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EXECUTIVE SUMMARY  
 
MIMO (multiple-input multiple-output), a hot topic in the 
research and standardization of mobile technology for 
many years, has a rather underwhelming deployment thus 
far. Several constraints, including the space limitations at 
both the base station and the handset, and the protocol 
overhead for operating in FDD bands, have slowed the 
progress to go beyond the basic 2x2 MIMO deployment.  
 
Moving forward, however, we foresee that advanced 
antenna system with MIMO will become a more popular 
option in the operators’ toolbox during the evolution to 
4.5/5G, as they gradually exhaust other less costly options 
for boosting capacity, such as upgrading to 256 QAM, 
adding new or refarming existing spectrum bands. 
Expensive as it may be, adding antennas is still cheaper 
than building a new site. 
 
In particular, Multi-user MIMO will be a key building 
block for improving capacity, especially in the sub 6GHz 
bands, as it works for handsets with limited number of 
antennas. Massive MIMO Beamforming with active 
antenna system will be a prerequisite for 5G deployment in 
the millimetre wave bands to achieve the necessary 
coverage. Higher order MIMO can also be employed in the 
upper end of 4G spectrum, such as 2.6GHz or 3.5GHz, as 
small cell deployment for capacity hotspot.  
 
Overall, although MIMO probably has not lived up to the 
hype in the past, there is no doubt it will play a central role 
in the coming years. Consequently, advanced antenna 
solutions will receive growing attention and investment as 
operators continue to evolve their networks on the road to 
4.5/5G. 

 
ABOUT NORTHSTREAM 
 
Founded in 1998, Northstream is an experienced 
management consulting firm providing strategic business 
and technology advice to the global Telecom, Media and 
Finance industries. We help our clients through 
independent and objective analyzes, advice, problem solving 
and support that are tailor-made to our client’s situation. 
Our work is based on a well-balanced combination of 
innovation, industry best practices and in-house 
methodologies. Northstream typically works with: 
 
• Business strategy development and planning 
• Strategic sourcing of systems and services 
• Technology & product strategy evaluation  
• Operational review, optimization and transformation 
• Investment analysis and due diligences 

 
Clients across the world include mobile operators, network 
and device suppliers, application providers, investment 
banks, regulators and industry fora. Contact us to learn 
more about how we can work together to ensure your 
success in the mobile voice and broadband business. 
 
www.northstream.se
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MIMO, or multiple-input multiple-output, has been 
around since the 3G era, with intensive research dating 
back to the early 90s. Despite its long presence in the 
telecom industry, MIMO has remained a rather elusive 
concept for many because of its abstract nature and the 
complex math that usually accompanies its descriptions. 
And this situation is not helped by a constant flow of new 
terms that have emerged in recent years: massive MIMO, 
Full Dimension MIMO, Multi-user MIMO, to name a 
few. 

In this white paper, we intend to provide a straightforward 
view on what MIMO actually is and the differences 
between these confusing terms. More importantly, we will 
share our understanding on what has been holding back 
MIMO deployment despite its often penicillin-like 
promises, and what is its outlook in the evolution of mobile 
networks towards the 4.5/5G. 

THE BASICS 
 
Starting from the basics, MIMO is a method to improve 
either the reliability, capacity or range of the radio 
transmission by utilizing the capabilities of multiple 
antennas on both the transmitter and receiver sides1. The 
benefits of MIMO are realized by three different operation 
modes: Diversity Coding, Spatial Multiplexing and 
Beamforming.  
 
Diversity Coding improves the transmission reliability 
by sending copies of the same data over different 
																																																								
1	Note	 that	 MIMO	 does	 not	 always	 require	 the	 same	 number	 of	
antennas	 on	 the	 receiver	 and	 transmitter	 sides.	 For	 instance,	MISO	
(multi-input-single-input)	 can	 be	 considered	 as	 an	 extreme	 case	 of	
MIMO	where	the	handset	has	only	a	single	antenna. 	

propagation paths between the multiple transmitting and 
receiving antennas. Combining the received signals can 
yield a better reception than relying on a single path 
transmission.  
 
Spatial Multiplexing is perhaps the most representative 
MIMO method. In contrast to Diversity Coding, here 
different data streams are sent over different paths at the 
same time. In theory, it would effectively double (2x2 
MIMO) or quadruple (4x4 MIMO) the throughput. In 
practice, the average improvement is around 30-60% 
when doubling the number of antennas due to the 
overhead of Spatial Multiplexing coding and the lower 
transmit power per antenna. 
 
Beamforming, as its name suggests, shapes the radiation 
pattern (or beam) of an antenna array, so that it has higher 
gain in the direction(s) of the desired signal. Thus, 
Beamforming essentially increases the transmission range 
as if a high gain directional antenna is constantly pointing 
to the mobile 2 . It is ideal for improving cell edge 
performance. 
 
As illustrated in Figure 1, Multi-user MIMO basically 
combines Beamforming, which can point multiple beams 
to different users at the same time, with Diversity Coding 

																																																								
2	There	 are	 three	 types	 of	 Beamforming	 architecture:	 analogue,	
digital	and	hybrid.	The	analogue	architecture	is	the	least	complex.	It	
adjusts	only	the	phase	of	each	antenna	element	and	focuses	the	beam	
to	 only	 the	 dominant	 signal	 path.	 The	 digital	 architecture	 on	 the	
other	hand	provides	best	matches	to	all	the	directions	that	signal	has	
been	reflected	or	refracted	from.	This	is	achieved	by	controlling	not	
only	the	phase	but	also	the	gain	of	each	antenna	element.	The	latter	
requires	separate	digital-to-analogue	converter	and	power	amplifier	
for	 each	 antenna	 element,	 adding	 more	 complexity	 and	 cost.	 The	
hybrid	option	is	a	compromise	of	the	above	two	approaches.		

What is MIMO? 
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or Spatial Multiplexing applied on each individual link. In 
this way, it improves both the individual link throughput 
and the overall cell capacity. For instance, if there is a base 
station equipped with 8 antennas and multiple users with 2 
antennas each, then Multi-user MIMO can be used to 
serve 4 users at the same time with 2x2 Diversity Coding 
or Spatial Multiplexing on each link, potentially providing 
up to 8 times more capacity than a single antenna base 
station. 
 
Finally, Massive MIMO and Full Dimension MIMO are 
not referring to any specific MIMO operation modes as 
described above. Massive MIMO is a general term for 
MIMO system using a large number of antennas (e.g., 
over 100 antenna elements). Full Dimension (FD) MIMO 
is a terminology used in the 3GPP defining system that can 
support Beamforming on both the horizontal and vertical 
dimensions, to differentiate from the basic Beamforming 
which operates on the horizontal plane only. 

MIMO DEPLOYMENT TODAY 
 
As one might conclude from the theoretical discussion 
above, MIMO promises significant benefits for improving 
network quality and capacity. But how has it been used in 
real deployments so far? 
 
Most people using Wi-Fi are probably already using 
MIMO, as Wi-Fi routers have support for 2x2 MIMO 
since 802.11n. And the latest 802.11ac supports 4x4 
MIMO and multi-user MIMO.  

In the mobile networks, the majority of LTE sites today 
use no more than 2x2 MIMO. Only a few operators have 
moved up to 4x4 MIMO on any substantial scale. MIMO 
is primarily used in Spatial Multiplexing mode to boost 
peak throughput and to a less extent in Diversity Coding 
mode for better coverage. To the best of our knowledge, 
Multi-user MIMO has not seen any large-scale operation 
yet. On the handset side, almost all devices are equipped 
up to 2x2 MIMO, including iPhone 7. One of the few 
exceptions that supports 4x4 MIMO is the Samsung 
Galaxy Note 7. 
 
It is not hard to notice the gap between the reality and the 
buzzwords: we are still living in a predominantly 2x2 
MIMO world, a far cry from Massive MIMO. So what 
has been slowing us down? 
 
 
 
  

Different data streamsSame data streams

Diversity Coding Spatial Multiplexing Beamforming Multi-User MIMO

Multiple data streams 
in each radiation beamRadiation beam A Radiation beam B

Figure 1. Three MIMO operation modes and Multi-user MIMO 
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MIMO had very limited adoption at its launch in 3GPP 
Release 7 (2007), mainly due to its unremarkable 
performance constrained by the algorithm performance 
and the processing power of handsets back then. But as the 
algorithm has been getting significant improvements over 
recent iterations and more powerful processors are 
becoming available, the hindrance to MIMO 
implementation has now mostly moved away from the 
“virtual” domain into the “physical” domain. Figure 2 
highlights the main obstacles to Massive MIMO 
deployment. 
 
The primary physical constraint for MIMO 
implementation is the distance between multiple antennas 
at either the base station or the handset side. What was left 
unsaid in the theory part is that for Diversity Coding or 
Spatial Multiplexing to achieve any meaningful gain, the 
propagation paths to each antenna elements must be 
sufficiently uncorrelated. In other words, the antenna 
elements must be placed far apart or have different 
polarizations.  

 
On the base station side, while it is possible to setup 2x2 
MIMO by using a single cross-polarized antenna column, 
anything beyond that (e.g., 4x4 MIMO) requires installing 
additional antenna column(s) some distance apart. The 
distance required between two antennas depends on the 
frequency of the spectrum band used. The lower the 
frequency, the wider is the required distance, which can be 
extremely difficult to meet at lower frequency like 700MHz, 
given the limited space on the site tower. On the higher 
frequencies, e.g., 3.5GHz, the situation is somewhat better 
and several antenna columns can be housed in a single 
radome3. The advent of 5G spectrum in the millimetre 
wave does promise significant reduction in the physical size 
of antenna array and make Massive MIMO a tangible 
solution. 
  
Nevertheless, installing additional antennas means more 
energy consumption, more wind load, more site rental cost 

																																																								
3	For	instance,	at	700	MHz,	a	good	separation	means	1.7	meters	
(equal	to	4	wavelengths),	and	35	centimetres	at	3.5GHz.	

Caveats 

Space 
constraint at 
base station

Power 
amplifier 
energy 

consumption

Channel 
estimation 

overhead in 
FDD

Space 
constraint at 
device side

Fronthaul
(CPRI) 

capacity 
constraint2x2

MIMO
Today

Massive
MIMO
Future

Figure 2. Hurdles to overcome before reaching Massive MIMO 
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and not to mention the actual labour cost. The capacity 
requirement for fronthaul (the data connection between 
radio units and digital units) also scales up with the number 
of antennas used for MIMO, which can become rather 
challenging to meet even with fibre connections4. All these 
problems are multiplied in multiband multilayer sites. 
 
If this distance requirement is hard to meet on the base 
station side, one can imagine the situation on the device 
side. Worse yet, each handset has to accommodate 
different antennas for almost all the available cellular 
bands around the globe, plus Wi-Fi and Bluetooth. And 
because of its limited size, squeezing in more antennas with 
smaller separation will not contribute much to the MIMO 
gain. So it is fair to expect that most of the devices would 
not support more than 4x4 MIMO at least before the 5G 
millimetre wave becomes a reality after 2020. 
 
There is also a legacy issue. Current networks are 
predominantly frequency division duplex (FDD) based, but 
MIMO really shines in a time division duplex (TDD) setup. 
This is because the MIMO algorithm requires accurate 
channel condition knowledge, which can be directly 
measured through the uplink transmission in TDD without 
any overhead. In contrast, FDD uses different frequencies 
for up and downlink, forcing the uplink to carry extra 
feedback data measured in the downlink transmission. This 
overhead significantly limits the capacity gain of MIMO in 
FDD. 
 
These caveats above are the key reasons we believe why 
MIMO beyond 2x2 has not been as widely adopted as one 
might expect. Some of these hurdles can be sidestepped, 
for example, by moving to higher frequency bands to 
minimize the space requirement and starting to use TDD 
bands instead to avoid the feedback overhead. But these 
challenges will remain for the vast majority of the legacy 
systems deployed today in sub 6GHz FDD bands. And 
even the new ones in the higher frequency TDD bands will 
still face issues like high energy consumption and fronthaul 
capacity constraints before Massive MIMO deployment 
becomes truly practical. 

																																																								
4	For	instance,	the	capacity	requirement	is	over	320	Gbps	for	the	
CPRI	(common	protocol	radio	interface)	connection	between	the	
radio	unit	and	the	digital	unit	system	with	64	elements	over	200	MHz	
bandwidth.		
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Moving forward we foresee that higher order (beyond 2x2) 
MIMO will become a more popular option in the operators’ 
toolbox during the evolution to 4.5/4.75G, simply because 
there are not that many alternatives for increasing capacity, 
and the air interface spectral efficiency is already reaching 
the Shannon bound. As operators gradually exhaust other 
less costly options for boosting capacity, like upgrading to 
256 QAM, adding another carrier or refarming 2G 
spectrum to 4G, they will soon resort to advanced MIMO 
solutions to meet the ever growing traffic demand. 
Expensive as it may be, adding antennas is still cheaper 
than building a new site.  

MIMO ROLE IN 4.5/5G  
	
In particular, we consider Multi-user MIMO as a very 
tangible solution during the 4G evolution to achieve 
substantial capacity improvement, especially for 
deployments in the higher ends of 4G spectrum bands, for 
example, 2.6GHz or 3.5GHz. As discussed earlier, Multi-
user MIMO can leverage the larger number of antennas at 
base stations with Beamforming and concurrently serve 
multiple devices equipped with far fewer antennas. 
 
 
 

Road to Massive MIMO in 4.5/5G era 

Figure 3. Main options for improving throughput and capacity in LTE and 5G 
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This promises significant improvements of cell capacity 
even if each device employs only 2x2 MIMO Spatial 
Multiplexing5, as these devices no longer have to share the 
time/spectrum resources in a congested cell.  
 
MIMO will play an even bigger role in 5G, as 5G will 
introduce a new air interface and more importantly new 
spectrum bands in the much higher frequency range (above 
6GHz or the millimetre waves). The propagation 
characteristic of these higher bands means Beamforming is 
a prerequisite for providing any meaningful coverage. 
Hence, MIMO is no longer an option but a must in this 
paradigm shift from cell centric to beam centric 
architecture.  
 
Together with the much wider spectrum bandwidth, the 
higher frequency band also brings the benefit of much 
smaller antenna element and required separation distance 
in-between. This means Massive MIMO can actually be 
implemented without massive footprint and even in the 
handset end. One of the downsides of high frequencies is 
that the Spatial Multiplexing gain becomes much more 
sensitive to the mobility of user devices6. The narrower 
beam in high frequency also means tracking the user 

																																																								
5	But	there	is	also	a	catch	here.	Today	the	common	design	practise	for	
Multi-user	MIMO	 antenna	 array	 is	 to	 separate	 the	 antenna	 elements	
with	only	half	wavelength	distance	apart	in	order	to	keep	it	compact.	
This	 small	 separation	 distance	 is	 good	 for	 Beamforming	 to	 shape	
sharp	 beams,	 but	 it	 is	 insufficient	 for	 adjacent	 antenna	 elements	 to	
achieve	 the	 low	 correlation	 required	 for	 proper	 Diversity	
Coding/Spatial	Multiplexing.		Therefore,	the	maximum	number	of	data	
streams	(sent	to	multiple	devices)	 is	much	lower	than	the	number	of	
antenna	elements.	
6	This	 is	 because	 the	 coherent	 time	 during	 which	 channel	 condition	
remains	static	 is	much	shorter	 in	higher	 frequencies	and	the	channel	
estimate	becomes	less	accurate.	

becomes more challenging. These are partly the reasons 
why the first 5G deployment with New Radio (the name 
used by 3GPP for 5G air interface) will be for the fixed 
wireless application. Verizon, the U.S. operator driving the 
fixed wireless agenda, expects it to become commercial in 
2017, and will gradually add support for mobility as the 
standard continues to develop. 

ANTENNA EVOLUTION 
	
The consequence of the growing importance of MIMO is 
that many more antennas will be needed, to the extent that 
the new antenna design and deployment options will 
become necessary. Currently, most of the base station 
antennas are passive, connected through feeder cables to 
radio units that are either located within the base station 
cabinet on the ground or hung on the rack as radio remote 
unit (RRU). Massive MIMO with passive antenna will not 
be viable mainly because of the sheer amount of feeder 
cables needed, even with state-of-the-art multiplexers.  
 
Here enters active antenna, the logical next step as we move 
the RF components closer and closer to the antenna. This 
time the antenna directly integrates the radio unit, 
eliminating the need for feeder cable altogether and 
streamlining the deployment. It is an attractive solution 
especially for small cell densifications with higher order 
MIMO deployed in the higher frequency bands. 
 
One important implication of putting so much intelligence 
and complexity inside the antenna is that buying active 
antenna system from a third party probably will not be an 
option, because the interface between radio unit and digital 
unit is only partially standardized. Every vendor will 
implement its own proprietary solution that makes the 
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Figure 4. The evolution of antenna solution and the rise of active antenna system in the 4.5/5G era 
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active antenna only work with its own digital unit. This 
means that base station equipment vendors will likely grab a 
slightly bigger pie in the value chain, unless the game rules 
are challenged by new players with a potentially substantial 
weight, such as Facebook’s Telecom Infra Project. 
 
In the lower frequency bands, we expect passive antenna to 
stay as the mainstream option, because the space limitation 
and regulations make it impractical for operators to deploy 
several single band active antenna systems to replace the 
existing passive multiband ones. But passive single radome 
antenna will continue to evolve with increasing complexity 
to support more multi-band sharing and a gradual 
migration from 2x2 to 4x4 MIMO in the near future. 

IN CONCLUSION 
	
Although MIMO probably has not lived up to the hype in 
the past, there is no doubt it will play a central role in the 
operators’ network deployment/upgrade strategy in the 
coming years, with Multi-user MIMO being the key option 
for capacity improvement in the 4G evolution and 
Beamforming the prerequisite for 5G mmWave technology. 
Advanced antenna solutions, including both more complex 
passive antennas and large scale active antenna systems, will 
receive ever growing attention and investment as operators 
continue to evolve their network on the road to 4.5/5G. � 
 


