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Abstract— The dense deployments of wireless sensor networksis additional overhead incurred with the approach of selecting
offer the opportunity to develop novel communication techniques the best link amongst a set in a multi-hopped systems.
based on multi-node cooperation that can perform efficiently We investigate performance of simple linear and grid topolo-

even over harsh fading channels. Several key contributions in . depicted in Fi 1 d 2 0 f
the development and analysis of such techniques are provided.9/€S @S C€picied In Figures an - Our periormance

First, prior studies on cooperative communication and routing Mmetric of interest is the end-to-end probability of error for
are extended by explicitly considering fading channels and data demodulation and, as such, differs from much of the

relaxing synchronization requirements. It is demonstrated that prior work. We believe that such an approach is a necessary
significant asymptotic spatial diversity gains are achievable with precursor to the consideration of transmitting packets over

K-cooperation even if error propagation is considered. Second, . . )
power-optimal cooperative communication strategies are derived networks. We first show, that over fading channels, a multi-

and a low complexity near-optimal algorithm is provided that hOpping gain exists over direct transmission. This gain, is a
selects the number of cooperating transmitters based on observed function of the path-loss, as also observed in [7]. However, in

channel conditions, and several power distribution strategies [7], the gains for multi-hopping are slim, in part, we believe,

over links are compared. Finally, it is shown that multi-nop 05,56 the more conservative metric of SNR is considered

cooperative routing can be highly energy efficient in realistic - . .

settings? rath(_er_ than prpbablllty of bit error. Furthermore,_our analysis
explicitly considers the effects of error propagation.

The non-cooperative analysis is extended to the case of
cooperation. Performance improvement over direct transmis-
With the recent interest in sensor networks agd hoc sion is now two-fold: (a) multi-hopping gain and (b) diversity
wireless networks, the notion of cooperative communicati@@in. These gains enable the use of less transmission power.
has received tremendous attention. Due to the vast literatiifee problem of power-allocation is considered; and for our
in this area, we shall focus on schemes that touch upseenario, the network power allocation problem reduces to
topics relevant to the current work: exploiting spatial/temporaglecting cooperating nodes. We note that [1] considers power-
diversity, routing and multi-hop networks. We explicitly doallocation across all links in the source-to-destination routing
not discuss the design of distributed space-time modulatigrioblem with cooperation; however, their focus is on additive
Recent work on routing has shown the gains that can Wdite Gaussian noise channels where cooperation buys a

achieved by designing routing metrics which exploit properti#ggceive SNR gain rather than true diversity gain.
of wireless channels (that is channel state information for This paper is organized as follows. In Section I, we
fading channels) and employing this link quality informatiogrovide the signal and channel model under consideration. A
for routing [4], [5], [7], [11]. Obtaining routes by optimizing non-cooperative multi-hop system is theoretically analyzed in
end-to-end performance such as error rates also has b8&eation Ill, while the cooperative communication scenario is
explored [2], [8]. investigated in Section IV. The optimal power allocation prob-
Our focus is on both exploiting spatial diversity in wireleséem is posed in Section V and a pragmatic, high performance,
networks as well as the consideration of multi-hop routingub-optimal solution is also provided. Numerical validation
We note that several prior works have focused on an “anter®fathe analysis provided in previous sections is presented in
selection” approach to achieving diversity. That is, using apection VI. Section VII provides final conclusions and avenues
appropriate metric, select a single path between two nodes future work.
amongst several choices [2], [3], [6], [10]. In contrast, we
employ multiple paths to achieve diversity as in [9]. This is
noted as a possibility in [10], where it is also noted that there We consider sensor network environments where nodes are
sufficiently far apart such that rich scattering exists and can
1This research has been funded in part by one or more of the followitze exploited via spatial diversity. Example networks include

grants or organizations: ONR N-000140410273, Center for Embedded Ng{yNS for military surveillance and DSSN for ocean explo-
worked Systems (NSF STC CCR-01-20778), NSF ITR CCF-0313392,NSF .. A h . ic Ravleigh fadi . df
NOSS CNS-0435505, NSF CAREER CNS-0347621, NSF CCF-0430061, Af!ON- AS such, quasi-static Rayleigh fading Is assumed for

NSF ITR CNS-0325875 . each wireless link.

I. Introduction

II. Channel and Signal Models



objective is to transmit data from a source node, a distapce
to a destination node given a total power constrdpt The
signal to noise ratio for the direct transmission:

Fig. 1. Regular line network topology 9
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Employing Equation (1) withn = 1, the bit error rate (BER)
of the direct transmission is:
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Note that for high SNRP! ~ 4SNR;' « SNR;.
e o We next examine the multi-hop case as depicted in Figure 1.
The information is demodulated and forwarded to the next
node until the destination is arrived upon. We consider 1
cooperating nodes. Assuming the power transmitted by node

. . N . . . 4 — 1 to nodes is denotedP;_;_,;, it can be shown that the

Spatial diversity is achieved via multiple sources transm&'ﬁective SNR of the link between node— 1 and nodei is
ting common information to a single source. The use of direct: b
sequence spreading waveforms denoted:{%) (for nodezi) given by,
allows for the need for only coarse synchronization as well as
maximal ratio combining (MRC) to exploit diversity and some
inherent interference suppression.Zifis a symbol duration, To avoid any link being a bottleneck and considering the
then we allow for signals to arrive at the receiving node Wi%tal power constraints™" P,_,_,; = Pr, the desired power
some delayf; such thatt; << T for all cooperating node&a distribution isP,_;_,; = £ W Thus, th'e per-link SNR can
Clearly the use of spreading waveforms yields some loss U8 described in terms 07]2 the end-to-end SNR $8(R; —

spectral efficiency, which is a topic of current investigatiorgNRTna_l v i with the corresponding error probability
However, significant spreading is not necessary to achieve our

goals. _ o _ . 1 1 ,
For K sources to a single destination node case, the received P = 5 |1- Vi o (4)

Fig. 2. Grid network topology
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baseband signal can be modeled as,

r(t) =

/ 2
1 + SNRrno—1

With our attenuation model, the error probability associated

K
b Ai/Piei(t —ti) +n(t), t € [0,T) (1) with a single link over distanc& will be smaller than that for
i=1

the direct transmission link over distandg; however, error

The noisen(t) is assumed to be a white Gaussian process wigiopagation will also occur in a multi-hop system. To analyze
zero mean and unit variance. For noieA; is the channel these two effects, we adopt a Markov chain analysis — a single
attenuation which is modelled as a Rayleigh random variadlep transmission is analogous to communication over a binary
with parametery? = Cd;*, {A;}", are assumed to beSymmetric channel. The transition matrix of the Markov chain
mutually independent. The path loss exponent of the chaniggiven by,
is given by a € [2,6) and C is a constantd; indicates
the distance between transmitting and receiving node. The
transmitted power for transmitting nodds denotedP;. The _ ) )
common transmitted data bit lsand is assumed to be BPSK,PDue to the assumption of equally likely bits, the BER for
ie b= +1 with probability%. hops is simplyP? = P2(1|transmitted. Thus, the BER of
We assume perfect channel state information at the receifgRnsmission from source to destination is given by,

M:[l—Pgi Py, ]

P2 1-F

{4;}™,, and further assume that the transmitting deldys, no_ TR n T
are known. The error probability of the optimal MRC receiver Feo= br {b =—1b= 1} =[1 0]M7[0 1]
is, (eg. [13]), _ Ly _opnyn

Sl - (1—2P2)"]

For a large end-to-end SNR, we have,

1 4 " 4n2—@
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III. Non-cooperative Multi-hopping 2 SNRrn SN Ry

We first investigate performance in the context of no Cooﬁ\lhefe we have.use(d—x)” ~ 1_*7196: for smallz. Comparing
eration. We first consider the linear topology (Figure 1). TH&is result to direct transmission we ha\% ~ n*, thus

Pl(m) = Epagm Q




. . . Sy =1bb.} s, =1b, b}
when the path loss exponant> 2, we benefit from increasing o !

the number of hops. We refer to such improvement as the an

Hopping Gain. 2
Similarly, in the grid network of Figure 2 the distance of e

each node is‘/%. ThusSNR; = SNR;2-/?2p2=1 v; and )

the corresponding hopping gain 26/2n?~. P

{1-1} P,

IV. Cooperative Multi-hopping o
-1,-1
We next COHSIde,r the scenano, where multiple nodes Clg@ 3. Trellis description for error propagation irRecooperative multi-hop
operate to send bits over a multi-hopped system. We focystem.
on the linear topology (Figure 1); however the analysis and
results can be applied to the grid topology with more onerous
book-keeping. B. Error Propagation and Asymptotic Performance

We once again employ a Markov chain approach for deter-
A. Cooperative Routing mining the performance of a multi-hopped system. We assume,
for clarity of exposition, that for theé-th transmission to des-
tination nodei that the number of cooperating nodes is given
by max{i, K}. Note that the performance of each link is a
Té/ﬁction of its cooperating node number, thus the equal power
distribution of Section Il is no longer optimal. However,
for simplicity, we still set the power constraint associated
with a transmission to a single node E,f;l P, =%

n

K, and claim that the firsf{ — 1 transmissions have the same
, _ YL S performance as the following full-cooperating stages. The
rilt) kz_:l A=tV Pickosibizieimi(8) +nl?) optimal power strategy is discussed in the sequel.
Define thedata state as S(i — 1) = {bi—k,...... ,bic1}
Now if all the previous nodes{i — K;,...i — 1} had (see Figure 3 for the case of two cooperative nodes); thus
demodulated properly (no error propagation), this transmissitt BPSK, the total number of states2§. We set the initial
is equivalent to the multi-channel transmission model of Equatate to{1,1,......,1} and thus the initial probability across
tion (1). Under the assumption that tHe% ipi_k%}f{:il all of the states i$1, 0, ......,0].The error rate of the stateis
have distinct values due to physical environmente have the defined as
following K;-cooperative BER€g. [13]),

Recall Figure 1. We assume that at the end of the-
1)-th time frame, the nodegs, 1,2, ....... ,i — 1} have re-
ceived the transmitted bit and have demodulated them
{130, by, , Ei_l}. In time framei, we assume that only the
closestK; (K; < i) nodes transmit to nodé The received
signal over the interval € [(i — 1)T, iT) is given by

p; & Pribi=-1]5(~-1) =5

| ki ) Note that the channel is symmetricg.,
P.(K;) = = 1- 6 . _
( ) 2 — ﬁk 1 ( ) p] =1 7p2K_j V] € {1, ...... 2K 1}
k=1 1+ 3 Pk
« ) o As an example, the transition matrix fé&f = 2 is given by,
. Ya,_p  Pimk—i
ﬂk = H D) P. k_' 2 P (7) 1- b1 0 b1 0
J#k VA, gt ikt = VA, Timj—i M, = 1—p2 0 p2 0
. . . 0 p2 0 1—po
The link SNR is defined as 0 p 0 1-—p
N 2(2,@1 Pi—k—ﬂ)ﬁifl.i The corresponding probability of error at the destination node
SNR = > ' can be represented as,
For high SNR, the BER is proportional N R~ Thus the PIK) = Problbn=—1]b=1]
cooperative transmission requires less overall power to achieve = Prob[ S(n+1) € {Sox-141,-+,Sox }
a certain BER level relative to a single node transmission. | S(1) = 54]
We next tackle the tradeoff between error propagation, = [10---0]MR[0---01---1 }T (8)

spatial diversity and multi-hopping. Note that for the multi-
hopping/spatial diversity case. we now use less power per COZ_The unequal channel power case will be achieved for our linear network

fi link and th is th ibili f ti topology. We note that closed form expressions exist for the equal power case,
operating link an ere Is the possibility ot error propaga 1 bwever they are more complex and are thus not considered herein due to the

from every cooperating node. limited resultant insight.



Although this probability can be solved by eigenthe optimal power allocation for cooperative linkwe wish
decomposition, it is challenging to determine the eigenvaluesminimize the BERP,(K), thus, the following optimization
of the corresponding transition matrix féf > 2. must be solved:

We observe that the asymptotic decay rate of the BER is a

function of the two largest eigenvalues of the transition matrix B o1 K 1 1
where the largest eigenvalue can be shown to be equal to one.™ opt = 3218 {Pnkl}l?ﬂ 52 B 1- 1 1
Coupling the relevant results of [14] and matrix theory, we k= R
can bound the second largest eigenvalué/gf, _ K Pr
Proposition 1: subject to Y~ P = o (14)
oK k=1
Mol H <1 — min _(m%) (9) This optimization can be solved numerically. However, by
— K - . . . .
P observing our simulation studies, we found the performance of
where {m 1, denotes thej, k)'th entry of (M) 0 the cooperative schemes with the optimal power distribution

s dightly upper-bounded by the union ¢P;}, whereP; is

To determine the minima above, we use a technique ba X "
y'ne power allocation strategy specified by

on a novel view of the trellis representation of the Marko
chain. Define the link cost betweefi(i — 1) = S; and Pr <
S(i) = Sk aslog(mg);r for all non-zero-probability paths. P;,: P, = { 5" ’ k>
By definition of the data state, there is only one possible route ’ J

from S(i — K) = 5; to S(i) = Sk, there_forel_og(mﬁ)jk Given this observation, to reduce the complexity of the
is just the summation of the corresponding link costs. Trlﬁ)wer optimization, we forego the globally optimal solution

minimization can be re-written as, and employ a cooperative mode selection algorithm. That is

min (mzé)jk = exp(min {sum of link costs between we determine the numk_)er of coopgrating nodes, by selecting
j=1.-2K J P from the set{P;}. This problem is reduced to

(15)

S(i — K) = S; andS(i) = Si}) (10)

this minimization can be solved using Viterbi algorithm [13].
The computational complexity of this bound finding is then . ) )
reduced toO(K25+1). Thus, the asymptotic spatial diversityPue to the fact that” (K)[P; is monotonically decreasing
of {p;} can be determined (or bounded). We derive tHnction ini and that it decays faster than (K)|P;, Vi > j,
following BER approximation fotk = 2, this strategy is equivalent to

Proposition 2:

Pyt = arg r%ip{Pe(K)‘Pj}
J

Popt = Pj if PE(K)IPJ < PE(K)‘P.H‘l

/2 Cn3—2a
e (11) andPe(K)|Pj < PS(K)|PJ',1 (16)

" 2SNRZ

P2 = (1—2p1)

) . ) From our prior discussion about performance in diversity
where \; < 1- Zmlg(mz)jk =1-2p1 (12) channels, we have

'S

k=1
. . . - 1 J 1

For arbitrary K, we conjecture that the asymptotic error P.(K)P; = = Z Be |1— 17)

probability of the K-cooperative transmission can be formu- 2= 14 2in (ﬂya

lated as SNEi \ d
COnpltE(1-a) J 1

PMK —_— 13 = e —— 18
(K) SNRE (13) B I15- (di/dg) = (9

ik
where C is a constant. For the casesiof= 3,4, and the
assumption of equal power allocation over cooperating noddste that the ratios{j—l} are given by the network topology

(Pi—k; = 22V k = {1,..., K}), we have been able to showonly. We define theSNR Threshold {T;} below, which can be

that the conjecture above does indeed hold true. determined numerically given a topology and the associated
. . . link SNRs,
V. Power Allocation for Cooperative Routing
A. Cooperative Mode Selection T, = {SNR;:P.(K)|P; =P.(K)|P,s1},
In the previous sections, we have assumed that all possible jed{1,2, ... K —1}

cooperating links participate in the cooperation with @an

priori determined power allocation. L& = {P;_1,, Pi_o,;, Thus,the node-cooperation rule reduces to:

...... ,Pi_k;} denote the allocated powers. As all links are

identical we can rewrit® as{Py, Ps, ......, Pk }. To determine P=P, Ty-1<SNR;<T; (19)



alpha=4, =20, K=3

B. Power of initial links

Previously, we assumed that the power allocation schemes
employed could be used for the fir&f — 1 links; however
such an approach does not yield an overall minimization of
the end-to-end BER. Note that the fir&t — 1 links cannot
take advantage of spatial diversity. As will be seen, the first
K —1 links are a bottleneck and in fact, dictate the asymptotic
diversity of the system. Thus more power is required for the
initial links in order to ensure that they are as reliable as
subsequent links. Explicit consideration of the fifst— 1
links will change the optimal cooperation mode as well as ‘ ‘ ‘ ‘
the overall BER. o

A simple ad hOF ;Fratggy s 10 simpl;_/ increase the pOW%rg 4. BER performance of different transmission, power allocation and
allocat|_on to the |n|t|a_l links. Cooperating m_odes are the operation schemes for a 20-hop linear network,
determined by the residual power budget. Using this scheme
we can achieve full diversity in the SNR regime of interest at

BER

info
= RCVR wio power info
@~ Select Best Ch

the expense of some increase in BER. _ 1 is no cooperation. MRC or Equal Gain Combining
To achieve an equal-link BER, we provide the following (EGC - perfect phase information, but no channel gain
recursive algorithm, information) is used as the reception scheme.

1) Taking the power issues of the initial stages into con- 2) Optimal Power Allocation with Receiver-Sde Informa-
sideration, find the new power thresholds of cooperative  tion: The power allocation scheme of Equation (19)

mode. Determine the cooperating numbéunder given determines the number of cooperating nodes which is
total power Pr. transmitted to the receiver.
2) Find the power required per link at the threshold point 3) Optimal Power Allocation without Receiver-Side Infor-
Tk 1, denoted asi 1, ..... P n mation: While optimal power allocation is done, the
3) Define receiver always assumes thAt = 3 nodes are coop-
P, = Pgn erating. . . .
’ K_1 4) Best Channel Transmission: In this genie-aided scheme,
Pp = Pr— ijl Pr.j all three possible cooperating nodes know their instanta-
n—(K-1) neous channels from source to destination and only the
Py = f(PL,Pu), P, <Py < Pg node with the best channel transmits. This strategy is

non-causal in nature and requires shared instantaneous
information amongst all of the cooperating nodes and
as such serves as a lower bound for performance of all
other schemes.

4) Assume the power assigned for each of fast K + 1
links, P;7K, is Py, compute the link BER. Find the
corresponding power required for the fitkt — 1 links
to achieve the same BER, calle{(P]{K}j:l _____ K_1.

5) If Pr <77, Pj g, let Pr = Py; otherwise letP, =
Py. Restart from Step 4.

6) Stop whenPp, ~ Pg. Figure 4 shows the resultant average BER vefsgrr for

While this scheme will ensure an equal-link BER, it will no20-hop €1 node) linear network. Power per link is set to be
minimize the overall BER. As the diversity gain differs fronfqual. MRC is employed at the receiver. We note that for best

link to link, it may actually be more efficient to devote morechannel transmission and the varidiis= 3 based cooperation
power to later links. schemes, the actual diversity levels are al®NtR 2, not the

_ _ full diversity SN R™3. This is due to the fact that performance
VI. Simulations is dominated by the first two links. If one could achieve error-
We next provide numerical results which validate the tradéee transmission on these links, the overall diversity3 dé
offs provided in the previous sections. As noted previouslgchievable.
we assume quasi-static Rayleigh fading channels. Gold codessiven the same link-to-link SNR, a network with more hops
of length 31 [13] are used as the direct sequence spreadigghieves worse BER than one with fewer hops due to error
vectors. The maximum number of cooperative nodes is thrggopagation. For example a 20-hop network incurs a 7dB loss
and the path loss exponent is set to four. We averaged the BiRsus a 5-hop network. However, to traverse the same distance
for 100,000 realizations of the noise and channel processes. {f¥it is differing link-to-link SNRs), multihopping gain is the
compare six different schemes employing differing amounts @éminant feature; the hopping gain for= 20 is 18 dB larger
cooperation, power allocation and side information: than that forn = 5. We also observe about a maximum 3dB
1) K-Cooperative routing: The number of cooperatingloss due a lack of receiver side information about the number
nodes isfixed to K, where K = 1,2, 3. Note thatK = of participating nodes at relatively low SNRs.

A. Hopping gain and asymptotic diversity
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Fig. 5. BER performance of different combining and cooperation schemg@_ 6. BER performance of different cooperation schemes for a 6-hop grid

for a 6-hop grid network, equal power per link. network, equal link-BER power distribution.
B. Performance comparison between EGC and MRC

Figure 5 shows the MRC and EGC performance of different
cooperating methods in the grid network withhops. Power
per link is set to be equal. In general, EGC incurs abolt a
dB loss versus MRC for known number of cooperating nodes 5
and abouttd B for unknown number of cooperating nodes. As gy
both EGC and MRC achieve the same asymptotic diversity, 5
it is clear that EGC, which does not require channel gain ) o
information offers a good tradeoff between complexity and B T
performance. As such, the subsequent plots provide only EGC ip
results. o EEECC T pover o

-20 -15 -10 -5 0
SNR (dB)

C. Power allocation over links

In Figure 6, the power of the first two links is adjusted bz‘ig. 7. BER performance of different cooperation schemes for a 6-hop grid
. . . . . etwork, the first and second link is assigned to 5 and 3 times power of the
the recursive algorithm of Section V.B. Comparing with thg o jinks respectively.
equal power case in Figure 5, all cooperating schemes lower
BER whenSNRy > 0 dB except forK = 2 cooperation
which achieves a worse BER. This finding is reasonable given
that the recursive scheme is designed for variable cooperat

and the optimal number of cooperating nodes is three in t " de seledii f did d d
high SNR regime. The simple power strategy suggestedt t performsnode selection over a set of candidate nodes an

Section V.B. is also considered where the first and secofitg" €MPloys equal power allocation over the selected set. The

link are assigned five and three times the power of tower distribution over links is determined in equal link BER
subsequent links, respectively (Figure 7). For the SNR regiéﬁnse‘ This sub_—op_t|mal scheme_ offers_ excglle_nt performe_mce
of interest, this simple scheme yields improved BER an&&wd can be easily implemented in a fairly distributed fashion
diversity; however, both allocations do not yield the minimun{/!th limited overhe.ad. o .

BER. Finally, we note that in high SNR, both methods achieve Currently under investigation are the effects of interference

work under consideration, the optimal power distribution
o cooperating nodes can be well approximated by a scheme

diversity level 1 due to the bottleneck of the first link. from other nodes in the network and methods to mitigate such
‘ interference. We are also analyzing the achievable information
VII. Conclusions rates of our proposed system. As noted in [12], multi-hopped

This paper considers, in a unified fashion, the effects ef'stems incur overhead due to delays as well as additional
cooperative communication via transmission diversity amutocessing. We hope to investigate the effective throughput
multi-hopping as well as optimal power allocation schemed our proposed schemes against direct transmission and
in fading channels. In particular, we have shown that for thaetermine if the gains currently observed for BER are re-
BER metric, multi-hopping offers potentially significant gaingained for throughput. Finally, we are investigating the use
over direct transmission for most practical values of path loss. our methods in different transmission media — specifically,
Furthermore, this gain is further increased when cooperative underwater acoustic networks where the communication
transmission is employed. To optimize the performance of cohannel conditions are even more extreme. It is anticipated
operative transmission and reduce unnecessary transmissitre, the gains from multi-hop routing, cooperative diversity
a power allocation problem is considered. It is shown for thend optimal power control will be even greater in this context.



References

[1] A.E. Khandani, J. Abounadi, E. Modiano, L. Zhang, “Cooperative Rout-

ing in Wireless Networks,"Allerton Conference on Communications,
Control and Computing, October 2003.

[2] A.E. Khandani, J. Abounadi, E. Modiano, L. Zhang, “Reliability and

(3]

Route Diversity in Wireless Networksyhpublished manuscript, 2004.

P. Larsson, “Selection Diversity Forwarding in a Multihop Packet
Radio Network with Fading Channel and Captureltbile Computing
Communications Review, vol. 5, no. 4, Oct. 2001.

[4] A. Woo, T. Tong, and D. Culler, “Taming the Underlying Challenges

[5

(6]

(7]
8l
El

[10]

[11]

[12]

(23]

[14]

of Reliable Multihop Routing in Sensor NetworksThe First ACM
Conference on Embedded Networked Sensor Systems (Sensys 03), Los
Angeles, CA, USA. November, 2003.

D. Decouto, D. Aguayo, J. Bicket, and R. Morris, “A high-throughput
path metric for multi-hop wireless network$toceedings of MobiCom,
2003.

S. Biswas, R. Morris, “Opportunistic routing in multi-hop wireless
networks," Computer Communication Review Vol. 34, No. 1, pp. 69-
74, 2004.

M. Haenggi, “Energy-balancing strategies for wireless sensor networks,
IEEE International Symposium on Circuits and Systems, May 2003.

R. Manohar, A. Scaglione, “Power optimal routing in wireless networks,"
|EEE International Conference on Communications, May 2003

J. Geng and U. Mitra, “Exploiting Diversity in Ad Hoc Sensor Net-
works,” 38th Asilomar Conference on Sgnals, Systems and Computers,
November 2004 (invited paper).

M.C. Valenti, N. Correal, “Exploiting macrodiversity in dense multihop
networks and relay channels|/EEE Wreless Communications and
Networking, March 2003.

K. Seada, M. Zuniga, A. Helmy, B. Krishnamachari, “Energy Efficient
Forwarding Strategies for Geographic Routing in Wireless Sensor Net-
works," ACM Sensys, Nocember 2004.

M. Sikora, J. N. Laneman, M. Haenggi, D. J. Costello and T. Fuja, “On
the Optimum Number of Hops in Linear Wireless NetworkEZEE
Information Theory Workshop, San Antonio, TX, October 2004.

J. G. Proakis,Digital Communications, Mc-Graw Hill, 1990, New York,

NY.

H. V. Mclintosh, “Linear cellular automata,” http://delta.cs.cinvestav.mx/
mcintosh, 1990



