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The	views	and	opinions	expressed	in	this	presentation	are	those	of	the	author	
and	do	not	necessarily	reflect	the	official		policy	or	position	of	any	agency	of	the	
U.S.	government.	Any	resemblance to	actual	policies,	living	or	dead,	or	actual	
events	is purely	coincidental.
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IoT

IoT

5G



1000x 
higher mobile 
data volumes

10-100x 
higher number of 
connected devices

10-100x 
typical end-user 

data rates

5x
lower latency

10x
longer battery life

for low-power devices

Up	to	10Gbps 10	years	50/500	B	devices Few	ms	E2E

METIS	Technical	Objectives
1000x	data	
volume

METIS,	“Toward	a	5G	Mobile	&	Wireless	System	Concept”



5G	=	5	good	reasons	for	hype
o researchers

◦ research	with	real-world	impact
◦ new	opportunity	for	QoS research!
◦ compete	with	AI	for	attention

o equipment	manufacturers
◦ most	of	the	4G	market	has	been	saturated
◦ commodization of	communications	hardware

o carriers
◦ need	new	quality	differentiation	instead	of	price-based	commodity
◦ “4th Wave”
◦ motivate	getting	new	spectrum

o governments	&	regulators
◦ restore	old	industry	dominance	(Europe)
◦ Olympics

o conference	organizers	&	standardization	bodies
◦ IEEE,	ITU,	… need	excitement
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does	not
encourage
critical	thinking…



Design	for	20	years
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Generational	surprises
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Generation Expectation Surprise Cost per	GB

0G
(landline)

voice fax	&	modem

1G corporate limousine eavesdropping

2G better voice	quality	(“digital!”) SMS $1000

3G WAP web $100

4G IMS YouTube, WhatsApp,
notifications

$10

5G IoT	(low	latency) ? $1?

• underestimated	cost	and	fixed-equivalence	as	drivers
• are	the	even	generations	the	successful	ones?
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IoT requirements
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relay(traffic(generated(or(consumed(by(humans.(While(the(network(in(general(consists(of(wired(
and(wireless(devices,(the(trend(is(for(devices(to(be(wirelessly(connected(to(the(network(edge(to(
enable(lower%cost(installation,(easier(physical(reconfiguration,(and(mobile(applications.(((
(
IoT( applications( using( wireless( communications( are( highly( varied( and( differ( in( their(
requirements.( From( a( networking( perspective,( classical( IoT( applications( can( be( categorized(
along( two( dimensions( of( range( and( mobility.( Range( refers( to( the( geographic( spread( of( the(
devices.( It(describes(whether( the(devices(are(deployed( in(a( small( area,( say(within(a( couple(of(
hundred(feet(of(each(other,(or(are(dispersed(over(a(wider(area.(Mobility(refers(to(whether(the(
devices(move(and(if(so,(whether(they(need(to(communicate(while(on(the(move.(Table(1(shows(
the( five( categories( of( applications( spanning( several( orders( of(magnitude(differences( in( range.((
For(each(category,(it(shows(the(basic(device(characteristics,(services(and(suitable(networks.(
(

(
!

Table!1:!M2M!application!categories.!We!focus!on!applications!in!the!top!two!rows!which!have!a!
required!range!of!!about!1000m!for!wide?area!coverage.!Applications!in!other!rows!have!more!

established!ecosystems.!!
(
For( localized( IoT( applications,( a( short%range( network( is(most( appropriate,( allowing( the( use( of(
unlicensed( spectrum( and( maximizing( battery( life( while( meeting( the( networking( needs.( For(
example,(many(smart(home(applications(for(environment(control(and(monitoring(would(be(well(
served( using( an( 802.11%based( network.( Shorter%range( applications( can( be( enabled( using(
Bluetooth(or(NFC.(The(smartphone(can(be(used(as(hub(to(enable(personal(IoT(applications(such(
as(health(monitoring(and(local(object(tracking.(Bluetooth(is(often(used(to(connect(to(IoT(devices,(
and(an(802.11(or(cellular(connection(provides(network(access.((

For(wide%area(IoT(applications(such(as(the(connected(car(or(fleet(tracking,(a(mobile(broadband(
network( is( more( suitable( because( devices( move( over( a( wide( area.( For( applications( such( as(
metering(where( the( devices( are(widespread( but( there( is( little( need( for(mobility,( a(wide( area(
network( is( required( but( does( not( have( to( support( seamless( mobility.( Although( the( mobile(
network(meets(the(requirements( for(this(category(of(applications,(a(dedicated(network(that( is(

Wide-area	Wireless	Communication	Challenges	for	the	Internet	of	Things
Harpreet S.	Dhillon,	Howard	Huang,	Harish	Viswanathan



IoT is	not	a	helpful	term
o The	only	common	thread	is	what	doesn’t	matter:	absence	of	a	human

o Otherwise,	spans	every	dimension	of	networking	
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mobility high-speed	train
aeronauticalfixed	infrastructure

bandwidth

latency

geography

4K	video

10	ms protective
relay

remote	pipeline

message/week

minutes
or hours

indoors or urban

easy	 hard	

cost	constraints $1/year
$5/device1%	of	$1B	bridge



5G	low	latency
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XX
V2I2V

X one-to-
many!

EEW
(<	5	s)

tight	control	loop	à near-100%	availability	in	time	&	space

X LAN
protective
relay



What’s	the	economic	case	for	
5G?
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M O R G A N   S T A N L E Y   R E S E A R C H
Technology, Media, & Telecom Spring Training Teach‐In

May 2017

143

Installment + Leasing Plans, Tablets, Promotions Pressure Postpaid ARPU

$40

$50

$60

$70
AT&T Verizon Sprint TͲMobile US Cellular

Big 4 Postpaid ARPU

Source:  Company Data, Morgan Stanley Research. Sprint 1Q16 Numbers Reflect MS Estimates..

avg.	about	2.1	GB/month
T-Mobile:	10	GB	tethering



Cord-cutting	for	broadband?
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Metrics:	not	Gb/s	or	b/s/Hz,	
but	$/GB	and	$/year
o Consumer	market:	$/GB	delivered
◦ little	willingness	to	pay	for	speed	above	10	Mb/s	for	now
◦ unless	$/GB	à 0,	1	Gb/s	just	threatens	wallet

o NB-IoT:	$/device	+	$/year	cost
◦ compete	with	$0	incremental	cost	BT/Zigbee/WiFi or	LPWAN
◦ include	amortized
◦ typically,	<<	$1/month
◦ predictable	coverage	&	international	reach
◦ alternative	for	one-way:	ATSC	3.0	(50+	miles	reach,	no	incremental	cost)
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Network	economics,	
(over)simplified
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Equipment
4%

Construction
11%

Operations
85%

%	OF	REVENUE
Equipment Construction Operations

70%

30%



How	can	5G	be	cheaper	by	
GB?
o Backhaul	is	major	cost	factor
◦ “Backhaul	costs	represent	almost	6%	… of	a	wireless	carrier	total	operating	
expenses	(OPEX)	and	30%	of	total	network	costs.”

o Re-use	existing	fiber	to	residential	users
◦ Requires	cooperation	of	cable/FTTH	provider
◦ or	shared	indoor	infrastructure	(ok	for	airports	&	stadiums,	unlikely	for	
commercial	buildings)

o Reduce	license	cost	for	spectrum	à unlicensed,	mmWave
◦ first	step:	LTE-U
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Table 4.  Wireless Network Cost Breakdown (OPEX and Headcount CAPEX) 

Cost categories Subcategories 
Average Sub-
component 
Breakdown 

Network strategy and support 14% 
Network infrastructure rent 39% 

Core network and transmission 
Transmission 7% 
Core Network 8% 

Radio operations and 
maintenance 

Radio operations & maintenance 14 % 
Radio deployment 10 % 
Radio design 8 % 

Source: Wireless Carriers Benchmarking Study 
 
Again, network rental costs can be somewhat heterogeneous across carriers, but 
appear to be fairly consistent (see Table 5), 
 

Table 5.  Wireless Network Cost Breakdown (OPEX and Headcount CAPEX) 

Subcomponents Carrier 
A 

Carrier 
B 

Carrier 
C 

Carrier 
D 

Average of All 
Carriers 

Strategy and Support 13 8 10 19 14% 
Network infrastructure 

rent 
36 45 33 37 39% 

Transmission 6 5 13 8 7% 
Core Network 10 9 13 3 8% 

Radio ops & maintenance 11 15 18 14 14 % 
Radio deployment 13 8 8 10 10 % 

Radio design 10 9 5 8 8 % 
Source: Wireless Carriers Benchmarking Study 
 
Network infrastructure rent costs vary according to the following five drivers: 
 

x Number of cell sites; 
x Build vs.  rent of backhaul links; 
x Microwave vs.  fiber optics in owned links; 
x Leased lines from cable TV or ILEC affiliated carriers; and 
x Network sharing approaches. 

 
Proceeding along the drill down to identify backhaul costs, the Benchmark Study 
indicates that an average 63% of network infrastructure rental costs are non-
headcount related (this value ranges between 58% and 66%).  Backhaul costs (in 
terms of purchasing BDS for linking cell sites and interconnection) are included in the 
network infrastructure rent category, along with tower rental costs.  Multiplying the 
average percentage of network infrastructure rental cost (63%) by network rental 
costs (39%) yields the proportion that backhaul costs represent of total network-
related expenses (24.6%).  This value ranges between 24.6% and 21.5% (see Figure 
1). 
 



Network	
architecture
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Networks	1G	through	4Gish
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national	carrier

one	subscriber,
one	phone,
one	provider



Complexity	kills
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IMS



IMS	/VoLTE
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IMS	=	It	Mostly	Speaks
VoLTE	=	Voice-Only	Later	than	Expected



LTE-U
802.11n
LTE

5G	– what	exactly	is	a	carrier?
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Level3
Cogent

Spectrum	
DBSpectrum	
DB

40k	towers	each	(US)



LTE	– one	carrier,	plus	roaming
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5G:	Carriers	as	consumer	
brand
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Outside Inside



What	are	carriers	good	at?
o Research?

o Software	development?
◦ Who	is	going	to	develop	those	5G	SDN	applications?

o OTT	applications?

o API-based	services?
◦ Why	did	Twilio and	Tropo offer	voice	service	APIs	and	not	the	ILECs?

o Cost	reduction	model?
◦ Commodity	components
◦ Simplified	provisioning	and	diagnostics
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The	law	of	new	networks
o “Any	new	network	technology	will	be	
justified	on	(finally)	providing	QoS”

o To	succeed,	they	have	to	provide	good-
enough	QoS for	best	effort
◦ at	least	with	competition

o The	business	model	for	QoS is	difficult
◦ see	bypass	toll	roads

o QoS is	usually	not	accessible	to	applications
◦ or	not	end-to-end

o Better:	virtually-guarantee	minimum	
bandwidth	(e.g.,	5	Mb/s)	+	adaptive	
applications
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What’s	the	simplest	network?
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AAA
HLR
(?)

IPv6	access
(any	network)

DHCP

registrar

network	characteristics	(QoS)
IP	address
AAA	(incl.	payment)
discovery

network
resources

one	subscriber,	multiple	devices,	multiple	providers



Simplify	enrollment
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enable	access



5G	prototype:	Eduroam
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5G	opportunities	beyond	hype
o Applications	surprise

o Low	cost	per	GB	carried	(capex	&	opex)	may	beat	QoS
◦ fixed	wireless	and	predictable	motion	(trains!)	may	be	initial	opportunity

o Complexity	kills
◦ layering	(1984)	and	information	hiding	is	still	a	good	engineering	principle

o 5G:	4G++	or	opportunity	for	re-thinking	design	assumptions
◦ complexity	vs.	modularity
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