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Abstract

While scheduling the nodes in a wireless network to sleepog@ieally can save energy, it also incurs higher latency and
lower throughput. We consider the problem of designingrogtisleep schedules in wireless networks, and show thahgdleep
schedules that can minimize the latency over a given sulfsstunce-destination pairs is NP-hard. We also derive antgtéower
bound given byd + O(1=p) for any sleep schedule with a required active rate (i.e.frihetion of active slots of each nodp)
and the shortest path length We offer a novel solution to optimal sleep scheduling ugirgen-wavesleep scheduling (GWSS),
inspired by coordinated traf c lights, which is shown to meeir latency lower bound (hence is latency-optimal) foralogies
such as the line, grid, ring, torus and tree networks, urigét traf c. For high traf ¢ loads, we propose non-interfag GWSS,
which can achieve the maximum %‘lrﬁ)ughput scaling law givei bn;p) = ( p= n) bits/sec on a grid network of sizg with
a latency scaling lavD (n;p) = O(" n)+ O(1=p). Finally, we extend GWSS to a rendom network withPoisson-distributed
nodes, for which we show an pachievable throughput scalimgd& T(n;p) = ( p= nlogn) bits/sec and a corresponding
Iatenﬁy scaling lawD (n; p) = O( n=logn)+ O(1=p); hence meeting the well-known Gupta-Kumar achievableutjinput rate
(1 = nlogn) whenp! 1.

I. INTRODUCTION

A primary concern in the design of wireless networks is toueasan acceptably long operational lifetime with battery-
powered wireless nodeklle listeningat radio receivers is a major cause of the wasteful energgwuoption, since the power
consumption of a radio transceiver in “listening” state énparable to that in the “receive” state. Researchers hajgoped
“sleep-scheduling” (or duty-cycling) of radio transceiwéo conserve battery energy, by occasionally turning taesteivers
OFF and then back ON in a controlled fashion [1], [2]. Whileeg} scheduling conserves energy, it is achieved at the cost
of incurring higher latency and lower throughput. The gofthos work is to investigate the fundamental limits of latgn
and throughput under sleep scheduling. We aim to addresfollogving key question:For a given rate of average energy
consumption, how to schedule the activity of the transcgiveachieve the minimum average end-to-end latency, windleting
the maximum per source-to-destination (S-D) throughput?

Recently, progress has been made in the design and andlgl@ep scheduling in wireless networks. The latency peréorce
of stateless opportunistic forwarding on nite networksttwrandom and pseudo-random sleep scheduling has beeedstudi
in our prior work [3], [4], [5]. These uncoordinated sleepheduling approaches, while being simple and robust without
relying on the centralized coordination, generally suffem high latency. On the other handpordinatedsleep scheduling
approaches [1], [6] can potentially achieve better perforoe with centralized coordination of sleep schedulediddéarly,
reference [6] considers the problem of nding the optimaleqi schedule for minimizing the latency diameter. They stbw
the problem to be NP-hard (though the proof was later redaste incorrect [7]), and proposed ef cient coordinated glee
scheduling schemes for some specialized topologies.

Despite the progress in prior work, there remain a numberutétanding issues regarding optimal sleep scheduling in
wireless networks. First, how hard is it to nd optimal slesghedules that can minimize the incurred latency? Secpigdly
there a general framework to design sleep scheduling thaitimal in common useful situations? Thirdly, how to ensiirat
these sleep schedules work well in the presence of wiretgsgfiérence with minimal effect on throughput?

This paper addresses the problem of optimal sleep schegdulia broad perspective. We provide comprehensive insigits
this problem, ranging from its computational complexity,the limit on latency, and to the achievable latency and capa
Our contributions are summarized below:

(x II) Considered a slightly harder optimal sleep schedulingbfem of [6], but which is more relevant to practical wirgde
networks, and proving its NP-hardness.

(x 111) Derived a tight lower bound on the mean latency for angegl scheduling scheme on arbitrary graphs.

(x IV) Proposed a new approach to sleep scheduling inspirecbbydmated traf ¢ lights (called green-wave sleep schadyl
(GWSS)); showed that GWSS attains our latency lower bound hence is latency-optimal under low traf c loads for
certain specialized topologies (line, grid, ring, torusddree networks).
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(x V) Presented a n?)n-interfering GWSS for high traf c loaddhieh can F1.@1chieve the maximum throughput scaling law as
T(n;p) = ( p= n) bps, with a latency scaling law d3(n;p) = O( n)+ O(1=p), on a grid network witn nodes,
average active probability, andn=2 S-D pairs.

(x VI) Extended non-interfering GWSS to a ran&om network withPoisson-distributed nodes; we showed an achievable
thrBughput scaling law a3 (n;p) = ( p= nlogn) bps and a corresponding latency scaling daw[b(m;p) =
O( n=logn)+ O(1=p), hence meeting the well-known Gupta-Kumar achievableutjinput rate(1 = nlogn) when
p! 1L Usin% existing results omercolation highwaydq8], we showed that the latency scaling law for GWSS is
D(n;p) = O(C n)+ O(1=p); however, whether the capacity scaling law can be improvegbbd the Gupta-Kumar
lower-bound remains open.

Il. DELAY EFFICIENT SLEEP SCHEDULING
A. Problem Setup

An ef cient sleep schedule not only seeks to minimize idédning, but also to optimize the performance of wirelesaoeks
(e.g. latency, capacity) subject to a certain constrainthenenergy consumption level. This work considerseiver-based
sleep scheduling (i.e., thective stateof a node refers to the receiver being active and listenimgrficoming transmissions),
and full topology knowledge at each node.

LetG, (V;E) be an arbitrary graph. Lgt2 (0; 1] be the required active rate. Suppose that time is divided frite slots,
and numbered b* , f1;2;3;:::0. Let a scheduling functioh : V ! P (Z*) be a slot assignment function that assigns a
sequence of active sldtso every node. Scheduling functidnneeds to satisfy the constraint that the fraction of actioéss
must be equal or smaller tham

Suppose that node wants to transmit to an adjacent nodet time slottg. If tg 2 f (v), then the delay is 0. Otherwise,
u has to wait for the earliest slaf >t o, such thatt; 2 f (v), and the delay becomes to. Let ,(u;Vv) be the latency
along the minimum-latency patHrom u to v, given scheduling functiof, when the transmission begins at slgt Let us
dene ( u;v), E[ ,(u;v)] to be the mean latency fromto v under scheduling functiofh where the expectation is taken
over a uniformly distributedg 2 Z* .

Given a subset of source-destination (S-D) pXirs V V, de ne the latency diametdd; (X ) as the maximum expected
end-to-end latency among the S-D pairsXnusing the minimum-latency path i@, under scheduling functioh. Here, we
seek to nd the optimal sleep schedules that minimize thenley diameter.

B. Hardness of Delay Ef cient Sleep Scheduling

The delay ef cient sleep scheduling problem (DESS) was psagl in [6] as an abstraction to study the design of optimal
sleep schedules for a given wireless network. Although [&hted that DESS is NP-hard, it was reported in [7] that themopr
of NP-hardness in [6] contains an error. In summary, [7] madeéncorrect reduction from 3SAT problem to DESS, such that
a satis able instance of DESS does not correspond to a sddis instance of 3SAT in the reduction. Hence, the NP-hasine
of DESS is still an open question.

In this paper, we study a slightly harder version of DESSledatlelay ef cient sleep scheduling by selections problem
(DESS-S), which is more relevant to practical design of slsehedules of wireless networks, because it considersem giv
subset of S-D pairs, instead of any S-D pair as DESS. We shatDIESS-S is NP-hard. This presents the evidence of hardness
of designing the optimal sleep schedules for arbitrary g networks, and motivates the following studies of thenugd
sleep schedules in more speci ¢ settings.

We consider a speci c class of periodic scheduling fundién vV 7! f 0;::;; T 1g, which assign asingle slot for each
node to be active in an interval. We show that even considering only periodic scheduling:tions, nding the optimal
periodic scheduling function is still hard.

Suppose that each nodestarts to transmit at its respective active slot. Givenqaici scheduling functiofi, the delay from
u to v, for a pair of adjacent noddsi;v) 2 E, becomes:

T; if f(u)= f{v)
f{v) f{u) mod T; otherwise

We de ne the problems of delay ef cient sleep scheduling:

1) (Delay Ef cient Sleep Scheduling Optimization Problem (3Ef]) Given a tuple(G; T), nd a periodic scheduling

functionf~that minimizes the diameter for all S-D pairs¥h V:
n o]

f=argmf|£1 Dw(V V)

(uv),

1p(S) is the power setor the set of all subsets of the s®t

2The minimum-latency patbetween two nodes in a sleep-scheduled network may notsailgsbe identical to, and will in general be only lower bded
by, theshortest pattbetween the nodes, i.e.,t, (u;v)  duyv;8u;v 2 V;and8tg 2 Z* , wheredyy is the length (in number of edges) of the shortest path
connectingu andv, with equality holding in the absence of sleep schedutes { ).



2) (Delay Ef cient Sleep Scheduling Decision Problem (DEB$)Given a tuple(G; T; ), decide if there exists a periodic
scheduling functiorf~ such that for all S-D pairs iv = V:

DV V)

3) (Delay Ef cient Sleep Scheduling by Selections OptimizaRooblem (DESS-$Given a tuple(G;T; X V V), nd

a periodic scheduling functioff that minimizes the diameter for the S-D pairsXn
n o

fT=argmin Dj;o(X)
0

4) (Delay Ef cient Sleep Scheduling by Selections DecisiorbRim (DESS-$)Given a tuple(G; T; X; ), decide if there
exists a periodic scheduling functidnsuch that for the S-D pairs iX :

D(X)

DESS-S is regarded as a slightly harder version of DESS gth@ESS-S is more relevant to practical wireless networks,
where the S-D pairs are arbitrarily selected, instead opadisible S-D pairs.

Theorem 1:Delay ef cient sleep scheduling by selections decisionbtem (DESS-S)YG; T; X; ) is NP-complete. Hence,
delay ef cient sleep scheduling by selections optimizatfroblem is NP-hard.

Proof: (Theorem 11t is easy to show that DESS-S is in NP, by running polynostifak Dijkstra's algorithm to determine
the minimum-latency path and end-to-end latency of all sadeG for a given periodic scheduling functidn

To show DESS-S is NP-hard, we rely on a polynomial time radactrom 3SAT problem.

Consider a 3-CNF formulg consistingm clauses anti variables, i.eF = c;* ;™ * ¢y, where eaclt; = yj, _Vj, _ Vi,
andy;,;Yj,;Yj: 2 f X1;X1; 55 Xn; Xn 0. F is said to be satis able, if there exists a truth assignmeifit tsuch that every clause
has at least one true literal. 3SAT is well-known to be NP-plate. Given a 3-CNF formulk, we assume each clause does
not contain a literal and its complement (as this is triyiaatis able).

We next construct a corresponding DES$EB T; X; ), such that is satis able, if and only if(G; T; X; ) is satis able.
First, we sefl = 2. So, for(u;v) 2 E, if f{u) = f{v), then ( u;v) =2. Otherwise, iff{u) 6 f{v), then ( u;v)=1.

We construciG as follows:

1) For each variable; ;x;, we add two nodes;. 1; %2 2 V, and an edgéx; 1;x; 2) 2 E.

2) For each clause, we add two nodes; 1;Ci.2 2 V, and add two edges for each variablecin

a) (X;1;C;1);(%;1;C;1) 2 E, if x; is present ing;.
b) (X:2;C:1); (X;1;Ci;2) 2 E, if xj is present irg;.
3) For each pair of clausesandci., , we add three nodes 1; . 2;z: 3 2 V, and four edge&i. 1; zi: 3); (Ci. 2; 2 3); (Z:3: Zi: 2); (Zi: 25 Zi- 1)
E.
See Fig. 1 for an illustration o& for a givenF.

We next construct the subset of S-D paxsas:

1) For each clause, we add(c;i.1;¢i.2) 2 X.

2) For each pair of clauses andci+1, we add(z: 1;¢i.1);(2:1;Ci+1:1) 2 X.

It is easy to see that the construction®fand X is of polynomial time, giverF in 3-CNF formula representation.

There are two immediate observations:

1) For all S-D pairs inX, the shortest paths i6 take at least 3 hops.

2) For a 3-hop patlfug; uyz; uz; us), we write the minimum end-to-end latency &sug; us). ( ug;us) =3 can only be

achieved by:
a) f{ug) =0;f(u1) =1;f(uz)=0;f(us)=1, or
b) f{uo) =1;f(us)=0;f{uz)=1;f(u3)=0
Therefore, we set = 3.

(If-Part): We show that ifF is satis able, then DESS-$G; T = 2;X; = 3) is satis able. First, we sef{c.;) =0 and
f{c.2) =1,f(z:1)=1,(z.2) =0 andf{z.3) =1 fori. Then, ( z.1;C:1) = ( Z:1;C+1:1)=3.

Next, if x; is true, then we seff(x;1) = 0 andf{x;2) = 1. Otherwise, we sef{(x;1) = 1 andf{x;2) = 0. From the
construction ofG, we know that ifc; is satis able, then there exists at least one setting™4; 1) and f{x; 2), such that
( ci1;C:2) =3, in the 3-hop patl{c; 1;X; 1;X;: 2; CGi; 2) whenx; is true, or(c; 1; X 2; X;: 1; G 2) whenx; is true.

(Only-If-Parf): We show that if DESS-§G; T = 2;X; = 3) is satis able, thenF is satis able. First, we know that
( z:1;56G:1) = ( Z:1;C+1:1) = 3. This implies thatf{ci.1) 6 f{z.1) andf{c.1) 6 f{z+1.1). SinceT = 2, we have
f{z.1) = f{z+1 1) for all i. Without loss of generality, we assurfigc;. 1) =0 for all i.

Then, we also know thaf c;1;ci.2) = 3. From the construction d&, this is only possible when there exists a 3-hop path:

(1) (ci1;%;: 15X 2; Gi: 2), such that for some, andf{(c;2) = 1;f(x;2) =0;f(x;1) =1; or



(2) (cii1;%;: 25X 1; Ci: 2), such that for some, andf{(ci2) = 1;f(x;1) =0;f(x;2) =1
Since the two cases are exclusive with each other, there @sistent assignment of , if we setx; as true for Case (1),
andx; as false for Case (2), which can satisfy each clamse

Therefore, we show that DESS-S is NP-hard, because 3SATepnols NP-complete. ]

U~ 0~ “u u u u

it

Fig. 1. An illustration of construction of DESS-85; T = 2;X; ) for a givenF = (x1 _ X2 _ X3) ™ (X1 _ X2 _ X3) _ (X1 _ X2 _ X3). The truth
assignment ix; =0;x2 =0;x3 =1. The value in each node indicates the value of the correspgmbriodic scheduling functioft.

IIl. LATENCY LOWER BOUND

As Sec. Il showed that designing optimal sleep schedulesgivea network is hard, we next derive a general lower bound
on latency for all sleep schedules, which provides us gweda design optimal sleep schedules for speci c cases.

Theorem 2:Let G, (V;E) be an arbitrary connected graph. Given any scheduling ifumét: V ! P (Z*), a constant
active ratep 2 (0; 1] for every node inV, assuming node degrek = O(1);8v 2 V and any S-D paiv andw, the mean
latency:

(v;w) dyw + O(1=p);8v;w 2 V; (1)

whered,y, is the length of the shortest path connectingndw. To prove the theorem, we consider the following lemma.

Lemma 1:Given a nodev 2 V, an active ratep, and an arbitrary start time 1, and a scheduling functioh, let W
denote the average number of time slots beforeecomes active next. The minimum wait time over all sleepedales,
ming Wy =(1  p)=2p.

Proof: (lemma) A sleep schedule is T -periodicif for every nodef assigns sleep and wakeup slots with a periodically
recurring pattern with period. More formally, the sequende(v) mod (T) is a periodic sequence. We will rst prove the
Iemma for periodic sleep schedules, and then take the Timil. , so that the proof holds for arbitrary sleep schedules. Let

, (v1;::vr) be aT bit binary S(-f:quence witly =1 if vis act|ve atl-th time slot under schedufe (i.e., if | 2 f (v)), and

=0 otherwise. By de nitionp= |_; vi=T. Letx, (Xq1;::;;Xx ) be a sequence containing the number of consecOve
in between twol's in (vy;::;vr)3, whereK  Tp+1 is the upper bokgnd on the largest possible number of dishiloatks
of consecutived's in (vi;:::;vr). Hence, the total number @fs in vis | _; xx = T(1 p). The average number of time

slots to wait beforev comes active for & -periodic sleep schedule is given byW( )(x).

1% X +1)

W) () =
F (%) T > (2)
k=1

The minimum wait time is thus given by
" " #
. o 1 Xk(Xk +1)
mnWesgpomng T 2

k=1

P
subject to E=1 Xi = T(1 p). The above can be solved using Lagrange multipliers, anddhgion is given bymins W; =
(1 p)=2p. The values ofky that minimize the wait time are all constant, i.e, = (1 p)T=Tp+ 1), 8k. Thus, all sleep
times must be equitably distributed for the minimum averagé time. ]

3Note that some ‘s will be zero, when there are consecuti¥s. The total number ofl's is Tp.



Proof: (theorem) Let us say for a given arrival time stothe minimum delay path from to w underf is Ps (v;w;t).
If the minimum delay path is identical to thehortest pathPsp (v;w) for all t (this will be true whenp is close tol), then
the lemma readily implieg v;w) dw +(1 p)=2p dw + O(1=p), because the rst hop fromr to the next node in
the pathPsp (v;w) will at least take(1 p)=2p slots if we average over a uniformly distributed arrivaltdlolf P; (v;w;t)
is not identical toPsp (v;w), it must be longer (in number of edges) thdy, for all t. It is straightforward to show using
the arguments above that the minimum value of the mean nuaoflsbots before the rst nearest neighborwftomes active,
under all choices of schedulésis given by(1 pd,)=(2pd,) whered, is the degree of node *. Assuming the node degrees
to beO(1) (which is a reasonable assumption for many practical nétwesigns), we again obtaif v;w) dyw + O(1=p).
The following corollary follows readily. [ ]

Corollary 3: Let D; (p) be the latency diameter, for a scheduling functforsubject to active ratgp. Then, D¢ (p) =
D(G) + O(1=p), whereD (G) is the diameter ofs.

In the following sections, we will show that an ef cient sfgaschedule, called green-wave sleep scheduling (GWSS), can
attain the end-to-end latency upper bounded y;j) dj + O(1=p) in certain topologies, and hence prove GWSS to
be latency-optimal for those topologies. We remark thatlgttency lower bound holds for an arbitrary pair of nodes in a
sleep-scheduled wireless network, and the difference dexivihe shortest path and the latency of the optimal sleegdath
is only an additive tern©O(1=p), which does not scale with the size of the network.

IV. GREEN-WAVE SLEEP SCHEDULING (GWSS)

This section introduces the green-wave sleep scheduliM§S&), which is based on an intuitive concept. If you have ever
driven along one of the major avenues of Manhattan at theegagpeed limit, you must notice that you never catch a red
light. Sequences of green lights move along the avenue a&pibed limit, and if you can “ride” on one of thogeen waves
you can drive along with little delayGreen wavesave been studied extensively in the context of optimiziadd lights
[9], and telephone routing in a square grid [10]. Our sledpedale is inspired by green wave traf c-light schedulingich
intersection on the one-way Manhattan avenue is analogoassteep-scheduled node, where green and red lights conesp
to the active and asleep states.

A green wavds de ned to be a moving sequence of consecutive active sstateving along a connected path in a graph.
A green wave moves at the rate of one hop (i.e., the next catigemode along the path) in each successive time slot. A
(g;r) periodic green wavés a periodic sequences gfinode active states followed bynode asleep states moving along a
path one hop per time slot. We de rgeto be the “wake length” and to be the “sleep length” of thég;r) periodic green
wave. Thus the periodicity of such a periodic green wavé s g+ r. See Fig. 2 for an illustration.

Fig. 2. An illustration of a(1; 3) green wave moving along the pafh .

The notion of green wave provides a general framework to toactsef cient sleep schedules. Given a gra@h we pick
a subset of paths i5, such that every node lies on at least one path. Then for afiy p& can schedule two green waves:
(1) a(g;r) left-moving periodic green wave (LGW), and (2)(g;r) right-moving periodic green waves (RGW) that travels
in the reverse direction as LGW on the pathlence, a packet can ride on either green wave dependingeodiréction, and
can be forwarded with minimal latency. This forms teen-wave sleep schedulif@WSS) schemes. Although [6] proposes
similar speci c schemes for specialized topologies, GWS% igeneral framework that can be applied to arbitrary nd¢wor
topologies.

Particularly, we describe GWSS for the following topolagiand present the respective latency analysis under ldw tra
load (without the contentions for the same receiver), whscbkhown to meet our latency lower bound.

4The effective next-hop node awake vector is now given by thieruof the node-awake vectoeg, 1 k  dy, of all the 1-hop neighbors of/. We
repeat the arguments of lemma 1, but witth, replacingp, as the effective active rate for the union of théop neighbors of/ is upper bounded bpdy .
It is highly unlikely that this minimum is achievable, butig an absolute minimum nevertheless, and good enough fdeaclalower bound.

5The notions of left and right are mainly for distinguishirtiettwo green waves, which may not re ect the physical origoma



1) (Line Networl: There is one path; we can schedule LGW and RGW travellingpiposite directions. From the analysis
in the technical report [11], we can show that the latencyafqrair nodes;j is

+ P 1 p

2p

dj + O(1=p “4)

(i) = g+ &P

And the expected latency averaged over all node pairs indiye
N+l (@ p+"T P

3 2p

= 124 oa=p ©)

ELC i:))]

2) (Grid NetworR: We label a 2D grid network witlm  m nodes from(1; 1) to (m; m) wheren = m m with n being
the total number of nodes. For each horizontal path betweeds) and(t;m), we schedule LGW and RGW travelling
in opposite directions. For each vertical path betwgers) and(m;s), we schedule an up-moving periodic green wave
(UGW) and a down-moving periodic green wave (DGW) travellin opposite directions. See Fig. 3 for an illustration.
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Fig. 3. An illustration of green waves moving on a grid.

From the analysis in the technical report [11], we can shaat the latency for a pair nodég is
rr+1) r

(i5j) B +1) + > + dj
h + graa ©®)

wherep=(2r2 +2r + 1)(2r +1)=(1 + r)*, which implies
(i;j)=dj + O(1=p); (7
and the expected latency averaged over all node pairs is tiye
. 2(m+1 r(ér +4
e iy = 2mxD, Oy

3 6(r +1)
= 72(m3+ D, 0o(1=p): (8)

3) (Tree Network Pick a root in a tree network callegy. There is only one path from the root to any leaf node. Hence,
we can schedule LGW and RGW travelling in opposite directifor each path between the root and a leaf node. The
latency analysis of tree network follows similarly fromdimetwork, and can be shown to be meeting our latency lower
bound. See the full technical report for the detailed caltoih [11].

The cases for ring and torus networks follow similarly frolne tones of line and grid networks.

By the latency lower bound in Theorem 2, GWSS is latencyrogtion all of these network topologies. Therefore, for an

arbitrary pair of nodes in these sleep-scheduled netwtiiksdifference between the shortest path length and thecktesing
the GWSS scheme is just an additi@€1=p), and does not scale with the size of the network.

V. LATENCY AND CAPACITY SCALING LAWS ON GRID

We have shown that on several lightly-loaded specializedior topologies such as line, grid, ring, torus and treavoeiks,
by careful scheduling of green waves, the mean latency fprSab pair(i;j ) averaged over all routing start timésis given
by ( i;j) = dj + O(1=p). In this section, we consider the more realistic case with firaf c loads, in which the presence
of wireless interference will affect both latency and thgbput of sleep-scheduled wireless networks. We show tlesipite
wireless interference, GWSS can be carefully designed ppat the well-known Gupta-Kumar capacity scaling law [12]
without incurring extra latency.



A. Interference Models

Let us consider a square grid network wittm m  m equal-sized square cells on a square plane with one nodetbat
the center of each square cell (see Fig. 4). We denote théhlefigone side of the square cell asLet us randomly choose
a setX of n=2 S-D pairs whose coordinates are given(byri), i 2 X. We denoteS X as the set of simultaneous links.
There are two common interference models to formutaite the literature [12]:

1) Pairwise (or protocol) interference moddbri;j 2 S,
it orj @+ )it i
2) Aggregate (or physical) interference modfdr all i 2 S,
Pyiti 1

No + Pwit;  ri]
j2snf ig

Lemma 2:1t is well-known [12], [8] that if each transmission is lireil to communication between adjacent cells on the
grid network, then there exists a constan{independent ofi), such that simultaneous transmissions can take place @mon
links that are cells away, without violating both pairwise and aggregaterference models, and can achieve a throughput
of (1) on each simultaneous transmission. The value @hly depends on the parameters in the interference modgl (e.
N o;Po; ;).

We de ne the per-node throughpiit(n; p) as the number of bits per second that with high probabilith(w) all random
n=2 S-D pairs can communicate at simultaneously. The latdh(y; p) is the number of hops needed for a given packet
starting at a source node to reach the destination nodeagae@rover all S-D pairs. If full topology information is aladile
and in the absence of sleep schedules, the optimal routeebrtany S-D pair is one of the (potentially several) “L"-sbap
minimum-distanceManhattan routesBut in the presence of sleep schedules, a minimum-distdferghattan route may or
may not be the minimum-latency path, depending upon the nyidg sleep scheduling scheme and the active patBelow
we consider two different sleep scheduling schemes andletéctheir capacity and latency scaling laws.

B. Receiver-based Round-Robin Sleep Scheduling

The (sender-based) round-robin scheduling has been colmmsed in [12], [8] for showing the achievable capacity law.
Here, we modify such scheduling to be receiver-based, wtdchbe compatible with receiver-based sleep scheduling.

Assume that each S-D pair routes the packets on the respeciiimum-distance Manhattan routes. We group a blodiof
cells into a macro-cell as shown in Fig. 4 wki> , and use round-robin scheduling on &lln) macro-cells simultaneously,
such that simultaneously transmitting cells &reells away. Each receiver node in a macro-cell will be achivevery k?
slots (while all other cells in the macro-cell remain asléefhat slot), and accepts transmissions from four neiginigoacells
as shown in Fig. 4 sequentially in fosub-slots So, each receiver's active slots has a periodicitkotlots, and the overall
active ratep = 1=k?. The conditions for Lemma 2 apply here because in each sptse simultaneously transmitting cells
will transmit to their respectivd-hop neighbors and they will biled the exact same way as the receiving cells are.

The maximum latency from one nbe\cro—cell to the next mactbisek? slots. It can be shown that the number of macro-
cells in the %d-to—end S-D path i6 " n) w.h.p. whenn ! 1 [12]. Hence the end-to-end latency of a packet scales as
D(n;p) = O(  n=p). Notice that, the poor latency performance of this schentuésto the fact that a packet has to wait for
O(1=p slﬁts on an average aachmacro celf At each slot, there aré np) transmissions, and tiﬁ hop count between a S-D
pairis ('~ n)w.h.p.whem !'1 . Hence, the throughput per S-D paifTign; p) = ( n—rﬁ’—ﬁ) = ( p= n). Therefore, we have:

'Bheorem 4:Using receiver-based round-robin sleep scheduling, tltbt@reBd latency of a packet scales @$n;p) =
O(" n=p), while the throughput per source-destination scales@sp) = ( p= n).

C. Non-Interfering Green-Wave Sleep Scheduling

To overcome the latency problem of round-robin sleep scliregluve propose non-interfering green-wave sleep scliveglul
(NIGWSS) — different than the simple GWSS in Sec. IV. Eachiviiddial S-D pair still routes data on the shortest-path
Manhattan route. Consider a right-movitigd green wave fronas shown in Fig. 5(a), such that the receivers of the nodes
in blue cells remain active simultaneously and the actie¢estmove forward to the orange cells in the next slot, andnso o
Notice that each horizontal line of the grid sees a periodé&eng wave with active states occurring after eviefyslots. As
is evident from Fig. 5(a), fok > , the conditions of Lemma 2 hold because each simultaneansrission effected by
the green wave is one cell to the right. Now let us divide edohinto four sub-slots as shown in Fig. 5(c), and consider

6In fact, with light load, a latency scaling of (8 n=p) can be obtained by a simple pseudo-random duty cycling appras described in [3] with
opportunistic forwarding along the shortest path.
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Fig. 4. Anillustration of receiver-based round-robin gleeheduling withk =5, andn = 100. The red dots at the center of each square cell are the nodes.
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Fig. 5. An illustration of non-interfering green-wave gescheduling (NIGWSS) on square grid (wikh= 4) with optimized latency and throughput
performance.

four tiled green-wave fronts traversing the network caminsly from the four orthogonal directions, as shown in Eipb).
Each successive sub-slot activates one out of the four gmaers. Hence in each sub-slot the no-interference condifo
Lemma 2,k > , prevails. D

The latency of a packet along an end-to-end S-D path, whaosgtHeis ( ~ n) w.h.p. whenn ! 1 | is given by four
components: (i) The average number of time-slots a packetcdwait at the source node in ordertop on tothe green wave
moving along the horizontal arm of the Manhattan routetl(i@ length of the horizontal arm of the Manhattan route), \{iaiting
at the corner of the Manhattan route for the next green wawgngalong the vertical arm of the Blanhattan route t(barmmj
nally (iv) theAength of the vertical arm of the Manhattanute. Thereford (n;p) = O(1 =p)+ ( ~ N)+O(Q =pP+ (  n), or
D(n;p) =0O( n)+O(1 =p). This proves that the lower bound to the optimal latencyisgah the presence of sleep schedules
(by Theorem 2) is achievable. Hence, NIGWSS achieves thiemaptatency performance for the square grid network — even
in the presence of multiple simultaneous ows.

Let us concentrate on a single S-D pair, and the correspgridinsmission of data along a Manhattan route under NiGWSS.
The source chunks up the data into small-sized packets #mabe reliably transmitted to a one-hop neighpor.

The source sends out each packet sequentially on a green whiah reaches its nal destination i®(" n) + O(1 =p)
slots. But in between transmitting each SUCCﬁSSive pattietransmitter has to walki® slots. Hence the effective per S-D pair
throughput attained is given bly(n;p) = ( p= n) bits/s. Therefore, we obtain the following theorem.

Theorem SF')Using non-interfering green-wave sleep scheduling (Ni@NShe end-tg-end latency of a packet scales as
D(n;p) =0(" n)+O(1 =p), while the throughput per S-D pair scalesTa&;p)= ( p= n).



Note that we choosk given the requirement on the active ratesuch thatkk?> 1=p. One variation to the above scheme
that lets us choose an active rgtenuch more nely distributed in(0; 1] is to choose the separation between the active nodes
in the horizontal and vertical directions to be differersty &; andk, respectively. This results ip = 1=(k1k). In order to
realize a given mean active rate over time, one can switclvdet using two sets of green-waves described by the tuples
fky; kog and k% k,° , such that each of the factoks, ko, k9 and k9 are chosen be be larger than the critical radius
The interference model does not permit using the aforemeati GWSS with an active I5ape> 1= 2 becausepof excessive
interference. But ap! 1, we approach the Gupta-Kumar scaling laws [I2{n) = (1 = n), andD(n) = O(  n), which
can be achieved by the TDMA scheme recently proposed by Esahetti, et. al. [8].

V1. LATENCY AND CAPACITY SCALING LAWS ON RANDOM NETWORK

A ranchnextend%dwetwork is obtained by placing nodes with a unit-intensitysBon point process over the square region
Bn , [0;° n] [0;" n]. The questions we ask in this section are; in a random extendévork, for a sub-unity active
ratep < 1, (i) What are the ultimate limits and tradeoffs between dgtgput and latency scaling laws? and, (ii) are there
achievable sleep scheduling schemes that can achieve tftosate limits of throughput and latency for a sleep-saiied
network? Even though we do not answer the above questionpletely in this paper, we examine a few constructive sleep
scheduling schemes for random extended networks and thesponding scaling-law operating points.

A. The Gupta-Kumar Regime

Consider thep n P n square are®, with n nodes and divide it up into a grid with square cells of sidegta . logn.
Then, there will be at least one node in each cell w.h.p., wlscian act as the representative relay node for the rest of the
nodes in thab cell, and following the constructive proof afpgia and Kumar [12], the per hop capacity can be shown to be
T(n)=(1 = B logn), asn!1 . The per S-D pair latency (in hops) scales as the number &f aking one side oBj,
i,e.D(N)=0( n=logn).

Using the non-interfering green-wave sleep schedulin@s{M5S) developed in Sec. V, it is straightforward to exterid th
to a constructive sleep ﬁcheduling scheme for a sub-unityeaatep. The per node throughput and per S-D pair latency are
given byT(n;p)= ( p= nlogn), andD(n) =O( n=logn)+ O(1 =p) respectively.

B. The FDTT Regime

Consider again thgﬁ pﬁ square are®, with n nodes. Recently, Franceschetti et. al. [8] closed an irapbrjap
in the capaciB/ of wireless networks [12], by showing that fandom extended networks af randomly Iocat%j nodes, a
T(n) = (1 = n) bit rate per S-D pair can always be achieved, with an averageber of hopsD(n) = O(" n). The
FDTT scheme is a constructive protocol that dividesByp into a square grid with cells of a constant side-lengttsuch
that the probability of a given cell not containing any nodeléss thare ¢ . In [8], a percolation theory based argument
is used to embed in the network an approximate multi-hop tmblogy composed of a set of almost equally spaced out,
wavy but non-intersecting horizontal and vertiparcolation highwaysfollowed by pairwise coding-decoding at each hop on
these highways coupled with an embedded TDMA slotted tréssom schedule to suppress interference from simultaeou
transmissions.

There are two possible ways to extend the FDTT scheme topocate sleep scheduling, or node active rgtes 1:

1) Transmitter-based Round Robin Sleep Schedulifite gure on the right in Fig. 6 shows the cells that transnmttbe
same time slot. This TDMA transmitter-based round robinrapph controls interference, and is key to deriving theubhput
scaling laws in [8]. What the authors do not explicit notehattwith this round-robin schedule, each receiver node doés
need to stay active in every time slot. With the underlyingcptation highway grid, each node can expect to receive data
only from a maximum of four possible neighboring nodes on raersecting pair of vertical and horizontal highways. So,
with a k = 4 schedule (as shown in Fig. 6), a mean node active rage=o# =k’ = 0:25is embedded in the scheme. It is
straightforward to use the techniques we developed in Sem Yeneralize the FDTT routing scheme for the random exdeénd
network to lower values gb, by increasing the side-lengkhof the transmit macro-cells, but holdit= 1 hop transmissions
on the highways iB each time slot to bepconstant. It is sttfagivard to show that throughput and latency scaling lawegi
by T(n;p)= ( p= n) andD(n;p) = O( n=p) are readily attained. As noted in Sec. V-B, under light loadditions, this
latency scaling can be trivially obtained with an opporstici “wait-an-forward” strategy along the shortest paths.

2) Green Wave Sleep Schedulinlow the natural question to ask is, whether GWSS or a vanadtiereof (such as
NiGWSS) can lead to better latency performance on a randaemé®d network, like it does for the grid network as we found
in Sec.V-C. bet us take a closer look at the percolation heysacriss-crossing the square regidp, as shown in Fig. 7.
There are( = n) non-intersecting highways crossing the network area i elw@ction (i.e., two horizontal or two vertical
highways never pass through the same cell). Also, the aeetaq}ber of hops on each higéuway scalﬁm n)asn!1l
Moreover, the highways can be divided into disjoint setfildbg™ ne paths, contained in an blog n rectangular slice
of By, for allb> 0 and suf ciently small. In Fig. 7, The red nodes are where a hamiab and a vertical highway intersect.



Fig. 6. This gure from [8] on the left shows computer-gerteth horizontalhighwaysor connecting paths in 40 40 bond percolation grid. The small

square cells are of side-length and cells that are open are ones with no node&¢ node < e c2). The cells that are marked with a horizontal or a
vertical line have at least one node in them that act as a reddg on the highway. The gure on the right shows the same ¢efl sidec — now drawn45
degrees rotated) with the gray-shaded ones allowed tontitios the same time slot.

Fig. 7. Horizontal and vertical percolation “highways” sgicrossing the network ard®, containingn Poisson-distributed nodes. The red and the blue
nodes are the “backbone” relay nodes along the percolaigimvays. Non-highway nodes have not been shown to maintaityc

The blue and the red nodes are “backbone” relay nodes al@nbig¢iinways. Notice that each cell that a highway crosses has
exactly one backbone node and no two highways cross the salinéConsider a “tiled' right-moving green wave front as
described earlier in Fig. 5, but hinged only on the red bankbmodes. Also consider four similar tiled green waves nmpwun
four directions, traversing the network with no inter-gregave interference due to TDMA-tansmission in four sidissof
each time slot (see Fig. 5). The latency scaling achievengusiis scheme can te(n;p) = O( ™ n)+ O(1 =p). The capacity
scaling law analysis runs into interference problems bseaf a lack of (to our knowledge) a lower bound on the Euclidea
distance between two adjacent percolation highways inftaimework. Using a variant of this non-interfering GV}SSSesm,
similar to th% square-grid network, it is likely that a perdeocapacity and latency scalings ®{n;p) = ( p= n) and
D(n;p) =0( n)+O(1 =p) respectively can also be obtained for the random extendebrie

VII. RELATED WORK

This paper provided several analytical insights on thetlitton and achievable settings of energy-saving sleepdsiting
in wireless networks. We note that there are multitude ofreg@ghes of energy management in wireless networks, inaudi
topology management and network layer optimization [13}]] Particularly relevant to our work are those based ory dut
cycled MAC protocols, which aim to reduce redundant radierafions in MAC protocols, such as 1) idle listening (kegpin
radio on even when no reception), 2) overhearing (recepifoa message not intended for the receiver), and 3) protocol
overhead (redundant headers or signalling messages).flesinclude S-MAC, SEEDEX, O-MAC, RI-MAC, DW-MAC [1],
[15], [16], [17], [18]. Also, our prior work [3], [4], [5] stdy the approach of reducing idle listening and overhearing b
duty cycles based on pseudo-random sequence [2]. As cothparthese studies, this paper mainly presents the andlytica
fundamental results of optimal sleep scheduling problemsictering both latency and capacity.
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VIIl. DiscussioON ANDCONCLUSION

Sleep scheduling of wireless transceivers has been establito be critical for the enhancement of operationalitifes of
wireless networks. By carefully designing sleep schedulgs paper shows how the latency and capacity of sleepdsiting
wireless networks can be achieved up to their respectivenaptscaling laws. Although the general problem of designin
delay ef cient sleep schedules is NP-hard, we propose togusen-wave sleep scheduling (GWSS) as a general framework
for sleep scheduling in wireless networks, which we showedatency-ef cient and capacity-ef cient on grid networkand
to be able to maintain a good balance between latency anaicapaer Poisson-distributed random extended networks.

We have shown that on large networks arranged in specidiipedogies, GWSS achieves almost the same end-to-endyjaten
as non-sleep-schdeuled networks for moderate valupsaofd that it is primarily governed by the shortest path distebetween
source and destination. At the same time, if only a small remuf packets are being sent around a large network (say, a
square grid topology), the sander O(1=p) latency can be more or less maintained for each packet, withoreasingp. So,
under light traf ¢, increasing the load initially will notesult in an increase in energy consumption. Moreover, indiveoad
scenario, if the network is large (i.e., the shortest patiytlesd for all S-D pairs are large), then sleep scheduling can save
signi cant energy with only an additiona(1=p) d delay for each transmission. In Sec. V we show that in higbdded
dense networks, throughput decays linearly vattHence, as we go from low load to high load, the throughpuirsggwith
p) transitions (multiplicatively) fromO(1) to O(p). In future work, we will investigate the various regimes histtransition
space.
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Fig. 8. Latency in line network with n = 100 nodes as a funcidractive rate p, averaged over a uniform selection of sedestination node pair.

IX. APPENDIX
In this section, we analyze the latency of GWSS on speci otogies.

A. Latency of Line Network

Consider &g;r) left-moving periodic green wave (LGW) and(g;r) right-moving periodic green wave (RGW) on a line
network. Assuming that a packet knows the network topoladgnows knows which green waves (LGW or RGW) to choose.
In either case, the mean number of time sIBf{sthe packet needs to wait before it can ride on a green wave/éndiy

1 X r(r+1)

E[T ] = =
" (9+1) ., 2@+r)
r
= —; f =1: 9
5 forg ©)
Once the packet rides one green wave, in the absence of aeytahc, it needsd; = jj ij additional time slots to reach

the destination nodp, without having to wait at any node in the path. Helje is the length of the shortest path franto j .
Hence, the total end-to-end latency is given by
. r

(1) = E[Mu]+dj =dj + 3 (10)
Let us calculate the mean active rgtdor each node. De ne , g=g+ r) as the fraction of time slots that a node is kept
active by ong(g; r) periodic green wave. A receiver node may be kept active e{thby the LGW alone, (ii) the RGW alone,
or (iii) by both LGW and RGW when they amverlappingat that node. Assuming the LGW and the RGW to be statistically
independent, the probability that a node is active in a giiee slotp is given by the sum of the probabilities of events (i)
and (ii) minus the probability of event (iii), i.e.,

_ >_ 9(g+2r)
N L
2r+1
W, for g-= 1: (11)
Hence forg=1,r=((1 p+ P 1 p)=p Hence, the latency i;j) is given by
P
Ly = @ p+ 1 p
( I5) ) - dij + 2p
= dj + O(1=p); (12)

which is identical to the delay bound obtained by Lu et. a].ff@ tree and grid topologies using complicated multi sleep
scheduling schemes. Therefore, the expected latency dveode pairs [5] is given by

N+l (@ P+ T p
3 2p

n*1 ., ou=p: (13)

ELCE))]

Fig. 8 shows that the coordinated green wave scheme (Eq) ¢LBperforms random and pseudo-random duty cycling
schemes at low values @f
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Fig. 9. Green wave sleep scheduling in a two-dimension#téatvithm = 6 (i.e., n = 36 nodes)

B. Latency of Grid Network

Let us extend GWSS to the 2D grid topology by scheduling twe-bap green-waves moving in opposite directions along
each horizontal and vertical edge of a square grid. Here wepate the latency performanc%of green-wave sleep schmeduli
on a 2D lattice ( nite square grid) wittm  m nodes labeled fronil; 1) to (m; m) with m = = n being the total number of
nodes (see Fig. 9). Let be the active ratg for each node in the graph. For random asuddpsandom duty cycling schemes,
the mean latency over all paths of Ien@ﬁﬁ is given by [5]:

. Xt 1 m+k 1
E[( 5] = omik 1 K
k=0
m + k +m k
1 1 o2 q

whereq = p? for random duty cycling and = p for pseudorandom duty cycling.

Green wave sleep scheduling for the low-traf ¢ grid netwaktails scheduling a pair dfi;r) periodic green-waves (an
LGW and an RGW) on each of the, m-node long horizontal paths and similarly a pair (@fr) periodic green-waves
(an upward-moving green-wave or UGW and a downward-movimgmrwave or DGW) along each vertical path, as shown
in Fig. 9. Leti  (i1;i2) andj (J1;j2) be a source-destination node pair, where the numbers inatenfheses denote
cartesian coordinates on the square grid as shown in Fig. @acket starting at nodeheaded tg chooses one of the two
possible paths shown in the gure, i.e., in this case either path marked with blue (solid) edges or the path marked with
magenta (dashed) edges respectively, based on which ohe ofit green-waves RGW or UGW arrives rst. If the RGW at
nodei arrives before the UGW, then the packets rides the RGW onepkopime slot up until the nodf 1;i2), then waits
for the next UGW to arrive at this node, and rides the UGW ong per time slot up to the destination nopgeSimilarly,
if the UGW arrived rst ati, the packet takes the dashed (magenta) path to the destindtie total delay (in hops} i;j )
has three components, the wait time (in number of time sktt$he source for the rst green-wave (either one of RGW or
UGW for the case depicted in the gure) to arriVig,,, the wait timeT,,, to wait for the next green-wave when switching
from one green-wave to the next at the corner ofllthehaped path, and the length (in hops) of the shortest pagtiel;
fromi toj (which in this case islj = ji1 jij+ ji2 j2j). Hence, we have

(i;j)= E[Tw, ]+ E[Tw,]+ dj ; (15)

(14)

the expectations are taken over all possible time slot$transmission to begin. The rstwait tinfg,, = min ( Twucw ; Twrew )»
whereTyyew and Tyrew are ii.d. random variables distributed uniformlyfi@; 1;:::;rg. The expected valug[Ty,] is
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given by

b4

ElTw.] PfTw, tg (16)

1

-
1

= Pfmin(Twuew ; Twrew ) tQ
1

-
1

= PfTwuew GTwrew 0
1

-
1

rot+l 2 r2r +1)
= = : 17
- r+1 6(r +1) (47

The expected value of the second wait tiB€T,,] = r=2 as shown in Sec. IX-A. Therefore,
(j) = E[Tw,]+ E[Tw,]+ dj

r(2r +1) LT

6(r +1) 2

o r(ér+4)

dj + DR

Now, let us calculate the mean active ratéor each node. De ne , 1=(1+ r) as the fraction of time slots that a node is
kept active by ond1;r) periodic green-wave. Probability a node is active at angmitime slotp is given by

+ d

(18)

P= PR * Pup PRPUD; (19)

wherepr = + 2 is the probability that either an LGW or an RGW (or both togejtkeeps a node active, which is
equal topyp by symmetry — the probability that either a UGW or a DGW (ortbtaiigether) keeps a node active. Solving the
above expressions fqr yields,

_@r2+2r+1)@2r+1)

(1+71)
Egs. (18) and (20) together imply for every node faij ),

(i) = dj + O(1=p); (21)

(20)

which is identical to the delay bound we obtained for the lattice topology in Sec. IX-A, and identical to achievabéday by
a complicated multi-schedule sleep scheduling scheme bstLal. on the grid topology [6]. Taking expectation on theick
of the node paifi;j ) uniformly over the grid, we havE[d; ] = E[jix jij+jiz j2jl = Elii1 jij]+ E[ii2 j2j] =2(n+1)=3.
Therefore, the mean latency is given by

2(m+1) . r(5r +4)

E[( 5))] = 3 6(r +1)
= 72(m3+ b, o(1=p): (22)

The mean end-to-end latency as given by Eq. (22) is plott&dgn10, where we see that green-wave sleep schedulingrpesfo
far better than both random and pseudorandom techniquesadvier, it is straightforward to generalize the green-wsleep
scheduling scheme we developed for the line lattice anddhars grid, to the ring and torus topologies respectively, still
achieve ( i;j )= dj + O(1=p).

C. Latency on Ring and Torus Topologies

It is straightforward to generalize the green-wave sledyeduling protocol we developed for the line lattice and thease
grid, to the ring and torus topologies respectively. Fig.slinmarizes the green-wave sleep scheduling protocols amga r
and a torus.
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Fig. 10. Latency in a two-dimensional lattice with = 100, (i.e.n = 10* nodes) as a function of active rape averaged over a uniform selection of
source-destination node pdirj ). Out of the three schemes, random duty cycling has the Hidgiesicy (the blue plot), then pseudorandom (the greer), plot
and the green-wave scheme has the least latency (the rgd plot

Fig. 11. Green wave sleep scheduling in ring and torus tgpeto

D. Ring

Consider aring network withn nodes numbered frorh throughn. Let us create such a network by starting from a line
lattice network we considered in Section IX-A and connertiodel and noden by a new edges, to complete a cycle.
Let us use the exact same green-wave sleep schedule as isr@eslaep scheduling on the underlyingnode line lattice
network, such that the LGW and RGW on the line lattice nhow bez@lockwise and counter-clockwise green-waves. The
best-case scenario is whanis a multiple of the green-wave period, ie.= k(r + 1), in which case the delay i;j) is
given by Eg. (10) for alli;j . The worst-case scenario is whan= k(r +1) + 1, in which case, with probability:5 the
shortest path betweenandj contains the additional edgewhich will incur an additional delay of time slots. In either
case, ( i;j )= dj + O(1=p); 8i;j is realized.

E. Torus

It is straightforward to extend green-wave sleep schedudima square grid to a rectangular grid, and nothing in trentat
analysis in Section IX-B changes if we had a rectangular gyétead. Let us create an arbitrary torus topologyfddgling in
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a suitablen; n, node rectangular grid along one edge to form a cylinder aed fblding the cylinder around to make the
two circular open edges of the cylinder coincide to form aisoLet us use the exact same green-wave sleep schedule as is
we were sleep scheduling on the underlying rectangularmgtdiork, such that the LGW and RGW on the grid now become
clockwise and counter-clockwise green-waves around thestavhereas the UGW and DGW on the grid now become green-
waves rotating along each “longitudinal” circular path ¢we torus, in two opposite directions (See Fig. 11). In thd-base
scenario f; = ki(r +1), ny = ky(r + 1)), the source-to-destination delay (in time slo(s)i; ] ) is given by Eq. (18), and in

the worst-case scenarioy( = ki(r +1)+ 1, ny = ko(r +1) +1 ), based on the choice of the source-destination node pairs
(i;j ), there will be an additional delay af time slots, withd 2 f O; r; 2rg with probabilitiesf 0:25; 0:5; 0:25g respectively. In

any case,( i;j )= dj + O(1=p);8i;j is realized.

F. Latency of Tree Network

Consider a tred , (V;E). The number of edges in a tree is one less than the number esnod.jEj = jVj 1. A
tree has either oneenter vertexcy, or two center verticesy andc;. Let us assign an inded., (= dc,) = 1 to the center
vertices. Index each nodein the tree agl, = dy;; 1, whered,, is the shortest-path length fromnto the center node
that is closer tov. Let us call the largest integer index that gets assignechyonade inT asn (note that there could be
potentially multiple nodes that were assigned the sameximje The way green-wave sleep scheduling is done on the tree
T, is to imagine doing green-wave sleep scheduling amraode line lattice (with nodes numbered frabthroughn) as
described in Section I1X-A, and schedule all node§ invith the indexj to be active whenever the nofleon the line lattice
is kept active, for alll | n. The LGW is now a(1;r) inward movingperiodic green-wave and the RGW is similarly
a (1;r) outward movingperiodic green-wave. Evidently, the effective duty cyglirate for each node in the tree is given by
p=(2r +1)=(r +1)2 as shown in Section IX-A, Eq. 11.

Let us now compute the latency for an arbitrary source-dastin node pai(i; j ). Let us callv the rst common predecessor
node of bothi andj. In other wordsy is the node on the (unique) shortest path connedtitgyj that has the lowest index
value of all nodes on the pdthHence, the length of the shortest path = dy + dy; . Note that,v could be coincident with
eitheri or j, in which case one out af, andd,; is zero. In general, the transmission happens in two phases:

1. Wait at the source nodgfor Ty, time slots) for the next green-wave (LGW or RGW) that woukktéhe packet towards
v, to arrive.E[Ty,] = r=2. Once the green-wave arrives, ride the green-wave froeov in d, time slots.

2. Wait at nodev (for Ty, time slots) for the next green-wave (LGW or RGW) that woulkletdhe packet towards, to
arrive. E[Ty,] = r=2. Once the green-wave arrives, ride the green-wave framj in dy; time slots.

Note that ifv is coincident with either or j, one of the above two steps will not be necessary. The totht@m®nd latency
is given by

(i) E[Tw,]+ dv + E[Tw,] + dy
(d + )+ 5+ 5
2,2
d + (1 |0)+p 1p
dij + O(lzp), (23)

where the expectations are taken over all possible tims &botthe transmission to begin. ¥fis coincident with either or j

one ofdy andd,; is zero in the above equations. Also, the above expressioidswhen the tree has one center node. If the
tree has two centers nodes)d both center nodes lie on the shortest path connectangdj (v is one of the two center nodes
in this case), then an additional time slot will be needechinttansmission (the time slot needed to hop from one ceotde n
to the other). In any case| i;j ) = dj + O(1=p);8i;j is realized.

“With this de nition, the only case whem may not be uniquely de ned is when the tree has two center siade both center nodes are part of the shortest
path connecting andj . In this case, taker to be any one of two center nodes. This case does not affedatwecy calculations as we show later in this
section.
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