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Abstract

The fading characteristics and broadcast nature of wireless channels are usually
not fully considered in the design of routing protocols for wireless networks. In this
paper, we synthesize routing issue and cooperative diversity with the consideration of
a realistic channel model. We focus on a multihop network with multiple relays at
each hop and three routing strategies are designed to achieve the full diversity gain
provided by the cooperation among relays. In particular, an optimal routing strategy is
proposed to minimize the end-to-end outage, which requires the channel information
of all the links and serves as a performance bound. An ad-hoc routing strategy is then
proposed based on a hop-by-hop relay selection, which can be easily implemented in
a distributed way. The outage analysis shows that ad-hoc routing performs worse than
optimal routing, especially with a large number of hops. To achieve a good complexity-
performance tradeoff, an N-hop routing strategy is further proposed, where a joint
optimization is performed everyy hops. Simulation results are provided which verify

the outage analysis of the proposed routing strategies.
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. INTRODUCTION

Recently, multihop wireless networks, either infrastructure-based or ad hoc (for example, see
[1]-[2] and the references therein), have attracted much attention. Many routing protocols have
been proposed, such as Dynamic Source Routing (DSR) [3], Ad hoc On Demand Distance
Vector (AODV) [4] and Destination-Sequenced Distance Vector (DSDV) [5]. In most of these
works, a deterministic ‘disk model’ is assumed, where the information is successfully received
if the distance between the source node and the destination node is within a specified value,
regardless of the real channel conditions. Then, the entire network is modeled as a graph, and
routing protocols are developed based on point-to-point error-free links aiming at the shortest
path or the minimum number of hops (see [6]-[8] for surveys). In these works, two fundamental
properties of wireless networks have often been ignored: 1) the variable quality of wireless
channels, which means an unpredictable radio range; 2) and the broadcast nature of wireless
transmissions. As pointed out in [9]-[10] and demonstrated experimentally in [11]-[13], the
wireless channel changes rapidly with time, and thus, a 'disk model’ is not accurate for wireless
networks. The stochastic nature of the fading channel and the fact that the signal-to-noise ratio
(SNR) is a random variable cannot be neglected. Also, several researchers have confirmed that
minimum-hop routing might lead to a path that uses longer range links of marginal quality
[14]-[15]. Therefore, in most wireless applications, the routing protocols developed for wired
networks will not perform well.

In the wireless physical layer, diversity is an excellent means for overcoming fading. However,
in some scenarios, the use of multiple antennas might be impractical because of the limited size
and power of the individual nodes. Cooperative transmission has been proposed to address this
issue; in this case, diversity gain can be achieved through the cooperation among nodes by
exploiting the broadcast nature of the wireless medium [16]-[18].

Although there has been a significant effort on the study of cooperative systems, there has been
very little work on the cross-layer design of such systems, especially on combining cooperation
and routing. In [19], the problem of power allocations among transmitting nodeprerselected
route to maximize the network lifetime is investigated. The joint optimization of routing and
power allocation is addressed in [20]-[22], either with relay-cluster-based cooperation [20] or

multihop cooperation [21]-[22]. In these works, however, the communications overhead and



algorithmic complexity are not considered. The work in [23] explores the benefits of cooperative
communications in the networking context at different protocol layers. Distributed space-time
block code is used at the physical layer to facilitate cooperation among relay nodes. Through
cooperative transmission, significant throughput enhancement can be observed at the expense
of high energy consumption. How to reduce the energy penalty, which mainly comes from
the overhead communications among relay nodes to coordinate the transmission, and how to
deal with the multiple frequency and time offsets incurred by simultaneously transmitting from
distributed relay nodes are challenging problems. In [24] the cooperative transport of packets
is integrated in a proposed new architecture for next-generation mobile ad hoc networks . As
pointed out in [24], selecting relay nodes with as little overhead as possible is a key problem in
cooperative transport.

In this paper, we employ a realistic channel model (including path loss and Rayleigh fading)
and the end-to-end outage as the performance metric to investigate the routing issue from a
link-layer point of view. We mainly focus on the relay (or path) selection from the source node
to the destination node with limited communications overhead. We consider a multihop network
with multiple relays at each hop and aim at minimizing the end-to-end (or source-to-destination)
outage. To simplify the analysis and obtain some insights, we consider a one-dimensional linear
network model. In particular, a generalized linear network with randomly located relay clusters
and an idealized linear network with equally spaced relay clusters are both considered. The nodes
within the same cluster are closely spaced and cooperate in signal transmission and reception.
In the network, only one path is active for a source-destination pair. This type of linear model
has been used in [20]-[22],[25]-[28].

Routing strategies are designed to fully exploit the diversity gain provided by the cooperation
among relays with different amounts of communications overhead and with different algorithmic
complexity. In particular, amptimal routingstrategy is proposed which chooses the path with
the minimum end-to-end outage among all possible paths. To achieve this superior performance,
the channel state information (CSI) of all the links is required and a joint optimization needs
to be performed. To reduce the amount of required informatioradzhoc routingstrategy is

proposed where the relay selection is performed in a per-hop manner so thaf-ink ¥

iThe L channels from the transmitting node to the receiving nodes are referredlidirs



information is needed at each hop. Not surprisingly, there will be a performance gap between
these two routing strategies. To achieve a good complexity-performance tradeqdif;hep
routing strategy is finally proposed, where a joint optimization is performed eXeiyops.

In a decode-and-forward multihop network with relays cooperating with each other per
hop, the maximum diversity order is regardless of the number of hops. The outage analysis of
the proposed three routing strategies will show that all of them can achieve full diversity gain;
however, the power gains are different. For optimal routing, the power gain is only determined
by the variances of the channel gains of the first and the last hop. The power gain of ad
hoc routing, however, is related to the variances of the channel gains of each haly-Hay
routing, the power gain is determined by the variances of the channel gains afMepl,

i =0,1,...,|[M/N], and hopM. Hence, for the idealized linear network, where each hop
has the same average channel power gain, the outage performance of optimal routing remains
constant with an increase if/. In contrast, both ad-hoc andf-hop routing suffer a linear
increase in outage. Nevertheless, only a slight performance loss is incurred by ad-hoc routing
compared to the optimal one when the number of hops is small; this makes it highly attractive
in infrastructure-based multihop networks.

The paper is organized as follows. The system model is described in Section Il. In Section
lll, we propose an optimal routing strategy and analyze the end-to-end outage performance. Ad-
hoc routing and N-hop routing are proposed and analyzed in Sections IV and V, respectively.
A comparison of these strategies is given in Section VI. Finally, Section VII summarizes and

concludes the paper.

1. SYSTEM MODEL

We consider a generalizetf/-hop linear network model, wheré/ — 1 relay clusters are
randomly located from the source node to the destination node. Each relay cluster includes
L relay nodes. We assume that the distance between relay clusters is much larger than the
distance between the nodes in any one cluster. Therefore, the channel gains of a specific hop are
independent and identical distribution. Also, we assume that each node is equipped with only
one antenna. A special case of this generalized linear network model, whéevi thd relay
clusters are equally spaced from the source to the destination, is shown in Fig. 1. We refer this

model as the idealized linear network model.



We first consider TDMA without spatial reuse, that is, there is only one transmission during
any particular time period. The spatial reuse issue will be considered in Section VI-C. No
interference cancellation is adopted; we treat the interference, moreover, as Gaussian noise.

A selectivedecode-and-forward relaying strategy is assumed; in particular, at each hop, only
one relay node is selected to forward the packet. The selected relay node will fully decode the
received packet, re-encode it, and then forward it to the next relay cluster. Although exploiting
all the signals transmitted by multiple previous hops can greatly improve the energy-efficiency
[25]-[26], here, we assume that a specific receiving node only uses the signal transmitted
by its neighboring relay cluster. This approach allows us to concentrate on the design and
comparisons of the routing strategies, and the results developed here can be easily combined
with the techniques in [25]-[26].

The channel gain of hop: is modeled as a complex Gaussian random variable with zero
mean and variance? /2 per complex dimension. In general, this includes path loss, shadowing,
and Rayleigh fading. We assume the channel variations are slow compared to the length of a
packet. We also assume each node has the same transmitting pPpwand the variance of
the additive white Gaussian noise 4§ /2 per complex dimension. With a finite bandwidth
Hz, the SNR averaged over the Rayleigh fading and ignoring path loss and shadowing, can be

defined as
Pr

~ BN,
Including the path loss and shadowing, then, the average SNR of the channelsratdiape

Y0 1)

receiver is given by

TYm = qun% (2)

wherec?, results from the attenuation with distance and shadowingzLef, represent the SNR
of the channel from relay to relay j at hopm, i,j =1,...., L andm =2,...,M — 1. vg,, and
Yipm, j =1,..., L, are the SNRs at hopsand M, respectively; thus, we havé/ —2)L?+ 2L
i.i.d. links in the network.

In an M-hop network withL relays at each hop, there aié = L*~! possible paths from
the source to the destination. Lef represent the relay node at hopin paths, i =1,..., W
andm = 1,..,M — 1. Let r((f) denote the source node am@j} denote the destination node.

Obviously each path has a different relay sét = {rff)} and the corresponding SNR set is



given by{~ o 1,r§é),m}' For example, the path marked with the solid line in Fig. 1 chooses relays
1,2 and L gtihopsl, 2 and 3, and relayL — 1 at hop M — 1. Its relay set is then given by
r={1,2,L,..,.L —1}.

Here, we focus on the end-to-end outage performance. In particular, the outage af path

i=1,...,W, is given by

M M
Po(qlt)t =1- H (1 - Po(q?t,m) =1- H (1 —Pr [7T$)717r£,?,m < 7%})
m=1 =1 (3)
— ; . . M
—pr | min {0 0} <]

where P

out,m

threshold and it can be written as

is the outage probability at hom of pathi. v}/ represents the required SNR

Yon = px (221070 — 1), (4)

The parametep ranges from 1 to about 6.4, depending on the degree of coding used [29];
and ¥, is the required end-to-end rate in bits/s/Hz. For multihop patthe instantaneous

end-to-end rate is the minimum rate of thé hops [27], that is,
. 1 77"%)7 1 ,r%) ,m
U, = Lin log, (1 + P

We can see that the outage probability is also the probability that the instantaneous end-to-end

(5)

rate is smaller than the required end-to-end rate. Obviously, the end-to-end outagé/eficm

path is limited by the worst hop.

[11. OPTIMAL ROUTING STRATEGY

In this section, we first discuss the optimal routing strategy and its outage behavior. Then, we

present simulation results to verify the theoretical analysis.

A. Routing Algorithm and Outage Analysis

As shown in (3), the end-to-end outage of paik limited by the minimum SNR ofi/ hops,
ﬂygn = EninM {yrm ) m} . Therefore, to minimize the end-to-end outage of the network,

e

the path with the maximum(i) should be chosen. In the optimal routing strategy, we first find

min



the minimum SNR of each path, and then compare these minimum SNRs and choose the path
with the largest minimum SNR. The details are provided below.
Optimal Routing:
Given L and M, let W = LM-1,

Initialization:

Generate all possible paths';}, r((f) =9, 7‘5&) =D,i=1,...,W.

et =0, ind® = 0.
Recursion
Fori=1:W

@ _ : , , .
Calculatey,;, = o min {’Vrf?_lm%),m} for pathz;
max

Vi = Ypnir 10" =
End if

End loop

Output the optimal pathr @},

The end-to-end outage occurs when thepossible paths are all in outage, that is, the largest
minimum SNR is below the SNR threshold. Hence, the end-to-end outage of optimal routing is
given by
(6)

Poii =P Lf{f%%W i {0 ) <
It is not trivial to solve (6) because thé paths are usually dependent. For example, in a

4-hop network withL = 3, paths{1, 2,2} and {1, 3,2} share the same links at hdpand hop

4 so that their SNR sets both includeg; ; andv. p 4. The W paths are independent only when

M = 2.

Theorem 1. The end-to-end outage of optimal routing whee- 2 is given by

2 2\~ M L
port — (1 ~exp (_(01 W;UQ)%}L )> @)

(aia3)70
Proof: When M = 2, all theW = L paths are independent. Therefore, (6) can be further
written as

L
Py = Pr |:i£11aXL min{vys,,1, %02} < %]\;14] = H Pr [%(Qm < %j\i{] (8)
,,,,, P



where y(i) = min{vys;1,%p2}, ¢ = 1,...,L. For all i, vs;, and v; p» are independent

exponential random variables with meapand®,, respectively. Then

P[0, <] = 1—exp (_(% )i ) 1 exp <_(a% +03) % ) ©)
" Y172 (013)70

And (7) follows easily. [ |
From Theorem 1, we can see thaf?; ~ ((o? + o2)yM /(0303)70)* for high SNR. Obviously,
full diversity-order L. can be achieved by optimal routing in a two-hop network.

A special network model is the idealized linear network model, where relay clusters are equally
spaced from the source node to the destination node. In this model, we assumg that,
m =1,..., M. We can easily obtain the following corollary.

Corollary 1. The end-to-end outage of optimal routing for the idealized linear network model

2AMN\N *
P;ff = (1 — exp (——%h )> (20)
Yo

When M > 2, some of the paths are usually dependent, i.e., a certain link may be shared

whenM = 2 is given by

by multiple paths. Letv; denote the bottleneck hop of pathi.e.,v o o  <~vo o,
wy— ;Wi To—1sTm M

17w

m =1,..,M. We may havey o, o =7 o _,»Wheniz# j.Thisimplies that path
w;—10Twi Wi wj— j %

and pathj share the same bottleneck link. L“ét;w%wi) EOPRI 1,....,W} and X represent
the number of distinct elements af. o

Lemma 1.7 includes at least. distinct links, that is,X > L; and X = L occurs only when
the bottleneck links are either thee links in the first hop or the. links in the last hop.

Proof: Observing the topology of the network, we can see that a link can be shared by
at mostL*~2 paths. In addition, only the links in the first hop and the last hop are shared by
LM=2 paths. Hence, at leagt links are needed to cover dlV = LM ~! possible paths, that is,

T includes at leasL distinct links, X > L. X = L occurs only when the bottleneck links are
either theL links in the first hop or thd. links in the last hop. [ |
Lemma 2. Given X, for high SNR, the end-to-end outage of optimal routing can be upper

bounded by[ -, (1/02 ) (v} /70)*, wheree; is the hop index of the bottleneck link.



Proof: From (6) we know that

opt M _ ;o
PO“t = Pr |:’yr(i) r(ii),wi S 77'5:;)7177"1(’71;/)’7”7 ,yrﬁj,),l,rgi),wi < Yen s = 1’ e M’ t= 1’ o W

_1Tw
w;—1

(11)
< Pr {7 @ o <hi= 1,...,W]
Twi—l Twg Wi
Because there ar& distinct elements i’ , it can be further obtained that
P < H (1 - exp(— %h ) (12)

V
wheree; is the hop index of the bottleneck link.
For high SNR, the upper bound provided in (12) is approximateml(l/agj M /y0)%
u
Theorem 2. For high SNR, the end-to-end outage of optimal routing When?2 is given by

L M L
rtx(1-en(-J5)) 4 (1o (-35))
‘7170 00
L M L M\ L
(e () (e () (1))
017 OM0 Yo

Proof: Rewrite (6) as

(13)

opt ) )
Pout = Pr Lﬁlﬁ}fw o mn {%5;1 D } <, max {7se1} < %h]

.....

+Pr| max  min {’Vr<i>_17,,gl>7 } < max {501} > v, max o} <

7"'7 e

=l,...,. 0  1=1l,...

(14)
The L links in the first hop are shared by dlV paths, i.e., each is shared @y ~2 paths.

Therefore, the first term in (14) is equal to

P, =Pr { Irllax {751} < 'yth (15)

,,,,,

because all paths are in outage with probability one if the SNRs df &fiks at the first hop,
Ysi1,t=1,.., L, are less than the thresholg!. Similarly, the L links at the last hop are also
shared by allliV paths. Considering that the links at the last hop are independent of the
links at the first hop, the second term in (14) is given by

P, =Pr  max {nom} < 7thj| Pr [ max {7511} > %h (16)

..........
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It is difficult to derive the exact expression for the third term in (14). However, in this case,
the links in the first hop and the last hop will not all be in outage. According to Lemma 1, the
number of distinct bottleneck linkX” must be larger thah. Then, according to Lemma 2, for
high SNR, the third term in (14) can be written as

AN
Py~o (ib> (17)
7o
Substituting (15-17) into (14), (13) can be obtained. [ |
The following corollary can be proved for the idealized linear network model:

Corollary 2. For high SNR, the end-to-end outage of optimal routing for the idealized linear

network model whed/ > 2 is given by

M L M 2L M\ L
PP~ 2 (1 — exp (—M)> — (1 — exp (—M)) +o <(M> ) (18)
Yo Yo Yo

Combining Theorems 1 and 2, it can be seen that optimal routing can always achieve full
diversity gain. For high SNR, the outage performance is only related to the variances of the
channel gains of the first hop and the last hop, thatfsand o2,. Hence, for the idealized
linear network, the outage performance remains constant with an increase in the number of
hops. However, compared to the caseMf= 2, a power gain of2~! can be achieved when
M > 2.

B. Simulation Results

In this subsection, we present simulation results to validate the previous analysis. To obtain
some insights, we consider the linear network model with equally spaced relay clusters. The
target end-to-end throughput of the M-hop networkja/ bit/s/Hz.T We also assume = 1.

Hence, the SNR thresholg)/ = 3.

Fig. 2 presents the end-to-end outage performance of optimal routing for different numbers
of hops, M, with L. = 2 relays at each hop; both simulation and theoretical results (that is,
using Corollaries 1 and 2) are presented. As demonstrated, the theoretical analysis is verified

by the simulation results. As shown in the previous subsection, optimal routing always achieves

tHere, the distance from the source to the destination increases with an incre@&eHence, the end-to-end throughput

decreases with an increase i if M-phase TDMA scheme is adopted.
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full diversity gain (L-fold), regardless of\/. This is also demonstrated in Fig. 2. However, the
value of M does affect the power gain. On the one hand, an increas€ will lead to a higher

outage on each path; on the other hand, the overall outage can be improved because there are
more possible paths available, although they are correlated. Comparing (10) and (18) we can
see that at high SNR, a power gain2f! can be achieved whei/ > 2. This is why a 1-dB

gap is observed at an outagelof 2 in Fig. 2 between the curve with/ = 2 and the one with

M =4 or 8. For low SNR, an increase it/ will lead to an increased outage. From (18) it can

be seen that the third item significantly contributes to the overall outage with a small value of
SNR; this will increase with)/ because there will be more distinct paths.

Fig. 3 shows the outage performance of optimal routing with different numbers of rdlays,
Clearly, optimal routing can always achieve full diversity gain, and the performance gap between
M =2 and M = 4 increases withl. This is because a power gain 2f — 1 is achieved when
M > 2 for high SNR.

C. Implementation Issues

As shown above, the optimal routing can always achieve full diversity. This approach can be
used when a central controller is available. The central controller will collect the channel gains
on all of theQ = (M —2)L*+2L links and select the path which has the largest bottleneck-link
SNR. The optimal path can be found using the Viterbi algorithm. Thelays in each cluster
can be treated ag states; the algorithm moves forward to a new set of states (relays in hop
i+ 1) by combining the metric (Maxmin SNR values) of a possible previous state (relays in
hop i ) with the incremental metric of the transition (channel gains from relays inihtp
relays in hop:i + 1) and chooses the best. After arriving at the destination, the algorithm will
trace back and output the survivor path (optimal path). The total number of comparisons is
2(M —2)L* — (M — 4)L — 1. The detailed algorithm is described as following:
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Let v’ indicate the Maxmin SNR of the optimal path to nodesf relay cluster:;

min

Let ind?

man

indicate the index of the relay node, which is in relay cluster1, and which is
in the optimal path to nodes of relay clusteri;
Find the optimal path
Fori=1: M
If i==1
Forj=1:1L
Vot = Vo1 ind,s, = S,
End Loop
Elseif 1l <i < M
Forj=1:1L
(i i} = e fminda ", e}
End Loop
Else

(i indiit = kgaXL{min{V%ZI’ka%,D,M}}J

.....

End Loop
Trace-back the optimal path

. dM’D'
7(,]\471 =1mm min !

For:=3: M

. GM =420 g2,
rM—it1 = ind,,;, R

End Loop

Output the optimal pati.S, ry, ...,7y—1, D}

IV. AD-HOC ROUTING

The end-to-end outage is minimized with optimal routing; however, it requires the CSI of all
(M —2)L?+2L links and a joint optimization of alL.**~! paths. With a largd. or M, this will
incur a significant amount of feedback and a high complexity level. To reduce the amount of
required information, in this section, we propose an ad-hoc routing strategy, in which the relay
selection is performed in a per-hop manner. We first present the ad-hoc routing algorithm and

its outage analysis. Then, we provide simulation results to verify the theoretical analysis.
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A. Routing Algorithm and Outage Analysis

In the first M —2 hops, only the best relay is selected to forward the packet in each hop, that is,
the relay with the highest received SNR; ;.. is selected. Hence, athop=1,..., M — 2,
I argjirllﬁﬁ{%;_l,j,m} , Wherer?,_, is the relay chosen at hom — 1 (let r5 = S).
Obviously, L-fold diversity gain is achieved at each hop. The last two hops are different. There
is only one receiver (the destination node) in the last hop; if the relay node selection of the
(M — 1)-st hop is only based on the channel in {hg — 1)-st hop, then there is no diversity
gain in the last hop. So, a joint selection is needed in the last two hops in order to guarantee
L-fold diversity gain. At hopM — 1, instead of selecting the path with the largest .., a

show that in this way the full diversity gain can be achieved. The details are summarized below.

Ad-hoc Routing:
Given L and M, let r;, denote the index of the relay node

selected at then-th hop,m =1,..., M — 1.
Initialization: rj = S

Recursion

Form=1: M -2

i = arg max (9 )

.....

.....

Output the optimal patfr: }

Theorem 3. For high SNR, the end-to-end outage of ad-hoc routing is

M—-2 L M\ L
1 1 1 ~
P~ § — + (— + —) (—th) (19)
ot (i:l ot o1 O o

Proof: In ad-hoc routing, the relay selection at each hop is independent of every other hop.

Therefore, the end-to-end outage can be written as

M-1 M-1
ngtzl_H(l_qui,i)%ZP;ﬁt,i (20)
i=1 i=1

Whereng,i is the outage probability in theth hop,i =1, ..., M — 1. The final approximation

comes from the fact that the produdgs’, . P ;, i # j, are small compared t&:

i~ out,)!? out,i?

and, to
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first-order, we can ignore them. Then, it is easily shown that

M L
1—exp(—2y) | i=1,.,M—2
%

2 2\ MY\ L
1_exp(_(0M1+0M)%h) = M-—1

ad
out,s

(21)

(0%4—1‘712\4)70

Substituting (21) into (20) and applying the high-SNR approximation, (19) is obtained.m

For the idealized linear network, the following corollary is easily proved.

Corollary 3. For high SNR, the end-to-end outage of ad-hoc routing for the idealized linear
network is

AN
P~ (M —2+25) <Lh) (22)
Yo

From Theorem 3 it can be seen that ad-hoc routing can also achieve full diversity gain.
However, in contrast to optimal routing, the outage of ad-hoc routing is related to the variances
of the channel gains of each hop. For the idealized linear network, this means that the outage
performance increases linearly with the number of haogs,Compared with the performance
of optimal routing, whenV/ is small, ad-hoc routing has an outage performance that is close to
that of optimal routing; the performance gap, however, increases with an increase in the number
of hops, M.

B. Simulation Results

In this subsection, we present simulation results for ad-hoc routing with different numbers
of hops and relays for medium-to-high SNR. The same simulation environment as in Section
[1I-B is adopted. Fig. 4 presents the theoretical and simulation results for the end-to-end outage
performance of ad hoc routing with different numbers of halgs,using L = 2 relays at each
hop; Excellent agreement can be observedMoe= 2, 4, and8. As demonstrated in the previous
subsection, ad-hoc routing always achieves full diversity gaifo(d), regardless of\/. This
has been clearly shown in Fig. 4. The value Mdf affects the power gain; in particular, the
outage increases linearly with an increase\in

Fig. 5 shows the outage performance of ad-hoc routing with different numbers of relays,
L. Clearly, ad-hoc routing can always achieve full diversity gain. For the shjriacreasing

the number of hops/ will linearly increase the outage. An interesting observation is that the
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performance gap betweeld = 4 and M = 8 decreases with an increase fin The reason is
that the power gain i3/ — 2 + 2%, so the tern2’ will dominate when we increase the number

of relays L in each hop for a fixed\/.

C. Implementation Issues

In ad-hoc routing, at each hop the best relay is selected based on the received SNRs, or
equivalently, the measured channel gains. It can be implemented in a centralized way or in a
distributed way. If a central controller is available (such as a base station in cellular networks or
an access point in mesh networks), it can collect all the CSI and then assign the transmission.
In the case where a central controller is not available, ad-hoc routing can also be performed in
a distributed way. In [30] a distributed relay selection algorithm is proposed where each relay
sets a timer based on its measured channel gain. The larger the channel gain is, the shorter the
timer should be. In this way, the timer of the relay with the best channel will expire first. That
relay then sends a flag signal. All other relays, while waiting for their timer to reduce to zero,
are in listening mode. As soon as they hear the flag signal, they back off. This method requires
that all the relays can hear each other.

The algorithmic complexity of ad-hoc routing comes from the relay selection at each hop.
If it is implemented in a central controllef, — 1 comparisons are needed in the fifgt — 2
hops, and the last hop needé — 1 comparisons. Thus, the total number of comparisons is

M(L — 1) + 1. Compared with optimal routing, ad-hoc routing is much less complex.

V. N-HOP ROUTING

Ad-hoc routing can be easily implemented in a distributed way because the routing is per-
formed in a per-hop manner and onlylink information is required at each hop. However,
compared to optimal routing, the performance loss increases with the number of hops. To achieve
a better tradeoff between performance and compleXifyhop routing is proposed. IW-hop
routing, the totald hops are divided into non-overlap groups. Each group includesops,
and optimal routing is performed in each group.

In this section, we first present th€-hop routing algorithm and its outage analysis. Then,
we show some simulation results to verify the theoretical analysis. Implementation issues are

discussed in the last subsection.
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A. Routing Algorithm and Outage Analysis

In N-hop routing, the neighboringV hops are grouped together. The relay nodes in a
group exchange their CSI and the optimal routing algorithm is performed in each group to
find the best path in this group. In this way, the optimal path is selected &vengps, i.e.,

ind; = max min {7 @ 0 } wherew; is the number of paths at theth step,
i=1,..., Wwj; m= (j 1)N+1 ,,,,, m—1:Tm 1M
(zndJ 1) (in d] »

j=1,..,[M/N]. Notice thatr(jfl)N =Ty b= 1w, wherer( _i)n Is the last relay
on the pathind;_,. The details are presented below.
N-hop Routing:

Given L,M and N, letT'= [M/N].

Initialization:

r{) =5 andr\) = D, vi

Recursion

Forj=1:T
Generate all thev; paths;
indj = e:iglmgji =(j— 1I§l]\lfr-"l-l ..... iN {77‘512)7177‘%)77”}’ TE;)*UN - T((;ndlj)]\})’
R = (o™}, m = (j — )N + 1, .., min(jN, M).

End loop

Output the optimal patf R;, ..., R} }.

Theorem 4. For high SNR, the end-to-end outagédfop routing is

( /T-1 L M L
1 1 1 .
[] =: +(2 +—2> (lh> if M—(T—-1)N=2
i—1 P(i—1)N+1 Ovm-1 Oum 7o

N—hop =
Pout ~ T N (23)
H 1 1 (’Yth ) :
ST + =7 — otherwise
L i1 ZG-yNv+r O Yo
whereT = [M/N].
Proof: The end-to-end outage fa¥-hop routing can be written as

T
P =1-TI (1= B2) = ZPJL e (24)

i=1

where PN fop

out,i

is the outage for theé-th step. Fori = 1,...,7 — 1, the optimal path is selected
in an N-hop subnetwork (notice that at the last hap-th hop) of this subnetwork there are
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relay nodes in total, instead of one node (destination node) at the last hop of optimal routing in
Sec. Ill). Following a similar derivation to that for optimal routing, the outage atiitiestep

can be obtained as

L
,)/M
PN = (1—exp|———"2—]) ,i=1,...T—1 (25)
T(i—1)N+170
Theorems 1 and 2 can be applied to the last step,iie.7', if M — (T'—1)N = 2, giving
2 2\ M L
- +
A (Y L BES. ) -
(03-19%1)7%0

otherwise

M L M L
Pffzt_ﬁ‘)p = (1 — exp (——2 Tth )) + (1 — exp (— Zth >)
’ O —N+170 Om0
M L M L M\ L (26b)
Yin Yin Vih
(e (52 5)) (e (-35)) +o ()
OpM—N+170 Iy o

Combining (24-26) and applying the high-SNR approximation, (23) is obtained. [ |

We can also prove the following corollary.
Corollary 4. For high SNR, the end-to-end outage/dfhop routing for the idealized linear

network model is

(T —1+2%) (ﬁy if M—(T—1)N=2
70

N—hop __
out ~

(27)

M\ L
(I'+1) <M) otherwise
"0

whereT = [M/N].
From Theorem 4 it can be seen thsthop routing also achieves full diversity gain. When
T =1, N-hop routing reduces to optimal routing. With an increasé’ifor a decrease i),

the performance gradually deteriorates and approaches that of ad-hoc routing.

B. Simulation Results

In this subsection, we first present simulation results to verify the outage analysis. Then,
we discuss the effect of the parametdis N, and L. on the outage performance. The same

simulation environment is adopted as in the simulations for optimal routing and ad-hoc routing.
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Fig. 6 presents the end-to-end outage performancg-bbp routing for different values oW
with M = 16 hops andl = 2 relays at each hop. Theorem 4 provides a high-SNR approximation
of the end-to-end outage. As shown in Fig. 6, a perfect match can be observed for All the
values when the SNR is large. As demonstrated in the previous subséctioop routing always
achieves full diversity gain{-fold), regardless of\/ and N. This is also clearly observed in
Fig. 6. However, the value oV does affect the power gain. The cases with=4 and N = 8
hops outperform the case withi = 2 by 1.5-dB and 3-dB, respectively, at the expense of more
communication overhead and a more complex path search.

In N-hop routing, the number of hops in each group determines the tradeoff between outage
performance and algorithmic complexity. IncreasiNgwill improve the outage performance,
although more channel information exchange is required and a higher algorithmic complexity is
expected. Decreasiny will make the algorithm easier to implement, but the performance will
deteriorate. An appropriat&/ should be selected to achieve a good performance-complexity
tradeoff. The following two remarks quantify the performance improvement (or degradation)
with an increase (or decrease) M

Remark 1: With fixed. and sufficiently largel/, doubling the value oV will roughly improve
the outage performance byl0/L)log,o(2) dB and the performance improvement will remain
the same with an increase it/ *

From Theorem 4, we know that the performance gap betwéen2 and N =4 is

10 (M/2) —1+2F
Avy = — 2
Yo Lloglo( (M/4) + 1 (28)
and the performance gap betwedhand2/N, where N > 2, is
10 (M/N)+1

With fixed L and sufficiently largeV/, (28) and (29) can both be approximated(t9/L)log02.
Hence, a rough rule-of-thumb is that the performance improve§l@4&L)log,02 dB with a
doubling in the value ofV; and, this performance improvement is the same for diffefgnt
Thus, for L = 2, doubling the number of hops in each group will improve the performance by
5log1p2 = 1.5 dB. This can be observed in Figs. 6 and 7. In Fig. 6, fior 2, the performance
improvements with a doubling iV for N = 2 and for N = 4 are both 1.5-dB. From Fig. 7,

*For convenience, in the following discussion, we assuvhe- 2" and M = 2™, wheren andm are integers.
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we can see that the performance improvements fiom 2 to N =4 with M =8 or M = 16
are also both 1.5-dB wheh = 2.

Remark 2: With fixed/ and N > 2, the performance improvements when doubling the value
of N will decrease with an increase ih. For N = 2, however, the performance improvements
may increase with an increase i

From (29), we can see that an increaseLirwill degrade the performance improvements
when doublingVN if N > 2. For the case ofV = 2, the performance improvement (28) can be
approximated byl0log,02 dB for fixed M and sufficiently largel. In Fig. 7, with M = 8, the
performance gap betweel = 2 and N = 4 is 1.5-dB for L = 2; and it increases to 2.2-dB
when L = 6. Therefore, there is no need to have more thdrops in a group whei is large

because the additional performance improvement is negligible.

C. Implementation Issues

In N-hop routing, the entire network is divided infogroups. In each group, optimal routing
is performed. Specifically, in each group, a local central controller will collect all the channel
gains in the group, and then the optimal routing algorithm will be performed to find the best path
in this group. For the firs' — 1 group, the channel gains @f + (N — 1)L? links are required
and the number of comparisons in each grou@(iy — 1)L> — (N — 2)L — 1; for the last
group, the channel gains 6fL + (N — 2)L? links are required and the number of comparisons
is 2(N —2)L* — (N — 4)L — 1. A good performance and complexity tradeoff is achieved by
N-hop routing.

VI. COMPARISON OFROUTING ALGORITHMS

In this section, we compare the outage, algorithmic complexity, and communications overhead

of optimal, ad-hoc, and N-hop routing for different valuesidf L, and V.

A. Outage in Idealized Linear Networks

In this subsection, we compare the performance of the three routing strategies in the idealized
linear network. In Fig. 8, we present an outage comparison of optimal, ad-hoc)Namap
routing in a4-hop network. WithN-hop routing, the best path is selected evaiy= 2 hops. It

can be seen that all three routing strategies achieve the full diversity gain. Compared to ad-hoc
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routing, a 2-dB power gain is observed with optimal routing at an outag®of when L = 2,

and this gain increases to 3-dB whén= 3. The outage performance &f-hop routing is similar

to that of ad-hoc routing. From Theorems 3 and 4 we know that the power gain difference of
these two strategies (€ + 2%)/(1+ 2%) when M = 4 and N = 2, which is very small and will
diminish further with increasind..

With an increase inV/, the performance gain aV-hop routing over ad-hoc routing can be
clearly observed. As shown in Fig. 9, inl&-hop network, the performance gaps of these three
routing strategies are significantly increased compared toldn@p case. For example, 4.5-dB
and 2.5-dB gains can be achieved by optimal routing artiop routing (V = 4) over ad-
hoc routing at an outage dfd—2, respectively. ForN-hop routing, the performance is greatly
improved with an increase iV; however, the required amount of information and complexity
level also increase.

Fig. 10 shows the effect of the number of hop$, on the outage performance of these three
strategies. Clearly, optimal routing maintains the same outage performance with an increase in
M, as was demonstrated in Fig. 2; however, the performance of both ad-hdg¢-ang routing
deteriorates. As (22) and (27) show, the end-to-end outage of both routing strategies increase
with M.

So far, we have shown that, in ad-hop network withL relays at each hop, all three proposed
routing strategies can achieve full diversity gain; the power gain, however, is different. The
performance gap between optimal routing and ad-hoc routingvVébop routing) increases with
the number of hops)/, and the performance aV-hop routing can be significantly improved
with an increase inV. A rule of thumb is that doubling the value &f will roughly improve
the outage performance by 0/L)log10(2) dB. The performance improvement decreases with

an increase in. and roughly remains the same as an increask/in

B. Outage in Random Networks

In this subsection, we consider a one-dimensional random network. We assume that the source
and the destination are located at (0,0) and,(Q,), respectively. The relay clusters are uniformly
distributed between the source and the destination. The outage performance is averaged over 500
random network realizations. In the simulation, the noise power is normalized to one and the

path-loss exponent equals four. As in [31], the transmitting power is normalized By,.,
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where P,,.. is the transmit power required, for the source and the destination, to achieve a
given spectral efficiency,., in direct transmission without shadow and Rayleigh fading. As
shown in Fig. 11, we can make the same conclusions as applied to the idealized linear network.
As we have analytically demonstrated, large-scale fading does not change the diversity order.
The routing strategies achieve the same diversity order and the power gains are different. In
particular, the power gain of optimal routing is only determined by the variances of the channel
gains of the first and the last hops. The power gain of ad-hoc routing, however, is related to the
variances of the channel gains of each hop. Fehop routing, the power gain is determined

by the variances of the channel gains of hdp+ 1,7 =0,1,...,[M/N], and hopM.

C. Outage with Spatial Reuse

In this subsection, we adopt spatial reuse to improve the spectral efficiency. In particular, a
K-phase TDMA scheme [27],[32R < K < M, where two nodes separated By hops can
transmit during the same time slot, is employed. Wellet 4 for a M = 8 hop idealized linear
network. This means that two nodes separated by 4 hops can transmit during the same time
slot and they will interfere each other. We compare the performance of three routing strategies
with and without spatial reuse. Without spatial reuse, i+ 8, only one node is allowed to
transmit during any particular time slot. The same target end-to-end throughput is required for
these two schemes; hencg, = 1 when~}, = 3.

As shown in Fig. 12, when the SNR is small, significant performance gains can be achieved
by spatial reuse. The reason is that, for smgll the noise power is much larger than the
interference power, i.e., the interference can be ignored. In this case, the three routing strategies
all significantly benefit from spatial reuse. As shown in Fig. 12, a 4-dB power gain is obtained
by spatial reuse at an outage td—2. We also notice that the relative performance gaps of
the three routing strategies are similar with and without spatial reuse. With an increage in
the interference power will dominate the signal to noise plus interference ratio. In this case, as
expected, the outage will not decrease with an increasg, ithat is, error floors will occur. As
shown in Fig. 12, all three strategies suffer from error floors wher 20 dB. Therefore, for

large ~,, spatial reuse is not a good choice.
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D. Complexity Comparison

Optimal routing has superior performance compared Withop routing and ad-hoc routing.
However, optimal routing requires the CSI of all + (M — 2)L? links to find the optimal
path. With a large number of relays or hops, optimal routing requires a significant amount
of information feedback and incurs high complexity as discussed in Section lIll; this makes it
impractical for large-scale networks. In contrast, ad-hoc routing only requires the CSinks
at each hop2L links at the joint selection of the last two hops) ahti L — 1) — 1 comparisons
to perform the routing strategy. With/ = 8 hops andL = 4 relays in each hop, the number
of comparisons required by ad-hoc routin@2ls which decrease&6%, compared with tha 75
comparisons required by optimal routing. Because the relays (or paths) are selected hop by hop,
it can be easily implemented in a decentralized wéyhop routing is a tradeoff between optimal
routing and ad-hoc routing. It requires the CSliof- (N — 1)L? links (2L + (N — 2)L? links
at the last step) and the optimal path selection avehops. WithM = 8 hops, L = 4 relays
in each hop, andV = 2 hops in each group, the number of comparisons requiredvdyop
routing is 100, which decrease$3%, compared with that of optimal routing. The comparisons

of these implementation issues are summarized in Table 1.

VIlI. CONCLUSIONS

In this paper, we investigated routing strategies inMdrhop network withL relays at each
hop, with the objective to minimize the end-to-end outage. We demonstrated that optimal routing
can achieve full diversity order, and the power gain is only determined by the variances of the
channel gains of the first and the last hops. This means that, for an idealized linear network, the
performance of optimal routing does not deteriorate when the number of hopscreases.
Despite its superior performance, optimal routing requires the CSI of all the links and a joint
optimization overL»~! paths. To reduce the amount of information and the complexity level,
ad-hoc routing was proposed, in which the relay selection is performed in a per-hop manner. Only
L-link information is needed at each hop, and oy Z—1) comparisons are required to perform
the routing. It was shown that ad-hoc routing can also achieve full diversity gain. However, the
power gain of ad-hoc routing is determined by the variances of the channel gains of each hop.
Hence, for an idealized linear network, the performance gap between optimal routing and ad-hoc

routing increases with the number of hops. To achieve a good performance-complexity tradeoff,
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N-hop routing was proposed, in which a joint optimization is performed everiiops. The
outage analysis of these three routing strategies was verified through simulations. The analysis
of the performance loss and implementation complexity of ad-hoc routing\ahop routing
compared to optimal routing was also provided for the proper choice of routing strategies and

parameters.

ACKNOWLEDGEMENT

The authors thank the editor and the anonymous reviewers for their helpful and constructive

comments.

REFERENCES

[1] R. Bruno, M. Conti, and E. Gregori, “Mesh networks: commaodity multihop ad hoc netwd&&E Commun. Magvol.
43, no. 3, pp. 123-131, Mar. 2005.

[2] R. Pabst, B. H. Walke, D. C. Schultz, P. Herhold, H. Yanikomeroglu, S. Mukherjee, H. Viswanathan, M. Lott, W. Zirwas,
M. Dohler, H. Aghvami, D. D. Falconer, and G. P. Fettweis, “Relay-based deployment concepts for wireless and mobile
broadband radio,JEEE Comm. Mag.vol. 42, no. 9, pp. 80-89, Sept. 2004.

[3] D. B. Johnson, D. A. Maltz, and Y. Hu, “The Dynamic Source Routing protocol for mobile ad hoc networks (DSR),”
Internet draft (work in progress), Internet Engineering Task Force, April 2003.

[4] C. Perkins, E. Royer, and S. R. Das, “Ad hoc On-demand Distance Vector (AODV) routing,” Internet draft (work in
progress), Internet Engineering Task Force, Jan. 2002.

[5] C. E. Perkins and P. Bhagwat, “Highly dynamic Destination-Sequenced Distance-Vector routing (DSDV) for mobile
computers,” inProc. ACM SIGCOMM’94 pp. 234-244, 1994.

[6] J. Broch, D. A. Maltz, D. B. Johnson, Y. Hu and J. Jetcheva, “A performance comparison of multi-Hop wireless Ad Hoc
network routing protocols,” ifProc. of MobiCom 98 pp. 85-97, 1998.

[7] E. Royer and C. Toh, “A review of current routing protocols for ad-hoc mobile wireless netwdBSE Personal
Commun.vol. 6, no. 2, pp.46-55, Apr. 1999.

[8] I. Stojmenovic, “Position-based routing in ad hoc network#¥EE Commun. Mag.vol. 40, no. 7, pp. 128 - 134, July
2002.

[9] A.J. Goldsmith and S. B. Wicker, “Design challenges for energy constrained ad hoc wireless netiaiEksWireless
Commun.vol. 9, no. 4, pp. 8-27, 2002.

[10] I. Stojmenovic, A. Nayak, and J. Kuruvila, “Design guidelines for routing protocols in ad hoc and sensor networks with
a realistic physical layer/JEEE Commun. Magwvol. 43, no. 3, pp: 101- 106, Mar. 2005.

[11] D. A. Maltz, J. Broch, and D. B. Johnson, “Lessons from a full-scale multihop wireless ad hoc network tekfhede,”
Personal Communvol. 8, no. 1, pp. 8-15, Feb. 2001.

[12] A. Willig, M. Kubisch, C. Hoene, and A. Wolisz, “Measurements of a wireless link in an industrial environment using
an |IEEE 802.11-compliant physical layeH2EE Trans. Ind. Electron.vol. 49, no. 6, pp. 1268-1282, Dec. 2002.

[13] D. Aguayo, J. Bicket, S. Biswas, G. Judd, and R. Morris, “Link-level measurements from an 802.11b mesh network,” in
Proc. of ACM SIGCOMM 200Q4pp. 121-132, Aug. 2004.



(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

24

D. De Couto, D. Aguayo, J. Bicket, and R. Morris, “A high throughput path metric for multi-hop wireless routing,” in
Proc. of MobiCom. pp. 134-146, 2003.

M. Yarvis, W. Conner, L. Krishnamurthy, J. Chhabra, B. Elliot, and A. Mainwaring, “Real world experiences with an
interactive ad-hoc sensor network,” Rroc. of Int. Workshop Ad Hoc Netwp. 143-151, Aug. 2002.

A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity - Part | antEEE Trans. Communyvol. 51,

no. 11, pp. 1927-1948, Nov. 2003.

J. N. Laneman, G. W. Wornell, and D. N. C. Tse, “Cooperative diversity in wireless networks: efficient protocols and
outage behavior,JEEE Trans. Inf. Theoryvol. 50, no. 12, pp. 3062-3080, Dec. 2004.

J. N. Laneman and G. W. Wornell, “Distributed space-time-coded protocols for exploiting cooperative diversity in wireless
networks,”|IEEE Trans. Inf. Theoryvol. 49, pp. 2415-2425, Oct. 2003.

S. Savazzi, and U. Spagnolini, “Energy aware power allocation strategies for multihop-cooperative transmission schemes,”
IEEE J. Sel. Areas Communvol. 25, no. 2, pp. 318-327, Feb. 2007.

S. Cui and A. J. Goldsmith, “Cross-layer design in energy-constrained networks using cooperative MIMO techniques,”
EURASIP/Elsevier Signal Processing Journal, Special Issue on Advances in Signal Processing-based Cross-layer Designs
vol. 86, no. 8, pp. 1804-1814, August 2006.

S. Chen, U. Mitra, and B. Krishnamachari, “Cooperative communication and routing over fading channels in wireless
sensor networks,” iProc. of IEEE Int. Conf. on Wireless Networks, Commun., and Mobile Comp. (Wireless@um)

2, pp. 1477-1482, June 2005.

A. Khandani, J. Abounadi, E. Modiano, and L. Zheng, “Cooperative routing in static wireless netw&Eg" Trans.
Commun.vol. 55, no. 11, pp. 2185-2192, Nov. 2007.

G. Jakllari, S. Krishnamurthy, M. Faloutsos, P. Krishnamurthy, and O. Ercetin, “A cross-layer framework for exploiting
virtual MISO links in mobile ad hoc networks,JEEE Trans. on Mobile Computingol. 6, no. 6, pp. 579-594, June.
2007.

R. Ramanathan, “Challenges: A radically new architecture for next generation mobile ad hoc networRsgc.imof
MobiCom 2005 August, 2005.

J. Boyer, D.D. Falconer, and H. Yanikomeroglu, “Multihop diversity in wireless relaying chanfiels? Trans. Commun.

vol. 52, no. 10, pp. 1820-1830, Oct. 2004.

A. Khandani, E. Modiano, J. Abounadi, and L. Zheng, “Reliability and route diversity in wireless networlbin of

Conf. on Inform. Science and SysteBaltimore, MD, Mar. 2005.

M. Sikora, J. N. Laneman, M. Haenggi, D. J. Costello, Jr., and T. E. Fuja, “Bandwidth- and power-efficient routing in
linear wireless networks[EEE Trans. Inform. Theorwol. 52, no. 6, pp. 2624-2633, June 2006.

0. Oyman and S. Sandhu, “Non-ergodic power-bandwidth tradeoff in linear multi-hop network®bdén of ISIT'06

pp. 1514-1518, July 2006.

S. Catreux, P. Driessen, and L. Greenstein, “Data throughputs using multiple-input multiple-output (MIMO) techniques
in a noise-limited cellular environmentlEEE Trans. on Wireless Communrol. 1, no. 2, pp. 226-239, Apr. 2002.

A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple cooperative diversity method based on network path
selection,”IEEE J. Sel. Areas Communvol. 24, no. 3, pp. 659-672, Mar. 2006.

J. Luo, R. S. Blum, L. J. Cimini Jr., L. J. Greenstein, and A. M. Haimovich, “New approaches for cooperative use of
multiple antennas in ad hoc wireless networks,’Froc. of the VTC'04 Fallvol. 4, pp. 2769C2773, Sep. 2004.

D. Chen, M. Haenggi, and J. N. Laneman, “Distributed Spectrum-Efficient Routing Algorithms in Wireless Networks,”



25

in Proc. of CISS’'07 pp. 649-654, Mar. 2007.

The views and conclusions contained herein are those of the authors and should not be interpreted as necessarily representing

the official policies or endorsements, either expressed or implied, of the Air Force Research Laboratory or the U.S. Government.

TABLE |

COMPARISONS OF THREE ROUTING STRATEGIES

Routing Strategy Number of Comparisons Required Channel Information
Optimal 2(M —2)L> — (M —4)L — 1 Q= (M —2)L* + 2L links
Ad-hoc M(L-1)+1 L links in the firstM — 2 hop and2L in M — 1 hops
L+ (N —1)L* links in the first
N-hop 2L(M —T — 1)+ L(2T — M +2) - T T —1 groups
2L+ (N —2)L? in the last group

...... | @:‘;]z,D,M
Iy j | =~ . Destination

Hop M

Hop 1

Optimal Routing: Select the best path from L™ paths to minimize the end-to-end outage

Ad-hoc Routing: Select the best relay at each hop to minimize the outage per hop (a joint
selection is required at the last two hops)

N-hop Routing: Select the best path from LN paths to minimize the outage per N hops

Fig. 1. Linear network model witll/ hops andL relays in each hop.
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in idealized linear networks.



Fig. 11.
(L = 2).
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Outage performance of optimal routing, ad-hoc routing Arkop routing (N=2) in random networks with/ = 8
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Fig. 12. Outage performance of optimal routing, ad-hoc routing ARtlop routing (N=2) with spatial reuséy/ = 8 and

L = 2 in idealized linear networks.



