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Cross-layer Energy and Delay Optimization in
Small-scale Sensor Networks

Shuguang Cui, Ritesh Madan, Andrea J. Goldsmith, and Sdwghy

Abstract— The general joint design of the physical, MAC,
and routing layers to minimize network energy consumption §
complex and hard to solve. Heuristics to compute approximat
solutions and high-complexity algorithms to compute exactso-
lutions have been previously proposed. In this paper, we fas
on synchronous small-scale networks with interference-fre link
scheduling and practical MQAM link transmission schemes.
We show that the cross-layer optimization problems can be
closely approximated by convex optimization problems thatcan
be efficiently solved. There are two main contributions of tlis
paper. First of all, we minimize the total network energy tha
includes both transmission and circuit energy consumptios,
where we explore the tradeoff between the two energy element
Specifically, we use interference-free TDMA as the medium
access control scheme. We optimize the routing flow, TDMA
slot assignment, and MQAM modulation rate and power on
each link. The results demonstrate that the minimum energy
transmission scheme is a combination of multihop and singte
hop transmissions for general networks; including circuitenergy
favors transmission schemes with fewer hops. Secondly, hes
on the solved optimal transmission scheme, we quantify thedst
trade-off curve between delay and energy consumption, wherwe
derive a scheduling algorithm to minimize the worst-case peket
delay.

Index Terms— Cross-layer, energy efficiency, routing, link
scheduling, link adaptation, convex programming, minimum
delay, TDMA.

|I. INTRODUCTION

Much cross-layer optimization work has focused on
throughput maximization. For example, joint routing, powe
control, and scheduling for Time Division Multiple Access
(TDMA) and Code Division Multiple Access (CDMA) net-
works are considered in [3]-[5] to maximize the network
throughput. Although energy minimization is not the main
objective of these papers, similar cross-layer methodotam
be applied to find energy efficient solutions. Joint schexyli
and power control to reduce energy consumption and increase
single-hop throughput are considered in [6]. Cross-lagsigh
based on computation of optimal power control, link schedul
and routing flow is described in [7]. The aim of this paper is to
minimize the average transmission power over an infinité hor
zon. Energy efficient power control and scheduling, with no
rate adaptation on links, for QoS provisioning are consider
in [8]. However, it is shown in these papers that the general
cross-layer problem formulation of optimizing the physica
medium access control, and routing layers to minimize total
energy consumption is extremely complex and hard to solve.
Heuristics can be used to compute approximate solutions
(see, for example, [9]), while high-complexity algorithitfer
example, column generation in [10]) are required to compute
exact solution or solutions with bounded accuracy.

In addition, hardware power consumption is usually ne-
glected in the traditional cross-layer optimization fravoek.
This is a reasonable approximation for long range apptioati

In a typical sensor network, sensors are powered by Sm@ihere the average transmission distance is usually on thes or

batteries that cannot be replaced. Hence, sensor nodesiian g seyeral hundred meters such that the transmission power
transmit a finite number of bits until they run out of energyy,minates the circuit processing power. However, in sensor
Consequently, reducing the energy consumption per bit fagyyorks, the average distance can be as short as several
end-to-end transmissions is an important design objediVe yqters [2]. As a result, the circuit processing power become
such networks. Since all layers of the protocol stack affeghyparaple to or even dominates the transmission power [2].
the energy consumption per bit for data transmission frofihgrefore, for an energy efficient network design, the trans
source to destination, energy minimization requires atjoifyission power and the circuit processing power need to be

design across all layers [1]. Moreover, modeling the energy;
consumption in the circuit is important since a significant,
amount of energy overhead can be dissipated in the circpuit [

This work is supported by funds from National Semiconductoyota Cor-
poration, Robert Bosch Corporation, the Sequoia CapitahfStd Graduate
Fellowship, the Stanford URI Architecture for Secure and&s Distributed
Infrastructures, AFOSR DoD award number 49620-01-1-08&5DoD award
number HDTRA1-07-1-0019, and the University of Arizona Rdation. Part
of this work was presented at GLOBECOM'04 and ICC'05.

S. Cui is with the Department of Electrical and Computer Begring,
University of Arizona, Tucson, AZ 85721. Email: cui@ec&ana.edu.
R. Madan is with QUALCOMM-Flarion Technologies, NJ. Emailk-
madan@stanfordalumni.org. A. J. Goldsmith is with the WgBs System
Lab, Department of Electrical Engineering, Stanford Ursitg, Stanford,
CA 94305. Email: andrea@wsl.stanford.edu. S. Lall is with Department
of Aeronautics and Astronautics, Stanford University,nBied, CA 94305.
Email: lall@stanford.edu.

ntly considered in the cross-layer optimization mod&ich

int optimization considering hardware power consumptfo
vestigated in [2] and [11]-[14], where the authors cossid

a joint design between the link layer and the silicon layer.
By modeling power consumption in the underlying circuits,
optimal modulation schemes are derived to minimize thd tota
energy consumption. However, these results do not optimize
the medium access control (MAC) or routing layers. In [15],
the delay-energy tradeoff is analyzed for a data collecting
sensor network, where the energy consumption includes both
the transmission energy and the circuit processing energy.
However, the proposed optimization model only appliesde tr
topologies where the SINK node is the root.

In this paper, we formulate and solve a cross-layer energy
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minimization problem. Our problem formulation is resteidt tradeoff. Section VI summarizes our conclusions.

only in the sense that we consider interference-free sdimedu

in a small-scale network where synchronization among nodes Il. CROSSLAYER OPTIMIZATION

is achievable. Specifically, we focus on the joint design of

the routing, MAC, and physical layers to minimize the overaf* System Model

network energy consumption that includes both the transmisetwork

sion and the circuit processing energy consumption. Idste@e consider a stationary sensor network or a network that

of seeking heuristics or high complexity algorithms forsge varies slowly such that we can ignore the dynamics of node

layer design of arbitrary networks, we focus on small-scafgovement. We denote the distance between rigd® nodej

sensor networks that only involve several dozens of nodesd;;. We assume an additive white Gaussian noise (AWGN)

which are closely located. For such networks, interferencghannel with a<*"- power path-loss for each link— j. The

free TDMA is a good choice for the MAC layer because it iseceived powerP, (¢, j) at nodej is thus given byP, (i, j) =

feasible in a relatively small network and is energy efficien: (i, j)/(God;;), whereP, (i, j) is the transmit power and

given that nodes can be perfectly scheduled to be in slgspthe loss factor atl = 1 m. Note thatG, depends on the

and active modes to save energy, where we assume a cermtri¢nna gain, carrier frequency, link margin and otheresyst

controller (the SINK node) and perfect synchronization agio parameters [2].

nodes’. Due to the simplification at the MAC layer, the crossPhysical Layer

layer design problem can be relaxed to a convex one, fédfe assume that uncoded M-ary Quadrature Amplitude Mod-

which we have known techniques to solve efficiently [16Jlation (MQAM) is used. The constellation sid€;; assigned

The relative performance degradation caused by the rédaxatto link i — j is given asM;; = 2, whereb,; is the

is low. In addition, we propose an algorithm that schedulesimber of bits per symbol at which nodd¢ransmits to node

transmissions to minimize the delay for a given routing, MAGCj. We assume that Nyquist pulses are used and hence the

and physical layer transmission scheme, and we then chslQAM symbol rate is approximately equal to the transmission

acterize the delay-energy tradeoff using convex optiriimat bandwidth B (see, for example, [13]). Also, a bit error rate

techniques. In comparison to the model proposed in [13BER) of P, is maintained.

which only applies to tree topologies, the model proposed MAC Layer

this paper applies to general topologies with one SINK nod&e consider a slotted synchronous TDMA MAC scheme,

and no loop3(for which the tree topology is a special case). Iwhere each frame of length is divided into multiple slots of

addition, the model proposed in this paper is based on convergthA. Thus the link schedule is periodic, i.e., if link— j

optimization techniques, which approaches the solutiomfr transmits in slot:, it also transmits in slot+7"/A. Also, only

a different angle. one link is assumed to transmit in each slot. Thus, withirheac
In summary, there are two main contributions of this papeFDMA frame of lengthT', if link i — j is allocatedn;; slots

First of all, we propose a convex optimization framework transmits for timet;; = n;; A. Note that each link may be

based on practical MQAM modulation schemes to minimiz&llocated a different number of time slots. Obviously, weeha

the total network energy that includes both transmissicth ap_; >_; t;; < 7. Again, the feasibility of such a synchronous

circuit energy consumption across the network, where W&MA scheme is enabled by our assumption on small-scale

explore the tradeoff between the two energy elements. Seetworks.

ondly, based on the solved optimal transmission scheme, Waffic Flow

quantify the best trade-off curve between delay and enerljythis paper, to keep the notation simple, we consider desing

consumption, where we derive a scheduling algorithm @®mmodity flow where each node can generate information

minimize the worst-case packet delay in the network. that needs to be communicated to a single SINK node. The
The rest of the paper is organized as follows. In Sectig®rresponding scenario is illustrated in Fig. 1. We notesher

Il, we describe the system model, formulate the optimizatidhat our methods are general and can be extended for multi-

problem and give an overview of the computational algorghn¢ommodity flow problemsife, with multiple SINK nodes)

that can be used to solve these problems. Section III corssida@s Well. There aréV sensor nodes in the network; without

several different optimization problems that are specisles |0ss of generality, we denote the SINK node as A& node.

of the generic problem and Section IV gives numerical resulEach node generates data at the rateRpfbits per second

Section V describes an algorithm to schedule transmissidf®s),i = 1,---,N. Also, each node can relay the data of

to minimize the delay and characterizes the delay-energifier nodes. For the SINK node, we halg = -y R,
where the negative sign means that the SINK node has only

1it is worth noting that most of currently operating sensomueks are of INcOMIng traffic.
small scales (with usually less than one hundred nodes)rembentralized We assume that the network information flow is scheduled

synchronous TDMA is the most widely adopted medium acceséogol. i 3 deterministic way. As such, no random delay due to
Such application examples include temperature monitanigigvorks in large ) !

power plants, for which the readers can obtain more infdomarom one _random packet transmission is considered in this papeciSpe

of the largest commercial sensor network companies: Dusivdiks, Inc. ically, the bits are available for transmission at each nade

th;;tJ./é\r/g\;\év(\:/idustnetworks.com/), which is a spin-off frahre Berkeley smart- times T, 2T, ..., i.e., each nodeé has R, T bits available for
2A loop means a transmission route that originates and teesnat the transmission at the end of each frame of lengthif data is

same node. A network without such routes is called a loog-fretwork. transmitted at raté,;; bits per symbol over linkk — j for
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energy and the circuit energy) to transmit;; bits on link
i — j in time t;;, with a target BERP,, can be approximated
(upper bounded) by the function [2]

e(Wij, tij) = wijti <2 T — 1) + Yijtij 2)

Fig. 1. General topology for data collection in a sensor pefw where the first term is the transmission energy and the second
term is the total transceiver circuit processing energye Th
coefficientsz;; and y;; are system constants and are given
by i; = 2(1+ ) BN NoGodf; In 4 andy;; = (Pl + PJ,),
where « is a constant defined by the power amplifier effi-
aﬁiency [2], Ny is the receiver noise figuré\g is the thermal
Hgise spectral density, is the total transmitter circuit power
consumption for nodgin the active mode excluding the power

This is a good approximation if the symbol time is mucﬁP”SPmed in the power amplifief_?g; Is the _total receiver
smaller than the slot lengtih. The approximation is very circuit power consumption for nodgin the active mode, and

standard and has been used in, for example, [9], [17] [1&§ is the transmission bandwidth. The following lemma follows
The flow conservation equations are satisfied in every fra ’s|ly. _ ) _ _

i.e., the difference between the number of outgoing bits and-eMma 2.1: The function (W) is convex in Wt for
the number of incoming bits is equal to the number of pitd =

generated by the node locally. Proof: See Appendix A. o n
It is well known [21] that Quadrature Phase Shift Keying

(QPSK) requires the same transmission energy per bit as
1) Binary Phase Shift Keying (BPSK) while satisfying the same

BER requirement. However, to transmit a certain number of

bits, QPSK requires only half the transmission time as BPSK
) S0 its circuit energy consumption can be reduced by half [2].
Energy Consumption o ~_Therefore, the minimum candidate bit rate (per symbol) for
For each Ilnk,_we use the same circuit model as in [ZN'IQAM can be predetermined ds,;,, = 2 in order to obtain
for the transmit and receive signal paths. We neglect g energy-efficient solution. Note that we neglected thegsne
energy consumption of baseband signal processing blogkgyired to maintain network synchronization, which is an
(e.g., source coding, pulse-shaping, and digital mOdU|a“°“)interesting topic on its own for future work.

We assume that each node operates in one of two modesrhe maximum allowable bit rate is constrained by the
active mode and sleep mode. When a node transmits/receivg&imum available poweP,, .. at the transmitter, specifically
data to/from another node, it is in the active mode. When p_pi
a node is not transmitting or receiving data, it turns off all bij < Cij = log, <1 + M) , ()
circuits to enter the sleep mode; this saves energy. When Lij
switching from the sleep mode to the active mode, there where we assume th#t,,,.. is the same across all the nodes.
a transient mode that is mainly caused by the recovery of
the phase-lock loop. However, the transient mode duraﬂ'(_)né. Cross-layer Design Among the Physical, MAC, and Rout-
usually on the order of micro-seconds [2] while the slot t|mﬁ\1 Layers
considered here is much larger. As such, the consumed eneré& S . o
in transient modes is relatively small. Each node can turn onCross-layer design is a joint design optimization acrobs al
the circuitry slightly before the start of the assigned tstet to  OF Several layers in the protocol stack under given resource
compensate for the delay caused by the transient mode. He/f@@straints, and it overcomes the drawbacks of Iayerecgde3|
we do not model the transient mode in this paper. In the slelpimprove the network performance. Cross-layer design can
mode the power consumption is dominated by the leakalj¢lude information exchange between different layerst (no
current of the switching transistors. Since for analoguitec Necessarily neighboring layers), adaptivity at each layéhis
the leakage power consumption is usually much smaller thifformation, and diversity built into each layer to insue r
the power consumption in the active mode, leakage powerbidstness [1], [13]. For example, the physical layer canajepl
neglected in the total energy consumption. We assume nciftaptive modulation and coding to exploit or compensate for
synchronization; this allows a node to wake up only when {€ time-varying wireless channel. Then, this adaptivittha
is transmitting or receiving data. This is more energy-fit physical layer can be used by higher Igyers to achieve better
than systems where nodes are always in the active or lisRgiformance: The MAC layer can assign a longer channel

modes, since listening circuitry may consume a significaHf@g€ time to links with low-rate modulation schemes to
amount of energy [19], [20]. meet the throughput or energy constraint; the routing layer

time ¢;;, then the number of bits transmitted froirto j is
Wi; = Bbyjti;. We will allow W;; to take real values. After
we obtain the optimal values (which are likely to be of re
values), we could round them to the nearest integers if
bit splitting (fractional bit) is allowed in the routing piacol.

N
> (Wi = Wj;) = RiT.

J=1

For unCIOded MQAM’ as discussed in [2]’ the total en.ergy3The transmission energy stands for the average transmissiergy
consumption (that includes both the average transmissiroughout the paper.
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can reroute traffic to links supporting high-rate modulatiointerior point methods (see, for example, [16]). Specifical
schemes to minimize congestion; and the application lagrer owve solve the following relaxed problem.
use multi-description codes to leverage the diversity &edi
ent routes. Significant performance gain can be achieved by . Ne1 <N L
these interactions between different layers [1], [13]. ldver, min. > 2imy 2= €(Wij tig)
to maximize the achievab_le gain, the dynamic_s among d'riterg s. t. Zz]‘V:_ll Z]-V:1 ti; <T— N(N —1)A
layers should be analytically modeled, which is the main N J . , (5
; ; ; P Yo Wiy = Wy) =RT, i=1,--- N
goal of this paper regarding a particular network applarati J=1
described as follows. 23 tij<Wi; < B Cij,tiﬂ'
i=1,---,N—1, j=1,---,N

C. Optimization Problem I;r/gm the optimal solutior{t;;, W} (and accordingly;; =

The goal of the proposed approach is to minimize thgT}]j)_for the above relaxed problem, we can obtain a feasible
total average power consumption across all nbd@sis is Solution to prob*lem (4) as follows.
equivalent to minimizing the total energy consumption &t al(a) ¢,; = A %ﬂl Note that the TDMA constraint in the
nodes in a frame of duratidfi. Note that in sensor networks, relaxed problem has been modified such that this
where multiple sensors cooperate to perform the same task, thus obtained are feasible.
per-node fairness is less important than that in generabad h(p) bij = (bm'
networks. The problem of optimizing the different layers to(c) Wi, = ti;bi; B.
minimize power consumption can be stated as the followi '

L "Bbr a fixed N, as % — 0, the energy consumption for
optimization problem.

the suboptimal solution computed using the relaxed problem

min. Z?Sl Z;_V:l e(Wij, tij) converges to the energy consumption for the optimal salutio
to problem (4). In this paper, we will assume th%t is
CH D DARED DA 3 very small and neglect the effect of slotting. This is only
Z;,Vzl(wij -~ W) =RT, i=1,---,N ’ (4)  valid whe_n the npmber_of nodes is limited such that accurate
9Bt;; < Wi; < BCijtij, ti; € {0,A,...} synchronization is achievable across the network. Thus we
i=1,...,N—1, j=1,...,N solve the optimization problem (4) without the last coristra

in the rest of the paper.

where the variables arg;’s and WW;;’s. The first constraint  |n addition, it is worth clarifying two general cases re-
is the TDMA constraint, the second constraint is the floyarding the rate selection in the physical layer that we will
conservation constraint, the first in the third constraint is investigate in the following sections. For the first case, we
the minimum rate constraint (due to the fact that QPSK iglow optimal rate selection for each link, which leads to
more efficient than BPSK), and the secondin the third strategies with the so-called “Link Adaptation”. For thesed
constraint is the maximum rate constraint (due to maximugase, we fix the transmission rate for each link (then only one
power constraint). The fourth constraint models the facheaquantity out of17;; andt;; remains as the design variable),
link is allocated an integer number of slots. Note that wambt which leads to strategies with the so-called “Fixed Links”.

the constellation size on link — j asb;; = H’;]W For Please be aware of these two terminologies.
the examples computed in this paper, the increase in energy
consumption by using integds;; compared to that for real 1. A PPLICATIONS AND SPECIAL CASES

Wi
Bt;;

is less thari %. In general, more accurate solutions can be L i . .
-9 é MAC Optimization with Link Adaptation

corﬁputed using branch and bound methods (see, for example, . . o
[22]) to find the optimab,; ere, we consider single-hop transmissions where each
" node directly transmits data to the SINK nodee.( a star

Since the objective function is convex, if we relax th opology). In this case, the energy optimization problem ca
last constraint, the above optimization problem is a conv xP0'09Y). ’ gy op P

optimization problem. Hence, it can be solved efficientlings € simplified to

: N-1
. . . N min. >3 e(Win, tin)
40ur methods can be easily modified to consider the maxirizatif

network lifetime [9], if the network lifetime is defined asethtime at s t ZN_lt' <T ©6)
which the first node in the network runs out of energy. Aciaif the T i=1 VN = )

network lifetime is defined as the average node lifetime thatefined as 2Bt;; < W;n < BCintin

+ e %ﬁk} =+, % with Eo the battery energy available to i=1,---,N—1, j=1,---,N

each sensor (we assume thig is the same for all the sensorsli{ Py} )
the average power consumed at nddeand E{e¢;,} the energy consumed at where the variables are thgy's.

nodek in each period of’, minimizing the total energy consumption as we | this case, we can obtain more tractable results in a stecia
do in this paper is equivalent to maximizing the lower boumdhe network

lifetime. This can be proved from the fact that scer_1ario,_ where we assume a uniform network, i.e., all nodes
. 5 5 BT are identical:C;y = C, x;ny = x, andy;xy = y (see Eq. (2))
% > E{Jg 7 > 5 5 53 = B %: = for all 7’'s. This would be true if all nodes have identical circuits
k * K~k k K 2ok K and are located at the same distance from the SINK node. We

which is based on Jensen’s inequality. consider the following two scenarios.
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L . TABLE |
(a) Minimization of the total transmission energy: The cor-
. o ) SYSTEM PARAMETERS
responding optimization problem is as follows. 7. =25 GHz B =10 KAz
. N1 Win k=35 Py =10"°
min. 350 atiy (27N — 1 Pi, = 98.2 mW Pl =112.5 mW
N-1 . Priaz = 500 mW T=1s
st Yy tin<T , Go =170 dB A = 0.001T
2Bty < W,y < BCtjy, i=1,--- ,N -1 o = 1.9 (fixed rate) a = 7.6 (adaptive rate)
(7) Ny /2 = —134 dBm/Hz

We have the following result about the optimal solution.
N-—-1
Lemma 3.1: If 2 < % < C, the optimal solution

to problem (7) is given b
P (s g yW where the variables aréV;;'s, and the constant;; =

tiy = V=i, T “@b;% For this linear programming (LP) problem, the
>i—1 Win number of variables i®)(N?) and the complexity of solving

SNy . SNl this problem is polynomial iV (see [23]). Note that this is the
If 7};2@\77] Wf 2, thentjy = ==pz—. Also, note underlying system model in [9], [17], [24], [25] even though
that if ==7—= > C, the problem is infeasible. the problem considered in these papers is that of maximizing
Proof: See Appendix B. B the time at which the first node in the network runs out of

From the above result we see that in general the optim@lergy (which can again be written as a linear program).

time slot for each link to minimize the total energy is

proportional to the relative magnitude of traffic loHd;,

which is intuitively correct. IV. NUMERICAL RESULTS FORCROSSLAYER ENERGY
(b) Minimization of the total transmission and circuit energy: MINIMIZATION

Win

Note thatztiy 27w —1 ) + ytiy Is notamonoton- i oo ction by solving the cross-layer optimization

ically decreasing function of;x. In this case, we have problem in different scenarios, we obtain optimal sets of

the following lemma. _ . TDMA slot lengths for all the links, which minimize the total
Lemma 3.2: Lett" be the optimal solution to the follow- energy consumption. However, the optimal solution has no
ing problem in variable. information on the ordering of these time slots within each

) SN win frame, which will be discussed in the next section where we
min.  xt (2 B = 1) +uyt show that the ordering affects delay peformance.
(8)

s.t. 2Bt <N Wiy < BCt
. . . .. A. MAC Optimization with Link Adaptation
Then the optimal solution to the problem in (8) is given

by tfy = % For the single-hop scenario (the star topology), we now
Proof: éleeJAppendix C. m consider the general case where thg's are distinct, which

~
In this particular case, we see that the optimal time slBf€ds to be numerically solved based on Eg. (6). For a
for each link is proportionally divided from a modified timeN®de network, the system parameters are specified in Table |
budget*, which takes into account the effect of circuit energyp"d the optimal transmission scheme is shown in Table II.
For reference, we also show the results for a uniform TDMA

. . . T
B. Routing and MAC Optimization with Fixed Links system, where the time allocated to each linkiis = ry—;.
Instead of treating the link rate; as a design variable as inFor each itemu/v in the tabley is the value for the optimized

the general formulation (5), we can also investigate a specfystem andv is the value for the reference system. The
case where we assume that each link uses the same moduldf&H energy required for the optimized non-uniform TDMA
scheme, i.e.h;; = b for all links. Given the relatiodV;; = 1S 30.9 mJ, while39.3 mJ is required for the uniform TDMA.
bBt;;, if we know W;;, then we knowt,;, and vice versa. The energy saving is abofit %. We next show that optimizing
Therefore, we now only have one variable to define. Accordige time slots may lead to another benefit, i.e., enablinggmor
to Eq. (2), the total energy to transnhi;; bits over linki — ;j feasible solutions with fixed constraints on frame lengtld an

is given by constellation size. Specifically, if we change the framegthn
S W to T = 0.1 s, the time slot length for each node becomes
e(Wi;) = % (2°—1) + yUB—bU L — 0.025 s under the uniform TDMA scheme. This requires

a minimum constellation size ¢f= XXX — § to sendW; y

The problem of minimizing the total energy consumption &< from nodei to the SINK in timgf“%%ince the maximum
be written as

allowable constellation size for nodeis C = 6 (restricted by

min. Zij\;lcijwi- the maximum available power), the uniform TDMA scheme
is infeasible. However, the optimized TDMA is feasible; it
s. t. ZN—I Z]-V_l Wi <T s (9) . . .
i=1 j=1 Bb = allocates more transmission time to node The allocated

ijzl(Wij -W;)=RT, i=1,--- N transmission times are= [0.014, 0.02, 0.025, 0.033] s.
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TABLE Il

OPTIMIZED TDMA (SAME W; iy 'S) V.S. UNIFORM TDMA, N = 5

transmissions. This is because when a node uses multihop
transmissions to send data to the SINK, some hops may be

node 1 2 3 4

din @ 2 5 8 14 allocated a smaller amount of time than when a node sends
iN (bits| 2000 2000 2000 2000 R A . i

b,

hN S ot oeos oeser Yoo data d|rectl3_/ to the SINK. Hence, muItlhc_)p tra}nsm|s§|onsy ma
E; m) 5.8/8.4 5.9/8.6 8/9.1 13.2/13.2 not be feasible (note that the constellation size is fixeénev

when single-hop transmissions are. If we minimize the total
energy consumption, the optimal scheme is shown in Fig, 2(d)
where we see that the optimal strategy for each node is to

B. Routing and MAC Optimization with Fixed Links
transmit the information to the SINK with single hop. This is

W first qon5|_der a simple network W'th. a string tOp(.)lOg. ue to the fact that multi-hop transmissions cause extcaitir
as shown in Fig. 2, where each node is labeled with ifs

(z,y) location. The system parameters are again those sho%‘q?rgy consumption as that in Fig. 2(b).
N - o illustrate the generality of the optimization model, we
in Table I. We first assume that nodeand node3 have 9 y P

no data to transmit, and nodegenerates data at a rate oPOW solve the problem for a network with 50 nodes, where
v 9 . all the node are randomly deployed into a square region ef siz
R, = 6 Kbps. If we minimize only the transmission energ

. L : B Y50 m x 50 m, with the exception for two nodes: Node 1 is the
the optimal transmission scheme is shown in Fig. 2(a). Fg(r)urce node located &0, 50) with R, = 6000 bps; and node

this case, multihop routing is optimal. The time slots assd 50 is the SINK node located &0, 0). The optimal routing and
MA slot assignment are shown in Fig. 3, where the route in

to each link are labeled above the link. When we minimize thIeD
. solid lines is for the case where we minimize the total of the

total transmission and circuit energy consumption, thénugdt
tr_ans_mlssmn scheme is _shown in Fig. Z(b)'. Thus m'mm'z'r.l[%ansmission and circuit energy consumption, and the soute
circuit energy consumption leads to an optimal scheme wil . L

in dashed lines are for the case where we only minimize the
nsmission energy. For the latter case, the optimal mguti

fewer number of hops than that corresponding to minimizir}ga
Just th_e transmission energy. _Th|§ |s_becau_se as the numbegt?ategy is to split the traffic into two sub-streams: Thet firs
hops increases more energy is dissipated in the node rcugne carrie2000 bps: and the second one carriéa0 bps
For the result regarding the number of hops, we see the same

i os s os - phenomena as in the simple string topology: Minimizing the

©.0) ' o ' 1%12 ' go total energy consumption leads to routes with less hops Thi
GO (00 @50 conclusion is true in general due to the circuit energy osadch

in relay nodes.

SINK

(a) Minimizing transmission energy onlyR, = R3 =0

0.3

@
S

nﬁge 1
SINK . ‘ ‘ "
Q O o
4 3 2 1 *r g(;gdherguvl:&lls;all;lesrr%\yl energy only - 1
©.0) O @) @) 0 ' o1 0% A7 ]
(5,0 (10,0) (15,0) O o Q.=- 202 o
o O - O
@) « j&) ]
e $e 2
GEJ 301 e 0377
(b) Minimizing total energy consumptio®®; = R3 =0 = oL, g 2 O O
0.1 )
%’ 20f o O
SINK 0.085 L 1st 0O o
% 0.185 A 3 2 0115 .1 10 1
©.0) -—0 o ]
50) 100) (150) 00 (e}
Ian

0.515

(c) Minimizing transmission energy only, = 8000 bps, Rz = 2000 bps

0.3

0
node 50

10 20 30
x—edge in meters

Fig. 3. Optimal routing and MAC for a random network of 50 Nedgith

R1 = 6000 bps

SINK /\
(o,o\) '4 01 3 2 ot - o . - -
.0 100) (15.0) C. Routing and MAC optimization with Link Adaptation

04 We now consider the general case where we jointly optimize
routing, MAC, and link adaptation. The optimization model
is given by Eqg. (4). To just illustrate the key points, we
again consider the simple string topology as above with
Ry = 6 Kbps, R, = 8 Kbps, andR3 = 2 Kbps. When the
We now consider the case where ndadand node3 both circuit energy consumption is included, the optimal rogfin
have their own data to transmit; in particulds = 8 Kbps and scheduling, and modulation constellation sizare as listed
Rs = 2 Kbps. The optimal transmission scheme which minin Fig. 4. The number above each link is the time slot length
mizes transmission energy is shown in Fig. 2(c). The optimassigned to that link and the number below each link is the
scheme consists of a combination of single-hop and multihoptimal constellation size used for that link. The network

(d) Minimizing total energy consumptioR; = 8000 bps, R3 = 2000 bps

Fig. 2. Optimal routing and MAC
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energy consumed within each peri@tis 0.022 J, while the known slot length for each link. If there aré/ active
network energy consumed without link adaptation (as shawnlinks, there areM! such TDMA schedules for the given slot
Fig. 2(d)) is0.081 J. We see that link adaptation leads tt3& length assignment. Each of thesé! different schedules can
lower energy consumption than that without link adaptatiosorrespond to different values of packet delays, altholgh t
Also, direct transmissions combined with multihop routingptal energy consumption is independent of the schedule. To
are shown to be optimal in this case compared with puilustrate this, we consider the example shown in Fig. 5. We
single-hop transmissions as shown in Fig. 2(d). The reasassume that the time slot length for each linki3. Based on
why multihop routing becomes more efficient in this partigul this assignment, two different schedules are shown in Fig. 5
example is that link adaptation reduces the transmissiog tiwhere the scheduling index is labeled below each link. For
for each hop by using higher constellation sizes such that thchedulel, the transmission order within each perifds link
extra circuit power consumption in the relay nodes is reduce3 — 4, then link2 — 3, and finally link 1 — 2. Thus, nodes
Finally, it is worth noting that for the presented numerica? and 3 can only forward the data they collected in the last
results in this section, the relative error caused by convprriod. Consequently, each bit originating from nddenly
approximation is negligible, which is below one percent. traverses one hop (to the next node) within each period T.

The total delay is thusT and this is the worst-case delay
SINK 0.035

P Bl among all possible schedules. For sche@ulgith the reversed
©0) i‘ . 0044 =3 g, 0044 1 transmission order compared to scheduldt can be easily
b=9 0(3,0) 100) P=° (150 shown that all the information bits from nodearrive at node
l')_e 4 within one periodI’. This is a schedule with the minimum
B delay.
Fig. 4. Minimizing total energy consumption?; = 6000 bps, Ry =
8000 bps, R3 = 2000 bps
SINK
V. DELAY ANALYSIS
) . ) . . 4 03 3 03 2 03 1
In this section, we show that the ordering of time slots af- ~ Schedule 1. ©0) 1 2 s O

fects the delay performance. Since we adopted a deteriainist
scheduling scheme based on TDMA, no random packet delay
is considered. The delay of interests here includes detésmi 4 o3 3 03 2 o3 1
tic queuing delay at intermediate nodes and transmissitaly de Schedule 2: ©.0) 3
over each hop. Note that for our traffic model, a packet of
R;T bits (all the bits in the transmission buffer) is available a
nodes for transmission at time¥', 27, . . .. Although the flow
conservation equations are satisfied over every frame gthen
T, some packets may experience source-to-destinationsiel
that are larger thafl. We give a constructive proof to show
that a worst-case delay df is achievable by ordering the
transmissions on the links appropriately. We then charzete
the optimal delay-energy tradeoff.

SINK

(5.0) (10,0) (15,0)
Fig. 5. Two different schedules

Generally speaking, if we schedule the outgoing links befor
e incoming links for node, the data forwarded by nodds
the data it collected in the last period. Thus, the corredpan
D; can be up tdl'. Consequently, the worst-case delay that
each packet experiences from the source to the destination c
be as large a#(T for a path of K hops. For a simple route
such as the one shown in Fig. 5, it is easy to find the best
A. Minimum Delay Scheduling Algorithm schedule to achieve the minimum delay. Specifically, we can

We define the delay; that a packet experiences over hogchedule the first hop the earliest, then the second hop,aand s
¢ as the sum of two delay components. The first componeot. However, for a complex network (such as the one shown
is the queuing delay that is the time for which a packét Fig. 1) with arbitrary routes, finding the best schedule to
waits at a node, starting from its arrival until the outgoingchieve the minimum delay is not as easy. We now discuss
link that carries this packet is scheduled to start transiois how to find the minimum delay schedule for general cases.
The second component is the transmission delay that is equalVe define thedelay of a schedule to be the maximum
to the time slot length assigned to the outgoing link. Not#elay encountered by any packet in the network. As discussed
that we neglect the propagation delay because the nodedbeve, the minimum possible delay of a schedulél'is=
node transmission distance is usually short in sensor mk$swo vaz_ll > jem, tij- We have the following lemma stating a
The values of theD;’s are determined by the slot lengthssufficient condition for a schedule to have the minimum pos-
assigned to each link as well as the order in which thable delayl’. The proof of this lemma is given in Appendix D.
links are scheduled. Thus, the total end-to-end delay agtack Lemma 5.1: Consider a TDMA schedule over a time period
experiences is given bffil D; where K is the number of T. Itis sufficient for every node to schedule its outgoing $§ink
hops the packet traverses. after its incoming links to achieve the minimum possibleagel

Consider a non-uniform TDMA scheme (where differentf 7'
links may be assigned with different slot lengths) with a Note that the condition specified in the lemma is sufficient



TO APPEAR AT IEEE TRANSACTIONS ON WIRELESS COMMUNICATION007 8

to achieve the minimum delay, but not necessary. This can bel) Initialization:
illustrated by the following example. As shown in Fig. 6, we Q=Nn,L={}Foralie Q, L=L+{i > N};
assume a node that has two incoming links (1, 2) and two  Scheduling all links inC; L. = £;
outgoing links (3, 4). If we schedule links (1, 2) before knk 2) If any nodes in Q are not leaf nodes, repeat:
(3, 4), all the information collected by the node is sent out Qo = {}, £ = {}; For eachi € Q that is not leaf node,
within the same period since the sufficient condition (given  for all j € N;:
by the lemma) holds for this node. However, if we further If all the outgoing links of node i arein L,;;, then Qg =
assume that the data rate and time slot length are the same Qp+jand L= L+ {j — i};
among all the four links, the scheduling order (1, 3, 2, 4) can  Scheduling all links inZ; Ly = Loy + £, Q = Qy;
guarantee the data collected by the node to be sent out withir8) Output L,;;, end of the algorithm.
the same period although the sufficient condition no long@he link order listed inL,; is the scheduling order and
holds for this node. Ly is also in the program to track all the links that have
been scheduled. In the algorithm, the third line in step $2) i
3 the key to guarantee that the sufficient condition specifiied i
Lemma 5.1 is satisfied. In other words, only if all the outgpin
links of a node have been scheduled (storeddy;), the
incoming links of that node can be added to the Seto
Fig. 6. A counter example get scheduled.
Before we prove the correctness of the algorithm, we state
We now describe an algorithm to find a schedule with thteree properties of a loop-free directed graph in the falhgw
minimum delay for a given assignment of slot lengths to linkeemma, which is proved in Appendix E.
We first consider a tree network topology and then generalizeLemma 5.2: For a loop-free directed graph assumed for the
the algorithm to an arbitrary topology with no loops. For aetwork topology, we have the following properties:
tree topology, shown in Fig. 1 if we neglect all the dotted 1) Removing links from a loop-free network creates no
links, the root of the tree is the SINK node. For this simple loops.
topology, the algorithm can be directly obtained from thegr ~ 2) For a connected loop-free network, there exists at least
of Lemma 5.1. It is easy to find a schedule to guarantee that one node that has only incoming links.
at each node all the outgoing links are scheduled after all th 3) All the directed paths in the network terminate at the
incoming links. We can classify the links into levels acdned root and there exists a directed path between the root
to the distance, in number of hops, from the root. This is  and every other node.
illustrated in Fig. 1 (after removing all the dotted link&)or Lemma 5.3: The delay of the schedule constructed by the
each TDMA frame of lengtll’, we construct the schedule inalgorithm above i<
reverse order.e., the slots are aligned from the end point of  Proof: See Appendix F. [ ]
the frame. Let us denote the set of links to be scheduled At eacWe now give an example to illustrate how the algorithm
stepi asL;. At step oneL; includes all the links on level 1; works. Considering the topology given in Fig. 7 where the
at step 2L, includes all the links on level 2 and so on. At therode index is labeled, the algorithm works as follows:
last stepd, £4 includes all the links on the last levél(where ~ Algorithm:
d is the depth of the tree). The scheduling order within each 1) Initialization:

can be arbitrary. According to this scheduling algorithimi$ Q=1{3,2,4}, L={};

in Ly will be activated first and links inC; will be activated L={3—-52—54—5};

last. Constructing the schedule in reverse order is metil/at Loy ={3—5,2—5,4—5};

by the recursive proof for the lemma, which is also a key in ~ Schedule all links inZ;

deriving the scheduling algorithm for general topologies. 2) Nodes 3 and 4 in Q are not leaf nodes:

An arbitrary loop-free topology with one SINK node is Qo ={}HLL=A{}
shown in Fig. 1. Such a topology can always be represented Qo = {3} andL = {3 — 4};
by a regular tree with extra branches. These branches can Lo ={3—4,3—5,2— 5,4 — 5},
be between nodes in layers that are separated by more than Q = {3},
one level, and in either direction. These extra branches are Schedule all links inZ;
shown by dotted lines in Fig. 1. Since there may be crosd-leve3) Node 3 in Q is not a leaf node:
routes, the scheduling algorithm proposed for the regudar t Qo ={}, L={};

topology cannot be applied directly to the general case. Qo={1,2} andL ={2 — 3,1 — 3},

For the general case, the algorithm is described below. L. ={2—3,1—3,3—-4,3—5,2—5,4— 5},
Again the link schedule is constructed in reverse ordetistar Q={1,2}
from the end of the frame of length. Accordingly, we start Schedule all links inZ;

with node N (the SINK node, which has no outgoing links) 4) All nodesin Q are leaf nodes = End of the algorithm.

and schedule its incoming links first, which are the linkariro Therefore, the scheduling result for the network shown in

nodes in setVy. Fig. 7isLuyy ={2—-3,1—-33—->43—>52—54—
Algorithm: 5}.
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Fig. 7. Scheduling example

Without rate adaptation, QPSK

Delay in Seconds
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B. Delay-Energy Tradeoff

In the previous sections, we have assumed that during
each frame of lengthl’, R;,T bits are sent to the SINK
from nodei. Note that if we transmity . ' R,T" bits to ‘ ‘ ‘ ‘ ‘ ‘
the SINK in time 7" < T, then we can reduce the delay ° oM ey indoules N o
to 7' (using the results in the previous subsection). Here, we
consider the tradeoff betweéh and the average power con-
sumption, or equivalently the energy consumption to trahsm
R;T bits from each nodé to the SINK. Therefore, we can
calculate the Pareto-optimal [26], [27] delay-energy ¢@ttl

o
w
T

o
N

With rate adaptation

o
[

o

Fig. 8. Delay and energy tradeoff, transmission energy only

which characterizes the minimum possible delay for a given 03f © Without rate adapiaion
energy consumption (or vice versa). The optimal tradeafieu
defines the boundary of the achievable delay-energy region. g %%
can be computed by varying the value of the weighting factor 8
8 (0 < B < 0) in the following convex optimization problem, ‘g o2f
min. S S b B Y e, €(Wij tij) 8 sl

st S (Wi —Wy) =RT, i=1,--- N
QBtij < Wij < Bcijtij
i=1,...,.N—-1, j=1,....,N

0.1f

With rate adaptation

0.05

(10) ‘ o0 o Egl‘é?gy in JODU|295 0% o o

Specifically, whens approaches$, all the emphasis is put on

d(_alay, which leads the optimization problem to have a Smim_' Fig. 9. Delay and energy tradeoff, circuit energy consuamptncluded

with the smallest delay but the largest energy consumption;

when 3 approacheso, all the emphasis is put on energy,

which leads the optimization problem to have a solution withower consumption is feasible and beneficial. The assatiate

the smallest energy consumption but the largest delay; foroblems can be relaxed to convex optimization problems

values of3 lying in between, we can calculate all the pointfor which powerful low-complexity solution techniques sixi

on the delay-energy tradeoff curve. The results show that significant energy savings are passibl
To illustrate how to calculate such an delay-energy trade@jompared with traditional non-optimized protocols. We find

curve, let us consider the simple string topology with fouwhat the optimal transmission scheme can be a mix of single-

nodes as shown in Fig. 4 (just for an example), WRhI" = hop and multihop routing. Minimization of total energy faso

6000 bits and R;T = R3T = 0. The delay-energy tradeoff fewer hops compared to minimization of just transmission

curve is shown in Fig. 8 when only the transmission energiergy. Also, numerical examples show that significantggner

is considered. From the figure we see that the tradeoff curygvings are possible when link adaptation is used. For any

for the rate-adaptive case is below the tradeoff curve fer thoop-free network with a single SINK node, we construct an

case without rate adaptation. The gain is not significanhé talgorithm to achieve the minimum possible delay. We also

high delay and low energy region. However, rate adaptatigharacterize the optimal delay-energy tradeoff using eenv

can be used to trade off energy consumption to decrease dedgtimization.

When the circuit energy consumption is included, the tr&deo

curves are shown in Fig. 9. We see that the tradeoff curve is APPENDIX

a single point (corresponding to the single-hop transmissi o proof of Lemma 2.1

scheme) when rate adaptation is not allowed. This is becausel.O prove convexity of (W, ¢) for W,t > 0 it is sufficient

single-hop transmissions minimize the energy as well as tpoeprove convexity of the functiof (W £) — 9% for W £ >

delay. The gain of rate adaptation is more significant in thbs. The convexity ofe then follows since a linear function is

case. convex and the sum of two convex functions is convex [16].
VI. CONCLUSIONS The Hessian off (W, ¢) is given by
We show that joint optimization across routing, MAC, B (In2)22W/t/t  —(In2)22W/tw/t?

and physical layers which also takes into account hardware ~~ ~ | —(In2)22W/*W/t> (In2)22W/*W?2/¢3
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A 2 x 2 matrix of the form Z b with a > 0 is positive the same _con_stellation sizé, where the transmis_sion time
¢ for node: is given bytZTN. Therefore, due to the inequality

semi-definite if and only ib® —ac = 0 (Schur's complement i, e first line, transmitting with the same rate for all the
condition [16]). Since the Hessian matrll has the above oqes is the optimal strategy to minimize the total energy,

i iti ._ i i i N-1 ; - . - . .
g%gi:/tg’xli\'/z ﬁagsallt:]\:ﬁ semi-definite or equivalenty{(v, ) wherebt = 721‘231;“” and this is equivalent to transmitting

all the bits from one virtual node. The optimal transmission
time T for the virtual node can be obtained by solving Eqg. (8).

B. Proof of Lemma 3.1 Then the optimal transmission time for nodds given by
FAL ; . ol =W P Win
Note thatxt; (2Btm — 1) is a monotonically decreasing ¥ — Bb' i1 Wil

: Zivzilwi * _ W
function of tin, _'f S < 2 .ther_1 tiN = 3B D. Proof of Lemma 5.1
because the minimum constellation size is 2. Hence, this is )
the maximum amount of time that a node can take to send/Ve assume that there are no loops formed by the directed

W, bits to the SINK communication routes in the network. Using loopy paths
K3 . . .
Win would be energy inefficient and hence can be ruled out

N-—-1
Now consider the case wherg < Zi:éT - = . as a solution to the minimum-energy optimization problem
We will obtain the solution to the problem in (7) without gy op P

the minimum and maximum rate constraint and show th%gdressed in the first part of this paper. The proof can be

it automatically satisfies this constraint. The Karush-Kuh constructed in a recursive way. Starting from the A4,

I, which represents the set of nodes that directly transma dat
Tucker (KKT) con(_jltlons (see, for example, [16]) for theto the SINK nodeN, we can claim that all the data collected
problem can be written as

by nodes inVy within the given period arrives at the SINK

Nl node before the end of this period under the condition given
Z tin=T in the lemma. Foi € Ny, let r; denote the time when node
1=1 1 begins transmission to the SINK node. Thén j € N;, by
xQZ—f;’V (1 “1n2 Win ) —z—v, i=1,...,.N—1 the same argument it can be claimed that all the information
iN collected by nodg has arrived at nodébeforer; within the

for somev € R. It is easy to see that the KKT conditions and@me period. We can extend the same argument to the nodes

the maximum and minimum rate constraint are satisfied )@t send information to nodeand span further until we reach

o Win P with v — o — ng (1 B 1n2@) andWe — the leaf nodesie., the source nodes without incoming links).

ZNN71 Wy _ _ BT > As long as the condition described in the lemma holds for

> i1 Win. Given the convexity of the problem, thegg’s each node, it can be guaranteed that all the data generated by

are optimal. the source nodes arrives at the SINK node within one period
of time.

C. Proof of Lemma 3.2

Consider an arbitrary feasible solution to the problem &. Proof of Lemma 5.2
minimizing the total circuit and transmission energy, wher

, , . , X The first property and the third property are straightfodvar
nodes transmits to the SINK with constellation sizgy for a

g X . R Nt to prove based on our definitions and assumptions of the
fractlonaijl\; oftime’, wherel" < T.Notethal ,_," «in = network topology. For the second property, we prove it by
Landz (2"~ —1) +y is a convex function ob;x. Hence, .,niradiction. We assume that there akée nodes in the

the total energy consumption across all the nodes to transgilyyork and each node has some outgoing links. Without loss

(Win, Wan, -+, Wiy -1)n) bits to the SINK satisfies of generality, we assume nodehas one outgoing link that

N-1 ends at nod&. Thus, node2 cannot have its outgoing links
Z a;nT (z (2biN -1) +y) ending at nodel. Otherwise, there will be a loop between
i=1 nodel and node2. As a result, the outgoing links of node
S 7 (x (22?7; cinbin 1) I y) nged to end at nodes .that have indices higher T;hahgaip,
without loss of generality, we assume natlbas an outgoing
gy Toainbin bt link ending at node3. To keep the loop-free property, the
- Z Tt (x (2 N 1) + y) outgoing links of node3 cannot end at either nodeor node
]iill 1, since there already exist links from nodl¢o node2 and
_ o (x (2bT B 1) + ) from n0(_tle2 to n_c>de3. Following the same argument, for
N y noden, its outgoing links can only end at nodes that have

i=1

indices higher tham and we assume that it has an outgoing
where the inequality follows Jgnsen’s inequality. In addif |ink that ends at node + 1. Therefore, for nodds — 1, it
we appliedy " Lexbix — 7 with b' = " ainbiv  can only have one outgoing link that ends at ndde For
in the first equality andtf, = %ux = Towbiv jn the node K, no matter where its outgoing links end, there will
second equality. We see that the last line is the total enefgy loops generated. Thus, the assumption that every node has

consumption when each node sends data to the SINK wihtgoing links contradicts the loop-free property. To dade,
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for a directed network to be loop-free, there exists at least least one outgoing link that is not scheduled after the élyor
node that has only incoming links. terminates. Since the root node has no outgoing links and all
its incoming links were scheduled at step 1) of the algorjthm
the root node can never be included into the special path.
. ) . However, this contradicts the third property in Lemma 5.2,
To prove the correctness of the scheduling algorithm, it {016 we specify that all the directed paths must termintate a
sufficient to prove the following. the root node. To conclude, our initial assumption thateher
1) Conditionl: at each iteration of Step (2) in the algorithmat least one node among nodeto N — 1 that never appears
if any nodes inQ are not leaf nodes, there exists afn Q, is false. In other words, all the links are traversed when
least one node irQ that has only incoming links left the algorithm terminates.
to be scheduled (its outgoing links have been scheduledrhe correctness proof of the algorithm is complete.
already) such tha®, and£ are non-empty at the current
iteration.
2) Condition2: all the links in the network will be traversed
[1] A. J. Goldsmith and S. B. Wicker, “Design challenges faremy-

after the _a_‘lgomhm terminates. constrained ad hoc wireless networkEZEE Wreless Communications
Proof of Condition 1 Magazine, pp. 8-27 Aug. 2002.

To prove that the first condition is satisfied, we start frof] ibticnl:iié a/?i.o i-,,?gé‘?r}‘:;msagg Q-rgggaa;ﬁxﬁégggzt‘i’z)r;mfd;\‘l'g“g”
the root nodeN. Since there are no outgoing links for node 5 2349-2360, Sep., 2005. LT

N, all the links from the nodes iV to node N can be [3] L. Xiao, M. Johansson, and S. Boyd, “Simultaneous rauitimd resource

; ; i ; allocation via dual decomposition,EEE Trans. on Communications, Vol.
scheduled, which corresponds to the first step in the ahlgarit 52, No. 7. pp. 1136 - 1144 July, 2004,

If_ all the source r?oo!es are conne_cted to the root nqde W M. Johansson, L. Xiao, and S. Boyd, * Simultaneous ragtimd power
single-hop transmissions, the algorithm ends after thesfiep. allocation in CDMA wireless data networkBfoceedings of IEEE ICC,
Otherwise, we continue to step (2) of the algorithm. Sinte i% Alaska, U.S.A, May, 2003.

. . R. Bhatia and M. Kodialam, “On power efficient communioat over
the links from the nodes iy have been scheduled, we ca multi-hop wireless networks: joint routing, schedulingdapower Con-

virtually remove them from the network. According to thetfirs  trol,” Proceedings of IEEE INFOCOM, 2004.

property in Lemma 5.2, the remaining network is still loopf®! T- E:Ba“ ad”?] A. Ephrerl‘(“dles’ “Joint SChedWU"gg ar}‘:’ powentro| for
. ' . wireless ad hoc networks,|EEE Trans. on Wireless Communications,
free. According to the second property in Lemma 5.2, there g 1, pp. 74-85, 2004.

exists at least one node @ that has only incoming linkg.€., [7] R. L. Cruz and A. V. Santhanam, “Optimal routing, link schuling and

i i _ power control in multi-hop wireless networksProceedings of |IEEE
has no outgoing links). Therefor@, and.L are non-empty for INFOCOM, 2003,

the first iteration of step (2) After the first iteration, Wgadn [8] U. C. Kozat, |. Koutsopoulos, and L. Tassiulas, “A franoeW for cross-
remove the scheduled links from the network. By the same layer design of energy-efficient communication with QoSvjmioning in

argument as for the first iteration, the remaining network B] g“m;‘d‘;%wge'cejf get‘li";’”'kz'rﬁ’ éozeegi”gzlggﬁiE ‘[gfo(ggé)a"gei?gof%or
still loop-free and there exists at least one nod®ithat has lifetime maximization in interference-limited wirelesersor networks,”

only incoming links. Therefore, at each iteration, we gusea Proceedings of IEEE INFOCOM, 2005.

- i i [10] M. Johansson and L. Xiao, “Scheduling, routing and poali@cation for
that Qo and L are non empty uml.l all the nodes i are leaf fairness in wireless networks1EEE Vehicular Technology Conference,
nodes. Then we stop the algorithm. Note that the network ,qg4

may be broken into several sub-networks after we remove the&] C. Schurgers, O. Aberthorne, and M. B. Srivastava, “Mation scaling

F. Proof. of Lemma 5.3
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