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Abstract— Tight energy constraints in wireless ad hoc consumption in the network have been recently pro-
networks require the use of efficient interference manage- posed in the literature [3], [7]. In particular, the joint
ment techniques, such as power control and energy aware distriputed power control and routing algorithm for
routing. Moreover, in such networks, there is a strong Code Division Multiple Access (CDMA) ad hoc
coupling between power allocation and route selection, . .
which naturally leads towards joint optimization schemes. networks proposed in [3], uses thef transmission
Joint power control and routing algorithms which mini- Power of the nodes as the cost metric for shortest-
mize the total energy consumption in the network have path routing algorithms, and iteratively and sequen-
been recently proposed in the literature. In this paper, tially adjusts the power and route selection, until no
we address the problem of joint design in the context of fyrther energy reduction can be obtained.
energy minimization, subject to throughput constraints. While it has been shown in [3] that the joint

More specifically, it is considered that the reduction in timizati Its i q f itude |
network throughput is determined by the bottleneck nodes, opumizalion resulis In orders of magniiude Im-

which serve as relays for many traffic flows. Avoiding Provement in_ the _energy consu.mption, the final
the formation of bottleneck nodes increases the network hetwork configuration may lead in some cases to

throughput and also increases the network lifetime, by the formation of bottleneck nodes (nodes that are
avoiding the situation in which some nodes wear off faster relaying many traffic flows), which may yield re-
than the others. duced network throughput.

In this paper, we address the problem of joint
power control and routing design in the context
of energy minimization and subject to throughput

A mobile ad hoc network consists of a group afonstraints. More specifically, we try to avoid the
mobile nodes that spontaneously form temporafgrmation of bottleneck nodes by introducing two
networks without the aid of a fixed infrastructur@ew routing metrics.
or centralized management. The communicationin a multi-hop ad hoc network, the limiting
routes between source-destination pairs are detdroughput per network is given by the node re-
mined by the routing protocol, which finds thedaying the most traffic. A general definition of
best possible paths between source and destinatiois throughput can be given asyn, where\ is
nodes, according to some specified cost criteriche throughput capability of a node given by the
With tight energy constraints in wireless ad hosystem modeln denotes the number of flows re-
networks routing protocols using energy relatddyed by a node. Obviously, the greater the number
cost criteria have been recently investigated in theis, the more reduction the throughput suffers.
literature(e.g. [1],[2]). Moreover, in such networksThe throughput bottleneck will occurr at nodes
there is a strong coupling between power allocatidhat have the maximum number of relayed flows
and route selection, which naturally leads towards,,.., =maximumn over the network). Both rout-
joint optimization schemes. Joint power control andg metrics that we propose in this paper, aim to
routing algorithms which minimize the total energyeducen,,, .

I. INTRODUCTION



The first metric, dynamic weighted power metritransmitted towards a randomly chosen destination
routing (DWP), applies dynamic weighting on th@ode. If traffic is relayed by a particular node, the
power aware routing metric of a link every time itransmissions for different sessions at that node are
is selected. The proposed dynamic metric sequéime multiplexed.
tially penalizes those nodes that have been used ag/e define the link Quality of Service (QoS)
relaying before, hence avoid the creation of nodeseasure for one terminal (sgy to be the energy
with many relaying flows. consumed for the correct transmission of an infor-

The second metric, adaptive load aware powertation bit, £/ [3], [8]:
metric routing (ALAP), introduces the traffic load
information into the power aware routing metric.
Current traffic load information is considered as
a predictor for possible bottleneck nodes in the
next iteration. According to the bottleneck predictoBy minimization of (1), we can get the optimal
heavier costs are assigned to the possible bottlené@iget SIR,y*. Therefore, a link has maximal utility,
nodes. Thus, they have less chance to be selectedibgl operates at minimal energy-per-bit, if the SIR
routing at the next step, and are unlikely to becongghieved on that particular link ig*.
bottleneck nodes. For the numerical results, we have considered

Our simulation results show that implementatioa system employing non-coherent frequency-shift-
of the joint power control-routing algorithm withkeying (FSK) modulation, for which the BER is
these two new metrics, results in higher throughpgtven by
than the algorithm presented in [3], at the expense
of a slightly increased energy per bit consump-
tion. Comparing the two proposed metrics, we find
that DMP gives better performance than ALAP in
throughput, while ALAP is more energy efficient.

The rest of this paper is organized as followé!l'
In Section Il, we present the system model on
which our analysis is based. Section Ill describes |, the previous section we showed that to obtaim

the energy efficient joint power control and routingyinimum energy-per-bit consumption for a trans-
algorithm with and without throughput constraintsyission on a given link, a target SIR requirement

Finally, simulation results are presented in SeCtiQﬂ ~* should be imposed. The achievable link SIR
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IV, followed by conclusions in section V. depends on the transmission powers for all nodes.
Since it can be shown that is a global minimum
I[l. SYSTEM MODEL of the energy function, ifSTR # ~* the system

OVEr a square area, of dmengdﬁ x D, but SIR > ~*, the surplus gain achieved by a better
this is not a necessary assumption for the analy

The multi-access scheme is synchronous dire IR is overcome by a high required transmission
sequence CDMA (DS-CDMA) and all nodes usE/owelr. Taking into account the above considerations

independent, randomly generated and normaliz.l§<eXpress the link QoS requirement for an arbitrary

spreading sequences of length L. The transmitte (i,7),5,0 = 1,2,..., N as

bits are detected using a matched filter receiver.

Each terminalj has a transmission powét; which SIR;j;) >~ V(7)€ S, (3)
will be iteratively and distributively adapted ac-

cording to the current network configuration. Theshere S! is the set of active links for the current
traffic can be relayed through intermediate node®uting configuration-, obtained using the routing
It is assumed that each node generates traffic tofretocol. The joint optimization problem at the



network level can then be formulated as Iniial distribution

of powers and
minimize >-~ | P, roee
subject to
S]R(i,j) > ’)/*,V<Z,j) < SZ; (4)
P >0
andr € T,
where T is the set of all possible routes. From (4)
we can see that optimal power allocation depends
on the current route selection. On the other hand,
for a given power allocation, efficient routing may
reduce the interference, thus further decreasing the
required energy-per-bit.

Distributed
power control

Update
link costs
compute
routes

otal transmission
power lower?

Update
routes

A. Power Control Issues

To reduce the implementation complexity, it is
assumed that the power control adjusts the power
level of the mobile node, such that the transmitted?”
power of that node is common for all active links
that have that node as a source node. Consequently,
if multiple active transmission links start at node B. Joint Power Control and Routing
then the worst outgoing link must meet the target
SIR with equality. If we denote the set of all Starting from an initial distribution of powers and
outgoing links from nodé as S}, the minimal power routes, and assuming that the system is feasible

Joint power control and routing.

transmission conditions become for the initial configuration, the integrated power
mingessSIRy = v Vi = 1,2, ..., N. (5 control and routing algorithm is summarized in
‘ Figure 1.

We now express the achievable SIR for an arbitrary

active link (7, j) € S' For a given network topology distributed power

control is implemented, which ensures that the
hig) Pi (6) smallest SIR of all the outgoing active links from
%Zfﬁv:l’k#k# hi.j P + 02 one node is greater or equal to the target SIR,
~*. The routes are then updated based on the link
costs defined below, followed by a new iteration
8§ power control. The power control and routing
iterations form a close loop, which stops when

S[R(ZJ) -

whereh,; ; is the link gain for link(i, j), ando? is
the background noise power.
From (5) and (6), the powers can be selected

N
. N oL ‘ »| there is no more improvement in total transmission
By = mazjes; hi,j) | L kl;k ‘h(’W)P’“ 7| power. Our contribution in this paper consists on the
=LAFLRA] introduction of throughput constraints in the routing,
— O Li.)(P), by means of two new routing metrics.
(7) In order to estimate costs for links that are not
wherep? = [Py, Py, ..., Py]. currently active, the achievable SIR for all links

It can be proved thaf'(p) = max( ;I (p) must be estimated: We note that for a giv_en dis-
tgbution of nodes in the network, the achievable

SR depends only on the nodes’ transmitted powers

and is independent of the current route assignment.

is a standard interference function [9]. Hence, for
feasible system, an iterative power control algorith

can be implemented as . : > as
» Hence, the estimated SIR for link, j) (S/R) can
Fi(n+1) =T(p(n)),vi=1,2,... N, (8) pe calculated with the information of the link gains
and it is shown to be convergent to a minimal power(:, j), the transmitted powers of all nodes;, j =
solution [9], for both synchronous and asynchronous2, ..., N and the extended estimated interference
power updates. at all the other nodes.



1) Power Metric Routing::The routing schemeto a node with a relatively higher current load
proposed in [3] uses Dijkstra’s algorithm [4] withlevel. The main idea of ALAP is to introduce the
associated costs for the links. The cost for a@rmaffic load information into the power aware routing

arbitrary link (7, j) is determined as metric. Starting from an initial routing assignment,
_ current traffic load information determined by the

. B ifSIRG 5 > g) routing can be considered as a predictor for possible

oo | Gg) <7 bottleneck nodes in the next iteration. The routing

metrics of all the links are updated for the next

Using (9), the resulting routes yield minimal enFouting according to the bottleneck predictor. Heav-

ergy per information bit for a given power aIIocat|ori]er costs will be assigned to the links which have
accross the nodes.

The drawback for using this routing metric mi hﬁzossible bottleneck nodes as transmitting nodes.
using “S uting m . 9 hus, the possibility for these links to be selected
be that nodes that are in “good positions” (hav

a low transmission power) will be used b man'ﬁ the next routing iteration will be reduced.
b Y Y The cost for an arbitrary linki, j) is determined

traffic flows as relaying nodes and will becom

throughput bottleneck nodes for the whole network:

To overcome this problem, we propose two new _

routing metrics to be used for the joint power .. :{ a; K P 1f SIRG ) > (10)

control and routing algorithm. These new metrics ’ o0 if SIR; ;) <77,

are described in detail in the following subsection%herepi is the transmission power of node K,
is the number of outgoing links of nodec; is the

2) Dynamic Weighted Power Metric Routingottleneck node co-efficient:

(DWP): In DWP, we replace the routing scheme

in [3], with one that dynamically adjusts the link { ;=1 if K;# Koo (11)

costs, taking into account the relaying load of each a; > 1 it K= Ky,

node. The algorithm is summarized as follows: | . .. Koo = MAX {K, ; for j = 1..N }, and

K; = K,,.. means nodeé is a bottleneck node.

initial costc(i, j) as in (9);
for i=1:N Using this routing metric, the integrated power
Dijkstra’s routing algorithm for node i control and routing algorithm can be summarized
for j=1:N as follows:
if node(j) is in route i;
Py = W X P, Given initial routing assignment;
end 1: Power control;
end 2: Compute traffic load K; } according toS;
update cost(¢, j); 3: Update routing cost(i, j) for all the links
end according to (3)(4);
4: Dijkstra’s routing algorithm updats;;

W is the weighting parameter, which controls thed: IF total transmission power has been reduced

tradeoff between the power/energy savings and the GO To Step 1;

overall network throughput. Foi/ = 1, this algo- ELSE

rithm becomes identical to the one proposed in [3]. Stop;

DWP sequentially penalizes those nodes that have END

been used as relaying nodes before, hence avoiding

the creation of nodes with many relaying flows. |t can be seen that(i, j), the cost of link(i, j),

will be adjusted according to the value &f; , the

3) Adaptive Load Aware Power Metric Routingraffic load of node. WhenK; increases, the cost of

(ALAP): As an alternate solution, we also propodek (i, j) increases as well. The mo¥e€; increases,

ALAP which avoids adding too much traffic loadhe more the cost will go up.




Furthermore, the increment of cost can also be
adjusted byq;, the bottleneck node coefficient. ™
If K; = K,,.., hodei is a bottleneck node and *|
«; will be greater than 1. Thus, the increment & =
of cost is much greater for the bottleneck nodes,: »f
compared to the other nodes, for whiah equal
to 1. Consequently, the bottleneck node becomesg -
the first node that should be avoided for new routez .
updates.

Original metric
—+— DWP metric
—— ALAP metric
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IV. SIMULATIONS

In this section, we present some numerical ex- = ® ® Numbemf“:odes(m N ® *
amples for an ad hoc network with 25, 35, 45 and
55 nodes, respectively, uniformly distributed over mg. 2. Throughput supported by network versus Number of nodes.
square area 0200 x 200 meters. The target SIR
~v* is selected to be2.5, and the noise power? 15
is 10713, which approximately corresponds to the
thermal noise power for a bandwidth biMHz. We l Original metic
consider low rate data users, using a spreading gain o AlAPmetrc
of L = 128. For this particular example, we choose
equal initial transmit powers,0d B above the noise
floor. The weighting parameté# for DMP metric
routing is set to 2, and bottleneck coefficientor
the ALAP metric routing is set to 10.

Figure 2 depicts the throughput supported by
network versus the number of nodes (N). Each .
curve of this plot is the average throughput obtained
from different random initial nodes distributions. . - - . - /
The throughput is defined agn, wheren = number Number of nodes (N)
of flows that are using the limiting node relayin%_ _ _
the most traffic, and\ = R/M, R = 104bit3/sec, ig. 3. Energy per bit consumption versus Number of nodes.

M = 80bits, M is packet length. It can be no-
ticed from this plot that the two new proposed
algorithm give higher throughput than the originadcheme. In Figure 5, the achieved energy-per-bit is
algorithm. Moreover, DMP gives better performanceompared for the same experiment with the first
than ALAP in throughput, while from Figure 3 weenergy value, which represents the energy-per-bit
see that ALAP provides better energy efficiency. obtained in the initial state (this is obtained for equal

In particular, Figures 4 and 5 illustrate the totglowers, with the routes selected to minimize the
transmission power and energy per bit, respectivegnergy per bit consumption). It can be seen that
for a network of 55 nodes. In Figure 4, it can bsubstantial improvements are achieved. Further, we
seen that the total transmitted power in the netwoakso notice that DMP metric based routing here has
progressively decrease as the proposed algoritanimigher final energy than the other two metrics.
iteratively refines power and routes. The valuesWe can see that there is a trade-off between the
in Figure 4 represent the total transmitted powénroughput and the energy consumption. To improve
obtained over a sequence of iterations; [power catlre throughput, we need to distribute the traffic
trol, routing, power control, routing, power control]load uniformly across all nodes, which means that
It can be further noticed that DMP metric basesometimes, we may have to give up the links with
routing in this case has a slightly higher total tranghe minimum transmission power to favor a more
mitted power than both the original and the ALARIniform load across the network.

Energy Per Bit




0.014

for the relaying traffic. The battery of the bottleneck
node will drain much faster than that of the other

0.012}- Original Metric 1

~* DWP Metric nodes, and this will accelerate the collapse of the
—— ALAP Metric

o

o

2
T

1 whole network [10]. The proposed new metrics
help to avoid overusing of specific nodes, and will
therefore prolong the time before the first node
dies (power down) in the ad hoc network, which
will improve the time before the network becomes
| partitioned. This is also crucial requirement for the
practical applications of ad hoc networks.

o
o
S
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T

Total transmitted power
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V. CONCLUSIONS
1 15 2 25 3 35 4 4.5 5

lterations In this paper, we have proposed two new rout-
ing metrics for joint power control and routing,

which lead to significant improvement in the system
throughput compared to results from earlier work

Fig. 4. Total transmission power.

' [3]. These new metrics address routing in the con-
Sora e text of energy minimization, and subject to through-

~+ DWP Metic put constraints. Using the propo_sed sghemes,_ the
W' :  formation of bottleneck nodes is avoided, with

immediate positive consequences on the network
throughput and on the network lifetime.
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