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Abstract—In many portable devices, wireless network inter-
faces consume upwards of 300 of scurce sysiem energy, Reducing
the trapsceiver’s power consumption o exiend the system lifetime
has therefore become a design goal. Our work is targated
af this goal and is based on the following twe abservations.
tirst, conventional energy management approaches have focused
fndependently on minimizing the fixed energy cost (by shutdewn)
and on scalable emergy costs (by leveraging, for example, the
modilation, code-rate and transmission power), These two en-
“rgy management approaches present & tradeoff. For example,
fower modulation rates and transmission power minimize the
variable energy component, but this shortens the sleep duration
thereby increasing fixed energy censumption. Second, in order
ter meet the Guality of Service (QoS) timeliness requirements for
seultiple wsers, we need {0 defermine to what extent cach system
i: the network may sleep and scale. Therefore, we propase a two-
phuse methodology that resolves the sleep-scaling tradeoff across
the physical, communications and link layers at design thme and
schedules nodes at runtime with mear optimal energy-efficient
configurations in the solution space. As a result, we are able te
zeitieve very low run-time overheads. Our methodslogy is applied
t & cuse study on delivering a guaranteed (o8 for multiple users
with MPEG-4 video over a slow-fading channel, By exploiting
runtime centroliable parameters of actzal RF components and
4 modified 802.11 Medium Access Controfler, system lifetime is
increased by a factor of 3-10-10 tn comparison with conventlonal
iechnigues.

Index Terms— Aduptive systems, communication systems, de-
siot methodology, fading channels, minimum energy control,
power condrol, resource management, scheduling, wireless LAN.

i INTRODUCTION

VER the past itwo decades, processor power consump-
tion has increased by over 200% every four years, while

eTy energy deasity has ncreased by a modest 257 (1] As

TABLE ¢
WIRELESS TRANSCEIVER POWER CONSUMPTION
Mode 862,116 502.11a 802,11g
Sleep W L3 152m W
e Sadrr v 9RO ]
Receive T W
Transmit  10sgm W

the demand for higher data-rate wireless systems is growing
{2}, the increasing energy disparity poses a challenge to system
designers in terms of system lifetime and cooling cost {3]. In
particular, the power consumption of 802.1} transceivers [4]
has heen increasing with the creation of each new standard
(Table I}. Studies show that users favor handhelds weighing
less than 340 grams and devices requiring less frequent
recharging [51 Lithium jon batteries currently provide the
highest capacity of approximately 90Whr/Kg [6]. If we target
a battery weight less than 50% of the handheld’s weight, we
get 15Whr of battery energy. Now consider an average user’s
daily power consumption of 2 hours in receive mode, 1,2 hour
in transmit mode and 4 hours in idle mode [7], An 802.11a
transceiver with the given usage profile expends approximately
T.5Whror 50% of the handheld’s battery capacity. On average,
the wireless interface consumes upwards of 30% of a laptop’s
energy, thus motivating the need to decrease it's energy
consumption [8].

While the highest power is drawn during active modes. the
extended duration of the idle mode accounts for a significant
budget of the overall system energy. An energy-cfficient design
must therefore jointly optimize the active and fixed energy
consumption. By throftling, for example, the transmit power,
modulation rate and code rate. the active energy consumption
per bit can be reduced for the same target receive signal-to-
aoise ratio (SNR) 19, The rade-off hetween transmission iime
and transmussion energy is convex - a fundamental property

for wirciess communication bounded by Shannon’s channel

capacity [10]. In the remainder of this paper. we classify

tis active energy saving technique as scaling. On the other
hand. the static energy consumed during the idle mode may be
i i by

i1
otherwise known as sleeping.
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selutions that adapt to the current instantiation while saving
maximally. The main system state variables affecting each
user are the present channel state and the instantaneous data
raie demanded. Furthermore, in a network of such systems,
an efficient energy management algorithm should exploit the
variations across users 10 minimize the overall network energy
consamption.

Therefore the problem explored here could be stated as
follows: How does one decide what system configurations io
assign fo each user ar runtime to minimize the overall energy
consumption while providing a sufficient level of QoS? This
must be achieved for a network of users with bursry delay-
sensitive dato and over a slow fading charnel,

A. Cross-Layer Resource Allocation

While a cross-layer approach, by definition, violates the
concept of strict network layering, we will show that by jointly
feveraging the runtime conirollable parameters or control
dimensions across multiple lavers we can achieve significant
energy savings. Our focus is on wireless networks where ail
users are in the same collision domain with an access poiat
{AP) to arbitrate exclusiveschannel access (Fig. 1)

Our seiution exploits control dimensions from {(a) radic
frequency integrated circuit (RFIC) system models, (b) com-
munication theoretic tradeoffs, and {c) link-layer scheduling.

The following three observations show the need to integrate
energy management approaches across layers. First, state-of-
the-art wireless systerns such as 802.11a devices are built to
function at a fixed set of operating points assaming worst-
case conditions, Irrespective of the link atilizaiion, the highest
feasible transmission rate i3 used and the power amplifier
operates at maximum output power {8]. For non-scalable
systemns, the highest rate resolts in the smailest duty cyele
ared hence the lowest energy consumption. On the other
nand, for scalable systems, this strategy resulls in excessive
energy consumption for average channel conditions and link
atilizations. Recent energy-efficient wireless system designs
focus on VLST implementations and adaptive physical layer
algorithms where a [ower transmission rate resulls n energy
savings per bit DL 1L
! houid be aware of the hardware energy characteristics
ABTIGUS aperaling points.

Second,
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users. As the channel is shared, lowering the rate of one
user reduces the time left for the other delay-sensitive users,
This forces them to increase their rate, at the cost of energy
consumption or bit errors.

Our methodology for energy-efficient resource allocation,
MEERA, couples these three lavers in a systematic manner
to determine the optimal system-wide power management at
runtime,

B. Contriburions of This Paper

Tn this paper we propose a two-phase solution to efficiently
solve the steep-scaling tradeoff across the physical, communt-
cations and link layers for multiple users. At design time the
problem is resolved by selecting a set of appropriate operating
points in the solution space. Starting from this configuration
space, we schedule the nodes at runtime (o achieve near-
optimal energy consumption with low overheads. In Section [i
we present our two-phase energy management methodology.
In Section 1L, we apply this general methodology to a specific
case study employing physical layer models based on actual
REICs, an energy-aware MAC, MPEG-4 movies and a realistic
indoor channel model [12]. Section IV presents simulation
results for muitiple users to validate the methodology. Con-
cluding remarks are in Section V,

C. Related Work

There have been several initiatives io design energy-efficient
processors 131, [i4] primarily employing dynamic voltage
scaling and low-power VLSI implementations. In {15}, dy-
namic voltage scaling is further explotted by adding a smart
buffer scheme. These methods, however, do not extend well
for wireless transceivers, as the performance of analog circuits,
which dominate the energy consumption, does not scale as
monotonically with lower voltages as digital circuits. Wire-
less communications present non-linear and discrete energy-
performance tradeotfs between coding and transmit power
[16]. between modulation and active circuil energy conswinp-
tion [17] and between transmission rates and shutting off the
system {11].

To address this, researchers have approached the problem
either from an information-theoretic perspective [9, 17} or
from an implementation-specific viewpoint [13L {19]. In [17],
modulation strategies are derived for delay-bounded traffic. It
is shown that when the fransmit power and circuitry power
are comparable. the transmission energy decreages with the
product of bandwidth and transmit doration. They however
only consider an idealized network restricted to a single
flow with no medium access controller (MAC) or link laver
retransmussions, and with ideal constellation sizes. In {9
sealing is framed as a convex optimization problem where
users tower their transmission rate w minimize energy. They
do not consider the fzed circuit ene fgv consumed during

s, On the othey hand, [16] explores

the practical cross-layer rade-off between fransmission power
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anly a single flow with no delay constraints or system sleep
modes.

A more general framework 1o exploit the eneryy scalability
of transceivers is provided in 111]. They derive the operating
regions when a transceiver may sleep or use scaling. The
andlysis is based on simplified physical laver energy models
and only poini-to-point file transfer is considered. Approaches
o trade-off energy and rate, tsking into account implemen-
sation aspects and operating conditions are proposed in [131

197, An energy-performance trade-off is presented for a single
tink at design-time, as function of the system implementation,

(ffline hardware energy optimizatons for energy-scalable
systerns are proposed in [111, {171 [18] and in [19] for
celluiar systems. They express the need for a practical runtime
scheme o determine the configurations for ong or more users,
tnking into account environmental and application censtraints
where appropriate. In order to derive optimal or near-opumal
operating points, a framework is needed to consider the 1mpact
of the various control dimensions, the trade-offs between them
and the overall benefit to the user. In [20] a self-tuning
power managemeni scheme is proposed which adapts iis
sleeping behavior to user access patierns, apphication context,
characteristics of the network interface and energy usage of the
platform, They foresee a simple interface that allows applica-
tions to give hints about their intent, and show that self-tuning
improves both performance and energy conservaiion compared
to static appreaches. Similarly, in [21] they abstract the power
management 1o a higher level 1o exploit application-specific
information to balance power savings and data performance.

A middleware scheme is proposed in [22] which exploits
alobal information (e.g. background traffic) and static device-
specific characteristics (e.g. hérdware and offered video for-
matsy o dynamically adapt the packet schedule for sleep
maximization, In [23], the authors present a wseful approach
o maximize the wility for muliimedia applications through
scheduling of multiple resources along multiple conirol di-
mensions. Our approach to mintmize energy consumption has
@ simujar basis and is extended for use in dynamic wireless
systems by incorporating communications constraints. Traific
scheduling wking into account both the application and the

sieep profile of current hardware, is shown w outperform
\{rmghﬁ.orw&é transTission schemes significantly [24]. We
exiend the technique taking o account other hardware
snergy manzgement technigues. The use of various scheduling
schemes 1o optimize system utihty in cellular systems is
avestigated extensively {251, but o the best of our knowledge
w0 scheduling technigues exist that specinically consider the
mnderlving hardware.

U
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MEER A CROSS LAYER METHODOLGGY FOR ENERGY EFFICIENT RESOURCE ALLGCATION IN WIRELESS NETWORKS Hi9

Our methodology, outlined in Fig. 2, consists of two-phases,
In the design or calibration-time phase. we determine the
rradeott between sleeping and scaling across all system states,
This is done by mapping a cost profile (2.g.. energy consumed
for a successful wansmission), resource profile {e.g.. tme ©
complete that successful transmission) and guafiny profile (e.g..
probability to complete transmission successtullyy for each
node, for every possible system configuration and state. For
even a modest number {e.g., 8y of control dimensions, this
can lead 0 2 large number of possible system configurations
{omn the order of 10" for the considered system). However, thig
systemn calibration is & one-time mvestment that allows for fast
and efficient run-time system adaptation. To decrease ran-lime
complexity, the Cost-Resource-Quality profiles obtained are
then pruned by taking the convex minorant across all three
dimensions [26]. Following this, in the runtime phase, cach
node’s pruned Cost-Rescurce-Quality profile is traversed o
deternline the operation point for given system states {(e.g.,
channel state) and QoS requirements of all users. The runtime
phase is executed in a greedy manner, selecting the operation
point for the node with maximal cost savings (1.e,, energy)
for every additional unit of rescurce (ie., time) consumed
while meeting the quality constraint, MEERA is implemented
in the AP and delivers a bounded sub-optimal performance.
We describe the methodology in more detail by formally
cefining the MEERA resource management model and stating
the resource allocation as a convex optimization problem.

A. MEERA Resource Management Model

Consider 2 wireless network as in Fig. { where muluple
nodes are centrally controtled by an AP Each node {such
as a handheld video camera) desires o transmit or receive
frames at real-time and it is the AP's responsibilily o assign
channel-gecess grants. The resource allocation scheme within
the AP specifies each user’s system configuration settings for
the nexi transmission based on the feedback of the system
state from the current transmission. It must ensure that the
nodes meet their performance constraints by delivering their
datz in a timely manner while consuming minimal energy. The
problem is now stated formally and a case-specific mapping
is provided in the following section,
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derermined for each set of comrel dimensions based on the system staie. The optimal

Cost-Resource-Quality tradeofT is derived from this mapping o give operating points used at runtime.

to the aumber of frames issued by the application over
the lifetime of the flow. The QoS constraint is specified
at run-time by user { as a target JF AL

Shared Resource (R, ;.1 <{ < n. 1 <! < ry Maltiple
resource dimensions, », could be used to schedule flows
or tasks in the network {e.g.. time, frequency or space).
in this paper, we consider the particular case where
access 1o the channel is only divided in tme. Therefore,
time is the single shared resource and the total is denoted
by R. The fraction of resource consumed by nede ¢ i
denoted by A,

4) Control Dimensions (R ;,1 <4 < n, 1 < 7 < &%
For a given wireless LAN architecture, there are k
contral knobs or dimensions, such as modulation, code
rate, output power, ete. that control the system Cost,
QoS and Resource given the current system siate. The
control dimension settings are discrete, inter-dependent
and together have a non-linear impact. We define a
sefting of all knobs j for node 7 to be configuration
point K;. We will define a relationship between K, to
0y, O and K, in the next section.

Systemn state (57, F < < n, 1 <m < s) As we are
operating in a very dynamic environment. the system
behavior will vary over time. There are 5 environmental
or application factors independent of the oser or sys-
tem’s control represented by the system state variable,
i The system cost, resources required and quality
offered all depend on the sysiem siate, as determined
during design or calibration-time of the system. In a
wireless environment, with e.g. Variable Bit Rate (VBR}
video traffic, the systemn state is the current channel state
and application frame size. Application frame size is
translated w Gueue Size at the MAC level to allow for
application aware scheduling without explicit communi-
cation with the higher layers. After classification of the
various system states, the calibrution step can easily be
performed to take into account implementation-specific
aspects of the device. As the application frame size
ix translated o a lower layer metric, the calibration is
specific o the PHY and MAC only, and can hence be
mcluded with the PHY/MAC hardware drivers of prac-
tical systems. This device-specific calibration step may
be executed af design thme o during device minalization

oiglined in Sectton (1L The scheduling algorithm

Lot
P

A
ot
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within the AP is executed with a perod based on the

e during which the system siate remains stable

»f epoch and video frame rate.
To surmmarize. sach How £} s associated with a set of possible

Systern Staies ™ ..

J P 4 A et gt rhen e F - M . pad g
which determmnes the mapping of the

control dimensions K; to the Cost (K. S .. — (). Resource
(K:. S — ) and Quality (K, 5, ., — (). It is essential
w note that for each user, depending on the current state,
the relative energy gains possible by rate scaling or sleeping
are different and should hence be exploited differently. Each
user experiences different channel and application dynamics,
resulting in different system states over time, which may
or may nct be correlated with other users. This 1s a very
important characteristic which makes it possible to exploit
multi-user diversity for energy efficiency.

2} MEERA Model Properties: The key aspects of MEERA
arg the mapping of the control dimensions 0 CoSt, resource
and guality profiles respectively, and the generality of this
mapping. A tesource (respectively cost, guality) profile de-
scribes a list of potential resource (respectively cost, quality)
allocation schemes resulting from each configuration poiat.
These profiles are then combined tw give a Cost-Resource-
Guality trade-off, which is essential for solving the resource
allocation problem {Fig. 2). The Cost-Resource-Quality rade-
off function represents the behavior of a specific system for
one user in a given system state.

Cost profile properties

s The finite set of discrete control dimension configurations

is ordered by their increasing costs.

o The overall system cost, ', is defined as the weighted

sum of costs of all flows, where each flow can be assigned
a certain weight depending on its relative Importance
or to improve fairness {27]. Users may be assigned
higher weights for example when their battery capacity
is low or when they downscale their ransmission rate
by decreasing the video quality and get rewarded for
reducing the network congestion. Users with a higher
weight will typically be allowed to save more energy
compared to other users: € 570w, )

Resource profile properties

o The finite set of discrete control settings is ordered by

their minimal resource requirement.

s The system resource requirement. F. iz defined as the

supy of the per flow requirements: A = }:‘L\' R

Cuality profile properties

» The finite set of discrete conirol dimension configurations

is ordered with quality.

o The system quality, (J. 18 met when each individual user's

B, MEERA Resource Allocarion Problem

We recall that our g

Pois pooassizn ransmission grants

of the comirol

via the AP resulung in an optimal ssiting
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dimensions to each node such that the per-flow QoS constraint
for multiple users are optimally met with minimal energy
consumption. For a given set of resources. control dimensions
and QoS constrainis, the scheduling objective can be formally
stated as:

TN 5 w (N T s

LR
L<i<n {'Q()S lanstrols
Pgisy { Resourcs Clons
1< <k [Resowrce Profs
T<m<s [Cost Profile)

(Quality Profil
L Y J

solution of the optimization problem ylelds a set of
fcasible operating points, K = {[K; 1 < i < n}, for the
nerwork which fulfill the QoS target. maintains the shared
resource constraint and minimizes the system cost, While
the profile mapping and pruning is done during a one-time
calibration step, we now describe how, using those profiles, the
aptimal configuration K is determined efficiently at runiime.

(" Two-phase Solurion Approach

When considering energy-scalable systems, the number of

confrol dimensions is large and leads o a combinatonial
explosion of possible configurations (e.g.. O (107} for the case-
sindy in Section 1), At design or calibration time, a pruned
set of configurations is determined. This set is represenied
in a table-driven structure that allows for a fast handling. At
runtime. based on the system state, the best operating point is
then extracted efficiently by a simple memory access.

1} Design-Time Phose: A property of our modet is that
the finite set of discrete control dimensions can be ordered,
deseribing a range of possible costs, resources and quality
for the system in each system state. For each additional
unit of resource allocated, we oniy need to consider the
configuration that sagsfies the quality constraint and achieves
the minimal cost for that resource unit. For each system state
channel and application loads), a sabset of points is
determined by pruning the Cost-Resource-Quality curves 1o
viekd only the minimum cost configurations, which will be
Jenoted by (50RO

(i g
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and consider the intersection of the resuits. We call this set
the optimal Cost-Resource-Quality trade-off in the remainder
{Fig. 3). We show that the maximum segment size of the
convex minorant determines the soiution’s deviation from
the optimuin', Configurations on segments that are small
compared to the largest segment size can be pruned away
without affecting the bounds of the solution. As a result, we
can typically expect less than 30 configurations per state. At
run-time, the resource allocation scheme in the AP adapts to
system state by fetching the correct configuranons from mem-
oy, This operation is cheap compared to the cost of calibration
that only has o be carried out once. In the nex{ subsection,
we detail how this mformation can be combined efticiently
inio a glohal curve representing the network Cost-Resource-
Quality tradeoit. Profiling each user sepurately and combining
the information at runtime is optimal for independent users or
when the correlation is unknown, When correlation is present,
the number of system states to calibrate and the runiime
combination could be further reduced.

2} Run-Time Phase: As the current system state of all
the users is only known at runtime, a hght-weight scheme
cessary 1o assign the hest system configurations for
each user, while meeting the (oS requirements. We therefore
employ a greedy algorithm o determine the per-fliow resource
usage K for each user o minimize the total cost O while
meeting system constraints, The aigorithm first consiructs the
optimal local Cost-Resource trade-off curve {0 R;) by taking
the optimal points in both dimensions that meet the rn-time
AVETHgE thi} constraint JF 7. Next. the wheduler traverses
afl flow
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Fig. 4. Bounded devimtion from the optimal in diserete Cost-Resoarce curves.

made af admission time. We assume that the cwrent channel
states and application demands are known by each node and
periodicaily communicated 10 the AP, When the node’s siate
changes, the allocation is recomputed by the AP during the
nexi scheduling instance. The exchange of state information
and operating points between nodes and the AP is obtained
by coupling the MAC protocol with the resource manager
as explained in the next section. Our algorithm is based on
Kuhn-Tucker {26, 28] and is described in detail in {291, In
our implementation, we sort the configuration points at design-
time in the decreasing order of the negative slope between two
adjacent points. The complexity of the runtime algorithm is
O{L.aloginy) for n nodes {~ 20} and L configuration poinis
per curve, In Section I, we demonstrate that for a practical
system in each possible system state (i.e., channel and frame
size}, the number of coafiguration points o be considerad at
runtime is relatively smal {~ 30} Taking into account that
the relation O (R,) is convex, we can now prove that the
greedy algorithm leads to the optimal solution for continuous

resource allocation. Following that, we then extend the proof

for systems with discrete working points to show that the
solution s within a bound from the optimal.

Theorem 1: For a coniinuous resource allocation o be
< <o, By o= ) o

Y

optimal, a necessary c’cmd{mm iy

for any flows {64 with By > O and By = 0, the cost slopes
CHR,) = ] {f’
Proot: For & continuous differentiable function, the Kuhn-

Tucker [26] theorem proves such a
Suppose for some 1+, let the optimal resources be H, » O,
Ry = 0o and [CHR;)] » (CHR L As the savings in cost
per resouree for £ is larger, we can subfract an infinitesimal
amount of resource from £y and add it 1o KL Total system
cost is reduced, contradicting the assumed optimality, 0

sreedy scheme is optimal,

For o real system. however, the setiings for different control
dimensions such as modulation or transmit power are
This doviation, A, opti
now show the worst-case deviation from the
i hounded
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results inoa irom the optimal resource
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Fig. 3. MEERA cross-taver approach spans multiple layers with correspond-
ing performance mencs. “The case stuchy describes a systematic and praciical
mapping of mewrics across layers.

curves. Based on this ordering, the aggregate system C(R)
trade-off iy constructed, consisting of segments resulting from
individual flows. The greedy algorithm traverses the aggre-
gate system C(F) curve, consisting of successive additional
resource consumptions (at maximunt cost decrease), until the
first segment, s, is found that requires more resource than the
residual resource K, (Fig. 4),

fet the two end points of the final segment s be {(ry, ¢,)
and {ryeq, 0oy in C{RL Let {r,, e, be the optimal resource
allocation in the optimal combined Cost-Resource curve.
Copr = = s e — e )/ {rse

—r,)

L O sy )

Curpens — s

N

- Cypera = (Tewy — 7Tal(

21 o Lg)

= Cypeppa — (0

We observe that ¢, — a1 < A, therefore Cryypppa—Copr <
5. Moreover, we note ihat a better approximation can be
obtained when more dimensions (K ;) are considered.

1. 802.11 TRANSCEIVER CASE STUDY

To demonstrate the usability of the proposed MEERA
scheme, in this section, we apply it to contrel an Orthogonal
}*rcqueﬂcv Division Multiplexing (OFDM) 802.1la modem
{21 The goal is 1o show the progressive and substantial energy
savings as each set of control dimenstons is included and to
discuss implementation aspects related fo this specific instance
of the methodology, The target application is the delivery of
delay-sensitive traffic over a slow fading channel with multipie
users, We associate the system Cost to energy, the Resource 10
the time over the shared medium and the Qualiry is the JFR.

We briefly consider the tradeotfs present across the physical
layer circuils, communication setiings and link laver in our
system, kncreasing the modulation constellation size decreases
the transmuission time but results in a higher PER for the same
channel conditions and PA settings. The energy savings due io
decreased ransmission time must offset the increased expected
Also, increasing he ransmil power
mcreases the signul distortion due o the PA nonlinearity 13
O the Oi%‘i hand, des
=?is mza,

cost of re-transmissions.

creasing the transmission power also
uf the PA. {m?vdc,m ¥ the tradeoff

robust modulation fate needs (o compensale for the

deeping earlier, Finally, as all users

rate of one user reduces

ihe fime other deloy-sensitive asers. This compels

other users 10 ncrease thelr rale and COBSLIMES MO enerey

OF CEPRTICRCE erTors,
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A, Top-Down QoS Driven Design

As the system performance requirements are specified at
fie application faver and the energy consumption is at the
tower (hardware) lavers, it is essential tor {a) translate the
spplication layer requirements w relevant mewies at each
infermediate laver and (D) w0 define clean mterfaces between
livers for an energy-performance feedback mechanism. This
is 1o atfow for a local calibraton of the hardware which mukes
implementation more feasible, sull enabling translation of 0
application specific quality metrics. For delay-sensitive waffic.
the QoS metric of interest is the target JEFRY.

Al the link-layer, each application frame is fragmenied into
one or more fixed-sized fragments. An application frame size
or rate requirements is hence franslated into a local Queue
Size. Next. as shown in Fig. 8, the JFFR" s translated at
the link taver to a PER constrainl, which corresponds
o maximum Block Frror Rae (BIER) as a functon of the
physical layer low-level knobs. Based on the performance of
the turbo decader, the BIER s a result of the receive SNR
for given constellation order. The performance target of the
system, on a frame-by-frame basis, is to ensure a prebability
that a frame is delivered (which is denoted as S;f, with m
packets and p retransmissions). This is related w the user’s
QoS requirement by Eq. (1), This probability 57" is a [unction
of PER and control dimension sedings.

}dT”Ké (1)

je=t

~JERE

~ (1 = BIERY-

Pvery target JFR may be satistied by one or more conirol
dimensions, K, each of which is associated with the energy
consumed (cost) and time required (resouice} to complete the
frame transmission ia the current system state, The state is
defined by a discrete channel state and traffic requirement (L.e.
current application frame size), which can easily be monitored
a4 the Queue Sirze. Channel classification and monitoring is
sypically a more difficult problein. Af runtime, the current
system state is periodically reported 1o the AP as described in
detail at the end of this section. Based on a node’s current
svstern stafe and JF R, the corresponding Cost-Resource
tradeott curves are fetched from memory at the AP From
each curve, control dimension operating points ure then chosen
using the fast greedy algorithm o determineg the current global
Cosi-Resource radeott such that the total transmission time
for all nodes is less than the deadiine,

B Desion-Time  Energy-Perormeance Trudeoff Calibrasion

aind Meapping
control di-
oy and performance
for these OFDM wansceivers: the modutation order 00V )

fo3. e

FroEnergy Four

v Cansumption Per f-’:'«;g;f'az:/f:f’

SIENSIONS !“ ave @ significant snpact on en

R

mphiter ransmit power (P

¢ !ﬁ} the hack-off 7;\2 YW consider

the code rate

andd its lipearity specih

the gight PHY rates supporied by he ?“303. a4 standard mm{f

{
i

and i e f
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TABLE [l
PARAMETER VALUES USED IN QUR EXPERIMENTS

[ Performance Energy MAC Madel | Control Pmensions
¢ Model Mudei
W wmo| Pro = Lgrag BM off (AR
2N H ’{}( nﬁ" 14 16
77}} - )R T e -
250k umz'f 3{3{%:7;‘«1 52pua g ?(};

P e p Tpiep Modulation {BFPSK,
“Um”, 2018 QPSK, 16—~ QAM,
84 — QAMY
T o= JHRA i I s Tyrpy = | Code Rate {1/2
Sm W 168 KTES
Ny = 10dB L Efs = Bilock = | JFR = 1077
5.7n ,7 b 285

carriers, Nz, bits per symbol and symbol rate B is given
by:

Briy = No X Nyjoa X By x B 3

We focus on the power amplifier (PA) as it is generally the
most power-hunpgry component in the transmitter consuming
upwards of 600mW {32]. The PA efficiency is higher at high
cutput power but due to non-linearity the signal distoriion
increases too. By throttling the bias current, the PA back-off
controls the lnearity and direcily infiuences the energy con-
sumption. The relation between the power amplifier back-off
and the distortion, (h), has been characterized empirically
for the Microsemi LX5506 [33] 802.11a PA. The PA power
{Pp4) can be expressed as the ratio of the transmit power
{(PTx) to the PA efficiency (p.} that is related to b by an
empirical law fitted on measurements:
2.
Pos = —rx 4)
nealh)

We assume the energy consumption of the digital baseband
is & linear function of time and number of iterations for
the turbo decoding at the receiver {34]. Based on current
implementations [32], the frequency synthesizer, ADC, DAC,
LNA and filters are assumed to have fixed front-end power
consumption P g (Table H). We obtain the energy needed to
send or receive a fragment of ie.ngth L prag:

Pra 4 Ple+ Pl
_Z"-'ﬂ“r' - = [ L3 b L oy (5\)
2T 1 Spreg
Br:--,f.
af i
Ea, = —)—’)"—j- + BT ‘ah pt % L frog {6}
»f),‘;}s

where P/ op and Pfl;,. are the baseband processor’s power
consumption. Ohmmmw the acinal values for engrgy consump-
tion and PA non-linearity for each of the configurations only
depends on the fragmesnt size and not on system staie. In
praciice, this information is obtained very fast by transmitting
an ey packet once (reguiring 1 o 1.0ms depending
on the configuration) using each configuration thence 1.3 =

1%
i

I 130 or approximately 20 munutes worst case
for a ¢

plete system profile).

f Beguivemonis: We study the éié’ipaiaﬁi of both
coastant bit rate (CBRY and vanable b teaffic. For
VER traitic, we emp 50_ MPRG-4 encoded
with peak-to-meun frame sizes manging from 3 © 200 Al frag
e UDP over 1P As

15

‘a,-cq‘; traces [35]

enianion 18 done o1 the bnk
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the maximum frame size is assumed to be within the practical
fimit of 30 fragments, we construct Cost-Resource-Quality
curves for 1,2,3,4,5, 10,20, 30,40, 50 fragments/frame and
interpolate for imtermediate values. The application layer
frame size is ranslated 1o lower Jayers Queue Size and frag-
ment size to facilitate state monitoring and calibration. As a
result, no additional measurements are needed 1o model raffic
requirements, which can be fully captured in the mapping.
3} Channel Constraints; We use a 7T-stafe frequency-
selective time-varying channel model w0 compute the PER for
all transcerver seftings. An indoor channel model based on
HIPERLAN/2 {12] was used for a terminal moving uniformly
at speeds between 0 1o 5.2km/h (walking speed). Based on
our turbo decoder design [34], we describe in detail the
construction of a 7-state channel Markov.-model in {201 A set
of 1000 channel realizations are used to determine the receive
SNR with added distortion (SINAD) and extract the channel.
The samples should be taken over a period larger than the
coberence time of 166ms [36], Assuming that samples should
be taken over a large number of coherence times (e.g. 100),
this will take 16.6s for channel extraction. Given ouipui power
Pr. and channel atiennation 4, the SINAD i specified as:

Pr, x4
T ET W o N7

SINAD = *
SINAD = 25 @

where the constants k&, 7, W and Ny are the Boltzman
constant, working temperature, channel bandwidth and noise
figure of the receiver respectively. Based on the channel cias-
sification, the receive SINAD is mapped to one of 7 discrete
channel states. Following this, we us the BIER models detailed
in [37] to characterize (at design-time} the digital front-end for
a range of SINAD. This calibration is a routine hardware
characterization in current transceiver design practice. This
BIER-SINAD performance information is mapped to the
set of channel states. This relation of dynamic channel state
(based on hardware implementation) 10 performance metrics
for higher layers is a key enabler for design-time Cost
Resource-Quality profiling.

4) Energyv, Time and Quality Profile Mapping: For cach
combination of feasible control dimensions, K. (which we
will simplify 0 K), we compute the total expected energy
consumption, otal transmission time and resulting JF R while
using the properties of a sleep-enabled §02.11e MAC., We
assume that during each communication instance, all transmis-
sions use the same configuration to eliminate reconfiguration
costs. All transmissions employ the contention-free mode
with ransmit opportunity {TXOP) grants of 802.11e Hybrid
Coordination Function (HCF) [38] A TXOP s defined as
the time interval assigoed when a user has exclusive chanpel
access and is specified by @ siart time and duration. Let
Er, cpeoand Ty Taepe be int consiani ¢
aeeded 1o transmit & header and ack

The ene
andd a fak

Heted in

and time needed for o cuccess

fransmission g then ¢

sy owait the SIFS

At tirme we B sure e
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Table 1k
Eguodéﬁ) = ER’ -+ EH -+ (2T~;f« Pzdié:} + E&Cf\f {8}
Epea(K) = Eg o Ey+ (T + Tack ) Puae (9
/Fgu(}d.{Kj = I‘K T TH s ‘J-ZT‘HJM] T TI.—’{C'K {10}

EJ{I{Z’{K} = z};()r}z;’{K:‘ — 1 sifs {ih

We now include the MAC layer retransmissions. Each frag-
ment is transmitted with configuration K, for which we can
determine the Fr, basad on Eq. (2). The probability that the
frame is delivered with exactly (m -+ p) attempts (including p
relransmissions), 13 given by the recursion:

) s, pd '
SOHK) = Z (; ) .
fef '
PK)’(I - PK)(’” ”".};S?;:;"-I(K) (12)

SPMK) = (1—Py)™ (13)

in which {7} denotes the number of combinations to select
i fragments out of m. The resulting probability to deliver a
frame in terms of JF R is given by Eq. (1). Time and energy
required is given by:

IXOPPK) = IaTue(K)] + [pThaa(K)] (14)
?
E“;n {K} == Z .S:’in (K:} Y {?TLEQUGFQ {K} -+ j-Eha-ﬂ‘-(K)}
=0
+ZIK) + HMK) (15}

The expected energy for & given configuration is the sum
of the probabilities that the transmission will succeed after m
good and j bad transmissions multiplied by the energy needed
for good and bad transmissions. A second term 7 (K should
be added to denote the energy consumption for a failed job,
hence when there are less than m good transmissions, and
{p+ 1 bad ones:

ZUK) = JFPRTK) x { Bpaa(K) + Z D] 1K)
e
(”Eu’!mr{(}(} + ‘P + E}E"“d(K;) } (}6)

The third term H(K) denotes the cost that has to be added -

once every scheduling period. We will show later that this cost
corresponds 1o a wake-up cost only and no reconfiguration cost
should be taken into account, where we assume that the cost
for each configuration K is constant.

We determine the Energy-Time-JFR tradeotf as 1 function
of the system stute und number of rerransmissions for each K.
This specifies the full profile for the system, and is determined.
only once during d or calibration time. The effect of
the PA controf knobs on the total expecied cost, quality and
resource s iHustrated in Fig, 6 Next. the per-flow Energy-
TXOP curves are determined Frov } profiles of the:
system. Configuration points that do not meet the target J £ R
are prunad. Next, the convex minorant is computed in both
y and TXOP dimensions. Segments in the intersectio
£ and sorted for g the run-time phase. Althoug!
this compuianon is relatively complex, it runs fass since the
wmher O poinis is fow (~ 30 It

1 the 37

axecutis

has 0 e executed onge
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for the lifetime of the application. which is typically crders
of magnitude larger than the scheduling period. This cost,
resource and quality profile information is stored in each
node’s device driver.

. Run-Time State Communicarion

Based on the Energy and TXOP curves for each node,
the scheduler in the AP can efficienily derive a near-optimal
resource allocation at run-time using the greedy scheme de-
sciibed in Section IE, The scheduler reguires feedback on the
state of each user and then communicates the decisions to the
USErs.

in order to instruct a node o sleep for a particular duration,
the AP needs to know when to schedule the next packet.
Waking a node earlier than the schedule instance wili waste
cnergy. Buoffering just two frames informs the AP of the
carrent and also the next traffic demand, allowing a timely
scheduling and communication of the next period TXOP. In
the ACK, the AP instructs the node to sleep until the time
of the next TXGOP and also the required configuration The
AP now communicaies with each node only at scheduling
instances (Fig. 7h As the real-time packets are periodic, we
ciiminate all idle enegy consumption by sleeping between
ransTission Nstanges.

When a node joins a network, 1 seads its cost, resource
wnd quality curves (stored in its driver) w the AP during the
assoctation phase. The AP then stores this and refers w it
wing each scheduoling instance. By adding just three bytes
i the MAC header for the carrent channel state and the two
suffered frame sizes, cach node updates the AP of Hs current
reguirement i every ransmission. Protocels such as 02,1 le

Rascume Menping

Shared Resource,

2. 6. The Cost tEnergy;, Quality JFR) and Resource (TXOP) mapping for die PA sulput power and back-off controel dimensions for a 8xed seiting
modulation and code rate control dimensions. Values shown for mnsmission of 10 frames in channel state 1.
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provide support {or this communication and therefore require
oniy minor modifications,

A software-based Qo8 Module within the AP’s network
management layer maintains the Cost-Resource curves of all
associated nodes and processes the current state of each node.
At the beginning of each period. it executes the run-time phase
of MEERA and determines the configuration for each node
during that period. The (JoS Module fetches, from memory,
ihe appropriate cost-resource curve corresponding to each
node’s current state. In the case study, this corresponds to less
than 3000 bits per state. The scheduling period requirement
is determined by the rate at which the system state varies.
Channel measurements show coherence times of 166ms for
stationary objects and moving scatterers [12]. Given a video
frame rate of SUrms, it is clear that this requires a scheduling
period less than 30ms. Sipce this timing requirement is
rather low, a QoS Module implemented in software suffices.
Alternaiively, the QoS Module can be integrated in a light-
weight RTOS present in most embedded devices, We expect
the performance of MEERA 10 be lower for mobile networks
with faster state dynpamics, when it is difficult w feedback
the sysiem state tmely. Faster adaptation schemes are needed
that integrating the adaptation module in hardware close w©
the physical layer [30].

IV, NUMERICAL RESULTS

We now tlogirate the Energy-Performance tradeoff across
a range of practical sceparios. The focus is on real-time
streaming media applications with a reasonable target JFR®

set o 1077 In order to evaluate the relative performance of
MEERA, we consider four comparative transmission strate-
[T

g the
cnergy radeotl berween steep and scaling, exploiting
ngurations are based

an the profiles deseribed in Section L

Iy Cross-layer: Thisis the optimal scheme considerin

multi-user diversity. The node con

2; PHY-layer: This scheme considers only physical laver
sciling knobs, The Enerpy TXOP o¢ :

Gre =8t o

5 avaiable,

4

sl comadly as no sleep

FACdaver: In thiy sche
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Expected Energy Consumption

Chasrwel State

& Energy consumption across different channel states for 1 fragment.

commercial 802.11 devices [8], However, the 2-frame
buffering makes the proposed implementation more
efficient as it eliminates all idle energy consumption
between transmissions.

43 Fixed: A basic scheme with no energy management and
hence no dynamic range is exploited here, This is similar
to the MAC-laver scheme but the transceiver remains in
idle after transmission.

The Energy-TXOP profiles are computed for each scheme and
used by the scheduling scheme implemented in the Network
Simulator ns-2 {35]. This simulator has been exiended with
transceiver energy and performance models, and a slow fading
channel model. Our simulation model implements the func-
tions of the 802.11e with beaconing, poliing, TXOP assign-
ment, uplink, and downlink frame exchange, fragmeniation,
refransmussion and variable super-frame sizing. In all resnlts,
the iotal energy consumed by a node is over a long duration
to statistically capture the dynamics present in the scenario.

A. Tmpact of Svstem Stare Variations

Consider the scenaric where a single user has to deliver a
fixed size frame every scheduling period. In Fig. 8, the energy
consumption (normalized by the maximum energy consumed
by Fixed) is plotted for the four schemes over different channel
states. MEERA outperforms the other techniques in each state,
since it tazkes advantage of the energy that can be saved by
both sleeping and scaling. The energy needed to transmit the
frame increases from best to worst channel state due w a
combination of {a) the lower constellation needed to meet
the PER (hence smaller sieep duration), (b) a higher required
outptit power to account for the chanpel and (¢} the increased
cost of retransimissions. We observe, for example. that in the
best channel siate, the energy consumpiion is low for both the

Fixed arxi MEERA approaches. and energy gains primanly
result Trom sieeping. However the fransmission cnergy is

more imporiant in the bad channel staleand scaling becomes
: ATIES A%

this o

more effective. The ratio of fxed 1o scals

transcetvers we designed differs
acoount during te calibration of syst
platform, as users demand different levels

em profiles. For a given
of Jo%. MEERA
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jointly leverages the MAC and PHY to maximize the mergy 1
saved.
{7
B. Impact of Multi-User Diversity
. , . 8
We now consider a multiple-user scenario where the TXQ
assignments are based on the user’s application data-raj o
requirements and the constraints enforced by other users ;-
sharing the same link. In Fig. 9, we present simulation resul {16

for MPEG-4 affic with a peak-to-average frame size n
of 7 over a tme-varying channel. We study the impactiof
increasing the number of users (with an average aggregate load
of 4Mbps) on the energy consumption. MEERA outperforms
the MAC-based scheme by 3006% as scaling is efficiently
gxploited due to multi-user diversity and the fadiug naturg:
the channel. Compared 1o the PHY-based scheme, MEER
gains by shuiting down users between transmissions. For,
considered case, MEFERA increases system lifetime by a fagt
of 3-to-10 compared to traditional approaches.

V. CONCLUSION

In this paper, we presented a methodology for ernerg
efficient resource allocation, MEERA, 10 minimize ¢ngtg
consumption of a wireless transceiver while meeting the 1
liness needs of multiple users. MEERA s a cross-layer o
mization scheme that fully exploits the energy-performi
rradeoffs between RE components, adaptive p’h}'%ica‘?e?zﬁ
schemes and 2 sleep-aware medium access control pro
col. We have shown that MEERA's system-wide resous
allocation consumes 3 to 141 times less energy thap ¢ufEs
schemes. These savings arise from two complementany
tributions. First, we outlined 2 methodology that is plath
independent and provably near-optimal. We partition
combinatorial-explosive problem space into a well %?gi‘
design-time phase and a run-time phase which enaf i
practical approach where packet-scheduling decision
the psers’ ithroushp eriis, a,h&fwu siale &ﬁé
of Qo8 demanded. ” _
performance representation for zach
it iradent

gser that m?a@;}“

ooy B
i
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the optimum. Secondly, we verified the performance of our & L. Peress ;. Squ’v;m uﬂd} 1 U‘;l. Comex F!’{'}gi”{:}??!‘i?ﬁn’g el
scheme over a broad range of scenarios with delay-sensitive . 198,
- . i S e ‘_, i‘ - . wm, \/’f Dvnﬂ rfum E. Ra]kbﬂ‘mt (mdD RM l; Suc
constant bit rate and MPEG-4 affic over a time-varying ; or MPEG over wireless chanmele, ,I

Junnel using RE tegrated circuit models, MEERA requires
mnimal moedification to the 80211 pmmu;} while enabling
sgnificant energy savings.
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