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Basics
• Fraction of electromagnetic spectrum used for radio communication: 3 kHz to 300 GHz
• Ultra-high frequencies (UHF): 300 MHz to 3 GHz (wavelengths of 1 m to 10 cm)
• Mobile network bands: 800 MHz, 1900 MHz, 2600 MHz
• WiFi: 2.45 GHz and 5.8 GHz (ISM bands)
• Microwave oven: 2.45 GHz (ISM band)
• Millimetre waves: 30 GHz to 300 GHz (wavelengths of 1 cm to 1 mm)

Motivation
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lower PAPR and is better suited to por-
table implementation.2, 3

MIMO 
LTE incorporates multiple-input mul-

tiple-output (MIMO), which uses two 
or more antennas and related receive 
and transmit circuitry to achieve higher 
speeds within a given channel. One com-
mon arrangement is 2x2 MIMO, where 
the first number indicates the number of 
transmit antennas and the second num-
ber is the number of receive antennas. 
Standard LTE can accommodate up to a 
4x4 arrangement.

MIMO divides the serial data to be 
transmitted into separate data streams 
that are then transmitted simultaneously 
over the same channel. Since each signal 
path is different, with special processing 
they can be recognized and separated at 
the receiver. The result is an increase in 
the overall data rate by a factor related to 
the number of antennas. This technique 
also mitigates the multipath problem and 
adds to the signal reliability because of 
the diversity of reception.

The difficultly in implementing MIMO 
arises because of the small size of the 
handset and its limited space for antennas. 
Already, most smart phones include five 
antennas including those for all the differ-

ent cellular bands plus Wi-Fi, Bluetooth, 
GPS, and perhaps near-field communi-
cations (NFC). Most phones probably 
won’t feature more than two LTE MIMO 
antennas, and their inclusion will depend 
on whether or not they can be spaced far 
enough apart to preserve spatial diversity 
with sufficient isolation between them. 
Of course, it’s easier to use more basesta-
tion antennas. A typical LTE arrangement 
appears to be 4x2 to provide optimal cov-
erage with the space available.

DATA RATE 
The data rate actually used or achieved 

with LTE depends on several features: 
channel bandwidth, modulation type, 
MIMO configuration, and the quality of 
the wireless path. In the worst-case situa-
tion, data rate could be only a few mega-
hertz. But under good conditions, data 
rate can rise to more than 300 Mbits/s. 
On average, most practical LTE down-
link rates range from 5 to 15 Mbits/s, 
which is faster than some fixed Internet 
access services using cable or DSL.

ACCESS
Access refers to using the same chan-

nel to accommodate more than one user. 
This is effectively a multiplexing meth-
od. Standard methods include frequency 
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1. LTE transmits data by dividing it into slower parallel paths that modulate multiple subcarriers in the 
assigned channel. The data is transmitted in segments of one symbol per segment over each subcarrier.0207_LTEadv_F1.ai

LTE channel

Subcarrier
spacing 
15 kHz

One resource block (180 kHz)

Frequency

Time

Seven OFDM symbols
(0.5 ms)
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High data rates in today’s 4G LTE mobile networks
(e.g. 300 Mbit/s) are achieved by broadband
communication (OFDM): multiple subcarriers with
slightly different frequencies (15 kHz spaced) carry
information to the user in parallel. Bandwidths range
from 1.4 MHz to 20 MHz (72 to 1320 subcarriers).
In order to achieve higher data rates (e.g. 30 Gbit/s)
in 5G, larger bandwidths are necessary. However, the
bands used for 4G (800 MHz, 1900 MHz, 2600 MHz)
are already fully utilized.
−→ New frequency bands are needed in order
to support higher data rates.

From 1G to 5G

• 1G (AMPS), 2G (GSM, GPRS, EDGE),
3G (UMTS, HSPA, HSPA+), 4G (LTE, LTE-A)

• A new “generation” roughly every decade
• Since 1999 standardised by 3GPP
• 5G standardisation work will start in 2016

(3GPP Release 15)
• First deployments of 5G expected in 2020

Millimetre Waves
• Extremely-high frequencies (EHF): 30 GHz to 300 GHz
• Wavelengths from 1 cm to 1 mm (hence the name millimetre waves)
• Largest part of this spectrum is unlicensed and unused
• Potential of huge bandwidths for the mobile network (>100 GHz)
• To compare, total bandwidth available to LTE today: several 100 MHz
• Millimetre waves have to date been considered impractical for radio communication

Unleashing the 3-300GHz Spectrum

With a reasonable assumption that about 40% of the spectrum in the 
mmW bands can be made available over time, we open the door for 
possible 100GHz new spectrum for mobile broadband 

• More than 200 times the spectrum currently allocated for this purpose below 3GHz. 
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Characteristics of Millimetre Waves
Main difficulty to the application of millimetre waves are their propagation characteristics
that are very different than the ones of UHF waves:

In general, the higher the frequency of an electromagnetic wave, the larger the portion of
the energy that is absorbed by obstacles.

That is, for millimetre waves, there is:
• Higher path loss (signal fades out very quickly)
• Stronger shadowing (dense obstacles, e.g. walls, may block a signal completely)
• Higher penetration losses (signal is attenuated strongly by obstacles, e.g. human body)

Implications of Millimetre Wave Propagation Characteristics

Cell size and form: no omnidirectional antennas
can be used, because the path loss is too high for
achieving an acceptable range with a low transmit
power. Instead, beams are formed and pointed
directly at the individual users. In this way, ranges
of 200 m can be achieved.
Multiple input multiple output (MIMO): for
supporting user-specific beams, the number of
antennas of the base station must be larger than
the number of users connected to the base station.
In massive MIMO, this ratio is typically >100.
Line-of-sight (LOS): because of the high
penetration loss and shadowing, in most cases a
LOS between terminal and base station is required.
Reflection: non-LOS communication might
possible by leveraging reflected paths instead of
the direct LOS path (e.g reflection of the signal at
a wall around the corner of a building).

An MMB base station grid

Inter-cell interference 
significantly suppressed 
due to strong Tx/Rx 
beamforming (Large spatial 
multiplexing capability)

Base stations are visible to Base stations are visible to 
the mobile station as long 
as link budget permits

Large overlap of base 
station coverage area (No 
clear cell boundary)
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Integration With Macro Cells
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Figure 1. MiWEBA system physical topology

B. Control/user plane splitting

The basic idea of control/user plane (C/U plane) splitting is
to enable mobile terminals to receive system information, issue
access requests to a base station and getting assigned radio
resources for high-rate data transmission at a different base
station, see fig. 2. Signaling and data services can be provided
by specialized base stations or implemented as separated and
independent services into the same physical equipment. In the
case of HetNets a possible approach is to have the macro
base station providing the signaling service for the whole area
and the small cells specialized in data resources for high-rate
transmission with a light control overhead and appropriate air
interface.

The main advantage of separation is the removal of the
constraint for which radio resources for data transmission are
assigned by the same base station used for accessing the
service, which is autonomously selected by user terminals.
In terms of energy efficiency, this is a big advantage since
it allows to activate small cells only when needed, with “on
demand” data coverage, while providing everywhere and any-
time service accessibility through the full coverage signaling
function. More in general, the additional flexibility in resource
assignment allows to shift the control of access selection
from mobile terminals to a logical Network Access Entity
(NAE) and to optimize the resource assignment with a larger
view on several parameters, at both user and network side.
The NAE can be implemented as a network virtual function
that can be migrated throughout the network. On a longer-
term perspective, the separation enables new approaches for
sharing infrastructures owned by different operators that can
be managed by the control plane according to the specific
commercial policies they agreed upon, as well as on the
network status and the user characteristics and preferences.

C. Centralized-RAN

Recently, the “C-RAN” approach has been proposed by
different vendors and operators [3], [4]. The main idea of
C-RAN is to shift the baseband processing from the cell to
a central location where coordinated processing and resource
management is performed while the remaining functions are
executed at the antenna location, see fig. 3. This paradigm
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Figure 2. Control/user plane physical links

enables to increase the spectral resource usage as well as the
overall energy and computational costs by exploiting multi-
user, traffic, and computational diversity. Nevertheless, these
gains come at the price of high-capacity links, which usually
implies the deployment of optical fiber links. Small cells will
likely be deployed at about 3-6m above street level (on street
furniture and building facades) to improve the system coverage
[5]. However, at these locations, installing fixed broadband
access (such as fiber links) for backhaul or Line-Of-Sight
(LOS) based microwave links may be too expensive. Hence,
in a given area, different small cells will be characterized by
heterogeneous backhaul connections, with regard to physical
design (wired/wireless), capacity, latency, and topology.
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Figure 3. C-RAN logical architecture

To cope with this challenge, depending on the momentary
backhaul characteristics (in terms of capacity and latency),
service requirements, and network conditions (i.e., load, inter-
ference) only a part of the RAN functionalities can be actually
be implemented at the central coordinator. In particular, we can
envisage three principal functional split options: at the PHY
layer, at the MAC layer, and at the Radio Resource Control
(RRC).

Functional split on PHY layer enables to fully exploit
spatial and computational diversity and by implementing ad-
vanced signal processing mechanisms, inter-cell interference

• Decoupling of user plane (U-plane) for data
transmission, and control plane (C-plane) for
signalling

• Two-layered architecture: multiple millimetre wave
(mmWave) cells inside the coverage of a macro cell

• U-plane via mmWave cell, and C-plane via macro
cell (e.g. 800 MHz)

• Backhaul from mmWave cell to macro cell can be
achieved by millimetre wave beam as well

• Macro cell has overview over “spotty” mmWave cell
environment, and can assist connection
establishment between terminals and mmWave
cells, load balancing, and mobility (handovers, cell
reselections)

Cell Discovery

• In order for a terminal to connect to a mmWave cell, the
terminal and base station must first discover each other, i.e.
pointing their beams towards each other

• Base station can locate terminals by sweeping with its beam
over different sectors of its coverage area

• Causes a significant delay to the association process
• Possibility to speed up by conveying approximate terminal

location to mmWave cell (possibly through macro cell)
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