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Market Projections Vs. Reality

i N etwo rk U Sage P rOj ect i O n S Global mobile data traffic (exabytes per month)

=" How do these translate to load projections?
* Which components ARE Moore’s Law Like? 16
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Source: Ericsson traffic measurements (Q1 2618) 1 Traffic does not include DVB-H, Wi-Fi or Mobile WiMAX. VoIP is included in data traffic P R

IMAGES CREDIT: "Ericsson Mobility Report 2018," Ericsson, June 2018.
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Market Projections Vs. Reality

* Network Usage Projections

= How will shifts in global usage markets impact the availability of power?
= |s WW power projected to grow on the same trajectory?

Regional mobile data traffic (exabytes per month)
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Market Projections Vs. Reality

Top view Bottom view

* User Usage Projections
= How many devices will be out there?
= What counts as a device?
= What are these devices depending on for their power source?
= Are future projections aligned with today’s leading-edge or tomorrow’s?

ble-sensor-beacon-reference-design

s
IMAGE CREDIT: M. Dunham, "Chip Scale Thermoelectric Generator for Smart Agriculture,”
IMAGE CREDIT: http://wehavemovedtousa.blogspot.com/2010_10 01 archive.html Analog Devices, APEC 2018 Industry Session, San Antonio, TX, March 6, 2018.
IMAGE CREDIT: https://www.phonegg.com/phone/2853-
Apple-iPhone-5-GSM-A1428-16GB P R i
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Market Projections Vs. Reality

* What constitutes a device? Or thing? Or mote?
= 20-50B IoT Devices, 1T loT Devices?!?...A REALLY Big Number

o Not getting into loT semantics here, but most folks agree there will be a whole
lot of devices, sensor networks, etc. connected to some form of web/cloud
interface.

o A battery is commonly the limiting factor so the more energy that can be
harvested from an ambient source, the more sensor/loT device applications are
enabled. 1T too LOW a number???

The Internet of Things will experience

a continued growth spurt into the next decade EENEE 5 0
The number of connected devices will double every Ea@m ko]
five years, making the world's population growth mﬂaﬂ@
seem glacial in comparison amam@
B=EEE
12.5 EEQSE 25 ERGEE
Eonec EIRIEI=]{"] sition HEE=ER
g%[:uma g%%%g %%E That is a lot of stuff for a
EEIEE] E .BEE non-bionic being!

%ﬂﬂﬂﬂﬂﬂ 6.8 %ﬁﬂ%l’_@lﬂﬂl 1.2 %ﬂﬂﬂﬂﬂﬂlﬂ 6

2010 Billion 2015 Billion 2020 Billion
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What is the power gap?
* The Energy Gap

= Technology Needs to Catch-up with Projections to Become A Reality

THE NETWORK ENERGY GAP

40 Mobile Trafflc Ivoternet _____________________________
L B .- -.and the gap is widening. |
<304
g Growmg Gap!
o 20- " Mobile
/ Efficiency
101/ Wireline
) Efficiency
2005 2010 2015 2020
Year

IMAGE CREDIT: Dr. Gee Rittenhouse, "Green Wireless Networks," Alcatel-Lucent GreenTouch, April 2012. P R -
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TRAFFIC VOLUME

What is the power gap? L

+ 1000x Traffic e
* 10-1000x Number of Devices | &

* Availability of Power 0

* Sustainability of Power | ,

» Impact to Global Power Footprint o, ﬁ

. Shift toward green communication.

.
I m p a ct to G I o b a I ‘ a r b o n F 0 ot p rI n t IMAGE CREDIT: A. Abrol and R. K. Jha, "Power Optimization in 5G Networks: A Step Towards GrEEn Communication," in

IEEE Access, vol. 4, pp. 1355-1374, 2016.

World total GHG emissions

The ICT sector’s T~
impact on total global \
GHG emissions / "\
is less than 2%.

____________________________ Indirect, but makes
T a big difference!

Potential reduction
of approximately one
sixth of the global
GHG emissions due
to use of ICT.

ol -

™
IMAGE CREDIT: "Ericsson Energy and Carbon Report," Ericsson, June 2014. P R
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Power Sources Vs. Loads
* The Energy Big Picture

Estimated U.S. Energy Consumption in 2017: 97.7 Quads B Lawrence Livermore | “ ”
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IMAGE CREDIT: "Estii d U.S. Energy C ion in 2017," Lawrence Livermore National Laboratory, March 2018.
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Power Sources Vs. Loads

 Network Power Sources

Batteries

Power Plants
Micro/Nanogrids
Energy Harvesting
Energy Storage

IMAGE CREDIT: Berman, B. (Producer), & The Wachowski Brothers (Director). (1999).
The Matrix [Motion Picture]. United States: Warner Bros.
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IMAGE CREDIT: Chen Xu, Xudong Wang and Zhong Lin Wang, "Nanowire Structured Hybrid Cell for
Concurrently

ging Solar and Mech

ical Energies", J. Am. Chem. Soc., 131(2009) 5866-5872.

W gt

L e e

e i

blows....," ECN Magazine, July 21, 2014.

oA
IMAGE CREDIT:

https://en.wikipedia.org/wiki/Niederaussem Power_Station
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Power Sources Vs. Loads

 Network Power Sources
Quad = quadrillion BTUs

= US Annual Output
02017 = 97.7 Quads (~16.6% of WW Output) L
= \WW Annual Output Figure 10: Electrciy consumption (TWh)
02017 =589 Quads [baseline]
02020 (projected) = 605 Quads [+2.7%]
02030 (projected) = 663 Quads [+12.6%)]
= Telco Total Consumption = <1% WW
o Data Center Consumption = ~20% WW

Connected devices scenario
M Mobile devices
PCs (including laptops)
M CPE (including cordless phones)
. M Data centers
M Mobile networks
M Fixed networks

1000

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2020
Source: Ericsson

IMAGE CREDIT: "Ericsson Energy and Carbon Report," Ericsson, June 2013. P R ™
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. Hyperdense —

Power Sources Vs. Loads |
B Dense 26150 sma

* Network Power Loads
= Base Stations 2018
= [T EQuipment
= UEs

T T T 1

20 40 60 80 100
% of cells

Figure 3. Percentage of small cells deployed in various levels of density 2013-2020

IMAGE CREDIT: "Crossing the Chasm: Small Cells Industry November 2015," Smart Cell Forum, November 2015.

e
IMAGE CREDIT: http://uiconstock.com/wp-
content/uploads/2015/11/Free-Billboard-Mockup.jpg
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(Producer), & James Cameron
(Director). (1991). Terminator 2: p
Judgment Day [Motion Picture]. P
United States: Carolco Pictures
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IMAGE CREDIT: CDMA spectral efficiency - Wikipedia, 2016. [Online].

IMAGE CREDIT: https://www.flickr.com/photos/ubiquisys/5428267528/
Available: https://en.wikipedia.org/wiki/CDMA_spectral_efficiency.
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Power Sources Vs. Loads

 Network Power Loads

= Napkin Calcs

o (1) Smartphone = ~10 Wh/day = 3.65 kWh/year
» (3B) Smartphones = ~11 TW/year
» (6B) Smartphones = ~22 TW/year

o (1) loT Device = ~10 mWh/day = 3.65 Wh/year
» (30B) Devices = ~0.11 TW/year
» (50B) Devices = ~0.18 TW/year
» (1T) Devices = ~3.7 TW/year

o RF Transceiving

» Tx power = 2-4 orders of magnitude larger than Rx power
> Base Stations = 10-1000W, 40-60% overall efficiencies

o Utility Distribution
» 5-15% loss in getting power from generation to load
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Making the Projections a Reality

e Base Stations
= Biggest Chunk of the Pie Take note of the major differences here.

—
e Macro
‘ l PA ,l Main Supply ®DC-DC BMRF HBB M Cooling

Holy smokes!!!
(and this info is even a little dated)

______________________________ sGs PS
GGSN CGN
IP Core
csS CS5
MSC MGW \
. ‘TR Pico Femto/Home .
L HPA M Main Supply MDC-DC HRF HBB HPA M MainSupply MDCDC MRF( = BB ! J
S Total Energy = Total Energy =
[}
o ki 60 TWh/yr [l /  Total Energy - 14 TWh/yr
2 TWh/yr 1
Y Tk REL sar <1 TWh/yr 10kW per user for
for 4 million
0.1W per user 1KW per user other elements
for 3 billion for 10.000
Subscriptions Bantrollers
e e FIGURE 12. BS power consumptian breakdown far different deployment scenarios.
= IMAGE CREDIT: "E ici lysis of th impl s and target breakdown,"
Users Base Station Network Control Core & Servers EARTH, nenvmb::%%eﬂ%,nz;'ﬂgi?azze.’efm"ce areasof P "kwgfm e
IMAGE CREDIT: Dr. Gee Rittenhouse, "Green Wireless Networks," Alcatel-Lucent GreenTouch, April 2012.
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Making the Projections a Reality

* Intelligent Power Management (IPM)
= Applies to Entire Network
=" More Adaptable to Real-Time Power Markets

* Dynamic Base Station Power
= Smaller Power = More Dynamic
= React to Real-Time Traffic, Not Statistical Traffic Patterns
* Analog-to-Digital (ADC): Number of Bits Vs. Sampling Rate

* Radio Frequency (RF) Power Amplifier (PA) Optimization
" mm-wave / Massive Multi-Input Multi-Output (mMIMO)
" Envelope Tracking

£,\Nﬂx_.
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Making the Projections a Reality

* Base Stations

= Biggest Opportunities for Improvement
o PA Biggest Chunk of the Biggest Chunk

Table 2. Proposed techniques for improving PA efficiency.

Techniques Enhancements Limitations

Digital pre-distorted
Doherty-architectures and GaN [24]

Requires extra feedback for pre-distortion

Up to 50%
o and signal processing.

Requires a very fast and high-bandwidth
Envelope tracking designs [39] Upte 60%  power supply as well as an accurate
envelope signal for power supply.

Overlap between voltage and current,
which reduces efficiency.

Class-AB 60%—70%

High peak voltage and limited operation

oo s
el 0% between 1 GHz and 2 GHz.
Switched mode PA Realizing harmonic terminations at high
(SMPA) [35] Class-F 50, frequencies presents a main challenge.

Practical designs are typically limited to
terminating the third harmonic.

Can be supported by a transistor with slow
Class-E 85% switching characteristics and is better
suited to high-frequency operations.

P, R,
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Making the Projections a Reality

* Lots of Hops, Lots of Opportunities for Consolidation

T |
K
gt o content
. Switches '5? internet
- 2rin
& SEGW beril
routers
RAN Caore Internet Application
Connectivity Network Peering server
Small Cell BH Site Nodes Site
Aggregation
UE Small e.g. macrosite
cell or fikre cabinet
\ )\ J | J L J o\ | J
Y Y W 4
Radio Small cell RAN Core Transport Service LAN External
interface  backhaul backhaul (IP/MPLS) networks
Figure 4-4 Segments in the end-to-end connection between the user terminal and the
application server in the internet (a macrocell aggregation is assumed)
IMAGE CREDIT: "Backhaul technologies for small cells: Use cases, requirements and solutions," Smart Cell Forum, February 2013. P R ™
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Making the Projections a Reality

* Network-Level Efficiency Improvements

= GreenTouch Consortium Green Meter Research Study

o "The study concluded that it is possible through the combination of technologies,
architectures, components, algorithms and protocols to reduce the net energy
consumption in end-to-end communications networks by up to 98% by 2020
compared to the 2010 reference scenario defined by GreenTouch.”

» "10,000-fold increase of energy efficiency in mobile access networks"
» "254-fold increase in energy efficiency in residential fixed access networks"
» "316-fold increase in energy efficiency in core networks"

GreenTouch

Energy Efficiency
Improvement Factor (2020 vs.
2010 Reference Scenario)

Traffic Growth (from
2010 to 2020)

Net Energy Reduction
of 2020 Relative to
2010

Mobile Access 10,000x% 89x 99%
Fixed Access (Residential) | 254x 8x 97%
Core Network 316x 12x 96%

Table 7: Summary of the Green Meter Research study with the energy efficiency gains, traffic growth and net

energy reductions that can be achieved in the mobile access, fixed access and core networks.
IMAGE CREDIT: "GreenTouch Final Results from Green Meter Research Study," A GreenTouch White Paper, Version 2.0, August 15, 2015.
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Making the Projections a Reality

* Network-Level Efficiency Improvements

_ GreenTouch
= GreenTouch Consortium Green Meter Research Study
o Network Equipment Power Reductions
Device Power Consumption in 2010 Power Consumption in 2020
Router Port 40 Gb/s 825 W 213 W
Router Port 100 Gb/s Not widely deployed 39.2'wW
Router Port 400 Gb/s Not widely deployed 46.7 W
Router Port 1000 Gb/s Not widely deployed 53.9W
Transponder 40 Gb/s 167 W, reach 2500 km 27.6 W, reach 2500 km
Transponder 100 Gb/s Not widely deployed 86 W, reach 1200 km
Transponder 400 Gb/s Not widely deployed 332.6 W, reach 400 km
Transponder 1000 Gh/s Not widely deployed 801.3 W, reach 350 km
Regenerator 40 Gbh/s 334 W, reach 2500 km 55.2 W, reach 2500 km
Regenerator 100 Gb/s Not widely deployed 172 W, reach 1200 km
Regenerator 400 Gb/s Not widely deployed 665 W, reach 400 km
Regenerator 1000 Gb/s Not widely deployed 1602.6 W, reach 350 km
EDFA 55W 153 W
Optical Switch 85W 8.5W
Table 5: Power consumption and reach of network components in 2010 and 2020 networks ™
IMAGE CREDIT: "GreenTouch Final Results from Green Meter Research Study," A GreenTouch White Paper, Version 2.0, August 15, 2015. P R .
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Making the Projections a Reality

* Network-Level Efficiency Improvements

» GreenTouch Consortium Green Meter Research Study
o Network Equipment Power Reductions

Residential: Power Consumption (W/subscriber) Business: Power Consumption (W/subscriber)

(9))) GreenTouch

7 W Edge Router 7 | m Edge Router Residential Fixed Access
6 ® Aggregation Switch or Repeater = ¢ | B Aggregation Switch 2010 2020
® Optical Line Termination (OLT} W Optical Line Termination (OLT) o Baseline GreenTouch Baseline GreenTouch
g . . v
3 m Optical Network Unit (ONU) . M Optical Network Unit {ONU) Energy Efficiency 20.5 kb/J 5200 kb/! 77 kb/) 2343 kb/)
4 4 Energy Efficiency Improvement Factor 254x 30x
: : 2x relative to 2010
== ;
s il 5 Energy Consumption per Year for all 14.47 TWh 0.45 TWh 941 GWh 171 GWh
— . x Group 1 Subscribers
! . 37x : =T % Energy Savings per Year versus 2010 97% 82%
0 e 0 - p— Analogies - Annual GHG emissions from 2,035,000 112,000
2010 Baseline 2020 Business-as- 2020 GreenTouch 2010 Basefing 2020 Business-as- 2020 GreenTouch Cars
Usual Usual
Figure 7: Power consumption improvement in residential and business access networks Table 4: Energy consumption and energy efficiency in residential and business access networks
IMAGE CREDIT: "GreenTouch Final Results from Green Meter Research Study," A GreenTouch White Paper, Version 2.0, August 15, 2015. IMAGE CREDIT: "GreenTouch Final Results from Green Meter Research Study," A GreenTouch White Paper, Version 2.0, August 15, 2015.
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Figure 9: (a) 2010 Network Power Condun ion at Dilferent Tirmes of the Day & idieal Network Com -
(3] 2020 Metwork Power Consumption at Differert Times of the Day for etwork Camponen! P R ™
GreenTouch Initiatives Implemented

IMAGES CREDIT: "GreenTouch Final Results from Green Meter Research Study," A GreenTouch White Paper, Version 2.0, August 15, 2015. PowerRox fi=
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Making the Projections a Reality

* Network-Level Efficiency Improvements

= GreenTouch Consortium Green Meter Research Study

o Network Equipment Power Reductions
» Quantifying the Possibilities

GreenTouch

Technology Improvement Factor

1 Improvement in Components due to Moore's Law 4.23x%
2 GreenTouch Equipment Innovations 4.73x
3 Intelligent Energy Aware Protection 1.96x
4 Optical Bypass and Low Energy State Modes 2.13x
5 Mixed Line Rates 121x
6 Physical Topology Optimization 1.43x

7 Distributed Clouds for Content Distribution and Network 219«

Equipment Virtualization s N :' . |

Total Improvement in 2020 due to GreenTouch Initiatives 'f\ 316x’:,"v\\ ! Wow, amazi ng i

Table 6: Energy efficiency gain factors for various GreerlIQy_Eb_E?fhniques in core Hetworks \\\\\ | |m p rovement !

ain b SO ! 1

Energy Efficiency - TrafficGrowth . NetEnergy  ____>» opportunities, even |

Improvement Factor (2020° (from 2010 to 2020) ' Reduction of-2620~ ~ Rl ) ] oo

v heterons '.\ [‘Relativeto200 | " with dramatic traffic |

Scenario \ AL el < [ it

Mobile Access 10,000 S B 9% T » growth predictions!!! :

Fixed Access(Residential) 254x B Lo97% i
Core Network 316x 12x . 96% .

Table 7: Summary of the Green Meter Research study with the energy eHiciency gains, traffic grawth and net
energy reductions that can be achieved in the mobile access, fixed access and core networks P R ™
IMAGES CREDIT: "GreenTouch Final Results from Green Meter Research Study," A GreenTouch White Paper, Version 2.0, August 15, 2015.
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Making the Projections a Reality

* Network-Level Efficiency Improvements

= GreenTouch Consortium Green Meter Research Study

o Resources/Tools
» Tons of Overview Materials = http://greentouch.org
* Green Meter White Paper
» GWATT Calculator (Network-Level Simulation) = http://alu-greentouch-dev.appspot.com/

otal Energy of Gro b Scope

GreenTouch

Network Models

Touch to forecast your co ; e
future energy savings g .
|| Optimize w 2) GreenTouch -G

nnnnnn

SEa%l Touch to change network

Acce Metro Edg Core
I settings and units
]

Touch active nodes to .
experiment with new, more 8

efficient technologies

TOTAL EFFICIENCY (KBITS/])

77.514

...... P R -
IMAGES CREDIT: "GWATT - Visualizing the GreenTouch Results," GreenTouch Celebration, GreenTouch Foundation, June 18, 2015. _W\_x_}}
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Making the Projections a Reality

* Network-Level Efficiency Improvements

= GreenTouch Consortium Green Meter Research Study

o Resources/Tools
» IMEC Base Station (BS) Simulator/Calculator = https://www.imec-int.com/powermodel

(@) GreenTouch

Configuration 1 & | Configuration 2 = |Ccnlb;uralion:_! 0 | Pawer Breakdown Fower Comparison | Pewer Sweep Power Breakdown |Puwer Comparlson | Power Sweep |
@ Power| 7T53W Throughput | 272 Mbps New | Clone Total Power \ Year of deplayment - Min 2010+ Max 2020 =
{mec
Hard, : % LGN -
and s i / Total Power (
Base station type @ 1w v e A lmec
= large < small signal - data LSAS i = = %@ L 5
Year of deployment @ « Default w
Number of sectors @ = Default =
- Antenna settings
Mumber of antennas @ v Default
MIMO configuration & v Default P
Power seflings
= Qutput power type @ + Default PA " Rad u,
Quitput pover & v| Default deém _
RF power control @ » Default dB8 =
Bandwidth settings G
Maximum bandwidth & + Default MHz
Various sattings Ly -
Feeder loss @  Default dg8
Duplexing mode @ I Defaut TOD «FOD = - -
Quantization level @ < Default - :
Scenario parameters
Signaiing satfings { 2 zwa n 5 205 2018 ']
Power saving settings Cenflauration "Wear of deplaymant
Moduist I
RsnAaCas < mPower ampifier - ESUpply « MAnalog - g Baseband + W Centrel -~ [Total 1+ Configuration 1 = -e-Configuration 2 '« -=- Configuration 3
LEAS-specific sellings -
Figure 4: Screenshots of the online power model tool ™
IMAGE CREDIT: "GreenTouch Final Results from Green Meter Research Study," A GreenTouch White Paper, Version 2.0, GreenTouch Foundation, August 15, 2015. r, R
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Making the Projections a Reality

* Network-Level Efficiency Improvements
arth

= Other Industry Efforts / Consortiums
o EARTH

Energy Aware Radio and neTwork tecHnologies

4 '
o OPERA (GreenTouch) Long term traffic variations
. (hours, days) w
o Major Industry Partners ¢ s
Nokia Energy Modernization solutions r \ Large scale area &
T fontorint SUtaRor adio e N o Largescaledeployment | ___—— Long term traffic load
H H | | insitepo : models
Up to 75 _200/0 ‘
it v Metric
== f hort term, scenario specific
- ' -30% Power model of nodes (sho , scenario specific)
. rrr 1 =
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Making the Projections a Reality

* Device-to-Device (D2D) Communications s 7
= Analogous to Mesh Networks Aa
= Mitigate the Transmission iféi;im\ |

* Peak Shaving

= Size Infrastructure for the Average, Not the Peak

D2D assisted multihdp.,
transmission .

A}
\‘ A
“\ C? Femtocell
L

T Macrocell ,,-"'
= | oca I|Zed Energy Stora ge An example of D2D n.<;1_1_11numcat10na in HetNets.
IMAGE CREDIT: Z. Bojk ',M. k B. Bak "On the Road to Energy Efficient 56
e Mobile Networks" Recent Adval on Systems, Signals, Control, Communications and
[ ] Ed ge B u ffe rl n g Computers, pp. 137-140, 2015. ------------

= Mitigate the Transm|55|on ..................
" Leverage & Re-use
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Shot. http://www.virtualpowersystems.com/our-platform.

IMAGE CREDIT: Virtual Power Systems VPS ICE Console Screen




Making the Projections a Reality

e Simultaneous Wireless Information & Power Transfer
(SWIPT)

= Optimize Intelligence for Data & Power Simultaneously

* Relays

= Save Power, Be Secure, & Scavenge Energy Simultaneously

* Energy Harvesting
= Scavenge Energy from All Physical Sources
= Supplement Battery Life
" Energy Independence = Security
= Low Power = Security

* Software-Defined / Virtualized Everything (SDx / Vx)
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Making the Projections a Reality

* Energy Harvesting
= Utilizing every uW available.

“There is no such thing as waste heat...just underutilized
energy recycling opportunities.”

— Brian Zahnstecher

IMAGES CREDIT: V. Micelli, "Pavegen - The Future of Urban
Energy," IDTechEx US Show, Santa Clara, CA, Nov 17, 2016.

IMAGE CREDIT: D. Hess, "Truly Transparent Power," IDTechE;{ US Show, Santa Clara,
CA, Nov 17, 2016. R
~
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Making the Projections a Reality

* Energy Harvesting Hot Waer Pipe
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IMAGE CREDIT: B. Chen, J. Cornett, "Chip Scale TEG and its Use for a Wireless Machine Health Monitoring System," Analog Devices, APEC Thermal Mass
2017 Industry Session, Tampa, FL, March 30, 2017. (soil, cement, etc.)
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Polyimide

IMAGES CREDIT: M. Dunham, "Chip Scale Thermoelectric Generator for Smart Agriculture,”
Analog Devices, APEC 2018 Industry Session, San Antonio, TX, March 6, 2018.
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Summary / Conclusions

* All the awesome applications enabled by the many enhanced specs
and features of the 5G network provide many power challenges as
well as opportunities.

* There exists a large gap between projections of energy utilization
and how energy is produced/utilized for things on the 5G network.

* If you are talking dramatic growth of edge power representing only ~1% of WW
energy pie today, has much greater overall impact to global power needs.

* The biggest consumer of network power is also the biggest
opportunity for power savings.
 Many of needs have been identified, data collected, tools provided.

* Energy harvesting can play a big role in all aspects of the network.
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Q&A

IEEE 5G World Forum

9-11 July 2018 | Santa Clara, California, USA

Thanks a lot for your time and attention!

Any questions and/or comments?
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