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Abstract—This paper presents a joint medium access contrand

physical (MAC-PHY) layers solution for optimizing the system
performance in the hybrid Token-CDMA MAC system. The

proposed scheme is designed in order to provide dimuous

monitoring of the performance achieved by the userand adjusting

transmission parameters using different spreading dctors.

Various performance metrics are used to demonstrate
effectiveness of the cross-layer interaction for # hybrid

Token-CDMA MAC protocol.

Index Terms—CDMA, Cross-layer, Medium Access Control
(MAC), Quality of Service (QoS), token passing.

I. INTRODUCTION
he past few years have seen tremendous interest

cooperative communications in the field of wireles
cross-lay

communication research: the so-called
optimization [1]. Various possible cross-layer naigtions can
be considered when performing a cross-layer desititin the
OSl-layered model. To demonstrate, Fig. 1 displdys
different control flows needed to provide a crosgelr
interaction between physical and upper layers af temote

S

and mostly at the physical layers [2], [3], [4]].[86], [7] and
[8]. It has been shown in those literatures andregfces therein
that from the perspective of the network, crosetagesign
approach can benefit not only the nodes involveditie whole
network in many different aspects. Although oriding from
the physical layer cooperation, all the benefits vat be fully
realized until proper mechanisms have been incatpdrat
higher protocol layers (e.g. MAC, network) and ttexessary
information is made available from the lower lay@rg. PHY).

One of the most relevant areas in cross-layer dagdiion is
the interaction between physical (PHY) and mediwuoeas
control (MAC) layers in wireless networks. Thisdsge to the
fact that the PHY layer is the most time variantitgrin a
wireless communications system and due to the prioxof the
t%o layers in the OSI model stack and the inhevariability of
the channel state. The MAC layer in wireless nekwi
implemented to enable nodes to access the avaithblenel(s)
While attempting to enforce a fair and efficienigs of the
channel(s). To accomplish this task, the MAC protanakes
use of input or feedback informatighat other layers of the
protocol stack may forward to it directly or inditky.

Typically, however, the MAC layer is mostly intsted in
the information it receives from the underlying pical (PHY)

nodes. When two nodes communicate, the receiving ORwer regarding the state(s) of the channel(s) andie

measures the physical state, which is generallgctoy of real
values. An entity named Agent Manager estimategsomes
and selects the appropriate values to be senetagper layers
of the transmitting node. These layers will actuateordingly
to adapt to the actual channel conditions, perfogmihe

cross-layer interaction.
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Fig. 1. Example of cross-layer interaction throaghagent manager
The amount of literature on this issue is stilat®lely scarce

occurrence of any events that are key to its ojperge.g., the
successful transmission of a frame over the chanBaked on
the feedback information, the MAC protocol dynartica
adjusts its behavior in order to better allocate ¢hannel(s)
among competing nodes within the network.

The PHY layer, on the other hand, has the maindbb
receiving the bits of information from the MAC layend, at the
MAC's discretion, transmit the bits across the ulyitey
communication channel(s) as fast and reliable assiple,
according to appropriate (de)coding and (de)modatuiat
schemes. The likelihood with which a transmissgsiiccessful
will depend on how well the signaling used defeadsinst
channel impairments and interference from any sourc

In wireless ad hoc networks, in particular, thenalg
transmissions from any node can potentially interfevith
signal receptions at any other node in the netwddace, the
quality of a radio link depends on the transmissictivity in the
entire system. As a result, each node's transmissitivity can
affect the PHY-layer performance at every nod&@rtetwork,
which, in turn, can affect their MAC dynamics. Glgathe
dynamics of the MAC layer is tightly connectedhe tlynamics
of the PHY layer, and the cross-layer interactianeach node



will depend, fundamentally, on the activity of ey@ode in the
network.

With this idea in mind, this paper describes atjgiaptimal
design of the medium access and physical layeopots for the
hybrid Token-CDMA network. Using the cross-laye
interaction, the PHY layer provides channel statermation to
be feed backed to MAC layer and based on the irdtiom, the
MAC scheme accurately estimates the traffic loadiogdition
and modifies the transmission rate by changingsireading
factor of each transmission. Therefore, the digtet rate
adaptation [9], [10] through spreading factor seétecuses both
the traffic information provided by the MAC algdmih and the
channel estimate from the PHY layer, which contguthe
cross-layer concept.

The novelty of this work lies in presenting a crger
interaction between PHY and MAC layers and condigctl
performance analysis of the optimized hybrid tokHDMA
MAC scheme. The remainder of this paper is orgahias
follows. Section Il presents the comprehensive idgtson of
the hybrid Token-CDMA MAC scheme. Section Il isvdéed
to the modeling of cross-layer framework betweeysfal and
MAC layers for the hybrid Token-CDMA scheme. Botiet
simulation model and results are presented in @edl and
conclusions are drawn in Section V.

In this section, a comprehensive description of hibrid
MAC protocol is discussed. Detailed discussion om tthe
proposed MAC scheme deals with issues on tokeregtion,
node join and lost, network initialization and pisien for
multiple rings is presented in [11]. This sectiaregents the
structure, characteristics and properties of the pr@tocol.
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Fig. 2. Network model for hybrid Token-CDMA MAC guaxol

HYBRID TOKEN-CDMA MAC SCHEME DESCRIPTION
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A. Network Topology and Model

The hybrid MAC scheme is capable to implementtheziad
hoc or wireless mesh networks (WMN). For
configuration, stations are served as access nietwdilizing
non-mobile relaying nodes to provide wireless backb
services for nomadic users to access the wiredneteln this
paper, it is assumed that the network is a didkithu
de-centralized ad hoc wireless network that comsedtN
stations with incorporation di CDMA codes M <N ). In

Fig.1,Q denotes the queue model of stai@md T,""* is the

wMNbuffers

token transmission time between two stations ahd is the

packet arrival rate for stationEach station is assumed to have
the ability to communicate with its adjacent stasicover a
single-hop. The token implemented in the hybricctekCDMA
'scheme is used to distribuéé CDMA codes in the network.
Each station is equipped with two transceivers; ibosed for
token transmission and the other is used for datesission.
Each station is also assumed to be equipped wikhU®
(multiple user detection) capabilities, in orderlte able to
receive multiple transmissions simultaneously.

B. Channel Access Control

Once the token is generated in the network, itinaously
circulates within the network, following a predetémed order.
The token uses the parameldC (0< NOC< M) to control
the amount of traffic flow in the network. If theation has data
packets that it wishes to transmit, it has to Vaithe arrival of
the token. When a station is visited by a tokefgrtvards the
token to the successor station without capturingnier two
circumstances. In the first scenario, the stationwérds the
token if the station itself is still busy transrimitf data packets
from previous token cycle. A token cycl€RT) is the time for
the token to wvisit all the stations in the network

(TRT= Z iN=1 T ), T, is the time for a token to travel from

stationi to its successor statiénl. In the second scenario, the
station forwards the token if it has finished traiting data
packets and also occupies a code channel. Inttiee $genario,
the station has to release the code back to tlemtiokespective
of whether or not it has packets that it wishesdnsmit. This is
the global fairness algorithm [12] employed to emsthat all
the stations have the same opportunity to accessetwork.
The algorithm is implemented to avoid the statioonf
constantly withholding the code for its own transsion,
thereby disrupting the fairness of the network. ©the code is
released, the token increments NOC value by one. If the
station is neither transmitting nor has a code obbawhen the
token arrives, it may capture the token if the @aguirement is
met. If the station fails to satisfy modified ledbycket QoS
guarantee [11], it will then be obliged to forwaing token to its
successor station according to the pre-definedrorde

If the token has been successfully captured, thmipsion
for transmission is now acknowledged, the statiearéments
the NOC value by one, indicating that it has occupied deco
channel. Using that specified code channel, thear&tallows
the station in the ring to send its packets. Theedyservice
discipline has been applied to awaiting packetthan queue
and packets are then served according
first-in-first-out (FIFO) principle.

The station forwards the token to its successorthia
pre-defined order before it begins with its da@nsmission.
This assumption permits the token to be relayauktd station
before the actual data transmission starts. Th&yof not
withholding token while transmitting data packetashthe
advantage of decreasing the overhead of the takation time
and consequently leads to improve network bandwidth

to



utilization. To transmit data packets, the sendatian first
looks up the code assignment table to search toatailable
code of its intended receiver station. The codgas®ent table
is read from the token’s Channel-List (C-List) whiénhas
visited the station. C-List displays the availabtele channels
for each station. For the transmission and receptibdata
packets, the sender station inserts the destinaiation’s
address into the data packet before transmissibie. data
packets are then sent using the received code rddeving
station, with its MUD ability, constantly monitoiits code
channels to detect any incoming data traffic destifor it.

Ill. CROSSLAYER MODELING FRAMEWORK FORHYBRID

TOKEN-CDMA MAC SYSTEM

It is discussed in section Il that the network &pable of
simultaneously processing a maximum number f
transmissions, i.e., the maximum number of actiaersl
supported by the networkid. Each active user’s data is BPS
modulated and is transmitted to the receiver

node
asynchronously. Following the cross-layer philoggmissume BER(y;) = Q(szi )

that the MAC protocol is aware of the channel stditihe links

between nodes. Among the functions of the MAC layee

main objective of optimizing the packet delay iiaged where
the MAC layer monitors the information forwardearr the

PHY layer and its own layer and changes its tragsiom rate by
selecting the appropriate spreading factors aceglgthereby
reducing the mutual interference. Recent worksrass:layer
design of PHY-MAC layers in CDMA networks demongtich
the possibility of designing more flexible collisicecovery
strategies [3] by employing signal processing metthagies to
discriminate multiple colliding frames on the madiuThe

effect leads to reduction in collision intervalsdamumber of
retransmissions. In this paper, the concept isiegpd the aim
of enabling dynamic adaptation of the transmisgiarameters
in order to improve data transmission performance.

A. Physical Layer properties
« CDMA System

It is assumed that BPSK modulation is used in yiséesn and
all nodes implement amplitude modulation (AM) thiat
independent of the bit rate. With the implementatbdynamic
spreading factor adjustment, the current systenbeatienoted
as a multi-rate CDMA system that suppartth=M) different
rates or subsystems. The transmitted signal ofrugebelrk, in
subsysten, is then of the form [13]

T (t):\/ﬁaik ()b (1) cos(w,t+ g, ) (1)

are modelled as independent random variables, namifo
distributed over 0,27) .

» Channel Model

In mobile radio environments, the channel link perfance
is known to be dependent on the received desigedbkstrength
in which it depends on the propagation loss and®hang. The
signal strength is normally limited by the co-chainn
interference (CCI) in the system. In this chaptiee,shadowing
effect (i.e. slow fading) is assumed to be a logwa
distributed random variable as it is characterizgd14]. And
based on [15], the shadowing spatial correlatioassumed to
be exponential decayed that is dependent on thendis
between any two separate positions and the vamiatso
modelled as a Gaussian-Markov stochastic process.

The channel interference is approximated as Gaystie
derived equation for the performance on a singth paven the
amplitude from [13] is used and modified for a mtdte BPSK
system. The bit error rate performance of us@thout antenna

Kdiversity is known to be

(2)
where y; is the signal strength and it can be derived as

2

_1 X
Vi = 2 K R.
iy
N, [ R (3)
E, 3N,

where, E;/N, represents the signal-to-noise ratio (SNR),
is the number of codes that are currently beingl usethe
system and\; is the spreading gain used by usand R is the
useri’s bit rate.y; is a log-normal random variable representing

shadowing effect of usérand can be defined as
(k)
X, =R@o® @)

where R is the instantaneous power of usemd Q, (k) is

the received co-channel interference power at iog&t With
the spatial correlation property of shadowing dffaodelled as
a Gaussian-Markov process, if the spatial distdreteveenk
andk+1 can be represented [15] as

Q;[k]=vm@; [k-1]+(1-v)¥ [ K] (5)

where v is the spatial correlation coefficient and the
received co-channel interference powi(k) is a Gaussian

random variable with mean assumed to dk]|=0, and

where P is the power of each user in the subsystem amdriances®. V,[k] is a Gaussian random variable with mean

a, (t) is a pulse amplitude modulation signal with aaagular

pulse shape of duration. And b, (t) is the spreading code
waveform, consisting ofN, periodically repeated chips in a

binary polar format with rectangular pulse shapdwhtionT,
(duration per chip) thereforé = N, T, . The modulator phasgg

9; and variance
2
ol= (1+0)o
(1-0)

Using the BCH error correcting code, the framereraite can
be derived as

(6)



£
31

FER =1-[1—Z(3}1]( BER(x))' (1~ BERY )™

=4

()

wheree is the length of the (31, 16) BCH blocks.

B. MAC Layer Properties

e Cross-Layer Interaction and Optimization

In the initialization stage, each node enters tbévark
transmits data using a pre-defined set of transomss
parameters that enables the highest bit-rate ochihanel. In
parallel, it listens to the token channel for tokeneption. For
data transmission, it is assumed that a data packdtame. At
MAC layer, it is assumed that there arespreading factors
having values expressed Bg< N, <[Ix N, .

For the transmission of the frame, the spreadimgofais
selected from the s¢N,, N,,(MIN,} , based on the information

forwarded from the PHY and MAC layer. The frameoemate
is determined from the transmission and forwardednfthe
PHY layer to the MAC layer (cross-layer informatioAt the
MAC layer, a rate-adaptation algorithm is impleneghivhere it
will choose the suitable spreading factor for tla@msmission of
the next frame.

« Rate Adaptation Algorithm at MAC Layer

The algorithm is responsible for choosing the $léa
spreading factor based on the information forwarledh the
PHY and MAC layers itself. For each frame, the feagmror rate
of the frame is forwarded to the MAC layer from tidY layer.
If the BER is high, then the algorithm will chooaehigher
spreading factor to counter the interference. H@amewt is
known that with the increase in spreading gaintrifsesmission
time also increases which leads to increase in giagklay.
Therefore in order to efficiently maintain a low RE&nd at the
same time achieve low packet delay, the MAC layerthis
case, monitors the load conditiop ) of the node.

M,j=4totﬂ4=[ ]mﬁ,j'\l-g

/]i in
1-FER;

where g, ; is the loading condition of the noteith packet,
Aot IS the total packet arrival rate including retraigsion
packets to nodg ; is the service time of packgt/, is the
packet arrival rate to nodeFER ; is the approximated frame
error rate of nodés jth packet,a; ; is the packet length of
packetj and T, is a chip duration.

In this case, both of the BER and spreading gagntaken
into consideration when choosing the optimum gettirgy. It is
known that the packet delay is related to the lngdiondition,
therefore if the low loading condition is achievede packet
delay will also be minimized. Low loading conditignattained
by choosing the optimum spreading factor. Befoeepthcket is
serviced, the channel loading condition is predidrem (8).
Using the set of predefined spreading factors, dactor is
implemented to predict the total packet arrivalerand its
service time. Amongst all the values attained frahe
prediction, the node selects the spreading fattatr achieves

the lowest load condition and transmits the pacisig that
setting. This procedure is performed before eveagkpt
transmission in the system.

Using the algorithm, the nodes are provided witle th
optimization in terms of frame error rate and padelay. In
this way, if few nodes are active in the netwohleytcan exploit
the available resources by decreasing their spngafdictors;
while as the number of nodes or traffic intensitpvgs, those
nodes which suffer most from interference can adjist to
different transmission parameters in order to pewva higher
level of robustness. The proposed rate adaptatbense is
aimed at providing continuous monitoring of thefpenance
achieved by the users and selecting better trasgmis
parameters to those who are suffering severe sitgrabdation
due to interference.

IV. SIMULATION MODEL AND RESULTS

The proposed approach is validated through extensiv

simulations. This section presents the achievedtse® terms

of performance at the physical/MAC layers. The @ffeness

of the cross-layer approach scheme and the oridightid
MAC scheme are compared for various performanceicset
The metrics used for the evaluation are throughpdtqueuing
delay of the packets. A simulation model using (Hder
software package is built. The model is based @medriven
packet level simulator for monitoring and recordiagults.

TABLE |
SYSTEM PARAMETERS
Symbol Parameter
Number of nodesN) 30
Number of codesM) 15

set 8,16,32,64,128

spreading

Mean packet sizef ) 256 bits
Error correction scheme BCH (16,31)
FEC correctable bits 3 bits
CDMA chipping rate {/T_ ) 3.84 Mcps
Modulation BPSK
Fading channel Log-normal
Token walk time {—itrans) 100 us
Packet buffer capacitfX) 20000
Bad state duration;(lbad) 3.2ms
Bad statePER,,, 1.0
Signal to Noise Rato (SNR) 5dB
Spatial correlation coefficient 0.82
(v)

7.5dB

Variance ofVi r.v.(JZ)

A. Traffic model

For the hybrid MAC scheme, it is assumed that thiva
traffic process is typically described by an Markaedulated
Poisson processes (MMPP) [16]. Four parametersised to
represent the 2-state MMPP source of each traféisscy

(¢) is defined as the mean transition rate out ofLibv load



(High load) state, and; is the mean arrival rate of the Poissorspreading factor scheme suffered the worst perfoceavhen
process in the Low load state andcorresponds to bursts of 0ad increases. The high spreading factor and dayss

high arrival load state for node. The effective combined
Poisson arrival rate for nodés then given by
_ A+ A
YLty
For the simulation, it is assumed that traffic\zes as packets
of varying lengths to different class nodes andpheket length
is geometrically distributed with mean packet léngt &' bits.

All parameters used in the simulation are summerineT able
l.

9
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B. Performance Analysis

In Fig. 3, the code utilization graph comparing the

performance of the cross-layer hybrid scheme wibhmal

hybrid scheme is shown. This plot provides an iatilin of the
optimum code usage in the network. The code utitimais

plotted against the offered load, which is defiteede the traffic
created for the entire network. In the figure, ttress-layer
hybrid scheme’s performance is compared with stahkdgbrid

scheme that implemented fixed spreading factorseésiing
factors of 16 and 64). When the traffic load inse=in the
network, it creates high packet error probabilinedo severe
multiple access interference (MAI) as shown in Fg.This

effect is especially evident under heavy traffiadp and it is
known that low spreading factor always generategh fpacket
error rate, therefore it reaches maximum codezatilbn before
the high spreading factor and cross-layer schemegal high
retransmission rate in which caused by high paekeir rate.
Using the rate adaptation algorithm and cross-laljalogue,
cross-layer hybrid scheme is able to maintain optintode
utilization under any load conditions.

16 T

Mean Number Of Codes Used
=
T

—©— Hybrid MAC With SG 16

—— Hybrid MAC With SG 64

—&— Cross-Layer Hybrid MAC
T T

16 1.8 2
Offered Load (bps)

4 I I I I

22 2.4

x10°

Fig. 3 Code utilization of standard hybrid protoedgth different spreading
gain settings and hybrid MAC protocol with crosgedaoptimization with 15
CDMA codes assigned in the system under differead lconditions

Fig. 4 displays the packet error probability for sthemes.
This metric reflects the overall system performamdethe
schemes. It is clearly shown in the figures thatpghcket error
probability increases with an increase in load &mel low

schemes exhibit relatively consistent error prolitgbdue to
their high spreading gain and flexible gain setin@he
algorithm finds the equilibrium between the packabr rate
and spreading factor, it will choose lower spregdactor if it is
needed to minimize delay performance, under thdition that
packet error rate is still within tolerable rangeis is illustrated
in delay performance shown in Fig. 6.
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Fig. 4. Packet error probability of standard hybpicbtocol with different
spreading gain settings and hybrid MAC protocohwitoss-layer optimization
with 15 CDMA codes assigned in the system undédemdint load conditions

Throughput performance of all the schemes is shiowig.5.

It is clearly shown from the figures that the crsgger scheme
achieved better throughput performance than otheo t
schemes. It is illustrated in the figure that asltiad increases,
the performance for low spreading factor hybridesnl quickly
deteriorates as its packet error probability insesadrastically.
The packets are therefore suffering from high resnaission
rate, which consequently leads to a decrease augput as
shown in Fig. 5.
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Fig. 5. Throughput of standard hybrid protocol witifferent spreading gain
settings and hybrid MAC protocol with cross-laygstimization with 15
CDMA codes assigned in the system under differeed conditions



The packet delay is defined as the time period ftloentime
when a packet arrives at the packet buffer of @rodhe time it
is successfully transmitted to the intended reogisgtation. Fig.
6 displays the mean packet delay for all schemesnRhe
figure, it is clearly indicated that the cross-lajgbrid scheme
outperformed the other two schemes under any loaditons.
For the increase in load condition, low spreadagjdr scheme
suffered the worst performance due to its high paekror rate
as discussed previously.
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Fig. 6. Mean packet delay of standard hybrid protedgth different spreading
gain settings and hybrid MAC protocol with crosgedaoptimization with 15
CDMA codes assigned in the system under differ@ad lconditions

V. CONCLUSION

Cross-layer techniques in which different layersvkless
communication systems interchange control inforamatin
order to optimize the use of the scarce bandwitktpeoven to
be a relatively unexplored research area where endous
potential benefits can be achieved. It is discussetis paper
that the interaction between PHY and MAC layersiteen the
first explored issue in this area. In this papeRHY-MAC
cross-layer optimization for hybrid token-CDMA bdse
wireless networks has been presented. To accouthidf@ffects
of both cross-layer interactions and the interfeeeamong all
nodes, a novel model was introduced with which togy and
PHY/MAC-layer aspects are naturally incorporatetb ithe
nodes. The model is used to build a bridge betwleephysical
and MAC layers and to balance the efficiency anchéss of
resource allocation. In particular, the necessany sufficient
condition for finding an optimum system performarice the
hybrid scheme is investigated when rate-adaptatigorithm is
used. The cross-layer interaction proves to imprake
spectrum efficiency, keeping the packet delay atrfinimum
possible value for different code and traffic lcadtings.
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