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PURPOSE, MOTIVATION,
AND APPROACH TO

e Ultra-mohile broadband accéG

— For avariety of mobile devices
 |nternational Telecommunication Union (ITU) 4G
directivesfor IMT-Advanced
— All-1Ppacket switched network.

— Peak datarates

« Upto 100 Mbps for high-mobility mobile access
« Upto 1 Gbpsfor low-mobility access

— Dynamically share and use network resources

— Smooth handovers across heterogeneous networks,
Including 2G and 3G networks, small cells such as
picocells, femtocells, and relays, and WLANS

— High quality of servicefor multimedia applications

VST
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ZJRPOSE, MOTIVATION, AND
APPROACH TO 4G

* No support for circuit-switched voice
— Instead providing Voiceover LTE (VOLTE)

 Replace spread spectrum with OFDM

Table 14.1 Wireless Network Generations

Technology 1G 2G 256G 3G 4G
Design began 1970 1980 1985 1990 2004)
Implementation 1984 19491 1999 2002 2012
Services Analog voice | Digital voice Higher Higher Completely

capacity capacity, IP based
packetized broadband
data
Data rate 1.9, kbps 14 4 kbps 384 kbps 2 Mbps 200 Mbps
Multiplexing FDMA I'DMA, TDMA. CDMA OFDMA,
CDMA CDMA SC-FDMA
Core network PSTN PSTN PSTN, packet Packel I[P backbone
network network
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INSTLEENE

4G TECHNOLOGY

 Twocandidatesfor 4G

— |[EEE 802.16 WiMax (described in Chapter 16)

« Enhancement of previous fixed wireless standard for
mobility

— Long Term Evolution

 Third Generation Partnership Project (3GPP)

 Consortium of Asian, European, and North American
telecommuni cations standards organizations

 Both aresmilar in use of OFDM and OFDMA

 LTE hasbecome the universal standard for 4G
— All mgor carriersin the United States

Ireless
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Switching
Oftice
Wire/Fiber Network Wire/Fiber Network

(a) Third Generation (3G) Cellular Network

WiMax fixed

BWA
W Switching
Office Wire/Fiber Network

(b) Fourth Generation (4G) Cellular Network

THIRD VS FOURTH GENERATION CELLULAR NETWORKS
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LTE ARCHITECTURE

o Some features started in the 3G erafor 3GPP
 |nitial LTE datarateswere ssmilar to 3G

e 3GPPRelease 8

— Clean date approach

— Completely new air interface
- OFDM, OFDMA, MIMO

+ 3GPPRelease 10
— Known as LTE-Advanced
— Further enhanced by Releases 11 and 12

ireless
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Table 14.2 Comparison of Performance Requirements for LTE and LTE-Advanced

System Performance LTE LTE-Advanced
Downlink 100 Mbps @20 MHz 1 Gbps @100 MHz
Peak rate .
Uplink 50 Mbps @20 MHz | 500 Mbps @100 MHz
Idle to connected <100 ms < 50 ms
Control plane delay
Dormant to active <50 ms < 10 ms
User plane delay < Sms Lower than LTE
Spectral efficiency Downlink 5 bps/Hz @2x2 30 bps/Hz @8x8
(peak) Uplink 2.5 bps/Hz @1x2 15 bps/Hz @4x4
Mobility Up to 350 km/h Up to 350—500 km/h
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LTE EEUTRAN

Evolved
~ Packet
\ Core (EPC)

eNadeB = evolved NedeB
HSS = Home subscriber server
MME = Mobility Management Entity
PGW = Packel dala network (PDN) gateway
RN = relay mixde
SGW = serving gateway
SI = interface between

E-UTRAN and EPC - = = =« control traffic
UE = user equipment data tallic
X2 =interface between ¢NodeBs

OVERVIEW OF THE EPC/LTEARCHITECTURE
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EVOLVED PACKET SYSTEM

?ver;:\ll architecture is called the Evolved Packet System
EPS

3GPP standards divide the network into

— Radio access network (RAN)

— Core network (CN)

Each evolve independently.

Long Teem Evolution (LTE) isthe RAN
— Called Evolved UM TS Terrestrial Radio Access (E-UTRA)

— Enhancement of 3GPP’s 3G RAN

« Calledthe Evolved UMTS Tearestria Radio Access Network (E-
UTRAN)

— eNodeB isthe only logical nodein the E-UTRAN
— NOoRNC

Ireless
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EVOLVED PACKET SYSTEM

« Evolved Packet Core (EPC)

— Operator or carrier core network
— It isimportant to understand the EPC to know the full functionality of
the architecture
« Some of the design principles of the EPS
— Cleandatedesign

— Packet-switched transport for traffic belonging to all QoS classes
including conversational, streaming, rea-time, non-real-time, and
background

— Radio resource management for the following: end-to-end QoS,
transport for higher layers, load sharing/balancing, policy
management/enforcement across different radio access technologies

— Integration with existing 3GPP 2G and 3G networks
— Scalable bandwidthfrom 1.4 MHz to 20 MHz
— Carrier aggregation for overall bandwidthsup to 100 MHz

Ireless
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FUNCTIONS OF THE EPS

Network access control, including network selection,
authentication, authorization, admission control, policy and
charging enforcement, and lawful interception

Packet routing and transfer
Security, including ciphering, integrity protection, and
network interface physical link protection

Mobility management to keep track of the current location
of the UE

Radio resource management to assign, reassign, and release
radio resources taking into account single and multi-cell

aspects
Network management to support operation and maintenance

| P networking functions, connections of eNodeBs, E-
UTRAN sharing, emergency session support, among others

NS ENE
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INSTLEENE

LTE ARCHITECTURE

 evolved NodeB (eNodeB)

— Most devices connect into the network through the
eNodeB

 Evolution of the previous 3GPPNodeB
— Now based on OFDMA instead of CDMA

— Hasits own control functionality, rather than using
the Radio Network Controller (RNC)

« eNodeB supports radio resource control, admission
control, and mobility management

* Originally the responsibility of the RNC

Ireless
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EVOLVED PACKET CORE

 Traditionally circuit switched but now entirely
packet switched

— Basedon IP
— Voicesupported using voice over |P (VolP)

» Core network wasfirst called the System
Architecture Evolution (SAE)

ireless
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ISTLONE

EPC COMPONENTS

« Mobility Management Entity (MME)
— Supports user equipment context, identity, authentication, and authorization

— Mainly perform NonAccess Stratum procedures, which consist of two main groups

Functions related to bearer management (EPS Session Management)
— Bearer can beseen asalogica communication tunnel
Functions related to connection management (EPS Mobility Management)

« Serving Gateway (SGW)
— Receives and sends packets between the eNodeB and the core network
— Perform packet routing and forwarding within EPC
— Anchor point for intra LTE-mobility
— Lawful intercept

» Packet Data Network Gateway (PGW)
— Connectsthe EPC with external networks
— Arouter that performs UE IP assignment, per user packet filtering
— Anchor point for mobility with non 3GPP access network
— Lawful intercept
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EPC COMPONENTS

« Home Subscriber Server (HSS)
— Database of user-related and subscriber-related information
— Smilar to HLR in GSM architecture

e Interfaces

— Sl interface between the E-UTRAN and the EPC

 For both control purposes (connect MME to eNodeB) and for user
plane data traffic(connect SGW to eNodeB)

— S5/S8 connects MM E with PGW
— S11 connects SGW with MME

Ireless
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INSTLEENE

E-UTRAN : ACCESS NETWORK

Mainly consist of eNodeB
Runs protocol known asAccess Stratum Protocol (AS)

An interface X 2 interconnects between eNodeB
— Consist of two type: X2 control and X2 user

Main functions

— Radio resource management : related to the radio bearer
such as radio bearer control, radio mobility control,
scheduling and dynamic allocation of radio resource at
uplink and downlink

— Header compression
— Security
— Connectivity to EPC

Ireless
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LTE RESOURCE MANAGEMENT

* LTEusesbearersfor quality of service (QoS) control
Instead of circuits

— QoSisdiscussed in Chapter 3

 EPSbearers

— Between PGW and UE
— Mapsto specific QoS parameters such as datarate, delay,
and packet error rate

» Service DataFHows (SDFs) differentiate traffic flowing
between applicationson aclient and aservice
— SDFs must be mapped to EPS bearers for QoS treatment
— SDFs allow traffic typesto be given different treatment

« End-to-end serviceisnot completely controlledby LTE

Ireless
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End-to-end Service

EPS Bearer External Bearer

Radio Bearer S1 Bearer S5/S& Bearer

LTE QOSBEARERS
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BEARERS

« Guaranteed Bit Rate (GBR) bearers

— Guaranteed aminimum bit rate

* And possibly higher bit ratesif system resources are
available

— Useful for voice, interactive video, or real-time gaming

 Non-GBR (GBR) bearers

— Not guaranteed aminimum bit rate

— Performance is more dependent on the number of UES
served by the eNodeB and the system load

— Useful for e-mail, file transfer, Web browsing, and P2P
file sharing.

Ireless
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LTERESOURCE MANAGEMENT : BEARER > A&~
MANAGEMENT

« Each bearer isgiven aQoS classidentifier (QCI)

Table 143 Standardized QCI characteristics

Resource Packet Delay | Packet Error
QCI Type Priority Budget Loss Rate Example Services
| 2 100 ms 10 Conversational Voice
’ 4 150 ms 10 f‘ cr::’\;:ir:::;(mul Video (hive
GBR :
3 : 3 50 ms 10" Real Time Gaming
4 5 300 ms 10* Nun-_C onvcrsulu?nul Video
(buffered streaming)
S I 100 ms 10° IMS Signalling
Video (buffered streaming)
6 TCP-based (e.g., www, e-mail,
6 300 ms 10° chat, ftp, p2p file shanng,
progressive video, etc.)
Non- Voice,
7 GBR 7 100 ms 107 Video (!IVC e:trc:immg)
Interactive Gaming
8 ¥ Video (buffered streaming)
y TCP-based (c.g., www, e-mail,
; 300 ms : :
9 9 300 ms 10 chat, ftp, p2p file sharing,
progressive video, etc.)

* QCI value typicaly used for the default bearer
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LTERESOURCE MANAGEMENT : BEARER
MANAGEMENT

INSTLEENE

« Each QCI isgiven standard forwarding treatments

— Scheduling policy, admission thresnolds, rate-shaping policy,
gueue management thresholds, and link layer protocol
configuration

 For each bearer the following information is associated

— QoSclassidentifier (QCI) vaue
— Allocation and Retention Priority (ARP): Used to decideif a
bearer request should be accepted or rejected

« Additionally for GBR bearers

— Guaranteed Bit Rate (GBR): minimum rate expected from the
network

— Maximum Bit Rate (MBR): bit rate not to be exceeded from the
UE into the bearer

Ireless
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LTERESOURCE MANAGEMENT : BEARER
MANAGEMENT

« 3GPPadditionally defines groups of bearers

— UE-Aggregate Maximum Bit Rate (UE-AMBR): upper limit on
the aggregate bit rate across all non GBR bearersfor a UE,
enforced by eNodeB

— APN-Aggregate Maximum Bit Rate( APN-AMBR): Upper limit
on the aggregate bit rate across all non GBR bearers over all
packet data network connectionsin the same network

« When UE connect to the EPS, a persistent, default bearer

connection is established through the life time of the
connection

« User plane trangports | P packets between PGW and UE

— In EPC, itistunneled using GPRS tunneling protocol (GTP)

— From eNodeB to UE, it istunneled by Packet Data Convergence
Protocol (PDCP)

VST
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ICIC

* Inter-cell interference coordination (ICIC)

— Reduces interference when the same frequency Is used
In aneighboring cell
— Goal isuniversal frequency reuse (N = 1 from Chapter
13)
* Must avoid interference when UEs are near each other at cdll
edges
* Interference randomization, cancellation, coordination, and
avoidance are used
— eNodeBs send indicators
 Relative Narrowband Transmit Power, High Interference, and
Overload indicators
— Later releases of LTE have improved interference
control

Ireless
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MOBILITY MANAGEMENT

 LTERelease 8, hand-overs are hard handover
 Interface S1 and X2 can be used for mobility management
« S1 mobility
— Preparation :
» Decision has been made for handover and the destination MM E and
eNodeB have been identified
 MME sends handover request to destination eNodeB

 MME sendshandover command to UE
— Execution

» UE performs RAN proceduresfor the handover

* Involving eNodeB’s exchange relevant datafor handover.
— Completion

» TargeteNodeB notifiesMME

« MME direct source eNodeB to release the resources that has been used
by the UE

Ireless
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MOBILITY MANAGEMENT

« X2 mobility

— Preparation:
» Source eNodeB sends handover request to destination eNodeB
« Destination eNodeB workswith MME and SGW to establish

resourcesfor the UE

— Execution:
» SourceeNodeB signalsthe UE
* The UE performsRAN proceduresfor handover
 Data exchanges between involving eNodeB

— Completion:
 UE sends handoff compl ete message to MME and SGW.
* SGW switch GTPtunnel to the destination eNodeB
. t[%eﬁlt-lJ rll:ati on eNodeB asks source eNodeB to rel ease the resource for
e

Ireless
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NS ENE

PROCEDURE FOR MOBILITY

* Todetermines handover decisions, following
Informations might be included:
— Radio link quality, UE capability, call type, QoS
requirements, and policy related aspects.

* The Reference Signal Recelved Power (RSCP) indicates
radio link quality for a connectionin an LTE cell

— UE prepares measurement report which contains
the RSCPfor the neighboring eNodeBs

* The serving eNodeB providesthelist of eNodeB as
reguested by the UE

ireless
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PROCEDURE FOR MOBILITY

—Handover between eNodeBs in the

same EPC can be triggered by 5 events:

« EventAl: Serving cell radio link quality goes above an absolute threshold

« EventA2: Serving cell radio link quality goes below an absolute threshold
» EventA3: A neighbor cell radio link quality becomes better by an amount
relativeto the serving cell

« EventA4: A neighbor cell radio link quality goes above an absolute threshold

« EventAb: Serving cell radio link quality goes below an absolute threshold
and aneighbor radio link quality goesabove an different absol ute threshold

—E-UTRAN uses a TimeToTrigger
parameter which determines how
these events must be satisfied

Ireless
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PROTOCOLS

* For interaction between the EPC and the UE
— Not part of the Access Sratumthat carries data

« EPSMobility Management (EMM)
— Manage the mobility of the UE

* EPS Session Management (ESM)

— Activate, authenticate, modify, and de-activate
user-plane channels for connections between the
UE, SGW, and PGW

ireless
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LTE EEUTRAN

Evolved
~ Packet
\ Core (EPC)

eNadeB = evolved NedeB
HSS = Home subscriber server
MME = Mobility Management Entity
PGW = Packel dala network (PDN) gateway
RN = relay mixde
SGW = serving gateway
SI = interface between

E-UTRAN and EPC - = = =« control traffic
UE = user equipment data tallic
X2 =interface between ¢NodeBs

14.2 OVERVIEW OF THE EPC/LTEARCHITECTURE
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LTE CHANNEL STRUCTURE
AND PROTOCOLS

« LTEradiointerfaceisdivided

— Control Plane
— User Plane

« User plane protocols
— Part of the Access Stratum
— Trangport packets between UE and PGW

— PDCP transports packets between UE and eNodeB on theradio
Interface (Fig. 14.4)

— GTPsends packetsthrough the other interfaces (Fig. 14.5)

« Control plane protocols

— Part of Non-Access Stratum (NAS) for communication between
MME and UE

— Dedswith mobility management, call setup, security functions
between UE and MME

Ireless
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LAYERED COMMUNICATION
PROTOCOLS

« \When a communication process takes place, it actually
establishes of several logical connection functions between
sender and receiver

Se nd er Provides access to the OSIenvironment for users and also

Receiver provides distributed information services,

—— - | Presentation

Pravides independence to the application processes from

e e e e e differences in duta representation (syntus).

S —— .

! Session

—— - Provides the control structure for communication between
applications; establishes, manages. and terminites

—— - connections (sessions) between cooperating upplications,
——— - Transport
Provides reliable, transparent transfer of data between end
points; provides end-to-end crror recovery and low control,

Network

Provides upper layers with independence from the data
tramsmission and switching rechnologies used to connect
systems; responsible tor establishing, maintaining, and
terminating connections.

Data Link

Brovides for the relinble transfer of information across the
physical link: sends blocks (frames) with the necessary
synchronization, error control, and flow control,

Physical

Coneerned with transmission of unstructured hit stream over
physical medium: deals with the mechanical, electrical,
tunctional, and procedural characteristics to access the
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14.4L TERADIO INTERFACE PROTOCOLS
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14.6 CONTROLPLANE PROTOCOL STACK
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CONTROL PLANE PROTOCOL

 NAS (NonAccess Stratum)

— Mobility management, call setup, security functions
between UE and MME

 Radio Resource Control (RRC)

— Performs control plane functions to control radio resources

— Important aspects of RRC:

 Connection states :RRC_IDLE and RRC_CONNECTED
connection states

« Signaling Radio Bearers (SRB): Radio bearer to transmit RRC and
NAS messages

» System Control Information : Master Information Block and
System Information Block

— MIB and SIB contains essential information that UE needs to know about
acell characteristics

Ireless
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RLC UDP/IP UDP/IP UDP/IP
MAC

Il

eNode-B

14.5USER PLANE PROTOCOL STACK

IP
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USER AND CONTROL PLANE

« Packet Data Convergence Protocol (PDCP)
— Dédliverspackets from UE to eNodeB

— Involvesheader compression, ciphering, integrity protection, in-

sequence ddlivery, buffering and forwarding of packets during
handover

— One PDCPinstance per bearer
« RadioLink Control (RLC)
— Segments or concatenates data units
— PerformsARQ when MAC layer H-ARQ fails
— RLC operation modes:

» Trangparent mode (TM): No header with no RLC functions for segmentation or

concatenation. Used for broadcast and paging message, not for user plane data
transmission

 Unacknowledged Mode (UM) : Providesin-sequence delivery of data, no
retransmission

» Acknowledged Mode (AM) : Best for error sensitive application

ireless
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USER AND CONTROL PLANE

* MediumAccess Control (MAC)

— Performs H-ARQ

— Prioritizes and decideswhich UEs and radio
nearers will send or recelve data on which shared
ohysical resources

— Decidesthetransmission format, 1.e., the
modulation format, coderate, MIMO rank, and
power leve

* Physical layer actually transmits the data

ireless
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ISTLONE

LTE CHANNELSTRUCTURE

* Threetypesof channels
— Channelsprovide servicesto the layers above
— Defined at the Service A ccess Points between protocol layer

— Typeof channels

 Logical channels

— Provide services from the MAC layer tothe RLC

— Providealogical connection for control and traffic
 Trangport channels

— Provide PHY layer servicesto the MAC layer

— Define modulation, coding, and antenna configurations

* Physical channels

— Pefi netime and frequency resources use to carry information to the upper
ayers

» Different typesof broadcast, multicast, paging, and shared channels
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PDCP
Header compression, ciphering

RLC
Segmentation/Concatenation, ARQ,
in-sequence delivery

HEN

Scheduling
transport format

selection, H-ARQ H-ARQ, multiplexing
retransmission

Logical Channels

Transport Channels

14.8 RADIO INTERFACEARCHITECTURE AND SAPS
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