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1. Executive Summary 
Wireless	data	traffic	will	grow	10,000	fold	within	the	next	20	years	
due	to	ultra-high	resolution	video	streaming,	cloud-based	work,	
entertainment	and	increased	use	of	a	variety	of	wireless	devices.	
These	will	include	smartphones,	tablets	and	other	new	devices,	
including	machine	type	communications	for	the	programmable	world.	

To	meet	demand,	Nokia	envisions	5G	as	a	system	providing	scalable	
and	flexible	services	with	a	virtually	zero	latency	gigabit	experience	
when	and	where	it	matters.	In	addition,	5G	will	provide	at	least	a	ten-
fold	improvement	in	the	user	experience	over	4G,	with	higher	peak	
data	rates,	improved	“everywhere”	data	rates	and	a	ten-fold	reduction	
in latency. 

5G	mobile	communications	will	have	a	wider	range	of	use	cases	and	
related	applications	including	video	streaming,	augmented	reality,	
different	ways	of	data	sharing	and	various	forms	of	machine	type	
applications,	including	vehicular	safety,	different	sensors	and	real-time	
control.	Being	introduced	after	2020	and	in	use	well	beyond	2030,	5G	
also	needs	the	flexibility	to	support	future	applications	that	are	not	
yet	fully	understood	or	known.	

In	addition	to	the	more	traditional	cellular	access	bands	below	6	GHz,	
5G	is	expected	to	exploit	the	large	amount	of	spectrum	between	6	
GHz	and	100	GHz.	One	or	more	new	radio	access	technologies	will	be	
needed	to	address	this	regime	of	frequency	bands	due	to	different	
channel	characteristics.	Extending	the	LTE	air-interface	to	 
frequencies	above	6	GHz	may	be	considered,	but	it	is	likely	that	a	
simpler	and	more	efficient	air	interface	can	be	designed	to	address	
specific	challenges.

For	the	end	user,	5G	should	be	transparent	and	it	should	be	
seen as one system guaranteeing a consistent user experience. 
Furthermore,	mobile	network	operators	expect	a	straightforward	
5G	deployment	and	operation.	This	calls	for	tight	integration	of	5G	
layers	with	existing	systems	such	as	LTE	and	their	evolution	via	Single	
Radio	Access	Network	(RAN)	solutions.	This	approach	will	simplify	
network	management	from	2G	to	5G,	and	will	also	enable	a	gradual	
introduction	of	5G.

The	network	and	deployment	flexibility,	as	well	as	the	air	interface	
design,	will	help	curb	the	growth	of	energy	consumption.	The	
consumed	energy	per	delivered	bit	must	go	down	drastically	at	both	
ends	of	the	radio	link,	for	example,	the	energy	used	by	unconnected	
devices and in network nodes not operating at capacity.

A	holistic,	flexible	design	and	a	very	tight	integration	of	existing	
technologies	are	key	priorities	for	Nokia.
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2.  Improving Network Capacity
The	10,000	fold	increase	in	network	capacity,	along	with	a	ten-
fold	improvement	in	user	experience	(reaching	100	Mbit/s	even	in	
unfavorable	network	conditions)	will	be	achieved	through:	

	 1.	 Massive	densification	of	small	cells	

	 2.	 More	spectrum	

	 3.	 Increased	spectral	efficiency	

2.1	 Densification	
The	densification	of	network	deployments	is	a	trend	already	apparent	
in	3G	and	4G.	5G	will	enable	us	to	design	a	flexible	system	from	a	
clean	slate	and	allow	optimization	for	cell	sizes	below	a	200m	inter-
site	distance.	In	contrast	to	LTE,	where	the	small	cell	design	is	based	
on	the	rigid	wide-area	macro	cell	design,	the	clean-slate	approach	
allows	a	higher	degree	of	optimization	and	adaptation	to	the	small	
cell	sizes.	It	is,	however,	important	that	while	optimizing	the	design	for	
Ultra	Dense	Network	deployments	with	small	cells,	5G	will	also	bring	
wide	area	macro	cell	deployments,	further	underlining	the	need	for	
design	flexibility.

2.2  Spectrum
The	frequencies	allocated	or	under	discussion	for	additional	
bandwidth	for	cellular	use	have	so	far	all	been	below	6	GHz,	mostly	
due	to	the	favorable	wide	area	coverage	properties	of	the	lower	
frequencies.	While	more	spectrum	below	6	GHz	is	needed	and	there	
are	promising	techniques	to	increase	the	use	of	already	allocated	
frequencies,	there	will	be	an	increasing	need	to	also	unlock	new	
spectrum	bands.	These	bands,	from	6	to	100	GHz	will	help	to	meet	
the	high	capacity	and	data	rate	requirements	of	the	5G	era.	The	6	to	
100	GHz	range	can	be	broadly	split	in	two	parts,	centimeter	wave	and	
millimeter	wave,	based	on	different	radio	propagation	characteristics	
and	the	carrier	bandwidth	possible	in	the	different	frequency	ranges.	

The	centimeter	wave	frequencies	may	be	the	next	logical	step	
for	cellular	access	as	they	are	closer	to	currently	used	frequency	
ranges,	however,	more	research	is	needed	to	fully	characterize	radio	
propagation	in	these	bands.	In	some	ways,	centimeter	waves	behave	
similarly	to	traditional	cellular	bands	(e.g.,	reflections	and	path	loss	
exponents),	but	some	effects	will	be	different,	such	as	the	overall	path	
loss	and	diffraction,	particularly	at	the	higher	end	of	the	centimeter	
wave	band.	The	contiguous	bandwidth	that	is	potentially	available	at	
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centimeter	wave,	roughly	100-500	MHz,	is	wider	than	LTE-Advanced	 
is	designed	for	and	the	LTE	air	interface	design,	optimized	at	around	 
2	GHz,	is	not	well	suited	for	centimeter	wave	frequencies.

At	the	other	end	of	the	spectrum	range	are	the	millimeter	wave	
frequencies	which	start	at	30	GHz.	At	millimeter	wave,	the	radio	
propagation	and	RF	engineering	is	different	from	the	sub-6	GHz	
spectrum	range	in	some	respects,	such	as	higher	diffraction	and	
higher	foliage	and	structure	penetration	losses.	However,	recent	
measurements	have	shown	that	millimeter	wave	frequencies	
are	also	similar	to	those	below	6	GHz	in	some	other	respects	
such	as	reflections	and	path	loss	exponents.	There	is	still	more	
experimentation	required	in	these	bands	to	understand	the	practical	
performance	of	the	millimeter	wave	bands	but	the	reward	will	be	
achievable	carrier	bandwidths	of	for	example	1-2	GHz.	Even	though	
there	is	a	well	defined	border	of	30	GHz	between	centimeter	wave	
and	millimeter	wave	bands	(1	cm	wavelength),	the	radio	propagation	
changes	more	smoothly	and	there	is	no	sharp	transition	point	in	the	
radio	propagation	characteristics.

Figure	1	illustrates	this	differentiation	of	frequencies	up	to	100	
GHz.	We	foresee	various	different	radio	access	components	used	
with	5G,	ranging	from	the	evolution	of	LTE	to	completely	new	access	
technologies.	The	Radiocommunication	Sector	of	the	International	
Telecommunication	Union	(ITU-R),	working	on	the	global	management	
of	the	radio	spectrum,	has	recognized	the	relationship	between	
IMT	(International	Mobile	Telecommunication	system)	and	“5G”	and	
is	working	towards	realizing	the	future	“IMT2020”	vision	of	mobile	
broadband	communications.

Fig.	1.		Candidates	for	LTE-A	long-term	evolution	and	new	5G	access	(please	note	the	non-linear	x-axis)
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Currently,	WP	5D,	an	ITU-R	sub	group,	is	working	on	various	reports	to	
provide	guidance	on	what	may	be	expected	in	the	future	development	
of	IMT	for	2020	and	beyond,	including	systems	operating	above	6	
GHz.	The	World	Radio	Conference	(WRC),	scheduled	for	November	
2015,	is	expected	to	set	the	stage	for	the	next	WRC	in	2019.	This	
would	then	be	able	to	identify	frequency	bands	from	6	to	100	GHz	for	
IMT	use	and	facilitate	global	harmonization	of	the	spectrum.

WRC	2019	will	be	a	unique	opportunity	to	identify	spectrum	above	
6GHz	for	mobile	broadband	(5G).	Therefore	it	is	important	that	WRC	
2015	decides	on	the	respective	agenda	item	for	the	WRC	2019	to	
meet	this	opportunity.	To	help	ensure	the	best	spectrum	is	identified,	
several	aspects	related	to	new	frequency	bands	need	to	be	assessed	
and	studied,	including	but	not	limited	to:	

	 1.	 	Frequency	ranges	that	contain	bands	which	already	have	
worldwide	primary	allocation	to	Mobile	Services	should	be	
considered	as	more	likely	options	for	possible	spectrum	
designation	and	need	to	be	further	studied.

	 2.	 	Spectrum	bands	that	are	harmonized,	at	least	regionally,	should	
be	given	high	priority.

	 3.	 	Current	use	of	these	frequency	ranges	should	be	further	
investigated.

	 4.	 	Minimum	bandwidth	requirements	should	also	be	considered	as	
a	criterion	for	the	selection	of	frequency	ranges.	

	 5.	 	Coexistence	with	systems	in	the	bands	under	consideration	and	
in	adjacent	bands.

	 6.	 	Availability	of	contiguous	spectrum	(e.g.	500	MHz	up	to	1	GHz)	
should	be	taken	into	account.

It	is	essential	that	the	industry	and	regulators	work	together	to	secure	
sufficient	spectrum	for	mobile	communications	beyond	2020.	It	will	
facilitate	the	development	of	the	technology	and	will	improve	society	
and economic development. 
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2.3	 	Spectral	Efficiency
Spectral	efficiency	is	a	measure	of	how	efficiently	the	spectrum	can	
be	used	during	data	transmission,	in	other	words,	how	many	bits	per	
Hz	per	second	the	system	is	able	to	deliver	over	the	air.	A	system	
is	designed	with	various	spectral	efficiencies	in	mind,	such	as	peak,	
average	user	and	cell	edge.	By	increasing	these	spectral	efficiencies,	
the	capacity	of	the	network	increases	without	the	need	to	add	more	
cell	sites	or	to	use	more	spectrum.	Multiple	components	affect	
the	spectral	efficiency	of	the	radio	link,	for	example	modulation,	
multi-antenna	operation,	signal	waveform,	and	the	entire	system,	
including	coordination	between	nodes,	interference	suppression,	and	
collaborative	radio	resource	management.	LTE	already	has	a	high	radio	
link	spectral	efficiency,	but	the	spectral	efficiency	of	the	system	(or	
area)	still	allows	improvements	that	are	less	expensive	but	also	use	
less energy and are simpler overall. 

A	key	technical	component	for	5G	in	general	and	to	improve	spectral	
efficiency	in	particular	is	massive	MIMO.	

Integrating	large	scale	antenna	arrays	into	the	air	interface	design	of	
5G	systems	in	the	cmWave	or	mmWave	bands	will	show	significant	
differences	to	the	MIMO	solutions	currently	deployed	in	4G	systems.	
Firstly,	the	more	noise-limited	nature	of	high-bandwidth	systems	
at	cmWave	or	mmWave	will	allow	simple	solutions	that	do	not	need	
to	actively	mitigate	other-cell	interference.	Secondly,	4G	systems	
at	3GHz	and	below	are	bandwidth	and	interference	limited,	so	the	
emphasis	with	MIMO	technology	in	those	systems	has	been	to	
increase	spectral	efficiency	to	overcome	these	limitations.	

The	high	bandwidth	systems	at	mmWave	may	not	be	bandwidth	or	
interference	limited,	but	tend	to	be	path-loss	limited.	As	a	result,	
the	emphasis	with	MIMO	technology	will	initially	be	on	providing	
power	gain	through	beamforming.	Spatial	multiplexing,	critical	to	
high	performance	in	4G	systems,	will	not	be	the	initial	emphasis	with	
mmWave	due	to	the	need	to	overcome	path	loss	limitations.	Systems	
at	cmWave,	however,	will	operate	somewhere	in	between	4G	systems	
and	mmWave	systems	with	regards	to	bandwidth	and	interference	
limitations.	This	means	that	cmWave	systems	will	likely	incorporate	
both	the	MIMO	and	beamforming	technology	elements	found	in	4G	
and mmWave systems. 
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Thirdly,	with	the	small	scale	antenna	arrays	deployed	in	4G	systems	
at	3	GHz	and	below	(e.g.,	arrays	with	eight	or	fewer	antenna	ports)	
and	two	or	four	receive	antennas	at	the	user	device,	single	user	
spatial	multiplexing	provides	most	of	the	gains	available	from	spatial	
multiplexing	on	the	downlink.	With	small	scale	arrays,	multi-user	
spatial multiplexing provides little gain over single user multiplexing on 
the	downlink.	With	large	scale	arrays	below	3-6	GHz,	multi-user	MIMO	
will	be	required	to	provide	significant	gains	over	small	scale	arrays.	

In	contrast,	for	mmWave	systems	with	large	scale	arrays,	multi-user	
MIMO	will	not	be	an	initial	emphasis	due	to	the	need	to	overcome	
power	limitations.	For	cmWave	systems,	both	single	user	and	 
multi-user	spatial	multiplexing	will	likely	be	incorporated	into	the	
system design. 

Fourthly,	with	large	scale	arrays	deployed	at	mmWave,	obtaining	
per-antenna	channel	estimates	will	be	difficult	due	to	the	inherent	
power	and	path-loss	limitations.	As	a	result,	the	MIMO/beamforming	
techniques	at	mmWave	will	initially	operate	with	per-beam	channel	
knowledge	rather	than	per-antenna	channel	knowledge,	which	will	
necessitate	significant	changes	in	the	PHY	layer	compared	to	current	
4G	systems.	The	higher	the	frequency	band	the	smaller	the	antenna	
size,	and	hence	with	cmWave	and	especially	with	mmWave,	large	scale	
antenna	arrays	will	be	relatively	small	compared	to	the	smaller	scale	
antenna	arrays	of	current	4G	systems.

Whereas	massive	MIMO	is	a	good	technique	to	improve	link	spectral	
efficiency,	system	spectral	efficiency	gains	can	be	achieved	by	better	
utilization	of	radio	resources.	Interference	rejection	is	one	technique	
aimed	at	boosting	system	spectral	efficiency.	This	works	by	replacing	
a	well-known	mechanism	of	coordinating	inter-cell	interference	(e.g.,	
trying	to	use	the	least	interfered	radio	blocks	in	LTE	or	applying	
frequency	reuse	greater	than	one	between	neighboring	cells)	while	
accepting	the	interference	and	later	suppressing	it	in	the	receiver.	
Interference	rejection	combining	is	already	known	and	used	in	LTE,	
and	5G	is	an	opportunity	to	design	a	system	optimized	for	using	it.	
Another	technique	for	optimizing	spectrum	utilization	is	dynamic	TDD	
operation,	which	allocates	the	spectrum	optimally	between	the	uplink	
and	the	downlink.
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3.  Latency
Radio	latency	is	the	one-way	transit	time	between	a	packet	being	
available	at	the	IP	layer	in	either	the	device	/	RAN	edge	node,	and	the	
availability	of	this	packet	at	the	IP	layer	in	the	RAN	edge	node	/	device.	
The	relevance	of	latency	is	often	overlooked	by	people	focusing	
on	achievable	data	rates,	but	with	high	latency,	even	the	fastest	
connections	cannot	provide	a	good	experience	for	interactive	services.	
Furthermore,	when	the	TCP	protocol	is	used,	high	latency	will	also	
affect	the	achievable	throughput.	

One	current	example	of	a	service	that	requires	low	latency	is	online	
gaming.	However,	in	future,	the	pool	of	interactive	applications	will	
broaden	very	quickly	as	we	see	the	rise	of	augmented	reality,	work	and	
entertainment	in	the	cloud,	automated	cars	and	remotely	controlled	
robots.	All	of	these	applications	require	ultra	low	latencies	for	which	a	
5G	system	needs	to	be	designed.

Reducing	the	radio	latency	is	not	only	important	for	these	interactive	
services	but	is	also	an	enabler	for	high	data	rates	and	the	overall	
responsiveness	of	the	system.	Achieving	high	data	throughputs	in	
networks	with	high	latency	means	that	transmitter	buffers	need	to	be	
large,	increasing	the	device	cost.	Reducing	the	network	latency	means	
that	buffers	are	emptied	faster	and	hence	can	be	smaller	and	cheaper.	
Also,	the	speed	of	all	network	procedures,	such	as	system	access	or	
handover,	relies	on	radio	latency.

Reduced	air	interface	latency	and	high	data	rates	contribute	to	
lowering	the	device’s	battery	consumption.	Fast	transitions	between	
sleep	and	active	modes,	micro-sleep	within	a	frame	when	data	is	not	
transmitted	or	received,	a	short	active	time	with	high	data	rates	and	
a	low	sleep	mode	power	consumption	all	contribute	to	improving	the	
energy	efficiency	of	the	device.

The	latency	of	4G/LTE	is	superior	to	that	of	3G,	but	still	inferior	to	
what	can	be	achieved	with	the	wired	Internet.	One	way	to	reduce	radio	
interface	latency	is	by	using	dynamic	TDD	with	a	short	frame	duration	
and	an	adaptive	frame	structure.	Dynamic	TDD	involves	different	
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cells	in	the	network	employing	different	uplink-downlink	TDD	splits	
based	on	the	traffic	load	for	their	cell.	It	is	expected	that	the	main	
mode	of	operation	for	5G	ultra	dense	networks	operating	above	6	
GHz	frequency	bands	will	be	dynamic	TDD.	Dynamic	TDD	is	attractive	
for	use	in	5G	small	cells	as	it	assigns	the	full	spectrum	allocation	to	
whichever	link	direction	needs	it	the	most.	A	TDD	transceiver	is	also	
easier	and	cheaper	to	build	than	a	FDD	transceiver.	

With	some	limitations	in	adapting	the	DL/UL	allocation,	dynamic	TDD	
was already introduced in Long Term Evolution Advanced (LTE-A). 
However,	the	air	interface	latency	of	TDD	LTE-A	is	limited	by	its	
physical	frame	structure.	It	is	possible	to	include	up	to	two	uplink/
downlink	switching	points	inside	one	10	ms	radio	frame,	which	sets	
the	hard	limit	for	the	air	interface	latency.	This	is	clearly	not	achieving	
the	5G	radio	layer	latency	target.	Evolutions	of	LTE-A	will	not	be	
able	to	support	major	latency	reductions	due	to	the	restrictions	
of	incremental	evolution.	For	example,	changes	in	the	numerology	
and	frame	structure	design	to	enable	reduced	latency	cannot	be	
introduced	for	backwards	compatibility	reasons.	Consequently,	there	
is	a	need	for	a	new	5G	air	interface	to	enable	the	required	physical	
layer	latencies.	A	good	frame	structure	candidate	is	one	without	
any	switching	point	restrictions	so	that	any	slot	can	be	either	uplink	
or	downlink,	and	in	addition,	serve	a	direct	device-to-device	link	or	
provide	self-backhauling.	A	frame	structure	providing	such	flexibility	is	
shown	in	Figure	2.	
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Fig.	2.		Slot	structure	for	flexible	TDD
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The	frame	length	of	one	5G	Flexible	TDD	Transmission	Time	Interval	
(TTI)	is	assumed	to	be	substantially	lower,	some	ten	times	lower,	than	
LTE.	This	allows	the	overall	latency	target	of	1	ms	to	be	met	to	satisfy	
new	use	cases	such	as	automotive	safety,	the	tactile	Internet	or	real	
time	control.	Transmitting	control	signals	first,	followed	by	the	data,	
allows	the	processing	of	the	control	information	during	reception	of	
the	data	part.	As	an	example:

	 1.		 Device	sends	scheduling	request	in	UL	in	TTI	#1,	

	 2.		 AP	sends	scheduling	grant	in	DL	in	TTI	#2	

	 3.		 AP	transmits	data	in	DL	in	TTI	#3.	

This	pipeline	processing	is	delay	and	cost-efficient	and	fulfills	the	air	
interface	delay	requirement	of	1ms,	allowing	high	data	rates	and	good	
overall system responsiveness. 

Flexible	TDD	access	also	means	much	better	spectrum	utilization,	as	
the	full	bandwidth	can	be	dynamically	allocated	to	either	link	direction	
based	on	immediate	traffic	needs,	and,	with	the	right	design,	enables	
significantly	reduced	radio	layer	latency.	Furthermore,	using	the	same	
access	technique	for	both	uplink	and	downlink	enables	easy	multi-
hop,	self-backhauling	and	direct	device-to-device	communication	in	
a	cost-efficient	way.	OFDM	and	cyclic-prefix	single	carrier	together	
with	a	TDMA	component	offer	good	massive-MIMO	and	beamforming	
extension	properties	and	a	cost-effective	implementation.	These	
techniques	will	provide	a	high	spectral	efficiency	and	a	maximum	
range,	especially	with	higher	frequencies,	which	allows	more	antennas	
in	the	same	space.	
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4.	 	Energy	Efficiency
The	air	interface	and	system	solutions	developed	for	5G	must	be	
very	energy	efficient	for	devices	in	general	and	enable	years	of	
no-charge	operation	in	support	of	low-cost	wide-area	Internet	of	
Things	applications.	The	5G	radio	system	must	be	designed	with	
these	requirements	in	mind,	and	will	also	benefit	from	dynamic	
TDD,	particularly	in	the	improvement	to	device	battery	consumption	
resulting	from	more	efficient	dormancy	cycles.

As	well	as	addressing	device	energy	efficiency,	5G	will	be	the	first	
radio	system	designed	to	improve	infrastructure	energy	efficiency,	
particularly	important	for	reducing	environmental	impact.	It	would	
also	be	economically	impossible	to	deliver	larger	and	larger	amounts	
of	over-the-air	traffic	without	a	significant	reduction	in	the	energy	
per	bit	delivered.	Furthermore,	when	considering	ultra-dense	network	
deployments,	the	power	consumed	by	each	base	station	can	only	be	a	
small	fraction	of	the	power	needed	in	the	large	wide-area	macro	base	
stations	of	today.

The	lower	transmit	power	used	by	small	cells	in	ultra-dense	
deployments	naturally	bring	down	the	power	per	base	station	
compared	to	the	wide-area	base	station.	As	an	example,	a	modern	
pico	cell	base	station	consumes	a	few	Watts	or	tens	of	Watts,	whereas	
a	large	base	station	consumes	several	hundred	Watts,	but	of	course	
would	also	serve	a	hundred	to	a	thousand	times	more	users	over	a	
vastly	larger	geographical	area.	

The	layered	network	architecture	described	below	offers	a	good	
way	to	provide	coverage	and	basic	capacity	with	wide	area	base	
stations	and	additional	capacity	at	hot	spots	when	needed.	When	
hot	spot	traffic	requirements	are	low	(for	example	in	a	shopping	mall	
or	a	business	district	at	night),	the	small	cell	layers	can	be	partially	
powered	off,	and	turned	on	again	when	needed.	The	need	for	such	
a	feature	has	already	been	recognized	and	addressed	with	LTE	
Rel’12	small	cell	on-off	switching	and	can	be	improved	with	5G.	An	
efficient	air	interface	design	(like	dynamic	TDD)	that	does	not	require	
constant	transmissions	on	all	carriers	for	detection	purposes	allows	
transmitters	and	receivers	to	be	switched	off	even	during	the	shortest	
instances	of	zero	traffic.	The	effect	of	the	transmit	signal	waveform	
on	the	power	amplifier’s	power	efficiency	is	another	aspect	to	be	
considered,	especially	when	looking	at	the	upper	end	of	the	frequency	
range.	This	is	because	the	high	efficiency	translates	to	both	lower	
power	consumption	and	better	achievable	coverage.
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5.  System Integration
The	ultra	dense	network	of	the	future	will	on	average	have	only	a	
few	users	per	cell	for	which	5G	requirements	need	to	be	fulfilled	at	
any	given	time.	However,	users	are	expected	to	use	a	wide	range	
of	different	services	and	applications	with	very	different	traffic	
requirements.	Hence,	the	network	needs	to	adapt	flexibly	to	the	traffic	
conditions	in	each	cell.	The	small	cell	layer	or	layers	providing	capacity	
at	above	6	GHz	spectrum	bands	should	have	features	like	dynamic	
TDD	with	short	TTI	and	low-overhead	frame	structure,	massive	MIMO/
beamforming	with	phased	arrays,	and	direct	device-to-device	links,	in	
order	to	achieve	this	adaptability.	

The	integration	of	the	small	cell	frequency	layer	to	the	wide	area	
layer,	or	where	there	are	multiple	small	cell	frequency	layers,	their	
integration	with	each	other	and	with	the	wide	area	layer,	is	essential	
for	both	efficient	resource	utilization	and	energy	efficiency.	Consider	
a	network	with	a	wide	area	coverage	layer	deployed	at	sub-6	GHz	
frequencies	using	several	tens	of	MHz	of	bandwidth,	a	micro-cellular	
capacity	layer	on	cmWave	frequencies	with	100-200	MHz	bandwidth,	
and	an	indoor	capacity	layer	on	mmWave	frequencies	with	1-2	GHz	
bandwidth.	In	the	simplest	case,	the	device	would	be	connected	to	
one	layer	at	a	time,	depending	on	the	coverage	availability	and	the	
needs	of	the	services	used.	However,	in	some	cases,	such	as	when	
needing	ultra-reliability	with	constant	latency,	a	simple	one-layer-at-
a-time	connectivity	is	no	longer	sufficient	and	a	tighter	co-operation	
between	the	layers	is	needed	to	improve	the	system	performance.

Fig.	3.		Illustration	of	multi-layer	5G	network
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The	underlying	wide	area	layer	has	the	potential	to	act	as	the	
coordination	layer,	simply	by	directing	the	device’s	connection	down	to	
coordinating	the	scheduling	of	different	cells	in	the	small	cell	layer(s)	
for	best	use	of	resources.	The	wide	area	layer	can	also	act	as	the	
signaling	connection	layer,	maintaining	control	plane	connectivity	while	
the	user	plane	is	handed	over	to	the	small	cells.	This	architecture	gives	
advantages	in	terms	of	mobility	and	reliability,	since	the	device	has	a	
fixed	anchor	point	for	a	large	area	and	the	number	of	mobility	events	
is greatly reduced.

6.  Summary
5G	will	be	an	ultra-fast	and	ultra-flexible	communication	network	
including	different	technologies,	but	will	be	transparent	for	the	end	
user	and	easy	to	manage	for	the	operator.	Additionally,	5G	needs	
to	address	the	predicted	large	increase	in	data	traffic	and	will	have	
to	fulfill	the	capacity,	data	rate	and	latency	requirements	of	next-
generation devices.

To	enable	the	capacity	and	data	rate	requirements	for	5G,	new	
spectrum	bands	are	required,	along	with	the	massive	densification	
of	small	cells.	Ultra	dense	small	cells	will	be	a	key	element	of	5G	
deployment	and	these	small	cells	need	to	be	deployed	over	a	wide	
frequency	range.	Hence	the	design	needs	to	be	flexible	enough	so	
that	the	system	could	be	deployed	in	bands	ranging	from	2	GHz	to	
100	GHz.	Both	the	cmWave	and	mmWave	layers	will	support	a	set	of	
common	features	like	dynamic	TDD,	massive	MIMO/beamforming,	
device-to-device	communications,	and	a	frame	structure	with	low	
overhead	and	shorter	frame	size.	Where	the	layers	differ	is	on	the	
use	of	moderate	or	high	bandwidth,	implementation	of	MIMO/
Beamforming	schemes	and	interference	co-ordination	and	 
mitigation	schemes.	

Moreover,	flexibility	is	required	to	support	a	wide	range	of	services	and	
requirements.	The	network	needs	to	support,	for	example,	ultra-high	
reliability	for	critical	communications,	for	example	in	vehicle-to-vehicle	
communications,	but	also	very	loose	reliability	requirements	for	low	
cost	Internet	of	Things	applications,	such	as	reports	from	humidity	
sensors.	High	data	rate	machine-to-machine	applications	can	be	
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supported	with	cmWave	or	mmWave	systems	but	low	cost	Internet	of	
Things	applications	require	low	power,	wide	area	networks.	

The	selection	of	technology	components	for	5G	needs	to	carefully	
consider	the	energy	efficiency,	as	well	as	the	cost	of	infrastructure	and	
end	user	equipment.	

The	final	challenge	is	to	combine	the	vast	variety	of	solutions	for	the	
many	5G	use	cases	as	well	as	multiple	network	layers	into	a	uniform	
user	experience	with	unified	control	of	the	network	operation.	
Different	layers	of	5G	will	be	integrated	into	one	system	together	with	
other	existing	radio	technologies	and	their	evolution.	All	of	these	radio	
access	layers	will	tightly	collaborate	with	each	other	to	ensure	the	best	
user experience.
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