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Abstract—In this paper we present new energy-efficient tech- the need for efficient energy allocation with the objective of
nigues to lower the packet-level error rates of application- |gw packet-level error rates.
layer connections in wireless ad-hoc networks. In our scheme,
each application-layer connection is implemented at the physical
level by an overlay network. Data packets submitted at the
connection source are checksummed and replicated, flowing
breadth-first across the overlay network towards the destination. Il. RELATED WORK
The destination delivers the first error-free copy of each packet,
in order, to the application layer, dropping packets that are

corrupt or duplicate. Specifically in this paper, we consider — Aphoaches for efficient power management in wireless
overlays consisting of multiple parallel node-disjoint multi-hop

paths. We compare this overlay scheme with the traditional networks, have been investigated [4], [16], [18] at the various

scheme in which the source transmits to the destination along Protocol layers. For example:

a single minimum-hop path. We show that even when the two

schemes are constrained bydentical power consumption boungs . . . . .

an overlay scheme that uses multiple multi-nop paths provides (1) Physical layer Using directional antennae, applying

significantly lower packet-level error rates in many common knowledge of spatial neighborhood as a hint in setting

situations. We describe the relationship between packet error transmission power,

rate, the number of paths, and the lengths of each path, and 2y pata-link layer Avoiding unnecessary retransmissions,

show that the qualitative nature of the relationship changes idi llisi in ch | h il

significantly, depending on available power budget. avol mg co |S|9ns In channel access w gnever possible,

allocating contiguous slots for transmission and recep-
tion whenever possible,

(3) Network layer Considering route-relay load, consider-
ing battery life in route selection, reducing frequency
of control messages, optimizing size of control headers,
route reconfiguration, and

Power allocation is of vital importance in wireless ad-hoc(4) Transport layer Avoiding repeated retransmissions, han-
networks. Ongoing advances in applications of wireless com- dling packet loss in a localized manner, using power-
puting/communication devices drive the energy requirements efficient error control schemes.

of these systems ever upwards. Cledthe capacity of the

batteries which power most mobile devices creates a hard . .
Topology control and management is one of the techniques

constraint on the operational time of a mobile computin d for efficient 81 Thi h ists of
system. Not surprisingly, this makes the design of ener ed for efficient power usage [8]. This approach consists o
termining the transmission power of each node so as to

efficient mobile ad-hoc networks an important area of curre perm = : X o
research maintain network connectivity while consuming the minimum

possible power. Instead of transmitting using the maximum

. ion_ indiscrimi v h Eossible power, nodes in a wireless multi-hop network collab-
Lowering energy consumption indiscriminately, howeveg, a1y determine their transmission power and define the

can have undesirable side effects, most notably, it can ra{ﬁﬁology of the wireless network by the neighbor relation

the bit error (and hence packet-level error) rate of CONNEGayer certain criteria. This is in contrast to the traditional
tions. Since many applications require very spedigality network in which each node transmits using its maximum

pf ServicegQoS), such a degradation could yield the networ{fansmission power and the topology is built implicitly by
inoperable. routing protocols without considering the power issue.

I. INTRODUCTION

In this paper, we consider the problem of how to balance nther approach for minimizing the power usage in wire-
- N less network is to reduce the amount of communication
1 Western Michigan University, MI. .
x John Jay College of Criminal Justice, City University of New York, NYbetWeen nodes at th_e expense of extra computation. Most work
10019. focused on developing approaches that reduce the volume of



data that need to be transmitted, typically through intelligestlection algorithm, which finds the node disjoint paths with
data reduction and aggregation techniques. minimal total energy.

Another category of solutions have been proposed at theln [17], Shibo et al. showed that the performance of a
network layer, which consists of designing energy aware roygrotocol for an ad-hoc network can be enhanced if the protocol
ing protocols [6], [9], [16]. In wired networks, the emphasiss designed based on overlaying a virtual infrastructure on the
has traditionally been on maximizing end-to-end throughpat-hoc network. Therefore, in our current work, we propose
and minimizing delay. In general, paths are computed basgesigning an overlay network on top of a wireless physical
on minimizing hop count or delay. Nonetheless, to maximizeetwork such that the total signal power required to establish
the lifetime of mobile hosts, routing algorithms must seleceveral connection requests is minimized while still providing
the energy efficient paths. Hence, routes requiring lower levelggood QoS in terms of BER.
of power transmission are preferred, but this can affect end-
to-end throughput. Transmission with higher power increases
the probability of successful transmission, thus increasing
the end-to-end throughput. However, it also yields higher [1l. APPROACH
interference with other mobile hosts, which can destroy an
existing transmission band and may cause the network to

have blocked calls. This could result in a decrease in networkCY Ultimate goal is to develop energy-efficient routing
tocol which guarantees good quality of service in mobile

capacity. Therefore, lower power transmission does not alw. . ST ) .
pactty P -hoc wireless networks. To obtain insight into the logic of

have a negative impact on throughput. Since lower po i hi bedins b idering the dual blem:
transmission can reduce channel interference and contentidi ghmg, IS paper begins by considering the dual problem:

it can increase end-to-end throughput. When power efficien Sign. ISupposg w.e wish to eStab“SZ a céonr!ect!on begween
is considered, ad hoc networks will require a routing algorith 0 wireless nodes: a source nogieand a destination node

that can evenly distribute packet-relaying loads to each no; éhat '?, situatedD meters away. If We are given a power
to prevent nodes from being overused. udget” of P Watts for the connectionwhat is the best

way to use this power budget to reduce bit and packet-
level error rates?The answer to this network design question

contains important guidelines for routing— when the placement

s_urvivable brogdcast/multicast routing, th_a_\t are resilient 0 @ intermediate nodes cannot be “designed” at will, but rather
single node failure. The network survivability was assured ust be chosen from a predetermined set

applying redundant trees. The authors proposed the minimax
survivable broadcasting/multicasting problems and the mini-
mum survivable broadcasting/multicasting problem.

In [15], Tangel al. studied energy efficient algorithms for

Suppose we use k-hop Overlay Schemet the physical
level the virtual link froms to ¢ is implemented by &-hop

. . rpath (i.e., usingk — 1 uniformly spaced intermediate relay
In [3], [5], Misra and Banerjee argued that energy-awarﬁeodes) and /k of the total power budge® has been assigned

_routing algorithms f[ha_t are solely based on the energy SP&8teach of these relays (and tp. With this scheme, which
in a single transmission are not able to find minimum eRs pocad on [3], we neglect the power used by the devices to
ergy paths for end-to-end reliable packet transmissions. T eive the signal, which is assumed to be small compared

considered the calse.of End-to-End Retransmission and HePthe power used during the transmission. Let us denote the
by-Hop Retransmission. They have shown why the effectnfﬁt error rate of such a connection fromto ¢ as BER(k).

total transmission energy, which includes the energy Spent(ﬂhestion 1 Given a fixed power budge?, for what value of
potential retransmissions is the proper metric for reliable al%diS BER(K) minimum?

energy efficient communication.

, Suppose we now consider a more gendhk) Overlay
In [14], Tang and Xue studied the tradeoff between the.ome At the physical level the virtual link froms to ¢ is

path lifetime and th'e total energy in Wirgless networks. Thff%plemented byN node-disjointk-hop paths between and
proposed .tV_VO_ algorithms. The first algonthm cons_tructs a p%'r(each consisting ok — 1 uniformly spaced relay nodes as
of node disjoint paths whose total energy is minimum undghown in Figure 1). Suppose we allocaté AN (k — 1) + 1)

tEe cr(])r}ztralr;]t that ch I|f|et|me;] is no smaller than afglv action of the total power budgét to each of the relays (and
threshold. The second algorithm computes a pair of NOge .y The network overlay implements a virtual link frosito

disjoint paths whose lifetime is maximum under the constraiptas follows: the source replicates the data packets over all
that the total energy consumption is bounded by a giv

hreshold. Thei K based o 4 Modi ei{? paths. The destinationdelivers the first error-free copy of
threshold. Their work was based on Srinivas and Mo 1aN03ch packet, in order, dropping any packets that are corrupt or

[13], where they presented an efficient source transmit pov‘fﬁfplicate. Denote the bit error rate of such a connection from



The bit error rate of a virtual link implemented By disjoint
paths of lengthk is given by

BER(N,k) = (1 — (1— BER)*)N 3)

The total power required for transmissions on the virtual
link must exceed N (k—1)+1) times the transmission power
at each relay node (ang. Since each relay must transmit with
power at leastP,..,(D/k)*, but expression (2) indicates that
the received power must be at leas2P,, ;s In (2 - BER), it
follows that the total transmission pow&r must be at least

N paths

k—1)N+1
K hops, 2P 0 NI Do gy @
Fig. 1. Virtual link of size N disjoint paths and k-hops each Solving expression (4) foBER and expressing the result in
terms of thechannel quality
P
stotasBER(N, k). Question 2 Given a fixed power budget T=P  pa (5)
P, for what values ofV and k is BER(N, k) minimum? nowse
we get that )
kX
We shall see that the answers to these questions depend BER = o€ P, (6)

greatly on the environmental circumstances in which th
are asked. To begin, we review some of the mathemati

foundations of the problem. BER(N, k) = (1— (1 — %e—%ﬁi\,ﬂ))k)N )

‘i—ﬁpally, combining this with expression (3), we get that

IV. MATHEMATICAL FOUNDATIONS
V. NUMERICAL ANALYSIS

The packet error rate over a wireless link is given b . . . .
P 9 y The results in this section are all based on numerical

PER=1-(1- BER)%, (1) analysis of expression (7), and address Questions 1 and 2
introduced in Section 1ll. Before beginning the numerical

where L is the packet size in bits anBER is the bit error gna\ysis, we determine the real-world ranges of our study
rate of the channel. For smal ER, we can assume a I'”earparameters:

approximation,PER = L - BER. Minimizing PER is thus
attainable by simply minimizingB E'R; in what follows we

restrict our consideration to this objective. « «, the medium/antennae constant, is taken t®.be

« D, the distance between adjacent hops is taken to be
10 — 200 meters, commensurate with technologies such
as WaveLAN [2] and Bluetooth device transceivers [1].

e P,.n, the minimum power receivable by a wireless de-

vice at the maximum transmission range, and is taken to

be from —100dBm to 70dBm (or 10~ to 107 Watts).

For example,P,,;,, is 3.65 - 10~1° Watts for WaveLAN

cards [2], and around 70 dBm for Bluetooth transceivers

[1].

o SNR, the Signal to Noise Ratio which ranges fram 1

Suppose we have a pair of nodes at distaha@mmunicat-
ing using transmitted signal powét over a wireless channel
with noise powerP,,,;s. and antenna/medium constanthe
relationship betweerBER over a wireless channel and the
received powerP,., is a function of the modulation scheme.
Here we consider a non-coherent binary orthogonal Frequency
Shift Keying (FSK) modulation scheméor which the instan-
taneous channel bit error rate is [7], [10], [11]:

BER — 1672157:;;;6 ) dB to 25 dBm for wireless channels.
2 « 7, the channel quality, ranges betweerand 5; these
where the received powe,., = %_ bounds are based on the boundsiorand theSNR.

*a is typically around 2 for short distances and omnidirectional antennae, Figure 2 shows how the virtual link BER changes as the
and around 4 for longer distances. .. .
tOther modulation schemes can be analyzed in similar way, though closgd'”nber of d|SJO'nt paths increases from 1 to 20 for small and

form analysis may not always be possible. large values ofy. For smallk, BER decreases monotonically as



the number of alternate paths increases. For lardeowever, 2 Minimum Value fo N st BER() < BER) ‘

BER rises until it reaches a local maximum, after which famma=gs
increasing the number of disjoint paths improves the overall 100 amma- 20 -4 |
BER. Comparing théeightsof the curves in the bottom chart, g
we conclude that when the channel conditions are poor (low
values of«), shorter paths result in better overall BER. By
considering theintersectionsof the curves in top chart, we
see that fork > 2 hops, virtual links with longer path lengths 40
achieve better BER than those with shorter path lengths.
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' and destination nodes results in better BER.
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* —— In case of better wireless channel conditions, however, the
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o 2 “ R bottom chart of figure 4 shows that BER initially increases
BER vs. Number of Allrate Paths for gamma = 2.0 with k£ (to a local maximum) and then eventually decreases.
Whenk is small, virtual links with a large number of disjoint
paths outperform those with fewer disjoint paths, but this
ranking reverses for large. This could be explained with the
02 AL fact that, for short paths and large budget power, the quality
) ° of wireless channels between neighboring nodes is still good
and therefore we can tolerate less power to be consumed.
: This power saving will be used in establishing additional
alternate paths, which will compensate for the degradation of
the wireless channels and result to a better virtual link BER.

e However, as the path length increases, the channel quality
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o 2 4 s s 10 12 1 1 1 between neighboring nodes becomes mediocre. This would
TR favor virtual links with fewer number of alternate paths over
Fig. 2. Virtual link BER vs. number of disjoint paths for variots those with larger number of alternate paths, while maintaining
the same power budget.
The analysis of Figure 2 naturally leads one to introduces a

concept of a critical densityV ,): the minimum number of | figures 5 and 6 we show how the virtual link BER
disjoint paths (having: hops each) that have to be establisheghanges as varies betweeri.1 and 2 for different number
betWeen nOdES andt, SO that a better BER iS aChieVed thafbf d|SJo|nt pa‘[hs_ Comparing tH%|ghtsof a” curves in each
with a singlek-hop path with the same power budget. Thenhart, we conclude that for low values of better BER is
next graph (figure 3) illustratesritical densityas a function optained for short paths. However @asncreases, longer paths
of £ under various values of. outperform shorter paths. This could be justified with the fact
that, dividing the total power budget between all nodes, still,
From Figure 3, we see that (i) for any fixedthe critical results in low BER wireless channels quality between adjacent
density increases exponentially with the number of intermaedes, which favors multi-hop transmission over the direct
diate hops per path; (ii) for fixe&, critical density grows transmission.
superlinearly with respect to.

The chart in Figure 5 presents a turnover pojpt(around
Figure 4 shows how the optima depends on the values0.5), such that, fory < ~;, shorter paths outperform longer
of +. Considering the top chart, we conclude that for smatines. However, fory > +;, longer paths achieve better BER.
~, the BER increases as the number of intermediate hops fEmparing the turnover points of figures 5 and 6, we conclude
path increases. Comparing theightsof the curves in the top that, asN increases;y is shifted to the right, indicating that
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the range ofy, where shorter paths outperform longer ones

has increased.

VI. CONCLUSIONS
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asymptotic analysis whetV = 1 andy =~ 0 (resp.vy > 2).
Assertion 3 follows from ¥ — oo)asymptotic analysis of
the same expression for any constanand ~. Rather than

The following three assertions summarize the numerickposit the formal proofs here, we have chosen to present

results we have presented so far.

Assertion 1:If v <« 1, thenVk > £/,
BER(k) > BER(K').

Assertion 2:If v > 1, then3k, s.t.Vk > k' > k,,
BER(k) < BER(K') < BER(1).

Assertion 3:Vk 3Ny ), such thatvN > N’ > N .
BER(N,k) < BER(N', k) < BER(1,k).

illustrative numerical studies and interpret the nature of the
tradeoffs between the total transmission power and virtual link
bit error rate—and explain how these tradeoffs are influenced by
the channel qualityy. Let us now consider their implications.

Assertions 1 and 2 indicate that the optimal valuekof
depends on a situational parameter we refer to ashheanel
quality v+ whose value is proportional t%’% (wherea > 2
is a constant pertaining to transmission medium and antenna
design). They give opposing design guidelines depending on
the range ofy: when+~ is small, the optimal BER is attained
by minimizing k£, but when~ is large, the optimal BER is
attained bymaximizingk.

Assertions 1, 2, and 3 are indeed mathematical theorems,
and their proofs are immediate from formal asymptotic analy- Consider the implications of Assertion 2 (wheris large).

sis of expression (7). Assertion 1 (and 2) follow froin-& o)

As each relay node transmits with powrk, the downstream



neighbor D/k meters away receives the transmission witastablishing connections. In this paper, we proposed new
powerp’gafl. Since a wireless node can receive a transmissienergy-efficient techniques to lower the packet-level error
only if the power on reception exceeds a threshold minimurates of application layer connections. Our scheme consists of
power sensitivityP,,,;, > 0, there exists:,,;, such that for all designing an overlay network on top of the physical network.
k = kmin, Prev(k) = Prin. Thus one can achieve arbitrarilyWe consider the case of traditional single multi-hop path
low BER while maintaining the same power budget, by simplgverlay and thg€ N, k) overlay scheme, where at the physical
using ever larger numbers of relay nodes. level, the virtual link between two nodes is implemented by

N node disjoint k-hop paths. Providing multiple paths for data
Assertion 3 states that, in principle, it is always possibiéansfer has an advantage of improving the packet error rate.
to reduce BER by considering a sufficiently large number &f our design, the number of disjoint paths between pair of
node-disjoint paths. The reader will note that for any fixed nodes as well as its size is chosen based on a user predefined
and~, if N — oo, then BER(N, k) — 0. Unfortunately, POWer consumption bounds. Our numerical analysis show that,
in practice, it is not possible to achieve an arbitrarily lofor the traditional overlay scheme, minimizing the number of
BER through the establishment of ever larger numbers Wermedlate hops resglts in betterB!ER when operating in poor
parallel node-disjoint paths. To see why, recall that each rel§féless channel settings. When wireless channel conditions
node transmits with signal powe?/(N(k — 1) + 1) Watts, ameliorate, however, better BER is achieved by maximizing

so the downstream neighbd?/k meters away receives thethe number of intermediate hops. Another interesting result is
transmission with power that, in several scenarios, the propo$éd k) overlay scheme

outperforms the single muti-hop path scheme under the same
Pk* —1 ;
) (8) total energy budget constraint.
(N(k—1)+1)D~ Energy efficient routing has always been a central research
It follows that for N sufficiently large,P,, < P,.in, rendering topic in wireless network. Most of the prior work has fo-
the scheme infeasible: Unfortunatel§,,;,, > 0 implies that Ccuséd on developing routing schemes with the objective of
BER cannot be reduced indefinitely while maintaining th&linimizing the total transmission power. We propose using

same total power budget by using parallel node disjoint patfige current results describing the tradeoffs between most
parameters involved in the wireless system in the next step of

this project, which consists of designing energy-efficient QoS-
based routing protocols in mobile ad-hoc wireless network,
while minimizing the overall connection BER.

Prcv(va) =
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