 108 nodes.

—o—802.11 160
6 || —=—AMNP + A
—a—DCA r 140
. —x— DCA/cost ——802.11 (54 nodes)
g 5 | —+—AMNP/s 120 - —a— AMNP (54 nodes)
3 S —a—802.11 (108 nodes)
S 4L glOO | —x— AMNP (108 nodes)
: B
W 3 3 3 80
: s
g, S 60 -
40 +
1 [
20
0

f=}

0 6 12 18 24 30 36 42 48 54 60
. 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45
Frame arrival rate (frames/sec/node)
Frame arrival rate (frames/sec/node)

Fig. 4. The comparison of throughput derived by IEEE 802.11, AMNP, ) )
DCA, DCA/cost, and AMNP/s when number of nodes is 54 nodes. Fig. 6. The comparison of MAC delay derived by the IEEE 802.11 and
AMNP under different number of nodes.

« All nodes were active (not in power-saving mode).

The mobility model uses theandom waypointnodel [3] in
a rectangular field. We vary the pause time, which affects t

DCA, AMNP, and AMNP/s smoothly increase following the
increment of frame arrival rate continuously. This is because

. . ) at the IEEE 802.11 only uses one channel for contention and
relative speeds of the mobiles. Here, each mobile node St3[1S s mission. Taking Fig. 4 for example, the DCA performs
its journey from a random location to a random destinatio '

i : o A 5.5 Mb/sec throughput than the maximum throughput 5.1
with a randomly chosen speed (uniformly distributed betwe‘f\Wb/sec of proposed AMNP since DCA adopts two transceiver
0-94 mis): for one contention and another transmission. If we take the
cost-benefit of DCA denoted as DCA/cost under consideration,
, . e the throughput of DCA/cost only performs 2.75 Mb/sec.
The first set of experiments uses qmermg numpers of nod wever, the AMNP/s scheme can retrieve the shortcoming
54 nodes a_md 108_ nodes and varying frame arrival rates. AMNP by using one transceiver. We can see that AMNP/s
nOd?S of this experiment are set1o be immovable. Th? Fhrou@%'uld outperform DCA and gets 6.2 Mb/sec throughput. Fig. 5
p-ut. IS measulred bY calgulatmg all successful transmitting da&%o shows that the network throughput will be increased by
d|V|ded.by _S|mulat|on time. The throughput of all SC.heme?‘ﬂcreasing the number of nodes in the network but not in the
shown in Fig. 4 (54 nodes) and Fig. 5 (108 nodes), incre E 802.11. The proposed AMNP and AMNP/s, moreover,

follct>W|n|g thet |nctremtent '(t)f frame alirrlva(Ij ra;eihlEEhE lgoz;[l ts higher improvement of throughput than DCA scheme
protocol st saturates 1ts upper bound ot threshold a en increasing the number of channels.

frames/sec/node. On the contrary, other schemes such as't ﬁ Fig. 6, we evaluate the MAC delay by comparing the

INote that this is a fairly high speed for an ad hoc network, comparable \GEE 802.11 V‘_’ith proposed AMNP with dif‘fere_nt number of
traffic speeds inside a city. nodes under different frame arrival rate. The simulation result

A. Simulation Results
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Fig. 7. The comparison of throughput derived by the IEEE 802.11 ané ]
AMNP under different number of nodes and different moving speed.
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shows that the MAC delay of AMNP is lower than IEEE "]
802.11. This is because that we use one channel for contention
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