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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 techniques 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.

1



Wireless Cellular and LTE 4G Broadband 15EC81

[a\

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

• Before 1892 - Theoretical basis for radio communication - Nikola Tesla, Jagadish Bose &
Alexander Popov

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

• 1934 - AM Radio Systems used in US.

• 1935 - Edwin Armstrong demonstrated FM.

• 1948 - Claude Shannon published theory on Channel Capacity: C = Blog2(1 + SNR)

• 1960 to 70 - Bell labs developed Cellular concept.

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

• 1991 - First Commercial GSM in Europe.

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

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

• 2005 - IEEE 802.16e standard, the air - interface for mobile WiMAX, completed & approved.
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• 2007 - First Apple iPhone launched.

• 2009 - 3GPP Release 8 LTE/SAE specifications completed.

3 First Generation Cellular Systems

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

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

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

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

• The more successful first generation systems were AMPS in the United States.

• Major First Generation Cellular Systems are

– AMPS (Advanced Mobile Phone Service)

– ETACS (Extended Total Access Communication Systems) in Europe

– NTACS (Nippon Total Access Communication Systems) in Japan

– NMT - 450 / NMT - 900

4 2G Digital Cellular Systems

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

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

• 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.

• 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

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

That is Short Message Service (SMS)

• In addition to SMS, 2G systems also supported low data rate wireless data applications.

• These systems supported circuit switched data services.

5 3G Broadband Wireless Systems

• 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.

• 3G systems employed packet data services. Hence provided much higher data rates.

• Voice quality significantly increased.

• 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 IS-95)

– EV - DO (EVolution Data Only)

– HSPA (High Speed Packet Access)

6 Beyond 3G

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

• 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.

• High throughput and Low latency

• Data rate targets: 100 Mbps for Downlink & 50 Mbps for Uplink

2. Flexible Spectrum Usage.

• Operators can deploy LTE in 700 MHz, 900 MHz, 1800 MHz & 2.6 GHz Bands.

• 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 (OFDM)

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)

• OFDM has emerged as a technology of choice for achieving high data rates.

• It is the core technology used by a variety of systems including Wi-Fi & WiMAX.

• 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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– Exploitation of frequency diversity.

– Enables efficient multi-access scheme.

– Facilitates use of MIMO.

– Efficient support of broadcast services.

8.2 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.

8.3 Multi-antenna Techniques

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

• Multiantenna techniques supported in LTE include:

– Transmit diversity

– Beam forming

– Spatial multiplexing

– Multi-user MIMO

8.4 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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Figure 1: Overall E-UTRAN architecture.
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• 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.

9 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 control of UE and establishment of the bearers.

9.1 Evolved Packet Core 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 IP 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)

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

• It manages user plane mobility.

2. Packet Data Network Gateway (PGW)

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

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

3. Mobility Management Entity (MME)

• It performs the signaling and control functions to manage the user terminal.

4. Policy & Charging Rules Function (PCRF)

• It is a concatenation of Policy Decision Function (PDF) and Charging Rules Function
(CRF).
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Figure 3: Evolved Packet Core Architecture
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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 LTE Network Architecture and describe briefly the
four new elements provided in it.
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Module 1

Part 2: Wireless Fundamentals

Topics Covered

1. The Broadband Wireless Channel

2. Cellular Systems

3. Fading

4. Modeling of Broadband Fading Channels

5. Mitigation of Narrowband Fading

6. Mitigation of Broadband Fading

1 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 model is described using a simple tap-delay line (TDL).

h[k, t] = h0δ[k, t] + h1δ[k − 1, t] + · · ·+ hvδ[k − v, t]

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

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

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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y[k, t] =
∞
∑

k=−∞

h[j, t]x[k − j] = h[k, t] ∗ x[k]

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

T

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

i.e., h(t) =











h0(t)
h1(t)
...

hv(t)











• 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).

1.1 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 figure below

• 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, 4πd2

• The free space path loss formula or Friis formula, is given more precisely as

Pr = Pt
λ2GtGr

(4πd)2

where Pr and Pt are the received & transmitted powers and λ is the wavelength.

• As observed in Friis formula, Pr ∝ λ2, which means that Pr ∝
1

f 2
c

• 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

• Therefore, bandwidth at higher carrier frequencies is more plentiful, more consistently available
on a global basis, and almost always less expensive.

• Hence, a high-rate, low-cost system would generally prefer to operate at higher frequencies.

• But, the terrestrial propagation environment is not free space.

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

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

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

Pr = Pt
GtGrh

2
th

2
r

d4

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

1.1.1 Empirical Path Loss Formula

• 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

Pr = PtP0(
d0
d
)α

where α is the path loss exponent and the measured path loss P0 at a reference distance of d0

1.2 Shadowing

• Obstacles located between Transmitter & Receiver cause 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

Pr = PtP0χ(
d0
d
)α

where χ is a sample of the shadowing random process.

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

• The shadowing value χ is typically modeled as a lognormal random variable, that is

χ = 10x/10, wherex ∼ N(0, σ2
s)

where N(0, σ2
s) is a Gaussian (Normal) distribution with mean 0 and variance σ2

s
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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.

2 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:

• 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.

2.1 Cell Sectoring

• The performance of wireless cellular systems is significantly limited by co-channel interference
(CCI).

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

• In Cellular Systems, Other Cell Interference (OCI) is a decreasing function of the radius of
the cell (R) & the distance to the center of the neighbouring co-channel cell and an increasing
function of transmit power.

• 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.

• 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

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

• 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.

• 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.

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

• This causes a very large observed difference in the amplitude of the received signal even over
very short distances.

Let us consider the time-varying tapped-delay line channel model.

• As either the Txr or Rxr move relative to each other, the channel response h(t) will change.

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

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

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

• The most important & fundamental function used to statistically describe broadband fading
channels is the two-dimensional auto correlation function, A(∆τ,∆t).
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Figure 6:

And it is defined as

A(∆τ,∆t) =E[h(τ1, t1)h
∗(τ2, t2)]

=E[h(τ1, t)h
∗(τ2, t+∆t)]

=E[h(τ, t)h∗(τ +∆τ, t+∆t)]

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

• 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, τ

2. Coherence Bandwidth, Bc

3. Doppler Spread, fD =
fcv

c
4. Coherence Time, Tc

5. Angular Spread, θrms

6. Coherence Distance, Dc
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4 Modelling Broadband Fading Channels

• 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.

• The two main classes of models are Statistical model & Empirical model.

• Statistical models are simpler and are useful for analysis & simulations.

• 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 Txr & Rxr, that is

h(τ, t) → h0δ(τ, t)

Attempt to quantify: How is the value of |h0| statistically distributed?

Step 2 : Next consider how this channel sample h0 evolves over time, that is:

h(τ, t) → h0(t)δ(τ)

Attempt to quantify: How does the value |h0| change over time?

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

4.2 Statistical Channel Models

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

• 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.

• 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

• 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.

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

• The distribution of the envelope amplitude |r| =
√

r2I + r2Q is Rayleigh distribution.

f|r|(x) =
2x

Pr

e−x2/Pr ; x ≥ 0

• The received power |r|2 = r2I + r2Q is exponentially distributed.

f|r|2(x) =
1

Pr

e−x/Pr ; x ≥ 0

• The GRVs rI and rQ each have zero mean and variance σ2 = Pr/2.

• The phase of r(t) is defined as θr = tan−1(
rQ
rI

)

• This phase is uniformly distributed from 0 to 2π, or equivalently from [−π, π]
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4.4 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

f|r|(x) =
x

σ2
e−(x2+µ2)/2σ2

I0(
xµ

σ2
); x ≥ 0

where µ2 is the power of the LoS component and
I0 is the 0th order, modified Bessel function of the first kind.

• The Rician phase distribution θr is not uniform in [0, 2π] and is not distributed by a straight
forward expression.

• It is more generalization of the Rayleigh distribution.

4.5 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 wireless signals traversing multiple paths and to study
the impact of fading channels on wireless communications.

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

f|r|(x) =
2mmx2m−1

Γ(m)Pm
r

e−mx2/Pr ;m ≥ 0.5

• The power distribution for Nakagami fading is

f|r|2(x) = (
m

Pr

)m
xm−1

Γ(m)
e−mx/Pr ;m ≥ 0.5

4.6 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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• 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.

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

• 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:

LU = 69.55 + 26.16log10(fc)− 13.82log10(hB)− a(hr) + [44.9− 6.55log10(hB)]log10(d)

where
LU = Path loss in Urban areas (dB)
hB = Height of BS antenna (meters)
fc = Carrier Frequency (MHz)
a(hr) = Antenna height correction factor
d = Distance between BS & MS (Kms)

4.8 COST Hata Model

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

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

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

PL,Urban = 46.3 + 33.9log10(fc)− 13.82log10(ht)− a(hr) + [44.9− 6.55log10(ht)]log10(d) + Cm

• 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 m to 10 m

Ditance d 100 m to 20 Km

• 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

5 Mitigation of Narrowband Fading

5.1 The Effects of Unmitigated Fading

• The probability of bit error (BER) is the principle metric of interest for the physical (PHY)
layer of a communication system.

• For a QAM - based modulation system, the BER in an AWGN (no fading) can be approximated
by the following bound:
Pb ≤ 0.2e−1.5SNR/(M−1)

• The BER decreases rapidly (exponentially) with SNR.

• So decreasing SNR linearly causes the BER to increase exponentially.

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)
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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.

6 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 (ISI).

• 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 WiFi,
WiMAX and LTE.
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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. 

 

 

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  

 
                        Figure 2: PDCP formats for the user plane and the control plane 

 
                                                        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. 

 

                           
Integrity and Ciphering : 

The security-related functions in PDCP 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 length 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,  

 

                      
                                             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, but no 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 UM mode, 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 • Transferring /receiving PDUs from upper layers, i.e. from RRC for the CCCH logical  

channel or from PDCP for other cases  • Error correction through ARQ ȋonly when the RLC is operated in the AM modeȌ  • 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)  • )n-sequence delivery of upper-layer PDUs (only for UM and AM data transfer)  
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• Duplicate detection ȋonly for UM and AM data transferȌ  • Protocol error detection and recovery  • RLC SDU discard ȋonly for UM and AM data transferȌ  • 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  • Multiplexing/de multiplexing of NAC SDUs belonging to one or different logical  channels 

into from the same transport block  • Error correction through (-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 including  • Framing )nfo ȋF)Ȍ field: The F) (eld indicates whether a RLC SDU is Segmented at the 

beginning and/or at the end of the Data field.  • Length )ndicator ȋL)Ȍ field: The LI field indicates the length in bytes of the  

corresponding Data field element present in the UMD or AMD PDU.  • Extension bit ȋEȌ 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 

     
                                                    Figure 4: Formats of RLC Data PDUs • 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.  • 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. 

 
                                               Figure 5:The  format of  STATUS PDU 

                          
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.riority handling between logical channels of one UE or between UEs 

by means of  

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 has been 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 resources for the UE. 
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                             Figure 8 : Mobility Management over the SI 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 for 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 section, we discuss ICI 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. F 

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 
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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. 

 
              Figure 10: Possible downlink power levels of three neighbouring cells.  

 

Uplink • 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.  • 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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