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Abstract—The |IEEE 802.11n standard has proposed a new energy over multiple active receive chains? Interestingly
Spatial Multiplexing Power Save (SMPS) feature, which allws  experiments show that the power hungry multiple receive
for a station to retain one active receive chain, to mitigateMIMO chains can be significantly more energy efficient than a eingl

circuitry power consumption. But does it work in all cases? . . . .
Our experiments reveal that SMPS may not always save power active chain used by SMPS. The main reason is the goodput.

compared with multiple active chains at the receiver. Even wen TO associate power consumption and goodput, we use the per-
it does, it may be proven more energy hungry. In this work, we bit energy consumption as the main metric, defined as the

seek to uncover the"good”, the “bad” and the “ugly” of SMPS  ratio between the total consumed energy and the delivetsd bi

using real experiments. We further devise a MIMO Receiver during any data transfer. Unfortunately, SMPS cannot asway

Energy Save (MRES) algorithm, which seeks to identify and se - S . . . .
the most energy-efficient receive chain setting, by using aowel, utilize MIMO goodput gains; when it does, it requires high

low-overhead sampling scheme. Our prototype experimentshew ~ Signaling overhead. Our experiments reveal that choosiag t
that, MRES outperforms SMPS with energy savings up to 37%. optimal chain configuration can result in 78.6% per-bit gger

Index Terms—MIMO, Power, Energy Save, IEEE 802.11n. savings over SMPS.

We then design and implement MIMO Receiver Energy
Save (MRES), which seeks to identify and set the most energy-

The recent IEEE 802.11n standard [2] has opened the verfiicient chain setting for the receiver at runtime. The aoire
for fully leveraging Multiple-Input Multiple-Output (MIND) MRES is a low-overhead sampling scheme, which excludes
technology in wireless LANs. An 802.11n device using mukhose chain configurations that are highly unlikely to yield
tiple transmit-receive chains, can deliver high rates up tmergy savings. Our prototype experiments show that MRES
600Mbps. However, the higher MIMO speed comes at a costaitperforms SMPS, with energy savings up to 37%.
higher MIMO circuitry power consumption, which grows with  The rest of the paper is organized as follows. Section Il
the number of active RF chains. Our experiments show thdgscribes 802.11n Spatial Multiplexing Power Save feature
the 802.11n receiver can draw 2.5W in its high-rate MIM@nd its implementation from popular vendors. Section I
configurations. This would drain the battery of a portablgresents our experimental platform and methodology. Sesti
device in less than ten hours, and depletes a smartphoeebatty, V, VI, discuss the potential benefits (the “good”), darge
in approximately two hours, when all their components ,(i.e(the “ugly”) and drawbacks (the “bad”) of SMPS. Section VII
display) but the 802.11n radio are OFF. To address this jsspeesents our proposed MIMO Receiver Energy Save algorithm,
the 802.11n standard specifies a new Spatial Multiplexiwghile Section VIII presents our implementation and evaarat
Power Save (SMPS) feature, which seeks to save powerefforts. Finally, Section IX discusses the related work and
the receiver by retaining only one RF chain active. Section X concludes the paper.

The rationale behind SMPS is intuitive and simple: “Main-
tain only one RF chain to minimize receive power consump!!- |EEE 802.11N SPATIAL MULTIPLEXING POWER SAVE
tion”. Our experiments show that, SMPS can indeed achieveThe IEEE 802.11n standard uses Multiple-Input Multiple-
its goal, by saving up to 1.15W over multiple active receiv®utput (MIMO) technology to support high date rates up to
chains, in certain scenarios. However, does SMPS alw&@Mbps. It uses multiple transmit and receive RF chains
save power? Unfortunately the answer is negative. Reginito support two modes of operatioBpatial Diversitytrans-
one active chain for a long period (named the static SMRSits a single data stream from each chain, thus leveraging
mode) can decrease communication speed and consequédntgpendent fading over multiple links to enhance signal
reduce the receiver’s sleep time opportunities. To remasi f diversity.Spatial Multiplexing(SM) transmits independent and
SMPS is able to activate multiple receive chains on a peseparately encoded spatial streams from the multiple shain
transmission basis (named the dynamic SMPS mode). Thisboost throughput. The performance gains of MIMO are
requires high signaling overhead, which decreases rateivachieved at the cost of increased power consumption dueto th
sleep time opportunities as well. Less time to sleep leadsa@dded complexity of MIMO related processing and circuits.
high power consumption. The power consumption along a signal pafh, includes

Furthermore, saving power is not equivalent to savirtpe power consumption of all the amplifief% 4 and circuit
energy. This leads to the second question. Does SMPS shiacks P, [4]:

I. INTRODUCTION
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where the circuit power consumptiah, is in proportion to sl " gt

the number of transmit/;) and receive §/,) RF chains. [ ﬂ
The IEEE 802.11n standard [2] specifies a new Spatial s

Multiplexing Power Save (SMPS) mechanism to improve W

power efficiency. SMPS allows for a station to operate with
only one active receive chain for a large period of time. We
next describe SMPS feature and its implementation by popula

Fig. 1. Experimental floorplan.

vendors. diversity single-stream or spatial multiplexing multiggeream,
is determined by the underlying rate adaptation algorithm.
A. SMPS Feature The second open issue is, what chain setting to select?

A station consumes more power on all active receive chaindIPS defines switching frorane to manyactive chains and

even though they are not necessarily required for the act i€ verse:c, but neve:jd_efir(ljes th”‘t is tr:je “mdany”. For exa}_m_plle
frame exchange. The 802.11n SMPS feature, seeks to redlitge RTS frame used in dynamic mode, does not explicitly

MIMO power consumption at the receiver, by allowing it t&pemfy t_he number O_f chzlns_ that _Shr?UId behacnvat_ed at
operate with only one active receive chain for a significal e receiver. Our receiver device switches to the maximum

portion of time. It supports two modes of operation. a}/a;:able chamfs ;l]pogl\t/lhlfsrece dptlon of a Rr;l' S. Flnglly, ':}'B o
Static Mode In the static mode, the station retains only g1 the scope of the to determine the number of active

single receive chain and forces the transmitter to send;]usﬁ;hams on the tran§m|tter S'd(.a' Th(_e standard cor_1f|guration 0
only diversity single-stream rates. An 802.11n station msey our AP is three active transmit chains. Our experiments show
the SMPS action frame to communicate its SM Power Sa%at different implementation choices can have a significan

state to the access point (AP). It may also use the SMPS gipact on 802.11n SMPS performance.

Of ItS ASSOCiatiOI’I Request to aChieVe the same purpose. I1l. EXPERIMENTAL PLATEFORM AND METHODOLOGY

Dy”"?‘m'c Mode Ir_1 the dynamlc que, a station enables its We conduct our experiments using two types of 802.11n de-
multiple receive chains when it receives the start of a frame

sequence addressed to it. Such a frame sequence shall &R Our transmitter is a programmable 802.11n AP platfor

r
with a single-stream individually addressed frame thatiires Wﬁ'Ch uses Atheros AR5416 2.4/5 GHz MAC/BB MIMO

. i . hir;?set and has three RF chains. Our receiver uses an Intel
an immediate response and that is addressed to the st ireless WiFi 5100A/G/N adapter and a modified version
in dynamic mode. RTS/CTS can be used for that purpos P

[2]. So in dynamic mode, the receiver switches to multiplg? I_ntels open source iwlagn drlyer. The receiver has two
. . X . .._available RF chains. Both transmitter and receiver platfor
receive chains when it receives a RTS addressed to it &

allow for both single stream (SS) and double stream (DS)

switches back immediately to one active chain, when thedra . o
sequence ends. A drawback of the dynamic mode is tharF/”NIO modes, with transmission rates up to 300Mbps over

station cannot distinguish between a RTS/CTS sequence tﬁg%Hz channels.

precedes a MIMO transmission and any other RTS/CTS. _. € conduct our experiments in a campus settlng shown in
. : . Figure 1. Spots P1 to P7 represent different locations where
We start our work by asking the following questions.

i ) _the receiver is placed. The AP is always locatedl'atFor
1) Does SMPS achieve its goal, to save power over multiplg - experiment, we collect frame loss, aggregation, gatodp

active receive chains? Do power savings come for fre@QR and power consumption data. To measure the power
2) Can SMPS save energy over multiple active recei\@nsymption at the receiver, we use Intel's PowerTOP rgnin
chains as well? In what scenarios? on Linux [1]. We disable all other unnecessary applications
We next elaborate on thggood’, “ugly” and “bad” of and hardware at the laptop to improve accuracy. The receiver
SMPS feature. consumes 1.18W, 1.61W for one and two active chains,
respectively, when remaining idle. This 36.4% increasdlia i
power consumption when switching from one to two chains
IEEE 802.11n provides the basic SMPS mechanism aisdalso confirmed by another independent study [3].
leaves two open questions for the vendors. When do youTo single out the impact of idle period on power and energy
send SMPS action frame or RTS/CTS to switch chain settingsnsumption, we also compute results for two operation mode
in static and dynamic modes respectively? In our receivef, 802.11n adapter. ADoze OFFmode, the 802.11n adapter
which uses Intel's Wireless WiFi 5100A/G/N adapter and themains idle during idle periods, resulting iRy, power
open source iwlagn driver, SMPS can be enabled manuadignsumption. ADoze ONmode, the 802.11n adapter switches
by the user. Our transmitter, which is a commercial AP baséal the sleep mode during idle, resulting in near-zero power
on Atheros chipset, precedes with RTS only multiple-streaconsumption. Doze ON mode may not be always feasible
frame transmissions. Whether the transmission rate will lre reality. Fine-grained switching between sleep and activ

B. SMPS Implementation



say, between consecutive frame transmissions, may not e Impact of Source Rate  When the offered traffic
feasible due to switching overhead and delays which ca&olume increases, the difference in power consumpfibn
degrade application performance [11]. For example 802.b&tweenN; x 2 and N; x 1 grows from 0.5W to 1W when
PSM, NIC wakes up at the granularity of beacon intervaliata source increases from 5M to 165M (Figure 2(b)). First,
(100ms). However, we show results for Doze ON mode asttze volume of received frames can increase with the number of
benchmark in our study; they help us to understand the impaeteive chainsV,. under high sources, as we show in Section
of transmission time on power and energy consumption. V. This makes the gap between processing power consumption
IV. “T HE GooD": SMPS ROTENTIAL POWER SAVINGS By betweeth X 2 and Ny x 1 .to grow. In ogr case study,
the CPU utilization was approximately 3% higher fisf x 2

In this section, we seek to answer whether the SMPS featltl,r@erNt x 1 settings at 165M, while it was similar at the low
indeed saves power compared with multiple active recei¥g) source. Second, the gap between power consumtion
chains. We first conduct a simple case study at a controllg@reases, under high volume traffic as well. This is attdHu
interference-free setting (location P2). We evaluate to2eD tq the fact that MIMO circuitry needs to remain active for a
OFF mode here, while we elaborate on Doze ON in thgrger fraction of time. We can conclude, the gap in power
following sections. Our results presented in Figure 2(livsh consumption between two and one receive chain grows with
that, retaining one active receive chain can always savepoWgrce rate, in Doze OFF. As a result, the potential power
from 0.5W to 1W, compared with multiple receive chains, igayings for static SMPS can increase at higher source rates.
Doze OFF. T_herefore, the stat_ic SMPS mode, which retaip_@wever, data source may have the complete opposite effect
only one chain to save power, is proven correct. The dynanitgynamic SMPS power consumption. Increasing data source
SMPS mode yields smaller up to 0.4W power savings, OVRiquces receiver’s idle time and as a result its opporesiti
multiple active receive chains. Consequently, the nexteids 1o pperate with a single active receive chain. This can reduc
examine is whether the static mode is always better than Rﬂ’%amic SMPS potential savings over multiple active regeiv
dynamic mode in terms of power consumption. Our case stuglyains. From Figure 2(b) we observe that the gapPin
of Figure 2(b) shows that, the dynamic mode always consumgsiweenN; x 2 and dynamic mode, shrinks from 0.4W to
from 0.2W to 0.7W more power than the static mode in Dozg o\w when data source increases from 5M to 165M.

OFF. ) Our first set of findings can be summarized as:
Our case study reveals the impact of two factors on power

consumption: anumber of active chainand b)application Finding 1~ Regarding power consumption at the receiver,
data source rate To substantiate our findings, we conduct 15 Static SMPS always saves power from 0.5W to 1.15W

extensive experiments with various source rates &pck IV, at the receiver, over multiple active receive chains, in
settings. We analyze our experimental results by modelieg t the Doze OFF mode. Its power-saving margin increases
receiver power consumption as: with increasing data source rate.

P, =PF,+F, 2) 1b. Dynamic SMPS always saves power from 0.2W to 0.5W

at the receiver over multiple active receive chains in the
Doze OFF mode. Its power-saving margin may increase
with decreasing data source rate.

lc. Static SMPS always saves power from 0.1W to 0.7W
over dynamic SMPS in the Doze OFF mode. The reason
is that dynamic mode can switch to a single receive

Number of Active Chains Our extensive experiments chain only when idle, or when transmissions are diver-

show that, for a given source rate, fixed number of trans-  sity, single stream.

mit chains N; and in Doze OFF mode, power consumption

monotonically increases with the number of receive chains V. “THEUGLY": SMPS GOODPUT PERFORMANCE

N:. Specifically, two active rece_ive chains, can Co,nsumeUnfortunater SMPS power savings do not come for free.
1.I5W more power compared with one receive cham. ThSur case study reveals that the price for saving receive powe
amount of savings depends on source rate as we discuss Next gignificant decrease in speed. Specifically, 3x2 yields
This increase is mainly attributed to MIMO circuitry powelg; go, goodput gains oveN, x 1 settings and 22.6% over
consumptionP. [4]. As a result, static SMPS always yie"jsdynamic SMPS, at 165M source, as shown in Figure 2(c).
power savings over multiple chains in Doze OFF, by operatiRg, identify three main factors that affect goodputMiMO

with one active receive chains fqr long time intervals. Dyma. ?ains b) signaling overheadc) application data source rate
SMPS always gives power savings up to 0.5W over multiple

receive chains, when it operates in Doze OFF as well. TMIMO gains MIMO gains can be further classified as
fact that dynamic mode activates a single receive chain or8patial Multiplexing (SM) and Diversity gains, observed at
when idle, or when transmissions are diversity, singleasire high, low SNR scenarios respectively. SM can increase the
can justify its smaller power savings compared with thectatrate of communication by sending multiple independentiapat
mode. streams from the multiple RF chains. Diversity improves the

where P, and P, are the MIMO circuitry and processing
power consumption, respectively, includes processing in the
network protocol stack, and is proportional to CPU utiliaat
Ucpy. It can be estimated aB, = Ucpy - Py, whereP; is

a system power coefficient per CPU utilization unit.
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Fig. 2. Receiver’s performance for low, high source rate URific, at the high SNR location P2.

Low SNR Medium SNR | High SNR gains of two over one active receive chain, for a represiestat
3x2 over 3xL | up to 47.9% Up to 49% up o 61.8%  medium SNR location P_4 ar_wd low SNR location P7_0f our
2x2 over 2x1 up to 18.5% upto54.8% | upto582%  floorplan, are presented in Figures 4(c), 5(c), respegtivel
1x2 over 1x1 | upto ><34§ up to 11-32/0 up to 14-12/0 A monotonic increase in goodput with the number of
3x2overDyn. | upt062.7% | uptodr.9% | upl0o226%  ,etive chains, is theoretically verified for diversity aslwin

S TABLE | diversity mode, the error probability function can be exgesl
PATIAL MULTIPLEXING AND DIVERSITY GOODPUT GAINS. as P, — SNR%VT.Nt [16]. Then the goodpu@ is given by

G=R-(1-P.)=R-(1- sxzv—=) WhereR is the

bit-rate andSNR is the signal-to-noise ratio. As the error
reliability of reception, by transmitting a single dataestm probability . decays with the exponent of the diversity gain
from each chain [16]. factor N, - N,, goodput increases with the number of active

Spatial Multiplexing: Static Spatial Multiplexing Power chains.

Save (SMPS) does not exploit Spatial Multiplexing MIMQ . _ : .
gains. Maintaining only one active receive chain in statics'gn_aIIng O_verh_ead DY”am_'C SMPS |s_able to e_xplplt
SMPS, limits the transmitter to use only SS bit-rates, whiciPatial multiplexing and diversity MIMO gains by switching
can go up to 135Mbps, significantly lower than 300Mbpd/©M One to many receive chains on a per-transmission bas!s,
which is our platform’s highest DS rate. In our case stu t at a high RTS/CTS overhead. For our case study scenario,

scenario, 3x2 transmits 100% of the total frames at DS rat ,'5% of the total frame_s transml_tted at DS rates, ne_ed to
which results in 61.8% goodput gains ov&§ x 1 settings. be preceded by RTS' This results in _22'6% gOOdpl_Jt gains of
Our experiments at various high SNR locations (SNRRdB) 32 Over dynamic SMPS. Our experiments at various SNR
and various transmit chaiiV, configurations, reveal goodputlocat'ons and data source rates,. show that 3x2_ can achieve
gains from 14.1% to 61.8% ai, x 2 over N, x 1 settings, from 22.6% to 62.7% goodput gains over dynamic SMPS, as

as shown in Table I. Dynamic mode can still utilize spatiaﬁhown ir! Table I. , i
multiplexing, by preceding a DS transmission with RTS. Our simple analysis shows that RTS/CTS handshake is

A monotonic increase in goodput with the number of acti roven expensive, wher_1 |t_prec¢des every MIMO transmission
i o : . e model the transmission time of an 802.11n aggregate
chains, has been also verified theoretically. In spatial-myl

- = MPDU-Ar(t)
tiplexing mode and given perfect channel state informatio PDU frame (A-MPDU) asTz = Toverhcad + R ’

. . L where Tyyernead iNCludes the various 802.11n protocol over-
capacity has been shown to grow linearly within(N;, N,.)
[12], [13]. Although the rate of growth may change fOLheads (DIFS, SIFS, Preamble, PLCP, RTS/CTS, ACK) &nd

different SNRs, the linear relation between capacity ared e the transmission rate. Aggregation levet is the number

- : : of MPDUs packed in an A-MPDU. If we assume that there
number of chains still holds [14]. Without perfect channals . . _ -
under data source rate constraints, there is a saturatiomn pbs no frame aggregationA(z=1), /z=300Mbps and MPDU

I 0,
where, increasing the number of active chains does not bob: t1.5KBytes, we can °b.se“’? from Figure 3, that 43.3%
capacity [15]. of the total transmission time is allocated for the RTS/CTS

handshake. Even in the scenario of full frame aggregation

Diversity: Static SMPS does not exploit receiver DiverSi%here A-MPDU is 64KBvtes RTS/CTS overhead allocates
MIMO gains. Maintaining only one active receive chain in28 1% of the total transm)i/ssi(;n time

static SMPS, decreases the reliability of reception. At BMR

settings (SNR15dB) where diversity gains are maximizedPata Source Rate  Our experiments have revealed signifi-
two active receive chains give from 18.5% up to 3.8 timesant goodput gains a¥; x 2 over N, x 1 settings and dynamic
higher goodput compared with one receive chain, as shownSMPS. However, these gains are upper-bounded by the offered
Table I. In medium SNR range (15¢BBNR<30dB), goodput data source rate, as we observe in Figures 2(c), 4(c), 5(c), a
gains of Ny x 2 over N, x 1 settings are mainly attributed tolow source rates.

diversity as well and can go up to 54.8%. Diversity goodput Our second set of findings can be summarized as:



[ 3x2 [ 2x2 | 1x2 | 3x1 [ 2x1 [ 1x1 [ Dyn.
g Idle Time | 96.6% | 95.1% | 94.8% | 94.5% | 95.2% | 95.3% | 89.4%

Preamble | Preamble
+pice U PIFS |7, b cp .
TABLE Il

f —— H f f — 5 IDLE TIME FOR5MBPS SOURCE RATEAT LOCATION P2.

usecs
34 74 81 97 137142 176 220 261 277 317328
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Fig. 3. 802.11n RTS/CTS f hange. . :
9 n rame exchange setting at 1M. The SMPS power savings drop at P7, because

N, x 2 settings require up to 10% less time to transmit the

Finding 2 Multiple active receive chains can give fromSame amount of data, compared with x 1 configurations.
11.3% to 3.8 times higher goodput compared with SMPS, Wherbur third set of findings can be summarized as:

data source rate does not upper-bound achieved goodput.

These gains can be attributed to: Finding 3 On power consumption at the receiver,
2a. Spatial multiplexing and diversity gains of multiple over 3a. Static SMPS power savings can drop to 0.01W compared
one active receive chain in the static mode. with multiple active receive chains, in the Doze ON
2b. RTS/CTS overhead, which dynamic mode needs to pay Mode. Receiving with a single chain, results in 10% less
before every MIMO transmission. sleep time opportunities of static SMPS over multiple
active receive chains.
VI. “T HE BAD”: SMPS ROTENTIAL LOSSES 3b. Dynamic SMPS can consume 0.3W more power, com-

We now shift our attention to two potential drawbacks  Pared with multiple active receive chains in the Doze
of SMPS, which come from the interplay between power ~ ON mode. RTS/CTS overhead required prior to a MIMO
consumption and goodput. First, our study so far has redeale  transmission, results in 8% less sleep time opportunities
power savings of SMPS over multiple active receive chains  Of dynamic SMPS over multiple active receive chains.
in Doze OFF mode. However, are these savings observedBin
Doze ON as well? Second, our study has been focused on ) )
SMPS receive power consumption. However, is SMPS energyOUr experiments show that saving power does not neces-

SMPS Energy Consumption

efficient? sarily result in saving per-bit energ¥,.. formulated as:
PT‘I
A. SMPS Power Consumption in Doze ON Erz = G 3)

Interestingly, our experiments reveal that SMPS may notlIn our case study setting, although two active receive chain
save power, compared with multiple active receive chainsre more power hungry compared with one active chain
when the receiver operates in Doze ON mode. (Figure 2(b)), they yield the lowest per-bit energy constiorp

Dynamic SMPS:For our case study scenario of Figure 2(bjat 165M, as indicated by the text arrows in Figure 2(a).
dynamic SMPS consumes from 0.1W to 0.3W more pow@&pecifically, 3x2 yields energy savings defined as the deerea
compared with the other chain configurations at 5M, DoZe per-bit energy consumption, from 12.8% to 24% over
ON case. Our traces reveal a significant impact of RTS/CEB#tic SMPS [V, x 1 setting) and from 11.3% to 15.6%
overhead on dynamic SMPS power consumption performanoger dynamic SMPS. The savings can be attributed to the
Dynamic SMPS transmits 96.5% of the total frames at spatgdbodput gains of 3x2 over static (61.8% gains), and dynamic
multiplexing DS rates, which are preceded by RTS/CTS. Th{22.6% gains) SMPS, which compensate for its additional
signaling overhead increases the transmission time ofdimes power consumption.
amount of data from 5.1% to 7.2% (Table II) compared with By studying the interplay between power consumption and
the other chain configurations and as a result it decreases slgoodput, we end up with two interesting conclusidfisst, the
time opportunities. During this active time, the receivar ifastest RF chain setting may not be the most energy efficient.
dynamic SMPS maintains two active chains to receive D8 the scenarios where source rate can be accommodated by a
frames, while the faster chain settings can save power &ingle receive chainy; x 1 settings are more energy-efficient
switching to Doze ON. Our case study result is verified ithan the fasterV; x 2 configurations. This is observed for
various settings, where dynamic SMPS can require up to 8¥%urce rates 5M or smaller at locations P2, P4, P7. Dynamic
more time compared with other chain settings, to transneit tSMPS can still give higher power consumption in Doze ON
same amount of data. The impact of RTS/CTS overhead and as a result higher energy consumption performancesyat lo
idle time, is significant at low source rates. When the dasmurce rates, compared with static SMPS and multiple active
source rate approaches or overcomes the effective goodmdaeive chainsHowever, the most power hungry RF chain
(e.g. at 165M of our case study), the idle time betweesetting may not be the least energy efficiadhen source
dynamic SMPS and remaining configurations is almost thmate does not limit achieved goodput of multiple active nexe
same. chains,N; x 2 settings are energy optimal as shown in Figures

Static SMPS: Although static SMPS can still save poweR(a), 4(a), 5(a). In these scenarios, 3x2 can give from 12% to
compared with multiple active receive chains in Doze ON, it83.6% energy savings over static and dynamic SMPS.
savings drop significantly. For example at location P7 (Fegu Our experiments uncover important implementation impli-
5(b)), 2 x 2 consumes only 0.01W more power thanx 1 cations on SMPS performance. For a fixed number of receive
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Fig. 4. Receiver's performance for low, high source rate UBiffic, at the medium SNR location P4.
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Fig. 5. Receiver's performance for low, high source rate UBific, at the low SNR location P7.

chainsN,., goodput monotonically increases with the numbek. MIMO Receiver Energy Save Sampling
of transmit chainsN,, as well. Activating three chains at . . . .
the transmitter, can yield up to 5.4 times higher goodpJ{a_ﬁc'C'd”Ven Sampllng MIMO Rece|yer Energy Save .
comparing to one active transmit chain. This goodput ga ain componentis a low-overhead sampl!ng scheme. Its main
observed for 3x1 over 1x1 at location P7, can significant £s1gn pr{nC|paI IS thathe most energy efficient is the lowest
affect the performance of SMPS as it results in 75.5% ener ain setting, which can accommgde_lte the offe_red Soureg rat
savings as shown in Figure 5(a). Doze _OI_:F. It der!ves from Finding 1 wh_lch shows a
monotonic increase in power consumption with the number
of receive chainsV,. in Doze OFF, given a fixed number of
Finding 4  Saving power does not necessarily result iffansmit active chainsV,. So MRES traffic-driven sampling
saving energy. Multiple active receive chains can give frofifquentiallsamples upward (higher number of active chains),
12% to 78.6% per-bit energy savings over SMPS. This $&arting from the lowest chain setting. It terminates sangpl
observed when the offered data source rate is equal or high#hen a chain’s moving-average achieved througpititcnain
than the maximum achievable goodput of multiple receii® the same as the moving-average source rawate
chains. SMPS needs to consider both consumed power &héi7chain > o - srcRate) The smoothing factor is set
achieved goodput to save energy. to 0.95 in our prototype. The pseudo-code of our scheme is
presented in Procedure 1. MRES scheme needs to address two
important issues: a) When is sampling triggered? b) How long
will sampling last and how will its outcome be evaluated?

In this section, we present MIMO Receiver Energy Sav®ampling Triggers MRES triggers sampling and subse-
(MRES) scheme, which seeks to identify and set the magtent chain evaluation, using both time- and event-driven
energy efficient chain setting for the receiver at runtimenechanisms. To prevent high overhead from switching chains
A critical design challenge is to converge to the receiversn a per-transmission basis (Findings 2b, 3b), it samples
most energy efficient setting with small sampling overheaperiodically (3 seconds in our prototype) to identify theste
MRES devises a novel, low-overhead sampling scheme, whiehergy chain. To be adaptive to MIMO channel and data source
improves over exhaustive sampling all possible chains,dneD rate dynamics, MRES triggers sampling whenever it observes
OFF mode. It opportunistically evaluates the receiver rthasignificant change in the measured throughput of the current
options and excludes those chain configurations that ateyhigchain. Specifically, it triggers sampling Wh&Mrpqin (t) <
unlikely to yield energy savings. We next describe MREShrcpain(t) £ 2 - 0chain(t). Threnain, Threhain are the
operations. moving-average and current achieved throughput at time

Our fourth set of findings can be summarized as:

VIl. DESIGN



Procedure 1MRES: Input (chain, doze), Output (beshain) each of MRES handshake messages in order to commit the

1:// Update stats upon the reception of a BlockACK frame new setting. In a ideal scenario with no interfering traffic,
2: update-Statd(hrchain, srcRate, chain); Teomm = 59.Tusecs, given that MRES management frame
‘31; it (event-triggerSTiranam, Threnain, Genain) size is SBQbytes anq is transmitted at 24Mbps in our ple_m‘orm
|| sample-timer-expired()) && issample = falsethen So sampling cost i75.2ms for each energy sub-optimal
5. chain = lowest-chain(); sampled receive chain. In the scenario where the optimhgis t
6:  init-sample-period(p); lowest receive chain, MRES can exclude — 1 energy-sub-
7: s _sample« true; opimal chains from sampling. Without MRES low-overhead
g; end if sampling, MRES would transmit up to 37.5% of the total
10:if is_sample && sample-period-ended(hen time at energy sub-optimal chains, given that the RA is set
11:  (bestchain) — best-energy-chain(besthain, chain); to RRAA, N, = 4 and sampling interval is 3 seconds.
12 it (Threhain 2 a - srcRate && doze=OFF) Traffic-driven Sampling in Doze ON  Power consump-
13: I CTS'Qa}g'getfsft;shea.“n()then tion monotonic relationship with increasing number of reee
14: sample-timer-reset(); chains N,,, may not hold in Doze ON. Let's assunig, ;
15:. else is the transmission time of/ bits wheni receive chains
16: (chain) — next-higher-chain(chain); are active. From our analysis and experiments discussed in
i init-sample-period(r); Section IV, we formulateT},; = Tiziv1 + Tiae, Where
ig;engni? i Tiaie is the idle time of the higher chain+ 1 upon the
20: completion of its transmission. The per-bit energy consump
2L:return  bestchain; tion for 4, i + 1 receive chains i, ; = Z2tleilel gng
Emc,iJrl _ Ep+Ttm,i+l'Pc,i+lA‘;Tidlc,i+l'Pdozc()N respectiverEp

is the processing energy consumption, which is assumed to be

respectively, whileocxqin(t) is the throughput standard de-similar fori, i + 1 settings, given that the amount of bit§ to
viation. Event-driven sampling is proven critical in dynam be processed is the sam®;,..on is the power consumption
traffic scenarios (e.g. VoIP, bursty web traffic) to redude idis Doze ON mode, which for simplicity is considered neg-
energy consumption. ligible. Our proposed low-overhead sampling holds in Doze

Sampling should be long enough for RA to first identiffON for chainsi, i + 1 that can accommodate the offered
the best rate Tr4 milliseconds) and then to evaluate itsource rate, only i, , ; < Ey i1 = Peiy1 > TZ;“I i
performanceq{r milliseconds). It should be also short enougilthough the relation”. ;1 > P.; is known in advance [4],
to limit transmissions at high-energy chain settings. MREgansmission timel;,. ;1 depends on rat& and aggregation
sets its sampling periodp = Tra + Tr, WhereTr,4 is RA  level Ag (Section V) which may be different between chain
algorithm dependent. It also updates the measured thratighpand i + 1. To ensure that the energy optimal chain setting
and source rate of a given chain setting B&7...in» = will be identified, MRES takes a conservative approach and
% - Threpain + 5 + Thchain and srcRate = 3 - 'srcRate +  disables traffic-driven sampling in Doze ON.
7 - srcRate every 20ms. When the best rate is reached, OH' \MIMO Receiver Eneray S Mechani
prototype uses 6 samples to update the moving averages ath gy wave Vechanism
setsTx to 120ms. MRES introduces a new management frame, as neither the

i ) _ . SMPS action frame nor the RTS/CTS of SMPS modes can be
Metric ~ MRES estimates the per-bit energy consumptione \yithout modifications. First, they have not been design
of a chain setting using Equatidf). Instead of goodput, it 1, 515501t chain setting exchange information. Second; the
uses measured throughptib cpq;, at the sender. Finally, the o o4 communicate power consumption, which is necessary
chain setting with minimune,, is selected for transmission. <o mation for computing energy consumption. To address
Sampling Cost Reduction  MRES limits sampling cost these issues we propose a new management action frame
by preventing transmissions at high-energy chains. Sagplipresented in Figure 6. THenergy Save Enablduit is set to 1
cost is proportional to the sampling time at energy subrogti to enable the energy save mechanism. Ugingilable Chains
chain settings which is expressed &5, = Tra + Tr + and Active Chainsbits, the receiver informs the transmitter
2 - Teomm + Tant- The time to identify the best rat&r4 for the number of its available and currently active chains.
is RA specific. For example, RRAA [9] evaluates every rat€hain Feedbackits are only set by the transmitter to activate
option for approximately 15ms. So in the worst case scenatite appropriate number of receive chains. Two bits can ac-
under a stable wireless chann&lzs = 255ms given that commodate four spatial streams available in 802.11n. Kijnal
all the available rate options of our platform are 17 fothe optionalPowerfield PW, is used to communicate receiver
40MHz channel bandwidth. The total sampling period is thgrower consumption information. It is a 15 bit unsigned ieteg
Tp = Tra + Tr = 375ms. After MRES identifies that the which represents the power consumption of a single active
sampled chain is not the most energy efficient one, it reguirehain in milliwatts. PW I, PW I, PW I3, are 11 bit unsigned
T.n: time until the receiver hardware switches to the optimaftegers, which represent the additional power consumptio
receive chain (35usecs in our system) ahd,,., time for in milliwatts of 2, 3, 4 active receive chains over 1, 2 ,3




bo b1b2 b3 b4 b5 b6 b7 b8.b22 b23.b33 b34.b44 _bds..b55 Static Dynamic 3x2
Ereroton® | Moot [ e [ enme | Reservea| P | Pt [ pwz | pwiz | SMPS gMPS
Static UDP | (1-36.8)% | (0.7-32)% | (0.4-34.2)%
Static TCP | (10.1-11.7)%| (9.7-21.3)% | (11.3-20.8)%
Octets: _1 B 2 Mobility 14.4% 9.1% 14.9%
| Category | Action | MR Energy Control Simulation | up to 12.2% | (15-60.5)% | (7.4-35.4)%
TABLE Il

Fig. 6. MRES frame format.

ENERGY SAVINGS OFMRESOVER ALTERNATIVE DESIGNS
chains respectively. For example the power consumptia¥,of
active receive chains is calculated B$V + Zf;flPWIj- resetting the timer when sampling a chain setting results in
The difference in power consumption between adjacent chadwer energy consumption than the current lowest one.
settings does not exceed 1.15W in our experiments, and can
be represented by 11 bits. KV field is not used, transmitter B. Performance Evaluation
needs to estimate receiver chains’ power consumption. We now compare MRES with SMPS implemented as de-
When the transmitter receives a MRES action frame, dkribed in Section 1I-B and with our system’s default 3x2
sets receiver's energy save status, active, availablesfeid configuration. We first conduct experiments with one trans-
power consumption information if available, while it igesr mitter and one receiver, in the campus setting of Figure 1.
Chain FeedbackThe MRES frame sent by the receiver, doeg/e evaluate the proposed solutions in terms of receiver per-
not require any response. When transmitter requires fr@m thit energy consumption, in static, mobility scenarios, hwit
receiver to switch chains, it sends a MRES action frame witfarious 802.11n configurations and different RAs, with low,
the Chain Feedbachits set to the selected chain setting. UpoRigh volume UDP and TCP traffic. The experimental results
the reception of the MRES frame, the receiver commits thgow that MRES consistently outperforms alternative smhst
new chain setting and it forms a new MRES frame with alh all scenarios, with energy savings from 0.7% to 36.8%
but Chain FeedbacKield set to the new values. Only whenand from 0.4% to 34.2% over SMPS and 3x2 configurations,
the transmitter receives the MRES response, it commits th&pectively. It also offers goodput gains up to 67.5% in all
new receiver’s chain setting. the examined scenarios over static mode and goodput gains up
VIl tq 37.6% in 70% of the tested scenarios over dynamic mode.
' Finally, MRES consumes from 0.02W to 0.6W less power
In this section, we first describe the implementation Gh 83.3% of the tested scenarios over dynamic mode. It also
MRES. Then we evaluate its performance along with statigever consumes more than 0.15W compared with static SMPS
dynamic SMPS and our system’s 3x2 default configuratioim 95% of the examined scenarios.
using both real experiments and trace-driven simulations.  We also run simulations for two reasons. First, they allow
for us to compare the designs in larger network topology.
Second, they enable us to assess the Doze ON mode, which is
We implement MRES in approximately 400 and 200 linegot available in our platforms. Simulation results show ap t
of code on the transmitter, receiver side, respectivelgngl 60.5% energy saving of MRES over SMPS in both infrastruc-

with MRES, we implement three RA algorithms [7], [9], [10].ture and ad-hoc network scenarios. The MRES energy savings
Due to hardware constraints to support the Doze ON, Wge summarized in Table III.

only evaluate the OFF mode in our experiments. An issue o ) o
to overcome is the estimation of the data source rate, whichl) Static Clients:We first evaluate MRES for static clients,
can accurately be measured only when it does not excéX§r both interfgrence-free 5GHz channels verified by our
the effective throughput. In the case where source rate SRiffer and the highly congested 2.4GHz band. The channel
higher than the effective throughput, MRES checks for buff@andwidth is set to 40MHz and rate adaptation to MiRA [7]
overflows. Buffer overflow implies that source rate cannot 48 @ll experiments unless explicitly stated. _
accommodated by the current chain setting. UDP/5GHz Case  Figure 7(a) plots the per-bit energy
Besides our proposed traffic-driven sampling, we also apgRgasured at high-, medium- and low-SNR locations (marked
an adaptive sampling scheme, which seeks to eliminate chélrfigure 1), over the 5GHz band and for high and low UDP
settings that consistently incur high energy consumpi@u. trafﬁc_ sources. MRES co_nS|stentIy outperforms al_terreauv
scheme keeps a separate timer for the two available receN@orithms, with energy savings up to 36.8% over static SMPS
chains of our testbed. MRES samples and updates the enetgye over dynamic SMPS and 34.2% over 3x2. Its savings
consumption of a given setting only after its timer expiresCOMe fromits ability to identify the most energy-efficienein
After sampling a setting yields higher energy consumpticiftting for the receiver at low sampling cost. .
than the current best one, its timer is exponentially ineeda ~ Figure 9 plots t_he chain distribution along_wnh the receive
MRES prevents a chain setting from being completely eROWer consumption and goodput for locations P2, PS5, P6.

cluded by a) upper bounding the timer to 8 seconds, E?Jr our case study location P2, we observe that MRES gives
close to optimal distribution, by transmitting almost 100%

of its frames at 3x1, 3x2 settings, for the low- (5M), high-

| MPLEMENTATION AND EVALUATION

A. Implementation

1Timers are considered only for time- and not event-drivemimg.
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e e e e on channels 1 to 11. We change channel width to 20MHz to
e ™ mitigate interference caused by overlapping 40MHz channel
3x2 [22]. The per-bit energy consumption of different algomith

| for locations P2 and P4 is presented in Figure 7(c). The highe
per-bit energy consumption compared with the 5GHz settings
can be attributed to lower goodput, which does not exceed
54.7Mbps. MRES still outperforms SMPS and 3x2 designs
with savings up to 36.8% and 29.4% respectively.

=
o
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O R 2(EMP2(165MP5(5M) P5(70M)P6(IM) P6(50M) Impact of Rate Adaptation We finally evaluate the var-
ious strategies using both legacy 802.11a/b/g RAs (RRAA
Fig. 9. MRES chain distribution. [9], SampleRate [10]) and MIMO 802.11n RAs (MiRA [7],

Atheros MIMO RA [8]), which we have prototyped on our
(165M) volume UDP sources respectively. For locations Pgstbed. Figure 8(a) plots per-bit energy at the medium SNR
P6, MRES selects the average energy optimal 3x1 settif@cation P3 using 90Mbps UDP source. MRES consistently
for the low volume UDP traffic. Under higher traffic volumePUtperforms SMPS and 3x2 with savings up to 32% and 12.8%
and intense MIMO channel dynamics observed usually at Id&SPectively, independently of the underlying RA schemar. O
SNRs, MRES can switch between one and two active recefy@ces reveal that chain distributions and as a resultvecei
chains. MRES is able to identify the most energy efficiei®OWer consumption for MRES, are almost the same for all
chain setting, with low sampling overhead. It gives fromGee. R_A qlgo_nthms. What varies among the tested RA_s, is the rate
to 59.6% goodput gains over static SMPS in the examinQbSt_”bUt'On and as a result_the goodput. _The maximum energy
locations, while it outperforms dynamic SMPS at P2, P6, £8vings of MRES over static and dynamic SMPS are observed
well. The goodput gain of dynamic SMPS over MRES &Vver Atheros (29.8%) and MIRA (32%) respectively.
location P5, is attributed to the fact that MRES selects 3x12) Mobile Clients: To gauge the responsiveness of MRES
for 92.7% of its transmissions and not to its sampling cost.upon MIMO channel dynamics, we carry a client and walk
TCP/5GHz Case  We also conduct experiments with foufrom P1 to P7 through P3, P5 and then come back at
TCP flows. Figure 7(b) shows that, MRES produces energpproximately constant, pedestrian speed of 1m/s. Fig{re 8
savings up to 11.7% over static SMPS, up to 21.3% ovplots the per-bit energy consumption of our four schemesgusi
dynamic SMPS, and up to 20.8% over 3x2. 100Mbps UDP source. MRES offers 14.4%, 9.1% of energy
UDP/2.4GHz Case We then switch to the congestedsavings over static, dynamic SMPS respectively and 14.9%
2.4GHz band (channel 11), where we sniff more than 20 ABser 3x2 configuration. Our event-driven sampling is fardy



sponsive to our pedestrian mobility scenaro, without inogr X. CONCLUSION

high ;ampling overhead or Iovx_/ goodput. Charact_eristically In this paper, we present a critique on the newly proposed

3x2 gives only 7.9% goodput gains over MRES, which canngp2 11n Spatial Multiplexing Power Save feature, using a

offset 3x2 setting’s higher power consumption. standard-compliant 802.11n testbed. Our experimentssexpo
3) Trace-driven SimulationsiVe next use trace-driven sim-SMPS limitations to save both power and energy over multiple

ulations to assess MRES in larger infrastructure and ad-Hgive chains at the receiver. The key insight gained from ou

networks. We collect real channel and power consumptiéH‘dy’ is the crltlcal rol_e of dgta source rate in deterngnin
traces, by placing the AP & but moving the client across the energy-optimal chain setting. To this end, we propose a

multiple locations in the campus setting of Figure 1. Forhead®W-0verhead MIMO receiver energy saving sch;ame, which
location, we measure the goodput, frame loss, aggregatifﬂ'f:[performS SMPS with energy savings up to 37%.
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