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Abstract—Recently, [2] discussed the implementation aspects MRPS system based on a cross-layer stack, which includes the
and performance evaluation of multiple path route selection enhancement of a conventional media access control (MAC)
(MRPS) route strategy for a specificm-path n-hop network topol- - 516¢0] to measure the outage probability of each link and
ogy over Rayleigh fading channel. MRPS is attractive because it e . . .
is scalable and less sensitive to the size of the network. In this @ modification of a multiple-route protocol where multiple
paper, we extend the analysis in [2], [3], [5] in several fronts: routes are cached and used later as alternate routes when the
(i) we develop a recursive algorithm to compute the end-to-end current route fails. However, the cases in [2] that the authors
outage probability (EOP) for MRPS in a more general network analyzed are not realistic in practical networks.
topology; (ii) our analysis is not restricted to Rayleigh fading but - 5pe of our contributions in this paper is that we develop
is applicable to a wide range of fading distributions including . . . .
Rice, Nakagamismn, Nakagami-Hoyt, and Weibull fading channel arecursive algquthm t‘? det?rm'ne the EOP of MRPS routing
models; (i) we propose a new routing protocol MRPS-T based Scheme, and this algorithm is suitable for any general network
on selectingT best paths for forwarding the packet to the next topologies. Another major contributions in this paper is that
hop. This algorithm is also scalable and can yield performance we further modify MRPS by letting nodes transmit data to
better than MPRS in terms of EOP metric. MRPS-T also admits 7 peyt-hop neighbors whose channel conditions are the best
MRPS for the special case off" = 1. among all the neighbors. We call this routing scheme “MRPS-
T" or “generalized MRPS routing scheme”. We further analyze
the performance of MRPS-T versus MRPS routing scheme.

During the years, a large number of different MANET rout- The organization of this paper is as follows. Section I
ing schemes have been proposed [1]. Some of these routimigfly reviews the operation of MRPS schemes. In Section
schemes, such as DSR and AODV, are now being standardifkédwe analyze the performance of MRPS scheme for more
in IETF. However, most of these popular MANET routinggeneral MANET network topologies. In this section, we in-
protocols still simply adopted the performance metrics (e.grpduce MRPS-T routing scheme and analytically evaluate its
hop counts) from traditional network and ignored the fagerformance. The main points are summarized in Section V.
that there are fundamental differences between the links in . THE OPERATION OFMRPS FOUTING SCHEME
MANETSs and traditional networks. The links of the MANET '
are dynamic in the sense that they often experience breakagMRPS was first introduced in [3]. The basic idea of MRPS
and changes as they move in the network, and link breakadfedhat, while forwarding the packet, the next hop is chosen
Severe|y deteriorate network throughput and routing perfdﬂ be the one that has the best current channel condition to
mance. Therefore, MANET routing schemes addressing lifikitigate channel fading. In nature, MRPS can be viewed as a
reliability are recently gaining more and more considerationgreedy heuristic algorithm in routing decision.

One way to increase the reliability of MANET routing is to
use a set of redundant paths rather than only one path in tradi-
tional MANET routing protocols. In [5], the author proposed
a multiple path selection algorithm, which is based on link Fig. 1. CTS MAC control frame.
reliability. However, [5] neither considered fading on wireless
links, nor discussed how to collect the reliability information. Implementation of MRPS scheme requires modification in
[3] proposed the multi-route path selection (MRPS) diversityIAC layer so that a network node is able to gather the channel
scheme, which chooses the path with the best current charstate information (CSI) of its neighbors, and the MAC layer
condition while forwarding packets to the next hop. Howeveshould also have multicasting function. In [2], the authors
[3] did not analyze the performance of MRPS as a functigeroposed implementing MAC layer of MRPS by modifying
of the size of the network. In [2], the authors designed tHEEE 802.11 MAC protocol in DCF (Distributed Coordination
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Function) mode and RTS/CTS mechanism, such that a network
node is able to gather the channel state information (CSI) of
its neighbors. [4] shows that the best CSI is obtained at the
receiver side rather than at the transmitter side. Hence CSI
in the MRPS MAC protocol is conveyed in CTS message,
which is transmitted from the next-hop candidates back to
the transmitter. Fig. 1 (adapted from [2])shows the modified
CTS frame, where a new field “CSI” is added to the packet
format. CSI can contain signal-to-noise ratio of the channel or - n" -hgp
the partial end-to-end outage probability. In order to receive rrhop

CSI from multiple next-hop candidate nodes, a RTS/CTS
protocol that has multicast function is needed. In [7], the
authors proposed Batch Mode Multicast MAC (BMMM),
which provides reliable multicast function in MAC layer. The
authors in [2] further modified it and proposed so-called M-
BMMM protocol. The operation of M-BMMM is shown in
Fig. 2 with a two next-hop candidates example. Detailed
operations of M-BMMM protocol can be found in [2].

Fig. 3. A m-pathn-hop network topology.
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Fig. 2. Time line of M-BMMM protocol (two next-hop candidate nodes).

The authors of [2] also analyzed the performance ofran longest route from the source to the destinationrhhsps. Let
p(i) denote the number of hops of th#& route. Hence the

pathn-hop topology as shown in Fig. 3. However, this kind oft0 Y >
network topology is quite unrealistic. It is unlikely in practicaP@rtial end-to-end outage probability from the! hr%g(ig([’lthe

networks that each node has the same number of pathdag hop of theifh route can be computed by— J[; =,
the next hop, and all paths have exactly the same numbeng(fi)}, WherePéfi) corresponds to the outage probability at the
hopsn. Therefore, the performance analysis on such a netwoi® hop of thei?” path. Therefore, the EOP for MRPS routing
topology is very restrictive. A more general ad hoc network
example is shown in Fig. 4, where neither the number of paths
at each node nor the number of hops of each path is fixedAlgorithm 1 partiaLEOP(current node)
One of our contributions in this paper is that we develop if (current node == destinatiothen
a recursive algorithm to determine the EOP of MRPS routing EOP= 0;
scheme, and this algorithm is suitable for any general net- Return:
work topologies. Algorithm 1 is the subroutine for computing else
partial EOP. The EOP of MRPS is simply given by “par-  paths< num.path(current node);

tial_ EOP(source node)”. In Algorithm 1, nupath(-) denotes for i =1 to pathsdo
the number of paths from the current node to the next hop p_EOP(i) = partialEOP¢*" node next hop);
neighbors. S P (i) = path;* P%jh}Po,j
Note, however, that for general networks, it is still difficult end for J
. i . _ h
to express the EOP of MRPS in a closed-form expression. parialEOP = 1 — (1 - [1I™p,,) x

of topologies. For example, a “node-disjoint” example [6] is i=1 _PSEL(i) - (1= p-EOR())|;
shown in Fig. 5. In Fig. 5, there are totally routes from the e;urn,
source nodes to the destination nod®. The distance of the end i

However, we may still be able to analyze some special types L paths




scheme can be computed as Proof: Since

o P,in = P{yin <vn}+PH{vjiiny <ynb+...
EORrps = 1—|1-— l_IIPo,i X @) +Pr{yn.n < Yin}
= N
m hop(4) _ PH{~;
. i - Yi:N < 'yth}
Z Pser(i) | 1 - H (1 - Pi?) ;
= = Notice that
where Psg, (i) denotes the probability that thé" route is i
selected, and can be determined by Privin <vn} = > 17| *
Ji€ESN =1
11<J2<...<Jsi
P k) — 1- P(S’lk) (2) ji+]11<j7i2+2<-~~]<jN
SEL( ) - m7 N
i=1" o, H (1 _Po,jl)
wherek € {1,2,...,m}. J=it1
i N
I1l. EOP FORMRPS-T ROUTING SCHEME = 2 ll_[lpo’jl 1111(1 — Foi)
Zi,N = =1
In MRPS routing scheme, a network node transmit data {®erefore, we have
the neighbors who has the best channel condition. In fact, N ; N
we can further improve this routing scheme by letting the this
o I PN = P, 1-P,;
node transmit its data t6 nodes whose channel conditions are opoN ; ZZ 11:[1 I 1—11-11( 1)
the best among all its neighbors. We call this routing scheme e s B
“MRPS-T” or “generalized MRPS routing scheme”. Clearly, ] o .
the EOP of MRPS-T would outperform MRPS because thereCorolary 1: In Lemma 1, if the outage probabilities for all
are more redundant paths in MRPS-T. paths are independent identically distributed (i.i.d.), then the
Generally, it is extremely difficult to compute the EOP ofUtage probability ofy..y is given by
MRPS-T routing scheme for general networks. However, for NN '
the special structure as shown in Fig. 3, it is still possible Pon =Y (i>Pg(1 — PN~ (6)

to analyze the EOP of MRPS-T. Before computing MRPS- i=k .
T's end-to-end outage probability, we introduce the following _Proof: By substituting P, into Lemma 1, the result
Lemma from order statistics: immediately follows. , u
Lemma 1:Suppose at a node in the network, there &are The fpllowmg lemma show§ that in MRPS'T’ the 'ou_tage
paths to the next hop. Sort a' channel’s SNR in ascending Srec;]%aet;:![n())/ﬁf\;om one node to its next-hop neighbors is inde-
OrderaSyl:N,ygzN,...,7N:N,such thatylzN <von <... < : -
~vn.n- Denote the ordered outage probability of th@g@aths Lemmf’:\ 2:In MRPS'T’ the ogtage probability from one
by Posns Posins ..., Pox.n respectively. Then the outagenode to its next-hop neighbors is given by

probability of v,.n is given by N
Pour = Ponen =[] Pou- 7
N i N P
Porn =3 3 (\[1Pesi| | ][] O -Pos)| @ Proof: Since
i=k zi l= l=1 .
=k E M= o P, = Prall T paths fai}
where the summatiorEzi . extends over all permutations = PHy7.N < Ven, YT41N < Vehs -+ 5 INN < Vehs }
(;71’ J2s s ‘7N.) of (1, 2, .y N) forwhichj; < jo < ... < = Pr{yny < ven} - PHATN < Yons Y418 < Yihs
i andji+1 < Jigo2 < ...< N, ViZ
s IN—1N < Yen| VNN < Yen}
Z = Z (4) = Pr{y~.n <y}l
Zi,N . j?ESN ) N
<j2<...<Ji — —
]'i+j11<jji2+2<---j<j1v = Ponv = H Fo-
=1

where Sy is the set of all permutations of integers 1 througiherestingly, we notice that this result is exactly the same as

N. The total number of terms ih__ s Selection Diversity Combining. n
Before deriving the EOP of MRPS-T, we introduce the
o _ (“) (5) following notations firstF;) ., corresponds to the probability
il(n —i)! i that at theith hop, exactlyt paths are success in transmitting.



PL). denotes the probability of the successful transmissidhe it" can be computed as — P#N. Therefore, given the
at the sth hop. With Lemma 1 and Lemma 2, we are nowprobability of exactly; paths succeedlng in the — 1)*" hop,
ready to derive the EOP of MRPS-T for node-and-link-disjointe have

networks. LA N
: T i ) i }:leﬂ 1— PNy,
Theorem 2:MRPS-T's EOP for aN-path n-hop tree bucc J 2
structure network with i.i.d. link outage probability, can
be computed as Now it is seen that the computation &L boils down to
determiningP;)_.;. To better illustrate how to obtaift;_. ;,
EOPmrps-—T =1 — H ke (8) let us observe Table I, which illustrates the inductive relation-
i=1 ship betweenP;)_.; and P;_1)_;. The k' row in Table |

whereP.). denotes the probability of successful transmissi
at thei*” hop. Ps(ulc can be computed as the following:

1) for1<i<n-1,

QT,pumerates alls possible numbers of successful transmissions
there exists exactly: source nodes. The last row in the table

is the summation of all previous rows, and & element in

this row corresponds to exactlypaths succeeding in th&"

Ti=1 hop. Suppose that there akesources in the'” hop, from
P Z Pi1)—;(1—PIN) (9) Corollary 1, the possibility of exactly paths succeeding can
be computed as follows:
where notatlonP(i)ﬂ- corresponds to exactly paths kT | poi. phT—i
successfully transmitting the data at #i& hop. P;)_.; j (L= Po)? - P77,

can be inductively computed as follows:

’

Hence, from Table | it is clearly that

P, ,
_ (i=1)—j kT . »
Pliy~j = TG o ) Py = Zp(i—l)—»k( . )(1 — P,)7 . PET=i,
Zj:l (i—1)—j & J
, ! kT However, different value of would have different number
P(i)—»j = Z P(il)ﬂk< j ) x of terms,k, in the summation. By observing Table |, we have
k=[j/T] ‘ A the following relationship between thé" item in the last row
(1— P, . pFT=i, and the starting index involved ijt” item’s summation.
¢ = L2...n N L Index j in the Last Row| The Starting Index in the Summatioh
Jjo= 12,...,1% I<j<T 1
P A T+1<j<2T 2
0)—1 = & 2T +1<5<3T 3
2) fori=mn, : :
i1 KIT-T+1<j <kl [J/T-‘:k
Psucc - Z Pn 1)—j ° (1 - P]) (10)
T -T+1<j<T Ti-1
Proof: First of all, (8) is obviously true from the defin- TABLE Il

ition of EOP. Therefore, the computation of EOP of MRPS-
T transforms to the computation of the success transmission
probability at each hop. According to the operation of MRPS-
T, the source node and all intermediate nodes select th&/best
paths among theiV next hop neighbors. For a specific node
the selected” paths’ transmissions could be success or failure;
Hence, there could be 1, 2, .7, successful transmissions a
the first hop; 1, 2, .. successful transmissions at the Seconrglatmnsmp OfPi—1)—j°

THE STARTING INDEX IN THE SUMMATION OFP(l-)A,j.

Notice, also, thalfP(i)ﬂ- needs to satisf.ijT;1 Piy—; =
. HenceF;y_.; derived from the summation df;,_.; needs
0 be normalized. Therefore, we have the following inductive

hop, and so on. Generally, at ti¥& hop, there could be 1, 2, P _

., T* successful transmissions. Py~ = —7a (ifl)ﬂ

Now let us calculate the successful transmission probability >i-1 Piciy—;

in i hop if there are exactly paths succeed in thg — 1)
hop, forl < j < T%~!. Notice thatj successful transmissions L
in the (i—1)*" corresponds tg source nodes th&" hop. Also X kT i pkT—j
notice that if there arg source nodes at a particular hop, the (7)—>J Z Pli- 1)—>’f( >(1 — b)) B,
only possibility that this hop fails is due to allsource nodes k=[3/T1

fail. Since all links are i.i.d. and from Lemma 2, we know thaTherefore, by settind’)_., = 1, we can inductively compute
the successful transmission probability wjtlsource nodes in all values ofFP;)_. ;.



Possible Number of Successful Transmissions
Pli—1)—1 1 T
Plic1)—2 1 T 2T
Pi_1)—k 1 T 2T kT
! Piy—1 Py Piy—or Pyt Piy—mi
TABLE |

THE INDUCTIVE RELATIONSHIP BETWEENP(,L-)HJ' AND P(i—l)%j-

o EOP Comparison between MRPS and MRPS-T: N=6, n=5, Rayleigh fading.
10 = =F—F—m=g T T T T T

End-to-End Outage Probability

performance of MRPS routing scheme by simply chanding
This is due to the increased number of redundant paths in the
network. Notice that wheff’ is increased from 3 to 4, the EOP
performances are approximately the same except in low SNR
region. This observation shows tHat= 3 is a good choice in
terms of balance between EOP and bandwidth consumption.
Notice also that ifl’ = 6, then MRPS-T simply becomes MR-

T [8] routing scheme. Therefore, the bigdéris, the closer
that MRPS-T would perform compared to MR-T.

IV. CONCLUSION
In this paper, we first derive a recursive algorithm for com-

wEe puting EOP for any general network topologies. Specifically,
ol s we derive the closed form expression for EOP of “node-
T T bound disjoint” networks. We further extend the simple MRPS rout-
e e ‘ ‘ ‘ ‘ ‘ : : ing scheme to a generalized MRPS routing scheme, MRPS-T,
-70 -68 -66 -64 -62 -60 -58 -56 -54 -52 -50 . . . .
Average received power at each node [dB] in which the node transmits packets 16 neighbors whose

, , channel conditions are the best. We theoretically analyzed the

Fig. 6. EOP performance comparison between MRPS and MRPS-T.

EOP performance of MRPS-T and compare it with MRPS. We
show that MRPS-T performs significantly better than MRPS

In the last hop, each node has no routing diversity anymoMélile maintaining the nice features of MRPS.

Suppose that there aresource nodes in the last hop, then
there are totallyj paths in the last hop. Hence, the successful
transmission probability can be computed as (1l

Ti—l

= Z Pin—1y—j - (1= P)). [2]
j=1

P
Finally, the discussions of hogds ..n—1 and hopn complete 3]
the proof. [ ]
Note that ifT" = 1, it is easy to show thaEOPyrps_ IS
exactly the same as Eq. (8) in [2]. Therefore MRPS is only[g]
special case of MRPS-T witl’ = 1.
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