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Abstract

We define a transmission power adaptation-based routing technique that finds optimal paths for minimum energy
reliable data transfer in multi-hop wireless networks. This optimal choice of the transmission power depends on the
link distance between the two nodes and the channel characteristics. Typical energy efficient routing techniques use a
transmission power such that the received signal power at the destination minimally exceeds a desired threshold signal
strength level. In this paper we argue that such a choice of the transmission power does not always lead to optimal
energy routes, since it does not consider differencesin the receiver noise levels.

We first analyze the optimal transmission power choices for reliable data transfer over a single link. We do this
analysis for both the ideal case from an information-theoretic perspective, and also for realistic modulation schemes.
Subsequently we define our technique for transmission power adaptation that can be used in existing routing protocols
for multi-hop wireless networks. Through detailed simulations we show that current best-known schemes incur upto
10% more energy costs in low noise environments, and upto 165% more energy costs in high noise environments
compared to our proposed scheme.
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|. INTRODUCTION

Most minimum-energy routing protocols for multi-hop wireless networks assign link costs as some func-
tion of the transmission power used to sustain communication over a link. The signal attenuation on a
wirelesslink, (i, j) typicaly variesas D, for 2 < o < 4, where D; ; is the distance between the nodes i and
j. Algorithms that compute end-to-end minimum energy paths typically assume that transmitter nodes can
dynamically vary the transmission power levelsfor packet transmission. Therefore, these algorithms observe
that the total energy requirements for packet transfer over the entire path can be minimized by choosing a
route consisting of a large number of small-distance hops over an alternative one with a small number of
large-distance hops[8], [15]. However, these agorithms do not necessarily yield minimum-energy paths for
reliable packet delivery: since the link metrics of such algorithms depend solely on the energy spent in asin-
gle transmission, they do not capture the effects of transmission errors, and the additional energy expended

on retransmissions in the presence of link errors.
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In this paper, we consider the problem of computing the minimum-energy paths for reliable wireless
communication. As shown in [1], such minimum energy paths can be computed by modifying the link cost
to include the additional energy spent in retransmitting packets. Previous papers on minimum-energy routes
(reliable or unreliable [1], [8]) have, however, assumed that the transmission power over alink is solely a
function of the link distance and that the transmission error probability is independent of the transmission
power level.ln this paper, we argue that such a choice of transmission power level is not optimal in finding
minimum energy paths — the transmission power on each individual link must not only depend on the link
distance, but also depend on the channel quality and noise characteristics. By intelligently adapting the
transmission power in response to changing channel conditions, we can significantly lower the associated
error probability and further lower the energy spent in reliable end-to-end communication to the lowest
possible (optimal) value.

We first focus on determining the optimal power level for reliable communication over a single link. Our
approach is motivated by the fundamental observation that the error rate for a particular link is not inde-
pendent of the transmitted signal power but is strongly influenced by it. More accurately, the error rate for
packet reception isafunction of both the received signal power, the channel conditionsand noise levelsat the
receiver. Anoptimal choice of the transmission power must balance the energy spent in asingle transmission
with the error rate (and thus the expected number of retransmissions needed) generated by that power level.
Since the channel conditions and receiver noise conditionsfor different links are essentially independent and
can exhibit considerable variation, it follows that the optimal transmission power for different links can be
appreciably different, even if the links have the same distance.

We provide a mathematical framework for deriving the optimal transmission power and minimal reliable
transmission cost as a function of the link’s characteristics. In particular, we initially use results from infor-
mation theory to establish that any link is associated with alower bound on the optimal energy efficiency (the
energy needed per bit of reliably transmitted information), and that this optimal energy efficiency isachieved
asymptotically as the transmission power | 0. This theoretical result is, however, misleading in practice
since supporting such infinitessmal power levels requires asymptotically infinite channel code words, and
leads to an unbounded increase in the communication latency. For a more practical perspective, we con-
sider the case of a commonly used wireless LAN modulation scheme and derive the associated optimal
transmission power level. In particular, our analysis demonstrates the existence of an optimal transmission
power level in such schemes, such that a reduction or an increase in the transmission power both lead to a
higher energy cost per reliably transferred bit. We also show how the transmission power level affects the
retransmission probability, and hence, the average communication latency. These results also demonstrate
how the transmission power level can also be used to effectively trade off between the energy efficiency and
the latency of data transfer.



A. Keyldea

Consider aframeis transmitted by a node, ¢, with transmit power, P; and is detected by the receiver, r, at
power level, P,. Assuming the use of omni-directional antenna, and the use of homogeneous receivers at all
nodes, P, can be related to the transmit power P, as:

P, =k x— «y

where « is a proportionality constant. Since our focus is more on investigating the relative nature of the
relationship between P, and P;, we assume x = 1 without any loss of generality in the rest of the paper. The
path attenuation coefficient « has been typically observed to be ~ 2 for short-distance links (less than 100
meters) and ~ 4 for longer links in the 2.4 GHz transmission band. In the conventional model of variable
energy-routing (e.g., [6], [8]), the sending node is assumed to adjust its transmit power, P,, such that the
received power at the destination is at least Pyyregn, @ threshold value. Based on this assumption, minimum
energy consumption is achieved with the transmit power chosen such that the received power minimally
exceeds the threshold, i.e.

P, = Pypyrecp X D° (2)

In this paper we argue that such a choice of the transmission power across a link does not always provide
optimal energy costs. In the reliable data transfer case, a frame may need to be retransmitted more than
once to guarantee delivery. Choosing a transmission power higher than a minimum necessary value has
a significant impact on the link error rate. More specifically, increasing the transmission power leads a
decrease in the link error rate, and consequently a decrease in the potential number of frame retransmissions
necessary. Thisis a crucia observation in choosing the transmission power for reliable data transfer. In
our paper, we show how the transmission power for packet transmission across each wireless link needs
to be chosen so that the cost of reliable transmission is minimized across that link. Additionally, we show
that such a choice of transmission powers lead to the absol ute minimum end-to-end energy costs for reliable
packet delivery across a multi-hop wireless network.

Our simulation studies show that such an intelligent adaptation of the node transmission power helpsin
significantly reducing the energy requirements for end-to-end reliable packet delivery. More specificaly,
non-adaptive schemes incur upto 10% more costs in low noise environments, and upto 165% more costs in
high noise environments, than our adaptive scheme.

We shall explain why a traditional minimum cost routing algorithm can be applied in this scenario only
when link layer retransmissions are used. If reliability is only possible through end-to-end retransmis-
sions between a packet source and its final destination (for example, using areliable transport layer such as
TCP), the multiplicative nature of error probabilities makes the derivation of a globally optimum solution
intractable. However, link-layer retransmissionsis an inherent feature of almost all wireless link-layer pro-
tocols due to the potentially high link error rates (often as large as 20 — 40% for individual transmissions) in



4

wireless environments. Accordingly, our proposed link-adaptation algorithm can be combined with standard
minimum-cost routing algorithms to yield optimum-energy pathsin almost all practical cases of interest.

Our problem formulation and routing solution assumes that each node in the ad-hoc network is able to
detect the packet error rate on its outgoing links. Sensing the channel noise conditions can be done either
at the link layer, a capability that is built into most commercial wireless 802.11 interfaces available today,
or through higher layer mechanisms such as periodic packet probes or aggregated packet reception reports
from the receiver 1.

B. Roadmap

The rest of this paper is organized as follows. In the next section we describe currently known techniques
for energy aware routing in wireless environments. In Section 111 we formulate a framework to determine
the choice of transmission power that |eads to optimal energy consumption acrossasingle link for both ideal
and practical modulation schemes. In Section IV we describe the optimally minimum energy routing scheme
using adaptive transmission power at the nodes. In Section V, we present results from detailed simulation
studies under realistic wireless environments using the ns-2 simulator 2. Finally, we present our conclusions
in Section V1.

Il. RELATED WORK

Typical energy-aware routing protocols (e.g. PAMAS[15] and PARO [8]) aim to minimizethetotal power
consumed over the entire transmission path. However, these protocols do not address the problem of reliable
data delivery, and hence, ignores the additional energy expenditure due to re-transmissions, if they become
necessary. Such a formulation often leads to the formation of a path with a large number of hops. In [14],
the authors extend this basic approach by including energy expenditure for packet reception in the link cost.

The basic idea of reducing communication energy costs for packet transmission over individual wireless
links has aso been explored in the literature. However, the focus has been on the use of intelligent link
scheduling algorithms, rather than on transmission power control. For example, Zorzi and Rao [18] pro-
posed the use of short, periodic probe packets to detect the condition of the wireless channel. Actual data
packet transmissions were deferred when the channel isina‘bad’ state. A similar ideafor energy-efficient
scheduling of packets from a base station to a set of downstream wireless hosts has been explored in [2],
[13], [3].

Ad-hoc routing protocolsaim to compute minimum-cost paths; in contrast to generic (non ad-hoc) routing
protocols, they contain special features to reduce the signaling overheads and convergence problems caused

by node mobility and link failures. So, ad-hoc protocols, such as AODV [12] or DSR [9], can (in principle)

! Similar ideas were proposed for link sensing in the Internet MANET Encapsulation Protocol [4] which is used by another ad-hoc routing

protocol (TORA [11]).
2Available at http://www.isi.edu/nsnam/ns.
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be adapted, with suitable modifications, to yield minimum-energy paths by setting the link metric to be a
function of the transmission energy.

Apart from minimum energy path problem, research inin energy-aware routing has also focused on other
problems with related objectives. For example, battery-aware routing algorithmstypically aim to extend the
lifetime of all the ad-hoc nodes by distributing the transmission paths among nodes that currently possess
greater battery resources [16], [17], [10]. While minimum energy algorithms are most efficient, these net-
work lifetime maximizing schemes are more “fair.” A combination of both these approaches can therefore
be useful as shownin [17], [10].

Link error probabilities have been considered for single hop spread spectrum linksin [7]. In contrast, we
focus on end-to-end energy costs for multi-hop wireless networks.

[11. OPTIMAL TRANSMISSION POWER FOR INDIVIDUAL LINKS

In this section, we develop the theoretical model for estimating the ‘optimal’ transmission power level.
In particular, we first perform an information-theoretic study of how the optimal transmission power and
the associated minimum reliable transmission energy depends on both the link distance and the channel
characteristics. Since the resulting bounds are essentially theoretical and not practically realizable due to
severe buffering and delay constraints, we then apply our framework to practical channel models.

A. Information-Theoretic Bounds on Optimal Transmission Power

We first utilize the information-theoretic bound on the maximum capacity of the well-known band-limited
Gaussian channel and try to ascertain the existence of an optimal transmission power in this case. The
Gaussian channel models an environment where the noise component (both thermal and due to interfering
transmissions) at the receiver is assumed to have a Gaussian spectral distribution and is additive in nature.
Information theory shows that the idealized information transfer rate (in bits/sec) on such an Additive White
Gaussian Noise (AWGN) channel with a spectral width of W Hz and a spectral noise density of n Watts/Hz
varies with the power P, of the received signal as

P, .
C:WXlOg2(1+77xW) bits/s ©)]

C' represents an upper bound on the maximum amount of information that can be transferred per unit time by
any realizable and consistent signaling scheme on this channel. Since the recelved signal strength is related

to the transmission power at the sender by the expression P, = %, the relation between the transmitter

power and the maximum possible rate of reliable data transfer is then:

Py

— D~ i
C(P) = W x logy(1+ P bitsls (4)
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Since anodeistransmitting at apower level P, it followsthat the normalized reliable transmission energy
(or the energy needed per bit of reliable transfer) isrelated to its power level as:
P,
E(P,) = — ©)
W x log,(1 +

)

To study this behavior graphically, Figure 1 plots E(P;) for a set of typical values encountered in |EEE
802.11 [3] wireless LAN based networks, with a link distance D = 100, a channel bandwidth of 2 MHz
and a spectral noise n x W of 4.0 x 10~ ''*W. The above plot demonstrates a very interesting aspect of
the theoretical behavior of the optimal transmission energy. Due to the sub-linear (logarithmic) nature of
the denominator in Equation 5, the normalized (ideal) transmission energy is an increasing function of the
transmission power. In other words, from atheoretical perspective, we achieve maximum energy efficiency
(lowest cost per reliably transferred bit) as P, | 0. Thus, at least in theory, there is no optimal transmission
power level — the smaller we make our transmission power, the more energy-efficient our communication
process. In particular the normalized transmission energy of a packet approaches the minimum value as
P, — 0 This minimum value can be obtained by observing that both the numerator and the denominator of
Equation5 — 0as P, | 0. Accordingly, by applying the L'Hospital’s rule and differentiating both the
numerator and denominator, we can see that:

E,pi(channel) = In(2) x n x D®. (6)

In other words, the optimal energy cost associated with reliable information transfer is directly proportiona
to the rate of attenuation with link distance (D%). For example, for the channel of Figure 1, this bound on
the normalized transmission energy/bit is given by In(2) * 100% x 2+ 10~'7 Joules/bit ~ —128 dB. Therefore,
every channel is associated with a fundamental theoretical (non-zero) lower bound on the minimum energy
needed to reliably transfer a single bit.

The above results show that maximum energy efficiency is achieved by transmitting at as low a power
level as possible, and that a non-zero communication rate can be sustained even if the received power is
much smaller than the channel noise. Thisis clearly not possible in any practical communication system
with realistic bounds on the transfer latency. Indeed, Shannon’s result is based on the use of asymptotically
long coding sequences, resulting in unbounded transmission delays. In the next sub-section, we shall, how-
ever, consider a practical communication sub-system. We shall then see that there indeed exists an optimal
transmission power-level P while smaller values of the transmission power result in asharp increasein the
total number of retransmissions needed, values larger than the optimum end up wasting unnecessarily large
amounts of energy in a single transmission activity.

B. Information Capacity for Practical Modulation Schemes

An information-theoretic evaluation of the normalized reliable transmission energy only serves as a theo-
retical performance bound. Practical systemsmust consider additional tradeoffs between the implementation
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complexity, the processing delays and the sustainable data rates. We now consider the performance of such
communication systemsand show how the performance of asingle such link can be optimized by appropriate
variation in the transmission power.

The relation between the bit error rate p, and the received power level P, in most modulation schemes
follows the generic relationship:

tant x B,
Dy X erfc(\/COTLS ant X : (7)
n

where ) isthe noise-spectral density, E,. isthe received energy per bit, and erfc(z) is defined as the comple-
mentary function of erf(x) and is given by

erfc(z _1——/

As specific examples, the bit error rate for coherent OOK (on-off keying) is given by p, = erfc(,/ 2Xn) for
M-ary FSK (frequency shift keying) by p, = (M — 1) x erfc(, /M) and for binary PSK (phase-shift
keying) by p, = 0.5 x erfc(\/7 ). Now, the energy per transferred bit E, is related to the receiver signal

strength by the expression £, = TT’ where f isthe raw channel bit-rate, and the noise-spectral density is
related to the noise signal power N, asn = £, where I is the channel bandwidth (in Hz). Accordingly,
the energy per transferred bit is related to the noise spectral density by the generic relation:

E. P xW
n o Nyxf

Furthermore, since P, = ll)’g,we can see that:
Er Pt x W

7 DX N, x [ ®

It isclear that for any given modulation scheme, the bit error rate p, isafunction of the transmitter power
level. We express this generic relationship as:

po=f(P-) (9)

We assume that bit errors are due to channel noise, and not due to MAC layer issues (e.g. collisions).
Now, assuming independent packet losses, the packet error rate p for a single packet of size L isrelated to
the bit error rate p, according to the relationship 3:

p=1—(1—py)* (10)

3This expression for packet error rate will be different if other techniques like FEC, are used. For example, if we assume the use of a code

where bits are transmitted in Q-bit chunks, and where successful reception occurs as long as the number of errorsisless than 2, the probability

of successful transmission of the chunk is given by (1 — p)? 4+ @ * p = (1 — p)?~'. While the specific relationship between the packet error
rate and the bit error probabilities will thus change with specific system parameters, the general nature of the relationship will still hold.
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For low bit error rates, p can be approximated as L.p,. Since the original transmission and subsequent
retransmissions of a single packet are essentially independent events, it follows that the number of trans-
missions needed for successful delivery of a single packet is geometrically distributed with parameter p.
Accordingly, N, the expected number of transmissions needed for the reliable transfer of 1 packet (or L bits)
isthus:

N=_—_ (12)

1

Since each such reliable transfer of a single packet uses 1/(1 — p) attempts, it consumes % x P x 1

transmission energy (since the transmission time of an L bit packet is %), it followsthat the effectivereliable
transmission energy per bit is given by:

L 1 1
E(Pt):—xptx

f 1—p(P) " T 12

E(P,) inEquation 12 isin general anon-convex function of P, when p, followsthe relationship in Equation
7. However, for any value of L that is practical, E(P;) hasonly asingle minimafor values of P; that do not
result in an abnormally high value of packet loss rates. We represent this minima point by P;*. Increasing
or decreasing the transmission power level from P;* both result in an increase in the transmission energy per
reliable bit transfer. While values smaller than P, lead to asharp risein p(F;) and hence an overall increase
in E(P;) (aswell as unacceptably high packet transfer latencies), alarger value of P, leadsto anincreasein
the numerator of Equation 12 without a corresponding decrease in p(P;).

To illustrate this relationship between the transmission power level P; and the resulting energy per reli-
ably transferred bit, we now consider a specific case — the Binary Phase Shift Keying (BPSK) modul ated
channel, where the bit error rate is given by:

| PxW
Py, = 0.5 X erfc( m) (13)

BPSK modulation is used in wireless environments, for examplein the 1 Mbps version of the |IEEE 802.11
wireless LAN standard.
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Figure 2 shows the variation in E(P,) for a channel employing BPSK modulation as a function of the
transmission power P; and a packet size of 1000 bytes. We set the channel parameters to be representative
of the 802.11b standard, with a bit rate of 1 Mbps and a noise bandwidth (post de-spreading) of 2 MHz. The
link distance D is assumed to be 100 meters and the spectral noise NV, is assumed to be 4.0 x 10~ W. We
can see that the optimal transmission power for this channel is~ 20 mW.

While we have so far concentrated solely on the energy efficiency, it is perhaps worth noting that the
transmission power level P, also indirectly affects the latency of the data transfer. A higher value of P;
will, in general, lower the probability of packet error and hence, the expected number of retransmissions
needed to reliably transfer a single packet. Since each transmission of an L bit packet takes % seconds,
it follows that the expected time (assuming back-to-back retransmissions) for the reliable transmission of
such a packet over a link with packet error rate p is ﬁ Figure 3 plots the expected reliable transfer
latency for the 2 MHz BPSK channel and the 100 meter link discussed earlier. As expected, the transfer
latency monotonically decreases with increasing transmit power. More interestingly, Figures 2 and 3 show
that choosing a transmission power level below the optimal P;" results in both a higher value of the average
transfer energy per bit, as well as the average transfer latency. These graphs thus not only illustrate the
possibility of using the transmit power to implicitly tradeoff between the energy efficiency and the latency,
but aso show that choosing a power level lower than the optimum is sub-optimal from the standpoint of both
metrics. Accordingly, it isvery important to ensure that the transmit power level isnot set to avaluethat is
lower than the optimal value for agiven link.

Optimal Transmission Energy vs. Link Distance/Noise: While it is now clear that any particular link is
associated with an optimal transmission power that minimizes the energy per reliably transferred bit, we
now explore the relationship between this optimal power level P and the link distance D. The optimal
transmission power does not vary as D* even if different links have identical channel characteristics and
receiver noise conditions. Thisis because the choice of the optimal power depends on the error probability
which is a*non-polynomial” function of D (see Equation 13). Accordingly, even if al links had the same
receiver noise, the optimal transmission power would not vary as D“.

We first explore the relationship between the optimal transmission power level P;* and the link distance
for invariant channel and receiver conditions. In particular, Figure 4 plots the optimal transmission power
Py asafunction of the link distance for the BPSK channel mentioned earlier. All the data point correspond
to the same value of f, N, and WW. Since the attenuation was assumed to be oc D*, we plot Figure 4 on
a log scale and include the straight line with a slope of 4 as a reference. As expected, the optimal power
P increases with increasing D; however, Figure 4 also shows that this optimal transmission power almost
proportional to D*. Figure 5 plots the actual value of the optimal reliable transfer energy/bit as a function
of the link distance. Once again, we plot the straight line with a slope of 4 as reference: while information
theory (Equation 6) shows that this optimal reliable transfer energy should vary as D* (o« = 4 for Figure 5),
theincreaseis dlightly lower (Slope of = 3.8) for practical communication systems.
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We can thus see that the optimal transmission power for asingle link isamost proportional (although not
identical) to the experienced attenuation, when the links have identical noise levels. When the noise levels
on different links vary, using the attenuation model for setting the transmission power level can, however,
be very inefficient. To demonstrate this, we now study how the change in the receiver noise characteristics
affects the optimal transmission energy for any given channel. To this end, Figure 6 plots the optimal
transmission power P; asthe spectral noise NV, isvaried from 2 x 10~ "W t0 8.0 x 10~ W for the 100 meter
link of Figure 2. We can see that the optimal transmission power varies appreciably with a change in the
receiver noise level. Accordingly, simply setting the transmission power o« D“ may result in significantly
sub-optimal performance. Moreover, our plots show that the log(P*) vs. log(N,) graph is amost linear,
with aslopefairly closeto 1. Thisindicates that a policy of maintaining a* constant target SNR” (adjusting
P, to ensure a constant ratio of P,/N,) will result in ‘close to optimal’ energy efficiency for reliable packet
delivery over a given link. Our analysis not only provides a theoretical framework for determining this
‘target ratio’, but also demonstrates how thistarget ratio itself is a function of the link distance.

IV. MINIMUM ENERGY ROUTING

In the previous section, we have seen why energy efficient transmission of packets on a single link must
consider both the attenuation due to the link distance and the receiver noise characteristics to determine
an optimal transmission power. In this section, we present our technique to find optimal energy routes for
reliable packet delivery over an entire data path, consisting of multipleindividual wirelesslinksin apractical
multi-hop wireless network.

Consider a node that transmits a packet with transmit power P, across a specific link so that the packet is
received with signal power greater thanthethreshold, Pypregn- L€t the corresponding energy required for this
single transmission be F,;. (Assuming packets are of constant size, F; differs from P, by a proportionality
constant.) Therefore,

Ey > Eipresh X D definedtobe Eip

where, Eipresh 1S the energy corresponding to Piyregn: LEt Ernae e the energy required to transmit the
packet using the maximum transmission power at that node.



11

Let p(E;) denote the packet error probability corresponding to the packet transmission energy, E;.

A. Hop-by-hop Retransmissions (HHR)

We first describe the scenario where hop-by-hop link-layer retransmissions are available. Thisisthe most
typical scenario for wirelesslink layers.

Then, from Equation 12, it follows that the expected energy required to reliably transmit acrossthelink is

given by
Ey

1 —p(Ey)
where p(E') represent the error on the link when atransmit power P (with corresponding packet transmission

Ey(reliable, HHR) = (14)

energy, F) isused.
Therefore, the optimal value of the energy required for reliable packet delivery acrossasinglelink isgiven
by:

Emz'n S Et S Emam (15)
d
EEt(reliable, HHR)=0 (16)
t
d2
FEt(Teliable, HHR) Z 0 (17)
t

In Section 111-B we had showed that the minima of the expected energy costs per bit indeed exists for
some example modulation schemes. Indeed, Equation 17 holds for the entire range of realistic modulation
schemes. However, the solution of Equation 16 may lie outside the range [E,,.in, Emaz]- It follows that the
transmission energy that minimizesthe energy cost for alink satisfies:

E;.p'(Ey) —p(E]) =1 (18)

E; can be computed using efficient techniques within the range E,,;, and E,,,,. For this transmission
energy, the optimal reliable transmission energy costs across the link is given by

E*
Et(reliable, HHR)* = lit(_E*)
— Py

In our optimal energy efficient routing scheme, we assign the cost of a wireless link as given by Equa-

(19)

tion 19. Assuming that £ isless than the maximum transmission energy that can be used by node, ¢, it will
use E; to transmit packets across the given link 4.

The end-to-end route can therefore be computed in a distributed manner by any standard routing protocol
capable of computing minimum cost paths. It follows that shortest cost path found by the routing algorithm
will be the optimal energy-efficient route for that end-to-end path.

41f the maximum transmission energy islower than E;, then we will transmit with the maximum transmission energy and the link cost metric
will be appropriately modified to reflect this choice.
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B. End-to-End Retransmissions (EER)

In this case, there are no link-layer retransmission mechanisms available. Instead, reliability of end-to-end
data transfers are provided using end-to-end retransmissions (e.g. using reliable protocols like TCP).

Unlike the hop-by-hop case, the optimal transmission energy across a given link depends not only on the
characteristics of the given link but also on the packet error rates and transmission energy choices on al the
other links on the end-to-end path.

Consider a M -hop path where p; representsthe packet error rate and E; represents the transmission energy
required for link (i, + 1). Then the average energy consumed in each end-to-end transmission attempt can
be shown to be, Favg, attempt = [T;2, (1 — p;) (7L, B5) + 30 T2 (1 — pj)pi(Z5—, Ej)- It followsthat
the end-to-end energy requirements for reliable packet transmission over the M -hop path is given by:

Favg. attempt
E i = 20

if we assume that the source continues to try sending the packet to the destination until it is successful. If
we assume that each link retries a transmission upto a maximum of max attempts and that a link failure
at an intermediate node implies no transmission activity at all downstream links, then the total transmission
energy hasadlightly more complex representation that has been derived and analyzed in the Appendix of [6].

In either case, the optimal choice of packet transmission energy at each node on an end-to-end path can
be evaluated by solving the set of equations given by:

VEreiable, EER = 0 (21)
H(Ereliable, EER) > 0 (22)

where, for afunction F, V(F) representsits gradient, and H (F) isthe Hessian. The coupled nature of these
equations make it hard to compute the optimal solution in a distributed routing protocol.

Nevertheless, since almost all wireless links use hop-by-hop retransmissions, this solution is of limited
interest from a practical perspective.

V. SIMULATION STUDIES AND PERFORMANCE EVALUATION

In this section, we report on extensive simulation-based studies on the performance impacts of our pro-
posed modifications in the ns-2 simulator. In these studies, we only consider the hop-by-hop retransmission
scenario. We perform studies using both TCP and UDP traffic sources to study the effect of our routing
schemes on these transport layer mechanisms. For the TCP flows, we used its NewReno variant. In UDP
flows, packets were inserted by the source at regular intervals. For all these simulation studies, we use
link-layer retransmissionsto recover from packet losses.

To study the performance of our suggested schemes, we implemented and observed three separate routing
algorithms:
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Fig. 7. The 100-node grid topology. The shaded region marks the maximum transmission range for the node, A. There are three flows from
each of the 4 corner nodes, for atotal of 12 flows.

1) The Energy-Aware (EA) routing algorithm, where the cost associated with each link is the energy
required to transmit a single packet (without retransmission considerations) across that link. In this
scheme the wireless link error rates are ignored while formulating the link’s effective energy cost.

2) The Retransmission-Energy Aware (RA) algorithm [1], where the link cost includes the packet error
rates, and thus considers the impact of retransmissions necessary for reliable packet transfer. However,
the transmit power chosen by nodes are given by Equation 2, i.e. the transmit power minimally exceeds
the required receive power threshold.

3) Our Optimal Retransmission-Energy Aware (RA-Opt) agorithm where the transmit power is adap-
tively chosen by nodes (as given by Equation 18) to minimize the energy required to reliably transmit
a packet across that link.

A. Network Topology and Link Error Modeling

For our studies, we used different topologies having upto 100 nodes distributed over on a square region,
to study the effects of various schemes on energy requirements and throughputs achieved.

1) Grid topologies: For comparison purposes, we first present results on the performance of the schemes
on a 100 node grid topology (as shownin Figure 7) similar to one used in [1]. The nodes are separated
100 units apart along each axis, and the maximum transmission radius of the node was limited to 150
units. Thus, each node has between 3 and 8 neighboring nodes on this topology °.

2) Random topologies: We also present simulation results for randomly generated topologies. In the
random topologies, the nodes were distributed uniformly at random in a 1000x 1000 square grid.

5Qur-energy aware routing formulation does not directly define atransmission range. It is possible that alonger link with lower receiver noise
may consume |ess effective energy that a shorter link with higher receiver noise. Real-life scenarios, however, impose both an upper bound on
the maximum possible transmission power as well as aminimum energy threshold for successful packet reception — if the received power level
is below this threshold, no reception is possible even in the absence of any receiver noise. Since any signal suffers channel attenuation o< D',
the transmission range is an alternative way of assuming that the received power level beyond a distance of 150 units is always lower than the
minimum reception threshold, even if the transmitter operates at the maximum power level.
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We experimented with different transmission radii for the nodes. In our random topology generator,
we specified the desired number of links 6. To avoid uni-directional links, we assigned the same
transmission radii to al nodes. Note that a hop-by-hop retransmission scheme works only for bi-
directional links. In the results presented in this section for the random topologies, we specified the
number of wireless links to be one-eighth of a complete graph on these set of nodes. The consequent
transmission radii for each node was about 210 units.

Each of the routing algorithms was then run on these topologies to derive the least-cost paths to each
destination node. To simulate the offered traffic load typically of such ad-hoc wireless topologies, each
of the corner node on the grid topology had 3 active flows, providing a total of 12 flows. In the random
topology, we chose 12 random source-destination pairs from the entire set of nodes.

Since our objective was to study the transmission energies alone, we did not consider other factors such
as link congestion, buffer overflow etc. Thus, each link had an infinitely larger transmit buffer; the link
bandwidths for al links (point to point) was set to 2 Mbps. Each of the simulations was run for a fixed
duration.

We choose BPSK as our representative modul ation scheme and hence, use Equation 13 to derive the bit-
error-rate. We varied the ambient noise to obtain different data points. For the non-adaptive transmission
power algorithms (EA and RA) we chose a transmit power of 20 mW. The spectral noise for the differ-
ent channels was chosen to vary between two configurable parameters, N,,;, and N,,.. corresponding to
minimum and maximum noise respectively. less than a configurable parameter V..

We simulated two different environments:

1) Low noise environment: In this case, we chose N,,;, to be 1.8 x 10~"'W, while N,,,, was varied
between 2.0 x 10~ and 3.0 x 101 For the non-adaptive schemes (EA and RA) a maximum
spectral noise of 2.0 x 10~ leads to a corresponding channel packet error rate of 0.1 on a 100
unit link. Our adaptive transmission algorithm (RA-Opt) appropriately chose atransmission power for
each link so that the energy consumption for reliable data transfer across that link is minimized.

2) Highnoise Environment: Inthisscenario, we chose N,,;, tobe2.8 x 10~11W; wevaried N,,,,.. between
3.0 x 107"W and 4.0 x 10~ W,

Our results show that the RA-Opt scheme outperformsthe other schemesin environments (other than zero

noise environments). Additionally, our scheme shows significant benefits as the noise in the environment
increases, as a comparison between these two environments show.

B. Metrics

To study the energy efficiency of the routing protocols, we observed two different metrics:
1) Normalized energy: We first compute the average energy per data packet by dividing the total energy
expenditure (over al the nodes in the network) by the total number of unigque packets received at any

5We count each pair of nodes that are within the transmission range of each other as one wireless link.
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destination (sequence number for TCP and packets for UDP). We defined the normalized energy of a
scheme, as the ratio of the average energy per data packet for that scheme to the average energy per
data packet required by the maximum-energy experiment between all the schemes among all these
experiments. This provides an easy representation for comparison of the different schemes with each
other and with changing maximum spectral noise for different sets of studies.

2) Effective Reliable Throughput: Thismetric countsthe number of packets that was reliably transmit-
ted from the source to the destination, over the simulated duration. Since all the plots show results of
runs of different schemes over the same time duration, we do not actually divide this packet count by
the simulation duration. Different routing schemes will differ in the total number of packets that the
underlying flows are able to transfer over an identical time interval.

C. Low noise Environment for Grid Topologies

We first present the results for the low noise environment.

UDP Flows: Figure 8 shows the normalized energy consumption for the different schemes for the UDP
flows. For example, when N,,,, was set to 2.9 x 1071, the relative energy requirements of RA-Opt,
RA and EA were 0.74, 0.8 and 0.95 respectively. As expected, the energy requirements of al the schemes
increase with increase in spectral noise. The EA scheme has the highest energy requirements among al the
schemes when the maximum channel noise on linkswas high. Both the RA and the RA-Opt scheme performs
significantly better than this scheme for the entire range of spectral noise. RA-Opt has the best performance
among the three different schemes for the entire range of spectral noise. The EA scheme consumes about
10% to 33% more energy per packet, while the RA scheme consumes about 8% to 10% more energy per
packet than the RA-Opt scheme,

It isinteresting to note that in thislow noise environment the energy costs of both the EA and RA schemes
have a convexity property, while that of the RA-Opt scheme has a concavity property. This implies that the
benefits of the RA-Opt scheme becomes more and more significant with increase in the spectral noise.

TCP Flows: Figure 9 shows a similar normalized energy consumption plot for TCP flows. The costs
match very closely with the results for UDP flows.
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Foe TCP flows, it isinteresting to observe the behavior of the effective reliable throughput metric for the
different schemes. Thisis shown in Figure 10. The number of packets transmitted reliably over a fixed
duration for the EA scheme falls rapidly with increase in spectral noise. This is expected because the EA
scheme does not consider channel propertiesin choosing routes. In contrast, the number of packets reliably
transferred by the RA scheme fallsin a more gradual fashion. The decreasing trend in both these schemes
is due to the increasing link error rates with the increase in spectral noise. Asthe link error rates increase,
packets sees an increase in end-to-end delays, due to the delays spent in increased number of retransmissions
necessary to ensure reliability.

However, the same metric stays relatively constant for the RA-Opt case. This is because, the RA-Opt
scheme aggressively adapts the transmission power so as to minimize the energy costs for reliable packet
delivery across a link. The corresponding transmission power to achieve this optimal cost is such that the
link error rate stays fairly stable across the entire range of spectral noise.

D. High noise Environment for Grid Topologies

Now we present resultsfor the higher noise environment. Note that in this environment, the value of V,,;,
issignificantly larger than its corresponding value in the low noise environment.

UDP flows: InFigure 11, we plot the normalized energy required per packet in the high noise environment
for UDP flows. For example, when N,,,,, isset to 3.375 x 10~V the relative energy requirements of RA-
Opt, RA and EA schemes are 0.21, 0.40 (i.e. 90% more than RA-Opt) and 0.56 (i.e. 167% more than
RA-Opt) respectively. The benefits of the RA-Opt scheme is significantly higher than in the low noise
environment (note that the scale of the Y-axis is much larger than the corresponding plots for low noise
environments). The RA scheme consumes between 60% to 120% more energy per packet in thisenvironment
than the RA-Opt scheme, while the EA scheme consumes four times more energy in the worst case.

TCP flows: The energy consumption for TCP flows (see Figure 12) is again similar to the UDP counter-
parts.

It isinteresting to observe the behavior of the throughput achieved by TCP flows in this high noise envi-
ronment. In trying to optimize the energy consumption, the RA-Opt scheme adapts the transmission power
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which suitably drives down the channel error rates in all environments. Therefore, the throughput achieved
by the RA-Opt scheme islargely unaffected by the noise characteristics. In Figure 13 we plot the throughput
for TCP flows in the high noise environment. We can observe that the RA-Opt scheme achieves the same
throughput both in the low and high noise environments. Both the EA and RA schemes suffer in the high
noise environment, as can be seen in the significant drop in their throughputs achieved.

Both the EA and RA schemes achieve similar throughputs when the maximum spectral noise is 3 x
10~ W with the minimum spectral noise being 2.8 x 10 . This is because the range of error rates
between different links are similar in this scenario, and so RA is unable to choose significantly better paths
than EA. RA-Opt is able to make such a choice by increasing the transmission power at nodesto drive down
the error rates significantly.

E. Random Topologies

We now present results of our studies with randomly generated topologies. Observing that the relative
energy requirements for both TCP and UDP flows are similar in nature, we only present the results for the
TCP flows in a high noise environment.

In Figure 14, we plot the energy requirementsfor the different schemesin the high noise environment. The
benefits of the RA-Opt scheme is apparent in the plot. The relative energy costs of the RA-Opt, RA and EA
schemes are 0.22, 0.49 (i.e. 123% more than RA-Opt) and 0.53 (i.e. 141% more than RA-Opt) respectively.
Atlow noiselevels(lessthan 3.28 x 10~ 1¥) the RA scheme and the EA scheme performs equally. However,
by adapting the transmission power at the nodes, the RA-Opt scheme performs significantly better than these
schemes.

In Figure 15 we show the throughput of the different schemes. Like before, the RA-Opt scheme maintains
a stable throughput, while the other schemes see a significant degradation in performance.

V1. CONCLUSIONS

We have defined an optimal energy routing scheme for reliable data transfer on a multi-hop wireless net-
work. This scheme outperforms well-known existing routing schemes for a wide range of channel charac-
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teristics. Thisimprovement in energy efficiency is achieved by explicitly considering the impact of receiver
noise on packet errors, and by adjusting the transmission power to minimize the total energy spent in reliably
forwarding asingle bit. The schemeis general across different modulation techniques that can be employed
for data delivery on wireless networks.

We investigated the issue existence of an optimal transmission energy for a given link. By employing
information-theoretic bounds, we have shown how any link is associated with a fundamental lower bound
on energy efficient reliable communication. Moreover, thisfundamental bound is directly proportional to the
channel attenuation rate (x D?), and is achieved by choosing arbitrary low transmission power. In contrast,
practical communication systems are associated with a well-defined optimal transmission power, such that
any decrease or increase from this optimal value resultsin a sharp increase in the total transmission energy
spent in reliable data transfer.

We have studied the applicability of this technique in choosing optimal energy paths. By appropriately
choosing the cost metric, it is possible to optimize other objective functions, e.g. end-to-end latencies, data
delivery throughput, etc. We, therefore, believe that our scheme has a wider applicability to a range of
operating modes depending on the the optimization objectives. Simulation studies indicate that performing
adaptive power control based on the individual link conditions (error rates) can provide energy savings of
~ 10% in low-noise environments, and as much as ~ 40% in high-noise environments.

The analysisin this paper assumed that the use of retransmissions as the sole means of providing areliable
link layer. As discussed earlier, the fundamenta technique can, however, also be applied to alternate reli-
ability schemes such as forward error correcting codes through appropriate changes to the relationshipsin
Equations 10 and 12. Since our power adaptation mechanism implicitly relies on relative stable variationsin
the packet error-rate, thistechniqueis especially useful in static, or low-mobility, multi-hop networks, where
link parameters such as distance or attenuation coefficients do not exhibit very rapid changes. (Of course,
our formulation is applicable in the presence of typical wireless environment effects such as fading; the
average hit error rate at the link-layer istypically a more stable statistical metric obtained by averaging over
such physical layer variations). We have also assumed the existence of appropriate MAC-layer contention
resolution mechanisms for common-channel networks, which present an abstraction of zero-interference to
the higher layers. Such an abstraction is also provided by the use of distinct physical channels based on
TDMA/FDMA/CDMA techniques. Finally, our approach to energy optimization is useful not just for form-
ing energy-efficient routing paths, but also for independently optimizing the transmission energy on each
individual link. The routing algorithm and individual link-layer power control techniques can operate on
different time scales; while routes can be re-computed over longer time periods, individual transmitters can
adjust their link transmission power over shorter time-scales.
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