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Abstract— The performance of Direct Sequence Code Division Mul- sensed data in these cases sometimes means the difference betwe
tiple Access (DS-CDMA) sensor networks is limited by Multiple Access  |ife and death. In this paper, we propose a frequency division basec
Interference (MAI). This paper proposes using frequency division pg.cpmA system which can simultaneously achieve high energy

to reduce the MAI in a DS-CDMA sensor network. We provide - -
theoretical characterization of the mean MAI at a given node and efficiency, high network throughput and low packet latency. These

show that a small number of frequency channels can reduce the MAI advantages are a result of applying frequency division to reduce the
significantly. In addition, we provide a comparison of our proposed MAI in the system. By using an analytical model, we show that a

system to systems which do not use frequency division or which employ small number of frequency channels can reduce MAI significantly.
contention based protocols. Our study found that, by using only a small This paper makes the following contributions:

number of frequency channels, our system has less channel contention, L ' . .
lower packet latency, higher packet delivery ratio and lower energy - Propose to use frequency division to reduce MAI in a wireless

consumption. sensor network environment.

- A mathematical model to calculate the expected value of MAI
at a given node in a uniformly distributed sensor node topology.
We consider a wireless sensor network that consists of numerous Through discrete event simulation (using NS-2), we show that

sensor/actuator devices with integrated sensing, embedded micro- the proposed system can achieve less channel contention, lowe

processors, low-power communication radios, on-board energy, with packet latency, higher packet delivery ratio, and lower energy

location awareness and organized in an ad hoc multi-hop network. consumption.

Since sensor network applications are expected to utilize low dataOrganization __The rest of this paper is organized as follows.

rate (e.9., 1-100Kbps), have small data packet size (e.g., 50 byte§)tion || provides preliminary knowledge and the problems of us-
and sensors normally have limited energy, buffer space, and Oty ns_ cpmA system in sensor networks. Section Il describes the
resources, the contention based protocols may not be a suitaple, seq design architecture, analytical model and several importan

choice. issues. Section IV provides simulation results and analysis. Sec:

Contention based protocols suffer from _bOth ,IOW networ{fon V describes related work. We conclude our paper in section VI
throughput and long packet delays. Associating with each smally, . iure research directions.

data packet transmission, the RTS/CTS control packet exchange

produces significant overheads. Woo and Culler [6] state that an Il. THE LIMITATIONS OF DS-CDMA SYSTEM
RTS-CTS-DATA-ACK handshake sequence in transmitting a packetps_.cpma system uses Spread Spectrum (SS) modulation tech-
can constitute up to 40% overhead with small packet size in SensRjue, in which the baseband signal is spread using a Pseud
networks. Although IEEE 802.11 standard specifies that RTS/C{@jse (PN) code. The multi-usenultiple access interference (MAI)
can be avoided with small data packet transmission, this may Befironment of DS-CDMA introduces significant challenges on how
be a suitable choice for sensor networks. Given the low data riigsference can be properly controlled. Consider a DSSS/BPSK
(€.9., 20Kbps) in sensor networks,sanall data packet will take (pirect Sequence Spread Spectrum/Binary Phase Shift Keying)
longer time to transmit than in an IEEE 802.11 network which h@§siem, letP, denote the average received power of the desired
higher data rate (e.g., 2Mbps). As a result, the collision probabilifyyna|. Assume that there aie interferers with received powers

in sensor networks is much higher. Moreover, some energy eﬁil-7P27~--,Pka then theeffective bit energy-to-noise ratiat the
cient algorithms proposed for contention based protocols for seng@fector is given by [12]:

network require the information embedded in RTS/CTS packets. )
For example, SMAC [7] uses the transmission time embedded in E, (2 Zle P 1 >_

I. INTRODUCTION

(1)

A
RTS/CTS to turn off unintended receivers to avoid the energy H= 3LP, 1o

consumption caused by overhearing. Furthermore, contention based

protocols also suffer from the well documented hidden node amthere L is the processing gain, and, = E, /Ny equalSEy/Nyef

exposed node problems. at the detector in the absence of interferers. The probability of bit
It is well known that energy consumption is the crucial factaerror P, with a giveny is then given byP, = %erfc(\/ﬁ) which is

in sensor network design. This may lead to sensor network MAI@creasing function of.

protocols which prioritize energy savings over network throughput In a cellular DS-CDMA network, the MAI can be controlled

and packet latency. However, we argue that both network throughputthe base station by limiting the number of active nodes and

and packet latency are critical for many sensor network applicationsguiring that all active nodes control their transmission power so

such as battlefield surveillance, real-time monitoring seismic wavésat the received power at base station is the same. However, th

machine operations, bush fires, etc. Accurate and timely deliverysafme principle can not be applied to a practical sensor network.
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The difficulty of using DS-CDMA system in a sensor network lies PN codes.
in the fact that a sensor network does not have a centralized base Sensors can adjust their transmission power to reach different
station which leads to the MAI being uncontrollable. Consider the neighbors.
situation in Figure 1, where sensors are randomly deployed a&d

D System Architecture and Channel Allocation Pattern
Rp represents the communication range. Each node has a number ] . ]
A set up phase is required for our sensor network architecture

ST e T where, during this phase, frequency channels and PN codes ar
o assigned to enable the nodes to communicate during steady stat
o E This set up phase has been discussed in our earlier paper [16]. |
o this paper, we focus on the steady state operation which we will
— j describe now. In our protocol design, each node is assigned a uniqu
receivingfrequency different to its neighbors. Eadhectedlink is
also assigned a unique PN code that is different from its adjacent
links. Two directed links are adjacent if they have a common
end node. Both frequency channels and PN codes can be re-use
spatially. Orthogonalization in frequency also implies that reception
Fig. 1. Example showing DS-CDMA MAI and near-far problem. and transmission can happen concurrently. When a node wants t
transmit a packet to a neighbor, it synthesizes its transmitter to the
of neighbors situated at different distances. For examglehas corresponding receiving frequency of the neighbor and uses the pre
neighborsB, E, F, D, and G, with each having different distancegetermined PN code with the neighbor to spread the baseband signa
to A. Assume that each node uses the minimum required powenpjithout loss of generality, we use a regular graph shown in

to communicate with each other. Whe# is transmitting to & Figure 2 to explain the concept. Theceiving frequency of each
neighbor, the interference power caused by this transmission at other

neighbors can have different values. Considering two simultaneous E
transmissions fromd — B and C — D, where distancel g >
dap, the interference power d caused by theloser neighbor A

is much higher than that of the desired power fram and this
makes the desired signal hard to be recovered. However, if the \ ‘
transmission is — E instead ofA — B, the interference caused to ! ST
D’s reception is negligible. The problem caused due to interference \
signal(s) drowning out desired signal at a receiver is a consequence COPNL-)
of MAI. This example demonstrates that it is not possible to use T P
power control to minimize the effect of MAI in a DS-CDMA sensor 3 . PNS -
network. The MAI may cause significant degradation in network !
throughput and is considered the main problem prohibiting the usage 3
of DS-CDMA in sensor networks. N
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IIl. THE PROPOSEDDESIGN

In the last section, we discussed the limitations of using DS-
CDMA system in sensor networks. The root cause of MAI lies in

the fact that, unlike FDMA and TDMA channels, CDMA codesode is shown next to the node. The PN code used for each directe
are not completely orthogonal. Completely orthogonal codes (ejthk is shown along the link. Whemd wants to transmit toD,
Walsh codes) are normally used in synchronous systems. Howeyegynthesizes its transmitter t¢5 and usesPN4 to spread the
in asynchronous systems, perfect orthogonal codes are sub-optiga@h packet. Note this transmission does not cause interference t
and exhibit high cross-correlation. other neighbors such a8, B, G, F, E because their receivers are
Because MAI is caused by the non-perfect orthogonality @finning on different receiving frequencies. Also note tHatF
CDMA codes, the rationale of our design is ¢ethogonalize the and D can transmit toA simultaneously becausd’s multiuser
receptionin the vicinity of a sensor node. In this paper, we proposgetection receiver can distinguish all iteighbors’ transmissions
to use frequency division to reduce the MAI. As most sensor netwat§ncurrently. Note thatd does not need to monitor the whole set
applications normally operate with low data rate, it is possible & PN codes but only the set of codes that are employed by its
use a narrow band CDMA system operating over multiple frequenigymediate neighbors4’s transmission taD will not destroy A’s
channels. Let's assume that the data rate of the application isr@Beption fromB, F and D even if they are happening in parallel
Kbps, and we use 50 chip/bit PN code to spread the basebggdause they are operating on different frequencies. Furthermore
signal. The resulting bandwidth is 1IMHz. With 2.4GHz ISM banghe transmission signal froi& to B will not contribute to the noise
(2400MHz-2483.5MHz), we can have more than 80 frequen@iyor at A because it is operating ofi7. To this end, we notice
channels. We make the following assumptions in our design:  that MAI only occurs at a given receiving node (e.gl) when

Fig. 2. System architecture and channel allocation pattern.

- Sensors are normally static nodes. multiple neighbors (e.g.B, F, D) transmit to this node (e.g4)
- A topology control protocol is available to limit the number okimultaneously. When these simultaneous transmissions occur, the
neighbors. are actually desired signals as they are all addressed to this nod

- Multiuser detection receivers are available but may only le.g., A). With proper power control, the resulted MAI at this node
monitoring a limited number (e.g., number of neighbors) d&.g.,A) can be controlled at the lowest level. Those uncontrollable



MAI presented in a pure DS-CDMA system, which is caused by tlieand i increase together in such a manner thatR|| — A where
transmission between an interference node (&pand its neighbor 0 < A < co. Let S denotes a bounded Borel subsetrof For large
(e.g., B but not A4), is actually removed due to the frequencyl where|R|| > ||S||, and then the chance th&tcontains precisely
division. Note it is possible that some other nodes are transmittihgf the uniformly distributed nodes is given by [15]:
with the same frequency in the network (as frequencies are reused . -
spatially). But assuming that the channel allocation scheme (see Pk in 8] = (n> (HS|> <1 B ||SH>
next) can be met, these transmissions are normally far enough and k) \ IR IR
the resulted interference are negligible. Because a node does not i i o . )
have to consider the interference caused by its transmission onAffe’® increases, the binomial distribution of equation 3 is well
unintended receivers, it is much easier for a node to control #BProximated by a Poisson process:
transmission power to guarantee that the transmitted signal arrives ()\||5||)k
at the intended receiver with a certain power level, e.g. |dhest Plkin 8] = TG_MISH (4)
receiving threshold :

We represent a sensor network by a gr&ph= (V, E), where where ) equals the mean number of nodes per unit are® obr
V is the set of nodes, anH is the set of logical links. We assumenode density.

©)

only bilateral links exist. A logical link(a,b) means that node We first analyze the distribution of the interference power at the
considers nodé as a neighbor if and only if nodiealso considers origin which is caused by an interference node. Assume that eact
nodea as a neighbor. node has a bounded normalized (The normalization is with respect tc

Figure 2 also shows the channel allocation pattern. The frequemgyenna gain, system loss, and wavelength) maximum transmissiol
channel allocation is @wo-hop vertex coloringoroblem in graph power Pr. Let P denote the lowest receiving threshold, then by
theory: where nodes sharing a common neighbor can not have thsing the propagation law, the maximum transmission raRges
same color The minimum number of required frequencies (colorgjiven by Rr = {/Pr/Pr, Wheren is the path loss exponénand
k can be given from Brook and Vizing theorem [14]: normally 2 < n < 6. Let P; be carrier sense threshold, then the

. interference rangé?; is given byR; = ¥/ Pr/P;y.
k=min{A(A -1)+1,[V]} (2) We assume that each node has perfect {:)ower control so that th
where A represents the node degree of the gréph power level of the desired signal at the intended receiver equals tc

There are several schemes for the PN code assignment: receifgr- Now consider that an interference nodés transmitting to a
based, transmitter-based, or pairwise code assignment [10]. Sif@dom neighbor nodg¢ as shown in Figure 3. The transmission
frequency channel assignment is receiver-based, PN code assignment
should use either transmitter-based, where all neighbors of a given
node have different codes for transmitting; or transmitter-receiver .
pair based, where no two adjacent directed links in the logical topol- i
ogy have the same code. Both schemes can be used. The transmitter 2
based code assignment is also a two-hop coloring problem. We ; P \
adopted the pairwise code assignment scheme (as shown in Figure 2) ; L L x
in our current design because it requires a smaller number of codes ' o ‘ ’
than the transmitter-based scheme. ‘\

By employing frequency division, our protocol design can
achieve significant reduction in MAI and consequently less con-
tention. This makes it possible to remove control packet (RTS/CTS)
exchange which leads to higher packet delivery ratio, lower packet
latency, and less energy consumption. frequency division also de-
creases the energy consumption due to reduction of overhearing. Fig. 3. Interference model.
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B. Multiple Access Interference Modeling power of nodei is a random variable that is dependent on the
In this section, we provide the analytical model for the meadistance between nodeand nodej. We define this random variable
MAI at a given node, and how the number of frequency channél§x;j, where

can influence the mean MAI. Following assumptions are used in N
this analysis: xjj = Prdjj dij € (0, Rg] (5)

- Sensor nodes are rgndomly umfprmly distributed. . Note d;; is also a random variable representing the inter-nodal
- Each node transmits with an independent probability to distance. Assume that both the node at the origirand nodej

random neighbor. use receiving frequencyy. Now consider the interference power at

- We assume a random frequency allocation pattern which repfite origin that is caused by transmission from node node;. We
sents the worst case comparing with the systematic frequera%\fme this interference power as a random variable
allocation pattern discussed in section IlI-A.

We assume that the node whose mean MAI we are interested to xij  Prdj
com . - . - Z= = a dij € (O,RR},di € (O,R[} (6)
pute is located at the origin with receiving frequerfgy d! d:
We assume a sensor network withnodes which are randomly
X . 9 .
and un'formly deployed Into a plal’@ € R®. For convenience, we 1To make the moment generating function of the interference power exist, we

assumer to be a squarf), d)?, having ared R|| = d?, and suppose assume that # 2.




where random variablel; denotes the distance of nodeto the of frequency channelsM). As an example, Figure 4 shows the
origin. We can prove (see [17]) that the density functiorza$: mean MAI versus the number of frequency channels with following

B (%)QPEQZQ_I 0<z<a 7 60
fa(2) = (R—R)zPaz*a*1 a<z<b (7)
2\ Ry R —

wherea = PrRY%/R}, b= PrR}, anda = 2/n.

Now let £ be a Poisson process in the plane with density
The probability law forE is determined by equation 4. We assume
that the probability that a node is transmitting equalsptahen
the set of transmitting nodes forms a Poisson procgsswith
parameter\, = Ap. Further assume that there até¢ frequency
channels. And each node selects a frequency channel for receiving
with equal probability (note we assume a random selection scheme).
The probability that a node is transmitting with a specific frequency

[eRN)

Mean multiaccess interference power (dBm)

(e.g., fo) equals top’ = p/M. The set of transmitting nodes with a T w  w w0 w0 @ @ o
specific frequency also forms a Poisson procBswvith parameter Humberoffrequency channels
A, = Ap/M. Now, with each sample function of;, we can
associate the random variable Fig. 4. Mean MAI versus number of frequency channels
Q= sz (8) parametersA = 0.01, P = —70dBm, Rr = 25m, R; = 50m,

where the summation is over all points of the sample function 8fd7 = 4. We see that the mean MAI reduces sharply with the
E/ within the disk that is centered at origin with radidy, we employment ofas_mall number of frequency chann_els. For example,
denote the disk a®(R;). To find the expected value of MAI at theth® meéan MAl withp = 1 and one frequency is-62.2dBm,
origin, we work with the moment generating function@f denote the mean MAI reduces te-72.1dBm with 10 frequency channels.
as®q(s) = E[e*?]. The expected value can then be derived from thehis almost equals to 10 times reduction. Further, our simulations

first derivative of®g(s) at s = 0. Using conditional expectations, (Présented in section 1V) shows that the reduction of MAI leads
®q(s) may be evaluated as to high packet delivery ratio, low packet latency, and less energy

consumption.
®q(s) = E[e*] = E[E[e® | k in D(R;)]] =
X e~ MTRI (N1 R2)* .
,i! i) E[e*? | k in D(Ry)] (9) There are several important challenges in our design but detailec
k=0 discussion is out of the scope of this paper. Here we provide a brief
where % in D(R;)’ is the event that there are transmitting nodes description.
with the same frequencyf{) in disk D(R;), and the expectation is 1) Channel Allocation Protocol:Sensor networks are expected
over the random variablg. to have hundreds if not thousands of nodes. So it is infeasible to
Now, given that there aré transmitting nodes with a specificassign each node a unique frequency channel or spreading code. T
frequency () in disk D(R;), and since the moment generatingichieve a flexible and scalable sensor network, limited number of
function of the sum of a number of independent random variablfeequency channels and spreading codes must be reused spatially.
is the product of the individual moment generating function, we We implemented a simple heuristic channel assignment (both
have frequency and PN code) scheme in our design, where each nod
negotiates with each neighbor individually for the channel assign-

k
E[e*® | kin D(R;)] = / e fo(2)dz (10) ment during the network setup phase (see [16]). A more efficient
0 algorithm is still under design.

Using equation 7 in above equation, and after some simplification2) Broadcasting TrafficOne of the problems of using frequency
and substitution, we obtain division is how to deal with broadcastmg_ traffic. Here we propose
three approaches: a) Each node transmits a broadcast packet to i
A\pr R? B i i i i
Boy(s) = exp( pr Ry (aa / 05701, neighbors with multiple unicasts. b) Each node employs a second
0

C. Other System Issues

M 2 transceivet. This second transceiver is dedicated to broadcast traffic
(and possible control purpose) and synthesizes to a default frequenc

« b
aa / oSy a1, 1)) (11) channel. With this approach, each node employs a different trans:

M

mitting PN code for broadcasting, and monitors the broadcasting
PN codes of its immediate neighbors. ¢) Each node employs a
second transceiver. But the transmission scheme is the same as IEE
aapm R? < 1 1- (a/b)O‘l) 802.11, where each node transmits broadcast packets with the san

We then obtain the expected value @fas below

Y —
n=®o(0) = oM a+1 a—1 frequency and the same PN code (Note data spreading in this case

) N only for better channel performance but not for multiple access). We
y exp( _ MR} < a) ) (12) are currently making a detailed comparison of these three scheme

2M  \ b and will report the result in a future paper.

The abQVe equation gives the expected Vallue of t_he mean mUIt'plfMultiple transceiver design is popular in sensors. For example, Mica mote and
access interference power at a given node in relation to the numekies Node are all equipped with dual transceivers.



3) Idle Energy ConsumptiomAs stated before, energy efficiencywhere this number represents when the ratio between the interfer
is crucial to prolong the lifetime of the sensor network. To achiewce signal power and the desired signal power is largeraban,
significant energy savings, a node should turn off its radio whéme packet will be destroyed due to the MAL.
it does not participate in data forwarding or no event occurs. The Comparisons with a well known contention based MAC pro-
simplest way is to allow each node to sleep and wake up periodicatigol, SMAC [7], are studied. The transmission range of SMAC
as proposed in SMAC [7]. With proper coordination, nodes can sleispcalculated according t®z = /k/7mA, wherek = 9 denotes
and wake up with the same duty cycle. Guo []al. proposed the number of neighbors antl = 0.01 denotes the node density.

a super low power radio callediake-up radiothat can allow the SMAC is especially designed for energy saving purposes based ol
normal radio to power down during idle listening time. Tivake- |EEE 802.11 standard and performs similar to IEEE 802.11. In our
up radio serves as amall earand keeps monitoring the channekimulations, we assume that SMAC also employs spread spectrum a
signal on a super low power. The monitoring power is around’l |EEE 802.11 for better channel performance. The parameters use
Schurgerset al. [8] proposed a technique to efficiently wake upn our simulations are shown in Table I.

nodes from deep sleep state by separating the data and wakeup with

. . . . TABLE |
two radios. The wakeup radio operates on low power listening mode

PARAMETERS USED IN SIMULATIONS

and uses a periodic sleep-wakeup scheme similar to [7]. The wakeup

. - Processing Gain 50
rad|o does not assume any specific protocols at the MAC layer so VAT Thr'efhmd' 5375
it can work with different MAC protocols. Data Rate 20 Kbps
: : : : Data Packet Size 50 Bytes
Although our design is targeting hlgh' network throughput and Control Packet (RTSICTS) Size | 10 Bytes
low latency, we would like to emphasize that our design can Propagation Model Log distance path loss
also accommodate one of the these sleep-wakeup schemes. The s;fﬁffg;e g)‘(?g:gst émeter
combination of our design with one of these schemes can achieve Antenna Gain T
both high network throughput and energy efficiency. System Loss !
Rx Threshold le-10 W
1V. SIMULATIONS AND ANALYSIS Carrier Sense Threshold le-11 W
. . . . . Tx Electronic Power 10e-3 W
A simulation testbed has been implemented in NS-2. The simula- Rx Electronic Power 15e-3 W
Max Radio Power 5e-3 W

tions focus on how the system performance and energy consumption
are influenced by the number of frequency channels.

A. Simulation Setup . .
. . B. Simulation Results
All simulations are conducted based on a randomly generated

topology where 100 nodes are uniformly randomly deployed in a From now onward, we refer our protocol as CDMA sensor MAC
100m x 100m square area. We adopted a simple topology contiGGSMAC) [16]_andm.represents_the number of frequency ch_annels.
protocol proposed in [2] callek-Neigh to guarantee that the 1) Comparison with Contention Ba;ed MAC ProtoctVe first
network is connected with high probability. With this approach, eaggmonstrate the performance_z comparison between SMAC, CSMAC
node keeps up th = 9 neighbors and remove those neighbors withith m = 1, and CSMAC withm = 10. A randomly generated
unidirectional links. traffic pattern is used in this simulation. Figure 5 shows the packet
We focus on one-hop performance measurement in our simJlioP rate comparison, where each point corresponds to 5 runs
tion. Instead of measuring the system capacity or throughput direc{e See that SMAC and CSMAC withn = 1 exhibit similar
we measured the packet drop rate with different packet generation
rate. In our simulations, each node randomly selects a neighbor W'
and transmits 100 packets to this neighbor. CBR traffic is used but
each packet’s departure time is randomized according to a uniform
distribution (refer to NS-2 manual). With this randomization, the
packets generated from each node can be well approximated as
a Poisson process. Different transmission patterns are randomly
generated where each node can transmit to different neighbors. For
each run, there are 10000 packets (100 nodeR00 packet/node)
transmitted in the whole network. The start time of each node’s

SESEEEETRREEEEEERIRERRSSEEE

—— SMAC
—%- CSMAC, m=1
—& CSMAC, m=10

Packet drop rate (%)

transmission is also randomized according to the packet transmission .
interval. This is to ensure that each node can start at similar time
but not exactly the same time which may influence the performance e I R S U S S S NN S
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 05

of the contention based protocol.

One of the most important parameter in the simulation isvihé
threshold which is the ratio between the total interference signal
power and the desired signal power. We consider a simple DS-

CDMA system, where BPSK modulation and a convolutio_n cocl?_erformance with low traffic load, e.g., when the packet generation
with rate 1/2 are used. Further assume that the processing ggifl is |ess than 0.1 packet/s. The graph also shows that the dro
L = 50 and the reqmrech/Noeﬁ IS 5 dB,' Ignorlng the thermal 0 of SMAC reaches 4% when the packet generation rate reache
noise, the MAI threshold is calculated using equation 1: 0.1. While CSMAC withm = 1 still achieves drop rate 1% even

when the traffic load reaches 0.5. When the packet generation rat
is over 0.1, the drop rate of SMAC increases sharply and reaches

Packet generation rate (packet/s)

Fig. 5. Packet drop rate comparison with low traffic

k
MAI Threshold= % =23.72 (13)

0



an unacceptable level. For example, the drop rate is 35% when tifie energy consumption of the whole network versus the number

packet generation rate is 0.2. The graph also shows that CSMAC
with m = 10 performs much better tham = 1, the drop rate is
only 0.04% with 0.5 packet/s generation rate.

Figure 6 shows the average one-hop latency for the whole
network (CSMAC withm = 10 performs the same as = 1
and not plotted in the graph). We conducted 5 runs and calculated
the average value of the one-hop latency for all correctly received

packets for each run. The plotted values represent the average values

of these 5 runs. It is to be expected that CSMAC performs much

0.35

03| -

— SMAC
—4— CSMAC, m=1

One-hop latency (s)

Fig. 8.
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Average energy consumption for whole network (3)

200
180
160
140+
1201
100
80
601
401

20 kb

0

I I I I I
0 5 10 15 20 25 30

Number of frequency channels

Average energy consumption for the whole network versus number of
| frequency channels

of frequency channels. We see that the energy consumption is
decreased sharply with the employment of only a small number
of frequency channels. For example, CSMAC with = 10 and
30 achieves 84% and 91% energy savings ower= 1.

Packet generaton fte (packetss) This is because the overhearing is reduced significantly due to the
frequency division. The energy savings become insignificant with
Fig. 6. Latency comparison further increases in number of frequencies.

3) Influence of Number of Frequency Channels on Network
better than SMAC because CSMAC does not need to reserve mdgformance: We study the influence of the number of frequency
for a packet transmission. On the contrary, each node has to contelmannels on the packet drop rate with high traffic load. We randomly
for the media to transmit with SMAC. The graph shows that ttgenerated 5 different traffic patterns. For each traffic pattern, a
one hop latency of SMAC increases steadily with the increase rafde transmits to a different neighbor. Figure 9 plotted the average
traffic load. We found that the average one hop latency of SMA@cket drop rate for all of these 5 different traffic patterns. The first

reaches several seconds or even higher when the traffic load is over
0.1 packet/s (not plotted in the graph). On the contrary, the one hop

latency of CSMAC is constant and is not influenced by the increases

of traffic load. Because CSMAC does not need to reserve media for

a transmission. A node simply transmits a packet if it has one.

2) Energy Consumption versus Frequency Divisioie next
measured the communication energy efficiency of CSMAC with dif-
ferent number of frequency channels. The idle energy consumption
is not included in this study as it only adds a constant mean value
to our results and it may hide the effect of communication energy
consumption. Figure 7 shows the average energy consumption of
each node with different number of frequencies and Figure 8 shows

Average energy consumption per node (J)
~

Packet drop rate (%)

60

40

0 5 10 15 20 25 30
Packet generation rate (packet/s)

Fig. 9. Packet drop rate comparison with high traffic

observation we make from Figure 9 is that CSMAC with= 1
performs poorly when the traffic increases. For example, the averag
packet drop rate increases from 3.85% to 20% when the packe
‘ generation rate increases from 1 to 5. These results proved ou
it | discussions in section Il that the limitation of using DS-CDMA
in sensor network is due to the MAI. The second observation we
make from Figure 9 is that a small number of frequency channels car
reduce the packet drop rate significantly. For example, when 5,

Node D # the average packet drop rate is reduced from 50.9% to 7.9% with
20 packet/s traffic load. Whem = 10 andm = 30, the drop rate is
Fig. 7. Energy consumption comparison for each node reduced to 5.72% and 0.98% respectively. We see that these resul



show a similar trend to our mathematical modeling in section Ill- VI. CONCLUDING REMARKS AND FUTURE RESEARCH

B, where the MAI is reduced significantly with the employment |, this paper, we propose to use frequency division to reduce MAI
of a small number of frequency channels. The reflection of MA} 3 DS-CDMA sensor network to achieve less channel contention,
reducti_on on this s_imulation is the redl_Jction of packet drop rafg,,, packet latency, high packet delivery ratio, and less energy
The third observation we make from Figure 9 is, on average, tBgnsumption. By employing frequency division, the uncontrollable
more frequency channels, the lower packet drop rate. We see thaf{) encountered in a pure DS-CDMA system is effectively reduced
average/n = 30 performs better than that of = 5 andm = 10.  gnd great improvement in network throughput and system capacity
But the improvement is not as significant as we see from: 110 ¢an pe achieved. We characterize analytically the expected value o
m = 5. This also seems to follow the same trend as our modelijgy) at a given node in relation to the number of frequency channels.
in section I1l-B and Figure 4. More simulation results can be foungyr mathematical model shows that a limited number of frequency
in [17]. channels can reduce the MAI significantly. Simulation results show
a similar trend with the measured packet drop rate.
Future work will include efficient channel allocation protocol and
V. RELATED WORK comparison of broadcasting schemes that we discussed in section Il
C. Further development of our mathematical model for the network

DS-CDMA system and MAI related problems have been exteW_roughput and system capacity based on our current result is als
LH"IdeI' consideration.

sively studied on cellular networks which are infrastructure based.
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