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Introduction (1)

** Wireless Network

m Flexible user interface
** Mobile Network

s User mobility support with portable devices

“** Wireless Channel
s Medium: radio/infrared
m Radio propagation
- shadowing, multipath, pathloss
s Time-varying channel

— Hostile transmission environment



Introduction (2)

*»* Radio frequency
m Scare resource
m Time-varying channel — dynamic channel capacity
m should utilize very efficiently
— cellular system, multiple access, radio resource management

s Cellular system

m Spectrum reuse
m Sectored cell, relay-assisted cell
m Heterogeneous system: macrocell, femtocell

*** Multiple access scheme

m Efficient resource sharing among users in a cell
= FDMA, TDMA, CDMA, OFDMA



Radio channel

¢ Signal Fading
m large-scale path loss component

s medium-scale slow varying
component (shadowing)

= log-normal distribution

m small-scale fast varying
component (multipath fading)
= Impulse response (delay profile)
= LOS (lone-of-sight):
= NLOS (non-LOS)

No Line-of-sight (NLOS)

\ Line-of-sight (LOS)
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Path Loss & Shadowing

** Path loss

m Caused by dissipation of the power radiated by the
transmitter

m Depends on the distance between transmitter and receiver
m P.=P,Kd" (2<r<5)

= P, :transmit power, P,:received power

= d: distance between transmitter and receiver

= r: path loss exponent, K: constant

*»*Shadowing

s Caused by obstacles between transmitter and receiver
that absorb power



Multipath fading (1)

** Short-term fluctuation of the received signal caused by multipath
propagation

K/

** when mobile is moving
*» fading becomes fast as a mobile moves faster

//jéﬁzixzkil;
é AAA | —

(a) Destructive multi—path signals
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Multipath fading (2)

< Delay-power profile (delay spread)

Transmithed Transmitled
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** Inter Symbol Interference (ISI)
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Combined Channel Model

Shadowing
Marrowband Fading

K (dB) A7

Path Loss

0 log d

P,=P.Kd" =) 10log" = 10logK — 10rlog d
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Data Transmission on Wireless Channel

‘ °
**Modulation
T
I L sin 27itf.t ﬁﬁﬂm
Digital Data ¢ » c
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Binary O Binary 1
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Modulation (1)

% QPSK
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¢ High Order Modulation
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Modulation (2)

s Time domain

d(1) | Modulation st X
(carrier frequency:f,) |
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Bit time: T
** Frequency domain
Sp(f)
A S(f)

frequency shift

' VAN

0 1/T 2/T f-UT  fe fet1/T

Datarate: /7
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Data Rate and Bandwidth

** Shannon Capacity
= adirect relationship between data rate and bandwidth

LC:I% log, (1+SIA\IR) ]

Maximum rate Bandwidth Ratio of signal power to
interference and noise power
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Cellular Architecture

L0

%* The service area is divided into
several small areas, called cells

Each cell is served by a base station e
Wider coverage in service area
Frequency reuse 6 6

4

o
*%

\/
0’0

\/
0’0

=> the increased capacity
** Handoff

*»* Location management

L0

L0
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Frequency Reuse Factor

3 1 | 2 3
1[2]3[efs]e][7

Frequency Band
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Cellular Networks Generation

1G 2G 3G 4G
System AMPS GSM, 1S-95 WCDMA LTE, LTE-A
Implementation 1984 1991 2002 2012
Main service Voice (analog) | Voice (digital) | Packetized data | All IP based
Rate 1.9 kbps 14.4 kbps 2 Mbps 200 Mbps
Multiple Access FDMA TDMA, CDMA CDMA OFDMA
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Multiple Access Scheme

**  FDMA (frequency division multiple access)
»  TDMA (time division multiple access)

»  CDMA (code division multiple access)

»  OFDMA (orthogonal FDMA)

Power spectral

man oam, o

k. frequency frequency frequency
frequency frequency frequency
A A guard time 4
| user 3

guard \/| fs user 3 user 2
band

_|PA— t{ USser|| user || user Jetetr &

1 2 3 o ||
4% userl R _
time time time
FDMA TDMA code
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Spread Spectrum

*** Developed initially for military application
**» Spread the information signal over a wider bandwidth
* Types

" Frequency hopping (FHSS)

= Direct sequence (DSSS)
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Direct Sequence Spread Spectrum
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Interference in CDMA System (1)
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Interference in CDMA System (2)
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Motivation for Spread Spectrum

** Anti-jamming

*** Low probability of Intercept

** Secure communication (Privacy)

¢ Protection against fading : WiFi-PHY
*** Multiple access (MAC): CDMA
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Code Division Multiple Access (19

*»* Different code to each user

Code Message "1101" Encoded

1 ] 0 ]

llllllll

25



CDMA (2)
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FDMA & OFDMA

“* FDMA

fAfA, A .

“* OFDMA
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Duplexing Mode

%

PN
o Y Y,
& g
UE

<* Frequency Division Duplexing (FDD)  « Time Division Duplexing (TDD)
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> time » time
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LTE (Long Term Evolution)
U



All IP Core Networks

Access
Network [
e

\ RN UE |

/
Core <
Network

.

eModeB = evolved NodeB Internet

HSS =Home subseriber server
MME = Mobility Management Entity

PGW = Packet data network (PDIN) gateway
BN = relay node

SGW = serving gateway

UE=userequipment 7777777 control traffic

data traffic
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Performance Requirements of LTE and LTE-Advahced

System Performance LTE LTE-Advanced
Downlink 100Mbps@20MHz | 1Gbps@100MHz
Peak rate
Uplink 50Mbps@20MHz 500Mbps@100MHz
Idle to connected | <100 ms <50 ms
Delay
Dormant to active | < 50 ms <10 ms
Eeakt | Downlink Sbps/Hz@2x2 30bps/Hz@8x8
pectra
efficiency | Uplink 2.5bps/Hz@1x2 15bps/Hz@4x4
Mobility Up to 350 km/h Up to 350 ~ 500 km/h
- N
Antennas ; "
5150 l_l \_J MISO m —n
| ) __-I i i :
SIMIO H| *ﬂ MIMO BRE :4 ";‘__J
N J
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LTE-Overview

** Channel Bandwidth

m Release-8 bandwidth set
= 1.4MHz, 3MHz, 5MHz, 10MHz, 15MHz, 20MHz
= Occupied bandwidth: 1.08MHz, 2.7MHz, 4.5MHz, 9MHz, 13.5MHz, 18 MHz

m Release-10

= 5 channel aggregation (a maximum bandwidth of 100 MHz)
** Duplexing:
= FDD, TDD
* MAC
= Downlink: OFDMA
m Uplink: SC-FDMA
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LTE-FDD Downlink (1)

** Downlink Frame Format
m 15 kHz subcarrier spacing

m 10 ms frame, 10 subframes/frame, 2 slots/subframe, 7 OFDM
symbols/slot, 14 OFDM symbols/subframe

m Resource Element (RE): one subcarrier and one OFDM symbol time
m Resource Block (RB): 12 subcarriers and one slot time
m Resource Block Pair (RBP): 12 subcarriers and one subframe

REP(Resource Block Pair)

Frequency L 1 subframe (= 1lms3)
&

W

=
1

10MHz
(=000 subcarriers)
|
il
i
il
u
(ZHY DRT =) SIBLIEIgNS F

7

1 subframe
(=1 mz)

RE(Resource Element)

1 subcarrier
{=15 kHz)
i
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LTE-FDD Downlink (2)

** Downlink Channels

m PDSCH (Physical downlink shared channel)
m Carries user specific data

m PDCCH (Physical Downlink Control Channel)
m Carries control info

m PCFICH (Physical Control Format Indicator Channel)

m |t carries the number of symbols that can be used for control channels
(PDCCH and PHICH).

m PHICH (Physical HARQ Indication Channel)
= Carries H-ARQ Feedback for the received PUSCH (0: ACK, 1: NAK)

m PBCH (Physical Broadcast Channel)
= It carries only the MIB (Master Information Block).

m PSS/SSS (Primary Synchronization Signal/Secondary SS)

m Used for Downlink Frame Synchronization
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LTE-FDD Downlink (3)

= PDCCH
= Mapped to the first L (1, 2, or 3) OFDM symbols in each downlink subframe

m Carries DCIs (Downlink resource scheduling, Uplink power control instructions,
Uplink resource grant, Indication for paging or system information )

= Modulation Scheme is QPSK.

= Multiple PDCCH can be assigned in single subframe and UEs do blind decoding
of all the PDCCHs.

= PDSCH
= Carries user specific data (DL Payload).
m Carries Random Access Response Message.
= Itis using AMC with QPSK, 16 QAM, 64 QAM, 256 QAM modulation scheme
(This modulation scheme is determined by MCS carried by DCI)
= PCFICH
= |t carries the number of symbols used for control channels (PDCCH and PHICH).
m Itis 16 data subcarriers of the first OFDM symbol of each downlink subframe.
= The exact position of PCFICH is determined by cell ID and bandwidth
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LTE-FDD Downlink (4)

m PHICH
s H-ARQ feedback channel

= PBCH
= It carries only the MIB (Master Information Block).
m |tis using QPSK.
= Mapped to centered around DC subcarrier in subframe 0.

= Mapped to Resource Elements which is not reserved for transmission of
reference signals, PDCCH or PCHICH

m PSS/SSS

= Mapped to 6 RBs (72 subcarriers), centered around the DC subcarrier in
slot O (subframe 0) and slot 10 (subframe 5).

= Used for Downlink Frame Synchronization
= One of the critical factors determining Physical Cell ID
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LTE-FDD Reference Signal

= Reference Signals

= RS received power: used for accessing channel quality

| 1RB
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> i T
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2 |
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s |
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S IEAE NN INEE N o T o
= |
[15]
= B RN EECEEE N
jak]
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S =1 ML o . ol [ 0
=
h 1| 1 0 L N
[ ] [ ] I I
=y
r [E H 1]z H:: ] i iz i [z i [z 0 [z i [z i
o
é Fz i | [ ] o[z | HEEE | HE 0|z i 0]3 i 0|z i 0[3 i
S |
5:13 | EE |1l W= ] | B ] HE ] HE i] HE ] iz ]
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T T Im= T T T IOE 1] [TE T ] B T ] |3 T ] B T
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Example: LTE-FDD Downlink Frame

Example Downlink Frame . One radio frame =10 ms

(20MHz) \

100 RBs | 6 RBs

nmmmmm
ERNEEE
| EEEEEEE
| R
S
SEEReE

~1_

-
_:—"‘_'_F‘_'_F-'_'_F‘_'_’

-

3

_ v

bl =

=8

3

- RB: 12 carriers (180KHz)
- 100 RBs: 18 MHz

-L=2

- 4 antennas

| EEEEEEE L
R|eicaecece
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LTE-FDD Uplink (1)

** Uplink Channels

m PUCCH
m Carries control information including channel quality info,
acknowledgements, and scheduling requests.
= PUSCH
m Carries Uplink data that UE tries to send.
m It can also carries ACK/NACK for the PDSCH the UE received
PUCCH RS, PUSCH RS
= Used for channel estimation for PUCCH or PUSCH demodulation
SRS (Sounding RS)
= Used to measure the uplink channel quality for channel sensitive scheduling
= PRACH
m Used to transmit RA preambles
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LTE-FDD (4) Background

¢ Uplink Subframe (10 MHz)

< subframe >
* slot re slot >
RB 49
|  |PUSCH
PRACH [_JPUSCHRS
[ PUCCH RS
[ JpuccH cQl
[ ] PUCCH ACK/NAK
RB | [ sks
RB 0

—p l—
SC-FDMA symbol
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Random Access Protocol

* LTE system adopts a contention-based random

access (RA) technique for initial access

Each UE selects one of the
available RA preambles and
transmits the selected
preamble on physical RA
channel (PRACH)

Upon receiving RAR, UE
sends the connection request
message including a resource
request. In the case of
preamble collision in the first
step, the colliding UEs receive
the same RAR in step 2, and
their connection requests will
also collide with each other

e

1. Random access preamble

eNB

2. Random access response

3. Connection request

4. Contention resolution

2 | RATesponse (RAR)

message is sent by the eNB
via downlink channels. The
RAR message conveys the
identity of the detected
preamble and an initial
uplink resource grant for
connection request

If the connection request
message is successfully
received, the eNB sends
contention resolution
message and completes the

4 | RAprocedure
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Evolved Packet Core (1)

Architecture

EPC
y HSS B
|'f b Control Link
}f" Data Link
= | Data Tunnel
MME/
b
]
2M ¥ yEHA |
é s GW /
eNndeB \‘“ ) =
User
P-GW (packet data network gateway) MME (mobility management entity)
S-GW (serving gateway) HSS (home subscriber server)

PCRF (policy control and rule function)
OFCS (offline charging system)
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Evolved Packet Core (2)

Communication Procedure
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Communication Procedure (1)
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Communication Procedure (2)
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Communication Procedure (3)
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Communication Procedure (4)
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Handover (1)

¢ Handover Triggering

= Measurement Report

Serving cell Neighboring cell

_.--"'""".—-—

¢ Hysteresis
measurement report
" from UE to eNodeB

N\

A

|
]
]
|
1
1
1
|
|
|
]
|
|
]
|
|
1
1
i
Event Detection !
|
|

Received Signal Measurement (at UE)

o - » Time
Time To Trigger (TTT)
- » - >
Association with Serving cell Association with
Neighboring cell
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Handover (2)

(
UE Source Target EPC
IVI FI eMNB eNB
. Measurement report

- 1 @&

2. HO decision "E:

] 3. HO request =

> o

4. Reserve resources E”

) 5. HO request ack E i j -,

6. HO Command — T

ACK /NACK

=

7. Switching + waiting for resource allocation slot -

3

- -

Forwarding of UL data f

8. Random access =

9. Time alignment + Scheduling grant

10. HO complete 0

ks
—— =
E
Path switch request =
11. Release resources i E

i
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Handover (3)

Tunneling-based Mobility Support
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