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Motivation: Green all the things
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Motivation

Cisco Visual Networking Index: Forecast of mobile data traffic
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Energy consumption decomposition
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Serrano, P, la Oliva, A., Patras, P., Mancuso,
V., & Banchs, A. (2012). Greening wireless
communications: Status and future directions.
Computer Communications.
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Timescale vs. Wireless tech

[15](77)[82](17){7S)

Usage Pattern -------ooeveemimnnnini B0 e e (I TEREEEEES FEEEE

(76][75][73][74][81]

[65][69][22] [66][67]
L L iR EE R BRI 1) ST IR
[28](10][12] (72](66)

F 1 ()‘i'.' .............................

[47][31][37][35]

[32][42][53]

(20](44](26] (45) [49][58][59]

Super-frame ------{--ceeeee i e [50F <o« coefememeeee e e e e
[56][46][55][38] [23][57][41]

(39][40][48] [24]

FI- a 1—1—1 e .......................................................... .............

PAN WMAN

Pablo Serrano — Greening Wireless... University of Edinburgh, March 7t, 2014 6



Usage pattern

Flow

Super-frame

Frame

Usage Pattern time-scale

«—— Start powering
down nodes

Flow time-scale

-

L.
-
-
-
>
‘e

Time (seconds)

Super-frame time-scale

MAC on Demand

Contention-based

Coordination-based
Collision Medium reservation
' Contention :

periods TI
s

Time (milli-seconds)

Energy-aware scheduling

Frame time-scale

Transmission Power
Control

Modulation Coding
Scheme

Il BN

Time (micro-seconds)

Pablo Serrano — Greening Wireless...

University of Edinburgh, March 7, 2014



Resource on Demand schemes

* Power on/off the infrastructure as required
é 5

) =

M. Ajmone Marsan, L. Chiaraviglio, D.

Ciullo, M. Meo, A simple analytical !
model for the energy-efficient activation \
of access points in dense WLAN:S, in: = |

Proceedings of the first International \

Conference on Energy-Efficient =7

Computing and Networking, ACM,
2010, pp. 159-168.
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Powering on/off a device

* Linksys WRT54GL with
OpenWRT 10.03.1

OFF ON (3 W)

ON OFF (0 W)

IDLE ON <1s
ON IDLE (1 W) <1s
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System Model: regenerative process

NI users/
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System Model
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Results
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Generalizing the Perf. Anomaly solution

» Performance Anomaly: a node far away
reduces the overall performance
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Usual Solution

* Opportunistic relaying can alleviate the
Issue, depending on the topology

— Based on e.g. Wi-Fi Direct

=

48 Mb,os

=
7.3 Mbps

0.35W

14.6 Mbps
= 126 W
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Yet Another Solution

* Degrees of freedom: the relay can decide
how to spend its time: tx, relay, sleep
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Problem Formulation

* 1 AP, legacy nodes,
relay-capable nodes

* Topology: paths used

to reach the AP / \

R ! ."l
. a0 R
 Schedule: timing of the \zsa Wi @
relays '\ A A \Ea!
* For every topology,

find the best schedule
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Problem Formulation

* Throughput * Power

ATI.
Xn= )Y Ry(n)Fj". Y= Y FFPIm)+(1- 3 Fin)p..
VeWAn veWAn VveWAn
X.= Y FJRy(s)— ) X, Yo=Y FPl(s)+ Y FyPi(s)
Vews teTs VeWAs vews
seVy seY
+1- ) Fr - ) Fpa.
VewAs Vew:
seV
 Maximize

U.(X,) = aylog(X,)

Vi = Un(Xn) — Ln(Yn) Ln(Yn) — (1 - an)Yn
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Finding a Solution

« Scheduling: maximize a concave
objective function under a convex
set of constraints and thus admits
a unique optimum.

* Topology: combinatorial problem,
and efficiently finding the optimal
topology does not appear to be
possible
— Search, closest, heuristic
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Results: 1 legacy, 2 relays
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Results: incremental deployment

1 AP, 5nodes
 Random relays
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Opportunistic Relaying: Challenges

* Trade-off between throughput
(performance) and cost (energy
consumption)

— Not that much explored
— Heterogeneous settings

* Works In practice, but |
— Estimate network cond. 5 s s e
— Force re-associations, silence nodes

Throughput (Mbps)

Utility

— -t b b
O N A OO DO O N DA OO O NS
T T T T T ST T T T T T

i . . . D Camps-Mur, A Garcia-Saavedra, P Serrano,
o E n a b I e r_ W | — F | D | re Ct? “Device-to-device communications with Wi-Fi
Direct: overview and experimentation”
. . IEEE Wireless Communications, June 2013
— Not immediate (~5 s)
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Energy Efficiency of 802.11 MAC

» Usual model
— Transmission, Reception, Idle

# Card ptaz prm pid
A | Lucent WaveLan | 1.650 | 1.400 | 1.150
B | SoketCom CF 0.924 | 0.594 | 0.066
C | Intel PRO 2200 1.450 | 0.850 | 0.080
D | Agilent Card Test | 1.188 | 1.138 | 1.108

S. Chiaravalloti, F. Idzikowski, L.
Budzisz, Power consumption of
WLAN network elements, TKN
Technical Report Series TKN-11-002,
Telecommunication Networks Group,
Technical University Berlin (Aug.
2011).

_ bitssuccessfully transmitted  Throughput,

n;

energy consumed

power,
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Revisiting Channel Access

* Bianchi-based: ei =Y Ei(j)p(y)
j€d
p(e) = H(l —15) p(s,i) =7 H(l — T5)
J#i
p(s, i) ZTJH1—Tk p(c,i) = 1—H(1_TJ
J#t k#j J#i

p(C, '—\Z) =1—-7— Pe — Ps,—i

* With

Ei(s,i) = p®Ty + pr*Toer + p‘d(SIFS + DIFS)
Ei(s,7i) = p;" (Ts + Tock) + p; (SIFS + DIFS)
Ei(c,i) = p*T, + p!*EIF S

Ez' (6) - p::dTe .
Ei(c,—i) = p;"Ts + p; EIF'S
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* 10 stations

Homogeneous scenario: search

—Lucent WavelL Intel PRO 2200

Max. Throughput

. SN\ o
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S

0. 0.8 0.9 1 1.1 1.2 1.3 1.4

Efficiency (MbpJ) P. Serrano, A. Garcia, M. Héllick, A.

Banchs, “On the Energy Efficiency of IEEE
802.11 WLANS”, European Wireless 2010
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* 2 stations

- Lucent WaveLAN

Heterogeneous scenario | Jloemtaver

There are more efficient
configurations

We search for the config. that
Maximizes throughput
(same conf for all STAS)

\

3.5
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25

But they can fall to
extreme unfairness

o

This is the per-STA throughput
for the «throughput» conf.

The penalized station is the
greener one!

Throughput [Mbps]

Throughput Efficiency

High-consuming
station

Throughput

Low-consuming
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Distributed Opportunistic Scheduling

» Revisiting DOS E [Ri(6) — R}]" = ?/Z

0o 0 0 Probing round Probing round T
——s A A A

' ' . Time (6)

b F_ b
R(O)<R, R(O)<R  R(0)=R

1 dle 1 Collision [ Data transmission [ Successful / Channel probing
oW
' ' ~ ' Andres Garcia-Saavedra, Albert Banchs, Pablo
» -1 | 6E> F(Z) | oL > C(Z) _ 5t' > H'(Z) , 50»: Serrano, Joerg Widmer, “Distributed

| ' ' ~ Opportunistic Scheduling: A Control Theoretic
Approach” IEEE INFOCOM 2012, Orlando,
USA, March 2012

'z -

Pablo Serrano — Greening Wireless... University of Edinburgh, March 7t, 2014 29



Green DOS

* Like in the previous case, add the power
consumption when probing, tx, etc.

R?T * €cp %1 T
= _t =—>R =F|Rny — R
T/e (’Y:vg + TTee) [ N ]

E [Ri(9) — R;]”

- Green DOS -&- non-opp. ~*- DOS

0.18 g—— Soekris I __ _Alix 0 L — Linksys
) 086 | 0.3 | ™.
— 0.14 % ... —_ . —_ .
g- ..... - .\’\-‘. g. & n::::" g. * i ._...
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bt B R . -
CDB B T R
Bi;—} 02t i - B T M
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Review of existing mechanisms

» Typical savings achieved depending on network load for ~40 different
mechanisms evaluated

1

L 2
0.9 & g .
0.8 s = A o
A ¢
0.7 + & gh
4
(7)) 06 . A . * "PAN"
2 ]
© A
» 04 A A 55 A"WMAN"
0.3 & A *
0.2 A
¢ [ |
0.1 .
) Serrano, P, la Oliva, A., Patras,
0 I | | | P., Mancuso, V., & Banchs, A.
. . (2012). Greening wireless
Low Medium ngh communications: Status and
Load Load Load future directions. Computer

Communications.
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Open Challenges

 Standardizing benchmarks o A

Rossi, “Apples-to-apples: a
framework analysis for energy-

— Otherwise, hard to compare
Dec. 201

— Understand trade-offs

— Criterion? max " log(n;)

A. Garcia-Saavedra, P. Serrano, A.

o M ore expe ri me ntati on Banchs, M. Hollick, “Balancing Energy

Efficiency and Throughput Fairness in
IEEE 802.11 WLANS” Elsevier Pervasive

—_— For WMAN and Mobile Computing, vol. 8, no. 5,

— But not only! loD for 802.117? |
— And new findings
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Time for experimentation

Try to put well in practice what you
already know; and in so doing, you will in
good time, discover the hidden things which

you now Iinquire about.

Practice what you know, and it will help
to make clear what now you do not know.

Rembrandt
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What we wanted to do...

« Huge research efforts dedicated to improve energy efficiency

* We need to understand the power behavior of our devices
— Per-state measurements of power consumption in e.g. laptops, cell

phones...

2 | 1 ] ] > I
' Bootin L Standb
= dim backlight | Of

k e vibrates
1.8 Phone vibrates =().34W

=0.01W

1.6
1.4+
1.2

1 -
0.8 /P |
0.6 Android logo

04 - appears

Power (Watts)

)
02 "Power button
0 ‘...1 pressed 1 1 ,
0 20 40 60
- Time (seconds)
Pabixi&esang wekaening Mireiesseneckinvsatsity wibslisburgh idMaschatdBriat 4

Pervasive and Mobile computing. 2010
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What we wanted to do...

« Huge research efforts dedicated to improve energy efficiency
* We need to understand the power behavior of our devices

— Per-state measurements of power consumption in e.g. laptops, cell
phones...

— Fine-grained per-packet measurements in wireless interfaces only

| usB
USB™~~— WinPcap

eth
Cisco AP

Aironet 1200

WLAN Power Y
ASIC Amplifier | Antenna

Wireless Network Inteface (WNI)/

ireless interface (WiFi
NIC)

Rantala et al. “Modeling energy efficiency in wireless internet communication” Linksys WRT54GL WiFi router HW
ACM Mobiheld, 2009
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What we wanted to do...

« Huge research efforts dedicated to improve energy efficiency
* We need to understand the power behavior of our devices

— Per-state measurements of power consumption in e.g. laptops, cell
phones...

— Fine-grained per-packet measurements in wireless interfaces only

Transmitting

A
— Receiving
e
S TTTTTTTT T T T T LT T ldle
o
......................................................................... Slee
baseline 1- ------------------------------------------------------------------------- p
>
0% airtime (frame length, frame rate, MCS) 100%
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What we found out..

Device

«—>

Non-card operations Card operations

* Non-card operations can dominate

— This questions previous schema’s real performance
— Opens the door to new designs

Andres Garcia-Saavedra, Pablo Serrano, Albert
Banchs, Giuseppe Bianchi, “Energy consumption
anatomy of 802.11 devices and its implication on

modeling and design” ACM CoNEXT 2012, Nice,
France, December 2012
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Experimental characterization

« Experimental characterization in several devices
« Power generator/Power meter
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*Soekris, UDP, no acks

TX characterization
P = Pid + Poffset + Ptz Tte

Base (idle) consumption There is an extra «classical» consumption
power cost!
625
575
24Mbps, 1200fps, 15dBm 4Mbps, 400fps, 15dBm\
L: 525 _—
g ’//_
= 6Mbps, 400fps, 15dBm
e ATS L=
; DOLE 0% 'w —
/»“"':'_f: +1.2VW 1
© WSL % %diﬁ
37s P i
€ seconds
(- spigme = Tps [Eoona | Trrans(L, MTS) [epme Frame I~
325 "
] 1 » 3 40 s o ™ s ot 100

airtime (%)
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Energy consumption anatomy

P =piq+ fYa:gAg + PtaTta
el 4

Cross-factor (mJ/frame)

Base (idle) consumption «classical» consumption

N

Cross-factor (mJ/frame): /
* 0.93 (Soekris/Linux Gentoo)

* 1.27 (Soekris/OpenBSD) /
* 0.46 (Linksys/Linux Ubuntu)

* 0.11 (Alix/OpenWRT)

o Yoo (HIV, SW)

0 500 1000 1500 2000

—_
(0) ]

A Base Power (offset)

o
o ()
1

A4 (fps)
®6Mbps, 15dBm 12Mbps, 15dBm +24Mbps, 15dBm 48Mbps, 15dBm
H6Mbps, 12dBm 12Mbps, 12dBm =24Mbps, 12dBm 48Mbps, 12dBm
A6Mbps, 9dBm 12Mbps, 9dBm =24Mbps, 9dBm 48Mbps, 9dBm
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Energy consumption anatomy

“cross-factor” Transmission
A A
| 11 , !
User space Kernel space Wireless NIC

—————— — — —————————— — ——————— — — - ——————————————————— —
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2
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Y
>

(b) TCP/IP: discarded after TCP/IP
(c) Driver: discarded after driver
Total: Full transmission (w/o ACKSs)
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Energy consumption anatomy
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The cross-factor

« Cross-factor: energy «toll» to process a frame
— ~independent of frame size
— Total Power > base power + card power

« Consumption weights (soekris)

App_____|TCPIP___Driver __INIC_____

24% 33% 21% 22%

« This packet processing cost is not negligible
— Soekris: 37%-97% energy/frame
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The cross-factor

Samsung

Soekris Soekris HTC Galaxy Raspberri

(Linux) Alix Linksys (BSD) Legend Note 10.1 Pi
[] - I [] [] ] = =

100%

Ul
60%

40% I
20% - I

m Cross-Factor O Tx/Rx
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Several other experiments

« Retransmissions
— No X-Factor

 ACKs
— No X-Factor
— Very small impact (as expected)

* Reception
— There is X-Factor
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—>

Driver statistics

available info!

Parametrization N_\

Ded o+ Qo

Packet processing
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Implications

What about those mechamisms that
do not consider this?

» Packet relaying

O—0—0

* Relay & compress

=0—0

* Multicasting

App. }——> | Driver S
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* Soekris, 15 dBm

Implications — e.g. relaying

1.5 1" —1 hop (6 Mbps) old

=2 hops (48 - 48 Mbps)

107 I I I T T 1
0 250 500 750 1000 1250 1500

)
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* Soekris, 15 dBm

Implications — e.g. relaying

48Mbps

115 | —1 hop (6 Mbps)
M4 1 —2hops (48 - 48 Mbps)
X Measurement

Pewer (Watts)

>
=8
&

1 GV I I m T T
() 250 500 750 1000 1250 1500
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Implications

Can we exploit this knowledge?

e «raw» sockets

App || TCP || iface

» Packet batching

Application Bundle Driver
pplicaton _ ___ _ Jd —X X 1 |F------- | NIC

[ Aggr. ' [] [] |{ TCP/IP |{i De-Aggr. —»[ ][] |

— - o - e ——— -
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* Soekris, 100B, 48 Mbps

Implications — e.g. batching

---Model
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¢ n=1 Pt
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Conclusions and Future Directions, pt. 2

* Much effort has been devoted to reducing the
energy consumption of wireless devices

* Most of the efforts conducted so far
— Switching devices off
— Reducing the consumption of the wireless card

« But =2 50% of the per-frame energy is consumed
by the packet processing of the protocol stack
— Need to revisit previous models
— Explore new approaches to save energy
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Many Thanks!

Greening Wireless Communications:
A Top-Down Overview
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