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1. Executive summary
As traffic continues to grow rapidly in the coming years, today’s largely 
macro cell networks will evolve, becoming more tightly packed and eventually 
becoming ultra dense. An ultra dense network (UDN) is one with sites on every 
lamp post or with indoor sites placed within 10m of each other. By 2025 or 
2030, Nokia expects UDNs to be covering most urban indoor and outdoor 
areas with small cells providing cell edge data rates of 100 Mbps to everyone.

When deploying UDNs, operators face key challenges that must be addressed 
to be able to provide subscribers with top quality services while also 
minimizing the network’s total cost of ownership.

For example, site costs can be minimized by using pre-qualified sites to avoid 
lengthy acquisition process, by ensuring optimal used of deployed small cell 
sites, by compact and lightweight small cells that are simple to install and 
remain discreet, and by carefully choosing the right fiber optic or wireless 
backhaul option. 

Once deployed, the operator will need to keep operational expenses low by 
making use of data analytics, extensive automation and redesigning tasks 
and processes. Automation enables an operator to evolve to proactive and 
predictive approaches to network maintenance. Predictive software will use 
intelligent machine-learning algorithms to help spot anomalies that would 
otherwise remain unnoticed.

Multi-connectivity is another vital technology that will support simultaneous 
access via LTE and later 5G networks, as well as aggregating Wi-Fi to those 
networks. A variety of ways to integrate the use of unlicensed spectrum, 
focusing on the 5 GHz band, are available to operators depending on their 
existing level of Wi-Fi deployment.

As networks become denser, cloud-based radio networks will be needed 
to optimize performance, simplicity and TCO. Such functions support 
virtualization on distributed or centralized cloud platforms.

Ultimately, as we move deep into the 5G era, the very high data rates that 
will be needed by around 2030, will exceed the capabilities of LTE and new 
cmWave and mmWave spectrum will be required.
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2. What is an Ultra Dense network?
Nokia expects that by 2020, networks will need to be delivering 1GB of 
personalized data per user per day, profitably. Furthermore, traffic by 2030 is 
predicted to be up to 10,000 times greater than in 2010 and 100 Mbps  
end-user services will need to be supported. 

To be able to support such demand, future networks will need to be very 
dense and multi layered. This paper considers the evolution of today’s 
networks to the Ultra Dense Networks (UDN) of the 5G era. UDN can be 
defined as a network with sites on every lamp post or having indoor sites less 
than 10m apart.
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Figure 1: Projection for global mobile traffic growth until 2030 (5% and 15% 
yearly subscriber growth are shown in the two curves). 2010-2013 data are 
measured data in Nokia Networks.

3. Network solutions for future end-user and 
network demands

Future network requirements are not only driven by growing traffic but also by 
subscribers demands for higher data rates to handle more compelling content. 
A data rate of 1 Mbps which was sufficient for most mobile devices in 2010 
will increase to 10 Mbps in 2020 and 100 Mbps in 2030. Together with more 
subscribers, this will increase monthly data consumption from ~1GB/month 
up to ~30GB/month in 2030. These increases challenge existing networks. 
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Figure 2: Evolution to Ultra Dense Networks.

Today’s networks use macro cells to provide capacity and coverage, 
supplemented by Distributed Antenna Systems (DAS) and Wi-Fi for indoor 
coverage and capacity respectively. The macro layer uses HSPA with LTE 
overlay and small cells are deployed mainly to extend coverage in hard to 
reach places. 

The next phase of network densification includes upgrading the macro 
installation with multicarrier, carrier aggregation and advanced antenna 
solutions. Capacity hot zones will be served via dedicated small cells and Wi-Fi 
offload. Indoor DAS solutions will be upgraded to support LTE.  

Very dense networks will require dense small cell deployment for hot spots 
and indoor sites. DAS will be supplemented by indoor small cells, while LTE on 
unlicensed bands will be deployed as an integrated indoor solution for LTE. 

Beyond 2020, networks will support the Internet of things (IoT) and 
densification to 5G ultra-dense networks. 

Traditional 
networks
(2014)

Denser 
networks 
(2015-2017)

Very dense 
networks 
(2017-2020)

Ultra dense 
networks 
(beyond 2020)

Subscriber data 1 GB/month 2-5 GB/month 5-10 GB/month 20-50 GB/
month

Min. user 
throughput

4 Mbps 8 Mbps 10 Mbps 10-20 Mbps

Spectrum 2x100 MHz 2x120 MHz 2x140 MHz 2x160 MHz

Cellular M2M / 
person

0.1 0.2 0.4 up to 2

Table 1: Requirements and evolution toward UDN (M2M source: Machina 
research)

Page 5 networks.nokia.com



With a typical spectrum allocation as outlined in Table 1 and deployment of 
LTE we can calculate the expected traffic in 2020. Assuming 10 percent of the 
traffic during busy hour in a dense city with up to 100,000 users/km2, the 
number of sites and the traffic density over time scale is shown in Table 2.  
The cell edge spectral efficiency increases from 1-2.5 bps/Hz.

Traditional 
networks
(2014)

Denser 
networks 
(2015-2017)

Very dense 
networks 
(2017-2020)

Ultra dense 
networks 
(beyond 2020)

Site / km2  7 sites 21 sites 26 sites 93 sites

ISD 395m 237m 209m 112m

Traffic volume 
density

~1 Gb/s/km2 ~5 Gb/s/km2 ~10 Gb/s/km2 ~40 Gb/s/km2

Active users 250 625 1000 ~2500

Table 2: Site and traffic density for network evolution towards 2020 and 
beyond.

As Table 2 shows, the average inter-site distance needs to be reduced from 
~400m to ~100m in the coming years. Site density in the densest megacities 
may already be over 100/km2 so UDN is already a reality in a few places today. 

Now let’s look at the different steps needed in network deployment.

4. Traditional networks
Macro cells carry most traffic today, supplemented by small cells in hot 
zones. Increasingly, macro cells are subdivided into smaller cells, boosting 
site capacity significantly. They can be split horizontally and vertically and 
combined with active antenna systems this provides a narrow beam targeting 
only a single or a few users. 

When existing spectrum is used fully, new spectrum such as 3.4-3.6 GHz can 
be considered. New spectrum in the 700, 1400 and 2,700 MHz bands is also 
being considered. The lower spectrum is ideal for macro coverage in all areas, 
while the higher frequencies can be used as dedicated small cell spectrum or 
for macro deployment in cities. 

A DAS is the distribution of cellular RF to a network of antennas within a 
building to provide cellular coverage. It provides an indoor coverage layer 
integrated with the macro layer to handle all voice and data traffic in a 
building. As capacity demand increases, DAS becomes less cost effective and 
higher capacity solutions are needed.
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5. Denser Networks
The key elements to provide more capacity while minimizing cost are:

• Macro sites provide more capacity through multicarrier, carrier aggregation 
and advanced antenna solutions using available transmit power. Existing 
sites can be upgraded to support more capacity at lower cost than 
establishing new sites. 

• Small cells to provide lower cost capacity and coverage at outdoor hot 
spots.

• Small cells to offload the macro network and provide low cost indoor 
capacity. 

• Indoor DAS solutions will be upgraded to LTE for seamless connectivity. 

In a case study of a typical deployment and spectrum allocation in Tokyo in 
2010, Nokia analyzed the impact of increasing the traffic in the network to top 
predicted 2020 levels and beyond. The study concluded that network capacity 
in a dense city can be increased up to 5-700x compared to 2010 using only 
outdoor deployments. Basic coverage is provided by the existing macro cells, 
street level capacity is provided with outdoor small cells and high rise capacity 
with up-tilted macro cells from existing sites.
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Figure 3: Up-tilted directional macro cells

Another deployment option is small cells in traffic hotspots including indoor 
locations. Operators can choose either option to densify their networks.
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6. Very Dense Networks
Indoor deployments can increase capacity even further, most likely through 
evolution of both indoor small cell and outdoor macro and small cell 
deployments. In its case study, Nokia showed that 1000x capacity can be 
achieved using both outdoor small cells and indoor small cells. 100 outdoor 
small cells require 1,700 indoor small cells, while increasing the outdoor small 
cells to 200 cuts indoor cells to 200 (see Figure 4.) This allows a tradeoff 
between indoor and outdoor deployments depending on local factors. Wi-Fi 
was deployed indoors but LTE small cells would perform similarly. The Tokyo 
deployment case corresponds to the definition of UDN for 2020 and beyond. 
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Figure 4: Example of indoor offload via Wi-Fi cells in a dense urban area with 
20 macro sites and 200 micro cells. 

Typical indoor solutions address the future need for very high cell density 
with a pico cluster, which can use an Ethernet network as transport. To 
complement an older DAS using indoor small cells and adding LTE capacity as 
an overlay, Nokia studied a 60 floor high rise with different indoor deployment 
options.

Figure 5 shows an example of the capacity of different indoor solutions in 
the building, with each scenario providing 95 percent coverage. The first case 
uses DAS for indoor coverage and the second uses the DAS infrastructure 
with a small cell on every floor, doubling capacity. Deploying further small cells 
improves capacity significantly. The final case combines DAS in the common 
area and small cells in the offices. The indoor deployment with distributed 
small cells provides significantly more capacity, with the same coverage as 
DAS, at lower cost.
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Scenario # of Enb/small cells 
per floor

# of Antennas Capacity per floor

20W Enb connected 
to DAS

1 per 2 floors 21 56 Mbps

5W small cell 
connected to DAS

1 21 112 Mbps

5W small cell with 
built-in antenna

8 8 543 Mbps

0.25W small 
cell with built-in 
antenna

18 18 1,335 Mbps

5W small cell 
connected to DAS in 
COMMON-AREAS-
ONLY and 0.25W in 
other areas

1 five-W and  
5 quarter-W

19 (14 DAS + 5 Built 
In)

489 Mbps

Figure 5: Capacity of different indoor solutions in 60 floor high rise building.

7. Ultra Dense Networks
Increasing the traffic density in areas like airports and large shopping malls 
requires both outdoor and indoor deployment to provide seamless coverage 
and capacity. Such an example requires indoor LTE small cells, unlicensed LTE 
and WLAN/ 802.11n/ac solutions to complement outdoor macro and small 
cells. 

By 2025 or 2030, Nokia expects UDNs will be covering most urban indoor 
and outdoor areas with small cells providing cell edge data rates of 100 Mbps 
to everyone. These data rates are expected to be common in 2030 UDN 
deployments.

Operator challenges for network densification 

Densifying the network aims principally to keep customers happy by providing 
them with better than expected services. Too many users on the same 
cell will affect accessibility and usability. Operators need to provide users 
with optimum quality while keeping the Total Cost of Ownership (TCO) to a 
minimum. 

The following sections describe these challenges.



8. Interference management and mobility 
concerns

A densified network poses particular concerns for a mobile operator. Today’s 
predominantly macro-based networks will become small cell networks 
with a handful of macros. Operators need a coherent long term strategy 
for deploying small cells because if cells are not planned from the start, 
interference levels can rise dramatically.  

A second aspect is mobility and the desire of subscribers for the highest 
possible throughputs and highest connection reliability. Throughput can be 
damaged by handovers, particularly inter system handovers which should be 
minimized. Tomorrow’s networks will need to carefully balance throughput and 
mobility as well as interference mitigation. 

As the population of cities continues to grow, the network will evolve from hot 
spots (1 or 2 small cells per macro), to hot zones, (4-6 small cells per macro), 
and finally to densified networks (10 or more small cells per macro). Operators 
will also need to re-evaluate existing macro sites as in some cases they may 
no longer be required. 

9. TCO analysis
The Total Cost of Ownership (TCO) for small cells is critical because in a 
densified network the numbers of sites will multiply exponentially. TCO 
comprises both capital and operational expenditures (CAPEX, OPEX) and is 
typically calculated over at least three years to reflect the true ‘lifetime’ cost 
of a network asset. There are several different components that make up the 
TCO for small cells, of which site construction and acquisition are often the 
biggest cost components, despite being a one-off cost. Of recurring costs, 
backhaul transmission usually tops the list, followed by power, lease cost and 
support expenses. 

A long term approach can avoid unnecessary costs. For instance, in the short 
term it may be better to upgrade an existing macro site to 6-sectors to add 
capacity for a particular hotspot.  Yet, in the long-term, it could be best to 
replace the macro sites with small cells instead. From a TCO perspective, it can 
often be cheaper to immediately go for the long term option.  

10. Site location 
A good TCO depends on how easily power and transmission can be brought 
to the small cell site.  By contrast, macro site selection depends on where 
the antenna can provide the best coverage and capacity. Theoretically, the 
number of available sites is greater for small cells because of lower antenna 
height, but choosing the right location can be still challenging.
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Geolocation of network traffic and identifying the most used applications and 
device types are needed to find the right small cell sites. It is also important 
to distinguish between indoor and outdoor traffic to ensure the network is 
dimensioned properly. In-building and outdoor traffic varies greatly between 
cities and in different areas within a city.

11. Site acquisition, municipality acceptance 
and deployment

Sites are often spread between many owners, each with their own rules.  
A ‘menu’ of pre-qualified sites helps to avoid a lengthy acquisition process, 
while discreet enclosures help gain local acceptance of small cells. A further 
opportunity is to share sites with other operators. Such sites may be owned 
by municipalities or run by specialized site management companies.

When densifying the network it is essential that deployment costs are 
less than the cost of macro deployment. To achieve this, a multi-pronged 
approach is needed:

• Lightweight and true ‘all-in-one’ small cells can make installation much 
simpler and faster.

• Standardized site designs can improve efficiency, needing fewer skilled 
staff. 

• Clustering small cells for bulk deployment cuts costs by allowing 
simultaneous planning and installation.

• Automation and remote delivery.  Intelligent Self-Organizing Network 
(iSON) capabilities allow configuration to be automated, enabling faster set 
up times.

12. Backhaul
The small cell use case and location will define the backhaul requirement.  
In principle there are three options that can be chosen:

• Fixed backhaul, mainly fiber when talking about future bandwidth 
requirements 

• Point to point: Line of Sight (LoS), Non Line of Sight (NLOS) wireless 
transmission - each access point will have a microwave radio with a LOS  
or NLOS connection to the macro.

• Point to multipoint wireless transmission – a single backhaul connectivity 
point will serve multiple access points. 
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A specific backhaul solution may not always be viable, increasing TCO. Options 
2 and 3 entail more planning, while option 1 depends on where the fiber 
access is located. As small cells increase, it will be a challenge to ensure the 
link performance is not degraded by changes such as new buildings.

13. Energy (for small cell and energy 
requirements)

Energy in mature markets consumes around 15 percent of the total OPEX for 
an operator for a macro network.
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Diagram 6 

Mobile operator network OPEX 
distribution (in %, Example from 
European markets) 

Source: Capgemini, Operational Cost 
Strategies for Mobile Operators in Europe 
ABI Research, Mobile networks go green 

Energy OPEX 
• 10-15% in mature markets 

• Up to 50% in developing 
markets with high 
proportion of off-grid sites 

Although operators are 
committed to energy 
efficiency many networks 
show a double digit growth 
in energy consumption 

36% 

12% 
9% 

15% 

28% 

Site maintenance 
and rental 

Others 
Backhaul 

Electricity 

Personnel 
expenses 

Figure 6: Energy costs account for significant proportion of network OPEX

Energy consumption can be cut by using more small cells while other 
approaches can include dormancy features (SON based) that can save 
significant amounts of power; e.g. shutdown of carriers (10 percent) or 
switching off MIMO (5 percent).

Other energy reduction measures include optimizing sites based on HetNets 
which can lead to lower RF power on some macro sites; beamforming to 
improve efficiency by cutting interference; distributed systems with baseband 
pooling to improve resource use; and network modernization to replace legacy 
equipment with more efficient modern solutions.

14. Site and small cells ownership models
Traditionally, operators have owned and operated sites themselves; however 
with growing numbers of cells, other models may be more suitable, such 
as neutral hosting and ‘as-a-service’ models where the sites themselves, 
network equipment and even spectrum may be owned by third parties, and 
maintenance may also be outsourced. A Nokia study conducted in a European 
city indicated that a neutral host model could reduce the number of small cell 
sites required by the three operators by 56 percent, while boosting Quality of 
Experience.
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15. Expecting improvements in Quality of 
user experience 

Mobile broadband has become essential and today’s high quality networks 
will not meet tomorrow’s user demands. By understanding the relationship 
between the end user (location, application used and device type) and the 
network (network / cell capacity) an operator can form a deployment plan 
based on projected traffic growth. 

This will become more important where cell coverage is reducing but where 
resourceuse is increasing together with rising demand for minimum network 
quality.

16. Operational impact
An operator in a medium sized country may have 8-10,000 base station 
sites, but as the network becomes denser, the operator may have more 
than 100,000 cells to manage in a complex environment. With this increase 
comes an exponential rise in network data. Yet the operator will need to keep 
operational expenses low using the same number of engineering staff. Solving 
this will involve analytics, extensive automation and redesigning tasks and 
processes.  

Failure of a macro site can affect many subscribers and requires urgent 
attention of an expensive field engineer. However, with small cells, the same 
type of fault can have a much smaller impact on service availability because 
the problem is localized, and the area may be served by other cells including 
the macro umbrella. Operators that have adopted a Service Operations Center 
(SOC) can use advanced service quality management tools and processes 
to quickly establish the precise effects of the fault. Instead of responding 
immediately to individual faults, it may be possible to resolve these as part 
of a routine maintenance call. Operators could consolidate several regional 
NOCs/ SOCs, perhaps also moving the central NOC/SOC to a country with a 
lower labor cost. It is likely that operational processes and quality procedures 
will need to be adjusted, perhaps with the help of an experienced partner.  

With increased network complexity and number of sites, automation will be 
an imperative for operators. They will need to move from traditional reactive 
(‘break then fix’), to proactive (‘health checking’) and finally to predictive and 
cognitive approaches to network maintenance. Predictive software will use 
intelligent machine-learning algorithms to help spot anomalies that would 
otherwise remain unnoticed.
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Figure 7: The role of analytics will increase to deliver a ‘cognitive’ system that 
can interpret early warnings, predict effects, recommend actions and use both 
open and closed loop automation to implement the changes.

17. Network evolution for dense LTE 
Networks

A key to reducing the cost of ultra-dense networks is to increase the capacity 
and coverage from every macro and small cell site. As networks densify, each 
site will serve a lower number of revenue sources so it’s vital to locate network 
elements in the right places to provide the needed capacity. The operator 
must then maximize the spectrum for each network element as well as the 
overall network spectral efficiency. Here, RAN architecture plays a key role.

As small cells become important for capacity and high data rate coverage, 
operators must decide how to integrate small cells into their wide area 
network. Wi-Fi data offload has been widely successful without tight 
integration, but LTE offers more options to integrate small cells (LTE licensed, 
LTE unlicensed, Wi-Fi, and 5G) and further multi-layer integration options 
become available with 5G. These can increase the benefit of having multiple 
radio layers and in particular the installed small cell layer. 

Finally, as cells within the same layer densify, integration options can reduce 
TCO for the cluster as well as improving radio performance.
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18. LTE dense and very dense Heterogeneous 
Networks 

In 3GPP LTE-A heterogeneous network (HetNet) scenarios, 3GPP specifications 
allow operators to make a tradeoff between costs and network performance. 

Options for integrating LTE small cells into the overlay macro are shown in 
9. The first method uses S1 or X2 protocol to coordinate features across 
the small cell and the overlay macro layer.  Depending on the latency of the 
X2 interface, different options are possible. One is to use Release 12 dual 
connectivity where the UE is connected to both the small cell and the overlay 
macro cell. Latency critical functionalities such as layer 1 are located in the 
small cell while Packet Data Convergence Protocol (PDCP) is located in the 
overlay macro cell. 

X2 latency should be below 5-10ms, which is lower than existing X2 links. 
Rates between the macro baseband and the small cell will need to be 
dimensioned according to the full dual connectivity traffic for the small cell 
but the last mile transport to the small cell will still be dimensioned as normal. 

The final option is the deployment of the small cell as a low-power remote 
radio head (RRH) connected to the macro baseband via a fronthaul 
connection. This requires very low latency as well as very high rates for the 
interface, which may be very costly. However, this integration offers some 
unique performance enhancements that may compensate for the additional 
cost. 
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Table 3 summarizes different approaches for integrating LTE small cells to 
macro allowing a tradeoff between performance and cost. Many radio features 
show their value as networks densify. For higher densities (dense to very 
dense), it is often better to split the spectrum between the macro layer and 
the small cell layer.

Case Example LTE HetNet features 
supported

Requirements to transport between small 
cell and overlay macro cell

Shared 
spectrum 
with macro

Dedicated 
spectrum for 
small cell

Interface 
protocol

RTT Latency Interface  
Bandwidth

RRH-CPRI: 
Small cell as 
low-power 
RRH

eICIC with 
range 
extension

Fast ABS 
adaptation

Inter-site 
carrier 
aggregation

Range 
extension

Fronthaul, 
e.g. CPRI or 
OBSAI and 
later GbE 
options

<1 ms Up to ~50 
bits per 
antenna per 
Hz

X2++: Small 
cell with 
tight X2/Xn 
integration

eICIC with 
range 
extension

Fast ABS 
adaptation

Dual-
connectivity

Range 
extension

Backhaul, 
S1, X2

<5 ms ~5 bits per 
antenna per 
Hz

X2+: Small 
cell with 
default X2 
integration

eICIC with 
range 
extension

Fast ABS 
adaptation

Range 
extension

Backhaul, 
S1, X2

<20 ms ~4.5 bits per 
antenna per 
Hz

X2/S1: 
Small cell 
with loose 
X2/S1 
integration

eICIC with 
range 
extension

Range 
extension

Backhaul, S1, 
X2 to macro 
optional

>100 ms ~4 bits per 
antenna per 
Hz

Table 3: Ways of integrating small cells to macro and example LTE HetNet 
features

Figure 9 shows performance for various scenarios. For the shared spectrum 
case, pico cells and macro cells are deployed on the same common 20 MHz 
frequency carrier. A feature like eICIC with range extension can be enabled 
for all the considered transport profiles. Tightening the interface to X2++ or 
even RRH can save ~10-20 percent of small cell site installations for the same 
network performance. 
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For the dedicated spectrum case, effects are more noticeable. Here, the 
macro site is deployed in 10 MHz spectrum while the pico cells are deployed in 
their own 10 MHz bandwidth. Choice of transport is more critical as it enables 
different features. Tightening the interface to <20 ms (e.g. RRH/X2+(+)) 
enables dual connectivity and inter-site carrier aggregation, giving the same 
network performance with 57 percent fewer pico cells. Deploying the pico cells 
as low-power RRHs would allow a 66 percent saving in small cell installations. 
Overall, the Dual Connectivity cases look most attractive since the increased 
transport performance over traditional S1/X2 is very reasonable. 
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Figure 9: Simulation results for 3GPP HetNet reference scenario, total of 20 
MHz bandwidth

19. Multi-connectivity
An overview of different multi-connectivity methods is shown in Figure 10. 
The figure shows the two main options for aggregation; a co-located option 
with LTE licensed small cell co-hosting and aggregating Wi-Fi, unlicensed LTE, 
or later 5G spectrum. The other option is where the macro layer acts as the 
aggregator and integrates small cell sites - LTE licensed/unlicensed, Wi-Fi and 
5G spectrum.
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Figure 10: Overview of Multi-connectivity use-cases
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In the pre-5G era, Wi-Fi will become another access technology option and 
Nokia is working within 3GPP to integrate these technologies. Such integration 
provides full operator control over all radio resources as well as a performance 
boost.

3GPP has developed items to improve the use of unlicensed spectrum:

• LTE Wi-Fi Interworking to enable the operator to control off and onloading 
and gain maximum benefit from its Wi-Fi assets.

• LTE Wi-Fi Aggregation (LWA): aggregating LTE and Wi-Fi spectrum and 
transmissions to create seamless interworking and higher data rates. 

• Licensed Assisted Access (LAA): moving LTE to the unlicensed spectrum 
and aggregating it with licensed spectrum.

The focus for these unlicensed options is on the 5GHz band, which has a lot 
of bandwidth available. A comparison of relative session throughput is shown 
in Figure 11 for a scenario with clusters of small cells within a macro cellular 
network with 10 MHz licensed spectrum and 20 MHz unlicensed spectrum. 
The Wi-Fi or LAA access points are colocated with LTE small cells.
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Figure 11: Mean session throughput as a function of the cell load for R11 
LTE, LTE-Wi-Fi Interworking, LWA and LAA in a small cell scenario for 20 MHz 
unlicensed bandwidth and 10 MHz licensed spectrum. WiFi, LAA collocated 
with LTE small cells

The better performance of LAA over LWA is due to higher peak data rates, 
lower overhead, the presence of link adaptation and HARQ. LAA receivers 
are also more sensitive than Wi-Fi receivers. The better performance of LAA 
and LWA over interworking solutions is because spectrum/systems can be 
used simultaneously. WiFi can add up to 8 x 20 MHz carriers whereas the 
first versions of LAA will be limited to 3 x 20 MHz carriers. A further benefit is 
achieved with LAA and LWA in combination. Due to the Wi-Fi MAC inefficiency 
in serving small packets such as TCP ACKs, significant improvement in the  
Wi-Fi performance is obtained as LAA/LWA serves uplink transmissions on the 
LTE network only.
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If an operator has a large installed Wi-Fi access point base, then applying LWA 
may be less costly than using LAA for those areas. New areas can still use 
LAA, as LAA and Wi-Fi can readily coexist. While almost every device has Wi-Fi 
built in, LAA is expected to follow. One advantage of LWA is that the Wi-Fi 
access point does not need to be co-located with the LTE small cell, as long 
as there is a good interface between them. The main advantage of LAA is the 
better performance, which is especially pronounced under high loads and 
because the operator only needs to deal with one system, as everything is LTE 
based. 
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Diagram 12 

Apply LWA to existing Wi-Fi AP for lower cost Existing Wi-Fi Base 
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there are existing WiFi AP, then it is most cost efficient to use them for 
LWA. 

Co located vs non 
co located 

LAA better than than Wi-Fi, especially under high load situations Performance 

LAA simpler than LWA, as everything is LTE Configuration & 
Optimization 

Figure 12: Factors impacting deployment choice between LAA and LWA

20. Single-vendor and multi-vendor aspects
Small cell solutions will embed feature parity with macro networks from 
the same vendor, ensuring optimal performance of LTE-A HetNet features 
and leveraging common tools for joint optimization and trouble-shooting. 
However, small cell solutions will also be able to function with third party 
macro solutions given proper implementation of S1/X2 interface protocols. 
This  can in many cases offer similar performance gains to those in single-
vendor networks. Figure 13 shows the specific performance measurements of 
deploying Nokia small cells in a multivendor environment, e.g. the experienced 
user throughputs were boosted from an average of 20 Mbps to over 50 Mbps 
for 60 percent of users.  
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Figure 13: Nokia small cell performance in multivendor environment

These gains are made possible by smart in-built features for optimizing  
RF performance in a multi-vendor HetNet environment.
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Interference 
Scenario

Flexi Zone Micro 
Features

Description and 
Benefits

Macrocell Interaction 
Required?

DL Interference to 
Flexi Zone UE

PDCCH Boosting 
with Open Loop Link 
Adaptation

Reduces PDCCH 
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edge. Up to 25% 
improvement.

No Macro Cell 
Interaction (Small 
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DL Frequency 
Selective Scheduler

Avoidance of PDSCH 
interference

UL Interference 
from Flexi Zone UE

UL Inference Aware 
Scheduler

Assign users to 
sub-brands with low 
measured inter-
cell interference in 
order to improve 
the cell edge 
performance. Up 
to 8% throughput 
improvement

Interference Aware 
UL Power Control

Takes into account 
uplink interference 
to neighbors 
when assigning 
power level and 
MCS to UE. Up to 
20% throughput 
improvement.

UL Interference 
to Flexi Zone from 
Macro cell UE

Interference 
Rejection Combining 
Receivers

Advance signal 
processing to reject 
uplink interference 
to provide significant 
improvement over 
max ratio combining.

DL Interference to 
Macro cell UE near 
Flexi Zones

DL Interference 
Shaping

Reserves RBs from 
assignment at FZM 
to allow them to be 
assigned to nearby 
macro UEs. Up to 
10x gain for FZM 
UEs.*
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(Etiquette)
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Flexi Zone UE
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more traffic in areas 
where macrocell in 
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supports dynamic cell 
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through put 
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procedures (Dialog)

* Dynamic adaption possible with X2 CAC interaction

Figure 14: Features supported with Nokia Flexi Zone small cell solution, their 
performance and required level of macro interaction. 
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21. LTE very dense Small Cell Clusters
As inter-site distance reduces, site placement must follow building layouts 
and available space instead of being governed only by propagation and traffic 
conditions. In very dense networks, interference paths are complex and 
cell boundaries become less well planned. Hence, dense small cell networks 
require optimization and the ability to contribute to a robust end-user 
experience in the network. It is in such dense networks that coordination 
provides most value and RAN architecture choices start to be important.

14 © Nokia 2016 

Small Cell C-RAN (CPRI/OBSAI) 

OBSAI/CPRI 
transport 

Low-power RRH 

Baseband pool 

Small Cell C-RAN (GbE) 

Ethernet 1GbE 
transport 

Low-power RRH with pre-proc 

Baseband pool 

Flexi Zone Cluster 

Z1 (X2/S1 grade 
transport) 

Flexi Zone APs 

Flexi Zone controller 

Flexi Zone Access Points 

Flexi Zone APs 

S1/X2 

X2 

X2 
X2 

X2/S1 grade 
transport 

Figure 15: Four integration options for dense and very dense small cells

22. Flexi Zone Access Points
Flexi Zone Access Points denotes the traditional solution where X2 
connectivity is established between all cells that need to coordinate; e.g. for 
handover optimization. Establishing mesh X2 connectivity may not be practical 
to achieve high coordination performance - a lower cost solution is the Flexi 
Zone cluster. 
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23. Flexi Zone Cluster
A straightforward solution to improve performance within the small cell 
cluster and use performance enhancing features such as load balancing and 
coordinated scheduling is to establish fast communications between the 
small cells. As network density increases, it is better to introduce the Flexi 
Zone controller in a common aggregation point that aggregates S1 and X2 
connections and provides additional performance-enhancing features across 
the cluster. Nokia studies have shown that up to 30 percent lower TCO can be 
achieved for the small cell cluster. 

24. Small Cell CRAN (GbE or CPRI/OBSAI)
With access to dedicated fiber or fast Gigabit Ethernet, a final option is to 
build a small cell Centralized RAN (C-RAN) with a single baseband pool that 
integrates all the small cell access points as low-power RRHs. 
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Figure 16: Example setup where Nokia CRAN was hosting live mass event

Using advanced software achieves uplink capacity gains (volume carried per 
PRB) of between 200-300 percent in high load situations. The end-user 
experience improves while the device transmit power drops significantly.
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Figure 17: Live-test results for high load stadium with Nokia C-RAN

For cases like stadiums where cabling is fairly easy, the small cell C-RAN 
architecture provides a TCO efficient solution with unparalleled capacity and 
end-user experience. Operators invest in many hundreds of Wi-Fi or DAS 
access points to achieve sufficient quality of experience, so architectural 
integration combined with good scalability features of LTE technology is a 
clear improvement.

25. Outlook towards 5G ultra dense 
networks

LTE and LTE-A will enable ultra-dense network deployment with minimum user 
cell edge data rates of 10-20 Mbps with monthly subscriber data of 20-50 GB 
data. In 2030 even higher data rates and data consumption is envisioned and 
LTE will no longer suffice. 

It is clear that achieving the above requirements in all cases is not practical. 
Sub-millisecond latency and extreme data rates using new cmWave and 
mmWave spectrum calls for wide distribution of the processing, close to 
the antennas and the end-user. All areas of the networks will not use these 
extreme features. Further, the performance difference between small cell 
and macro layer starts to increase and achieving scalability at lowest possible 
network cost calls for a multi-layer approach. Finally, with UDN levels expected 
in 5G, control and support functions for better network optimization and 
automation will be needed. 
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26. Dense networks and Cloud-based RAN
As networks get denser, cloud-based radio networks become more prominent. 
Dense small cell clusters benefit from control functions that optimize 
performance, simplicity and TCO. Such functions support virtualization on 
distributed or centralized cloud platforms. At the same time, operators will 
need to ensure consistent service experience regardless of the point of the 
access, using multi-connectivity networks. Finally, due to the complexity of 
dense and ultra-dense networks, trouble-shooting and planning mechanisms 
can benefit from increased programmability. 
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Figure 18: Overview of Cloud-Based RAN use-cases for dense networks

27. Summary and conclusions
By 2020, subscribers will expect to download 1GB of personalized data each 
per day. Operators will want to meet these needs but they must do it in a way 
that maintains profitability. 

Achieving this for mobile broadband networks entails meeting a number of 
requirements, of which one of the principle ones is the ability to support up 
to 1,000 times more capacity. It is predicted that traffic by 2030 will be up to 
10,000 times that of 2010. 

Three aspects can be altered to support increased traffic:

• Spectral density

• Amount of spectrum

• Site density 
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Increasing site density presents its own challenges. Future deployments need 
to accommodate very dense and multi layered networks, evolving from today’s 
networks to Ultra Dense Networks (UDN) to form the basis of 5G. UDN can be 
defined as a network with sites on every lamp post or having indoor sites less 
than 10m apart.

Today’s networks use macro cells to provide capacity and coverage, 
supplemented by DAS and Wi-Fi for indoor coverage and capacity respectively. 
The macro layer uses HSPA with LTE overlay. Today’s networks also include 
small cells but mainly to extend coverage in hard to reach places. 

The next phase of network densification includes upgrading the macro 
installation with multicarrier, carrier aggregation and advanced antenna 
solutions. Capacity hot zones will be served via dedicated small cells and Wi-Fi 
offload. Indoor DAS solutions are upgraded to support LTE.  

Very dense networks will require dense small cell deployment for hot spots 
and indoor sites. DAS will be supplemented by indoor small cells.  
LTE unlicensed will be deployed as an integrated indoor solution for LTE. 

Beyond 2020, networks will support the Internet of things (IoT) and the 
densification to 5G ultra-dense networks. 

The main objective for operators when densifying the network is to keep 
customers happy by providing them with top quality services. Tomorrow’s 
networks will need to carefully balance throughput and mobility as well as 
interference mitigation. 

A key to reducing the cost of ultra-dense networks is to increase the capacity 
and coverage from every macro and small cell site. As networks densify, each 
site will serve a lower number of revenue sources.

Traditionally, operators have owned and operated the sites themselves; 
however with growing numbers of cells, some operators are wondering 
whether other models may be more suitable.  Alternative approaches include 
neutral hosting and ‘as-a-service’ models

Wi-Fi data offload has been widely successful without tight integration, but LTE 
offers more options to integrate small cells (LTE licensed, LTE unlicensed, Wi-Fi, 
and 5G).

LTE and LTE-A will enable ultra-dense network deployment providing minimum 
user cell edge data rates of 10-20 Mbps and higher with monthly subscriber 
data of 20-50 GB data. In 2030 even higher data rates and data consumption 
is envisioned and LTE will no longer be able adequate. 5G networks will enable 
significantly higher performance.
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