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15EC81: Wireless Cellular and LTE 4G Broadband

1 Course Syllabus
Mod 1 : Evolution of Cellular systems, LTE features & Wireless fundamentals
Mod 2 : Multi carrier modulation, OFDMA, Multiple Antenna Transmission & Reception
Mod 3 : Channel structure of LTE & Downlink Transport Channel Processing
Mod 4 : Uplink Channel Transport Processing & Physical Layer Procedures

Mod 5 : Radio Resource Management & Mobility Management

2 Course Outcomes

At the end of the course, you will be able to:

CO1 : Understand the system architecture and functional standard specified in LTE 4G

CO2 : Understand the modulation.technigques for LTE and.communication using multiple antenna.
CO3 : Analyze the role of LTE radio interface protocols and its channel structure.

CO4 : Test the performance of resource management and packet data processing and transport
algorithm.

CO5 : Demonstrate the UTRAN handling process from setup to release including the mobility
management for a variety of all data cell scenarios.
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Module 1
Part 1: Evolution of Cellular Technologies & LTE Features

1 Topics Covered

1. Evolution of Mobile Broadband

2. First Generation Cellular Systems

3. 2G Digital Cellular Systems

4. 3G Broadband Wireless Systems

5. Beyond 3G:HSPA+, WiMAX, LTE

6. Key Requirements of LTE Design

7. Key Enabling Technologies and Features of LTE
8. LTE Network Architecture

2 Evolution of Mobile Broadband

e Before 1892 - Theoretical basis for radio dommunication - Nikola Tesla, Jagadish Bose &
Alexander Popov

e 1897 - Marconi demonstrated radio communication & awarded patent for it.

e 1934 - AM Radio Systems used in US.

e 1935 - Edwin Armstrong demonstrated FM.

e 1948 - Claude Shannon published theory on Channel Capacity: C' = Blogs(1 + SNR)
e 1960 to 70 - Bell labs developed Cellular concept.

e 1983 - AMPS (Advanced Mobile Phone Service) launched in Chicago.

e 1991 - First Commercial GSM in Europe.

e 1995 - First Commercial launch of CDMA (IS - 95).

e 2001 - NTT DoCoMo launched first commercial 3G service.

e 2005 - IEEE 802.16e standard, the air - interface for mobile WiMAX, completed & approved.
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e 2007 - First Apple iPhone launched.
e 2009 - 3GPP Release 8 LTE/SAE specifications completed.

3 First Generation Cellular Systems

e The United States, Japan and parts of Europe led the development of cellular wireless systems.

e These systems were characterized by analog modulation schemes & were designed primarily for
delivering voice services.

e Japan’s Nippon Telephone & Telegraph Company (NTT) implemented the world’s first com-
mercial cellular system in 1979.

e Europe’s Nordic Mobile Telephone (NMT - 400) system implemented automatic handover &
international roaming.

e The more successful first generation systems were AMPS in the United States.
e Major First Generation Cellular Systems are

— AMPS (Advanced Mobile Phone Service)

— ETACS (Extended Total Access Communication Systems) in Europe
— NTACS (Nippon Total Access Communigation Systems) in Japan

— NMT - 450 / NMT - 900

4 2G Digital Cellular Systems

e Improvements in processing abilities of hardware platforms enabled the development of 2G
wireless systems.

e 2G systems were also focused on voice transmission, but used digital modulation techniques.

e Shifting from Analog to Digital enabled several improvements in system performance.

1. System capacity was improved through the use of spectrally efficient digital speech codecs.

2. Multiplexing techniques were used to accommodate several users on the same frequency
channel.

3. Frequency re-use enabled by better error performance of digital modulation.

e Major 2G Cellular Systems are
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1. GSM : Introduced in 1990
2. blackIS - 54 / IS - 136: Introduced in 1991
3. IS - 95: Introduced in 1993

e Besides providing improved voice quality, capacity & security, 2G systems also enabled new
application.

That is Short Message Service (SMS)
e In addition to SMS, 2G systems also supported low data rate wireless data applications.

e These systems supported circuit switched data services.

5 3G Broadband Wireless Systems

e The circuit - switched paradigm based on which 2G systems were built, made these systems
very inefficient for data, hence only low - data rates were supported.

e 3G systems employed packet data services. Hence provided much higher data rates.
e Voice quality significantly increased.

e 3G systems also supported multimedia, Web browsing, e - mail & interactive games.

Major 3G Standards are

— IMT - 2000

— Wideband CDMA (W - CDMA)

— CDMA 2000 (3G evolution of 1S-95)
— EV - DO (EVolution Data Only)

— HSPA (High Speed Packet Access)

6 Beyond 3G

e From 2009, mobile operators around the world started planning their next step in the evolution
of their networks.

e Major technologies are

— HSPA+
- WiMAX
- LTE
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7 Key Requirements of LTE Design

LTE was designed with the following objectives in mind to effectively meet the growing demand.
1. Performance on par with Wired Broadband.

e High throughput and Low latency
e Data rate targets: 100 Mbps for Downlink & 50 Mbps for Uplink

2. Flexible Spectrum Usage.

e Operators can deploy LTE in 700 MHz, 900 MHz, 1800 MHz & 2.6 GHz Bands.
e LTE supports a variety of channel bandwidths: 1.4, 3, 5, 10, 15 & 20 MHz.

3. Co-existence and Interworking with 3G Systems as well as Non-3GPP Systems.

4. Reducing Cost per Megabyte.

8 Key Enabling Technologies & Features of LTE

To meet its service and performance requirements,| LTE design incorporates several important en-
abling radio & core network technologies. They are:

1. Orthogonal Frequency Division Multiplexing (QFDM)

2. Single Carrier Frequency Domain Equalization (SC-FDE) and SC-FDMA
3. Channel Dependent Multi-user Resource Scheduling

4. Multi antenna Techniques

5. IP - Based Flat Network Architecture

8.1 Orthogonal Frequency Division Multiplexing (OFDM)

e OFDM has emerged as a technology of choice for achieving high data rates.
e [t is the core technology used by a variety of systems including Wi-Fi & WiMAX.
e The following advantages of OFDM led to its selection for LTE:

— Elegant solution to multipath interference.
— Reduced computational complexity.

— Graceful degradation of performance under excess delay.
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8.2

8.3

8.4

— Exploitation of frequency diversity.
— Enables efficient multi-access scheme.
— Facilitates use of MIMO.

— Efficient support of broadcast services.

SC-FDE and SC-FDMA & Channel Dependent Multi-user Resource
Scheduling

Single Carrier Frequency Domain Equalization (SC-FDE) is conceptually similar to OFDM but
instead of using IFFT, it uses QAM symbols with cyclic prefix.

The uplink of LTE implements a multi-user version of SC-FDE, called SC-FDMA, which allows
multiple users to use parts of the frequency spectrum.

OFDMA allows for allocation in both time & frequency and it is possible to design algorithms
to allocate resources in a flexible and dynamic manner.

Multi-antenna Techniques

The LTE standard provides extensive support for implementing advanced multi-antenna solu-
tions to improve link robustness, system capa¢ity and spectral efficiency.

Multiantenna techniques supported in LTE include:

— Transmit diversity
— Beam forming

— Spatial multiplexing
— Multi-user MIMO

IP - Based Flat Network Architecture

The access network of LTE, E-UTRAN, simply consists of a network of eNodeBs, as illustrated
in Figure.

For normal user traffic (as opposed to broadcast), there is no centralized controller in E-
UTRAN; hence the E-UTRAN architecture is said to be flat.

The eNodeBs are normally inter-connected with each other by means of an interface known as
X2, and to the EPC by means of the S1 interface.
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9.1

The protocols which run between the eNodeBs and the UE are known as the Access Stratum
(AS) protocols.

The E-UTRAN is responsible for all radio-related functions.

LTE Network Architecture

LTE includes the evolution of:

— the radio access through the E-UTRAN (Evolved - Terrestrial Radio Access Network)

— the non-radio aspects under the term System Architecture Evolution (SAE)
Entire system composed of both LTE and SAE is called the Evolved Packet System (EPS)
At a high-level, the network is comprised of:

— Core Network (CN), called Evolved Packet Core (EPC) in SAE
— access network (E-UTRAN)

A bearer (a messenger) is an IP packet flow with a defined QoS between the gateway and the
User Terminal (UE).

CN is responsible for overall controlof Ul _and establishment of the bearers.

Evolved Packet Care Architecture

Main logical nodes in EPC are:

— Packet Data Network Gateway (PGW)
— Serving Gateway (SGW)
— Mobility Management Entity (MME)

EPC also includes other nodes and functions, such as:

— Home Subscriber Server (HSS)
— Policy Control and Charging Rules Function (PCRF)

EPS only provides a bearer path of a certain QoS, control of multimedia applications is provided
by the TP Multimedia Subsystem (IMS), which is considered outside of EPS.

E-UTRAN solely contains the evolved base stations, called eNodeB or eNB
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Figure 2: Evolved Packet Core Architecture

9.2 Four new elements of EPC
1. Serving Gateway (SGW)

e It acts as a demarcation point between the RAN & core network.

e [t manages user plane mobility.
2. Packet Data Network Gateway' (PGW)

e [t acts as the termination point of the EPC toward other networks such as Internet, private
IP network or the multimedia service.

e It provides functions such as user IP address allocation, policy enforcement, packet filtering
& charging support.

3. Mobility Management Entity (MME)
e [t performs the signaling and control functions to manage the user terminal.
4. Policy & Charging Rules Function (PCRF)

e It is a concatenation of Policy Decision Function (PDF) and Charging Rules Function
(CRF).
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10 Home Work Exercise Questions

1. List out the features of major First Generation Systems.

2. List out the features of major 2G systems.

3. Draw GSM Network architecture and explain its sub-components.

4. Explain CDMA (IS-95) and its evolution.

5. Compare the features of major 3G Standards.

6. Write a note on HSPA.

7. What were the key requirements of LTE design? Briefly explain them.

8. Discuss the key enabling technologies of LTE.

9. What are the advantages of OFDM that has led to its selection for LTE?
10. Explain the IP - based Flat Network Architecture.

11. With a neat block diagram, explain the fL.TE, Network Architecture and describe briefly the
four new elements provided in it.

Sanjay M. Belgaonkar, Dept. of ECE, RNSIT 11



15EC81:WC & LTE 4G Sanjay M. B., ECE, RNSIT

NTR

Module 1
Part 2: Wireless Fundamentals

Topics Covered

1.
2.

1

The Broadband Wireless Channel
Cellular Systems

Fading

Modeling of Broadband Fading Channels
Mitigation of Narrowband Fading

Mitigation of Broadband Fading

The Broadband Wireless Channel

In this topic we discuss the fundamental factors affecting the received signal in a wireless system,
And how they can be modeled using the different parameters.

Here we introduce the overall channel model) and discuss the large - scale trends that affect
this model.

In discrete-time, the overall.channel'modél is'describéd-using a simple tap-delay line (TDL).

hlk,t] = hod[k,t] + hi0[k — 1,t] + -+ - + h,d[k — v, t]

Here, the discrete-time channel is time - varying and has non - negligible values over a span
of (v+ 1) channel taps.

1
Here its assumed that the channel is sampled at a frequency fs = —=

T
where T is the symbol period.

Hence, the duration of the channel is vT.

Assuming that the channel is static over a period of (v+1)T seconds, the output of the channel
can be described as
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ylk,t] = > hlj tlalk — j] = hlk, 1] = z[k]

k=—o00

1
where x[k] is an input sequence of data symbols with rate T

In a simple notation, the channel can be represented as a time-varying (v+1) x 1 column vector.

Although this tapped-delay line model is general and accurate, it is difficult to design a com-
munication system for the channel without knowing some of the key attributes about h(t).

Path Loss

The first obvious difference between wired and wireless channels is the amount of transmitted
power that actually reaches the receiver.

Assuming an isotropic antenna,is-used,as shown-in figuresbelow
The propagated signal energy expands:over a.spherical wavefront.

Therefore, the energy received at an antenna a distance d away is inversely proportional to the
sphere surface are, 47wd?

The free space path loss formula or Friis formula, is given more precisely as
\G,G,
P, r P, tit‘
(4md)?

where P, and P, are the received & transmitted powers and ) is the wavelength.

, 1
As observed in Friis formula, P, oc \?, which means that P, o -

f

Clearly, higher frequencies suffer greater power loss than lower frequencies.

As a result, lower carrier frequencies are generally more desirable, and hence very crowded.
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Figure 1: Free space propagation
e Therefore, bandwidth at higher carrier frequencies is more plentiful, more consistently available
on a global basis, and almost always less/expensive.
e Hence, a high-rate, low-cost system would generally prefer to operate at higher frequencies.
e But, the terrestrial propagation environment isinot free space.

e The reflections from the-Earth-or other objects-would actually increase the received power since
more energy would reach the receiver.

e However, because a reflected wave often experiences a 180-degrees phase shift, at relatively
large distances the reflection serves to create destructive interference.

e Therefore, the common 2 - ray approximation for path loss is:

_ Pt GfGTh/?h,Q

p, o

which is significantly different from free-space path loss in several aspects.

1.1.1 Empirical Path Loss Formula

e In order to more accurately describe different propagation environments, empirical models are
often developed using experimental data.
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Figure 2: Shadowing can cause large deviations from path loss predictions.

One of the simplest and most common is

d
Rzﬂ%ﬁW

where « is the path loss exponent and the measured path loss Py at a reference distance of dy

Shadowing

Obstacles located between Trans_.mitter &fReceiver leause temporary degradation in received
signal strength.

Modeling the locations of all objects in every possible communication environment is generally
impossible.

Therefore, a random effect, called as shadowing, is introduced to measure these variations.

With shadowing, the empirical path loss formula becomes

d
P, = PPox()"

where Y is a sample of the shadowing random process.

Hence, the received power is also now modeled as a random process.

The shadowing value x is typically modeled as a lognormal random variable, that is
x = 10°/1° wherex ~ N(0,0?)

where N (0, 02) is a Gaussian (Normal) distribution with mean 0 and variance o2
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Thus, shadowing is an important effect in wireless networks because it causes the received SINR
to vary dramatically over long time scales.

In some given cell, reliable high-rate communication may be nearly impossible.

Cellular Systems

In cellular systems, the service area is subdivided into smaller geographic areas called cells.
Each cell is served by its own base station (BS).

In order to minimize interference between cells, the transmit power level of each BS is regulated
to be just enough to provide the required signal strength at the cell boundaries.

The same frequency channels can be reassigned to different cells, as long as those cells are
spatially isolated.

The reuse of the same frequency channels should be intelligently planned in order to maximize
the geographic distance between the co-channel base stations.

Some advantages of Cellular systems are:

2.1

Cellular systems allow the overall system capacity to increase by simply making the cells smaller
& turning down the power.

Cellular systems support user mobility, seamless call-transfer from one cell to another is pro-
vided.

The handoff process provides a means of the seamless transfer of a connection from one BS to
another.

Small cells give a large capacity & reduce power consumption.
Primary drawbacks are, system needs more Base Stations, and their associated hard-

ware costs, and the need for frequent handoffs.

Cell Sectoring

The performance of wireless cellular systems is significantly limited by co-channel interference

(CCr).

This comes from other users in the same cell or from other cells.
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Figure 3: Standard figure of a hexagonal cellular system with f = 1/7
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{a) 3-sector cells (b} 6-sector cells

Figure 4: 3-Sector (120-degree) and 6-Sector (60-degree) cells.

o In Cellular Systems, Other Cell Interference (QCI) is a decreasing function of the radius of
the cell (R) & the distanieeyte thécenter of the neighbeuring co-channel cell and an increasing
function of transmit power: ' : '

e Since the SIR is so bad in most of the cell, it is desirable to find techniques to improve it
without sacrificing so much bandwidth.

e A popular technique is to sectorize the cells, which is effective if frequencies are reused in each
cell.

Directional antennas are used instead of omni-directional antenna at the base station.

3 The Broadband Wireless Channel: Fading

e One of the most disturbing aspects of wireless channels is the fading phenomenon.

e Unlike path loss or shadowing, which are large-scale attenuation effects due to distance or
obstacles, fading is caused by the reception of multiple versions of the same signal.

e The multiple received versions are caused by reflections that are referred to as multipath.
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Figure 5: The channel may have a few major paths with quite diffrent lengths, and then the receiver
may see a number of locally scattered versions of those paths.

e Depending on the phase difference between the arriving signals, the interference can be either
constructive or destructive.

e This causes a very large;obseryed-differencein thesamplitude of the received signal even over
very short distances.

Let us consider the time-varying tapped-delay line channel model.
e As either the T'z" or Rx" move relative to each other, the channel response h(t) will change.

e Movement in the propagation environment will also cause the channel response to change over
time.

e This channel response can be thought of as having two dimensions:
a delay dimension 7 & a time dimension t

e Since the channel is highly variant in both the 7 & t dimensions, in order to be able to discuss
what the channel response is we must use statistical methods.

e The most important & fundamental function used to statistically describe broadband fading
channels is the two-dimensional auto correlation function, A(A7, At).
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And it is defined as

e The channels described by this auto correlation function are referred to as Wide Sense Sta-
tionary Uncorrelated Scattering (WSSUS).

e This is the most popular model for wide band fading channels.

From the auto correlation function, following wireless channel parameters can be estimated.

1. Delay Spread, 7
2. Coherence Bandwidth, B,
fev
c

. Doppler Spread, fp =

3

4. Coherence Time, T,
5. Angular Spread, 6,
6

. Coherence Distance, D,
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4 Modelling Broadband Fading Channels

e In order to design and benchmark wireless communication systems, it is important to develop
channel models that incorporate their variations in time, frequency and space.

e The two main classes of models are Statistical model & Empirical model.
e Statistical models are simpler and are useful for analysis & simulations.
e The empirical models are more complicated, but usually represent a specific type of channel

more accurately.

4.1 A Pedagogy for Developing Statistical Models
The methods for modelling wireless channels are broken into three steps:

Step 1 : First consider just a single channel sample corresponding to a single principle path between
the Txz" & Rx", that is

h(7,t) — hod(T,1)

Attempt to quantify: How is the value of 15| Istatistically distributed?

Step 2 : Next consider how this channel sample /g evolves over time, that is:
by t) > ho() 0T)
Attempt to quantify: How does the value |hg} change over time?

Step 3 : Finally, h(7,t) is represented as a general time varying function.

4.2 Statistical Channel Models

e The received signal in a wireless system is the superposition of numerous reflections or multi
path components.

e In this section, we will overview statistical methods that can be used to characterize the am-
plitude & power of received signal r(t) when all the reflections arrive at about the same time.

e The following statistical models are considered in this section:

1. Rayleigh Fading Model
2. Line-of-Sight Channels - The Rician Distribution

3. A more general model: Nakagami - m Fading
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Figure 7: One second of Rayleigh fading with a maximum Doppler shift of 10 Hz.

4.3 Rayleigh Fading Model

e Rayleigh fading is a reasonable model when there are many objects in the environment that
scatter the radio signal before it arrives at the receiver.

e The in-phase (cosine) and quadrature (sine) components of received signal r(t) follow two
independent time - correlated Gaussian random processes.

e The distribution of the envelope aniplituder| = | /12 + ré is Rayleigh distribution.

_ 9
() ]j:

e The received power |r|* = r] + 13 is exponentially distributed.

1

f‘7,‘2(.’17> P

= 7512/}1;1, >0

= — P >0

e The GRVs r; and rg each have zero mean and variance o?=P,/2.

e The phase of r(t) is defined as 0, = tan’l(T—Q)
rr

e This phase is uniformly distributed from 0 to 27, or equivalently from [—m, 7]
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4.4

4.5

4.6

LoS Channels - The Rician Distribution

An important assumption in the Rayleigh fading model is that, the arriving reflections have a
mean of zero.

For LoS signal, the received envelope distribution is more accurately modelled by a Rician
distribution.

It is given by

T )

xXr (224 42) /202
fl?‘\(x) — ;e (z+p?)/2 fo(

where 12 is the power of the LoS component and
Iy is the 0" order, modified Bessel function of the first kind.

The Rician phase distribution 6, is not uniform in [0, 27] and is not distributed by a straight
forward expression.

It is more generalization of the Rayleigh distribution.

A more general model: Nakagami - m Fading

The Nakagami distribution is relatively new, being first proposed in 1960.

It has been used to model attenuation of wirelessssignals traversing multiple paths and to study
the impact of fading channels on witele§s' communications!

The Probability Density Function (PDF) of Nakagami - m fading is parameterized by m and
is given as

‘ 27nmx2mf] i
f\v\(l) = W@ /Pr', m 2 0.5
The power distribution for Nakagami fading is
m—1
mymx —mz/ P .
f‘7,|2(.’l/') = (F) Wff /P ,m 2 0.5

Empirical Channel Model

Actual environments are too complex to model accurately.

In practice, most simulation studies use empirical models that have been developed based on
measurements taken in various real environments.
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e In 1968, Okumura conducted extensive measurements of base station to mobile signal atten-
uation throughout Tokyo and developed a set of curves giving median attenuation relative to
free space path loss.

e To use this model one needs to use the empirical plots given in his paper. This is not very
convenient to use.

e So in 1980, Hata developed closed-form expressions for Okumura’s data.

4.7 LTE Channel Models for Path Loss : Hata Model

According to Hata model the path loss in an urban area at a distance d is:
Ly = 69.55 + 26.16log10( f.) — 13.82log19(hp) — a(h,) + [44.9 — 6.55l0g10(h5)]l0g10(d)

where

Ly = Path loss in Urban areas (dB)

hp = Height of BS antenna (meters)

fe = Carrier Frequency (MHz)

a(h,) = Antenna height correction factor
d = Distance between BS & MS (Kms)

4.8 COST Hata Model

e Hata model is intended for large cells with BS being placed higher than the surrounding
rooftops.

e Both Okumura & Hata models are designed for 150-1500 MHz and are applicable to the first
generation cellular systems.

e The European Cooperative for Scientific and Technical (COST) research extended the Hata
model to 2 GHz as follows:

PL,Urbam =46.3 + 33910g10(fc> — 1382l0g10(ht) — (]J(hr> + [449 - 655l0g10(ht)]l0g10(d) + Cm

e This model is restricted to the following range of parameters:

Carrier Frequency 1.5 GHz to 2 GHz
Base Antenna Height 30 m to 300 m
Mobile Antenna Height 1 mto 10 m
Ditance d 100 m to 20 Km

e COST Hata model is designed for large and small macro-cells, i.e., base station antenna heights
above rooftop levels adjacent to base station.
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Figure 8: SNR vs. BER

Mitigation of Narrowband Fading

5.1 The Effects of Unmitigated Eading

layer of a communication system.

by the following bound:
Pb < 0'2671.55NR/(M71)

The BER decreases rapidly (exponentially) with SNR.

5.2 Techniques to mitigate fading

The following techniques are used to mitigate the effects of fading.
1. Diversity - Spatial Diversity
2. Coding and Interleaving - Using ECCs or FECs
3. Automatic Repeat Request (ARQ)

4. Adaptive Modulation and Coding (AMC)

The probability of bit error (BER) is the principle metric of interest for the physical (PHY)

For a QAM - based modiilatignsystem, the, BER iair AWGN (no fading) can be approximated

So decreasing SNR linearly causes the BER to increase exponentially.
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5.2.1 Spatial Diversity

Diversity is the key to overcome performance loss from fading channels.

Spatial diversity is a powerful form of diversity, and particularly desirable since it does not
include redundancy in time or frequency.

It is usually achieved by having two or more antennas at the receiver and / or the transmitter.

The simplest form of space diversity consists of two receive antennas, where the stronger of the
two signals is selected.

This type of diversity is called as Selection Diversity.

Mitigation of Broadband Fading

Since the data rate R is proportional to 1/T, high data rate systems almost invariably have
multi path delay spread & hence experience very serious inter symbol interference (IST).

Choosing a technique to effectively reduce ISI is a central design decision for any high data
rate system.

OFDM is the most popular choice for reducing ISI in high rate systems, including WikFi,
WiMAX and LTE.
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WC & LTE 4G broadbard- 15ECH1: Module 3: Chanme] structure of LTE

Module - 3

Module-3 covered by chapters 6, and 7 from the prescribed test book “Fundamentals of LTE” by
Arunabha Ghosh, Jan Ehang. Jefferey Andrews, Riaz Mohammed,

6. Owverview and Channel Structure of LTE:
= Introduction to LTE
= Channel Structure of LTE
= Downlink OFDMA Radio Resource
=  Uplink SC-FDMA Radio Resource
7. Downlink Transport Channel Processing:
= Overview
»  Downlink shared Channels
*  Downlink Control Channels
*  Hroadeast channels
& Multicast channels
=  Downlink physical channels
*  H-ARQon Downlink

i% FI]Ud!lL'

= Following Acronyms are used in
o Mobile Terminal (MT)
o Bose Station (BS)
o 3rd Generatipeba mﬁf
Ruidio ﬂntem.Qf r e e
o Core Network(cap) & ' ! 10 0T
o UMTE Terrestrial Radie Access Network [UTRAN)

o

o

Universal Mobile Telecommunications Service {(UMTS)
Evelved Packet Core [EPC)

Evelved Packet System (EPS)

Everdved UMTS Terrestriol Rodio Access (E-UTRA)

o Evolved UMTS Tervestrial Radio Access Neowork (E-UTRAN)
o Radio Network Controller fRNC)

o Evolved Node-8f feNode-B)

o High-Epeed Packet Access (HSPA)

o GEMAEDGE Rodio Access Network [GERAN)

o High Speed Downlink Packet Acoess (HSDPA )

LR =]

=}
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6.1 Overview of the LTE radio interface;

= The radio interface of a wireless network is the interface between the Mobile Terminal (MT)

and the Base Station [B5)

= 3GPP divides the whaole LTE network into a radio aceess network and a core network,

= 3GPP focuses to develop UTRA, b, ¢ 36 RAN developed within 3GPP, and on optimizing 3GPP"s
overall radio access architecture.

= Another parallel project in 3GPP is the Evolved Packet Core (EPC), which focuses on the Core
Nerwark evolution with a flatter all-1P, packet-hased architecture,

# The complete packet system consisting of LTE and EPC is called the Evaolved Packet System
{(EPS).

= LTE is also referred to as Evolved UMTS Terrestrial Radio Access [E-UTRA), and the RAN of
LTE i= also referred to as Evolved UMTS Terrestrial Radio Access Network [E-UTRAN).

# The RAN architectures of UTRAN [3G]) and E-UTRAN (LTE} are shown in Figure 6.1

= N

LITHAN E-LTHAN

|:\Cul |IJ |’-.-.I|' Hi l Kk~ |HI'—-1 'N-Ll:

ki j LJ H@ o

Figure ﬁq’t‘é .f E UTRAN

® The main architectural di erenr,;e arg, in E- IJTRAI"I [4G] el EhB I= compased of RNC and

Mode-B of UTRAN (3G) and eNade-Bs ar&mtermnne-ctad

# The eNode-B supports additanal features, such as
I Radio resource control
2 Admizsion control and
3. Mobility managemeant
= The above three functions were ariginally performed in the RNC of UTRAN. This simplor
structure simplifies the network operation and allows for higher throughput and lawer
fatency over the radio interface.
# The LTE radio Interface aims for a long-term evalution, so it ks designed with a clean slate

approach add-on to UMTS in order to increase throughput of packet switched services,

Prof. Suresha V', Depi. ol E&C, KV G CE Sullia, DE-57 4327 Poge, 2
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6.2 Introduction to LTE

= LTE was designed primanly for high-speed data services, which is why LTE Is a packet-
switched network from end toend and bas no support for cireait-switched services,

# The low latency of LTE and s soephisticated quality of service ((Jo5) architecture allow a net-
work to emulate a circuit-switched connection on top of the packet-switched lmmework of

LTE. For example voice over LTE or Vol.TE.

6.1.1 Design Principles of LTE *#*
& Following are the basic design principles that were agreed upon and fallowed in 3GPP while

designing the LTE specifications. It includes

Network Architecture

Lhria Hate and Latency

Performance Requirements: Specirum Efficiency, Mobility, Coverage, MBMYS service

Radit Resource Management

Deployment Scenario and Co-existence with 36
Flexibility of Spectrum and Deployment

7. Interoperability with 3G and 26 Networks

1. Network Architecture: |

Mo oA WoMom

o Basically LTE has flat nevwork krchitecture, It was designed to support purely packet-

switched traffic with support for verious (os classes of services.

o LTE ks different by use of clean slate design ?[ fppnrt-i packet switching for high data rate

fs.l-nr.ms from the bﬂ 0 t e S

o The LTE radio access n.e-h-unr, E LITRA"I wils e{FcJ d.e-ilgn.ed to have the minimum
number of Interfaces a.nd suppnrt !ur rral'ﬁ{' belnngkng to all the Qo5 clagses such as
conversational, streaming, real-time, non-real-ome, and background classes,

2. Data Rate and Lotency:

o Data rate: The design peak data rate target in LTE for downlink 100 Mbps and uplink 50

Mbps, when operating at the 2006 Hz channel size,

o Latency: The one-way latency in the user plane is 5 ms inan unloaded network, that is, if only
a single UE s present in the cell, For the control-plane latency, the transition time from a
camped state to an active state is less than 100 ms, while the transition tme between a
dormant state and an active state should be less than 50 ms,

3. Performance Requirentents:

o The performance requirements for LTE are specified in terms of

i Spectrum efficiency i, Mobility (i Coverage fe MBMS Service

Frof. Suresha V, Dept, of ERC, KWV & CE Sullia, D.K-574 317 Page. 3
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L Spectrum Efficiency: The average downlink user data rate and spectrum efficiency tarpet is 3
tin 4 times that of HSDPA [36G) network, For uplink the average user data rate and spectrum
efficiency target is 2 to 3 dmes that of HSUPA network The cell edge throughput should be 2
i 3 times that of HSDPA and H5UPA,

ik Mobihite: The mobility requirement for LTE s to be able to support mobility at different
moblle terminal speeds. Maximum performance at lower mobile speeds of 0 to 15 km/hr.
With minor degradation in performance at higher mobile speeds up to 120 km /hr, LTE is also
expected to be able ta sustain a connection for mobile speeds up ta 350 km/hr but with
significant degradation in the system perfarmance.
ik Coverage: Good performance should be met up to 5 km, Slight degradation of the user
throughput B tolerated cell ranges up to 30 km. Cell ranges up to 100 km should not be
precluded by the specifications. The above coverage performance depends on user mohbility.
iv. MEMS Service: LTE should also provide enhanced support for the Multimedia Broadcast and
Multicast Servioe (MBMS) compared to UTHA (3G) operation.
4. Radiv Resource Manogement(REM ): ERM requirements cover various aspects such as
Enhanced support forend-to-end Qo
— Effickent support for transmission of higher layers
- support for load shanng,/alancing alij pelicy management/enforcement across different
access technologies,

5. Deployment Scenario and Co- e with | 36G: LTE shall support the following two
deployment scenarios:

i Sramdolone rfeprevs4 £Ib::ep@ LTE wither with no previous
network deploved in ﬂ,l{! area ar Ewi]lh m:l:__reHuJ_!iemem: for interworking with 2g and 3g
nasbvvn rks.

i Integrating with existing UTRAN and/or GERAN deploymeni scenaro: where the operator
already has either a UTRAN [3g} and/or a GERAN [2g] network depleyved with full or
partial coverage in the same geographical area.

&, Flexibility of Spectrum and Deploviment:
o LTE was designed to be operable under a wide variety of spectrum scenarios, including its
ability to coexist and share spectrum with existing 3G technologies
LTE was destgned to have a scalable bandwidth from 1.4MHz to 20MHz
o LTE was designed to operate in both FDD amd TDD modes,

[}

Frof SureshaV, Dept. of ERC. KVG CE Sullia, DK-374 327 Page. 4
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7. Interoperability with 36 and 26 Nedworks:
o Multimode LTE terminals, which support UTRAN and/or GERAN operation with acceptable

terminal complexity and network performance.

- ———— FATRAN -.-I—' EFC
- H-H

Bn [ 1]

! | &

i .
] 1] [T]

e CL €
“men

Flscdin L i AR L]

6.1.2 Network Architecture* ™
= Figure 6.2 shows the end-to-end network architecture of LTE and the various components of
the network.
=  The entire LTE network is composed of
o The radio access network || -LI"J"R.A..'!-M&'
o The core network fEPC). :

RSN

€1

MM H5s

R

Bad

LTE-La
I'E

Figure 6.2 LTE end-to-end network architecture,

Prof. suresha V, Dept, ol &G, BV G CE Sullia, D.K-574 327 Fage. 2
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# The maincomponentsofthe E-UTRAN and EPC are
1. UE [wser Equipment}): It | also called mobile terminal, It 5 an access device for user. Provides
measurements that indisate channel conditions to the network
2. ENode-EB: It also called the basze station. It interface UE to EPC and ks the first point of contact
for the UE The eNode-E i= the only logical node in the E-UTRAN, so it Indudes some functions
such as

Radio bearer management,

= B

Uplink cnd downlink dvnemic radie resource manggement
Dota packel scheduling

Mahility management

3]

=

3. Mobility Monagement Entity fMME): MME is simitar in function to the control plane of legacy
Serving GPRS Support Node [SGENL [£ manages mobility aspects such as gateway selection
and bracking area list management

4. Servimg Goreway (Serving GW): It terminates the meerface toveard E-UTRAN, and routes data
packets between E-UTRAN and EPC. It perform local mobility anchor point for inter-eNode-B
handovers and also provides anan Lhnr rinter-3GPP mobility, The Serving GW and the MME

may be implemented in one phT ical no 1.‘- m]sepame physical nodes, Other responsibilities
include

o Lenwful intercept,

e motESAlree
5. Packet Data Ne esponsibilitles of PDN GW

o e terminates the SGi 0 wr;"'uw tovvard the Potket Data Network [PON)
o Mt routes dota packets between the ERC and the external PON, ond is the key node for policy
enforcament and charging data collection.
o M also provides the anchar point for mability with nen-2G6PP socesses
o The external PON con he any kind of IP network as well as the IP Maltimedia Suhsystem
[IMS) domiin
o The PON GW and the Serving GW miy be implemented in one physical rode or separated
physical nodes.
6. 51 Imterface: The 51 interface is the interface that separates the E-UTRAN and the EPC [t is
split into twao parts:
i The Si-U: [tcarries traffic data between the eNode-B and the Serving GW.
. The 51-MME:Itis asignaling-only interface between the eNode-B and the MME.

Frof Surssha V., Deet, of EEC, KV G CE Sullin. DE-5T4317 Piaze, &
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70 AZ Interface: The X2 interface is the interface between eNode-Bs. It always exists between
eMode-Bs that need to communicate with each other, for example, for support of handover, It
consisting of bwo parts:

i TheXZ-CItis the control plane interface bebween o Mode-Bs,
L TheX2-U:(tisthe user plane interface between eNode-Bs.

. Policy and Charging Rules Function {(PCRF): It s for policy and charging control.

9, Home Subscriber Server (M55): I is responsible for the service authorzation and user
authentication

10. Serving GPRS Support Node [SG5N): [t is Tor controlling packet sessions and managing the
mahility of the UE for GPRES networks,

6.1.3 Radio Interface Protocols*™

=  The LTE radio interface 15 designed based on a layered protocol stack which can be divided

intes Conerol Plane [CP) and User Plone (UP) protocol stacks and s shown in Figure 6.3,

ool plate Ulser plase
L : "
i i i
‘
i
Figure 6.3 The LTE radio | POCH
interface protocol stack.
La we |
| i I

= The LTE radio inh:npgllingw{fﬂ

1. Radio Resource Contiol {Fﬁl.'(:j ‘|J'|'|i5 ]ii}rrll'puriﬁrrllis the contral plane functions including
o Paging
o Mairtenance amd redease of an BRE connection

lowing

o  security handling
o mobility ond Q08 management
2. Packet Data Convergence Protocol [PDCP): There |5 only one PDCP entity at the eNode-B

and the UE per bearer. The main functions of the PDCP sublayer include

o AP pucket header compression ond decompression bosed on the RObust Header Compression
(ROHC]) protacal

o Liphering of date ord sigoaling

o dntegrity protection for sigoaling

Frof juresha V, Dept, of E&GC KV G CE Sullia, DR-574 327 Fage. 7
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J. Radio Link Control {RLC): The main functions of the RLC sublayer are
o Segmentation and concatenation of data units,
o Error correction through the Automatic Repeat request [AR() protocol.
o Inesequence delivery of packets to the higher kayers

& lcoperates in three maodes:

i, The Transparent Mode (TH): The TM mode is the simplest one, without BELC header
addition, data segmentation or concatenation and it Is used for specific purposes such as
random acress.

i, The Unocknowledged Mode (UM): This mode allows the detection of packet loss and
provides packet reardering and reassembly, but does not require retransmigsion of the
missing protocol data units (PDLU=).

i, The Acknowledged Mode (AM): The AM mode is the most complex one, and it is
configured to request retransmission of the missing PDUs in addition to the features
supported by the UM mode. There is only one RLC entity at the eNode-B and the UE per
bearer,

4, Medium Access Control [MAC): There is only one MAC entity at the eNode-B and at the UE.
The main functions of the MAC sublayer include
o Ervor correction through she Hporid- (H-ARQ] meckanism

o Mapping between logical channels and transgort chonnels
o Multiplexing/demultiplexing o
o Priovity Randli wgen ligicalohangel f

o Priority f:-and.hm téngs% ﬂf S‘aﬁ

o Ik responsible fortran spi}rtifni'n1at selectiofn of schieduled UEs  which indudes

I Selection of modulation formot
il Cede rate

fransport bocks,

0. MIMO rank and power level

5. Physical Layer (PHY): The main function of PHY & the actual ransmission and reception of
data in forms of transport blocks, The PHY is also responsible for various controel mechanisms
such as
o Sgnoling of H-ARQ feedbock
o Sgnaling of scheduled allocations

o Channel measurements

Prof Surssha V, Dept, of E&C. KW G CE Sullia, D.B-574 317 Page. 1
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The mdio interface protocol architecture and the SAPs between different layers.

& Logical channels provide services at the SAP between MAC and RLC layers
= Transport channels provide services at the 5AP between MAC and PHY layers

=  Physical channels are the actual implementation of transport channels over the radio

interface.

6.3 LTE Communication Channel*** ;
= The imfocmation flows between the different protocls layers are known as channels, These are
used to segregate the different types of data and allow them to be transported across different
layers.
+« These channels provide interfaces to each layers within the LTE protocal stack and enable an
arderly and defined segregation of the data.
» Channels are distinguished based on kind of information they carry and by the way in which the
information is processed,
* LTEuses three classes of channels{see fig 6.6]:
1. Logical channels: Define what type of information is transmitted,
£, Tronsport channels: Define how this informarfon transmicted,
3. Physical chonnels: Define where I-r.rxlm‘ this inform abion

— Lngl-l:-ll Channels
Laver 3 Radio Risomrce Control (REC) f E
Layer2 Meliim Aceess Contrul (MAC) \,.“,ui e Tran ipnrt Channels
Transport Clasmels
Lawer 1 Fhysical Layer (FHY) | Ph'l'ﬂﬁ‘* Channels

Figure &.6: LTE channel structure
6.3.1 Logical Channels: What to Transmit
# Logical channels are used by the MAC to provide services to the RLC.
=  Eachlogical channe is defined based on the type of information it carries.
= In LTE. there are two categories of logical channels depending on the service they provide:
1. Logical Control Channels: Which carries the signaling information in control plane
2 Logical Traffic Channels: Which carries the date information in user plone

Frof. SureshaV, Dept, of E&RC. KV G CE Sullia, D.K-374 3217 Fage. 10
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1. The Logical Control Channels (LCC): which are used to transfer control plane information.
Control Channel can be either common channel or dedicated channel, A common channel means
commaon to all users in a cell Point to multipoint while dedicated channels means channels can be
used onlky by one wser Point to Point 1t include the following types:

a. Broadeast Control Chanmel {BCCH): These channels are used o brosdcase svstem control
information to the mobile terminals in the cell, including downlink system bandwidth,
antenna configuration, and reference signal power. Due to the large amount of information
carried on the BUCH, it is mapped to two different transport channels: the Broadcast Channel
{BCH) and the Downlink Shared Channel [DL-SCH).

b, Multcost Control Choanel (MOCH): A point-te-multipeint downlink channef wsed for
transmitting control information to UEs in the cell. It is only used by UEs that receive
multicast ‘hroadcast services.

. Paging Controd Channel {PCCH): A downlink channel that transfers paging information o
registered UES in the cell, for example, in case of a mobile-terminated communication session

d. Commen Condred Chanmel [CECHE: A bi-directional channel for transmitting  control
information between the network and UEs when no REC connection ks available, implying the
UE is nob attached to the network such as in the idle state. Most commonly the CCCH s used
during the random access procedure.

e, Dedicated Control Channel (DCCH): A pr‘nt-rnfpnlnt, bhi-directional channel that transmits

dedicated control information between o UE and the network. This channel is used when the

the UE iz attaghed to the network,

REC connection is available, that i
e information, include:

o The logical trafic channels, which are to transfer user
a. Dedicated Traffic Et 54 nIB glanal channel used between a
given UE and the nﬂgcq e@t othupii andﬂ:ﬂlﬁ:.
b, Mmlticast Traffic Cﬂnﬂnef';‘MTder A u.n'ldll'nincth:':hai'. point-to-multipoint data channel that

transmits traffic data fraom the networlk to UEs. It is assoctated with the multicast,/broadeast

Seryice

6.3.2 Transport Channels: How to Transmit

+ The transport channels are uged by the PHY to offer services to the MAC.

+ These channel is basically characterized by how and with what characteristics data is transferred
over the radlo interface, that is, the chanrnel coding seheme, the moduiation scheme, and andenna
Mapmng.

& Transport channels are classified in to

1. Downlink Transpert Channels
2 Uplink Transport Channels

Frof. Suresha ¥, Dept, of E&C. KV G C E Sullia, DK-574 327 Fage. 11
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1. Downlink Transport Channels
A Downlink $hared Cha nnel {DL-5CH):
o These channel are used for transmiiting the downlink data, including both control and traffic
data, and thus it is associated with both legical control and logical traffic channels,

It supports H-ARQ, dynamic link adaption, dynamic and semi-persistent resource allocation,

UE discontinuous reception. and multicast/broadcast transmission

o By sharing the radio resource among different UEs the DL-SCH is able to maximize the
throughput by allocating the resources to the optimum UEs,

b. Broadcast Channel {BCH):

5 A downlink channel associated with the BCCH logieal channel and is used to broadeast system
information over the entire coverage ares of the call,

o It has a fixed transport format defined by the specifications.

. Multicast Choannel (MCH):

o These channels are associated with MCCH and MTCH  logical channels for the
maulticast/broadcast service,

o It supports Multicast/Broadcast Single Freguency Metwork [MESFN] transmission, which

transmits the same information oh the "-el!i' radlio resource from multiple synchronized base

statbons to multiple UEs.
d. Paging Channel {PCH):

o These are associated with the BOCH logi i
o Itis mapped to L!:,'n m @ l'g 1 @ @qulmﬂ for broadcast over the

entire cell coverage area.

o It is transmitted on the Ph:,'md[ Downlink Shared Channel [PRSCHY and supports UE
discontinuous reception,

2. Uplink Transport Channels

a, Uplink Shored Channed (UL-SCH):

o It can be assodated to CCCH, DCCH, and DTCH logi cal channels.

o It supports H-ARG, dynamic link adaption, and dynamic and semi-persistent resource
allocation

b. Randoem Access Chanrel (RACH):

o Aspecific ransport channel that is not mapped to any logical channel

oIt transmits relatively small amounts of data for initial access or, in the case of RRC, state
changes

# The data on each transport channel is arganized into transport blocks.

= The transmission time ofeach transport block, also called Transmission Time [nterval [TTI).
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= |n LTETTLis 1 ms TT1is also the minimum interval for link adaptation and scheduling decision.

= Without spatial multiplexing, at most one transport block 15 transmitted to a UE in each TTI; with
spatial multiplexing, up 10 two transport blocks can be transmitted in each TTI to a UE.

# Besides transport channels, there are different tvpes of control Information defined in the MAC
layer, which are important for various physical layer procedures. The defined control information
Includes
1. Downlink Control Information (DETE:

It carries inlormation related o down-link fuplink scheduling assignment, modulation and
coding scheme, and Transmit Power Contral [TPC) command, and is sent over the Physical
Dovwnlink Control Channel [PIGCH],

The DCEsupports 10 different formats, hsted in Table 6.1,

Tabde b.1 DLl Format
Format Carried [nfermat mn

Fommst 1 Tplink eebaednbing assignmen

Forinst | Iormdilkink =

Formst 1A | Cu di il . chomTN scheddibing bor ofid- il wircd and ranidom i firi-
taelLir

L
Formist 1B | Comipace dem ||-E - 4] -il' awlewanl with precesding mbm-

ik | |

Fertinat 148 '-'-r_l, feeiibitial .I.ﬂ lisk g WP ofe codewsedd

Fonmst 10 | Cisnpacs  deeml l i [t |
~ f‘—l'].l

+ podiwrard with piessnckmg and

Format 2 Dhersenlin ke =edhogul k lowope spui tisl mduigdos-
T atkdartTerd AT a
Formnsr JA | !:hluﬂulﬂn: .-fl:l'ﬂ'u-ll.:‘a: Il. *.:m e ? .I:ml'. I.‘. |-‘|-..|g‘-| WThii] .|'_":;I|l K-

1D Mmeoiits

Fufimsl 4 TN P itisds Tl PEDCE snd PUSTH ik S8 peowsr madi
Fermst A | 1T commands for PLICCH snd PLUSCH wath 1-Bat power adjis

2. Controf Formal Indicator {CFT):
It indicates how many symbols the DL spans in that subframe.
o Ik takes values CFl = 1, 2, or 3, and 15 sent over the Physical Control Format Indicater Channel
[PCFICH]),
3. H-ARQ indicator [HI):
o Ik carries H-ARQ acknowledgment in response to uplink transmissions, and is sent over the
Physical Hybrid ARQ Indicator Channel (PHICH)
Hi = 1 for a positive acknowled gment [ACK) and Hl = D for a negative acknowled prment {NAK).
4. Uplink Control Information [UCT):
It ks for measurement indication on the downlink transmission, scheduling request of uplink,
and the H-ARC acknowledgment of downlink transmissions.
The UCI can be transmitted either on the Physical Uplink Control Channel {(PUCCH] or the
Fhysical Uplink Shared Channel {PUSCH]
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6.3.3 Physical Channels: Actual Transmission
+ Each physical channel corresponds to a set of resource elements in the time-frequency grid
that carry information from higher layers.
# The basic entities that make a physical channel are resource elements and resource blocks.
+  Physical channels are classified into
L Downlink Physical Channels
2 Uplink Physical Channels
1. Downlink Physical Channels
a. Physical Downlink Control Channel (PDOCH):
o It carries information about the transport format and resowrce allocation related to the
DL-SCH and PCH transport channels, and the H-AR() information related to the DL-SCH.
o It alse informs the UE about the transport format, resource allocation, and H-ARQ
information related to UL-SCH It & mapped from the DCL transport channel.
b. Physical Downlink Shared Channel (PDSCH):
o This channel carries user data and higher-layer signaling. It is associated to DL-53CH.
.. Physical Broadeast Channel (PBCH):

nsport !mn | and carries system information.

o Itcorresponds to the BCH tr
d.  Physical Multicast Channel [PMCH ):

o Itcarriers multicast/broade

e Physical Hybrid-, In naed [ :
o This channelﬁ t- N ] EI;@’ ank data tramsmissions It is

mapped from the HI transport channel, |
f.  Physical Control Format Indicater Channel {PCFICH):

for the MEMS service

o Itinforms the UE about the number of OFDM symbals used for the PDCCH. It is mapped
from the CFl transport channel.
2. Uplink Physical Channels
a.  Physical Uplink Control Channel [PUCCH):
& Ivearries uplink control information including Channel Quality Indicarors (CO1), ACK
SHAKs for H-ARD in response o downlink transmission, and uplink scheduling requests.
b. Physical Uplink Shared Channel [PUSCH):
o Itcarries user data and higher layer signaling, It corresponds to the UL-5CH transport
channel,
. Physical Random Access Channel (PRACH):

o This channel carries the random access preamble sent by UEs,
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+ Besides physical channels, there are signals embedded in the downlink and uplink physical layer.
which do not carry information from higher layers. The physical signals defined in the LTE
specilications are

1. Reference signal: [t is defined in both downlink and uplink for channel estimation that
enables coherent demodulation and for channel guality measurement to assist user
scheduling.

2. Synchromization signal: It is split into a primary and a secondary synchronization
signal, and is onby defined in the downlink to enable acguisition of symbol iming and the
precise frequency of the down link signal

6.3.4 Channel Mapping

+ These all three types of channel are present in Downlink as well as Uplink direction. Mapping of
these channels is shown in below pictures.

# MNeed to exist a good correlation based on the purpose and the content between channels in
different layers. This is achieved by
1. Mapping between the lagical channels and transport channels at the MAC SAP.
2. Mapping between transport channels and physbcal channels at the PHY SAP.

#« The allowed mapping between different channel types is shown in Figure 6.6 and mapping

between control information and phy$ical '.'hi.-.ﬂL'hi- is shown in Figure 6,7,

ICH MCCH AMTTH

Lagicad
rhamals
Tranmgmid
chamiely
|1'|:,1|-_-_¢ _..-'"—\-\.\ ._.a-'-\.,l A r“ = F I.--'
chameds e S e Sy, S s
LEa ] 1MECH PLSCTI LIS i WA
Figure 6.6 Mapping bersssn differant chaana rypes
: (L&} L Hl (LN
Cumrirul o f-- Ficn T o Y _';-'_'--‘_ ______ _|.-'_‘-.._ _____
[SUTITEE e g '-1-" “r -;"
0 Y . Y A W
II
Py - | e e — e P "!-. e
:h:!:::lh e _:-r> q‘-\_.-r':l ‘M__-} "‘-\-__-‘.I {\._.-"
PO PCFICH FHICH gl PLSCH
Figure 6.7 Mapping of coatral indormation wo piysical chanmeis
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6.4 Downolink OFDMA Radio Resources*™

« [p LTE, the downlink and uplink use different transmission schemes due to different
considerations

# The multiple access in the downlink is based on OFDMA. In each TT1, a scheduling decsion is
made where each scheduled UE is assigned a certain amount of radio resources in the time and
frequency domain.

= The radio resources allocated to different UEs are orthogonal to cach other, which means there is
no intra-cell interference

s The following describes the frame soucture and the radio resource block structure in the
downlink, as well as the basic principles of resource allocation and the supported MIMO modes.

o.4.1 Frame Structire:
»  Frames are the comman ime domain elements shared by both dow nbink and uplink in LTE,

& ypical parameters used in LTE specification for down link as shown in tahle 6.2

Table 6.2 Typecal Parsmeters for Downlink Transmsaes

Trausinlsshon lvandwidih L4 | i L] 14 X
MMy

Olegipied handwidth [$z| [ M5 2.7 4.3 .1 (1 1 T
Guardband [Mllz] 42 (8] 1.4 1. L5 20
Caunrebaand, "% of total 3 11 1n 1 i 1}
Sarnling frequency 1.4 HE.2 TR (e 204 T2

[ Ml I = 315 2x BA4 |4 = A8 6 x JE] |5« 28
FFT shae bk, |dual | 512 WM | 1636 | 20
MWumbsr ol weeupdod 72 TSI L M) Gl L L] L M)
BUDCATTIOES  gomy =y 4= + W

Numbsy of rﬁ-t_.lt'u_l I{lr! I o 5 BT tﬂ'. h 1M1
Number of CP :f|1|:]|-'lr-?- !i-; 1_1-- I8 ] =6 ',.",E-.-t] 108 = 6| 144 = &
[ neariiial] hoxh Man a1 | sox1 [120x1 | 16021
Numbar of CP saonples 2 (1] 124 ann HE €4 Y R
[ teml el

# T, is the basic time unit for LTE. T, can be regarded as the sampling time of an FFT-hased
OFDM transmitcer /recenver implementation with FFT size Neep = 2048,

& Agthe normal subcarrier spacing s defined to be Af = 15kHz

1 1
# T, isdefinedas T, = e ST seconds or about 326 nanoseconds,

» Downlink and uplink transmissions are organized into frames of duration
Ty =307200x T, = 10ms

®  The 10 ms frames divide inte 10 subframes. Each subframe divides into 2 slots of 005 ms.

= For flexibility, LTE supports both FDD and TDD modes, but most of the design parameters are
common o FOD and TDD in order to reduce the terminal complexity.
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= LTE supports two kinds of frame structures:
1. Frame structure fype 1. s for the FDD mode.
2, Frame structure bype 2: W is for the TDD mode.
1. Frame Structure Type 1
= Frame strocture type 1is applicable to both full duplexand half duplex FDD,
= Thereare three different kinds of units specified forthis frame structure, illustrated in Fig 6.3

v maadioy ramee. Ty= (0 mm

f
j e subirame, | oms s TT1

P ——
e alon, T m rl'."nl-:

SR e ey i

A it

, EFPEINE S = e TSN

VT TS i
Nl CF T I | ',’ i v

CHLIY By mdest . !

Itl'":,.?_'.‘l- i Frofis :

Lmn:-mrr?‘ [ —— ‘ I S

Figure 6.8 Frame structure type 1 For the normal P, Top = 160 T, = 5.2us for the fust OFDM
symbol, and Tep = 144 - T, = 4.75 for the regzining OFOM symbols, which together fill the entire
slot of (U5 e, For the extended CPJ 7o = #1270 16.Tps.

& Description of the frame:

o Thesmallest time wnitis celled o ength T, = 15360 % T, = 0.5ms.

s di et L L b,
o Ten subframes n Banskitat, e radie frame of 10 ms

o Chunnel-dependent arhﬁd&aylumf jfnpuduﬁﬁfibn’:ﬁpemte o @ subframe level

o The subframe diration carvespoinds te Bhe minimum downlink TT1, which is of 1 ms duration,
compated o o 2 ms 171 far bhe UMTS [36)

o A shoarter TTI {5 for fast link adaptation and iz able to reduce delay and betfer gxpleit the
Urme-varying channel! through channel-dependent scheduling.

o Eoch siot corries o nember of QFDM symbols including Cyclic prefic [CPL With subogrrier

spacimg AF = 15kHz , OFDM symbal time Fsd—:; = 6, Tus,
o LTE defines vwo different CP lengths [see Fig 6.8):
1. Normal CP:
- It correspands to seven OFDM srmbols per slot.
—  The rormal CF s switable far urban environment and igh date rote applicotions.
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—  The mormal CF lengths are different for the first [Tep = 160 % T, = 5.2us ) and
subseguent OFDM symbols Top = 144 x T, = 4.7 u= ) which is to fill the entire slhot
of 0.5 ms.

— The nauwmbers of CF samples far different bandwidths are shown in Table 6.2 Far
exomple, with TOMHz bondwideh, the sampling time is 1015000 x 1024 ) see

2. Extended CP:

It corvesponding bo six OFDM symbols per slof,
The extended OF is for multicell mullicastAhroadcast ard very-laorge-cell scenarios
with large delay spread at a price of bandwideh efficiency.
The extended CF lengths Tocp = 512 x T, = 167y
The number of CP sumples for the extended CP is 256, which provides the reguired
CPlength af 256/ (15000 x 1024) = 1.67us.
In case of 7.5 klz sebcarrier spocing, there @s only o single OF length, correspending
to 3 OFDM spmbals per slot.

2, Frame Structure Type 2 |

= Frame structure type 2 is applicablle to the TOD mode. Type 2 structure shown in fig 6.9

& ltis designed for coexistence withilegacy systems such as the 3GPP TD-SCDMA-based

standard,

: LAae adiil. 1 s o
Ti =kFm i = pl
| ¥ e | mis -
- - g S
L T T T T T
Sohbrasne [ i i | Salliasie 2 Sudilsue Lubslrame 4
kPIs . LpP TS

Ll
Figure 6.9 Frame structuse type 2
= Description af the frame (ype 2:
= Frome structure tppe 2 & oflength T, = 30720= T, = 10ms

= Fooh frame consises of twe bl fromes of length 5 ms eoch,

= Foch half-frame is divided into five subframes with T ms duration
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6.3.2 Physical Resource Blocks for OFDMA

+ The physical resource in the downlink in each siot is described by a time-frequency grid, called
" resource grid”, as illustrated in Figure 6.10,

+ Each column and each row of the resource grid correspond to one OFDM symboland one OFDM
subcarrier, respectively.

= The duration of the resouree grid in the time domain corresponds to one slot in a radio frame,

+ The smallest time-frequency unit in a resource grid is denoted as a “resource element”

+  Each resource grid consists of a number of "rescurce blacks", which describe the mapping of

certain physical channels to resource ¢lements,

s rdion frame, T= 1

J
i Coe whiribe

r-l—'l-l
y Lame sl I
e

) i~
\l = LY e
i S Resiune gril
5 i \._\-
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T | R ol UL
Bosonter Misch
(.
-
|y e (|
3| i ra
v : Resource element (L.
Bl 3
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Bl 2
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1 -
1
¥
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Fig & 10: The structure of downlink resowrce grid
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*  Resource Grid ; The structure of cach resource grid is characterized by the following three
parameters:

1. The number of downlink resource blocks Njk: 1t depends on  the transmission
bandwidth and shall fulfill NEP00 < NEL < NmeeBl where NEEDL = & and N0 = 110
are for the smallest and largest downlink channel bandwidth, respectively. The values of Mgy
for several current specified bandwidths are listed in Table 6.2,

2 The number of subcarrier in resource blocks N&¥ - 1t depends on the subcarrier
spacing Af, satisfying N;.—ﬂ:" 4Af = 180 kHe, that is, each resource block of 180 kHz wide in the
frequency domain. The values of N9 for different subcarrier spacing are shown in Table 6.4,
There are a total of NI = N8 subcarriers in each resource grid

3. The number of 0FDM symboals in each block H?;:zh" It depends on both the CF length
and the subcarrier spacing, specified in Tabke 6.4

= Each downlink resource grid has Ngi = NG x NEE resource elements,
= For example, with 10MHz bandwidth, & £ = 15 kHz, and normal CF, we get Nps = 50 from Table
6.2, Moy = 12 and M)y = 7 from Table 6.4, 5o therpare 505 12 x 7 = 4200 resource elements
irt the downlink resource grid
| &
{‘«culﬁgt*rm]uu nifin Nﬂf‘_,
Normal CP s, Lol || 12 T

Extended CF A f = 15kH ™ 12 i

—— ‘

: ’ r .
Table 6.4 Ph}'ﬁir:‘;ll Heeiuum: B:EUEFG Pf'_;u?‘mu_t:rs for the Downlink

o ocase of mult-antenoa transmission. there is one resource grid defined perantenna port,

& An antenna port is defined by its associated reference signal, which may not correspond to a
physical antenna,

= The et of antenna ports supported depends on the Feference signal configuration in the cell,

& there are three different reference signals defined in the downlink, and the associated antenna
ports are as follows:
o Cell-specific reference signals support a2 confiruration of 1, 2, or 4 antenna ports and the

antenna port number pshall fulfill p =0, p e {0, 1}, and pe{0,1,2.3], respectively.

o MBSFN reference signals are transmitted on antenna porcp = 4,

o UE-specilic reference signals are trans mitted onantenna port p = 5.

Frof juresha V, Dept, of E&GC KV G CE Sullia, DR-574 327 Fage, 21



WL LTE 44 brosdbard-15ECH1: Maodule 3: Chanmel strescture of LTE

* Resource Element

=]

Each resource element in the resouroe grid is uniguely i entified by the index pair (k,{Jina
slot, where k=01, N NgENSF — 1andl=0,1, _ M55, — 1 are indices in the frequency and
gme domains, respectively, The size of each resource element depends on the subcarrier
spacing 4 and the CP length.

» HResource Block

0

The resource blook is the basic element for radia resowrce allocation.

The minimum size of radio resource that can be allocated is the minimum TT1in the time
domain, that is, one subframe of 1 ms, corresponding to two resource blocks.

The size of each resource block is the same for all bandwidths, which is 180 kHz in the
frequency domain,

There are two kinds of resource blocks defined for LTE: physical and wirtual resource blocks,

which are defined for different reseurce allocation schemes,

6.4.3 Resource Allocation

Resource allocation’s robe is ta dynamically assign available time-frequency resource

Bbocks to different UEs in an efficient way to provide good system performance.

In LTE, channel-dependent scheduling i£ supported, and transmission i based on the shared
channel structure where the radio resource is shared among different UEs,

Multiuser diversity can be exploitéd by assirning resource blocks to the UEs with favorahble

channel gualities
Resource allocation in LTE is able

frequency domain, which provides higher mulfiuger diversity gain.
With OFDMA, the M@ u@h& 3 hia.(% the fact that each

scheduled UE occapies a numbéer bf resource blocks while each resource block is assigned

1(1] hannel variations in both the Gme and

exclusively to one UE at any time,

Physical Resource Blocks (PRE=) and Yirtual Resource Blocks [VRBs) are defined to support
different kinds of resource allocation types.

The ¥REB is introduced to support both block-wise transmission (localized) and transmission
on non-conseloutive subcarriers [distributed) as a means to maximize frequency diversity.
The downlink scheduling is performed at the eNode-E based on the channel quality informa-
ton fed back from UEs, and then the deswnlink resource assignment information 15 sent to UEs
on the PODCCH channel,

i

A PRE is defined as J‘u'_,l_fi.l,'“ consecutive OFDM symbols in the time domain and M consecutive

subcarriers in the frequency domain, as demonstrated in Figure 6140,
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# [Each PRB corresponds to one slot in the tme domain (0.5 ms) and 180 kHz in the freguency
domain.
# PRBs are numbered from 0to NJE = 1 in the frequency domain.

& The PRB number g RE of a resource element (&, I in a siot i given by
k
nipgn = Im_

=  Resource Allocotion Type: It specifies the way in which the scheduler allocate resowrce
Blocks for each transmission, Just in terms of flexibility; the way to give the maximum
flexibility of resource block allocation would be to use a string of a bit map (bit stream), each
bit of which represent each resource block, This way you would achieve the maximum
flexibility, but it would create too much complication of resource allocation process ar too
miach data [too long bit map) 1o allocate the resounrees
# The LTE downlink supports three resource allocation types: type (0, 1, and 2.
1. Resource Allocation Type 0: This is the simplest wap of allecation resources. First it divides
resaurce blocks Ints multiples af groups. This resaeurce hlock group is called RBG {Rezource
Block Groupl The number of resource block in each group varies depending on the system
band wodth, It means RBG size gels different depending on the system bandwidth, The
relationship between ABS size [the n"nﬁaﬂr of resource hlock in @ RBG) and the system
bandwidth as shown in Tahle 6.5
G Gize vi Divendink System Bandwidih
Bloghs ( Niif ] | RBG Siee (P)
otES R EE—
By - ) 2
L

i2hr o g i
i = 110 -

Dowenlink HNGI.IHIIJJ

= An expoof type 0, resource allocation is shown in Figure 611, where P=4and RBGS 0, 3, 4, ..,
are atlocated to a particular UE.
2. Resource Allocation Type 1: Here ofl the RBEGy are grouped inte ¢ number of REG subeets,

and certain PREs inside o selected RBG swbset are ellocated to the UE There are o totul of £
REG subsets, where Pic the RBG size. An BB subset p, where ) = p <=2 P consists of every 20
REG storting from RBG p. Therefore, the resource assignment infermalion consists of three
fields:

L The first field indicates the selected BEG subset

2 The second fleld indicates whathaer an offset is applied, angd
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+  The third field containg the ditmap indicaling PREs insfde the selected REG subsel This Dpe of
resource allocation 5 mere fTexible and (s able o provide kigher frequency diversity, but It also

redqiires o herger overheod.

- -
- L ]
L PERE albocaivd o2 .
2 pantbcular LUE
L]
L]
Al i
—
HBGS KB 5 R ey |
S—
L !
H o 1
REG4 B4 R widvect {8
W .
"ll-— :
RBGY KA RINCE sule &
v
H H
. —f
HHGEE R 2 REYCS il 2
I"’|— il
i H
RRGT [ RAC | RIBCH wiiti |
N :
]I.I_
REGO | BB RIS ubie (b
N _' L
FRH
Reaoare alllow o 1y l somree allocuibon iype 1

Figure 5,11 Examples of resource gllocation type 0 and tvpe L where the RBG size P=4.,

1 Resource Allp Iy ‘%‘f figks that are defined for the DCT
farmat 14, :a.mg [ r’EEW VREs are allocaied, which
are then mapped onto PREs) AlVERB is af the Sarfik stre as o PRE. There are two bvpes of 'RBs:
VREs af the localized type and VREs of the distributed type. For each tvpe of VRE, a pair of
VIitEs over two slets in a suliframe are assigned together with o single VRE mimber, gV RE.
VEBs of the localized type are mapped directly to physical resource blocks such that the
VEB number gV RE corresponds to the PRE number nPRE = gVWRE. For resource allecatons
of type £, the resowrce ossignment informodion indicates o seb of contiguows{y olfocoted
tocalized VREs or distributed VREs, A one-bit flag indicabes whether localized VRBs or
distributed VREs are assigned
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G.4.4 Supported MIMO Modes
*  The downlink transmission supports beth single-user MIMO [SU-MIMO] and multiuser MIMO
(LMW
+  ForSU-MIMO, one or multple data streams are transmitted to a single DE through space-time
provessing; for MU-MIMD, modubition data streams are transmitted to different UEs using the
same time-frequency resource.

s The supported SU-MIMO modes are listed as follows:

I Transmit diversity with space frequency block codes [SFBC)

2 Open-loop spatial multiplexing supporting four data streams

3 Closed-loop spatial multiplesing, with closed-loop preceding as a special case when
channel rank =1

4. Conwventional direchon of arvival (DOA]-based beamforming

= The supparted MIMO mode is restricted by the UE capability.

# The PDSCH physical channel supports all the MIMO modes, while other physical channels
support transmit  diversity except PMCH, which only supports single-antenna—port
fransmission.

6.5 Uplink SC-FDMA Radio Resources

« Forthe L TE uplink transmissbon, SC-FDM .llwith a CF is adopted.

properties. Different from the downlink,

» Mevertheless, the uplink transmisgion has its o
only locatizad resource allocation oo conseculive subcarriers & albowed in the uplink.

6.5.1 Frame Structure

= Frome structure | nﬁteﬁﬁffle}eu of 0.5 ms each, and one
subframe consists

e [Frame structure type 2 1t L'unﬂu.u of ten subframes, with one or two special subframes
including DwPTS, GF, and LIpPTS fields, as shown in Figure 6.9,

»  ACPis inserted prior to each 5C-FDMA symbol. Each slot carries seven 5C-FDMA symbols in
the case of normal CF, and six 5C-FDMA symbals In the case of extended CP.

6.5.2 Physical Resource Blocks for SC-FDMA

= Figure 6.12, illustrated a number of resource blocks in the time-frequency plane,

= The number of resource blocks in each resource grid, Nip . depends on the uplink
transmission bandwidth configured in

NisinUL o gl & ymazdl

Where ¥JE7 Y = 6 aned NEPSUL = 110 correspond to the smallest and largest uplink

bandwidth, respectively.
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1%"]" e Flmﬁtul;lt aof 1‘7111: ilglpth-r. resource grid,

= There are AY x N, resource elements in each resource block, The values of N and

H,:,,m for normal and extended CP are given in Table 6.4,

Table 6.6 Phyical Resource Block Parameters for Uplink
Configuration | N | N2

12 T

Normal CF
Extonded CT 12 1]

®»  There i only one subcarrier spacing supported in the uplink, which is 4f = 15 kHz.
= The DC subcarrier is used in the uplink, as the 00 interference is spread over the modulation

symbols due to the DFT-based pre-coding.
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= As for the downlink, each resource element in the resource grid is uniquely defined by the
index pair (k {)a slot, where k = 0, .. ,NJ3 xNEF— 1 and!= 0. Nty = 1are the
indices in the frequency and time domain, respectively.

#  Forthe uplink, no antenna port is defined, as only single antenna transmission is supported in
the current specifications,

= A PRB in the uplink is defined as NS5y, conscoutive SC-FOMA symbols in the time domain and
NEF consecutive subcarriers in the frequency domain, corresponding to one slot in the fime
domain and 180 kHz in the [requency domasin

®  The relation between the PRE number ling in the frequency domain and resource elements
{k; [] in a shot is given by:

HpRn = '

.
=

6.5.3 Resource Allocation
= Resource allocation in the uplink is performed at the eNode-B,

= The eNode-B assigns a unigque time-freguency cesource to @ scheduled UE based on the

channel quality measured on the uplinl soupnding reference signals and the scheduling

requests sent from UEs.

wt blocks of different UEs are received

= Using timing advance such th

synchronously at rhct {lﬂudn
®  SC-FDMA s able to §n 1@ rll %ziurw allacation

# In the current specification, anli I.uta]lipd resoprce allocation is supported in the wplink.
which preserves the sinple-carrer property and can better exploit the mubiivser diversity
gain in the frequency domain

& Compared to distributed resource allocation, localized resource allocation is bess sensitive to
frequency offset and also requires fewer reference symbols,

# The resource assignment information for the uplink transmission 15 carried on the PDCECH
with [KCl format 0, indicating a set of comtignonsly allocated resource biocks,

6.5.4 Supported MIMO Modes

# The terminal complexity and cost are the major concerns in MIMO modes support in uplink

& SC-FOMA support MU-MIMO, which aliocates the same time and frequency resource to two
UEs with cach transmitting on a singhe antenna. This is alse called Spatial Division Multiple

Access [SDMA). The advantage is that only one transmit antenna per UE is required.
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= To separate streams for different UEs, channel state information is required at the eNade-B,
which is ebtained through uplink reference signals that are erthogonal between UEs,

= Uplink MU-BMIMO alz0 requires power contrel, as the near-far problem arises when multiple
UEs are multiplexed on the same radio resource.

= For UEs with two or more transmit antennas, closed-doop adaptive antenna, resource

allocation transmit diversity shall be supported.

Module 3: Chapter 7

Downlink Transport Channel Processing
7.1 Introduction:
& LTE uses a channels o provide effective, efficient data transport over the LTE radio interface.
»  There are three categories into which the various data channels may be grouped.
1. Physical channels: These are transmission channels that carry user data and control
MESSAEES,
2 Logical channels: Provide services for the Mediom Access Control [MAC) layer within the
LTE promcal structure.
A Trunsport charnels The physical layer transport channels offer information transfer to
Medium Access Control [MAC] and hi!ner] vers. The PHY layer provides services to the

MAC layer through transpaort

notesdfree.
TR

RLC RLL
Logical Channel

MAL Layer MAL Layer
Trarsport Chanmel

Physical Layer Phyzical tl ”}

3=

Fig 7.1 LTE channe] Strucure
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# Topseparate streams for different UEs, channel state information |s required at the eNode-B.
which is obtained through uplink reference signals that are erthogonal between UEs.

=  Uplink MU-MIMO alse requires power contrel, as the near-far problem arises when multiple
UEs are multiplexed on the same radio resource,

# For UEs with two or more transmit antennas, closed-loop adaptive antenna, resource

allocation transmit diversity shall be supported,

Module 3: Chapter 7
Downlink Transport Channel Processing
7.1 Introduction:

= LTE uses a channels o provide effective, efficient data transport over the LTE radio interface.
=  There are three categories into which the varlous data channels may be grouped,

I Physical chapnels: These are transmission channels that carry user data and control

MEssiges,
2 Logical channels: Provide services for the Medinm Access Control [MAC) layer within the

LTE protwcol structure.

3 Transport channels: The ph
Medium Access Control (MAC

:uml laver transpoert channels offer Information transfer to
and higher lvers, The PHY kayer provides services to the

MAL layer through transport channels,

nqtle_sélfree

FOLCF POLP
RLC RLC
Lagical Channel
MAC Layer MAL Layer
Transport Chanael
()
Physical Laysr Phyilcal
Physical Channel
whicde-i

Fig 7.1 LTE channel Structure
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+ Following are Downlink Transport Channels:
1. Brogdcast Channel (BCH)characterized by:
o Fixed, pre-defined transport format
Reguiremient ta be broadoast in the entire coverage areq of the cell.
2. Downlink Shared Channel {(DL-SCH)characterized by:
o Suppert for HARQ
Support for dvnamic link adaptation by varying the modulation, coding and Eransmit power
o Possibility to be broodeast in the enbire cell
o Possibality to wse beamforming
Suppert for both dpnaric and semi-static resource allacation
o Suppert for UE discontinueus recepiion {DRX) to enable UE power saving
3. Paging Channel (PCH jcharacterized by,
o Support for UE discontineous reception {ORX) to enable UE power soving (DAY orde ix
indicated by the network ro the UE)
o Reguirement ta be broadeast in the entire coverage ared of the cefl
Mapped to physical resources which can be tyed denamically also for trafiic or other controf

clrannels
4. Multicast Channel (MCH) {from Release 9)characterized by:

o Reguiternent ta be broadeast in

¢ ared of the cell
o Suppart for g"fﬂ‘m ﬁﬁg ﬁ I, e celly
o Suppart for s ﬁ Héﬁ af a long eyclic prefix

& Transport Blocks: Data and control streamé coming from the MAC layer are arganized in the
form of transport blocks. Each transport block is a group of resource blocks with a common
modulation and coding scheme, Downlink Shared Channel [DL_ SCH) are wsed to transmit
transport block.

= The physical laver processing: It mainly consists of coding and modulation, which maps each

transport block to specific physical time-frequency ressurces

7.2 Downlink Transport Channel Processing Overview
& The downlink physical layer processing mainly consists of
I Chanee! coding process ; [t involves mapping the Incoming transport blocks from the

MALC laver into different code words
2 Modulation process: Modulation generates comples=valued OFDM baseband signals lor

each antenna port, which are then up converted to the carrier frequency.
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Figure 7.2 Overview of downlink transport channel processing.
7.2.1 Channel Coding Processing: The channel coding processing steps a5 shown in figure 7.2, The
Channel Coding Processing procedure includes
CRC Addition
Cionde Block segmeniation
Chanmel coding: Teil-Biting Comvolytionol, Coneelietion Turbo Coding
Rate Matching: Sub-black in
5 Coude Block Concatenation
o The downlink channel coding pr

b T R B o

rleaing Bit cellection and Bit setection

in Figure 7.2. Channel coding provides an
error-control mech m Far data t i5si u\f Fu ar correctan (FEC) code and
error detection busnmttﬁgﬁ Cm&t codding rate at the channel
encoder is fived, and different effettiveicoding rates for the whole transport block are achioved
by repetition puncturing during the rate matching procedure.

Tramspor bk | Teanspuiri block l
T |
CHC stachnent ¢ :
Transgaon Block I:‘H;(j
et bk i + : :
S g ITRCTRE HOT X
| (] - (ol
i B o i
Channel coding. | " My =
|. | Cuaded bk | | EERCERET | el blosch € |
: .-'". T -.
Ram mevching - o \
Ll bk : J e g T s
suncalemaliom i I .| 1 | ‘I

Figure 7.2 Channel coding processing.
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1, CRC Addition :
o The CRCIs used to provide error detection on the transport block
o It generates ovclic penerater polynomials, which are then added at the end of the
transport block
o The 24-bit CRC is added to the each transport block for the downlink shared channel.
o The CRC allows for receiver side detection errors in the decoded transport block
o The corresponding errar indication is then used by the down Link hybrid- ARQ protocol.

Trarspon Block -

2. Code Block Segmentation:
& Teansport black ks divided into smaller size code blocks in LTE, which iz referred as code
block segmentation in the LTE physical laver.

[ Tranr bk EE
G- iock sagmantatian, ",
i [ Coode ok ¥71 | [ Comeblock iZ | | Coe Dok oM |
insarben of ilar ot il I n
In fired cpie bock - L
A —
of cei-0koch R 4 4 4
. ?I | i
| O J

it
To channed codng

= In LTE there are two sizes defined for code black je minimam and maximum code blodk
size. These btr:ﬂz se'l ' Tﬂﬁtey the turbo interleaver
module of CT der. They a lloiws:
A L] 1 N oMK
= 40 bits of minimum code b.Im:L size

= 1144 hits of maximum code block size

o If input transport block length B is greater than the maximum code block size as supported
by encoder then the input block s segmented into the one supported, This segmented
blockis referred as code blocks [¢] and it {5 given by

{ | if Bz
= B

Where L is the number of CRC parity bits. Each of these © code blocks is then encoded
independently. This is to prevent excessive complexity and memory requirement for de-

cading at the receiver
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= Each of these code blocks has & 24 bit CRC attached. This CRC is calculated similar to
Transport Block CRC calculation
Filler bits are appended at the start of segment, this helps code block skze to match a set of
valid turbo interleaver block sizes.

3. Channel Coding

Inn LTE, the channel encoders applied to transpoct channels include
L Tai-biting convalutional coding
2. Convolutional turbe coding.

The usage of channel coding schemes and coding rates For different downlink transport

channels is specified in Table helaw

Transport Channel Codling Scheme | coding Rate
DLe-mCH, PCH, MCH Turbs coding [ 1,‘3_
BCH Tail-hiting convolutional coding | 143

For contral information, other channel coding schemes are supporbed, including block coding

and repetition coding, specified in Table below

Control Information Couding Scheme Eudih.ﬁ Hate
DCl Tail-b |||i|."'{'_gﬁ volutional coding 1/3
CFl Block cogling 1/16
HI Repetition poding 1/3

B oy
A Tail-Biting E‘dnuﬂiuﬂ‘unnh‘.’.‘ndmg

o The convolutional tn-:h L&_rl -i'; E:I:'I'l‘:‘ﬁ ﬂgﬁid: I/:ili Ltd'l“l E'.‘Iﬂ'u aconstraint length of 7 as

shown in Fipure 7.3,

he 5 5y i’ L L™
g g 1 B B B R
Fi ik i el B v ] 5
y "'_ll LT 1 "
o, Lay= LA 0cTal)
. ..{L | o i’:'t_"" _[-l.__ P
{ i ;
[ T i oeraly
o : i k.
a1 = ey DAY ol
et P ’
=T b ® Tt &

Figure 7.3 Rate 1,3 tail-biting convolutional encoder

o Trellis termination must be performed at the end of each code block in order to restore the
state of the encoder to the intial state for the next code block
o I the initial and the final states of the encader are known, then a lower block ervor rate can be

achieved at the decoder while using a Viterbi algorithm.
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o Two of the most commen appreaches for treflis termination are

i

b,

Padding: Here the end af the code black is padded with zeros. This forces the encoder to state
W' wt the end of the code block, which iy the starting stote for the next code block, Main
drawhacks of this mechod &= thar gdditional bandwideh is wasted due ta the extra zeros that
ore added to the end of eoch code Block,
Tail biting: 1t ix more efficient methoed, where the information bits from the end of each code
block are appended bo the baginning of the cade black. Onee these appended bits are passed
through the encoder, it ensures that the start gnd end stotes af the encader are the same. With
rarid Biting, oll the fnput bits are afforded the same amount of erver protection, and thers isno
code-rate loss compored to zero padding, but the decading olgorithm becames more
complicated

8. Convolution Turbo Coding:

=]

Itis a Parallel Concatenated Convolutional Code [ PCLC) with two eight-stale constitient
encoders and one turbo code internal interleaver, with a coding rate of 173,

The encoder used for the turbo codes is systematic and therefore recursive in nature,

LTE employs a new contentivn-free internal interleaver based on Quadrature

Permutation Polynomial [QPP]

The QPP intereaver requirgs 2 small parameter storage and allews highly Oesible

parallelization due to its maximum contention-free property, which substantially reduoces

the encoder-decoder complext 3

The structure ﬁ Uﬂtéugﬁnff% e
. 1 o T
' L I I I I :
Lt Cosns e Biscoder
e -‘.:_:r. .
T I g B g g B
' b
—sprerrar : - LRI
" ||Il||-|..\l'.:'.||-4:I-:'.|rI i Yl Consgiineemi Encsier
it 5,
~f 3
LRNVED S 7 B g B gy B
e s
] el

Figure 7.4 Structure of rate 13 turbo encoder [dotted lines apply for trellis termination anly)
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o The transfer function of the eight-state constituent code for the PCCC &5

[ (D)
Gy = |, 2=,
| mliY)

where
qul ) =14 [F + D7
il =1+ D+ 07,

& The inftial walues of the shift registers shall be all 2eros when starting to encode the input bits,
o Due to the recursive nature of the encoder, the trellis termination is performed by Giking the
recursive bit and performing a modulo 2 addition with itself as shown in Figure 7.4,
o For each K-bit input code block, the outpur of the turbo encoder consists of three K-bic data
streams:
4. One spstematic bit stream
b. Two parity bif streoms.
o 12 tail bits due to trellis termination are added to the end of the output streams, so each bit

stream has K + 4 bits. Therefore, the actual coding rate is slightly lower than 1/3.

4. Rale Matching
o The main task of the rate-matching is to extract the exact set of bits to be transmitted within a
gven TTL
o The rate-matching for Turbo codet transport channels is defined for each code block: there

are three basic steps composing ajrate-matching, As illustrated in Figure 7.5,

o Rate matching is defined per cod

rotest

.1 . Parily soremn | I Parmy stremm 2 |
All ™

Figure 7.5 Rate matching far I | 1_ [ l 1 I 1

il huoack Keah-Fkech Seafs-blawk Sub-bla-k
coded h’ﬂnspurt channels, intericasmg inierier T Rt rierlemo

Bal coallectiii

| [T

LIRS S R

rrgrges -

o Interleaving: it i performed of Sub-block leved in order to spread oul the ocourrence of bursty
errors ooross the code block, which improves the overoll performance of the decoder. it i
performed independently for each bit stream, done by o Block interieaver with inter-column
permutations. The inter-column permulction patterns are diffevent for turbe coding and

cenvolubional coding.
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L. Bit Collection: it collection stage [s reguired to place the sestematic and parity bits in Che right

order o needed by the decoder. A virtual circebar buffer & formed by collecting bits from the
interleaved soreams. The systemuatic bits ore placed at the begnnring, followed by bic-by-bit inter-
locing of the twor frterfeoved pority streams, as shown in Figure 7.5

Bit Selection: The bit selection extrocts consecutive hits from the circufar buffer to the extent
that fits into the assigned physical resource. Ta select the output bit sequence, the segquence
length L should first be determined, Then L bits are read from the virtial cireefor buffer. The
starting peint of the bit selection depends an the redundancy version of the current bransmissian,
which is different for different refransimissions assockated with the H-ARY process. Thiz means
that from one H-ARQ transmizsion to the next even though the number af bits L is the some, the
parity bits that are punctured or repeated can be differenrt During bit selection §f the end of the
buffer is reached, the reading continues by wrapping oround o the beginning of the buffer. With
K input hitz o the chenne! encoder, the effective coding rate 15 KL which can achieve any
continuum af coding rotes

Code Block Concatenation: [ is needed orly for turbo coding when the number of code Blocks ix
farger than one It consists of sequeantially concatenating the rate matching outputs for different
code blocks, forming the code mnni input rr,'."'.'e rl'rn.‘ufut.l'un processing.

7.1.2 Modulation Processing

Maodulation takes in one -ur twor coche wards, 2.]“ ng on whether spatial multiplexing is

used, and mnm‘tsﬂ a h{ﬁ:@@!s for each antenna part.

L1 !Jul.qlllm Fiu ;—
Tl mids | F - Ml fifu pasits
. o Bl ludsisenn l - Mewgmage [T lIFlI.lJ-
| - AT Py R pensTaia
[ H
5 Precmling
L ]
& og Wi disladamm ‘ Lr=St T e LT slgnl
ELET PRy [ensr@an

The modulation processing consists of
—  Yerambling
—  Modulation Mapping
—  Laver Mapping and Pre-coding
Resource Mopping
-~ DFDM Signal Generation.
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1. Scrambling : A scrambler (or randomizer) is an algorithm that converts an input string into a
seemingly random output string of the same length , thus avoiding long sequences of bits of the
same value
o Thereare two main reasons scrambling is used:

L To enghle accurate timing recovery on recefver eguipment without resorting to redundant Hne
coding. ¢ facilitates the work of @ Hming recovery circuit, an aubsmatic gain control amd other

circuity of the recelver

dispersal on the corrier, reducing inter-corrier signal interference.

e modulation, the code ward is sceambled by a bit-level scrambling sequence.
block of bits for code wond § s denoted as A9Y900, ., ... 5% (M;"] - ]} W here .l'i';u:' iis
wimhber of bits transmitted in one sub-frams,

scrambling sequence ¢' s a pseude-random sequence defined by a length-31 Geld

ence [3). The scrambled bits are generated using a moedule 2 addition as:

Bil{i] = flll""llr | .-"li:,.:.} mod 2, 1=10,1,. M= 1

to two codewords can tﬂ:l.‘l'.'.il.'l':.‘m!li.'l’.'l n the same subframe, sog = 0if spatial
tiplexing is not used or g £{0, 1} If spadal multiplexing 15 used.

spt the multicast channel, . downlink transport channels and contrmol

rmation, the scrambli uenees are or neighboring cells so that inter-cell
rference 5 ranﬁé«théfgl{ll:ﬁrd@u interference mitigation,
J-J fon Mapping: All in omne

each codeword g, the block of scrambled bits 549 (0, .. . bW I:H';q] - 1} are modulated

into a black of complex-valued modulation symbols d' 90, . ..d' (M’éq' - 1:] where .l--:I'E“':I
i number of the modulation symbols in each codeword and depends on the modulation
I'm' ‘me. The relation between M and MY is as follows:

MY

" —
Mt = -

e sre s the number of bits in the modulation constellation, with (fin = 2 for QPSK, (.= 4 for

JAM, and @, = 6 for 64QAM.
o The supported data-modulation schemes in LTE include QPSK, 160AM, and 640AM, and BPSK
is applied for the PHICH physical channel.
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o Different physical channels employ different moedulation lsted in Table 7.3,

Table 7.3 Modulation Schemes for Different Physcal Channels

| Phy=lcal Chanpel | Modulstion Schemes
PDESCH QPSK, 100AN, G40AN
PAICH CPSHK. 1GCAMN, AN
I'BECH — gPsk |
PCFICH 5] 1
PIHICH JPsk
FHICH BFSK

3. Layer Mapping and Precoding
= Mapping and pre-coding are associated with MIMO, An llustrated in hgure 7.6

U layees  anlenia [rans
W ol wede LT &
N =12
\I\‘—-
3 |.=1}I:‘1' Preauding
e
] [
Figure T, - n‘;u:il. and precoding

# Layer Mapping: This is the process where eachicadeword is mapped to one or multiple fopers.

A codeword s defined as the outpu o channel moding assodated with a single transport

Block coming firo £ Etz.r F %ﬁf ! j ith multiple codewords on
different spatial L:I:llm Eev Sﬁ:ﬂ mtanmnnaﬁ are supparted, the
numbser of codewords is limtitéd to tha' M lmfér Borfesponds to a data stream of the spatial
multiplexing channel. Each codeword is mapped into one or multiple layers
= Pre-coding: This is process where the layer data are allocated to multiple antenna ports, An

antenna port is defined by its associated reference signal. The number of transmit antenna
ports at the eNode-B is sent to UEs through the PECH channel, which can be 1, 2, or 4 in LTE.
Antenna ports are divided into three groups:

1. Antemna ports -3: These ports are cell specific, which are wsed for downlink MIMO

tramsmission.
2. Antermno port 4. b is MBSFN specific and is used for MBSFN transmission,
3. Antsmna port 5: 1t is UE specific. which is used for beamforming to a single UE using all

physical antennas,

s Coll-specific ports and the UE-specific port cannot be simultaneously used.

Frof Suresha V, Dept, o E&C. KV G CE Sullia, D.B-374 327 Page. 37



'i'il:& L FE 1-!5 hrﬂxlhanﬁl 1"EI.'£Il h'lndu]e 3.1'J1armej 1t:|'|xl1.|r: nFLTE

P -

= Layver mapping is different for different MIMO modes, described as follows,

1. Hngle antenna port: One codeword is mapped te a single layer,

&, Trunsmit diversity: One codeword is mapped to two or four layers,

3. Spatiz! multplexing: Are codewords are mapped to v layers, the detalled mapping & in
Table 7.4. Note that the case of a single codeword mapped to two layers occurs only when
the initial transmission containg two codewords and a codeword mapped onto bao layers
needs to be retransmitted. Both open-loap (0L} and closed-loop (CL) spatial multiplexing

modes are supported in LTE.

Table 7.4 Codresand-to-Laver Mlmunu [1=] Epdllql Muﬂlpbllr“

Mumber of Loyers Cadeward 0 Codeword 1
1 Layer 0
2 Lavver () Laver |
2 Layer 0. |
] Layer il Layer 1,2
i Layer i Layer 2.8

o The precoder is cither fived or selected from a predefined codebook based on the feedback
from UEs. The general form for precoding i
wiil= lil;ll (i)

U,

= Different physical channels suppo ' 0 modes, specified in Tahle 7.5. The POSCH

channel supports .11 tl 34 flﬁé é_hdllm.l: only supports single-
antenna-port tran nﬁ

Tabde _IF 5 5|||.||.||HI.I|.'|.I MIHG Hul]-:l |I.F L'l-"’l:lrlll. Phvmesd Chanmels

Where Wi is the precoding ma

Physical | Single Amtenmn | OL Transmit Spatinl
Channel Part Diver=ity Multiplexing
PUSCH W o ¥
FOCCH i o

FROH . F

PAICH i

PHICH v .

PCEICH v ¥

4. Resource Mapping
=  For each of the antenna ports used for transmission of physical channels,

s  The black of complex-valued symbols ¥,(0), ...... ¥, {.H'_f“"" - 1] shall he mapped in sequence,

& Starting with y,{0), to resource blocks assigned for trans mission

& The mappingto resource elemeant (k, [} on antenna port p not reserved for other purpozes.
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5. OFDM Baseband Signal Generation

s The continuous-time signal 5."”[!? on antenna port i in OFDM symbol { in a downlink slot is

penerated as:

i -+ b ¥
f -‘1— i WO Ay T 1;’— ] bk i i f
i gt ¥ . I
e ) f [Mepr 4 N 1 where & k4 Il||;-|.':'.. NHL gl an] A A
I'..:I_'I N 2 | |'I-| (W%} :'||:'.|“.' handwidth the value of WV = SRR 1
o[ s, irap=1mkHs :
Y T.5
| 4ow6.  if Af = 7.5kHy

[hee cvielic prelie (OT') length Nerpe o dopendds on the O Cype aod the subenrrier spacing

Table 7.6 Values of Men,

Configuration | CP Length Nep,
| Normal P Af = 15kHz 160 for [ =0
lddfori= |2 8
[ Extendsd CP | | AJR GfH: [S126r 1 =0,1,... .5
| &f T.okHe | 1024 forf=0,1,2

s The OFDM slgnal generation with Iﬂll|Fi‘ﬁ‘-\-]-l..‘-l:5I.‘F.ﬁ age illustrated in figure 7.8

eli
pialys
s
—
Ulseer | slaia
Liegr 2 dats " .
 —— : : EEL ., CFOMA
" SlEmEy
K’ i/ = '
L f‘I.III.n.'E HFET
Mlapping " W
LIy oY s
Freguency dimam i lime dierauss

Figime 7.8 OFDMA signal generation with N users, where P 'S denotes the parallel-to-serial ean
werter
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7.2 Downlink Shared Channels (DL-SCH)
= The DL-SCH is carried on the Physical Downlink Shared Channel {PDSCH).
= Data transmission In the PDSCH &5 based on the concept of shared-channel transmission,
where the resource blocks available for PDSCH, is treated as a common resource that can be
dymamically shared among different UEs
= The dynamic multiplexing of LTEs on the PDSCH & done by the scheduler on Lms interval,
= The channel mapping around the DL-3CH is shown in Figure 7.9.

FLCTH HLTH CCOCH DCCH [ B i

Lovgmecal
chanich G

ITmspent
chanm-ly

Phgcial

chanmss
PSRN

ind the downisrk shared chanmel

Flmjrﬁ T'! I‘ mnel mapping a

=  DL-SCHs carry both traffic and coateoel data rom logical channels, and the Paging Channel
{PCH] is also carvied on the PDSCH [See Agure 7.9
7.2.1 Channel Encoding Mot nt:-e 8 4f Iﬂ e E.
= Channe! Coding qrﬂﬂ - -
o It uses the rate 143 éonvalutional turbo code,

Rate matching is used in order to achieve an effective channel coding rate that matches

the pavboad capacity
o For MIMO spatial multiplexing with two codewords, different modulation and coding

can be used far each codeword, which requires individual signaling.

& Modulatlon scheme of L-5CH:
o Itincludes QPSK 160AM, and 640AM and is chosen based on the Channel Quality
lndicator [CQI) provided by the UE and vadous other parameters.
o The transport block size, the redundancy wversion, and the modulation order are
indicated in the Downlink Contral Infermation [DC),
o Chanpel coding for the PCH transport channel i the same as that for the DL-5CH

channel. Eoth of which are mapped to the FDSCH physical channel.
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7.2.2 Multi-antenno Transmission
= The PDSCH supports all the MIMO modes specified in LTE.***
= There are seven transmission modes defined for data transmission on the PDSCH channel:
1. Single-enternna port {port @) One transport block & transmitted from a single physical
antenna corresponding to antenna port .
2. Transmit diversity: One transport block is transmitted from more than one physical
antenna, that is, ports 0 and 1.
3, Open-loop (OL) spatial multiplesing: One or two transport blocks are transmitted from
two or four physical antennas. In this case, precoding Is fixed based on Rl feedback
4, Closed-loop [CL} spatial multiplexing: One or two transport blocks are transmitted from
two or four physical antennas. The precoding is adapted based on the Precoding Matrix
Indicator [FMI) feedback from the UE.
5. Multinser MIMO: Two UEs are multiplexed onto two or four physical antenras with one
transport block to each UE
6. Closed-loop ronk-1 precoding: 1t s a special case of the Closed Loop spatial multiplexing
with single-layer transmission, that 15, a Px 1 precoder s applied
7. Single-antenna port {part 5k A ~c:ngil tra
physical antennas, The eNodet B performs

port Mock is transmitted from two or more

reamfurming to a single UE using all physical

antennas. Beamforming can b ove the received signal power and/or reduce

the interference signal power, which is esprecidlly important for cell edge users,
& Transmission mndﬁénﬁ;@ S gﬁﬁﬁl@ﬁtput (S150) mode that does
not require any layer mappiog pnfd precoding. o,
«  Transmission modes 2-6can be classified as MIMO modes, which require explicit laver map-
ping and precoding,
= Transmission MIMO modes classified into
& Open Loop(OL) Transmission MIMO modes: 0L MIMO technigue requires no feedback from
UEs, so it is suitable for scenarias where occurate feedhack i difficult to obiain ar the
channel changes rapicly enough, swch as the high mobility sceaarmo, This mode indudes
o), OL transmitdiversity () OL Sportial multiplexing
ii. Closed Loop [CL] Transmission MIMO modes: CL MIMO Sronsmission Feguires explicit
feedhack from UEs, UE determrines precoding matrix bosed on its current MM O channel and
sends Ehis infor mation to the eNade-B wsing the uplink controf channed, This mode includes
[a) CL Spatiol Multiplexing (R = 1)
(B} CL Rank-1 Precoding (Rf= 1)
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7.3 Downlink Control Channels
¢ Downlink contrel channels are carried over the Physical Downlink Control Channel (PDCCH),
=  Control information from the MAC laver, including
1. Downlink Control Information (DCF),
2. Control Format Indicator [CF),
3. H-ARQ Indicator [H1).
= Channel mapping between control information and physical channels in the downlink is shown
in Figure 7.1 1.
s There iz a specific physical channel for each type of contral information. On the phys=ical layer
the PDCCH and the PDSCH are time multiplexed and
—  PDCCH iz carried over the first few OFDM symbals of each subframe
— PDSCH is carrbed over the rest of the 0FDM symbaols.
The number of OFDM symbols allocated For PDCCH can vary from one to four and is
conveyed by the CFL
The CFl & carried on yet another control channel known as the Physical Control Format
Indicator Channel (PCFICH), which is always carried in a predetermined format over the
first OFDM symbal of each subframe,
—  This predetermined format of PCFICH siﬂwa each UE to decode the CFl without ambiguity
and thus determine the number of OFDM symbols in the beginning of earth subframe that

are used as the control region.

F‘ﬂ. ln,'nl =
chianmels

PROCH RCFICH PHECH

Figure 7.11 Channel mapping for controel information in the downlink
7.3.1 Downlink Contvol Information {IXCT) Formals:
o DO is the most important as it carries detaibed control information For both dewnlink and

uplink transmissions.

o

The DCI carries the downlink scheduling assignments, uplink scheduling grants, power
control commands, and other information necessary for the scheduled UEs to decode and
demodulate data symbaols in the downlink or encode and modulate data symbals inthe uplink.
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o In Table 6.1, LTE defines ten different DCI formats for different transmission scenarlos,

summarized as follows:
Table 6.1 DCI Formats

Format _ Carried Information

Format O | Uplink scheduling nssignment

Format | Downlink schoduling for ane codewoard

Format 1A | Compact downliok scheduling for ane codeword and sandom acoess pro-
codure

Format 18 | Compect downlink schoduling for one codeword with precoding infor-
et ion

Format 1C | Very compact downlink scheduling for ooe codeweed

Format 1) | Compact downlink schoduling for ome codoword with precoding and
power offset [nformation

Formmt 2 Downllok schedaling for UEs configured n edosed-loop spatial multiplex-
bt e

Formut 2A | Downlink schoduling fos UEs configured in open-loop sputial multiples-
ing mode

Format 3 TPC commamis for PUCCH amd PUSCH with 2-bit power adjustments

Format 3A | TPC conunsnds for PUCCH apd PUSCH with 1-bit power adjustments

* By considering format 0 and format 1 as examples, the different fields of DCI format are
explained in Table 7,10 and Table 7,11, respectively.

Table 7,10 Fieids of DCI Format 0

nssignoment and hopping
temoniree allocation

llllzh‘ﬁ (BINEE + IIIH

New data indicator

Maodulation and « w o
schome and red il v
s~=Pote § :

Tnformation Type “Number of Hits Purpose

Flag for format 0/1A 1 Indicates format O or formar 1A

different intion

Hopping Sag I _I Inalicates whether PUSCH
freguency bopping is porformed

Resource block Tidicates msigned resournoe

Dlocks

« pag tho modalation
lancy version wiml
block slar

Al n

Hewtes whether the packet is o
W transmission or &
retrasmission

TPC command for 2 Transport Power Control (TPC)

schoduled PUSCH command for adapting the
transiil power on the PUSCH

Cyclic shift for + Indicates the cyclic shift for the

demodulat lon rofetence detnodulation referonce nhgnal for

signanl PUSCH

UL index 2 Indicates the scheduling gramt
andd only applies 1o TDD
operation with uplink-downlink
configuration 0

Downlink Assigument 2 For ACK/NAK reporting amd

Index (DAL lonly applies 10 TDD operating
with uplink-downlink
configurntions 1-0

CQI regquest | Requosts an aperiodic CQI from

the UVE

Bonl Cunnchn it Rant AfROrFr RUSCE Cullia DY ET229%T

Bann 272
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Table T.11 Fields of OC1 Farmat 1

Informsat ion T:.rpu

Number of Bits

Purpose

Resouree allocation header

Indicates whether it = of
pemoi tee allocation type 0
or 1

Ressurce block assignment

Diepenids on pesouree
allocation by pe

Indicates mesigned resource
Lnlowikis

Modnlation mmil coding
seheme

i1

For determining the
mocdulation order and the
teansport block siee

H-ARL) process mmber

3 (T, 4 (FIMD)

Indientes the H-ARL process

N dlwta ilicator i Indicares whether the packe
i5 A mew transnisshon or a
retransmission

Redundancy version 2 ledentifies the redundumey
version useid for coding the
ikl

TPC command for PUCCH 2 TPC command for adapiing
the tramsmit power on the
PUCCH

Downlink Assignment 2 For ACR/NAR peporting and

Index (DAL only applies to TDD
aperntion

7.3.2 Control Format Indicator (CFT). 1

= The CFI s a parameter used on §

Table 7.13

i Mumbser of
A 11 i Bk of OFDM DFDM Symbals
Symbals for PDCCH for POCCH
Suilalraing When W = 10 When M5 < 10
Buldruaee | und & for Enme I.E- 3
mtrwchmre type 2
MBSFN suleltnmes on g 1.2 2
carrier supiporting botli
PAICT and PPOSCH Gy
[ TURNT O o |'i'||—:l.jul|:‘iﬁ|.'
aaberie paris
MBSFN wohframes on & ¥ i
eirrler supporiing both
PAICH sl PDSCH fay
B ovdl-peciBe antennn
gHirl=
AMBEFN ashirimes on & ] i
carrier nok supporking
PIECH
Al iethet crsis 1.3 294
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& For example system bandwidths N85 = 10, the DCI spans 1, 2, or 3 OFDM symbals, given by
the value of the CF; for system bandwidths M5 < 10, the DCI spans 2, 3, or 4 OFDM symbals,
given by CFI+1.

# Finally, the CFl is mapped to the PCFICH physical channel carried on specific resource
elements in the first DFDM symbol of the subframe

# The PCFICH Is transmitted when the number of OFDM symbals for PDCCH is greater than
zeros The PCFICH shall be trans mitted on the same set of antenna ports as the PECH,

7.3.3 H-ARQ Indicator (HI}

=  LTE uses a hybrid automatic repeat reguest { HARQ) scheme for error correction,

# The eNodeB sends a HARL) indicator to the UE to indicate a positive acknowledgement {ACK)
or pegative acknowled gement (NACK) for data sent using the uplink shared channel,

# The channel coded HARQ indicator codeword s transmitted through the Physical Hybrid
Automatic Repeat Reguest Indicator Channel [PHICH

=  H-ARQ Indicator: H-ARQ indicator of "0 represents a NACK and a ']’ represents an ACK

= A repetition code with rate 1/3 and BPSK modulation & applied used for encoding and
mapping the H-ARQ [ndicator,

=  Multiple PHICHs mapped to the same acﬂ of resource elements constitute a PHICH group,

where PHICHs within the same group are sepaiated through different orthogenal sequences

with a spreading factor of four.

7.4 Broadcast Channels (PECH)** -
# Broadcast channel YT i { '4{?@1?}#%1 bandwidth, antenna
configuration, and mmdﬁu - =S
#  Due to the large size of the S¢stem information feld, it is divided into two portions:
1. Master Information Block {MIB): [t is transmitted on the PBCH. The PRCH contains basic

system paramelers necessary to demodubate the POSCH. The transmission of the PBCH is
characterized by a fixed pre-determined transport format and resource allocation
2. Spstem Informotion Blocks (SI8): It s transmitted on the PDSCH. Which contains the
remaining SHH
& Loding and Modidation types for PRECH:

—  Errordetection Is provided through a 16-bit CRC

= The tail-biting convolutional coding with rate 1,3 is used, and the coded bits are rate
matched to 1920 bits for the normal CF and to 1728 bits for the extended CP
The modulation scheme is GPSK. No H-ARQ s supported.

PBLCH supparts single-antenna transmission and OL transmit diversity.
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o Inthe subframes where PMCH is transmited on a carrier supporting a mix of PDSCH and
PMCH transmissions, up to two of the first OFDM symbols of & subframe can be reserved
for non-MBSFN transmission and shall not be used for PMCH transmission.

o Ina cell with four cell-spedfic antenna ports, the Tirst OFDM symbols of & subframe are
reserved for non-MBSFN transmission in the subframes in which the PMCH s
transmitted.

o The non-MBSFN symbaols shall use the same CP @ used for subframe 0,

= PMCH shall not be transmitted in subframes } and 5 on a carrier supporting a mix of

POSCH and PMCH transmissions.

7.6 Downlink Physical Signals: Itincluding downlink #eference slgrals and synchranization swmals,
7.6.1 Downlink Reference Signals:

=]

Downlink reference signefe consist of known reference symbols that are intended for
downlink channel estimation at the UE needed to perform coberent demodulation,

To facilitate the channel estimation process, scattered reference signals are inserbed in the
resource grid at pre-determined intervals,

The tdme and frequency intervals are ilatnh.r determined by the characteristics of the
channels, and should make a tradeolf between estimation accuracy and the overhead.

There are three different types of downlink refegence signals:

1. Cell-spedfic reference signals

reentesdiree

1. Eeﬂ-ihedﬂnldmces.ﬂgnﬂﬂ .

o

The reference sequence is generated from a pseado-random sequence, with different
mitializations for different types of reference signals

Cell-specific reference signals are transmitted in all downlink sublrames in a cell supparting
non-MESFN transmission.

Thers s one reference signal transmitted per downlink antenna port.

Coll-specific reference signals are defined separately for antenna ports @, 1, 2, and 3 & shown
in Figure 7.12.

Only the first two OFDM symbals can be used for cell-specific refersnce symbols. Therefare, in
LTE a maximum of four antennas can be used while transmitting the cell specific reference
signal

Cell specfic reference signal are defined oaly for normal subcarrier spacing of Af = 15kHz.
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Figure 7.12 An exg sy i alirhl el i signals, with four antenna

parts and the normal CPY A E - E “m nce signal transmicuian on
All in omne

o Reference Signa [R5} mapping in time domain:

Fntenna port p
- For the antenna port p € {0 1], the RS are inserted within the first and the third last

OFOM symbals in each slot, which are the 1% and 5™ OFDM symbols for the normal CP
and the 1= and 4 OFDM symbols for the extended CP,

e

- Forpe (& ). the RSs are only Inserted in the 2 OGFDM symbaol. So antenna pores © and
1 have twice as many reference symbols as antenna ports 2 and 3. This is to reduce the

reference signal overhead but also causes an imbalance in the quality of the respective
channel estimates,

o Reference Sigael (RS) moppirg in time domain;
= The spacing between neighboring reference symbols in the same OFDM svmbol is five

subcarriers, that is, the reference symbols are transmitted every six subcarriers.

= There is a staggering of three subcarriers between the 19 and 209 reference symbols,
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2. MB5FN Reference Signals

o MBSFN RSs are only transmitted in subframes allocated for MBSFN transmission, which is

anly defined for extended CP and transmitted on antenna port 4.
It the time domain:  For even-numbered slots, the R3s are inserted in the 3= OFDM symbol
for AF = 15kHz and In the second OFDM symbol for Af = 7.5 kHz. for odd-numbered slots,
the reference symbols are inserted in the 1= and 5% OFDM symbols for Af = 15kHz and in
the first and third OFDM sypmbols for AF = 7.5 klHz.

o In the frequency domain: The RSs are transmitted every two subcarniers for Af = 15 kN z and
every four subcarriers for Af = 7.5 kHz. In the 0% OFDM symbols, the reference symbaols are
transmitted from the 2™ and the 3 subcarrier for AF = 15k Hx and AF = 7.5 ke,

o Based on these rules, an example of the resource mapping of MBEFN reference signals is
shown in Figure 7.13 with the extended CP, and Af = 15 kMz.

o Mote: The densicy of the MBSFN reference signal in the frequency domain is thres times
higher than that of the cell-specific reference signal

. | 1]

TLOERT O

3 CT i

1 U HLO

'e.'__—EL 7 Ji?r
otesEree

Fl | f'-l-. J;l:

Figura 7.13 An example of mapping of MESFN refermnce signaty, with the extended CF and 4F =
15HE=

3. UE- Specific Reference Signals
»  DE-specific reference signals support single-antenna- port transmission with beam forming for
the PIFCH and are transmitted on antenna port 5.
®  They are transmiticd only on the resource blocks upon which the corresponding PDSCH s
mapped.
s The UE-specilic signal & not transmitted in resource elements in which one of the other

physical signals or physical channels is transmitted.
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.....

= Ap example of resource mapping of UE-specific reference signals is shown in Figure 7,14 with
the normal CP. In the even-numbered slots, the reference symbels are Inserted in the fourth
and seventh OFDM symbols: in the odd-number slots, the reference symbols are inserted in
the third and sixth OFDM symbols. There iz a frequency shift of two subearriers in

neighbaring reference symbaols.
Anlgnma pant §
RI Rl
| ey Ky
i M |
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le Hl
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Figure T.14 An esample of !Iap;:lllu of UE-
7.6.2 Spnchronization Sigrnais

® The downlink sy II E %ﬁﬁ; ‘E:Jl search procedure, during
which process th ﬁt )S e the UE and the eMode-B is

achieved and the cell [D is obtainéd. 1 7

ecific signals, with the normal CP

=  There are a total of 504 unigue physical-laver cell 1Ds, which are grouped into 168 physical-
tayer cell- 1D groups. & physical-layer cell D &= uniquely defined as:
N[I.} ) EN“} + |.,.,J[z:-
Where ."I:; = ,1... 187 represents the physical-laver cell-1D group and N][j =012
represents the physical-laver D within the cell-[D group, Each cell is assigned a unigue
physical-layver cell 10
& The synchronization signals are classified as
L Primary spnchronization sigrods fP=-55); P55 signals identify the symbal timing and the
cell 1D index N5
2. EBecondary synchronization signals{5-55), These sipnals are used for detecting the cell-11D
group index Nfﬂ,l]and the frame dming
# The secondary synchronization signal can only be detected after detecting the primary

synchronization signal.
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= The synchronization signals are designed in such & way to make the cell search procedure fast
and of low complexity,

= The sequence wsed for the primary synchrenization signal is generated from a frequency-
domain Zadoeff-Chu sequence,

# The Zadoff-Chu sequence possesses the Constant Amplitude Zero Auto-Correlation [CAZAC)
property, which means low peak-to-average power ratio (PAPR). This property is desirable
for synchronization signals as it improves coverage, which is an important design objective,

= Both primary and secondary synchronization signals are transmitted on the 62 sub-carriers
centered an the DC subcarrier, with five reserved subcarriers on either slde in the frequency
domaln, so there are a total of 72 subcamers occupled by synchronization signals,
corresponding to the narrowest bandwidth supported by LTE [1.4MHz).

= In the time domain, both primary and secondary synchronzation signals are transmitted
bwice per 10 ms in predefined shots,

=  For frame structure type 1, the pomary and secondary synchronization signals are mapped to
the last and the OFDM symbols in slot O and £0.

& Forframe stracture type 2, the primary syachronizanon signal (s mapped wo the third OFDM
symbol in slot 2 and 12 and the secondary synchronization signal is mapped to the last OFDM
symbol in slot 1 and 11.

= The difference in the location of paynth!yniz' ion signal enables the UE to detect the
duplex maode af the cell.

#  The resource mapping for synch Is is illustrated in Figure 7.15.

notesdtree:

| (ke retalikd ¢
: Ui suthlraine :
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L] rin A -~
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THFIEM myaaluidl
fas b @i Fype |
el J -1 =
.-__F F £ I_' ._ -‘"\-.._‘_
LTI T (TTTITEITEIIT]

ik e wimw sy dyp 1

Figure 7.15 The mapping of primary snd secondary synchronisation signals b OFDM symbals far
frame structure type 1 and type 2. with the nownad OF P’ and "8 denate pebmary and sscondary
wyncheonization signaly reapeschively
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A7 H-ARQin the Downlink

It is an acknowledgement processes in LTE for a received error packet

In the case of LTE both Type 1 Chase Combining (CC) H-ARQ and Type Il Incremental
Redundancy [[R] H-ARQ schemes have been defined.

The H-ARQ operation is part of the MAC layer, while the PHY layer handles soft combining,

At the receiver; Turbo decoding i first applied on the received code block IF this is a
retransmission, which is indicated in the DCL the code block will be combined with the
previously received versions for decoding. If there is no ervor detected in the output of the
decoder, an ACK signal is fed back to the trmnsmitter through the PUCCH physical channel and
the decoded block is passed o the upper laver; otherwise, an NAK signal is fed back and the
received code block is stored in the buffer for subsequent combining.

At the transmitter: For each (rejiransmission, the same turbo-encoded data i transmitted
with different puncturing, so each of these [rejtransmissions has a different redundancy
version and each is self-decodable. Punchuring is performed during the rate matching process.
The rate matcher can produce four different redundancy versions of the original coded block.
H-ARQ transmissions are indexed with the redundancy wversion ryg., which indicates
whetheritis a new transmission [rvy,, =0) orthe ro ., th retransmission [ri,, = 1, 2, 0r 3],
Time interval between two successive H-ARQ transmission s, which is typically & ms in LTE

Nechannel Stop-and-Wait protoc lis used™or ddwnlink H=-ARQ operation. An N=channel Stop-

and-Wait protocol consists of N parallel H-ARGQ processes, When one or more of the processes
are busy waiting for the H-ARD A

mher transport blocks ;l £
The maximum nu ﬂMﬁ‘& in ul:las% srmined by the UL/DL

configuration, specified in Tahle 717, which rangas frivm 4 to 15

piesses that are free can be used (o transmit

Takle T.17 Maximum Number of Downlink H-ARD Processes for TOD

TDD UL /DL Mecchmnm N umber
Counfiguration | of H-ARQ Procosses

=
=
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= Figure 7.16 an example of a 10-msee frame with cight H-ARQ processes.

H AR} AUCKNUR
bl [ rossmissam o Fl- AR s ¥ ] Trul Trmprrviss on

ARG FLARDy H-ARD) H-ARL) H-ARL) H- KD - AR H-ARD) H-ARD) H«ARD)

Progesa #1 | Provess 82 | 'sooess 7 | Frooes #48 | P'sooess #3 | Progess 86| Peocess 87 | Process 88 Process 8] | Podess §2

i (Y (g (B] T4 p (B 11 & i B ' T T

1 e TTE b s Pre e

Figure 7.16 An exampls of 3 10-msec frame with eight H-ARQ processes. The H-ARD process |
s pransrtted in the frst TTI, for which the H-ARD ACK 'NAK is received in the S-th TTI, mnd
then the H-ARD process | is transmitted again in the Sth TTI
# The H-ARQ process 1 is transmitted in the first TT, for which the H-ARQ ACK/MAK is
recetved (0 the 5-th TT and then the H-ARQ process 1 s transmitted again in the 9-th TTI,
= Each H-AR() process Is associated with an 11-AR() process 100
=  When spatial multiplexing is used, both transport blocks are associated with the same H-AR()
ProceEss,
= Figure 7.16 shows a 10 msec frame with TT! index 1 transmitting the H-ARLD process 1, TTI
index 2 transmitting the H-ARQ process Iiamrl 50 0N,
&  The H-ARQ ACK/MAK for the 11-ARD process Uis received in TT1 index 5.2, Then in TT1 index

9 the H-ARQ process 1 |s transmifted again, either a new transmission if an ACK is received or

a retransmission if an MAK i recel

* LTE downlink ap hﬁtﬁa ‘ %ﬁfr the H-ARQ processes can be
transmitted in ann 3 e, [EEE example in Figure 716, the
retransmission of H-ARG pi'-n':rcéssll dokes ot nbﬂeksaﬁl}rnmw in the 9™ TTI,

s The asynchronous H-ARD makes it possible to reflect channel quality measurements al the
instance of retransmission, which is able to provide a higher throughput with re-scheduling or
changing the modulation and coding scheme, called adaptive BQL

= |n addition, asynchronous operation makes It possible for the eNode-B to avoid potential
collision of H-ARQ retransmissions with other high poiority schedubed transmissions such as
persistent scheduling,

=  Meanwhile, the asynchronous 11-ARD requires more overbicad, as the receiver does not know

ahead of time what is being transmitted and when the retransmission ocours
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Module - 4

Module-4 covered by dhapters 8 and 9 feom the prescribed text book " Fundomentals of LTE™ Iy
Arunabha Ghash Jan Eang, |efferey Andrews, Riaz Mobamamed.

8. Uplink Channe Transport Processing
»  Uplink Channel Trmnsport Processing Uverview
& Uplink shared channeis
*  |plink Control Information
s Uplnk Reference signals
*  Random Access Channels
*  H-AR(} onuoplink
9. Physical Layer Procedures:
= Hybrid - AR procedures
*  Chamnel Quality Indicator Q1 feedback
& Pre-coder for olosed loop MIMO Operations
¢ |plink channel sounding
»  Buffer status Reporting in uplink
& Scheduling and Resource Allocation
*  Cell Search I
=  Random Access Procedures
»  Power Control inuplink

i eyt e

Low complexity and high pnw-:r :mdency .'u.'e amurlg the major factors for the transmitter
design in the uplink
¢ Toadhieve above requirement LTE uplink is based on SC-FDMA.
#  SC-FDMA hased uplink, each UE can only be allocated oomtigoous resource hlodes.
#  The uplink only support= a limited nomber of MIMO modes compared to the downlink
» Simitarities between the downlink and uplink transport channel proessing are
o The same dhannel coding processing is applled on both dewnlink and uplink shared
channets
o The tme-frequency structure of the uplbink resounce blodes s similar to that of the

downlink

Daal TPomsscha 17 MNass =TFEF PIRE EE Culllis 0 W 0T 99T e ¥
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8.2 Uplink Transport Channel Processing Overview

The trans port channel processing in the uplink include two distind steps
L. Channel coding

2. Modulation, asshown in Figure 8.1

o il ashing Frowosesg

ramegea Cowiie b ook f"l.":;'f'] | | ! Canlt bl |
et nﬂ “h“}_‘{ -ruw-pm.nl |- Losliap P s 3w |

Poll ki ki vt | FTcgsaln g
I - e | p—— — ey
P uuii--] \t-h.l-r.ll-ll| [CIET Erenry | | A
[y |_ ot (Lt "‘i"‘j fracTalam|

Figure 8.1 Overview of uplink transport channel processing

1. Chonmd Coding Processing:
¢ The chanrel coding processing in the uplink indudes
o CRC oddition and Code block segmentation
Channel codimg and Rate matching amd
Code bleck concatenation [See fgife 3.1

¢ The usapge of the channel codi 1z scheme andjcoding rate for the uplink shared channel and
control infornsation is s pec

B 2
1 L

UL-ACH | i [0 Tusbeneoeling : 1/

nd Table 8.2, respectively,

Llphhh Trmpq'-", [ WP

Table 8.2 Uwsge of Charinel Coding Scheve and Coding Rats fer Ugliek Contral infarmation

Comt ol Dndore nwst jon Codding Selusine Conling Hale
. ok « viellag Yiariabhle
LAl z
Ini)-biving comvabheionad ooding 13

& The turbo encoder used for uplink shared channels,

¢« Control information, the chennel ooding scheme depends on the type of control
mformation and also oo the type of the physical dhannel that carries the control
info rmat komn.

» The control information in the uplink can be mapped either to the Physical Uplknk Shared
Channel [PUSCH] or the Physical Uplink Control Channe! [PUCCH)L
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2. Modwiation Processing:
s Modulation processing in the oplink indudes scramhbling and modulation mapping,
# Inuplink a ITE specific serambling is applied in order to randomize the interference,
» Sinee spatial multplexing is not supported in the oplink there is no lyyer mapping or
MIMO precoding.
o  The man difference from the downlink. the generation of the SC-FDMA baseband signal is
dlust rated n Figured.2

Hesiibee mapming L
’ prefis .
el alsalasrd sl ; oy e FOMA
e . L nrr wiiiiila
oyl i

revovshig |
v
i

Forme dmman ! Vienz Jommans

Figure 8.2 Genwstion of SC-FDRA boseband »
COm ey

- eryroesd froe
a. First, the B e e g & complex-valued modulation

symhals, which rrnné}nr'rnsl rhuih'l:'i'z--l:ll:ul'nn.ih si'gn.'lj into the frequency domain.
b. In LTE the DFT sie is constrained to o tradeoflf between the complexity of the

mplementation and the fexibility on the assigned bandwidth and also depends on the
number of resource Wodks assigned to the UE

lals, where P/S denctes the parsllel-to-senal

£ Theout put of the DFT-Fased precoder s mapped to the resource blodks that have been
allocated for the transmission of the ransport block

d. InLTE only localized resource allocation is supported in the uplink, that is, contiguous
resource blocks are assigned o each UE

2. The haschand signal 5,(t jin SC-FDMA symbal §in an wplink slot s defined hy:
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for 0 <t < (Nepi+ N u T, where 1 = kb (NEENES a1 & & ihe FFT sl

Af = IhkHe, amid g b ol comtent of resoares et (k1) 1 s gesersted with
an WFFT opermtion, alier which ithe cvelic pretix (CF) B insertis]. Different from the
OFDA bascband signal in the downlimk, the DO SC-FDAMA subearmier s used in
the mplink. Diroction comeemsion will introdues dlstorckon in Che DC subearrier, and
m LTE uplink all the sobcarriame are shiftod by half o subcarrior spacing (o reducs
this influenee. The operatlon comblning DEFT- based precoding wnd IFFT agplies 1o
all nplink jrluymi ind magride meud ||||'|I sicnl chaniwls ey oyl 1l plrvscad rapdloin s
climnnad,

8.2 Uplink Shared Channels:

¢ The deseription of transport channel processing for Uplink Shared Channels (1TL-5CH)
betow The UL-5CH & the only transport channe] that cwries traffic data
» The channel mapping arvund the UL-5CH i shown n Figure 8.3,

(hin]l sl (gl
Logent % I
resenird C? /C:)
LS
Irzepn) %J‘
Phamew i o chalmiy T y

e saal
T o 1

PLISCH
o P EH R P s
o lplink Shared mmneh{lJL—Sq:}:l Prfu:rmlln%indl!g}e?
L (Chamme! Encoding and Modidattarn
2. Froqueney ipping
3. Mulb-antenna bronsmission
1. Chamnel Encoding and Modulation for UL-5CH:
= The channel coding scheme: UL-SCH vses 1,3 twebo encoder & cesed o encode the transpont
Mook, Effective code rates ot fer than 13 are adhieved by either puncturing ar repetition of the
encodud bits, depending on the tronsport ook sice, the rmodwlotion scheme, and the assigned
rodio resowurce. The encoded symixls are scrembled prior bo modidation, UE-spedfic scrambling
is applied in the uphink
*  Modulation for UL-5CH: The UL-SCH swupports QPSK I6QAM, ond 64 0AM moduietion sohemes

The QFSK ond JT6QAM modifotion schenmes are mandatory and support for the 6480AM
modfuf mtion = optfonal and depends on the UF copability.
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2. Frequency Hopping:
= LTE supports frequency hopping on PUSCH, which provides additional frequency diversity
gain m the uplink

*  Frequency hopping can also provide interference averaging when the system is not 1008
loaded. In LTE both intra-subframe smd inter-subframe frequency hopping are supported, as
illustrated in Figure 8.4

0 R e iindd i
pua il i 1.0

g 1] I.'Iﬂ'llIJ..lll' aiilelf e w
Fhazwabla N

|t it e g s W) s Pyt sl i P sl i g

wency hoppang on PUSLH

or frequency allomtion from one slot to

another within the same subframe
& fipler-subfrovme erﬁ@ﬁ@%@{%@mhﬁ from one subframe to
another. . |

= Higher layers determing lrii;le h-:ppmﬁ i= “inter-subframe” or Tintra- and inter-subframe.”
* [nmra-suhframe hopping provides Wgher frequency dhversity gain since this guin ain be

extracted over a single H-AR() transmix sion, whidh abways spans only one subframe.
= |p the case of " inter-sublframe” hopping multipls H-ARD transméizsions are needed in order to
extract the frequency diversity gain
= Single bit Frequency Hopping (FH field inthe corresponding PDECH with DCH format © s ser
ti 1, the UE shall perform PUSCH frequency hopping
o Ne frequency bopping: If uplink frequency hopping & disabled (FH = 0), the set of
phy=ecal resource blocks to be used for transmission |s gpven by Megs = Mogs.
Whiere iy g is the virtual resource blode index obtain from oplink scheduling grant:
o Freguency hopping: set FH = 1, there are two eguency hopping ty pos,
L Twpe I hopping: It uses an explict offset in the second slot, determined by
parameters in DC] format 0.
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8.3 Uplink Control Information (UCH)
*  UCH s to assist physical layer procedures by providing the following types of physical layer
confrol information:

a, Downlink CQL: ft 5 used to amist the adopeive modulotion and coding and the channel-
dependmr soheduling of the downlfnk transmiesian, The COF indicares highest modalarian
ard coding rate that can be supported in the downlink,

H- ARG acknowledpment (H-ARQ-ACK): [t & associoted with the downiink ARG proces,

Sche duling Request { SR): It fs wsed 80 request rodio resouroes forthe uplink tronsmisson

Precoding Matrix Indicator (PMI): fe & for dousiink MIMO tronanisiog,

Rank Indication (R} & indiootes the maomam pumber of levers that can be wsed for

spatiol multiplodng in the downlink while PMI indicates the preferred precoding matr.

s The channel mapping for controd information: It s shown In Agure 3.5, which has tree different
physical control channels, there s only one physial control channet defined for the UCI—the
PUCCH. The UC] can alss be mapped onto PUSCH when the UE has been assigned uplink radio

FESCRITTES,

[~

P =D

ol
e i 41 I "

o\
P el . 4 .
nofesdfree
Figure & 5 Changiel mapping for conbrobinformation in the wplink.
8.3.1 Channel Coding for Uplink Control fnformation
&  Thechanne coding for UCH therefore depends on whether it is carmied on the PUCCH or FUSCH.
= Different types of control informatlon are encoded differently, which allows individual
adjustrments of trums mission enogy wsing diffe rent coding rates,
s UCT on PUCCH; When the UCH s transmitted on the PUCCH, three channel coding scenarios are
comzidened:
L Epcoding CQLPMIbut not HFARQ-ACK: The CQE/TMI is encoded using (20, Ney; ) code, with
mdewaords being a linear combination of the 13 basis soquences. Denoteaef = 1, ... Nepe
a5 thie input channel qeality bies, andrhe encoding is performed as:

ks, 3-.; [ = My o b e 2, 0= [ | oL {B.2)
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2, Encding H-ARG-ACE pod S8 The H-ARQ-ACK bits and SR indication are received from
higher layers. Each positive acknowdedgement | ACK) is eocoded as a binary "1 while each
negative acknowkedgment (NAK] is encoded as a binary '07%,

3 Encoting both COL/PM and H-ARD-ACK.: When GO/ PMI and H-ARQ-ACK are transmitted
in the same subframe, the following wding scheme is wsed:

o With the narmal CF: The COLPMI is encoded using the (20, Mo, J code and then the H-
ARCQ-ACEC bits are added at the end of the resulting codeword.

o With the extended CF: The COL/PMIand H-ARQ-ACK are jointly encoded uwsing the same
{EI:I,H“H] code as that for encoding CO1PMI alone, with N as the sum of OQ1/PM] hits
and H-ARQ-ACK bits

Aased on different types of control information camried on the PUCCH, there are sixdifferent

PUCCH frmats defined in LTE, as shown in Table B4, The parame ter Mus i= the number of

encoded bits for each PULCH format.

Table & 8 Supnortet PUCT M Formsts

PUCCH Formm Content s My
] Sehenlulinng, Mgt (SH | NJA
la ARG ACK. H AR ACK -5 I
I IEARG-ACK. H-ARG-ACK <SR 1
| O/ T or BL (OGN or B+ 18- ARC-ACK m

{extended U9

2a r-qi‘_'rm‘.ﬁiﬁ P-ARG-ACK (mrmal CT') 1]
i s |

-1‘11 PAH o HE -+ B-ARG-ADR ( normsal CT°)

e troSA LT

o The UCI can i . ISJL— nﬁﬁﬁﬁl channel and there & no
Il in omne

meed to send S A

o I this case, the channel coding for H-ARQ-ACK, Rl and 001 /PMI s done independently,

v Different coding rates can be achieved by allocating different numbers of eoded smbals,
dependmng on the amoont of allocated radio resource,

o Coding for H-ARQ-ACK: For the FDD mode, there is one or two H-ARQ-ACK bits. For the
TOD mode, tao ACK/NAK feedback modes are supported with different info rmation bits:

— ACKANAK beenaling: 18 consists of one or two bits of information,

o Both FOD and TDD ACK/NAK multiplexing with NBARQ = 2 The output sequence from the

channe! encoder & obtained by concatenating multiple encoded H-ARQ-ACK blodks.
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o TDD with ACK/NAK bundiing: The output sequence from the clanne] encoder s obtained
by scrambling the concatenation of multiple encoded H-ARD-ACK blocks with a speclied
scrambling sequence.

o TDE with ACK/NAK mod tipdexing with NHARQ > 2 The H-ARC-ACK bits are encoded using o
linear combination of a set of basks sequences.

*  Coding for RI: The mapping between the [ bits and the dranmel rank s shown in Table 8.5,
Ma denote as the number of B bits enceded into a N0, codeword, and then multiple
concatenated Rl blodes are concatenated to form a hitsequence,

Table 8.5 #i Mapping

1t Biis | Chanoel Hank
1] |

|
0,
i 1
1,0
il

| S| Bl |

s Coding for CQU/PME The coding scheme for COLPMI depends on the total numbsr of O
and PMI bits. After channe! encoding, the CQl encoded sequence s multiplexed with the UL-
SCH data, the output of which is inte e with the Rl and H-AR(-ACK encoded sequence

as deplated in Figure 8.6, The multiplexiclg enspires that control and data information bits are
mapped to different modulation syimbels

PAL-SCH

ﬁiﬁ”tas%free

W sl B AR AR
[hata st dymmind Jruskiplenimg oy ol Bipaaen

U

(I PPN T

4\;

Figure B.6 Mubiiplexng of data and comtrol information on the FUSCH channel

s UCHon PUSCH withowt [-5CH Pata: For this case, the channel coding for COI, B and H-
ARC-ACK information is performed in the same manner as if the UC s ransmitted with L1-
SCH data. and then the coded sequences are interdeaved, The same interdeaves as m Figure
2.6 s applied without the UL-5CH da.

Prol Saresha ¥, Deptoof ERE. K VG C E Salla, 11 K574 327 Page. ¥
- ________________________________________________________________________________|



|
WCELTE 4G brondband -1 5ECA L Module 41 LTE uplink and Physical layer procedimres and scheduling

#.3.2 Modulation of PUCCH
= When the UCE i tronsmitted on the PUSCH, the modulation scheme & determined by the
scheduler in the MAC layer,

*  The modulation scheme and the number of hits per subframe for diferent PUCCH formars
are specified in Table 8.6

Toble BB Modulston for Differsst PUCCH Formats

PUCCH Format | Modulation Scheeme | M
| NiA N A
Ia Hi=h [
Th ' sk i
| sk 2
n (i 5k + HI=k ET
3 Ok + 0= ]

* Al PUCCH formats use acyclic shift of a hased sequenoe to transmit ineach SC-FOMA symbal,
so U from multiple UES can be transmitted on the same mdio resouree through code
division multl plexing (COM), Two dasses of PUCCH formats. They are

1. PUCCH Formats 1, b, and (b

i Thesefarmat are used eo eransmit H-ARQ-ACKand for SR, withour CO bits.

r When both ACK/NAK and SR are tmnsmitted m the same subframe, a UE shall tansmit the
ACK/MAK on it assipned AC
trans nut the ACK/NAK on its §
As shown in Tahle 84, ong
modulation for which i€ described in Tabi

R0Les4iree.... .

PUCCH Fortad; | obe(),b({ My 1) di)
la 1] ]

JMAK F.CCE  respuree for a negative SR brans mession and

slgned SB PUCCH resource for a positive SR ransmission,

icit hits are transmitted, respectively, the

Ih [L1] I

2. PUCTH Formats 2, 2a, and 2h:

o Format 2, 2a, or 2b 8 used when My, = 20, as mentioned intable B4

o The block of the first 20 bits, b{(0, , b(19), shall be soambled with a UE-specific scambling
seguence, producing a block of scrambled bits bil), ... B{19). Thuen the scrombled bts will
be QPSK modulated, resulting in 2 block of complex-valued Table 8.8 Modulation symbal
d(10) for PUCCH formats 2a and 2b complexamloed symbaols 5 multiplied with a length-12
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cydically shifted version of a Zadoff-Chu sequence, This allows FUCCHs from multiple UEs to
e transmtted oo the same resource Hock with CIA,

Tl BB Pdotslatwm wginiad of 107 bar PUCCH Smass 55 and 1o
[ PIrECH Formst B2y B Ay - 1) | ol 1)

Ful] i I

o The modulation of these H-ARQ-ACK bits are desaibed in Table 8.8, The resolting modulated
symbal {107 will be used in the penerationof the reference signal for PUCCH formeat 25 and
2h, from which the eNode-Bcan decode the ACK/MNAK infbrmation.

e —— i a———

8.3.3 Resource Mapping
o PUCCH is time- division multiplexed with the PUSCH from the same UE This is done in order
to retaln the single-carrier property of SC- FDMA
o PUCCH can be FDM with the FUSCH from other UEs in the same su bframe,
o For frame structure type 2 (the TDD mode], the PUCCH is not transmitted in the UpPTS Geld,
which s only for the transmission of uplink sounding referenoe signals or random access
@ two slots ina subframe.

o The PUCCH uses one resource blogh in eact of

o The physical resource blodos to by used for PUCCH transmigsion in slot n, are given by

I r||rn|

~Unotesdfree

Where the parameter mdﬂp&ldj on thei PECCH formak
i  The mapping of PLUCCH to plysical resource blocks [none subframe is shown in Figure 8.7 for

different values of m.

Mr=miis 5 hin

Pr—y - =il
- - §
-] - =i
Fipmn = & 1 ﬂ* : CER
Wi ittt ool i ST

ahw kg
- - =

i i e wdfTames ————iee

Figure 8.7 Magpng to physcad rescurce biacks for PUCCH
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o PUCCH s transmitted at the bandwidth edge, whidh is to provide the contiguous bandwidth in
the middle for data transmission as only localimed resource allocation is allowed in the uplink

o The frequency hopping between different slots provides frequency diversity.

ri The PUCCH symbals are mapped to resoorce elements not used for RS transmission.
B4 Uplink Reference Signals

i In LTE there are twao types of reference signals defined inthe uplink:

L Demodidatton reference signaly These reference sipnals are used for coberent
demodulation of data and control information at the eNode-B. As PUCCH cannot be
trans mitbed simultaneoushy with PUSCH, there are demodulation reference signals defined
for each of them, that is, there are demodulation reference sipgnals for PUSCH and
demodulation reference signals for PUCCH,

2. Soumibing reference signa's: There are wideband reference signals for the eNode-E to
measure uplink COI For uplink resource allocation. They are not assodated with the
trans mizsion of PUSCH or PUCCH.

8.4.1 Reference Slgnal Sequence:
= Boih the demodulation reference signal and the sounding reference signal are defined by a
oydic shift of the same base sequence.

& The generation of the hase sequehce :1-;1-&11:11 n the reference denal sequence length, which

H 5] ‘ n# — l'l“ ’
whick d ' witk 1 whiere min i8 the siqe of the reoouree

bilocks assigned tu the UE.

o lfm =3 !:H.'IE e%&f;e-euw base seguence s based
o prime-tength Iadﬂlf:{:hy sequence s that ase cyelically extended to the desired length.

Fug am 1 o 2. il Vs TR T o T ithe o o

hr_._l- 1 mmal whis valiws of o1 W R e i |

b wherp 0 < 5 =

5 The reference signal in the uplink i5 always UE-specific.

4.2 Resowrce Mapping of Demod ulston Reference Signa ks

= For PUSCH, the demodulation reference signal sequence is mapped to resource elements (&, [)
with [ = 3 for normal CPand [ = 2 for extended CP, with Increasing order Grst in & and then
fnthe shot number,

*  An example of demwodulation reference signal mapping for PUSCH is shown in Figure 88, with
the normal CF.

s PUDCH supports six diffevent formats, and the resource mapping to 3C-FDMA symbols for
different format s is [isted in Table B9,
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Helemwie spiisls luw
PLIRCH A e e o gl o Pl s

P

il dalk sl fah

kil e
- - e =

Figure B.8 Fesource mapping of demodulation reference signals for PUSCH with the normal CF

Table 8.9 Demadulatian Relarance Shgnal Locatesn for Diflerert PUCCH Farmats
Sot of Values for |

':!illrllnl. 'y -r-ltr Prefix | Extended Cyclle Profix

PUCCH Format

1. la, 1
]

= Thenumber dP‘ULCNﬁEQ %“% m@!e tor difterent formats, which
I= related to the niim b al coftol 115 Tor & u:rmat

= There are 10 CO1/PM] mo dulutt-d T}mhﬂlﬁ Enr PHlTJ-[ format 2/2af 2h and there are 2 reference
symbuls in each slot as shown in Table B9, so there are a total of 14 symbols that Gl the whole
sublrame, which i of 14 5C-FDMA symbaols

®  PUCCH format 1/1a,/1b has fewe rinformabion hits than PUCCH format 2 2a 2k there are more
refer ence sy mbols for format 1/1a/1h than there are for format 2282, which can be used to

improwe the channe] estimation performance
8.4.3 Resource Mapping of Sounding Reference Signals
= |n FOD mode, it is tansmitted in the Est SC-FOMA symbaol in the specified subframe,
* n the TDD mode, the somding reference sipnal s ransostbed only o confgured oplink
subframes arthe UpPTS field in the special subframe,
* The subframes in which the sounding reference signals are transmitted are indicated by the
broadeast signaling, and there are 15 different configurations.

Prol Saresha V. Dept. af ERC. K VG C E Swllia, 0.4-574 327 Page 13
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= The bandwidth of sounding reference signals is configured by higher Lavers and also depends
on the system bandwidth. An example of resource mapping of sounding reference sgnals &
shiown in Figure 8.10.

o o i gy o B e e
-\.

Figeere 10 An snanpln of seunpcs mugping of semifing mivess ugmeis. soh the remas TP

A5 Randam Access Channels (RCH)
* The uplink mndom acress procedure i used during nital access or m re-estahlish oplink

synchroniztion
& Asshown in Figure 8.11, the random access preamble consists of a CP of length Tep and a
sequence partof length Tsag. . .
[ S o

J-l

" —:"”«—'r':-— B
RO eSATEee
* fGuard Time (GGT] is also needed gopecopnt for thie sound trip propagation delay between the
UE and the eMNode-B
& The values of Ts and Tag depend on the cell size and base station implement ation. There are

frve different preamble formats defined in LTE, spedfied in Tabie 810

Talabe ‘.lﬂ_lhndam Accer Preambis Parametens

-Frﬂmhln Formnt Frr ?u.
0 368 -T, | 24570- 7T,
i N02A-T, | 24576-T,
2 63D T, | 2-34578 T,
3 30317, | 1. 34678 1.
| e T, s T,

& Farmat & [tis for normal cells,

= Format I: Itis also known as the extended format i5 used for lange cells,
Prol Suresha V. Dept.al ERC. KV E € E Sullia, 0 K-578 327 Page 14
L]




L ______________________________________________________________________________________________|
W& LTE 4G broadband-1 5ECH L Modalo 4: LTE uplink and Physseal lnyer procedures and scheduling

s Format & and foreu 3: These are use repeated preamble sequences to compensate for
increased path loss, and are used for small cells and large cells, respedtively.

= Format4: tis deBned for frame structure type 2 anly.

# The network configures the set of preamhble sequences that the LE is allowe d to use.

* | each cefl, there are 8¢ available preambles, which are peoerated from one or several oot
LatdofF-Chu sequences.

* There is no intra-cell interference from multiple mndom access attempts using different
preamblies in the same cell due to ZadoF-Chu sequences,

= The Physical Random Access Channel (PRACH) resowrces within a radio frame are indicated by
o PRACH configuration index, which is given by higher ayers,

= |n the frequency domain, the mndom access burst occupies a bancwidth correspand ing to sk
consecutive resource blodes (72 submmriers) ina subframe or a set of conse cutive subframes.

* The PRACH uses a different subcarrier spacing (Af,,) than other physical channels, which l2
listed in Table 811 together with the preamble sequence length M.

Table B.11 Paramaters for Random Accam Prosmibls

Preamble Format | &fea Nie | w
T I 125 kHe | | T
| 7.5 kHa (1] v |

& The cantinuous-time random access signal is de

ned by

‘ho'tefsﬁ{fr-ee“ L

whire 0l < f # T ) i |

o i man amplitnde scaling Inctor [or power oontrol
e r, o n)i= the wth rool Ladoll-Cha saguence with cvelic shift

o ¢ bBon fived olfs=t determining the regquency-domnin locatlon of the random proam

ble within the phyvsical rescurce blocks, given in Table 511

s N & J &g socounts for the diferemee in suboarrior spacing betweon the ran

domn arvess preanibile and uplink dats cransm bslon

. &y BER WL \'.:. S NEE Y pantrols the random aooess preamble location in
1 !"I--I"'." 1Y L1i|l_i|:1I|| I.-'-.:'.|| ik =

mimbeer configmred b higher Layers

tipang = (NES — @) as the physionl resours hlock

Prof Smresha ¥, Dept_alERE. K VG C ESalli, D8-574 327 Page 15
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8.6 H-ARQ in the Uplink
s The H-ARD retransmissbon prowood is also wsed in the LTE uplink, so the eNode-B has the
capability to request retransmis sions of incorreciy received data packets,
= [Ipdink H-ARQ process, the corresponding ACK/NAK information is carmied on the PHICH
 LTE uplink applies the synchronoms HARQ protocol that & the retransmissions are

scheduled ona periodic interval

= Synchronous retrans mession b5 preferred (n the uplink because it does nob require to explictly
sigmal thie H-AR() process number so there i less protocol everhead

= The number of H-ARQ processes and the tme intervsl between the transmission and
retransmission depend on the duplexing mode and the H-ARD operation type.

* Thereare two types of H-ARQ operation inthe uplnk:
1. The non-shframe emdling aperadan faormal H-AR) opera tfon ]
2. Subfrome bhundiing operotion (also called 771 lemdiing)

B.6.1 The FDD Mode: Forthe FOD mode l

* There are eight paraliel H-ARQ processes

aperation, and four H- AR pro

the uplink for the non-subframe bundling
frame bundling operation.

®  For the FDD mode with the normat H-ARQ upon detection of an NAK in subframe
n, the llE:etrmmnf}@lﬁ@lgmﬁ e}

*  For the FOD mode with 'Eillr:stJ u:}'le_ll:um?lmF u!:eml.'lull upon detection of an MAK in
subframe n - 5 the UE retransmits the corresponding first PUSCH tranemizsion in the londle
insubframe n+4,

H.6.2 The TDD Mode: For the TDD mode,

& The number of H-ARQ processes is determingd by the DL/UL configuration, listed in Table
A2

= For TDD UL/DL configurations 1-6 and the normal H-ARQ operation, upon detection of an
NAK in subframe o, the UE retransmits o subframe o + Kk with k gven in Table B13.

Table B.0F hursber of Syncheonous UL H-ARD Proosses for THD

Number of H-ARQ Number of H-ARQ

THD UL/DL | Processes for Normal | Processes Tor Sabframse
Conflguratbon H- ARG Ogreratbin Bunntl Hing Ohprera Ll

il ! ]

] i |

s 7 NiA

H ] i NIA

1 ] R/A

b T i TMIA —1

i i |
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= For TDO ULADL comfigwation § and the nermal H-ARQ operation: Upon detection ofan NAK in
sublrame n, the UE will retransmit in subframe n + Tor n +k with kgiven in Table 813, which
depends on the UL index field in DCE and the waloe of o,

Talsle W19 Tha Vidos of & foi TIO0 Cirirligu st O

I DD UL/DL DL Swbframe Mumber n

| Comfiguration o | i 2| 3|46 |8|T|8]|®

| il i & ERE

I i 3 i | & ]
F | L ]
3 L] 1 1
i i i
& ]
i T |7 I ]

s For TOD ULADL configurations T and 6 with subfrome bundfng: Upon detection of an NAK in
subframen. — | with 1 given in Table 8.14, the UE retransmits the corresponding first PUSCH
transmisson m the bundle in subframe 1 + &, with & govenin Tahle 13,

Table B.1& Tha Value of | for TOD Configurations @, 1, and &

TDD UL/DL DL Subsfraome: Nomilser
C‘unl'.!.m-n.tjnn i i - - | 4 5 fi T L] i
[T} ] i I i [
1 2 3 2 3
& 5 b [ 3 A
— - —
= Far TDD LD configreation @ ond the subyf fMling opperation: Upon detection of an
NAK in subfrume :be‘ﬂl@ tﬁ@@ its in subframen+ Yorm +
k with k given in H. .«dT"T nigl:_!_rtlur!:ll.lﬂ‘nf'n i D1 and the value of o ]
Chapter 9

Physical Laver Procedures and Scheduling
L Introduction:
®  The physical layer procedures that provide crucdal services to higgher Layers.
= The physical layver procedures or functions in LTE includes
o Hpbrid- AR (H-ARMY) ond Channel Cual ity Indicabor ()
o Dyemic channel-dependent sehediling and MIMO transmission.
o Precoding for MIMO cleed-loop openad fons,
o The Rank Indicator (Ri) and Precoder Matriv Indicator (FMI) feedback
o Cel search and Random acceses procedures
o Power cantrol im uplick.

Prod. Sareaha ¥, Dept.al ERC K VG CE Sellia 0 K-574 327 Fage 17
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9.2 Hybrid-ARQ (H-ARQ) Feedbadk

* |n LTE the H-ARQ protocol is applied to Improve the transmission reliability over
thye wiredess channed,

« HARQ = ARQ+FEC [Forward Error Correction ) Soft Com ining.

s Soft Combining is an ermor correction technique in which the bad packets are not dismrded
but stored in a buffer. The basc idea s that 2 or more packets received with nsufficient
information can be combined together in such a way that towl signal can be decoded,

o A medhanism H-ARGQ ks implemented to correct the ereor packets in the PHY Taver,

» Prindple of H-AR(: Works ot PHY laper bt controlled by MAC layer. Ifche recetved dato hasan
error then the receiver buffers the date ond requests a re-tronsmisson fom the seader. Whem
the recefver receves the re-tromsmitted date i then combines it with buferal dote prar to
chamne! decoding and error detection. This halpe the performanoe of the re-transnitssions.

&  Tww methods of H-ARG protocal uses in LTE
1. Apmehronons agapiive H-ARQ protocet Used by down bink transmission

o The relransmiss ions can twke place whenewver in time, due to scheduling purposes.

o MNeed an appropriobe signaling to make the transmitter aware of which HARD process
we are considering,

o The TT] and resource allocation ELI the retransmission is dynamically determined by

the scheduler;

scheduled during every sub-frami
2, Synchronous ad mgéf [ 55 fon
o Hn-tramsmms_ i 1 Iulﬂ:ex
& Generates Jower ovér-hedd ad if doesh't nedd to indude HARD process ¥d in the
mItgning data
3. Abways works in ovcle even ifno resources are allocted during a spedfic sub frame;

which means that the 1st process will repeat itself after every 8 ms
s  The H-ARQ feedback is different for FDD and T 0D made.

D21 H-ARQ Feedba ok for Downdink (DL ) Tramsmisséen: Procedures are
o UEs nesd to feedback the ascociated ACKS NAK Information on PUCCH or PUSCH,
o One ACK/NAK hit s transmitted in case of single-codewnrd downlink transmission, while two
ACK NAK bits are transmit ted in case of two-codeword downlink transis sion
o H-ARD retrans nmission happe ns when the dhannel is static or experiences itk or no variation

between subsequent H-ARQ transmissions.

Proi Saresha V, Deptoaf ERE. K WG CE, Salla, 11857 327 Fage 18
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o H-ARD feedback for FOD mode: Procedure are

I.  UEransmits H-ARQ-ACK insubframe n for a PDSCH ransmission in subfame n — 4,

it. The reason for the 4 subframe delay in the transmission of an ACK/NACK message is due
o thie processing delay of about 3 me at the recefver,

fil, Both H-ARG-ACK and Scheduling Request (5R) are transmitted in the same subframe,

iv. UE shall transmit the H-AR)-ACK on its assocated H-ARQ-ACK PUCCH resource for a
negative SR rans mission.

v, UE transmit the H-ARQG-ACK on fts assigoed SR PUCCH resonrce for o positive SR
trans méssion.

o H-AR) feedback for TDD mode: Procedure are

i. In this mode, the tme assocation between the dat transmission and the ACKSNACK
canmat be mainmined due to the variable numbers of DL and UL subframes being pressnt
in a framea,

ii, The UL and DL delay betwesn data and ACK iz deprodent on the TDD configuration
chosen. Hence, o fixed delay betwesn a transmisston and the HARGQ ACK/NACK i not
possible in TOD-LTE.

til. For TDD, two ACK/NAK feedback modes are supported by higher Liyer configuration:

— AK/NAK bundiing na : PFH’.’G“{::IrTrmt la or 1h which is the defauit moge and
consilys of one o bwo bty of informo b
— ACK/NAK multiplexing
four bits of information

o fn T, the delay HMIMMNMH depends on bath the
T 00 configumatiom 7 hirs WS Tt ed.

o For example, in :unfq.',l_:_r.ll.i';'m'l 'which & shoive below in Fiure 9.1, there dare some DL

ing PUCCH format 1l which comsists of hebween ane and

sublrames for which the pearest UL subframe (greater than a separation of 4 or more
subframes) is 7 subfames away. In the Figore B. 12 shown below, this can be seen cleardy for

the DL data teans midsshon case

& B Frivne o

Figure 9.1 HARD ACK/NACK Timing for configuration 1
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9.3 Channe] Quality Indicator { O] Feedback: [t includes
1. Introduction
2. COl estimation
4. COM ferdfbock maodes

9.3.1 Intreduction: (0 = an mdicmtor corrping the (nfarmation on bow good/Bad the commiir omt on
channe quality is The O basically inchedes OV, PMI (Precoding Motvix Indiomtors), BRI (Rank
Indleator] companents. The requirement for eoch of these components depend on transmission mode
Al transmission modes need UE to prowde CF feedback

o CCN reporting contoins informaotion set from o UE e the eNode-B (o indicate o siitaile dow nlink
tronsmission dita rote Le, a Modulatdon and Coding Scheme (MCS) vahue

o COMisa 4-hit integer and is based on the ohserved signal m-interference-plus-noise ratio [SNIR)
atthe UE

o The CQI estimation process takes imto accomt the UE capability sudh as the number of antennas
and the type of receiver used for detection.

o The COl reported value are used by the eMode-B for downlink scheduling and ok adaptation,
which are important features of LTE,

o LTE supports wideband and subkand COH rn-pi'hng,

L. Awideband CO)l reporting:

—  Thewideband report proviges one COF walie for the antire downlink systern bandwidith,
= It i avalue of single #+bit i represent an offective SINR as observed fy the UE

= :;E;:T;m tye g@f‘rﬂ%”m dnce it requires only o

~ With wideband CQI*the bariation tn Bre"SINR across the channel due to frequency
selective nature of the channel & masked out
= It & ot sudeeiie for froguency seloctive scheduling,
- It is the prafermed made to use for high speeds where the chamme! changes rapidly since
frequent subbond reperting would exhoust o ferge portion of the uplink bandwidth
—  Wideband CQ1i5 alzo the preferved mode for services sich as ValF where alorge number
of simultanents (s are supported ond fatency &5 mone oritiond thom the overall
ehroughpet stnce VelP fs tpfoally o low dete rate gpplication wich very sirict lntency
requirerneit,
2. Asubband CM reporting:
To support freguency sefective scheduling, ench UE neady to report he O with o fine
frequency granwlard ty, witich s possible with sehbared O neporting.
Prol Saresha V. Dept af ERE. VG T E, Sallia, 1657 527 Page 21
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— A subband TN report cansfsey of o vecar of O volee where sach OO0 value &
represen tative tithe SINE ohserved by the UE ever @ sub-band,

- Asubband is a collectfon of n adjacent Physfoa! Resouwrce Blocks (PRBs) where the value
ik con be Z 3, 4 6, or & depending on the channel bondwidth ard the O ferdback
mxde

— It requires mare uplink bandwiceh bue v mare efficient since it allws for o frequency
selective schodwlimg. which maimizes the moltiuser diversity gain.

MNiote:

(1). e af the critical aspects of designing the OOV feedback mechaniam for LTE is He
optimization between the downlink sestem perfarmance and the upfnk bandwidth conamed by
the feedback mecivinism,

(£). The LTE stendord does not spealy how o wfea between widebom! ond subband O
reporting depending an the UE speed o the (o8 requirements of the application. It s left up to
the agtipment mimufactirer to develop ¢helr praprietany o lgor thms in order to acoompfish this

9.3.2 A Primer on CQI Estimation

Downlink odl-speafic Refrrence Sigoals (£3) are wsed by each UE to estimate the MIMOD LTE
channel from the eNode-B,

The estmnated MIMO channel alo
the ather-cell interference level, |
The important thing is to unders Gin F sigmals are sent in both UL and DL while

e e —

The UE ises the estimated E‘:l'.ile antl Prerfifedte 'plus notse varance o compute the SINR
o the physical mesiource element (PRE) carrying the reference signal,

The UE computes SINR samples over multiple OFDM symbols and subcar riers, which are then
used to caloulate an effective SINR The effective SINR s given as

'l._ Y RN
SINR g =o, 0" {-LJ[H_H. J]
E=i

wn reference signal is then used to calculate

g

Where N 5 the number of simples. &y and o, adapt to different modulation and coding
sehemes,

Exponential Effective SINR Mapping (EESM ) and the mutual information-based methods are
priferred s ince they have been shown to grve a more aoourate estimate of the dumne | gualiby.
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» Inthe mse of widehand COI feedback, the UE measures the SINR from the reference signal
over all the PRBs, and then computes its COI based on the effective SINR across the entire
clanmel bandwidth,

» i sobband COQI the UE measures the SINR over the PREs contained in the given subband, and
then computes the COIL

¢ [falE reports a COI value for a particular subband, it is mled subbond feedbaok.

¢ IMallE repores a single CO1 value for whole system bandwadeh, it is called widehand feedhack,

» Hased on the estimated effective SINR, the UE picks the CQl index that indicate the highest
MCS level (modulation and rode rate) that can be supparted with a 10% BLER on the first H-
AROQ transmission,

s The COI feedback is wsed by the elNode-H to select an optimum POSCH trans port blodk with a
combination of modulition scheme and wansport block size corresponding to the COI index
that could he received with mrget block error prohabil ity after the first H-AR() transmission,

s The tarpet block error probabiity is left open asan implementation choice, bypical values are
inthe range of 10-25%

#  The supported CQI indices and thelr interpretations are phven in Table 9.2, 1n tatal, theee are
16 COQI values, whidh reguire a 4bit CH iedb.rd(. In Table 9.3, the effidency fora given O
index is caloulated as:  cffia (., x code rte,

1] ol of mnge

[ LSk HC] 152
] T 10 [EETT!
3 Orak 103 TR
4 OPSK W [
fi LH"5k EREL LETTIN
i [RTE [TTE] 176
7 TR AL iTs 14 70k
K 1) AL M) L9Ea)
] 1AM Bl 24
1 4 AN [ .7

1] =i} AM W7 130k
] G AN [T 100
] AN FiE] YT
i G4 AN 573 RIlEE |
1% G AM 57 G547
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9.3.3 CQI Feedback Modes
®  Thereare two reporting O feedback modes in the time domain

1. Periodic reparting: The UE reports OV, FMT, and BN with reporting periods confgured by bhe
igher laper: PUCCH is used for this report.

2, Aperodic reporting: & can be wend (o provide lorge ond more detofd reporting in a singfe
reporting instance wWa PUSCH, Repord Thming & triggered by DC]

®  Note: n cases where both perindic reporting on the PUCCH and the aperiodic reporting PUSCH
happen o be on the same subfrome, the UE will anly eromsmit the operiodic report over the
PUSCH and ignore the perindic PUCCH repart

# Bothperiodic and apedodic reporting modes support wideband and subband CQI reporting

* [n LTE there are two distinct reporting mechanisms for subband CO feedback when the
aperodic reporting mode s used:

L Higher Lover Configured Subband Report: In this case, the UE reports the subband COI
for each hand in a single feedback report. The size of a band is specified by a higher
layer message and is contingent on the system bandwidth,

£ UESelecied Subiind Report: In this case, the' UE reports the subband CQI for the 'M
bands with the highest CQl vahlues. The COQI for the rest of the bands is not reported.

= The average per sector downlink throughpht fof various wideband and subband CO1 fesdback
modes as shown Figure 9.2, Thesd result are typicl of a 10MHz FINY system in a multicell.

6.0

wE

PT] ME-TRFRES -

L'R ] i3

[N === ' _
ﬁ o |- _3 " Vi
n LTS
£ Bhp— - _
B
E 4u . )
¥ :
-

1.0 e = -

tn

Widrhand O] Sabhand T

Lipper laver confignod

Figure 9.1: The average downlink throughput per sector for vartons O feedback
= Each reporting class supporns a number of different reporting modes, Where each reporting
mode is characterized by a specific CO)l feedback type and a PM] feedback type. Which are
listed in Table 9.4 and Table 95 for periodic reporting and aperioclic reporting respectively,
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Table 8.4 COUsnd PRI Feadback Types i Periode PLCCH Beparting Mode

PUOCH Ol PAIL Foedbiark Ty
Foasilmak Tyjme No PMI | Bingle PRI
W ke lainiall Nl 100 Whiselas |0
{ Wielnmnd 1)
UE Selocted Modi 20 | Misde 20
i Subibsad CQL

Table 9.5 CO and PR Foodbecs Types fow Aperade PUSTCH Bopaering ook

iSO Ol TAIN T sk Type
Fevdlnck Type Na DN | Slngie AT | Sultiple PR
Whp | I | Blasike 1.7
W kel 01 L ) )
TIE Sebectod T o 20 | Bl &7
Salunmd DO}
Higher Lager-Canfigurmd | Moo 0 Lhicli 5.1
(St CO1)

» There are seven tronsmigsion modes in the downlink and wach of them supports a specific
subset of the reporting mode the details of which are shown in Tabie 3.6,
Table B8 The Supporimg CO Frpaning Mades lor Diferees Trareensn ldaies

Porio i Apriealic
Trmmsenkssbon Slodke Repaorting bode | Boparting &laods
1. Sangle-anlefing port. pon 0 - _"|_|l_l:|_|l- I 0 ] ?-1rr|l|1l R
_J fr:.u.l.l.nli |E|'|rl'll.||'| Sliai e | || "“ '|!..u.|||n.|'|| |.1‘|
3 Chperm- b apwtind sl plexing Mlisbes 100, 200 Mbim -0, -0
1. Chosrsl boop spanad wmiliipleoing Mpaks 141, 31 Bl 0.2, 3.2 31
B Multiamer SIIAI0 L T TR Yokt 141
6. U hown)-lowp famk = 1 fevoadiog, Sllguiom -1, 3-1 Noaden 1.2, 3-2. 3-1
T, Sipgleanirnns port, = 0 'l.IFk- 1-lh, Xdn Madis 20, 340
= Periodic Eﬂ-llh-pultlng: UE is semi-statical red by higher layers. UE periodically
&edhaitﬂ_lun @*S"EFF Table 9.4. Note that

s  Mode 1-0and 2—0 :lnnnt report F{-'Il atr:l l%'ley are ||1|seg I'ur OLMIMD modes and single-
antenna port transmiss ion,

# Mode 1-1 and mode 2-1 report a single PMI for CL NIMO modes, Le., enly the wideband PMI 2
reported,

s The periodic CO feedback is useful for scheduling and adaptive modulation and coding, and
can also be used to check or change semi-static parameters such as the MIMO mode or
transmission made. Considening the reporting for COEPME and R], there are four different
reporting types supported for each ofthese reporting modes as given in Table 9.7

L Type 1:repart supports C feedback for the UE sel ected sublsnds,
£ Type Z:report supports widchand O and Phil feedback:

1 Type 3:report supports B feedback

4 ‘Type 4: report supports widchand C L
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Talde 0.7 FUCCH Fegort Type Payioad Siee Pos Waportag Mads

[ VLR Bt b S domjas
PUECH H-Fﬂl Sliicke 1-1 .'l.‘ln-h! Bl [ Ml | =] Mol 3-0
Tyje | Monte Seate |(bis/B0) { bt EREY ) [ b THRI ) | R DU
[ NA =1 WA i+l
|, Sk amnad |.'|.|l| il e WA 2l —g il
| TR Arerian ] il %A ET )
8, W il wniall l = i
OOl A §TX Ammewmas] A A NA | WA
= |
[ITK Antenaa " [ R WA
M >
[(1TX Armenuas i T R4 L'
B =10
Flnwrr wpnanaal i | i i
AN il e i g I
Eelmyvr speatial i a !
| mmittipleong
UL W ekl O =1 | NA WA ] I [

=  Aperiodic CQI Reporting
o The UE shall perform aperiodic CQI, PMI and Rl reporting using the PUSCH channe in
subframe n + k The value of it i specified as follows
a FoarFDDLk =4 l
b. For TDD UL/DL configudration 1-6. k, §s given in Table 9.10.
c  For TDD UL/DL configurstion U:

o Asshown inTable 95, there are three diferent aperioclic O feedback types:

L Wide-band feedback

2 Higher layer-configured subband feedbacd,

3 UE-selected sublund feedbacik

4 Five reporting modes

& Modes 2-0 arid 3-0 arc for single-antenna-port transmission and OL MIMO modes,
while Mode 31 with single PMIand Modes 1-2 and Z-2 with multiple P511 are for
CL MEMO modes.
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Aperlodic O reporting supporting both Wideband and sublbsand feedback,

L Widehond feedbooke a UE selects a preferred precoding matric for each subband,
assuming transmission anly in that subband Then each UE reports one wideband
CO wmlue for each codewond, assuming the ase of the seiected precoding matrix in
vadh subband, and it also reports the selected PMI for each subband

i, Higher Loyer-Configured Subbond Feedbock: There are two different reporting
modes with higher layer-configured subband feedback: Mode 3-0 [without PMI)
and Mode3-1 (with single PMI). The supported subband size k is the sime as that
for the periodic reporting as in Table 98, As a separate CQI is reported for each
subband, this reporting ty pe provides the fmest frequency granulanty but also has
the highest overhead

94 Precoder for Cvsed-Loop MIMO Operations
9.4 1 Introduct ion:

MIMO transmisston s a key technbque In LTE and can provide a significant hroughput and
gaing, espedally with the spatial multiplexing mode.

The amount of feedback required to provide the full C51 (Channel State Information) to the
aNode-B is birpe, parti culardy in milticreife s
In order to mitigate the feedback §soe, limived) machanizms areused in LTE.

The UE chooses the l:pl‘.i.mun:l | der for downbnk bransmession based on a

predefined sernlmmder :H
Instead |:|!'m|:| r%@ktﬂ indicate the mder of bhe

prrecodding mueets from the eqdqhq:xk i n

Rl s reported by the UE to indicate the numhe-r l:lEI.:-lrE'ﬁ, Le. the pumber of data streams used
inspatial mul bplexing,

For CL MEMO meoedes, Le, the transmission mades 4, 5 and &, the preferred precoding matnx
inthe predefined mdebook needs to be reported, which is provided by the PML

9.4.2 Precoder Estimoation for Multivarrier Systems

The precoder estimation at the UE can be done based on a few different metnics, The
most COMmon metric is the capadty- based one.

The precoder is chosen to maximize the MIMO capacity of the effedtive channel, which
inchedes theradio channel and the precoder,

CL MIMO system, the interference is dynamic in mature, as the precoders wsed at interfering
cells change from one TT1 to the next. Thus, choosing a precoder bazed on the instantaneous
tnterference seen by a UE can lead to suboptimal performance.
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* [t s better to choose the precoder based on long-tenm dharacteristic of the interference such
a5 the interference variance at each receive antenna
»  For the § "subcarrier, the achievable rate for Minimum mean square error (MMSE) receiver is

LR}
Ri= 3 lomy(l + SINHa)
i |

A i
L { Ly + LFVRYEF ] i)
b f "M :JI.J- :

R
Ll |

where M I ta 4, depending on the pumber of bavers, aml H and F e (e chiannel
el i .l.qul =|[|1-|41|n|l. LSRR n'n.pl'rlur-l.r I-nl' i ||'|'|||.I|.| airler sysdepn, Uhe s « :nl_n.u':h
avier A skl with N sulscarriens s

i
Ramn E i {n.10)
Tl

* The precoder is chosen to maximize Res for a given subband {subhband PMI) or the entire
bandwidth (wideband PAMI).

9.4.3 Precoding Motrix Index (PMI) and Ronk Indicotion (R Feedback
= The Rl report iz determined from the supported set of Rl values for the corresponding eNode-

H and the UE antenna configuration. I

and from 1 tod for four-antenna ports.
*  The mapping between Rl bits and the channel rank is shown in Table 9,13,

Table 9.13 Rifftigping

NOo fEsaEFEEe

| liml onde
i, n
i, 1
1,0
1,1

e R L Bl B

= UEs nead to report RI for both CL and OL MIMO mode <

* For the CL spatial multiplexing the RI report, together with the PMI, informs the elode-H to
select the sultable precoder.

& For OL MIMO, the Rl report supports selection befween ransmit diversity (Rl = 1) and OL
spatial multiplexing (R > 1}

= Dnly widehand BRI reporting = supported, Le, only a single R s reported for the whole
bandwidth, as subband /I reporting provides likthe performance gain.

[ T L L il S e I R [ TR
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& i addition, as the channel mank nomuslly changes slowly, the reporting period for RN s longer
than O in periodic reporting.
= PMI reports the channel-dependent preceding matrix for CL NEMO maode,

9.5 Upllnk Channel Sounding
Channel sounding is mainly used for uplink channel quality mea surement at the eNode-B.

= The Sounding Reference Symbal (SRES) is transmined by the UE in the uplink for the eMode-B
to estimate the channel state information, which mchades the MIMO channel of the desired
sigmal, SINK, notse, Interference level, etc
& The SRS can also be used Bor uplink timing estimation and uplink power control,
* The SRS tmnsmission & always 0 the last SC-FOMA symbal in the configured subframe, on
which PUSCH data transmis=ion is not allowed,
= The eNode-B can either request an Individual SRS transmission from a SE or configure a UE to
pernodically transmt SRS
= The periodiary may ke any value of 2, 5, 10, 20, 40, 80, 160, and 320 ms
=  The UE-specific SRS parameters inchide
o Thestarting physical resource blodk asspnment
o Duration of 505 transmission
o SRS periodicty and SRS subframe offset

o Whenever SRS ond ACK/NAK omd for positive SR tronsmissions sappen fo coinclde in the
sme subframe unless the porameter Simultoneoos -AN-and-SRS is TRUE

.6 Buffer Status Reporting in Uplink

* A Buffer Status Report (BSR] is sent from the UE to the servimg eMode-B to provide
nformation abouk Ehe amount of pending data in the uplink buffer of the UE,

*  The huffer status alang with other information, such as priorties allocated o different logical
channels & useful for the uplink scheduling process to determine which UEs or ngical
channels should be granted radio resources at 2 given time,

= A BSHs tnggered if any of the following events occurs:
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w  Regulor 858 Uplink data for a logical channel becomes avallable for transmission, and
either the data belongs to a logical channel with higher priority than the prionties of
the data available for transmission for any of the logical channels,

b. Podding 85K Uplink resources are allocated and the number of padding bits is equal to
or larger than the siw= of the BSR MAC control el ement.
¢ Aservingcell chanpe occurs, in which case the BS R is referred o as “rogudor B54."

d. The retransmission B5R timer expires and the UE has data available for transmission,
in which caswe the BSR ks referred to as "regelor B58.°
g, Perfodic BSR: B5R tmer expires, in which case the B5R is referred o as “periodic BSR."
*  The butfer status &= reported on a per mdio bearer’ (logical channel) group basis.
& There are two BSR formats used in the LTE uplink short BSR that reports only one radio
bearer groaip, and long BSR that reports multiple radio bearer groups
» For regular and perlodic BSR, if more than one radio bearer proup has data avallable for
transmiss ion in the TTI where the B5E B wansmi tted, long BSR is reported: othe rasise. Short
BSR is reported. For padding BSR:

i When the number of padd ing hits s equal to or larger than the slze of the short BSR
plus its subhesader bu srrmliﬂihn the size of the long BSR plos its subheader
truncated BSK with thefhighest priorigy logical channel is reported if more than one

a: otherwase, short B5R is reported

h. 1f the number of padding bits is equal §F6r lmmger than the size of the long BSR plus
e DB 6 6

& When the BSR procedurs :lej_.llurmmes qin'-ll,l.ll legn'.l jng BSR has been triggered, and then if the
UE has been allocated uplink resources, a buffer status report is transmitted.

logical channel group b

& |fa regular BSR has been tripgered and the UE has no allocated uplink resource, a scheduling
request fior a BSR transmission is triggerned.

s A& MAC PDU shall contain at most one MAC BSH control element, even when multiple events
tHERER

* |nthis case, the regular BSE and the periodic BSR shall have precedence over thie padding B5SR.
All trippered BSRs shall be cancelled in the nllowing two scenanos:

1. The uplink grane com accommodote off pending daen ovaflehie for tronsavssion But 15 no
sufficient to wdditionally acoxnmodinte the BSR MAC control dlerment
2 A BSRix indude in o MAC PO for tromssission
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9.7 Scheduling and Resource Allocation

& The main atm of scheduling and resource allocation is to efficientdy allocate the available radio

resources to UEs to optime acertain performance metric with (o8 requirement constraints,
= Scheduling algorithms for LTE can be dbhdded into two categories:
1. Channel-dependent soheduling:

o Dynamic chanoel-dependent scheduling is oneof the key feature to provide high spectrum
efficency in LTE

r The allocation of REs to a UE is based on the chanoel eondition, eg, proportional fimess
schieduler, max Carrier Inter Rrace scheduler.

o To better exploit the chanmel selectivity, the packet scheduler is locibed in the eNode-B,
which allocates physical laver resource for both the DL-5CH and UL-5CH transport
channels every TTIL.

o Schedwing depends heavily on the channel mformation available at the eNode-B, whidh is
provided by the uplink COIrepor ting for the downlink channe! and by channel sounding in
the uplink channel,

o The scheduler should also tale account of the traffic volume and the Qo8 requircment of
ech UE and assodated radio bearers.

o Dueto the wse of OFDMASSC-HDMA, I.’_‘iis.
time and frequency domain,

2. Channel dependent scheduling:

o The objective of channel-d ent schegpli to exploit multiuser diversity to improve
e RO LOSL 1T £ 6

o Here allocate resource blodks|to a UE is random and not based on channel condition, &g,
roumd-robinscheduler.
o Itshould alsoconsider such Issues as fairness and QoS réquirements,
o Inaddition, scheduling is Gghtly integrated with link adaptation and the H-ARQ process.
o The scheduling algorithm 5 not standardized and it & vendor spedfic.
& |na multicarrier system such as LTE, channel-dependent scheduling can be further divided
inim two categories:
L Frequency diverse schedulimg: The UE selection is based on sideband COL However,
the PRE allocation in the frequency domain is random. It cin exploit time selectivity

toexploit the channed variation in both the
advantage compare to H5PA (3G).

and frequency diversity of the channel

2. Frequency selective scheduling: The UE selection is based on both wideband and
subband COI, and the PRB allccation is basesd an the subband CQ1 This can exploit both
time and frequency selectivity of the chanmel
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9.7.1 Signraling for Scheduling in Downdink and Uplink

eNode-B scheduler dynamiclly controls time-frequency resources are allocated to a certain
UE in both downlink and upknlk

The resanrce assdgnments, incuding the as<igned time frequency resouroes and respective
transmiss jon Drmats, are conveyed through downlink control signaling

The mumemum stee of radio resource that can be allocated ko a UE corresponds to two resource
blodks, which is 1 ms duration in the time domain and 180 kHz in the frequency domain,

Both Inmalized and distributed resoorce allomtions are supported in the deswnlink, while in
the uplink UEs are abways asslgned contiguous resources,

In addition, there is a strict constralnt on the UE transmit power in the uplink.

«  Signaling for Downlink Scheduling: Producers are

-]

The channed state information [C51) at the eNode-B for the downlink scheduling is obtained
through CO reporting from LE=.
Based on the COL eNode-B dynamically allocates resources to UEs at each TTL
A UE always monitors the PDOCH for possible allocations and decode the PDOCH with CRE
‘The UE shall decode the PDCCH and any corresponding PDSCH according to the respective
combinations defined n Table 9,16,

Table 9.16 PDCCH agd PDSCH Configered by C-RNTI

UE DL Transmizs o L Trasmission Scheme
Wl Forina of PDSCH
DT formnd) 1A | Singhespnlenng porl, port O

Made 1

Singhe-antonns porl, patt O

A ragsmilL | versily

S ': - 1 - :
oded | I Rormat A _FOL spaitin] mubtiplexing

or tranamd i dlvesliy
DO formust 1A | Tramsmdy ol versity

D formar 2 | CL spatial maltiplegang
o lranamll dfiversliv

Ml 4

DL formine LA | Tramsmmit o versity

DCT format 10 | Multiuger MIMO

DO ket 1A | Tromsenit of | versify

Maoile G D format 1B | Clsead-loop Rank = |
precoding

DCT farmat 1A | If the number of PBCH
antenng parts s dane,

Mode 7 sangle-antenna port (port ()
ot herwise, tramsinit diversity
DT format | | Single-amlenna port, port 5

Muode &
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9.7.2 Multiuser MIMO Signuling

= [f MU-MINID iz used in the uplink, then itis transparent to the UE with the exception that two
UEs should transmit orthogonal reference signals in order for the elode-B to separate them.

= The uplink resource allocation 15 indicated on FDCCH wsing DCI format O, which contalnsa 3-
kit fietd o indicate the cydic shift in the reference slgnal to be used by each UE

* When MU-MIMO & used in the downlbink, two rank-1 UEs are mulipleced on the same
physical resource.

* |n this case the power for each UE is reduced by 3 dB. This is indicated by the pawer offset
field [n DCI format 1D which (s used for MU-MIMO scheduling,

9.8 Cell Search™*

= Cell Search means the mollective term representing the combined procedure of Measurement,
Evaluation and Detedion process.

® Thiz is very tightly related to Cell Selection process because UE poes throuph this search
process first before it goes throwgh the cell selection.

* Alzothis process influence greatly on energy consumption of UE during the idle mode.

= Whena UE powers on, it needs to aoquine ime and frequency synchronization with & cell and
detect the physical-layer cell 1D of that cell through the cell search procedure or
synchronmati on procedune,

= During cell search, different n meed to be identified by the UE including
gmhbal md fraome Hming, frequ tiffrntion, tronsmission bandwideh, anienno

configreroetion, cnd i
= LTE uses a hierarcliicallc ] a tl:n]?ﬁ@\%nmmm-:d in Figure 9.4
&1l ip oopoi

I pwiectiaonn oo s il Bl imang, Eraguieacy ol wnd
el W0 il Py

‘

Dreimibon ol o (iming s cefl 1T group mdes.

"
t

| ity ol by wyade . (e on o PRCH.

of informat

Flgura 9.4 The coll sarch process
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Cell search procedure: A cell search & nothing ket o procedure that o OF shall perdform in
order to get more detosls about Che neardy eNodeB doell So this i the first step that a UE shell do
ax soofd a5 it 5 powered or. The cell search procedure, = the UEY way of acquirfng cell specific
mfarmation and this, the UE hay to perform ance or several tmer based on the condition of the
network

Cell Search step I: The UE detects the symbol timing and the cell 1D index N | from the
primary syndwonization signal This is achieved through matched filtering between the
received sgnal and the primary synchronimtion sequences, Three orthogonal sequences
defined for the primary synchronization signal, the cell 1D index N I3, can be detected by
Identifying the received sequence. Frequency and Time synchronization can be performed
kased on the primary syncdironization sigonal. OFDM symbal timing can be detected, but as
there are two primary syochrongation signals transmitted onoeach frume that are
Imdistinguishable, frame iming cainnot be detected.

Step 2: The UE deteds the cell 1D group index ¥ F:,' and frame Gming from the secondary
sy nchronieation signal, The index N :.:.:. i detected by identifying the shift n the meseguenoe
bns thve received signal, For deteciing the frame timing, the palr of secondary symdwronization
signals in a radio frame has a different structure than primary synchronization signals.

Srep 3: Alver the cell search, the UE can ditrt the brosdeast channel to obeain other physical
layer imformation, &g, system handwidih, nu
numibes.

of transmit antennas, and system frame

Step 4: The sysem information i3 i Infkrmation Block [MIB) transmitied
the PDSCH. At this stage, the

on the PACH and nm;e’ﬁ
UE detects MIE W -cell orthogonality, uplink

transuissions foom differefit UBY sholldarrivit oF e eMode-B within a cvelic prefix This is
achieved through the iming advance procedure.

Step 5: The timing advance s ohtalned from the uplink received iming and scot by the eNode-
B tn the UE The UE advances or delays its timing of ransmissions to mmpensate for
propagation delay and thus time-aligns its transmissions with other UEs The timing advance
command 5 on a per-need basis-with a gramulanty in the step sie of 0525

9.9 Random Access Procedures (RACH:

In order to be syndronized with the network, BRACH procedure i used by UE,

* Supposea UE wants to access the networi, so first it will try to attach or synchromze with the

network In LTE a separat e channel PRACH [Physical Random Access Channel] is provided for
fmitial access o the network,
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= The UEs also obtain uplink timing infor mation from the initial handshake,
® | LTE there are two random access mechanismes:

I. Non-synchroniced random access: Non-senchronized rendom occess fr used ohm the UE
uping has not boen tme swchronized, or when the UE uplink foses symohroniastion fts mmn
purpose fs to obtain smchronizeton of the eplink, netiy the eNode-B that the UE hey deto to
tronsti L o transmit g smoll omount of condro! formaition and el pockets

2. Synchronized random access: Synchronmed rondom oocess is wed when wplink
smohroniznition K present. lis main purpose 5 Fo reqlest reswrces. for ophink dato
tronsmision from the eNode-8 schaduler

o Now-syochronized rondoim aooess procediere:
o Prior to initiation of the non-synchronized random acecess procedure, each UE obtains
the bllowing information broad mst from e Mode-B:

Random access channel parameters

Inchuding POACH configumtion

Frequency position and preamble forma
— Parameters for determining the root sequencoes and their opcic shifts in the
preamble sequence set for the vell.
o The non-synchronized mndom acces s procedure consists of following steps is depicied
in the figure 9.5 and describecl as i:'m

Figure 9.5 The non-wymohrosimed iasdom scoms procsdus

1. Multiple UEs transmit randomly sefected random aocess code

2. eNode - B conducts a muthser detection process and allocates resowrces to the detected
LEs.

3. Each UE transmits detalled information losing allocated rezources,

4. The eNode-0 transmits the oontention-resototion messige on the DL-5CH When the
previous  steps  are finished  soceessfully, eNode-B and each UE  Initiate  das

comEnunication
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Step 1: Random Access Preamibe Transmission:
o The UE randomly selects o random acoess preamble transmitted by eNodeB, and transmits on

the PRACH phy=zical channel,
o Open-loop power control is osed to determine the initial transmit power level

o Multiple UEs may transmit their random access preambles simultaneowsty throogh the same
clannel, and the eNode-B monitors the random access channed and conducts nultiuser
detection ideatifnng each RACH transmession.

o The RACH signals from the dfferent UEs are based on the Zado -Chu ssquence with dfferent
cydic shift resulting in a 28 ro cross-correlation between them

o The eNode-B also calculates the timing correction for the wplink transmassson foreach UE.

Step 2: Rondom Access Response;
o eMode-B transmits the corresponding random access response on the DL-SCH, which
contalng the dendty of the detected preamble, the dming correction for uplink wansmission,
4 bemiporary kKeatity for transmission in followling steps, andan initial uplink resource grant.

=}

The mandom access response message can also incudea backo indicitor to instroct the UE
to hade off or a period of dme before re i ng anct her pandom access attempe.

o The uplink scheduling grant for the fnlll.'ls'lrig uplink trarsmission contains 20 bits, and the
content i illustrated in Table 9.2

Table 9.20 The Contaet ol lw.lml-fnulu-lu Lvant

Informatbon Type | Numbser .
Hopyung ] PUSCH teegmency

%GIL@SQ%Mm the fodkmwing ollowing stop. |
ul‘_n:J-:ur - 1 n L] el |n|h| [ TR lllr
Ibock assigmmeme A | | i n ek following trassmisdon
Truncsted i Dt oramdawes | bt omosdoplat gt manid cvoedbing
il unlat o abd s s
cumliing = beriee
TPL command lor 1 .1.-!:]“-7- the transt ].-.ml'ﬂ' o PUSLT
sebedbuled [PUSCH
1L abislay | I-llln-u:q Ul wngelinik Eramsmsission ©iming
OO rerpisa | U ool i et e el o] Pt el

aeowess procednre to determine whether
an sporiodic OO0 repont s incladed in
Ut rospresgunfing F*USCH 1russmission

= (mce the random access preamble is transmitted, it will monitor the PDCCH for random
arcess response identified by the Random Acces: Radio Network Temporary [dentifier [RA-

RNTI), as the time-frequency slot carmying the preamble is assoclated with an RA-RNTLL
If the recetved random access res ponse matches the transmitted preaanble, the UE may stop

=]

maonimoring
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Step 3: scheduled Transmission

o After step 2, the UE is oplink synchronized and can transmit additional messages on
scheduled UL-5CH,

rn This stepis o assist concention resod nthon.

o If the UEs that perform mndom access attempts o the same time-frequency resource use
different preambles.

o Different UEs can be identfied by the eRode-B and there is no collision. However. it is possible

that multiple UEs select the same preamble, which causes a collision

o Toresohe the contemtion for access, the UE that detects a random access preamble transmits

@ messaye conaining a terminal identity.

o Ifthe UE is connected to a cell, Call Radio Network Temporary ldentifier [C-RNTT) will be tool,
whirhis a unigue UE 10} at the cell level; otherwise, a mne networkidentifier is osed. In step 1
thie H-ARG protoco] s supported to lmprove the transmission rellability,

Step 4: Conbention Resolutlon:
o In this step, the eNode-B transmits the contentinn-resolution message on the DL-SCH, which
contalns the fdentity of the winning FE !

The UE that observes a match between this i

tity and the identity trinsmitted in step 3

declares s succes and completes s random acdess procedur:.
If this UE has not been assigned a (- & tmporary nll.-nt:l:. is then set as its C-RNTI.

n The H-ARQ prato E 4\'{ Emmﬁlt access will tansmit
an H-ARD atmuwm

910 Power Contiol in Uplink:
As compared to Dowalink, n case of Uplnk in LTE, Power control is used As the battery of

the phone UE] is power imited compared bo hase station power in the DI
o Upiink power control is used mainty for the following two reasons
L. Limmt intrecell and intercel interfermce
2. Reduce UE powerconsumpiian
o In LTE the power matral in the uplink is to control the interference cused by UEs to
nelghboring cells whil e maintaining the required SINR at the serving cell.
o The power controf scheme for the FUSCH transmission in the uplink. Usually in Uplink. Fower
conbral is done in two ways One is
I, Conventional Pawer Contral [CPC): Corventional power control in the uplink is o achieve
the same SINR for different UEs at the base station. also known as full componsation. But it
sufters fow spectral efficiency as the common SINR i limited by the cell -edpe B
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MODULE-5

Radio Resource Management and Mobility Management:
PDCP overview, MAC/RLC overview, RRC overview, Mobility Management, Inter-cell Interference
Coordination(Sec 10.1 - 10.5 of Text).

Data Flow, Radio Resource Management, and Mobility Management

Building on the physical layer procedures discussed in previous chapters, in this chapter we
describe higher-layer protocols and mobility management in LTE. Radio re source management
and inter-cell interference mitigation techniques will also be discussed in this chapter. However,
before discussing higher-layer protocols, we first introduce the concept of bearer for Quality of
Service (QoS) control and the protocol architecture of LTE.

PDCP Overview :

A PDCP entity is associated either with the control plane or with the user plane depending on
which radio bearer it is carrying data for 7. Each radio bearer is associated with one PDCP entity,
and each PDCP entity is associated with one or two RLC entities depending on the radio bearer
characteristic (uni-directional or bi-directional) and the RLC mode. PDCP is used only for radio
bearers mapped on DOCH and DTCH types of logical channels.

The main services and functions of the PDCP sub layer for the user plate and control plane 5
shown in Figure 1 are as follows.

Llser Plune Controd Plane

DCP-SAP P
l | P-SA i PIMCTP entity

S — <+HOte: oAt ee

| Sequence numbenmg 4 I Sequense numibering

| Header compeession | Integrity progecion

| i

—

| Cipherning | Ciphering
| |
| Add PDXCF header | Add FIXCF beader
D s iy g i iy ..——l—;. _______________ ﬂ,‘_-J-—_x._ ________ r

Figure 1: PDCP functions for the user plane and the control plane.

For the user plane:
1. Header compression and decompression of IP data flows with the Robust Header
Compression (ROHC) protocol.
2. Ciphering and deciphering of user plane data.

3. In-sequence delivery and reordering of upper-layer PDUs at handover.

4. Buffering and forwarding of upper-layer PDUs from the serving eNode-B to the target
eNode-B during handover .

5. Timer-based discarding of SDUs in the uplink .
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For the control plane:
1. Ciphering and deciphering of control plane data.
2. Integrity protection and integrity verification of control plane data.
3. Transfer of control plane data.

The PDCP PDUs can be divided into two categories:

The PDCP data PDU is used in both the control and user plane to transport higher-layer
packets. It is used to convey either user plane data containing a compressed/'un compressed
IP packet or control plate data containing one RRC merge and a Message Authentication Code
for Integrity (MAC-I) field for integrity protection, which will be described in detail later in this
section.

The PDCP control PDU is used only within the user plane to convey a PDCP status report
during handover and feedback information for header compression. Thus, unlike a PDCP data
PDU, the PDCP control PDU does not carry any higher layer SDU but rather is used for peer-to-
peer signalling between the PDCP entities at two ends.

The constructions of the PDCP data PDU formants from the PDCP SDU for the user plane and
the control plane are shown in Figure . The various types of PDCP PDU carried on the user and
control plane are shown in Table 1. There are three different types of PDCP data PDUs,
distinguished by the length of the Sequence Number (SN).

The PDCP SN is used to provide robustness against packet loss and to guarantee sequential
delivery at the receiver. The PDCP data PDU with the long SN is used for the Un acknowledge
Mode (UM) and Acknowledged Mode (AM) and the PDCP data PDU with the short SN is used
for the Transparent Mode (TM). Besides the SN field and the ciphered data, the PDCP data PDU
for the user plane contains a "D/C' field that is

User Plune PDCP Data POU ' Cantgol Plane PDCP Data PDU
[ Initial data [ 1B Inialdetn
L -.I? U
|ovie | pocesw | ciphertan | [ PDOPSN | Cipherddma | MACH |

Figure 2: PDCP formats for the user plane and the control plane

PDCP PDU Type SN Length Applicable RLC Mode

| User plane PDCP data PDU {long SN) 12 bhits AM TN

User plane PDCP data PDU (short SN T hits LR

Control plane PDCP data PDU L hits AM/UM

]
5
PDCP control PDU for ROHC feedback NS A AM/RM
PDCPF control PDU for PDCP status report N/A ' AM

PDCP Data units
Header Compression :
The header compression protocol in LTE is based on the Robust Header Compression (ROHC)
framework defined by the Internet Engineering Task Force (IETF) (12). PDCP entities are
configured by upper layers to use header compression, which is only performed on user plane
data. The requirement for header compression comes from the fact that all the services in LTE
are IP-based, and are based on the framework of IP and other related IETF protocols.
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However, these protocols bring 1 significant amount of header overhead at the network layer
(IP), transport layer (TCP, UDP), and application layer (RTP), which contains redundant and
repetitive information and necessarily consumes precious radio resources.

Therefore, an efficient header compression scheme is required, especially for VoIP services
where the IP-related repetitive information in the header field is large relative to the in actual
speech packets. There are multiple header compression algorithms, Galled profiles, defined for
the ROHC framework. Each profile is specific to the particular network layer, transport layer,
or upper-laver protocol combination, e.g-, TCP/IP and RTP/UDP/IP.

Profile 11 Usage Reference
(00 Mo -:'nl:u|1;:-:~'.-=in:m REC 4005
(e RTF/UDP/IF | RFC 3085, RFC 4315
ez UDP/IP RFC 3085, RFC 4315
(003 ESP/IP RFC 3085, RFC 4315
CecDi0A e RFC 3843, RFC 4315
(o006 TCP/IP . RFC 400G
ecil0] RTF/UDP/IP RFC K225
(ecilng UDP/IP RFC K225
el 03 ESP/IP RFC K225
(ecil0d Ir RFC H225

Integrity and Ciphering :

The security-related functions in PDCR.include.integrity protection and ciphering. A PDCP
PDU counter, denoted by the parameter COUNT, is*maintained and used as 11 input to the
security algorithm.

The format of COUNT is shown in Figure, which has'a lenigth of 32 bits and consists of two
parts: the Hyper Frame Number (HFN) and the PDCP SN. The SN is used for reordering and
duplicate detection of RLC packets at the receive end

The ciphering function includes both ciphering and deciphering. It is performed on both
control plane data and user plane data. For the control plane, the data unit that is ciphered
is the data part of the PDCP PDU and the MAC-I; for the user plane, the data unit that is
ciphered is the data part of the PDCP PDU.

The ciphering is done by an XOR operation of the data unit with the ciphering stream. The
ciphering stream is generated by the ciphering algorithm based on ciphering keys, the radio
bearer identity, the value of COUNT, the direction of the transmission,

12 hils

HF™N PDCP SN

Figure 3: Format of COUNT
MAC/RLC Overview :

As there is close interaction between MAC and RLC sub layers 5,6, we discuss them
together in this section. The RLC layer performs segmentation and/or concatenation of
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PDCP PDUs the size indicated by the MAC. RIC the RLC PDUs once they are received out of
order possibly due to H-ARQ processes in the MAC layer.

The RLC layer also supports in ARQ mechanism, which resides on top of the MAC layer H-
ARQ and is used only when all the H-ARQ transmissions are exhausted and the RIO PDU has
not yet been received without errors. As mentioned previously, at the transmitter and the
receiver there is one RLC entity per radio bearer.

The MAC layer only performs the task of multiplexing and prioritizing the various radio
bearers Associated with the UE. The MAC layer provides services to the RLC layer through
logical channels, while it access the data transfer services provided by the PHY layer
through transport channels.

Data Transfer Modes

Functions of the RIC layer are performed by RLC entities. Each RLC entity can be operated
in three different modes: the Transparent Mode (TM), the Unacknowledged Mode (UM),
and the Acknowledged Mode (AM).

The Transparent Mode (TM)

The TM mode is the simplest one. The RLC entity does not add any RLC header to the PDU
and no data segmentation or concatenation is performed. This mode is suitable for services
that do not need retransmission or are not sensitive to delivery order. Only RRC messages
such is broadcast system information messages and paging messages use the TM mode. The
TM mode is not used for user plane data transmission. The RLC data PDU delivered by a TM
RLC entity is called the TM Data (TMD) PDU.

The Unacknowledged Mode (UM)

The UM mode provides in-sequence delivery of data that may be received out of sequence
due to the H-ARQ process in MAC, butsne-retransmission of the lost PDU is required. This
mode can be used by delay-sensitive and error-tolerant real-time applications, such us
VoIP. The DTCH logical channel can be-operated in the-UMmode, and the RLC data PDU
delivered by 10 UM RIC entity is called the UM Data (UMD) PDU.

At the transmit end, the UM RLC entity segments and/or concatenates the RIC SDU.
According to the total size of RLC PDUs indicated by the MAC layer. Relevant RLC headers
are also included in the UMD PDU. The receiving UM RLC entity performs duplicate
detection, reordering, and reassembly of UMD PDUs.

The Acknowledged Mode (AM)

The AM mode is the most complex one, which requests retransmission of missing PDUs in
addition to the UM mode functionalities. It is mainly used by CITOI-Sensitive and delay-
tolerant applications.

The operation of the AMRIC entity is similar to that of the UM RLC entity, except that it
supports retransmission of RLC data PDUs. The receiving AM RIC entity can send a STATUS
PDU to inform the transmitting RLC entity about the AMD PDUs that are received
successfully and that are detected to be lost.

Purpose of MAC and RLC Layers

The main services and functions of the RLC sub layer include

e Transferring /receiving PDUs from upper layers, i.e. from RRC for the CCCH logical
channel or from PDCP for other cases

e Error correction through ARQ (only when the RLC is operated in the AM mode)
 Concatenation, segmentation, and reassembly of RLC SDUS (only for UM and

AM data transfer)

» Re-segmentation of RLC data PDUs (only for AM data transfer)

* In-sequence delivery of upper-layer PDUs (only for UM and AM data transfer)
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 Duplicate detection (only for UM and AM data transfer)

e Protocol error detection and recovery

* RLC SDU discard (only for UM and AM data transfer)

* RLC re-establishment

LTE defines two MAC entities:

one in the UE and one in the eNode-B. The exact functions performed by the MAC entities
are different in the UE from those performed in the eNode-B. The main services and
functions of the MAC sub layer include

e Multiplexing/de multiplexing of NAC SDUs belonging to one or different logical channels
into from the same transport block

e Error correction through H-ARQ, which has tight interaction with ARQ in the RLC layer
and will be discussed later in this section.

Transport format selection, i.e., the selection of the Modulation and Coding Scheme (MOS)
for link adaptation

» Padding if a MAC PDU is not fully filled with data .

PDU Headers and Formats RLC PDU Formats

RLC PDUs can be categorized into RLC data PDUs and RLC control PDU.. As discussed in the
previous subsection, RLC data PDUs are used by TM, UM. and AM RLC entities to transfer
upper-layer PDUs, called the TM Data (TMD) PDU, the UM Data (UMD) PDU, and the AM
Data (AMD) PDU, respectively. On the other hand, RLC control PDUs are used for peer-to-
peer signalling between the AM RLC entities at the two ends for ARQ procedures.

The formats of different RLC Data PDUs are shown in Figure . The TMD PDU only consists of
a Data field, as no RLC header is added. The RLC headers are different for UMD PDU and
AMD PDU, but they contain common fields.ineluding

e Framing Info (FI) field: The FI Held indicatés whether a RLC SDU is Segmented at the
beginning and/or at the end of the Data-field.

 Length Indicator (LI) field: The LI field indicates the length in bytes of the

corresponding Data field element present in the UMD or AMD PDU.

 Extension bit (E) field: The E field indicates whether a Data field follows or a set of E field
and LI field follows

SN field: The SN Held indicates the sequence number of the corresponding UMD or AMD
PDU. It consists of 10 bits for AMD PDU, AMD PDU segments, and STATUS PDUs, and 5 bits
or 10 bits for UMD PDU. The PDU sequence number carried by the RLC header is
independent of the SDU sequence number, i.e., the PDCP sequence number

[ Daia | T PO

[BTE]ss[E] L ]- - - [E] 1] Data | vaan pou
nc|eF|er[a|E]sv| ]|y |- - - [ E [ 1k Dala | anap roU

[nc|re|le|m e |svfose]so| g |y |- - - | & | | Iala | AMD PDU sepmen

o'

HLLC Header
Figure 4: Formats of RLC Data PDUs
e Data/Control (D/C) field: The D/C field indicates whether the RLC PDU is an RLC Data
PDU or an RLC Control PDU.
* Re-segmentation Flag (RF) field: The RF field indicates whether the RLC PDU is an AMD
PDU or an AMD PDU segment.
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 Polling bit (P) field: The P field indicates whether the transmitting side of an AM RLC
entity requests a STATUS report from its per AM RLC entity. Additionally, the RLC header of
an AMD PDU segment contains special fields including:

» Segment Offset (SO) field: The SO field indicates the position of the AMD PDU segment in
bytes within the original AMD PDU.

» Last Segment Flag (LSF) field: The LSF Held indicates whether the last byte of the AMD
PDU segment corresponds to the last byte of an AMD PDU.

The STATUS PDU is used by the receiving AM RLC entity to indicate the missing portions of
AMD PDUs. The format of the STATUS PDU is shown in Figure 10.9, which Consists of the
following fields:

Control PDU Type (CPT) field: The CPT field indicates the type of the RLC control PDU,
and in Release the STATUS PDU is the only defined control PDU.

* Acknowledgment SN (ACK SN) field: The ACK_SN field indicates the SN of the next not
received RIC Data PDU, which is not reported is missing in the STATUS PDU.

» Extension bit 1 (El) field: The El field indicates whether a set of NACK_SN, El, and E2
follow us.

e Extension bit 2 (E2) field: The E2 field indicates whether a set of SO start and SO end
follows.

Negative Acknowledgment SN (NACK SN) field: The NACK SN field indicates the SN of
the AMD PDU (or portions of it) that has been detected is lost at the receiving side of the
AM RLC entity

SO start (SO start) field and SO end (SO,end) field: These two fields together indicate
the portion of the AMD PDU with SN = NACK|SN that has been detected is lost at the
receiving side of the AM RLC entity.

||J-1;‘| CPT I ACK_SN | El { NACK_SN | El | E2 [ S Siead N MACHK_SN | ‘e e

RLC Hender
Figure 5:The format of STATUS PDU
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Figure 6: An example of MAC PDU consisting of MAC header
RRC Overview :
The RRC layer takes care of RRC connection management, radio bearers control, mobility
functions, and UE measurement reporting and control. It is also responsible for
broadcasting system information and paging. In this section, we discuss the two RRC states
in LTE and the functions provided by the RRC protocol.
RRC States
Compared to UMTS, which has four RRC states, LTE has only two states RRC_IDLE und
RRC.CONNECTED, is depicted in Figure 7 .This simplifies the RRC state machine handling
and the radio resource management, which controls the RRC state.
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Figure 7: RRC states in LTE

In the RRC_IDLE state, the UE can receive broadcasts of system information and
information. There is no signalling radio bearer established, so there is no RRC connection.
In the RRC_IDLE state, the mobility control is handled by the UE, which performs
neighbouring cell measurements and cell selection/reselection.

The system information mainly contains parameters by which E-UTRAN controls the cell
selection/reselection POCK, such as priorities of different frequencies. The UE shall have
been allocated an ID that uniquely identifies the UE is a trucking area. The UE also monitors
a paging channel to detect incoming-calls,-and it specifies the paging Discontinuous
Reception (DRX) cycle.

In the RRC_CONNECTED state, the UE has an E-UTRAN RRC connection and 1 context in the
E-UTRAN, so it is able to transmit and/or receive data: to/from the network (eNode-B). The
UE monitors control channels (PDCCH) Located with the shared data channel to determine
if data is scheduled for it.

In the RRC_CONNECTED state, the network controls mobility,'handover of the UE.

RRC Functions

Before going into different functions provided by the RRC protocol, we first introduce the
concept of Signalling Radio Beaers (SRBs). SREs are defined as radio bearers that ne used
only for the transmission of RRC and NAS message. There are three different SRBs defined
in LTE .

Broadcast of system information, which is divided into the Master Information Block
(MIB) and a number of System Information Blocks (SIBs). The MIB includes a limited
number of the most essential and most frequently transmitted parameters that are needed
to acquire other information from the cell, and is transmitted on the BCH logical channel.
SIBs other than SIB Type 1 are carried in System Information (SI) messages. SIB Type 1
contains parameters needed to determine if 1 cell is suitable for cell selection as well as
information about the time-domain scheduling of the other SIBs. SIB Type 1 and all SI
Messages are transmitted on DL-SCH.

RRC connection control includes procedures related to the establishment, modification,
and release of at RRC connection, including paging, initial security activation, establishment
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of SRBs and radio bearers carrying user data, radio configuration control and QoS control,
and recovery from the radio link failure.

Measurement configuration and reporting includes establishment, modification, and
release of measurements, configuration, and (de-)activation of measurement gaps, and
measurement reporting for intra-frequency, inter-frequency, and inter-RAT (Radio Access
Technology) mobility.

Other functions include transfer of dedicated NAS information and non-3GPP dedicated
information, transfer of UE radio A capability information, and support of self-configuration
and self-optimization.

Mobility Management

LTE mobility management functions can be categorized into two groups a) mobility within
the LTE system (intra-LTE mobility) and b) mobility to other systems such as other 3GPP
systems (C. UMTS) and 100-3GPP systems (inter-RAT mobility). Intra LTE mobility can
happen either over the Si interface or over the X2 interface. When the UE moves from one
eNode-1 to another eNode-B within the same Radio ACCESS Network (RAN) attached to the
same NME, the mobility takes place over the X2 interface.

The inter-RAT mobility essentially uses the Sl-mobility with the only difference being that
in this case the PDCP context is not continued and the UE needs to re-establish its session
once it Moves to the target non-LTE system.

Si Mobility :Si mobility is very similar to the UMTS Serving Radio Network Subsystem
(SRNS) relocation procedure and consists of the following steps.

1. Preparation Phase: Once a decision hasgbeen made for a handover and a target MME
and eNode-B have been identified, the network needs to allocate resources on the target
side for the impending handover. The MME sends a handover request to the target eNode-B
requesting it to set up the appropriate resourcesfor the UE.
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Figure 8 : Mobility Management over the Sl interface

2. Execution Phase: Once the UE receives the handover command, it responds by
performing the various RAN-related procedures needed for the handover including
accessing the target eNode-B using the Random Access Channel (RACH). The RAN-related
procedures of a handover are discussed in detail later in this section. While the UE
performs the handover, the source eNode-B initiates the status transfer where the PDCP
context of the UE is transferred to the target eNode-B.

3. Completion Phase: When the target eNode-B receives the handover confirm message, it
sends a handover notify message to the MME. The MME then informs the source eNode-B
to release the resources originally used by the UE.

X2 Mobility

The mobility over the X2 interface is the default mode of operation in LTE unless an X2
interface is not available between the source and target eNode-Es. When this is the arise,
the mobility over Sl interface is triggered is mentioned in the previous section. Mobility
over the X2 interface also consists of three steps :
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Figure 9: Mobility management over the X2 interface

1.Preparation Phase: Once the handover decision has been made by the source eNode-B, it
sends a handover request message to the target eNode-B. The target eNode-B upon receipt
of this message works with the NNE 2nd S-GW to set up the resources for the UE. In the
case of mobility over X2 interface.

2.Execution Phase: Upon receiving the handover request ACK, the source eNode-B sends a
handover command to the UE. While the UE completes the various RAN related handover
procedures, the source eNode-B starts the status and data transfer to the target eNode-B.
This is done on a per-RAB basis for the UE.

3.Completion Phase: Once the UE completes the handover procedure, it sends a handoff
complete message to the target eNode-B. Then the target eNode-B sends a path switch
request to the MME/S-GW and the S-GW switches the GTP tunnel from the source eNode-B
to the target eNode-B. When the data path in the ser plane is switched, the target eNode-B
sends a message to the source eNode-B to release the resources originally used by the UE.
Paging
Paging is a connection control function of the RRC protocol. The Paging message is used to
inform the UEs in the RRC_IDLE or RRC CONNECTED state about a system information
change and/or about an Earthquake and Tsunami Warning System (ETWS) notification.
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The UE in the RRC_IDLE state also monitors a Paging channel to detect incoming calls.
Change of system information only occurs at specific radio frames, and the concept of 1
Modification period is used. Within a modification period, system information can be
transmitted a number of times with the same content.

Upon receiving a change notification contained in the Paging message, the UE knows that
the current system information is valid until the next modification period boundary. After
this boundary, the UE will re-acquire the required system information.

If the ETWS notification is indicated the UE that is ETWS capable will re-acquire the system
information block related to ETWS immediately without waiting for the next system
information modification boundary.

The paging information is carried on the PDSCH physical channel. In a certain PO, the UE is
configured to decode PDCCH with CRC scrambled by the Paging-Radio Network Temporary
Identifier (P-RNTI), and then decode the corresponding PDSCH for the paging information.
To reduce power Consumption, the UE may use Discontinuous Reception (DRX) in the idle
mode, so it needs only to monitor one PO per DRX cycle.

After receiving the Paging message, the UE can switch off its receiver to preserve battery
power. The DRX cycle is configured by the E-UTRAN .

Inter-Cell Interference Coordination

In cellular networks, each UE suffers Inter-Cell Interference (ICI) due to frequency reuse in
other cells. Conventional cellular networks by design are interference-limited: if they were
not, it would be possible to increase the spectrum efficiency by lowering the frequency
reuse or increasing the average loading per, cell. To meet the spectrum efficiency target,
LTE will be deployed with universal frequency reuse, ie, the same spectrum will be reused
in each cell.

This will cause a high level of ICI, especially-fer'UEs at the cell edge. Meanwhile, LTE also
has a mandate to increase cell edge throughput. Therefore, ICI control techniques must be
applied (10.11, 13, 14, 17). In this sectionhy we-discuss-TCI-mitigation techniques for both
downlink and uplink transmissions. ICI suppression through base station coordination, or
networked MIMO, has been discussed in Section 5.9.2, where the associated opportunities
and challenges were highlighted.

Downlink

ICI randomization. This is achieved by scrambling the codeword after channel coding with
a pseudo-random sequence, With cell specific scrambling. ICI from neighbouring cells is
randomized, and then interference suppression is achieved thanks to the processing main
provided by the channel code. Without scrambling, the channel decoder might be equally
matched to interfering signals us to the desired signals on the same radio resource. ICI
randomization has been applied in systems such as UMTS.

ICI cancellation If a UE is able to decode the interfering signals, it can IC generate and then
subtract them from the desired signal. This can be achieved with a multiuser detector |16 at
the UE. However, to decode the interfering signal from neighbouring cells, the UE needs to
know its transmission format, which is not available us the UE cannot decode the PDCCH
from neighbouring cells.

ICI coordination/avoidance This is achieved by applying restrictions to the downlink
resource management in 1 coordinated way between neighbouring cells. The restrictions
can be on time/frequency resources or transmit power used at each eNode-B. It requires
additional inter-eNode-B communication und UE measurements and reporting.

Static ICI coordination/avoidance This is mainly done during the cell planning process
and does not require frequent reconfiguration. An example is static Fractional Frequency

11
Prepared by:SANTHA MOORTHY S /ECE



Wireless Cellular and LTE 4G Broadband-15EC81

Reuse (FFR), Static coordination strategy requires no or little inter-eNode-B signalling, but
there is performance limitation as dynamic characteristics such as cell loading or user
distributions are not taken into consideration.

Semi-static ICI coordination/avoidance Semi-static coordination typically requires
reconfigurations on 1 time-scale of the order of seconds or longer, and inter-eNode-B
communication over the X2 interface is needed. The information exchanged between
neighbouring eNode-Bs can be transmission power and/or traffic load on different
resource blocks. By considering such information at neighbouring eNode-Es, ICI
suppression is more efficient.

Coordinated Multi-Point Transmission

In LTE-Advanced, to further improve cell-edge performance, advanced techniques with
more sophisticated coordination will be developed for ICI mitigation. One such technique is
called Coordinated Multi-Point (COMP) transmission/reception.
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Figure 10: Possible downlink power levels of three neighbouring cells.

Uplink

e ICI randomization Similar to the downlink ICI :randomization in the uplink is achieved
by scrambling the encoded symbols prior to modulation. Instead of cell specific scrambling
as used in the downlink UE-specific scrambling is used in the uplink as ICI comes from
multiple UEs in neighbouring cells.

« ICI cancellation ICI cancellation is more applicable in the uplink than in the downlink, as
the eNode-B has higher Computational capability and usually more antenna elements.

e Uplink power control Power control is an efficient way to suppress ICI in the uplink.
Fractional Power Control (FPC) is used in LTE.

« ICI coordination/avoidance Similar coordination techniques discussed for downlink can
be applied in the uplink, such as FFR.

Coordinated Multi-Point Reception

Similar to the downlink, COMP reception will be developed for uplink in LTE-Advanced.
This means coordinated reception at multiple eNode-Bs of transmitted signals from
multiple geographically separated UEs in different cells. In contrast to downlink, uplink
COMP reception is expected to have very limited impact on the radio-interface
specifications. As uplink scheduling is performed at the eNode-B, coordinated inter-cell
scheduling can be 1pplied to control ICI, which, however, will have impact on radio-
interface specifications.
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