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Abstract—We study the problem of communication reliability
and diversity in multi-hop wireless networks. Our aim is to
develop a new network model that better takes into account
the fading nature of the wireless physical layer. To that end,
we use the outage probability model for a fading channel to S
develop a probabilistic model for a wireless link. This model
establishes a relationship between the link reliability, the distance
between the communicating nodes and the transmission power.
Applying this probabilistic model to a multi-hop network setting, o d
we define and analyze the end-to-end route reliability and develop
algorithms for finding the optimal route between a pair of nodes.
The relationship between the reliability of the optimal route and
the consumed power is studied. The idea of route diversity is
introduced as a way to improve the end-to-end route reliability Fig. 1. Multi-hop Routing
by taking advantage of the wireless broadcast property, the
independence of the fade state between different pairs of nodes,

and space diversity created by multiple intermediate relay nodes . . . . s .
along the route. We give analytical results for the improvements received signal in a wireless link is the sum of signals reflected

due to route diversity in some simple network topologies and by different scatterers in the propagation environment. A link
present simulations for more general networks. is said to be in a deep fade state when the reflected signals add
destructively at the receiver. Naturally, a higher transmission
power is required to establish a link between two nodes when
The area of ad-hoc and sensor networks has received athst channel between them is in deep fade. Since the fade state
of attention in the research community over the past sevefdla link changes over time, the amount of energy required
years. In this paper, we look at the problem of routing artd transfer a unit of information between any two nodes
reliability in these networks. changes over time as well. The simple deterministic model for
Motivated by results from propagation of electromagneti@ wireless link does not take into account this time varying
signals in space, the amount of energy required to establishaiure of the wireless propagation medium.
link between two nodes is usually assumed to be proportionalDepending on how fast channel changes occur, the time
to the distance between the communicating nodes raised teaaying nature of the wireless channel can be addressed in
constant power. This fixed exponent, referred to as the pativo different ways. If the channel changes relatively fast,
loss exponent, is usually assumed to be between 2 to 4. In thigling can be done to average the effect of fading. This
model, it is assumed that the information is received by thgpe of averaging effect is the motivation behind #rgodic
intended destination with certainty if the source transmits tlvapacitymodel for fading channels (see [9]). To achieve this
information at a minimum power level dictated by its distanciype of average behavior, however, very long delays might be
to the intended destination. We will refer to this model asnposed on the data. In situations where the ergodic capacity
the deterministic link modein this paper since the set ofis achievable, the deterministic model for the wireless link
nodes that receive the transmitted information is known withay still be applicable with some minor changes. We will
certainty based on the transmission power level chosen by tiw get into the details here as our goal in this paper is to
transmitter. propose an alternative model for a wireless link which is more
Due to this relationship between the distance between nodedtable for scenarios in which this type of average behavior
and the required power, it is usually beneficial, in terms d$ not appropriate. The case of delay sensitive data and slowly
energy savings, to relay the information through a multi-hoghanging channel is one example.
route in an ad-hoc network. Figure 1 shows an example of aAn alternative model for the wireless link in this scenario
multi-hop route between two nodes. is the outage probabilitymodel, see [9], [5], and [6]. In this
The deterministic model for a wireless link, however, magnodel, the instantaneous capacity of a wireless link is treated
not be very realistic for describing one of the most importaats a random variable. A link is said to be in outage when the
effects in wireless communication, the multi-path fading. Thastantaneous capacity supported by the link is less than the
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transmission rate. The reliability of a link, i.e. the probabilityook at the trade-off between the capacity and the outage
of correct reception at the receiver, is modeled as a functionprovement in a two-hop ad-hoc network. This analysis
of the transmission rate, the transmitted power, the distarigaores the deterministic part of link attenuation due to the
between the communicating nodes, and the channel fade stdistance between nodes and assume all link fading factors
In this paper, we assume that the fade state is not knownae independent and identically distributed Rayleigh random
the transmitter. Under this setting, the transmitter can contr@riables. While [4] looks at the asymptotic benefit of relay
the probability of successful reception at its intended receiveodes in improving the capacity in an ad-hoc network. Their
by adjusting the transmission rate or power. We refer to thémalysis only takes into account the deterministic part of link
model as thgrobabilistic link model. attenuation due to the distance between nodes. Their results
There are several ways to avoid losing data when theainly deal with how the capacity scales as a function of the
channel is in outage, such as coding over a long period mimber of nodes in the network.
time, employing ARQ protocols, or obtaining transmitter side
channel information. However, in this study, we focus on the Il. PROBABILISTIC LINK MODEL

reliability of a link without using any of such techniques. | this section, we develop the analytical framework for
This approach allows us to isolate the issue of obtainiRge probabilistic link model. This framework determines the
diversity through routing, and the results developed here caflationship between the probability of successful reception,
be readily applied in combination with other forms of diversityhe distance between the communicating nodes, and the trans-
techniques. mission power in a point-to-point single-user flat Rayleigh

Our analysis starts by looking at the reliability of a point-tofaging link. We model the received signal as:
point communication link. In section Il, we develop a model

of how the channel fade state and the distance between the y=ax+mn,
communicating nodes affects the probability of correct recep-h is th ) , is th . )
tion of the transmitted information at the receiver This woul&/ 'erex is the transmitted signaly is the additive received

give us the mathematical formulation for theobabilistic link 1°IS€. 2 is the signal attenuation due to propagation in the
model. wireless point-to-point link, ang is the received signal. We

In section Ill, we extend the probabilistic link model to?SSUme the .rece|_v<re]d noISg, IS z€ro mean addltllve white
a network setting. In a network setting, we first define angaussian noise with average powerogt In general, attenu-

analyze the reliability for a fixed route and then develogtion'a’ depre]nc:s on the di?tahncehbetwelen the communicating
algorithms for finding the optimal route between a sourc _odeds_ and t ebade stateho the ¢ anne._WedLls%repre?;nt
destination pair of nodes. The trade-off between the roJfa® distance between the communicating nodes firt _
reliability and the consumed power is studied. To our knowfEPresent the fading state of the channel. To emphasize this
edge, this is the first attempt to introduce the concept of rof§Pendence, we can expresas an explicit function of these

reliability and the end-to-end reliability versus power tradd?/© Parameters:
off in a network setting. More precisely, this is the first time y =a(f,d)x+n. 1)

that network layer routing algorithms and route propertieFh a system with mobile nodes and a constantly changing

such as reliability and power, are studied based on the out@ pagation environment, both and d change over time.

probat_)ility model at the physical Ia_yer. This model has t owever, we assume a system whé@ndd remain constant
pqtentlal to open the c_j_oor for a wide-range of research & a long period of time compared to the typical transmission
wireless network reliability.

. . . . . block length. Furthermore, we assume that the transmission
In section 1V, we introduce the idea obute diversityas 9

a way to improve route reliability by taking advantage of thblocks are long enough that coding can be done to average over

irel broadcast h d the ind d  fad fhe Gaussian noise. Given these assumptions, the link between
wireless broadcast property and the Independence ot fade S{\%/tc?nodes is a simple AWGN channel and the capacity, i.e., the
between different pairs of nodes. We give analytical results

: . e . hount of information that can be reliably transmitted through
improvements due to route diversity in some simple netwo

topologies and show how route diversity can fundamentalﬁyIS channel (see[11]), is given by:

change the trade-off between the route reliability and the 2 oy la(f, d) |22
consumed power. C(f,d, [x|*,07) = log(1 + T)

The idea of route diversity is motivated by the work done
in [1], [2], [3], and [4]. Most pervious results have beenf© simplify this notation, we decomposéf, d) into two inde-
focused on two-hop networks, and the analysis has bdegndent components corresponding to the small scale fading
based on the information theory results for relay channeffld the large scale path loss (see [10]). More specifically, we
References [1], [2], and [3] look at the effect of cooperatiofSSUME: e
among nodes in increasing the capacity or reducing the outage la(f,d)? = %,
probability in a fading network. In [1] and [3], the authors d
described several protocols for benefiting from the spauwdhere k is the propagation power loss exponent, usually
diversity created by the relays in an ad-hoc network. Th@ssumed to be between 2 to 4. Simplifying the capacity



formula using this form fora, and simplifying the notation To simplify the notation, we can absorb the effect;ointo

by using‘;f‘z2 = snr, we get: the value ofsnr,ormi by definingsnrom2 as:
Z
‘f‘2 SNrhorm2 = M SNFphorm1-
C(f,d,snr) = log(1 + —- snr)- (2) . _ o
d For notational convenience, we drop the subscript in the

A. Outage Formulation subsequent analysis. The probability of successful reception,

Eq. (2) gives the instantaneous capacity of the point-to-poipft equiyalently_the_ reliability, for a R.aylei.gh fading link .with
link defined by (1). An outage event is said to have occurrdt®d distance is given by the following simple expression:

(see [5]) when the transmission rate, bits/channel-use, is dk
above the instantaneous capacity of the link, i.e. Psuce(d, snr) = eXP(—Q)‘ )
{Outage} def {C(f,d,snr) < R}. @) B. Link Outage-Power Trade-Off

Eq. (8) gives the probability that a link is established

One parameter of interest in communication systems is fgveen two nodes located a distancapart when the trans-
probability of error at the receiver. An error occurs if thefnitter transmits the information at the normalized power level

channel is in outage or if the channel is not in outage b, There is a trade-off between the success probability and

there IS a decoding error. In our analysis, we assume that {HE transmitter power level. This trade-off can be visualized
probability of decoding error is almost zero when channel bcy plotting the success probability versus the transmitted

not in outage. Unde'r this assumption, outage is the dominatifigvever, it turns out that plotting the outage probability vs. the
error event. Hence: snr is more insightful. Figure 2 shows the outage probability

Pemor ~ P(Outage) as a function of the transmittegdnr for a point-to-point link.

) ) A Log-log scale is used to increase the range of values covered
We focus our attention on calculating the outage probabilityy the piot.

Based on the definition given in (3), the outage probability is
given by: PU ys SNR

POutage = P{C(f,d,snr) < R}

f 2
P{log(1 + ‘(T‘ksnr) <R}

2 2R —1
F < snr } (4)

Similar to the approach taken in [1] and other works in this
area, we normalize the transmission rate by absorbing its effg(git

10

= P{
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into thesnr term. So we define: &
snr
SNfhorm1 = ﬁ‘ ) o
Equation (4) simplifies to:
f? 1
P = P{— 6
Outage { dk < SNIMorm1 ( ) ;
For the case that fading, is random and distance, is known a0 10 0 R 2 % 40
to the transmitter, the outage probability simplifies to:
“_.‘2 1 Fig. 2. Link Outage Probability vs. the Transmitted Power
POutage P (dk ) . - . .
SNPnorm1 It is clear that the outage probability decays linearly in
— Fppl d~ ) the log-log plot in the high-snr regime. Tldiversity gain
If SNIMmorm1 d, defined as 5
where F¢2 is the CDF of [f|2. In our analysis, we model lim OI‘“L(SM) =—d 9
fading as a Rayleigh random variable. For Rayleigh fading snr—cc - log(snr)
with E [|f|2} = 11, the CDF is given by: characterizes the relationship between the outage probability
o and thesnr in the high-snr regime. For a point to point link
Fiip(x) = 1—exp(—) with a single transmitting and receiving antenna, it is known
H that the outage probability decays s&~! in the high-snr
Hence: regime, i.e. the diversity gain is 1. See [8] for advanced
—dk coverage of this topic and the effect of multiple antenna on

Poutage = 1 —exp( )- ™ this relationship. In the next section, we look at a similar plot
M SNFhormi



for a multi-hop route and introduce the idea of diversity gaisubject to a guaranteed level of end-to-end reliability. The

in a network setting.

IIl. RELIABILITY AT THE NETWORK LAYER

last problem is also a power allocation problem, where the
objective is to maximize the end-to-end reliability of a route
subject to a total power constraint.

A route is a sequence of nodes through which the informa—l) Maximum End-to-End Reliability for a Fixed Maxi-

tion is relayed from a source to a destination, i.e.

Route = (ro,r1, "« ,fh—1,tn)

where, rp =s, r, =d, and h is the number of hops. We
assume the network operates based on a time division protocol
under which successive transmissions along a route happen
in consecutive transmission slots. Rogter, - -+ ,r,_1,d) is
identical to a sequence df point-to-point links, where for

the ith link, relay i — 1 is the transmitter and relayis the
receiver,snr,_,. is the transmitted signal-to-noise power, and
dr._,r, is the distance between the nodes. We define the event
of successful end-to-end transmission as the event that all
transmissions are successful and tied-to-End Reliability

is defined as the probability of this event. We assume that
the fading factors for different links are independent and
identically distributed Rayleigh random variables. Based on
this assumption and using results from (8), the end-to-end

reliability can be written as:
h
dtlm
[ (g
e SNty

h
= exp| - Z 7dh_m (10)
B P SNFri_yr; .

i=1

Reliability(form-um) - —

The corresponding total amount of power spent for successful
end-to-end transmission is

SNR(foﬂh“' JTh—1,rh)

Total

h
= anrri—lri' (11)

i=1
In the subsequent analysis, we use the route reliability defined
by (10) and theroute outage probability p, given below
interchangeably.

plrorm-um) — 1 _ Reliability (o m-um) - (12)

Our goal is to find optimal route selection and power
allocation algorithms that maximize the end-to-end reliability
for a fixed power. There are three different questions in
connection with the end-to-end reliability and power that we
consider:

1) What is the end-to-end reliability if the maximum trans-

mitted power per link is fixed?

2) What is the minimum total power required to achieve a

guaranteed level of end-to-end reliability?

3) What is the maximum end-to-end reliability for a fixed

total power?
The first problem is motivated by the fact that in some cases
the transmitted power by each node might be limited due to
hardware constraints or to limit the interference level to other
nodes. The second problem is a power allocation problem,
where the objective is to minimize the total consumed power

2)

mum Transmission Power Per Link

Assuming the transmitted signal-to-noise ratio at each
link is limited to SNR;x—max, the corresponding route
reliability can be readily calculated using (10). For a
fixed route, (ro,r1, -+ ,rh—1,), the end-to-end relia-
bility is given by:

h k

i= dr~ 4
Reliability (fo-m»fh-1:m) —  exp (‘M) -(13)

According to this expression, the end-to-end reliability
is a monotonically decreasing function Qtih:ldhfm.
This quantity can be treated as the cost metric for route
selection. The most reliable route between two nodes is
the route that minimizes this cost metric. We refer to
route selection algorithm based on this cost metric as
the Minimum Outage Route MOR, algorithm.

Lemma 1: The most reliable route between nodesnd

d in a fixed multi-hop wireless network where the fading
parameters of different links are independent Rayleigh
random variables and the maximum transmitted at
each node is limited t8NRpax—_Link IS the route

(57 1, 7rh—17d) = (fo,fl, T 7rh—17rh)

that minimizes
h
k
Z dri—lri7
i=1

and the reliability of this route is given by (13).
Minimum End-to-End Power for a Guaranteed End-
to-End Reliability

The problem of minimizing the end-to-end power for
a fixed route(rg, 1, -+ ,rn—1, rn), and fixed end-to-end
reliability, Reliabilitymin, is formulated by the following
constrained optimization problem:

h
min E snry_.r,
i=1

h k
d<
st. exp (- > sn;”) > Reliabilitywmin-(14)
- ri—1ir

Since exponential is a monotonically increasing func-
tion, the constraint must be satisfied with equality at
the optimal solution. So, the optimization problem is
equivalent to:

min

h
E SNfy_r
i=1

h k
rioit;

> o
SNfe_r

i=1

s.t. = —In(Reliabilitymin). (15)



The Lagrangian for this problem is given by:

L(snrl’onv TSNy ey /\)
h h dk
= snry. .. + A\ — =11 4 In(Reliability; .

The partial derivatives with respect to the transmitted
snr at each intermediate relay is:
oL dk
- = 1 =)\ =i
dsnry,_,y,
Setting these first order conditions @oand solving for
the optimal transmitted snr, we get:

. - "
SNfyr, = /A ds

Substituting these into the constraint and solving for the
optimal A\, we get:

(16)

A
VA = 2zt )

—In(Reliabilitymin)

Substituting this back into (16), the optimal transmitted
signal-to-noise ratio for each node is given by:

h k
Zi:l dl’i—l"i

koo
—In(Reliabilitymin) \/i (18)

The resulting optimal end-to-end power is given by:

—~

SNl _ir

h
S/N\RTotaI = Z S/|:]\rri_1ri
i=1
h
h Zjil \V dfj_m \/dT
B Z —In(Reliabilitymin) fi—1fi
h 2
(Ei:l dl’Fl"i) 19
~ ZIn(Reliabilityyn) (19)
For easier future reference, we state this result in
lemma 2.
Lemma 2: For a fixed route(rg,r1, -+ ,rh—1,r), the

minimum required total power to guarantee the end-to-
end reliability of Reliabilitymi, IS

(S /o)

SNRoal =
Total _|n(Re|iabi|itYMin) ’

and the power allocation scheme that achieves this total
consumed power is

h
Zi:l dh—ﬂi

k .
—In(Reliabilitymin) \/(C

From lemma 2, we know that for any route,
(ro,r1,- -+ ,rm—1, ), and under optimal power allocation
scheme, the total power required to achieve a desired

—~

SNfy_in =

level of end-to-end reliability is a monotonically in-
creasing function OEih:l dk .. Hence, the minimum

ri—ir*
power route is the route among all possible routes
between two nodes that minimizes this sum. We refer to
this route selection scheme ElsninimumEnergyRoute
MER algorithm.

Theorem 1: The minimum power route between nodes
s and d in a multi-hop wireless network where the
fading parameters for different links are independent
Rayleigh random variables to achieve guaranteed end-
to-end reliability ofReliabilityy;, is the route

7rh—17d) = (fo,fl, e 7rh—17rh)

h
Z \/ dh—lri’
i=1

and the corresponding end-to-end power is given by
(29).

Maximum End-to-End Reliability for a Fixed End-
to-End Power

The problem of achieving maximum end-to-end relia-
bility for a fixed route,(ro,r1,- -+ ,rn—1,r), and fixed
end-to-end poweBSNR14:a1—max, CaN also be formulated
by the following constrained optimization problem:

h k
dri—lri
maXx exp | — ﬁ
ri—1ri

i=1

(S7r1’...

that minimizes

h
s.t anrri_lri < SNRTotalfMax'

i=1
This problem can be solved using a technique very
similar to the approach used to solve (14). In fact, as
it is elaborated in the next section, these two problems
are dual of each other. Skipping the details of the
optimization solution, we simply present the solution to
(20) in lemma 3.
Lemma 3: For a fixed routérg,ry,- -+, rh—1,ry) and for
a fixed end-to-end power 8NR1otai—max, the maximum

end-to-end reliability is
2
(Zihzl \/ dllfi—lri)

SN RTotal— Max

(20)

Reliabilityoptimal = exp | — , (21)

and the optimal power allocation that achieves this

reliability is
\/ dllfiflfi
Zihzl \/ d'l'(i—lri

From lemma 3, we know for any route,
(ro,r1,-* ,rm—1,r), and under the optimal power
allocation scheme the end-to-end reliability is a

monotonically decreasing function ozih:l,/dk

Snrhflri = SNRTotalfMax

fi—1fi*



Hence, the maximum reliability route is the route thaib-end reliability for this optimal allocation is:
minimizes this sum. We state this result in the following

theorem. (Z-hf [k )
Theorem 2: The most reliable route between nodes Reliabilityoptimal = exp | — =Ly e (23)
and d in a fixed multi-hop wireless network where SNRTotal—Max

the fading parameters of different links are independent
Rayleigh random variables and the maximum end-to-eggearly, the curve specified by (22) and (23) are identical.

power is limited toSNRrota1-max IS the route This set of optimal power allocation can be represented by
a single curve in the two dimensional plot of the end-to-end
(s,r157 -+ yth—1,d) = (ro, 1, -+, th—1,n) reliability vs. total power as shown in figure 3. We refer to this

curve as theOptimal Reliability-Power Trade-ofturve. The

that minimizes relationship between the end-to-end reliability and consumed

Z . power for power allocation schemes on this curve is given by
V i (23).

i=1
and the corresponding end-to-end reliability is given by Route Reliability vs. Power

(1).

Reliability

A. Optimal Reliability-Power Curve

Minimum Power

A careful reader might notice that the two optimization |
problems that we looked at in the last section, formulated
in (14) and (20), are in fact dual problems. Hence, it is not
surprising that the cost metric in both cases turned out to lg&

©

Z:‘:l dk_ .. To clarify this point, we present a graphical il- g
lustration of the relationship between the end-to-end reliability
and power under optimal power allocation among the nodes
along the route.

For any fixed route, different power allocation schemes
result in different end-to-end reliability and consumed power.
If we were to characterize each power allocation scheme only
by the total consumed power and the resulting end-to-end !
reliability, each allocation scheme could be represented by a o
point in the two dimensional plot of the end-to-end reliability
vs. the total power. Certain allocation schemes are optimal,
i.e., either minimize the total power consumed to achieve a
guaranteed end-to-end reliability or maximize the end-to-end
reliability for a fixed consumed power. B. Route Outage-Power Trade-off

In problem 2, we found the optimal power allocation to

minimizes the total power subiect to a auaranteed end Similar to the case of a point-to-point link, we consider
. P 1oject 10 a g tt(ﬁe trade-off between the route outage and power. This type
end reliability. Graphically, this optimization corresponds t

. i o nas 3¢ analysis gives insight on how much power is required to
tmhgw;l?ocﬂ?igg tsrz:ierr]r?gzgz]at?lrrili?\?m:gegg;:g f(’)tslniofr'gi'r?]%@hieve a desired outage probability or how the outage prob-
E ility decreases as more power is spent on communication.

power for the end-to-end reliability dteliability;,. We found For the case that the maximum transmitted power at each
that th liabilit d ding to th timal I .
at the reflablity and power corresponding fo the oplimgl, \vas limited to SNRpax—Link, (13) gives the end-to-end

allocation are related by the following relationship: o ;e . : .
y g P reliability. We get more insight into the relationship between

Maximum Reliability

NRTutaIfMax

Fig. 3. Route Reliability vs. Power

" 2 power and reliability by looking at the route outage probability
f dk . L . .
SNR _ 2ic1 ri—l"i) 22) define in (12). Writing (13) in terms of the outage probability,
Total = in(Reliabilitywin) p, we have:

In problem 3, we found the optimal power allocation to Z:‘zld‘;_m

maximize the end-to-end reliability for a given end-to-end I—p = exp T SNRumeiim |

power. This corresponds to moving along the vertical line in ] e

figure 3 and finding the allocation scheme that maximizes the Dt dﬁ,m

reliability for SNRrota—max We found that the resulting end- In(1-p) = ~ SNRyox i



For small values ofp, we can use the approximation ofnotation, we drop the subscript and denote this quantighas

In(1 — p) =~ p to simplify this relation to: in the analysis that follow. The reader should keep this in mind

- in interpreting our results. Our aim is to find how the end-to-

P i dr i ) (24) end outage probability varies with the maximum transmitted
SNRMax—Link power level under the diversified routing scheme and compare

The relationship between reliability and power with optimahe result with relation given in (24).

power allocation, i.e. the optimal reliability-power curve dis- Before looking at the end-to-end outage in a diversified

cussed in the last section, is given by (23). Writing (23) iroute, we need to give a more precise description of the
terms of the route outage probability and following a similatelaying process under the diversified routing scheme. Assume

approach, we find: Routegptimal = (fo, 1, -, rh) IS Selected as the most reliable
2 route to the destination. In the diversified routing scheme that
h Kk . . . .
(Zi:l w/dmn> we analyze in this section, nodes operate according to the
p o~ SNRmoy (25)  following rules: node, i > 1, transmits in slof -+ 1 if it has
o received the information in time slotgl, - - - ,i}. Otherwise,

From (24) and (25), we observe that route outage dec

5 transmission takes place in time siot 1. Given this
as SNRy,L, ... and SNRyL , respectively, in the high-snr P o

) | Tol . gfrotocol, successful relaying of the information from to
regimes. It is not SUrpnsing that we obs_er\_/e this type 7, takes no more thah time slots and no more thamn units
relation as these relationships are very similar to what X transmitted power. This route is defined to be in outage
observed in the first section for a point-to-point link. In tht-rar the information is not received by, by the end of time
last section, it is shown how diversit_y at the route level cal), , The end-to-end route outage probability is defined as
fundamentally change the form of this trade-off. the probability of this event. Defining the diversified routing

IV. ROUTE DIVERSITY scheme according to these rules is the simplest way that would

The motivation behind theRoute Diversityidea that we &/lOW US to compare the end-to-end reliability in the non-
introduce in this section is to improve the end-to-end roufversified and the diversified route on a fair basis, We can
reliability by taking advantage of the wireless broadcaSPmpare the end-to-end reliability since both routing schemes
property and the independence between different Rayleiﬂﬁe the same number of transmission slots and the same
fading links. To clarify this idea, let's look at a simpleamount Of_ total power. . - o
example. Assume that in the network shown in figure 4, theAs the first stgp in analyzmg.the benefits of route diversity,
most reliable route is selected as shown. Without diversityf® Start by looking at a small, i.e., a 2-hop network. We then
a successful end-to-end relaying would require 3 succesdfiSent some asymptotic analysis that applies to very large
point-to-point transmissions. We refer to this strategy as tf{8€ networks. Finally, we extend some of these results to a
Non-Diversified Routing SchemBue to the broadcast and!in€ network with a finite number of nodes.
the fading nature of the wireless propagation environment, the
information transmitted by may be received correctly by, forA- Example 1. Two Hop-Networks
example,r; while rq fails to receive that information. Hence, This example focuses on a 2-hop network constructed by
it is not accurate to only define the event of successful end-imiformly placing a relay node inside the circle centered at
end relaying as previously mentioned. For instance, as showe mid-point betwees andd, see figure 6.
in figure 5,d can receive the information directly fromin
the first transmission slot, fromy in the second transmission
slot or fromr; in the third transmission slot. We refer to this
routing scheme as theiversified Routing Scheme

ov

Fig. 6. 2-Hop Disk Network

$d

The Minimum Outage Route (MOR) in this network is
(s,r,d). The non-diversified outage probability for this route
is:

In the subsequent analysis, we assume that the path-loss ex- )
ponentk, is 2. We also assume that the maximum transmitted p,(\'fc;;’,)Diversiﬁed = 1 — Psycc(x1,5nr)Psycc(x2,snr)
snr by each noo_le is fixed. _This is the gquantity we repr_esented 2 +x3
by SNRmax—Link in the previous section. However, for simpler e

Fig. 4. Simple Route Fig. 5. Diversified Route

(26)

%

snr



pPath

where the approximation is valid in the high-snr regime. In outage V5 SNR

the diversified scheme, successful relaying requires either a | ‘ —gq—ni_v;rsny‘
. . . 10 e — Diversi H
successful direct transmissiofs — d}, or successful multi- : R No-Diversy Approsimatn
H - o . S \ = = Diversii roximation
hoping, {s — r} followed by {r — d}. The reliability of this <
route is given by:
Reliability 519, = P 1-P i
eliabilitypirified = Psucc(x3,5nr) + (1 = Psuce(x3, snr))
PSucc (le snr) PSucc (X2a Snr)v o
= exp(—— a” 107 E
P(—_,/)
2 2 2
X X1 + X
1— exp(——>))exp(—2—=2
(1 - exp(— =2 ))exp(~ 1 _>2) )
202 2 10¢
X3(X] + X
~ 1-— 3(1 5 2). (27)
snr
where the approximation is valid in the high-snr regime.
Hence, the route outage probability is simply: %50 10 o 10 20 20 20
SNR (dB)
20,2 2
rod x5 (X1 +x3)
p(DsiJers,)ified ~ P (28) Fig. 7. The Average Reliability is a Disk Network

Based on this expression, we observer that the end-to-end

outage probability decays asr—2 for the diversified routing ) )
scheme. This is a significant improvement over the ! relay nodes, and the number of hope, we will take a different

decay observed in (26) in the absence of diversity. apprqach in analyzing the benefit of route diversity. We de_fine
It should be noted that both (26) and (28) are valid for arﬂ/"e disconnect event for a node as 'Fhe e_vent th_at the n_ode is not

two hop network. Hence, a similar type of improvement in thgPnnected to any node located to it's right. Without diversity,

relationship between the end-to-end route outage and poldlf €vent is equivalent to the event that the link between

can be seen in any two hop network. Furthermore, this gdfff node and its immediate right neighbor is in outage, see

is achieved through route diversity and does not require ajigire 8- With diversity, however, this event is equivalent to

coding, ARQ, or transmitter side information. the_ evgnt that _aII the links bet\_Neen the node and all the nodes
The actual end-to-end outage is highly dependent on fifuits right are in outgge, see .f|gure 9. Clearly thg second event

network topology. To eliminate this dependence and to get'dS @ lower probability as it is a subset of the first event. We

sense of the average improvement due to route diversity, GH& mte;rested in analytlcally galculatlng these probabilities and

can take the expectation of (26) and (28) over the location 3PS€rving how these quantities depends onstire

the relay node. For the network shown in figure 6, where the

node is located uniformly in circle with radius dfunit, these

expectations can be calculated as given: =0\ ) ) N\

0 0

(s.r.d) ~ 12
Non—Diversified ™ snr’ Fig. 8. Disconnect, No-Diversity Fig. 9. Disconnect, with Diversity
(s,r,d) N 4.7
PDiversified ™ snr2 (29) . o . . .
For a given network realization, i.e. given the distance to

Figure 7 show the exact values and the approximation f@fe neighboring node id,, the probability of the disconnect
the average route outage probabilities. It should be emphasizg@nt without diversity is given by:
that the average route outage does not necessarily correspond &
to any particular network, but it shows that route diversity 1 —Psyec(dy,snr) ~ — (30)

can significantly improve the end-to-end outage on an average N shr o
basis. The disconnect probability depends on a particular realization

of the network, i.e., on the value af,. To eliminate this
B. Example 2: Disconnect Probability dependency, we take the expectation over the distribution of

Consider a network in which nodes are distributed on a life to find the average disconnect probability for a link. This
and the distance between neighboring nodes are independégbability is only a function of the transmittesir as given
exponential random variables with paramelerAssume that below:
the destination is located a large number of hops away to d?
the right of the source node. Although it may be possible to Pbisconnect(snr)  ~ Eq, L”r}
calculate the exact end-to-end outage probability as a function 2
of the maximum transmitted power level, the location of the ~ Nsnr (31)

¢




Calculating the probability of the disconnect event with divelAssuming an infinitely long line, this probability is obtained
sity requires a different approach. We start by dividing the lingy evaluating (33) fox = 0 any = oco. We have:
into segments of length. For small values ob, the number

of nodes in a line segment of lengthis approximately a In(Ppisconnect (snr)) = In(Pisconnect (0, 00, snr))
Bernoulli random variable. i.e. there is a node in the segment __vT Asnr

with probability Ad or there is no node with probability— . 2

Furthermore, the number of nodes in non-overlapping lingence:

segments are independent random variables, see [7] for details. P

This approximation is prefect in our case as we will take the PDisconnect(SNF) = exp (— A snr) (34)
limit of § — 0 to get the desired result. For small valuesipf 2

let's define the disconnect event for segment located at distar@@ﬂparing (31) and (34), it is clear that without diversity, the
mé away from the transmitter as the event that the informatiqfisconnect probability decays linearly withr—! while with

is not received by any node in the line segmend, (m + 1)6].  diversity, the disconnect probability decays exponentially with
This event includes both the case that there is no node in thig.

line segment or there is a node and transmission fails due to
bad fading. The probability of this event can be calculated ds: Multi-Hop Line Network
Similar to the last example, consider a network in which

Pbisconnect(md, snr) - = 1= Psuce(md, snr)Ad nodes are distributed on a line and the distance between neigh-
wherePg,.(d, snr) is given in (8). LetPpisconnect (X, Y, d,snr)  boring nodes are independent exponential random variables
be the probability that the information transmitted by a nodaith parameter\. We focus our attention on calculating the
located at locatio is not received by any node betwegqy] outage probability for the route between two nodes separated
where this segment is broken down into segments of lendift N — 1 intermediate relays. The minimum outage route in
§. This probability can written in terms #fpisconnect (Md, snr)  this network is the successive hoping route in which each

calculated above as: nodes transmits the information to its immediate next neighbor
% in the direction of the destination. With out diversity, a route
Poi X,y,0,snr) = Poi i6, snr is a sequence dfl independent links. The outage probability
sconnect( ) E zconnect{ ) of each link is calculated in (31). It can be shown, see [12],
_ ° that the end-to-end outage probability in the high-snr regime
Taking the natural log of both sides, we get: is:
y
5 (0,1,-++,N) - 2 )
In(F)Disconnect (X, Y, 57 snr)) = Z In(PDisconnect ('57 Snr)) pNonfDiversified ~ N )\2snr (35)
i=3 We now look at how the route outage probability changes

y

5 for the diversified routing scheme. We look at two different
= ) In(1—Psyc(Md)Ad).  schemes.

i=x 1) Full Relay Diversity: The full relay diversity scheme
Taking the limits — 0: operates exactly as described in the first part of section IV. We
y start by looking at 2-hop line network as shown in figure 10.
In(PDisconnect (X, Y, snr)) = ,/ A Psucc(l,snr)dl (32) In this case, we can readily use the result from (28). Taking
x the expectation to find the average route outage probability,
where we used the approximationlafl — x) ~ —x for small we have:
values of x in the last step. For the case when the path-loss (0,1,2) ~ E (dp + d1)?(d? + d3)
exponentk = 2, we have PbDiversified 1,d2 anr?
d? N 80
Psucc(d, snr) = exp(—a), ¥ a2 (36)

and the above integral can be calculated easily based on the
complementary error function:

d
ln(PDisconnect(Xa Y, snr)) S
T 0 4
= 7)‘\/5 v eitzdt. d1 1 d2
Fig. 10. 2-Hop Line Network
_ _Avmse erfc [ =) —erfc [ —— ) ) (33) 9 P
2 V/snr Jsnr

Let Ppisconnect(snr) be the disconnect probability, i.e. the Figure 11 shows the exact values and the approximation for
probability that a node is not connected to any node to its righte average route outage probabilities in a 2-hop line network.
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Fig. 12. Limited Cooperation in a Line Network

07 : S To eliminate this correlation, we consider the diversity

scheme shown in figure 13, where we have eliminated the links

between{l1 — 3} and {3 — 5}. Hence, the total reliability

w0°L e T S of all the routes shown in figure 13 is less than the reliability
SR (¢8) of the routes shown in figure 12. Finding the probability of

outage for figure 13 give an upper-bound for the probability

of outage for figure 12.

Itis clear that our approximation are quite good for high values m
of snr. A similar analysis can be done for a 3-hop network. It

Fig. 11. 2-Hop Line Network

can be shown that the end-to-end outage probability decays as 1 2 3 4 5 6
(A\?snr)~3 in that case. Based on this analysis, we conjecture
that for a route withN hops, the outage probability decays Fig. 13.  Upper Bounding for the Outage Probability

as (A?snr)~N in the high-snr regime. In order to achieve this
type of behavior, the high-snr approximation for individual So we have:
link outage probability must be valid for the worst link, i.e.
for the link between the source, no@gand the destination, Reliability(®t M)
nodeN. This requires a very high level of transmitted snr. In > Reliability® Y x ... x Reliability(™N =N
fact, a higher value ofnr is needed a8l increases. Therefore,
this behavior is not applicable to a large network. Hence, neRf course, for this to make sen$e must to divisible byL.
we consider a limited diversity scheme where the high-shissentially, we have divided the line into segments of &ize
approximation is appropriate and used the result from unlimited diversity in each segment.
2) Limited Relay Diversity:The only difference between For the case of a Poisson line, the internode distances are
this scheme and the full diversity scheme is that in the limitdfdependent from each other. Hence:
diversity scheme with degrele, nodei can only receive the N
information from nodeqi—L+1,---,i—1}. For example, Reliability(o’l"”’N) > (Reliability(o’l"”"‘)> -, (37)
figure 12 shows all the paths in a 6-Hop line network with
a diversity limit of 2. The motivation behind this strategyUsing the result from the last section and the above inequality,
is two-fold: first, this type of diversity requires coordinationve can find the upper bound for the end-to-end outage
only among nodes located close to each other, which migitbbability in a line network. We skip all the intermediate
be more reasonable than coordination among all nodes alengps, see [12], and only give the final result. Eoe 2, it
the selected route as needed under the full diversity schemsgn be shown that:
Furthermore, this approach allows us to show some interesting
. X : L . N 80
analytical results for the benefits of route diversity in a multi- plOLN) < S
hop line network. 2 A% snr
The exact analysis of the end-to-end reliability is comin figure 14, the exact end-to-end outage probability and bound
plicated due to the strong correlation between the differeftr a 6-Hop line network under diversity limit df = 2 are
events that contribute to a successful end-to-end relaying. Biown. The bound is clearly not very tight. However, finding
example in figure 12, we are interested in calculating tthis bound allows us to get an idea of how the relation between
probability that a route exists between nodleand node6 reliability and power changes due to route diversity. Compar-
using any of the point-to-point links shown in the figure. Thang (35), and (38) it is clear that without diversity the end-to-
probability of success for these links are strongly correlateeind outage probability decays &k2snr)~1. When diversity
This correlation arises from the dependence of the poing limited to L = 2 nodes, the end-to-end outage probability
to-point link success probability on the node locations. Falecays ag\?snr)~2. We conjecture that for diversity limit of
example, in figure 12, distance between notlesd?, affects L, the end-to-end outage decays(asdsnr)~".

(38)
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Fig. 14. Outage for 6-Hop Poisson Line Network Fig. 16. Average Outage Probability

D. Simulations V. SUMMARY AND CONCLUSIONS

Extending the analysis of a line or a two-hop network t0 \we studied the problem of route reliability in a multi-

a random planar network appears to be very difficult. In thig,, wireless network. Our analysis started by looking at the
part, we give some simulation results confirming that similggjiapility of a point-to-point communication link. Based on
behavior is achievable in more general networks.. this analysis, we proposed a new probabilistic way of looking

The network tha.t we W|” IOOk in thIS Section iS ConStrUCteg_t a Wire'ess link. We used th|s probabi”stic model to |00k
by uniformly placing10 nodes inside a circle with radius ofat reliability in wireless network setting. In a network setting,
1. The source and the destination nodes are placed at the {0 first defined and analyzed the reliability for a fixed route
opposite ends of a diameter of the circle. Figure 15 shows 08gd then developed algorithms for finding the optimal route
particular realization of such a network. For each realizatiogetween a source-destination pairs of nodes. We looked at
the most reliable route is selected based on the algorithAtee different formulation for the routing problem: finding
discussed in lemma 1. For each realization, we calculate g most reliable route for a fixed maximum transmitted snr
end-to-end outage probability for the non-diversified routinger |ink, finding the most reliable route for a fixed end-to-end
scheme, and compared that to the outage probability for thgwer, and finding the minimum power route for a guaranteed
limited diversity scheme with the limit df = 2. We averaged engd-to-end reliability. We showed that the last two problem are
the outage probabilities fol000 difference realization of gual of each other. Based on this duality, we found the optimal
the network. Figure 16 shows the resulting average outaggde-off curve between the end-to-end reliability and the end-
probability vs.snr curves. It can be seen that even limitegh-end power consumption. It was shown that the trade-off
diversity has significantly increased the slope of these curvggtween the end-to-end reliability and consumed power in a
confirming the conjecture that relay diversity can fundameggyte is very similar to the trade-off between the transmission
tally change the trade-off between the end-to-end outaggwer and reliability in a link.
probability and the transmitter power. The idea of route diversity was introduced as a way to
improve the end-to-end reliability by taking advantage of
wireless broadcast property and the independence of the
fade parameters between different pairs of nodes. We gave
analytical results for improvements due to route diversity in
some simple network topologies. The results observed in this
section closely resembled the reliability improvements due to
space diversity in multiple-antenna system (see [8]).

The model proposed in this paper can open the door to a new
area of research on communication reliability at the network
layer. The trade-off among different route properties, such as
the end-to-end reliability, the delay, or the total consumed
power should be studied to help draw a better picture of
T 08 ws s 02 0 o2 64 06 05 1 the actual limits of communication in a multi-hop wireless
network. In this context, route diversity appears to have the
potential to fundamentally change these trade-offs.
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