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The Motivation for Green Radio Research
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21 April 2008
vodafone

Vodafone Group today announces that by 2020 it
will reduce its CO2 emissions by 50% against its
2006/7 baseline of 1.23 million tonnes. This target
will be achieved principally by improvements in
energy efficiency and increased use of renewable
energy.
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Aim & Objectives

= The fundamental research question

= How can a significant reduction in energy consumption be
achieved in future wireless communication networks, in
particular cellular mobile networks based on the LTE standard,

through interventions in
= RAN Architectures & Cell Deployments
= Radio Techniques across the Protocol Stack
= Target a 100x reduction is energy consumption
= Achieved Energy Reduction Gains (ERGs) from
= 85% at high traffic loads
" 92% at low traffic loads

= On average ~10x energy reduction by integrating solutions



Green Radio Market Characterisation
different CAPEX and OPEX Ratios.....

»  Developed Regions

> Developed Infrastructure Network OPEX: Example of an European operator
»  Saturated Markets o
. . ther costs
»  Quality of Service Key 18%
_ B Office
»  Drive to Reduce Costs % 9%
B Leased lines
B Leases & Rentals
C
_g O Maintenance
© % 0%
8 10 B Energy & other
£
»  Emerging Regions Network OPEX: Example of an Indian operator
»  Less Established Infrastructure
>  Rapidly Expanding Markets a2k iy
»  Large Geographical Areas ’ o
»  Often no mains power supply

— power consumption a major issue

0,35% 14,05%

B nterconnect, PSTN Rentals & Leased Lines M Power and Fuel
WRent Insurance
¥ Repairs and Maintenance Others




Building Global Linkage 53

T ® Jjunhe smalicell Torum
- Tochmaiogy world FAups *1CCC2012 in Beijing
E&E Conference

= S

Cambridge
PEA

WIRELESES

/’ TRMOVATION

\enary /
VT Sori
/ 2 VIC201 1 Spring

—
GLOBECOM

(LS )]
WIRELESS WORLD

g
S

]

.
.. B Beroont e Gamarsiions in
;
. "

Session-Chair - ) femteforum
+ presentatio et Leadership
.*.‘ Confere e Grving COMETgENoE woricwicks

K i
U L
T [ ¥
. | '.._I'-'..:-' .kf'bl}
INVESTMEMN ity
|

(==

WIRELESS WORLD
RESEARCH FORUM

AL Green -
basestations

L1
Technology World The graen challenge I
Grﬂﬂ'n Zuna .Iar telecoms _,_l

Plenary

INVESTMENT .

INVE . .
| SiliconSouth West P 8
Wireless2.0




Lmkage to Chma

Technologies in the UK and China

2009: Tour of Universities and

2010: Green Communications
Leadership Forum at Huawei,
Shanghai

/A Continues to seed engagement
opportunities in partnership
with UKTI

ilevce.com R ES Eﬁ RC H %ﬁ
7 COUNCILS UK
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Our Approach CE

POWER CONSUMPTION OF MOBILE
COMMUNICATIONS [sssmerpesmansn

Total Energy = Total Energy =

Total Energy = 14 TWh/yr
| <1 TWh/yr |

Energy Use

Total Energy =
| 2 TWh/yr |
I—
0.1W per user

10kW per user for
other elements

for 4 million
1kW per user

for 3 billion for 10.000
Subscriptions Cantrolless —
e —— ] e

Users Base Station Network Control Core & Servers
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RBS Power Models

NaAavialamad haca ﬂ+n+.nv\ nnnnnnnn I MDD\ ~Awvarar ~Anol tnamd ~s
peveijvpeu vasc-sialull UlJUIalIUIIClI (U ) puvwel bUlIbUIII[JlIUII

model that is a function of:
* Radiohead (RH) power (Load L dependent)

s

e Overhead (OH) and Backhaul (BH) power (Load
independent)

Minimum energy

Interfacing

consumption in
active mod -

Por = N, [ %L+ (Poy + Pgy )]

Base-
band

/‘ﬂ',‘ v J

Radio

mobile

Switch/

PA Duplexer

JBDBF:{

Cooling

No. Radiohead  Overhead & Sleep mode |

Antennas Backhaul "/

There is a relationship between the RBS coverage  'affic Load .
radius and the power consumption of the RBS:
» Power amplifier efficiency decreases with RBS size

Transmit (TX) Data

Transmit (TX) Theory
O Radiohead (RH) Data

== === Radiohead (RH) Theory
O Owerhead (OH) Data
200 - ====== Overhead (OH) Theory

@& Operational (OP) Data

Operational (OP) Theory

Power Consumed per Antenna, W
=
[
o
|
|
|
|
|
|
T
|
|
|
|
|
I
|
|
|
|
|
|

* Overhead power varies slowly with RBS size &8 ——>——>2 ~ . o
» Backhaul power is roughly constant "gf,, ’
100~ - - g ;‘0":’: '?:l; e E -
This yields an approximate empirical formula ; |
. . 50--/ mMA~-0 - o — -
between operational power and coverage radius (r): / | ;
87, | | |
POP ~ Na[o'lrL + (r062 + PBH )] gzc; 460 66(2:e|I-Sit:é:c:)veragelgc;?iius, mlz‘00 14‘00 1600
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Achievement: Energy Metrics ; /

>

Energy (E) = Power (P) x Time (T):

System 2
= > : | |
E = PRH TRH + POHTOH = & M bits : :
Q
z 3 i '
ECR = Energy (E) / M bits delivered: E = l !
2 TrH2 Top=ToHz
MI/T
Pan /OH+POH P B+P S
ECR = E = M /TRH _ " C oH % System 1
= — — 2 .
M M/ Toq R % &
where R is the offered traffic rate, and C is the = S

achievable system throughput. R/C can be
seen as the system load, L (proportion of
transmit period to total operational period).

TrH1 Torp=ToH1

Time Elapsed, s

ECG = Sys 2 Energy (E2) / Sys 1 Energy (E1):

Py, —+PR
E I:)RH,ZTRH,Z + I:)OH,ZTOP _ 2 Cz on 2 _ I:)RH,2L2 + I:)OH,Z

ECG=—2= = 5 =
B, PavaTrna +PonaTor Poi1— + Py Perals + Pon
) C ’

1

ERG =(1-1/ECG) x 100%: P P
_|_
ERG = (1-—=8 1bs + Fous ) x100%

RH,2 =2 + OH,2
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Architectures | c
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Traffic Off-loading to Wi-Fi
g5 Architectures

8 1. 8 1.

Research

Approaches

25.0 = BEM
TCoM

Few Users, Few Users, Many Users,  Many Users,
Low Rate High Rate Low Rate High Rate

Fig 1. Theoretical gains from manipulating bandwidth

Bandwidth Expansion for
High User Density

é Base station. (@) Mobie User I Vencuiar reiay

{T)U10BS (ZUto VR (3) Store-camry forward (£} VR 10 BS (5 VR ta VR

1. Distributed antevma system with 3 RRH in a single cell

Distributed Antenna System
For Cell Edge Users 11

Mechanical Relaying




Techniques

(b) RH-ECR CDF at High Offered Load 85 Mbit/s

—0dd timeslots 52

0.8 — —»Even tmeslots =~

| 2
Energy reduction gain (ERG) over cell oof- -t ‘ - : . }1.,.‘.‘““:‘_* DIA/__ % ok %
= Full Load {100%) ® Medium Load (50%) & Low Load (10%) RN R Y = X ﬁf* A & g
3 Y ; - s d _ b2
25% T B N e -
15% 18% 1 1:5 2 ;.< % .1:5 .4 : ":: mms
15% Radio Head Energy Consumption Ratio(Joules/Bit) | %
Figure 4. Radio Head Energy Performance -
5% . i
o Yegon % EE Scheduling
Base station . -
area Bkl Cell edge area

Fig.1: Average ERG for R-1C vs. HARQ in dovmlink LTE-A with different traffic load

Random Network ‘
Coding Techniques
Research

é Power consumption mode! per cedl ) A p p r O aC h eS SU-RS for SDR MU-RS for SDR MA-RS for SSR
A= ower E-:H] O Source O Relay Candidate . Target Relay [l Dase Station
/’/ Varsble power Cooperative Relaying and
/ Backhauling
Constant f
pomer £ o7 power PA wizzon Vet Ty |
o o S
. vy e R I-ZII-ZIZ-Z|
Power Ampllfler EffICIenCy High load: Low load: BW adaptation:

Most resources used  Capacity adaptation Pilots suppressed

Sleep-modes

CoMP 12



Operational Power, W/km?

Integration

No one solution cured all

Three Integration Scenarios Investigated
B Wide Area Macro
B Enterprise — WiFi/Small Cell
B Dense Urban HetNets

mobile

Integration of Architecture and Techniques into a Green RAN saves 75-92%

energy; and economic costs evaluated

75-92%
HSPA
Baseline
1170W/Km?
A 35-60%
21-40%
32 55%
LTE
Baseline
Cell-site 9-10%
Design Relays and f
Access Points Scheduling
290-90W/km?

Integration
The Dynamic Cells, Sleep
g;nverswy Mode, Interference
Sheffield. Avoidance, Relaying,
Indoor Network

P

P Y

&
)

Icl,\i,t(,;j; Mechanical Relaying, Wi-

LLONDON Fi offloading.

lé University of Hardware and Energy
BRISTOL Efficient Scheduling

Femto-cell Deployment,
sleep modes, 2 Layer
Het-Nets

13



High efficiency Base Station antenna design
for LTE

Suspended plate antenna showing
95% efficiency due to air substrate
between patch and ground plane can

serve as a reference.

New mechanical approaches to

| achieve wideband antennas

New Materials?
«Antenna efficiency varies significantly
with the selection of dielectric materials.

*Arlon and Duroid out performing
FR4....but more expensive.

mobile

Frequency(GHz)

2.15 24 5.25
Dielectric
FR4 ( &,=4.7) 20+2% 37+2% 55+2%
Arlon ( &, =3.2) 56+2% 55+2% 93429,
Duroid ( &, =2.2) 83+2% 83+2% 935429,
reference reference reference

Air (& =1)




VCEsIm

> Overlay Macro-cell
@] Hom\?v-_NeItMicéo;ceu Heterogeneous RAN (wrap around)
Ireless Relays
Macro-cel © 1 WisiAccess paints 2-hop RS, 802.11n AP, Femto-BS,
< Macro/Micro-BS, DAS/RRH
R Dynamic Bgse—stations
Micro-cells Antenna beam tilt/pan/fan, Sleep
Mode Management and Cell
o ® C e Expansion
W_irelgss Relays_
Biscranatern G Efficient Transmit Techniques

Interference avoidance, MIMO,
Mechanical relaying, CoMP, PA
Efficiency

Hot-Spots
Indoor / Qutdoor & Wi-Fi / Femto-cells

Het-Netwith Relays and Indoor Wi-Fi

( . 'I e e l. -
)= ¢

L ‘ il

i il||!"""||||! o

U
it

_ i ! . Self-Organising
'Y ™ Wi - Dynamic Programming, Self-
L WA LT R Organizing-Network (SON)

e | e

.
wilt
'iu|||||lli
1] | ‘“II

N N
:;—_ Downlink Edge 2.
F g Uplink Edge
% 057
] 052047 &
E 021023 = 09 007 024 0.25 . L.
_ mem - i W Geographic Specific Test Case
§ 2§28 : § 3 §Ez8z2¢§:2 § 2 :
88 3892 gt 82 8B g2 g2 London Traffic and RAN model
g 2 w =2 £ 2 g = £ < Wz g 2 g 2
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Green RAN: Reconfigurable, C
Adaptable & Scalable -

Outer

Relays Cell Cell Contraction Directional
Sector ) Relays
Expansion {Sleep Mode)

e
»
- oy

L

(o]
Sectors o
Switch OFf
ISD: 750m ISD: 2100m ISD: 2100m ISD: 2600m
Capacity: 120Mbit/s/km? Capacity: 120Mbit/s/km? Capacity: 60Mbit/s/km? Capacity: 20Mbit/s/km?

HSPA/LTE Green LTE-A RAN (High Load 87% ERG to Low Load 92% ERG)
Reference Also reduces 39-75% OPEX
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Conclusions

A reconfigurable, adaptable & scalable RAN to support changing loads |
* Integration and antenna/radio densification are driving principles

e Overhead and Backhaul energy consumption remain limiting factors

Achievements

e On average, 10x energy reduction

 Leading edge research (PA, Network Coding, Mechanical Relay, Stochastic
Geometry...)

e VCEsim — open source system level simulator, currently validating for a London
case

Green Radio is now established as a rapidly
expanding research field.

Emerging Opportunities.......



Two types of Energy

mobile

= Energy expended over the
operational lifetime of the product

Data Centre

= Operating energy

15%

MTX
20%

Retail
2%

RBS
57%

S)

vodafone

(part of Opex).

" Embodied energy

= Energy used in raw material extraction,
transport, manufacture, assembly,
installation of a product or service
including disassembly, deconstruction
and decomposition.

CO, emissions per subscriber per year

9kg

Embodied 8.1kg
4.3kg energy

Base station Mobile

In VLSI devices the embodied energy can be 2.5
— 3 times the operating energy, recycling helps

18
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Connectivity - Design for Sustainability c

Portability of GreenTech Innovations

EnergyConsumed J _ .
DataBitsCommunicatd bit Off Grid Brmgmg_ _
connectivity to all

Quantified as RF, Operational,
and Total (includes embodied

energy)
& Hybrid
Priority1l Grdand
communications
Business \ interdependence

Drivers [ 8L= reducno

CO, per revenue or
CO, per bit
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TARGETED INNOVATIONS

eTechniques for Optimization of a Limited Energy Budget

Given a base station nominal daily energy requirement derived from
renewable energy sources (eg 2.4 kWh - 100W x 24hrs) to
determine how this would be best used for communication

*Backhaul Architectures
To determine the best backhaul strategy for a given architecture

20



Economic Study of Green Radio
Integration of Architecture and Technique Principles

Relays S:;er cell Cell Contraction Directional
Expansion (Sleep Mode) Relays

Inner
Sector

Switch Off o__\' ‘g

ISD: 750m ISD: 2100m ISD: 2100m I1SD: 2100m
Capacity: 120Mbit/s/km? Capacity: 120Mbit/s/km? Capacity: 60Mbit/s/km? Capacity: 20Mbit/s/km?

[ LTE Reference

Managed appropriately smallcells will
improve J/bit metric, but further study of the
economic aspects would be beneficial.

Total Cost (excl. rent), k$/k

Min. Saving at
Move closer to real deployment Low Load and

modelling Low Electricity
Prices

LTE Green RAN | _ =~

Electricity Price, $/kWh

mobile

Max. Saving at
High Load and
High Electricity

Prices.

== -

Traffic Load, Mbit/s/km?
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Dynamic intra-operator cross-band spectrum (

management (network/spectrum sharing)

/J\ T
i
i

/_J\ N
:E
Ey

radio spectrum

radio network ——=
equipment switched off

/J\ il

high power
transmission

radio spectrum

low power transmission,
or reduction in number
of active basestations

frequency

(a)

v

frequency

(b)

v

channel bandwidth
increased, due to greater
spectrum availability in :
alternative band I

radio spectrum

1 L
52 iy
B

frequency

(©

frequency

frequency

before after

femto-cell and macro-cell bandwidths can be
increased due to heavy shadowing

()

power down selected radio equipment

take advantage of band with superior propagation characteristics NOEIaRV-Ri0lalsl=]s expand and
increase channel bandwidths

Improve the hierarchical spectrum management.

22

Carrier-off during quiet
periods is deployed in
networks today.

refine efficient network
protocols — across ALL
RATS?




Store-Carry Forward (SCF), Mechanical Relay, Delay tolerant networking, etc. .

For some services reductions in energy
consumption can be achieved by delaying
communication for preferable transmit

locations.

Benefits of Store Carry and Forward Relaying I
. Reduced Energy
Consumption I
0 Increased _Spau'al
Capacity I
Reduced Co-channel
Interference
c Load Balancing Across
o Cells
0 Switching-off Low
Utilization BSs I

Traffic Management

10"

mobile

C

signalling overheads?

Which applications can
tolerate U-Plane delays, and

how much? -
1 “k
How to tame chatty and
non-J/bit friendly smart
phone apps?

MNormalised energy consumption

0 1'n
Backhauling options

“VIRT Clarence, the homeless,
walking, talking wi-fj hotspot

—-_——.__? AL L LIV 1 # i
Will Pavia New Yorlbinterview ;tliltlllfnlt gﬁéﬁs S
ot i success
Dme{e:;zsn seeitadopted on a bro;
s lY'et the project hag al
by criticism from thoge
serve. “My homeless
wandering out of rg
1Paq user.A cor
Wired feared the
being turned int

1
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lew
r..

- ‘M CLARENCE,
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e

e T

The Times:
13.03.2012

20 30 40 a0
Message delivery delay (sec)

]

VR4 offioads information to BS

VR4 approaches BS

E] User terminal

W Vehicular relay
—— Transmission link
— — — — = Store-camry and forward

Users transmits to VR4
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Opportunities for new Research

Protocols and protocol stacks that are efficient in a system where
nodes are powering on and off at relatively high frequency (sleep
modes)

Backhaul power reduction (we can’t always assume fibre)
Mobile devices are back to 1day charge cycle....need to extend.

Reverse innovation — off-grid only solutions and hybrid not fully
addressed yet.

How to “densify” the RAN with more antennas/radios — small cells
vs high-order MIMO vs relays........efficient “RF”

HetNets/Edge RAN/Cloud RAN - flexible spectrum, SON,
virtualisation & co-location

Is there a fundamental theory of network energy efficiency of
equivalence to network information theory.

Reduce overheads to gear energy harvesting
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