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ABSTRACT

White space frequencies are highly attractive for longatise communica-
tion due to greater signal propagation. The lack of stargdardi licensing
issues with increased flexibility provided by the cognitieglio allow for

sophisticated customized solutions for white spaces. [Ruea networks
are seen as the main beneficiaries and white spaces comtiomisaex-

pected to outperform current wireless solutions in this diom However,

rural networks often have to rely on a constrained energgéuand highly
benefit from energy-efficient operation.

We investigate the efficiency of flexible wireless transiois®ver long-
distance white space links. We theoretically and expertedlgnexamine
the impact of channel width, modulation and coding and trassion am-
plitude on energy consumption. From our findings we derieeghysical
layer parameter settings that achieve energy optimalitydevelop Power-
Rate, a protocol that dynamically adjusts transmissioarpaters according
to channel state. We implement PowerRate in GNUradio andiaenits
energy-saving potential in various fading environments.

Categories and Subject Descriptors

C.5 [Computer-Communication Networks]

General Terms
Algorithms, Design, Experimentation, Performance, Theor

1. INTRODUCTION

Itis estimated that about two thirds of the world’s popuatiive
in rural areas of, mostly developing, world. In addition e tow
standard of living, poor education and infrastructures¢hpeople
often lack even basic communication amenities. Access lioen
services can directly lead to more opportunities for ecdnate-
velopment, while enabling global connectivity prevents thigital
divide and facilitates equal economical growth. In the md@@s
providing rural connectivity by means of wireless netwoblesed
on commaodity WiFi hardware emerged as a viable but suboptima
alternative to expensive wired solutions [14, 11].

A new paradigm, “white space WRANS", promises to revolu-
tionize the way rural connectivity is achieved. “White sgsiten-
compass frequencies around 700MHz that used to be resewed f
television broadcast, but are now becoming free, thanksetodll-
out of digital television (DTV). Due to the propagation cheter-
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istics, for the same equivalent isotropically radiated eo{EIRP),
the communication range in the white spaces is an order ohimag
tude larger than in the frequencies occupied by WiFi or WiN#gx
This renders white spaces extremely attractive for rured avire-
less networks. Moreover, the lack of licensing issues psrouim-
munity networking in the environments where commerciabjaers
have no incentive to deploy infrastructure, such as theldpirgy
world or low-income areas. Finally, the lack of protocolem-
ing in white spaces allows us to reconsider the existing tspec
access schemes and fully utilize the PHY parameters’ flétyilbd
increase communication efficiency [19, 13, 18]. Low-levatgm-
eters are no longer fixed, but through software defined r&®IiR()
allowed to adjust to the channel state and/or applicati@dse

Despite their superior communication performance, nerege
ation white-space-based networks will still face the sabstarles
that current WiFi networks experience when deployed in thealr
areas of the developing world. The lack of reliable energypsu
is the most commonly reported problem in rural area wiretets
works [16, 1]. If it exists, the grid infrastructure is oftenor, and
networks have to rely on alternative sources such as windalad;
this is why energy efficient operation is of key importance.

Compared to WiFi hardware, SDR platforms enable flexibility
that uncovers much wider space for energy efficiency opttion.
Parameters such as signal modulation, channel width anshtia-
sion amplitude influence not only communication quality also
power consumption. To the best of our knowledge, the proldem
identifying the energy optimal PHY settings for flexible eliss
transmissions remains unaddressed. Some theoreticalinvtk
field of energy efficiency is applicable in this domain [9]wever,
the experimental analysis of power consumption and insigtst
can directly translate to network protocols are not yetlaiste.

In this paper we examine energy efficiency in the flexible wire
less transmission space. We start with a theoretical asalpsl ex-
tend the existing postulates about energy efficiency wittsictera-
tions about the solution practicality. We experimentakegdmine
the power consumption and the delivery performance of emdila
long distance links and highlight the differences betwdoty
and practice. From our findings we develop a protocol thatrotm
the transmission in an energy efficient way. Our protocol ihoos
the link state and decides to transmit with the optimal PHWap=a
eters or to defer until more favorable conditions are otesrwhile
keeping the application needs satisfied. Through GNUrbdsed
experimentation we show that PowerRate provides subatanti
ergy savings in fading channels expected in rural areas.

2. FLEXIBLE RADIO COMMUNICATION

Orthogonal frequency-division multiplexing (OFDM) hasenged
as the technique of choice for many wireless standards ssich a



WiFi, WiMax and IEEE 802.22 (WRAN in white spaces) due to
its robustness in harsh channel conditions. We analyzeygedii-
ciency in a wireless standard agnostic way, but we restrictan
OFDM scheme. An OFDM channel consists of multiple narrow-
band subcarriers. A high level of flexibility can be achieviede
manipulate the OFDM subcarriers. For example, varying tha-n
ber and distribution of active subcarriers can help avordifial in-
channel interference, while adapting signal modulatioth&osub-
carrier state improves communication robustness. Reesetirch
efforts have demonstrated the practicality of such highlgrable
OFDM on SDR platforms [19, 13].

In this paper we analyze the effect of changing subcarriecal
tion', signal modulation and the transmission amplitude on gnerg
efficiency. These parameters impact both communicatiofitgua
and power consumption substantially and in a non-trivial.wa

3. ENERGY CONSIDERATIONS

Communication equipment is a major energy consumer in-rural
area wireless networks [1]. In digital communications, gsmeral
rule, energy consumption is lowered by either shorteniaggmis-
sion time or lowering transmission power. Higher bitrategdr the
transmission time, but are sustainable only when the pasveigh
enough to result in sufficient SNR. Thus, unless we allow fiad
to be dropped, a tradeoff between the time and the powersexist

The theoretical relationship between bitrate and transiorigopower
is given by Shannon’s formula, which defines the boundanhef t
channel capacity. Since the formula does not provide a m&ans
achieve the boundary bitrates, a theoretical solution @prhc-
tically infeasible. Moreover, in theory, the transmitteower is
usually analyzed in isolation, while in reality the tranget needs
supporting hardware, which has non-zero power consumption

Practical solutions, that determine the energy optimalroani-
cation settings by exploring the domain of parameter’seslwork
well when the domain is small [2]. However, once the domain de
fined by the number of channel width values, modulation antd co
ing schemes (MCSs) and the resolution of transmission pkmay
becomes large, such as in flexible white space communicatien
need to rely on the theory to restrict the empirical searogea

4. THEORETICAL INVESTIGATION

With some approximation (discarding the guard intervaie,
can consider the subcarriers individually, and for eacheifit Shan-
non’s formula defines the maximum achievable bitrate:

(1) Ri=Wlogs(1+SNR;) = Wlogs (1 4 Preg

NoW
whereWW represents the bandwidth occupied by a single subcarrier.
SN R; represents signal-to-noise ratip, channel gain an@®r ;
transmission power at th&" subcarrier.Ny represents power spec-
tral density of white Gaussian noise.

A bit of information is transmitted with energy:

PTz

@ EBr.=-—4
wherePr, = 3% Pr,;andR = Y_F_ R; are the cumulative
transmission power and bitrate of allactive subcarriers, respec-
tively. If we assume that all subcarriers operate at the Jaams-
mission power level Pr,; = pr., Vi) over a flat fading channel
(g;: = g, Vi) the energy consumption becomes:

kaw

(3) Ery =
Pr=zg

NOW)
"We usesubcarrier allocation andchannel width exchangeably.

kW loga <1 +

From the above equation we obsern(e:a) the number of active
subcarriersX) does not influence the energy consumption, @d
a) the most energy efficient communication is the one that uses t
lowest possible transmission power and bitrate per sulecarr
However, the conclusions hold only if the transmission poiwe
the sole factor that consumes the energy. It has been shdwn [9
that a significant part of the energy goes to ttensceiver circuit
power (Prc), which takes into account the consumption of device
electronics, such as mixers, filters and DACs, and is biirate-
pendent. With a non-zerBr¢ the energy consumption is:

kprz + Prc

Przg

NoW

Miao et al. [9] proved that in this caséi-b) energy efficiency in-
creases with an increasing number of active subcarr{@rb) the
energy optimal transmission power and bitrate are not thvedo
ones but depend on ther- andk values.

The bitrate used in the calculations represents an uppechdo
physical systems the choice of MCS determines the actualtbit
This bitrate is below the optimal for the given SNR, but is@do
the optimal for a channel with a factbrlower SNR. This factor is
called the “SNR gap" and depends on the MCS used, as well as the
desired hit error rate (BER) [9]. The energy per bit becomes:

kpre + Prc

PTag
NoWT

Finally, this equation considers the bitrate as a contisdonction,
while in reality we have a very limited number of modulatiamda
coding schemes to pick from. The energy per bit under a given
modulation level {1) is:

kprz + Prc
kWloga M
P29

M has to be bounded by the capacity formula, A&.< 1+ NaWT
and the equality yields the energy optimal solution. Howgire
digital communicationsM = 2" wheren is a positive integer.
Thus,M = |_1 + %J&,S,l&,... = \_1 + ﬁg‘;/gFJ‘]‘*S’m*"" where
|z |4,8,16,... levelsz to the nearest floor value in a set of achievable
modulation levels (for QAM these are 4, 8, 16, etc.).

In Figure 1 we plot the energy-per-bit function in three flao
when neither the SNR gap nor the feasibility of the modutakaw-
els is considered{ = 0dB; labeled “Shannon limit based”); when
the SNR gap corresponds to the case of QAM modulation and cod-
ing that yields 6dB gainl{ = 3.8dB%; labeled “Theoretical QAM
coded”); and when both SNR gap and the feasibility of the mod-
ulation levels is considered’ (= 3.8dB; labeled “Feasible QAM
coded”). As a consequence of the modulation level discesten
the energy is a piecewise linear function of the transmispmwer.
A label next to each slope marks the highest feasible mddualat
level that yields a BER below the threshold. Points wherd @dic
the modulation levels touches the “Theoretical QAM codeadve
are the points where the modulation levels are at the edgesef s
taining the desired BER.

From the plot we see that the optimal solutid?r(*, E1.*) is
not on the “Feasible QAM coded” line unle$%-,.* results in just
enough SNR that the next modulation level becomes the optima
one at that transmission power. When this is not the case,@ag i

kWloga <1 +

kW loga <1 +

(6) BEre =

2In the example we use a flat fading link with 70dB path loss, 50
subcarriers, each 1kHz wid®rc = 0.2W, BER < 1077

%Uncoded QAM introduce®.8dB SNR gap; with6dB coding
gain the resulting gap i3.8dB.
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Figure 1: Energy per bit vs. transmission powB-(,). Figure 2: Spectrum analyzer output for two distinct subeaallocations.
example, the minimum feasible energy might not even be wetlie 183
with the modulation level which is optimal fdPr,*. In Figure 1, B
the minimum achievable energy consumption is locatefat™™ ST B -
not Pr, ™, thus is provided with 16-QAM, not 8-QAM. § L
We augmenti-b) and(ii-b) with our analysis results: g ///
e observation 1: for a given transmission power level the optimal 5 Bl o
coding scheme is the one that minimizes the SNRIgawhile H Adjacent (Type A) —+—
a Non-adjacent (Type B) -----

the optimal modulation level is the highest one for which the 5 7
BER remains below a desired threshbld. 100 150 200 250 300 350 400 450
e observation 2: the optimal transmission power is located at one Number of active subcarriers (channel width)
of the points where the available modulation levels perfatm  Figure 3: Power consumption - varying number and positicactie sub-
the edge of the acceptable BER, i.e. at one of the points where carriers.
thefeasible characteristic touches thleeoretical one.
e observation 3: energy efficiency increases with the increasing
number of active subcarriers.
The observations point out that the energy optimal transions
depends on previously unconsidered parameters, such dsathe
sibility of modulation levels, coding scheme and BER thodgh

the two spectrum sculpting cases that are the most integefir
real-world deployments (Figure 2). In the first case (Typeh®
active subcarriers are symmetrically distributed aroureldenter
frequency. This corresponds to a channel bonding case iahwhi
adjacent TV channels are sensed to be free, bonded and used by
our device. In the second case (Type B) active subcarrierasr

far away from the central frequency as possible. Such anatltm

can be observed if mutually distant TV channels are bonded. W

5. EXPERIMENTAL INVESTIGATION expected the transmission powe?;(,) to grow linearly with the

Software-defined radio platforms gained wide popularityyon number of active subcarriers, but remain independent oftie
recently and little work that investigates their performahas been ~ carrier distribution.
published [10]. To the best of our knowledge, none of the iprev In Figure 3 we show the total USRP2 power consumption for
ous work studies energy efficiency. In order to address thjs g the two types of OFDM transmissions depicted in Figure 2. We
we conduct an energy consumption study of the USRP/GNUradio Se€ that, unless the number of active subcarriers is highadfa-
platform due to its high prominence in academic researgipat cent active subcarriers are more energy efficient. We spectitat
for communication in white spaces and comparatively lowt.cos either energy leakage due to improper filtering or the freque

Experimental Testbed. We use two different testbeds for power ~ dependable power efficiency of the transmitter's power #rapls
consumption and communication performance measuremfets.  the reason for this discrepancy [7]. We are aware that wigh hi
measure the power consumption in a local lab where we hawe phy Probability this phenomenon is specific to the hardware we us
ical access to the nodes, while we use CMU’s channel emygitor ~ However, to discard possible biases, in the rest of the pager
to model a long-distance rural wireless link and profile ésfor- focus on communication over more efficient adjacent sutararr
mance in a controlled environment. In both testbeds we el The total power consumptiorP,+.:) consists of the base USRP
between nodes composed of USRP devices and PCs running GNUPower (F.) needed for keeping a board powered on; the transceiver
radio software. In the local testbed we instrument one ndtteav ~ Circuit power (Pr¢) consumed by the supporting hardware when
multimeter to measure the current drain of a USRP powered by athe card is in the transmission mode; and the actual tratesinit
constant DC voltage adapter. The main difference betwestwtt signal power Pr;). A breakdown of the consumption allows us
setups is that in our lab we have a newer model of USRP (USRP2),to account forPr, and Prc when calculating the energy opti-
while the CMU emulator uses the older version of the hardware ~ Mal transmission. We modify the GNUradio exposed parameter

For the experiments we split a 320kHz wide band into 512 FFT tx_amplitude and channel width and record the total consumption.
bins. Each of the bins can host one active OFDM subcarriee Th ~ We summarize the findings in Table 1. We notice that the power
GNUradio code base allows for BPSK, QPSK, 8-QAM, 16-QAM, consumption is indeed constant when the device is in thestran

64-QAM and 256-QAM modulation. mission mode withtx_amplitude set to zero, no matter what the
] channel width is. However, the consumption is 1.01W highant
5.1 Power Consumption in the case when the device is idle, although no data is b&ng s
In a flexible OFDM system the active subcarriers can be dis- N €ither case The 1.01W difference goes towards the transceiver
tributed inside the channel in an arbitrary manner. We imgiat ~ Circuit power. The transmission power varies from OW to 949

thus in the transceiver circuit power is more than comparabl

4For simplicity we discarded the coding overhead; in pragtic
can be considered individually for each of the supporteasod SWe confirmed this with a spectrum analyzer.




Transcelver circuit power
Total powerP; 141 (txz_amplitude = 0) [ 1277w
Total power whenidle, Piotq (idle) = Phase [ 1176 W
[ Transceiver circuit powePrc = Piotai (0) — Protai (idle) I 1.01W

The above values are independent on the number of activasigrs,
modulation and coding scheme and the USRP interpolatien rat

[ Min power when transmitting® o¢q1 (tx_amp = 0, any_width) [ 1277W ]
| Max power when transmittin@; ¢ o1 ((z_amp = 1, maz_width) [| 1326 W |
[ Transmission power ranger [] TOW, 0.49WT ]
Table 1: Power consumption breakdown.
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Figure 4. Packet error rate (PER) with varyibg amplitude and channel
width.

the transmission povv%r As a consequence&?rc should not be
overlooked from the energy optimal transmission rate datimn.

We also measure the transmission power againsimplitude
and channel width. Both parameters, as expected, standearlyn
linear relationship withPr., thus we omit the results for brevity.

We would like to emphasize the difference in the orders of-mag
nitude between the transmission power{WW) and the total power
consumption £ 10W). It suggests that any transmission energy
optimization can be overshadowed by the high consumptianof
idle device. A power-saving “sleep” mode, currently notgmet
in SDRs, would reduce the idle power consumption, but it \oul
also change the way in which we think about energy consumptio
optimization. Instead of optimizing the transmission ggemwe
would have to consider the total power consumption and fezeri
the transmission power savings for the shorter sendingstitmat
would get us into the “sleep” mode as quickly as possible 1B] [
Radunovic et al. consider an energy-aware SDR design based o
Lyrtech hardware, while in [8] Liu et al. implement a rapiéep
mode in the SDR. We believe that low-power mode will become
available as the SDR becomes a part of commodity devices.

5.2 Communication Performance

Communication performance over long-distance links apgga
at a fixed channel width has been studied in [15, 3]. The ssudie
find that in rural areas the link abstraction holds and thégresl
interference is the main source of dropped packets. Thedmpa
of channel width change has been addressed in [2]. The author
find that wider channels result in lower communication radge
to lower power-per-Hz and higher susceptibility to delayesy in
a multipath environment. However, in their implementattbay
modify the reference clock of a commodity Atheros WiFi cleips

and keep the same number and position of occupied OFDM sub-

carriers; therefore the results cannot be generalizedrtoase.

We measure the packet error rate (PER) on an emulated long-

distance link which we keep interference and multipath.fréée
send 20B packets back-to-back and change the channel width a
transmission amplitude every 2000 packets. The packetsaire

5\We speculate that the measuteg, includes the power amplifier
inefficiencies, thus is higher than the data sheet repodkety

encoded and, unlike the commodity solutions, the GNUraslimt
engineered to perform well in high path loss settings; tloeeewe

| observe high PER. In Figure 4 we plot the PER at differentstran

mission amplitudes and channel widths. Unexpectedly, \wetsat
at a fixedtx_amplitude the transmission is successful only at a sub-
set of the available channel widths. Moreover, the range af-w
performing widths changes as we modify the amplitude. Taiens
this is not an artifact of a faulty USRP we confirmed the result
with two different devices in an interference free lab eorinent.
Although we were not in a position to experimentally verifyro
assumption, we believe that the GNUradio’s OFDM implementa
tion is limited with respect to the amount of spectral enérggeds
for successful decoding. In Figure 4 we observe that widanch
nels need lower transmission amplitude to get the same PER as
the narrower channels operating at higher amplitudes. eSime
GNUradio OFDM implementation is often used in the academic
research [19, 18] it is important to be aware of this shoriogm
Hardware deficiencies aside, channel width change can influ-
ence the communication quality if the frequency-selectading
is present. In the rural area long-distance setting we éxglew
flat fading caused by low mobility and large physical obstacles,
also known ashadowing, to be the predominant fading effect.

6. ENERGY OPTIMAL PHY SETTINGS

We concluded Section 4 with three observations that reptese
guidelines for the energy efficient PHY parameters settiridye
proceed with a practical solution to parameter adjustmeatsiow
fading flat channel calleBowerRate.

Optimal parameters - time invariant case. The energy opti-
mal modulation level §/*) and transmission powe{,,) can be
determined from eq. (5). However, accordingtiservation 2 the
optimal transmission power has to be set to one of the poih&sav
the highest modulation level that keeps the BER under tleskuld
changes. Fortunately, only two points have to be checkederevh
| M™|4,8,16,... Crosses the energy efficiency curve and where the
next highest modulation level crosses it. Thus, if the clehgain
is known, the search complexity is constant.

We concluded that the most efficient communication takesepla
over the widest possible channebgervation 3). In white spaces
the channel availability is subject to the presence of thiegmy
users - TV stations and wireless microphones. Primary teteis
an active research area [5] and we assume that our energegrffic
parameter adjustment solution relies on a module that gesvior-
rect identification of vacant frequencies. Once the avditabs
known, we allocate the largest free contiguous chunk oftspec

Optimal parameters - time varying case. In this case, deter-
mining the optimal settings for each of the periods wherecttan-
nel gain is approximately constant might not result in therail
energy optimal solution. To see why, consider the case ofarah
whose state changes from very good to poor and back. It can be
tempting to calculate the optimal PHY settings in each otlinee
periods individually. Nonetheless, that can lead to efficocdmmu-
nication during the high SNR periods that gets undermineh thie
inefficiency of forcing the communication during the low SN&
riod. The efficiency could be increased if the sender defera the
transmission. The choice of whether to transmit or not isarsin-
ple one as the sender needs to know the future channel sfate be
it makes the decision. Moreover, there is a non-zero enaglyas-
sociated with delaying the transmission until the charmgiroves.
This cost depends on the system implementation and the begdw

"The amplitude and phase change imposed by the channel can be
considered roughly constant over the packet duration.



Figure 5: PowerRate protocol - sliding window over a timeyirag channel.

platform: idle power consumption, existence of low-powieep
modes, and state switching energy, among others. Finéfigreht
applications exhibit different levels of vulnerability kigh packet
delivery delay and jitter. Note that our problem is more tEhai-
ing than the power allocation by water-filling in time [17hee the
optimal transmission power level varies with the chanretest

6.1 Algorithm - Power Rate

We derive a suboptimal but practical solution to the problsm
limiting the time window over which we consider the energfj-ef
ciency. As summarized in Figure 6.1, first we divide time igltats
where the slot lengthXT") corresponds to the fading speed, i.e. the
channel gain within a slot is roughly constant. Then, we im@rsa
moving window of slots over time. The window size is seleced
cording to the application, such that the application dagsaffer
if no data is transmitted during the length of the window. dfly)
we move the window one slot at the time, and in each iteratien w
calculate the optimal transmission parameters for that sitot and
evaluate the utility function to determine whether it is meffi-
cient to transmit in the current slot or to defer from sendifi@
guarantee that the maximum packet delay remains boundtwe if
decision not to transmit was made in each of the previousdiote
of the window, the current slot is used for transmissiorsipestive
of the utility function value.

The utility function. At the beginning of each time slot, based
on the observed channel gain, the transmitter makes a dedisi
use this slot or not. The slot will be used if by transmittingtithe
transmitter increases its energy efficiency. hdie the number of
time slots within the time windowE,,—; the energy consumed in
the firstn — 1 slots andS,,—; the amount of data transmitted in the
firstn — 1 slots. The utility represents the amount of data sent per
unit of the total device energy in the first— 1 slots:

©) Sno1

Upn—1 =
Enfl

If the n'" time slot is used for transmission the utility function is:
pra"g"

Sn_1+ kW logs (1 + N()WF) AT

10) U, =
( ) Enfl +(kacvn+PTC) AT“’PbaseAT

wherepr,™ represents the optimal power level per subcarrier in

then!”™ time slot, characterized by channel gaih It follows that

the utility can increase or decrease depending on the fumetilue

in the previous: — 1 slot and the power/bitrate in the current slot.
If the transmission does not take place in & time slot the

utility function still changes because of the energy neddddep

the transmitter running. The actual amount of that energyedds

on the power of the idle device. In the ideal case the device ca

go to a very low power sleep mode essentially maKifig.1 equal

to U,. In the most inefficient case the device consumes the same

amount of base power as when transmitting. We restrict tugse

to the latter case as it is more general. The utility functiarcase

the transmission does not take place in#fétime slot is:

Sh
11 n=
( ) U En + PbaseAT
PowerRate compares the utility value in case the transomsakes
place (10) and in case it does not take place (11) in the duirea
slot, and decides on whether to transmit or not.

6.2 Implementation

We prototype PowerRate in GNUradio, relying on the GNUra-
dio and Jello code base [19]. To obtain the channel gain imelyi
manner we send a short packet with a known bit sequence at the
beginning of each time slot. The transmitter uses the cHayaie
feedback to identify the most energy efficient transmisgiower
and modulation level as per Section 4. The channel width 4is ad
justed to avoid the bad performintg_amplitude, channel width
combinations mapped in Section 5.2.

USRP2 is not optimized for energy efficiency and two impdrtan
consequences of the hardware properties prevent us frotessic
fully evaluating PowerRate. First, for the given USRP2 alater-
istics the optimal power often lies above the device linfiscond,
the base power of having the device on dominates and as aitesul
is always better to transmit data then to keep the device idle

We evaluate the protocol as follows. We use the channel gain
feedback to obtain measurements in various fading envieoisn
with GNUradio, and then rerun the traces offline under déffeer
power/rate allocation schemes. This allows us to have tabka
tests while experimenting with the hardware parameters.

6.3 Evaluation

We gather traces with USRP2s with white-space enabled WBX
daughterboards. In an indoor setting we establish threedamhvi-
ronments:1) static, where a line-of-sight (LOS) link is maintained
at all times;2) slow dynamic, where the link gets obstructed by
human subjects an8) fast dynamic, where a substantial human
mobility along with the rapid device movement disturbs tt@3.
We feel that these cases represent a good starting apptoxinoé
the target area as they can correspond to a strong LOS liniebat
villages, a local link between houses and an indoor access po

PowerRate maintains the BER above the given threshold at all
times, thus we compare it to a solution (labeléged) that oper-
ates with fixed modulation and power levels that guarante 8 &R
threshold. We analyze two different flavors of PowerRate vt
takes the feasibility of modulation levels into accoupiwer Rate-
discrete) and another that does not consider modulation level feasi-
bility called Power Rate-continuous®.

In Figures 6 and 7 we plot the transmission power and thetbitra
in each of the fading scenarios averaged over five minuteg- Po
erRate adjusts the PHY parameters according to the obseoved
ditions and lowers the transmission power substantiallileaot
sacrificing the bitrate. The benefits are more pronouncetifty
varying channels that provide more opportunities for pelkr
adaptation. Interestingly, Fixed performs better than &&ate-
continuous in the static case. PowerRate-continuousifienthe
theoretically optimal solution; however, that by itselfist enough
- the feasibility of the modulation levels has to be consideas
well. Before the previous experiment we tuned the transcei-
cuit power to 100mW to get the optimal transmission poweellev
within the USRP2 supported transmission power values. ,Next
lower the base power to make it attractive for the PowerRatket
fer from transmission in the case of a bad channel. For tlEs,ca

8Although the calculation is performed under the assumptiai
any modulation level ¥/ |M < R) is feasible, the actual transmis-
sion is modulated with the feasible modulation lepf! |4 s 16,....
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we plot the total utility, defined as the number of bits transéd
divided by the total energy consumption, for each of thetsmhs
after five minute runs (Figure 8). PowerRate approaches tiead
better energy utilization in the two dynamic channel cases.

7. RELATED WORK

Communication performance in real world rural area network
has been analyzed in [3, 15]. These studies provide a ddtaite

file of the wireless medium in rural area and as such serve as an

invaluable resource for our analysis. However, the netaohlat
are subject to this analysis are WiFi-based and do not exthese
same level of flexibility as the SDR. The concept of flexibleYPH
communication is well represented in [19] where the autipoos
pose Jello, a MAC overlay that assigns the OFDM subcarrigrs t
users according to the dynamic application needs, whileAHNR]
takes into account frequency-selective fading and adajetdon

a per-subcarrier basis. Both approaches are energy agaaostido
not explore all of the PHY parameters concurrently.

From a large body of work on the energy efficient communi-
cation, [9] is the most relevant to our work, since it invgates
the energy efficiency of a flexible OFDM transmission. We dbuil
upon this work, and we go a step further to the real-world rtinge
as we introduce the notion of physically possible modutatey-
els. Moreover, the authors of [9] approach the problem eskably
from a theoretical standpoint, while we derive our conduosion
energy-efficiency after a thorough experimental analysis ian-
plement a practical solution to the parameter adjustmentilem.

8. CONCLUSION

In this paper we presented a study of energy efficiency of gmer
ing rural-area networks based on flexible wireless comnaticic.
We start from the state of the art approaches to energy efficie
PHY parameter adjustment and add into consideration tHemot
of physically achievable modulation and coding schemesp¥ve
form an experimental power consumption and communicatésn p
formance analysis of the USRP2/GNUradio platform. From our
analysis we derive guidelines for energy optimal commuitoa
settings and uncover the platform limitations. The getfitgraf our
conclusions can provide pointers for future work in thisdiel

We proceed with PowerRate, a protocol that dynamically ad-
justs the PHY parameters to achieve energy efficiency. Rower
Rate identifies the optimal modulation and coding scheman-ch
nel width and transmission amplitude for the currently obse
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Figure 8: Utility - Energy efficiency (low base power case).

channel state. The protocol decides between the tranemigsih
the optimal parameters or postponement based on the baddaence
tween the packet delivery and energy saving benefits whilénga
sure that the application requirements are met. Finallyimyge-
mented PowerRate in GNUradio and through initial tracesbas-
periments showed that it provides substantial energy gavinthe
case of a slow fading wireless channel.

9. ACKNOWLEDGMENTS

This work was funded in part through a gift from Google.

10. REFERENCES
[1] G. Bernardi, P. Buneman, and M. K. Marina. Tegola Tiereelskl Network
Testbed in Rural Scotland. WINS-DR' 08, San Francisco, CA, Sept. 2008.
[2] R.Chandra, R. Mahajan, T. Moscibroda, R. Raghavend@PaBahl. A Case
for Adapting Channel Width in Wireless Networks. 5#IGCOMM’ 08, Seattle,
WA, August 2008.
K. Chebrolu, B. Raman, and S. Sen. Long-distance 802L1riks: Performance
Measurements and Experience MiobiCom' 06, Los Angeles, CA, Sept. 2006.
C. Cordeiro, K. Challapali, D. Birru, B. Manor, and S. B IEEE 802.22: An
Introduction to the First Wireless Standard based on CivgriRadios Journal
of Communications, 1(1):38-47, 2006.
S. Deb, V. Srinivasan, and R. Maheshwari. Dynamic SpectAccess in DTV
Whitespaces: Design Rules, Architecture and Algorithm$4dbi Com’ 09,
Beijing, China, September 2009.
G. Judd and P. Steenkiste. Using Emulation to Undersaaadmprove
Wireless Networks and Applications. NSDI’ 05, Boston, MA, May 2005.
J. Liu, H. Arslan, L. Dunleavy, A. Webster, and J. Paviaipact of Carrier
Frequency Dependent Power Amplifier Behavior on 802.11a WISstem.
In 7th European Conference on Microwave Technology (EuUMW), Amsterdam,
Netherlands, October 2004.
J. Liu and L. Zhong. Micro power management of active 802nterfaces. In
MobiSys' 08, Breckenridge, CO, June 2008.
G. W. Miao, N. Himayat, and G. Y. Li. Energy-Efficient Linkdaptation in
Frequency-Selective ChannelEEE Transactions on Communications, to
appear (accepted Apr. 2009).
G. Nychis, T. Hottelier, Z. Yang, S. Seshan, and P. Stsée. Enabling MAC
Protocol Implementations on Software-Defined Radio®$DI’ 09, Boston,
MA, April 2009.
R. Patra, S. Nedevschi, S. Surana, A. Sheth, L. Subremaand E. Brewer.
WiLDNet: Design and Implementation of High Performance WBEsed Long
Distance Networks. IINSDI’07, Cambridge, MA, USA, April 2007.
B. Radunovic, D. Gunawardena, P. Key, A. Proutiere, INgB, V. Balan, and
G. Dejean. Rethinking Indoor Wireless Mesh Design: Low Powew
Frequency, Full-duplex. [MMMesh’ 10, Boston, MA, June 2010.
H. Rahul, F. Edalat, D. Katabi, and C. Sodini. FrequeAmare Rate
Adaptation and MAC Protocols. IMobiCom' 09, Beijing, China, September
2009.
B. Raman and K. Chebrolu. Design and Evaluation of a neWC\Protocol for
Long-Distance 802.11 Mesh Networks.NobiCom' 05, Cologne, Germany,
August/September 2005.
A. Sheth, S. Nedevschi, R. Patra, S. Surana, E. Brewdrl.aSubramanian.
Packet Loss Characterization in WiFi-Based Long Distanegwdrks. In
INFOCOM' 07, Anchorage, AK, May 2007.
S. Surana, R. Patra, S. Nedevschi, M. Ramos, L. Subriama¥i Ben-David,
and E. Brewer. Beyond Pilots: Keeping Rural Wireless Nekwalive. In
NSDI'08, San Francisco, CA, April 2008.
D. Tse and P. Viswanatfrundamentals of Wreless Communication.
Cambridge Press, 2005.
M. Vutukuru, H. Balakrishnan, and K. Jamieson. Crasgel Wireless Bit Rate
Adaptation. INSSGCOMM’ 09, Barcelona, Spain, August 2009.
L. Yang, W. Hou, L. Cao, B. Y. Zhao, and H. Zheng. Suppatbemanding
Wireless Applications with Frequency-agile RadiosNi8DI’ 10, San Jose, CA,
April 2010.

(3]

5]

(6]

(7]

8l

0]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
(18]

[19]



