Long Term Evolution (LTE)
Long Term Evolution — Advanced (LTE-A)
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Elements of 4G LTE architecture

Mobile device: m

= smartphone, tablet, obile device
laptop, loT, ... with 4G S (eNodoB)
LTE radio

= 64-bit International
Mobile Subscriber
|dentity (IMSI), stored on
SIM (Subscriber Identity
Module) card

= LTE jargon: User radio access | . \ R
Equipment (UE) }« network ‘ Enhar(léi%l;’acket Core

] Mobility
Management
Entity (MME)

Home Subscriber
Service (HSS)

Serving Gateway (S-GW)



Elements of 4G LTE architecture

Base station:

= at “edge” of carrier’s
network

= manages wireless radio
resources, mobile devices
in its coverage area (“cell”) £y i

= coordinates device
authentication with other Lo
el em entS = ]&gf& - Serving Gateway (S-GW)
= similar to WiFi AP but: -
* active role in user mobility
« coordinates with nearly
base stations to optimize
radio use

= LTE jargon: eNode-B

! Mobility
Management
Entity (MME)

Home Subscriber
Service (HSS)




Elements of 4G LTE architecture

Home Subscriber @)
Service .

= stores info about mobile
devices for which the
HSS’s network is their </ Internet
“home network”

= works with MME in
device authentication

Home Subscriber
Service (HSS)

Management

Mobile device
Entity (MME)

(UE)

Base station
(eNode-B)



Elements of 4G LTE architecture

Serving Gateway (S-GW), &= @)
PDN Gateway (P-GW\

= lie on data path from mobile
to/from Internet
= P-GW
 gateway to mobile cellular
network
 Looks like any other — 3
internet gateway router = & VL
 provides NAT services s
= other routers:

 extensive use of tunneling

Mobility
Management
Entity (MME)

Service (HSS)

Serving Gateway (S-GW)

Home Subscriber



Elements of 4G LTE architecture

Mobility Management > &)

Entlty QE 4 mw"ity A Home Subscriber

= device authentication (device- 8 = ety (M) eriee (58
to-network, network-to- Teclmos  (eNode-h)
device) coordinated with .
mobile home network HSS

= mobile device management:
« device handover between cells
» tracking/paging device location

= path (tunneling) setup from mobile
device to P-GW

Serving Gateway (S-GW)



LTE: data plane control plane separation

control plane

= new protocols for mobility
management , security,
authentication

base station

IP tunnels

data plane

= new protocols at link,
physical layers

= extensive use of tunneling to
facilitate mobility



< Link

LTE data plane protocol stack: first hop

Application

Transport

IP

LTE link layer protocols:

Packet Data
Convergence

Radio Link

Medium Acces$

IP

compression, encryption

Packet Data
Convergence

Radio Link
Medium Access

/- Packet Data Convergence: header

/- Radio Link Control (RLC) Protocol:
fragmentation/reassembly, reliable data

Physical

(C g P D>

«—— LI

Physical

‘\ transfer

= Medium Access: requesting, use of radio

pr iy
M

base station

transmission slots

data
plane



< Link

LTE data plane protocol stack: first hop

Application

Transport

IP

Packet Data
Convergence

Radio Link

Medium Acces$

IP

Packet Data
Convergence

Radio Link

Medium Acces$

Physical

Physical

base station

LTE radio access network:

= downstream channel: FDM, TDM within
frequency channel (OFDM - orthogonal
frequency division multiplexing)

* “orthogonal”: minimal interference
between channels

» upstream: FDM, TDM similar to OFDM

= each active mobile device allocated two
or more 0.5 ms time slots over 12
frequencies

» scheduling algorithm not standardized
— up to operator

* 100’s Mbps per device possible



LTE data plane protocol stack: packet core

GTP-U_|
UDP
IP

link

Physics

GTP-U GTP-U
UDP, UDP
IP IP
link link
Physic Physical

L

base station

tunneling:

mobile datagram
encapsulated using
GPRS Tunneling Protocol
(GTP), sent inside UDP
datagram to S-GW

S-GW re-tunnels
datagrams to P-GW
supporting mobility: only
tunneling endpoints
change when mobile user
moves



Global cellular network: a network of IP

networks
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home network HSS:

» jdentify & services
info, while in home
network and roaming

— all IP:

= carriers interconnect
with each other, and
public internet at
exchange points

* legacy 2G, 3G: not all
IP, handled otherwise



Connection Setup

* Session Requests

— UE to base station

— Base station to MME / |
Session
e MME obtains subscriber _

Request
info from HSS, selects S- =

GW and P-GW

— S-GW sends to P-GW

* P-GW obtains policy
from PCRF




Connection Setup (Cont’d)

* Session Response

— Establishes GPRS
Tunnels (GTP) between
S-GW and P-GW,
between S-GW and UE

— Base station allocates
radio resources to UE

Session
Response



Mobility Management

Handoff

* Handoff without
change of S-GW

— No change at P-GW

 Handoff with change
of S-GW or MME

* Inter-technology
handoff (LTE to 3G)




Mobility Management (Cont’d)

Paging
* |If S-GW receives a
packet to a UE in IDLE zagmg:/w
equest
state, inform MME

* MME pages UE
through base station

RRC IDLE Packet received



Policy and Charging Rules Function (PCRF)

SPR

Subscription AF

Profile P-CSCF
(IMS)

Repository /

- i S ™
Pre- Defined Rules PCRF%\(Service/session policy decisions.

= Provided as “PCC Rules”. )
Event Triggers I i " ;
liserand ggcess specific ox | PCEF categorizes the incoming
information such as type of access packets into bearers and enforces

service/session Policy Decisions
(e.g. maximum bit rate, gating,
preemption) 54

PDN ID
—] - {eg. an
) Packet Flows




Policy and Charging Rules Function (PCRF)

Diameter Rx
Application Function
LDAP, SOAP, '\
Sh, .

PCRF

Diameter Gx
Subscriber Repository

((%D E ] E ; Q

eNodeB Serving Gateway Packet Gateway




LTE vs UMTS

Functional changes compared to the
UMTS architecture

FDN GateWay
Serving Gate\Way

(not user plane Mobility Management Entity

functions)

PGW/SGW
# Deployed according to traffic demand

= Only 2 user plane nodes (non-roaming
Case)

|

RNC functions moved to eNodeB. Control planefuser plane split for better
= Mo central radio controller node scalability
» OFDM radio, no soft handover = MME control plane only

* Operator demand to simplify

= Typically centralized and pooled




LTE vs UMTS

4G Packet-Switched

| 4G PS Gateways Internet
= 7 | pr—
i , “4G Core Network
Phone

— Data path , ;
——- Signaling path &ececomm D T :

3G Circuit-Switched



Decision Request Preparation Path Switch Complete

+ + + R

X2 Handover

Data flow during handover execution (after ho preparation):
Downlink Data
=== Uplink Data

Buffered downlink
data is delivered Uu} eNodeB

MME { -+ HSS
UE Mob sty Home
Management Subscnber
Entay Server
S-GW P-GW
eNodeB S1-U Sarving Gateway PDN Gateway

Evolved NodaB
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MME SAE-GW

¢
UE

N

UE . UE UE e UE >
moving moving moving moving
* Source eNB makes the HO e Detach from Source eNB e Path Switch procedure
decision e Direct Packet Forwarding (DL between Target eNB and
e Direct Tunnel Setup (X2 traffic from Source eNB to MME
Transport Bearer between Target eNB) e Release S1 Bearer of Source
Source eNB and Target eNB) eNB
e Release X2 Transport Bearer
for direct Packet Forwarding
DRB (Data Radio Beaer) s §1 Bearer (GTP Tunnel) X2 Bearer (GTP Tunnel) ~ « =+~~~ S$11 (GTP-C) Signaling @ UL Traffic
wwwwwe Signaling in Radio wmmwws S]1Signaling = 00 sesees X2 Signaling
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LTE Transmission Techniques

* LTE employs Orthogonal Frequency Division
Multiple Access (OFDMA) for downlink data
transmission and Single Carrier FDMA (SC-
FDMA) for uplink transmission



LTE-Downlink (OFDM)

2 options for transmitting the data

M\
Tx

—_— -

f

Rx u
—

f
Both cary the same date but a deep fade
damages only 1/4 of data

2 options for shipment goods via a truck

Poo [0 EpEn 0R

Both carry the same goods, but an
accident damages only 1/4 of goods

&%QNI)METRIC/9



Channel Gain |H(f#)| (db)

LTE-Downlink (OFDM)




LTE-Downlink (OFDM)

1 subcarrier
* Improved spectral

Af=1/T;

efficiency
;‘ | 5 »
LA f A 7« Reduce ISI effect by
6 subcarriers | mu|tipath

"‘{ * Against frequency
selective fading




OFDM: Orthogonal Frequency Division Multi-Carrier

Thus OFDM simply places the next carrier exactly in the first null point of the
previous one.

With this we don’t need any pulse-shaping.
Between OFDM carriers using the

same symbol duration Ts,

no guard bands are required. L,

Two carriers

Pt



Spectrum Overlapping of multiple OFDM carriers
f,. = fot tf .= f0+nTl— ) = BT ([ S

power density

No ACI (Adjacent Carrier Interference)



OFDM pros and cons

Pros

e Spectral efficiency

e Robust against narrow-band co-channel interference
e Higher throughput in the same frequency band (more

Su bca rrierS) (a1 Conven tional FOM (b1 S FDM

Spectrurn
Spectrurn

Cons o F:requen+cy i1 .I"Ij'] 3 " F:requen+cy i1 .I"Iil
e It is more sensitive to carrier frequency offsets

e More energy requirements due to high peak-to-average
power ratio (PAPR)



Frequency

SC/OFDM/OFDMA

Frequency

Time

>

OFDM

Frequency

Time

>

OFDMA

Time



I OFDM allocates users in time

OFDMA allocation

domain only

Frequency domain

'y

User 3

Time domain

I OFDMA allocates users in time

ks

Frequency domain

Time domain
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Subchannels

OFDMA/TDD structure

\ DL - Subframe

A

UL - Subframe
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OFDMA/TDD structure




Sub Channels Logical Number

OFDMA/TDD structure
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OFDMA vs SC-FDMA

The following graphs show how a — ol
sequence of eight QPSK symbols is . 1,1 ;-1 . -1,1
represented in frequency and time .
oy @ 11 Time
(]

k.

l—

Frequency

fe 15kHz
OFDMA SC-FDMA
Data symbols occupy 15 kHz for Data symbols occupy M*15 kHz for

one OFDMA symbol period 1/M SC-FDMA symbol periods



OFDMA vs SC-FDMA

Input QAM M-point Subcarrier MN-point
Data Modulation DFT Mapping IFFT

Multipath
Channel

AWGN Noise ————=

Output Data QAM M-point Subcarrier MN-point Remove
Demodulation IDFT Demapping FFT cP

oroma : [ |
SC-FDMA : |:| + [:]




f(x)

| FRTLf(x) ]|

Fast Fourier Transform

signal f(x) = 2 sin x + sin 10x

Timeins

Signal that was fourier-transformed via FFT (frequency spectrum)

| |

Frequency in Hz



Traffic Scheduling

Uplink RB Grid
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———————————————————— Downlink RB Grid

Resource Block Selection,
Rate Control AMC, QoS

QoS Information



Traffic Scheduling

PCRF
Policies, Buffer
QoS status
MAC Scheduling
Scheduler decisions

A

Radio channel
conditions

Higher Layers
and Core Network

|

RLC

1
‘ Data
-

MAC
Multiplexing

“Transport blocks"
of data to send

v

PHY

l

Radio Waves



Multiple Modulations

e (QPSK (Quadrature Phase Shift Keying) = 4 phase shifts, 1
amplitude level, 2 bits/symbol

e QAM-16 = 4 phase shifts, 4 amplitude levels, 4 bits/symbol
e QAM-64 = 4 phase shifts, 16 amplitude levels, 6 bits/symbol

a0 90 a0
seee seew
o 8|0 @ R R N BR B N N ]
» [ ] ¢ olese X R N BE R B N ]
18D (1] 0 180 600 /000e ]
e B e @ L L L N N N N N
. ™ YIINMNIIY
* 0|00 sese | seee
X B 0 BRE B B N )
270 270 370

QPSK QAM-16 QAM-64



Generic Frame Structure
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- >
% Resource block
Transmission BW
Resource element
\\
12 subcarriers
s

Resource Grid

One downlink slot, T,
D ——

Onie slot = 7 OFDM symbols

6 or 7 OFDM symbols in
1 slot

Subcarrier spacing = 15
kHz

Block of 12 SCs in 1 slot =
1 RB

— 0.5ms x 180 kHz

— Smallest unit of allocation



Resource Grid

Resource Block

|
h" T Resonree cloment

12 subcarriers

| |
Slot (7 symbols)

- Frame -




1 resource block =
180 kHz = 12 subcarriers Subcarrier spacing = 15 kHz

(A
)\

frequency

1slot=05ms=
7 OFDM symbols**

1 subframe =
Tms=1TTI"=
1 resource block pair

*TTI = transmission time interval
** For normal cychc prefix durahon



BER
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Adaptively select the modulation type and coding rate depending on the received SINR




HSPA LTE ADVANCED

HSDPA / HSUPA (IMT

ADVANCED)

Max downlink 384k 14 M 28 M 100 M 1G

speed (bps)

Max uplink 128 k 5.7M 11M 50M 500 M

speed (bps)

Latency round 150 ms 100 ms 50 ms ~10 ms Less than 5 ms

trip time (max)

(approx.)

3GPP releases Rel 99/4 Rel 5/6 Rel 7 Rel 8/9 Rel 10

Approx years of  2003/4 2005/6 HSDPA  2008/9 2009/10

initial roll out 2007/8 HSUPA

Access CDMA CDMA CDMA OFDMA/SC- OFDMA/SC-

methodology FDMA FDMA



LTE-A main features

100 MHz

3 Support of Wider Bandwidth(Carrier Aggregation) ? >
e Use of multiple component carriers(CC) to extend bandwidth up to 100 MHz { Y Y Y y \ ~
e Common physical layer parameters between component carrier and LTE Rel-8 carrier —— > f
=» Improvement of peak data rate, backward compatibility with LTE Rel-8 CcC

M Advanced MIMO techniques

e Extension to up to 8-layer transmission in downlink

e Introduction of single-user MIMO up to 4-layer transmission in uplink
e Enhancements of multi-user MIMO

=» Improvement of peak data rate and capacity

M Heterogeneous network and elCIC (enhanced Inter-Cell Interference

Coordination)
e Interference coordination for overlaid deployment of cells with different Tx power
=» Improvement of cell-edge throughput and coverage

M Relay
e Supports radio backhaul and creates a separate cell and appear as Rel. 8 LTE eNB to )
Rel. 8 LTE UEs
=» Improvement of coverage and flexibility of service area extension ) i i‘i
M Coordinated Multi-Point transmission and reception (CoMP) 6%\ ,

e Support of multi-cell transmission and reception ‘-%5
= Improvement of cell-edge throughput and coverage



Backward compatibility

LTE-Advanced backward compatibility with LTE Rel-8

8&89 and additional features for further

LTE-Advanced contains all features of LTE Rel-
evolution

LTE Rel-8 cell LTE-Advanced cell

Z\/V

Z\/V

()
A
85
&
S
S2

SE

LTE Rel-8 terminal

Q@

. LTE Rel-8 terminal

An LTE-Advanced terminal can
work in an LTE Rel-8 cell

An LTE Rel-8 terminal can work
in an LTE-Advanced cell




LTE-A main features

100 MHz
M Support of Wider Bandwidth(Carrier Aggregation) ? >
e Use of multiple component carriers(CC) to extend bandwidth up to 100 MHz { Y Y Y Y \ ~
e Common physical layer parameters between component carrier and LTE Rel-8 carrier —— > f
=» Improvement of peak data rate, backward compatibility with LTE Rel-8 CC
M Advanced MIMO techniques
e Extension to up to 8-layer transmission in downlink ’
e Introduction of single-user MIMO up to 4-layer transmission in uplink —
e Enhancements of multi-user MIMO .
=» Improvement of peak data rate and capacity Il -
A Heterogeneous network and elCIC (enhanced Inter-Cell Interference mE—— =
Coordination) —_— ._a.,o
e Interference coordination for overlaid deployment of cells with different Tx power
= Improvement of cell-edge throughput and coverage
A Relay
e Supports radio backhaul and creates a separate cell and appear as Rel. 8 LTE eNB to
Rel. 8 LTE UEs -
= Improvement of coverage and flexibility of service area extension i i‘ﬁ
A Coordinated Multi-Point transmission and reception (CoMP) 5%‘

¢ -
e Support of multi-cell transmission and reception o ‘-%5
=> Improvement of cell-edge throughput and coverage



Carrier aggregation

Extends the maximum transmission bandwidth, up to 100MHz | by aggregating up to five LTE
carriers — also known as component carriers (CCs)

Lack of sufficient contiguous spectrum forces use of carrier aggregation to meet peak data
rate targets:

— 1 Gbps in the downlink and 500 Mbps in the uplink

Motivation:

— Achieve wide bandwidth transmissions

— Facilitate efficient use of fragmented spectrum

— Efficient interference management for control channels in heterogeneous networks



Rel.10

Rel.8/9

Carrier aggregation

Broader
Bandwidth

/\
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Component
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Carrier
Component

>

Frequency
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e

Rel.8 Terminal Rel.8 Terminal Rel.8 Terminal

< n > Rel.10

Rel.10 Terminal

1.4 MHz 5 MHz 20 MHz

f) R Y

> > >
Frequency Frequency Frequency



Carrier aggregation modes

Component Carrier (CC)—

up to ZOAMHZ BW

T R )

f |
i ] [l Intra -band
—»f | contiguous
e s Bl \> allocation
Band A
’i i i i |
3 " | ‘ Intra-band
_./5 ‘\\ oy »f | non-contiguous
< - allocation
Band A
| f | Inter-band
i - ; ) :
e ST— = — }ﬂ non-contiguous
Band A

allocation
Band B




OFDMA/TDD structure

DB EUTS=A

Band B <

. Burst &1

Sub Channels Logical Number

Band A

Gt RV b4 GAM

3‘;“—‘ - 2}‘ .:j



LTE-A main features

A Support of Wider Bandwidth(Carrier Aggregation)

100 MHz

e Use of multiple component carriers(CC) to extend bandwidth up to 100 MHz
e Common physical layer parameters between component carrier and LTE Rel-8 carrier f

=» Improvement of peak data rate, backward compatibility with LTE Rel-8 CC

M Advanced MIMO techniques
e Extension to up to 8-layer transmission in downlink
e Introduction of single-user MIMO up to 4-layer transmission in uplink \ —

e Enhancements of multi-user MIMO
=» Improvement of peak data rate and capacity

A Heterogeneous network and elCIC (enhanced Inter-Cell Interference
Coordination)
e Interference coordination for overlaid deployment of cells with different Tx power
= Improvement of cell-edge throughput and coverage

A Relay
e Supports radio backhaul and creates a separate cell and appear as Rel. 8 LTE eNB to
Rel. 8 LTE UEs

= Improvement of coverage and flexibility of service area extension ) i i‘ﬁ
A Coordinated Multi-Point transmission and reception (CoMP) 5%\

* -
e Support of multi-cell transmission and reception o ‘-%5
=> Improvement of cell-edge throughput and coverage
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SIMO

MISO

MIMO

Tx

)

Tx

)

Tx

1)

1)

Tx

)

a T?’))

MIMO capabilities

Rx

Rx

Rx

eipiisa e/ niln

Rx

Max 4 layers/antennas
>

<

Max 1 layer/antenna

LTE

Max 8 layers/antennas

>

<
Max 4 layers/antennas

LTE-A



SISO Single Input Single Output

X1 y1 =h1x1

V fading h1 ;

transmit receive



SIMO Single Input Multiple Output

X1

fading h1 y1 =h1x1

v

transmit receive



Mitigating fading with receiver
diversity

SNR vs. OFDM Frequency Bin
L T

—a— Combined

70 10 20 30 40 50 60
Frequency Bin




MISO Multiple Input Single Output

X2

N

M
y1 = h1x1+ h2x2
x1
v /

transmit

receive



MIMO Multiple Input Multiple Output

X1 y1

fading " y1 = h1x1+ h2x2
. y2 = h3x1+ h4x2

X2

fading h4 X

transmit receive




An audio metaphor
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MIMO brings

Y

Diversity gain Array gain Spatial multiplexing gain

¥ Y Y

Decorrelates fading Provides a beamforming Enables multiple data
through different effect that focuses streams to be transmitted
transmission paths radiated energy in the on the same

direction of the receiver frequency/time resource



Multi antenna configuration

LTE uses of multiple antennas at both
communication ends

LTE-A standard supports for
— 8 antennas at the eNodeB
— 4 antennas at the UE

Multiple antennas may be used in
three principle ways

— Reception/transmission diversity

— Beam forming

— Spatial multiplexing (MIMO antenna
processing)

Downlink MIMO

— TXdiversity

— Beam forming

— Spatial multiplexing
Uplink MIMO

— Multi user MIMO (SDMA)

Downlink MIMO

Multiple TX antennas are
used to beam form aggregate
antenna pattern for each UE

TX diversity

Same signal — sent through
multiple antennas. Decreases
probability of signal fade

Spatial
multiplexing

Fading channel is utilized to
create multiple parallel
transmission paths between
eNB and UE

Uplink MIMO

UE utilize same time
frequency resources. eNodeB
separates two signals using

beam forming




Beamforming

Regular Antenna; Smart Antenna (Beamforming):
Like a Light Bulb: radiates energy in all directions Like a Torchlight: focuses the radio beam in the needed direction
This results in wasted RF energy and interference This results in stronger signal and less wasted RF energy.
@
\&Z
-

Transmitter detects the positions of reception devices and transmits focused
point-to-point signals with directionality

Mitigates interference and reinforces signal of interest

Strong stable transmission covering longer range



Positioning in LTE
e OTDOA (Observed Time Difference of Arrival)

i\ i Neighbour
| | Cell#l

?

ENBZ

Serving Cell

taty—

* Measurement
uncertainty

tr-t,

-

Neighbour
Workin_g of OTDOA Cell#2
eNB;




Beamforming

User 1 B Beam 1

Transmitter



Beamforming

T

s R
7% P s Antenna Array
. . . 2 Transmit Antenna
Main Beam
(Lobe)
Direction
T BT
o~ Antenna Array

® . = 2 Transmit Antenna



Radiating Elements and Antennas

Antenna

One Radiating
Element



Radiating Elements and Antennas

Main Lobe

Antenna Antenna

One Radiating Two Radiating
Element Elements



Radiating Elements and Antennas

Antenna

One Radiating
Element

Antenna

Main Lobe

Two Radiating
Elements

Main Lobe

Side
Lobe

Antenna * *
|

Four Radiating
Elements




Antenna Gain (dB) = Element Gain + 10 logi(N)

N = number of array Elements

Antenna Gain =3
dB

Main Lobe

Antenna Gain =0
dB

Antenna Antenna

One Radiating Two Radiating
Element Elements

Two times stronger

Antenna Gain = 6
dB Main Lobe

Side
Lobe

Antenna * *
|

Four Radiating
Elements

Four times stronger



Beamforming

Adding a Phase Change
“Phased Array”




Visual representation of Phased Array
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Visual representation of Phased Array



Patterns, beamwidth & Gain

|sotropic dipole

half-wave dipole

g
o .| side lobes
'g Main lobe
<
S
2
>
Q
k= Half-power
beam width
Half-power Half-power
= beam width beam width
S
t
o Q
3
S
Q2
>
Q
9
T

beamformer



Towards 5G: Massive MIMO and beamforming

Large antenna arrays to
increase cell throughput
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Dozens of devices




Different MIMO capabilities

Cooperative

MIMO MU-MIMO

SU-MIMO



Different MIMO capabilities
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A. Beamforming B. Generalized beamforming

Serve single users by directing the energy Serve single users by sending the same data stream
toward the user. in different directions and possibly forming zero (nulls)
in the directions of other users.
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C. SU-MIMO D. MU-MIMO

Increase data rates by transmitting several data At high load, serve more users simultaneously at high
streams to a user. load.
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SU MIMO: (cell center)
4 Tx, Rank 4

4 streams

§

TM3/4

SU MIMO: (mid cell)
4 Tx, Rank 2

2 streams
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TM3/4

SU MIMO: (cell edge)
4 Tx, Rank 1

1 stream
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Transmission modes
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Tronsizzion Mode

Example antennas - others are typically possible

Figure 3 — Taxonomy of smart antenna processing algorithms in LTE Release 10. Shadows behind blocks indicate that they are capable of transmitting multiple streams.
(LTE Release 11 recently added Transmit Mode 10 with explicit support for CoMP (Coordinated MultiPoint Transmission Reception) use which is not shown.)




Spatial multiplexing in LTE

* Two types

— Open loop (used high speed scenarios)
e Large delay Cyclic Delay Diversity (CDD)

— Closed loop (used in low speed scenarios)
*  Mobile provides channel feedback to eNode B

Feedback Closed loop spatial multiplexing Open loop spatial multiplexing

PMI (Pre-coded PMI feedback from UE based on instantaneous No feedback from UE. Fixed pre-coding at eNode
matrix indicator) channel state B implementing cyclic delay diversity (CDD)

I (Ch | li

cQ ((i:njirlgfo:l)ua 'ty Separate CQl for each code word Aggregate CQl (one value)
RI (Rank indicator) Based on the rank of estimated channel matrix Based on the rank of estimated channel matrix
(indicates number of spatial channels) when SFBCs are used
MTX N TX
antenna antenna
Select the
number of . Channel Spatial .
Modulat L : Demodulat
" D iy ] g ] P | o V) amddocode [
(1.2) Closed loop
/ A 4 oMl spatial

cal multiplexing
RI Feedback from the UE




Antenna configurations (LTE)

LTE defines 7 transmission modes

Decision on transmission mode — scheduler at eNode B
Implementation equipment vendor dependent

Later LTE releases added more MIMO modes

Transmission . ..
Description Comments
modes

1 Single antenna (Port 0) Used for SISO and SIMO transmission

2 Transmit diversity Used in low SNR and high mobility

Beneficial in high SNR and rich

3 Open loop spatial multiplexing U A e
. . . Beneficial in high SNR and rich
4 Closed loop spatial multiplexing B S —
5 Multi-user MIMO Beneﬂajal in high SNR enV|r9nment for
interference reduction
6 Closed loop Beneficial in low SNR environments
7 Sl eriEnie per Used for beam forming of antenna

arrays



TM1: SIMO mode

Default transmission mode

Every other mode — explicit signaling

Assumes one TX port (i.e. one antenna)
Mobile still may use diversity reception

Not used often — limits the performance of DL

Typical uses:
— eNode B with one physical antenna
— Simple UE with a very low traffic requirements
—  M2M communication (simplified signaling)
— Limited coverage area



TM 2: DL transmit diversity

Two implementations
— Cyclic Delay Diversity (CDD)
— Space-Time Transmit Diversity (STTD)

CDD

— Multiple antenna elements are used to
introduce additional versions of the signal
that are cyclically delayed

— UE perceives these signals as additional
multi-paths

— Assuming low correlations between TX
antennas —created “multi-paths” fade
independently — source of diversity

STTD

— Uses Space-Frequency Block Codes
— Special encoding (SFBC) makes the channel
matrix unitary (full rank)

— Reference symbols are used to estimate
and invert channel matrix

-
-

-

— OFDM

Modulation

QFDM
Modulation

— OFDM

Modulation

OFDM
Modulation

A\ J
@zr

UE

CDD TX
diversity
"‘
UE
SFBC TX

- diversity



TM 3/4: Open/Closed loop spatial multiplexing

Open loop = no PMI, CQl and Rank are still provided ((

(¢ rl)
Closed loop = PMI, CQl and Rank provided by UE cal é )
2| ith different informati hi ====
ayers with different information on each layer BMI A

Rank of channel is 2 Rank

May use 2 or 4 ports (antennas)
If four antennas are used CDD is used on the same layer

No PMI, eNodeB cycles through a pre-defined sequence
of PMis (TM3) I

PMI present = eNode B uses the UE recommended PMI
(TM4)

Note 1: UE recommends transmission mode PDSCH Channel estimation
: . . - : based on DRS

configuration; UEs of different capabilities easily

accommodated

Note 2: PMI estimates only valid for slow moving

mobiles



TM 5/6: MU-MIMO/Closed Loop

TM5 TM 6
e Users are multiplexed in spatial domain * One layer (i.e. one code word)
e Scheduling for multiple users *  PMl selected by the UE

— Same frequency resources

* Appropriate for slow moving mobiles
— Different layers

. . : . * Not used much in practice
 Requires very precise channel estimation

* Not used much in practice



TM 7: Beam forming

Transmission mode used for beamforming

Multiple antennas are used to form a higher gain beam towards the mobile
This is accomplished through phase and amplitude scaling of individual ports
This is rank 1 technique, i.e. it does not support spatial multiplexing

Used predominantly as means to help UE’s at cell edge

MS

<<

Note: transmission uses
multiple antennas that are

Target User

combined to act as a single BS

high gain antenna
MS

AT

"
-
o'
-
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MIMO mode selection in LTE

SIMO

Decision tree of TX
modes

TM1 -SIMO
(low end devices, in-
building systems,
M2M, low
complexity, low
rate)

TM7 -Beam forming
(Cell edge UE’s,
interference
reduction)

Note: “Green” modes are used more frequently than “red”

modes.

MIMO

Open loop

Closed loop

TM2 TX diversity
Single stream
(fast moving
mobiles in Rank 1
channel)

TM3 open loop SM
1-4 streams
(fast moving

mobiles with higher

rank channel)

TM6 — Closed loop
Rank 1
Single stream with
PMI

TM4 closed loop SM
1-4 streams
(slow moving

mobiles with higher
rank channel)

TM5 MU MIMO
Multiple stream
(user multiplexing in
spatial domain)




Typical distribution of MIMO modes

e Use of MIMO mode — scheduler
decision

* Most useful modes:
— TMA4 (spatial multiplexing over rank
2 channel with precoding)

— TM3 (spatial multiplexing over rank
2 channel without pre-coding)

— TM2 (transmit diversity)

— TM6 (closed loop MIMO over Rank 1 B
channel) Transmission Modes

Percentage

mTM2

™3
nTM4
= TM6

Example of an area and
MIMO mode distribution




LTE-A main features

100 MHz
A Support of Wider Bandwidth(Carrier Aggregation)
e Use of multiple component carriers(CC) to extend bandwidth up to 100 MHz
e Common physical layer parameters between component carrier and LTE Rel-8 carrier f
=» Improvement of peak data rate, backward compatibility with LTE Rel-8 CC
M Advanced MIMO techniques
e Extension to up to 8-layer transmission in downlink ’
e Introduction of single-user MIMO up to 4-layer transmission in uplink —

e Enhancements of multi-user MIMO
=» Improvement of peak data rate and capacity

A" Heterogeneous network and elCIC (enhanced Inter-Cell Interference

Coordination)
e Interference coordination for overlaid deployment of cells with different Tx power
=» Improvement of cell-edge throughput and coverage

A Relay
e Supports radio backhaul and creates a separate cell and appear as Rel. 8 LTE eNB to
Rel. 8 LTE UEs
= Improvement of coverage and flexibility of service area extension

A Coordinated Multi-Point transmission and reception (CoMP) 5%\ Q&

& .
e Support of multi-cell transmission and reception o ‘-%5
=> Improvement of cell-edge throughput and coverage



Heterogeneous networks in LTE-A
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Heterogeneous networks in LTE-A

a)Macrocell user jammi acrocell user jamming
the UL of a fe the UL of a nearby picocell
emt

: g A4 Picol UE
Femtolf| |z i

o ’
UE ' = ) User connected tothe Picgcells coveragX limited
A MUE ! macroceiPeye : in the presende
0 0 the larger DL Icoc of the macroce
o <) MUE
,~ Macrocell | WAV
b) Femtocell jamming the .- \{! d) qu_ngg expanded picocgll

DL of a macro user 2 Amitigates-pico UL intert.)

© Successful user

User connected to the
Femto  picocell due to its expanded
UE coverage range

Pico UE
This user may suffer low
signal quality in the DL
due to the range expansion

o) User in odage

\ Strong carrier

TS~ Weakcarrier
=3 Strong interference

=~ s 3, Weakinterference

g expanded
region




enhanced Inter-Cell Interference
Coordination (elCIC)

* Coordination between eNBs at different tiers (e.g.
femto-marco) to mitigate interference

* Three categories

— Time-domain: Almost Blank Subframes (ABSFs) at
macrocells, where no control or data signals are
transmitted.

— Frequency-domain: Select different frequency
channels for victim users in macro and femto

— Power-domain: Reduce power in femtocell to mitigate
interference to macrocell



Almost Blank Subframes

Almost Blank Subframes

mEE B

=" Schedule Cell Schedule Cell t
Inner Border
t

» Increased coverage

+ Higher spectral efficiency

» Significant improvement in capacity and cell edge performance




Almost Blank Subframes

UE2 UE2 UE2 UE2 UE2
ABS ABS

+ e

-
| _ =~ Macrocell Subframes
-

UE1 can be scheduled during
these subframes of PicoCell
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Almost Blank Subframes

ICIC

Subframe (#1) Subframe (#2)———

Macro
cell

hd
Contral CH Data CH
[ interference) [no interference)

t
symbaols

. Macro cell LE .. Srall cell UE

Release 8 (LTE)

> 1
SIp'mhn-E

elCIC
f
r 1
Subframe (#1) | Subframe (#2) ——
ABS
" v symbols. '
Cantrol CH Data CH
ABS
5y I:|-:.uls:;t

B[] maero cell uE CI B small cell UE

Release 10 (LTE-A)



LTE-A main features

100 MHz
A Support of Wider Bandwidth(Carrier Aggregation) r .
e Use of multiple component carriers(CC) to extend bandwidth up to 100 MHz ( Y Y Y Y \
e Common physical layer parameters between component carrier and LTE Rel-8 carrier —Tf

=» Improvement of peak data rate, backward compatibility with LTE Rel-8
M Advanced MIMO techniques

e Extension to up to 8-layer transmission in downlink

e Introduction of single-user MIMO up to 4-layer transmission in uplink
e Enhancements of multi-user MIMO

=» Improvement of peak data rate and capacity

A Heterogeneous network and elCIC (enhanced Inter-Cell Interference
Coordination)
e Interference coordination for overlaid deployment of cells with different Tx power
=» Improvement of cell-edge throughput and coverage

M Relay
e Supports radio backhaul and creates a separate cell and appear as Rel. 8 LTE eNB to A
Rel. 8 LTE UEs &
=» Improvement of coverage and flexibility of service area extension ) i i‘i
a» Coordinated Multi-Point transmission and reception (CoMP) é%\

* .
e Support of multi-cell transmission and reception & ‘-%i
=> Improvement of cell-edge throughput and coverage




Relaying in LTE-A

DeNB

er the air
backhaul eNB
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Where to use relaying
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LTE-A main features

100 MHz
A Support of Wider Bandwidth(Carrier Aggregation) r .
e Use of multiple component carriers(CC) to extend bandwidth up to 100 MHz ( Y Y Y Y \
e Common physical layer parameters between component carrier and LTE Rel-8 carrier —Tf

=» Improvement of peak data rate, backward compatibility with LTE Rel-8
M Advanced MIMO techniques

e Extension to up to 8-layer transmission in downlink

e Introduction of single-user MIMO up to 4-layer transmission in uplink
e Enhancements of multi-user MIMO

=» Improvement of peak data rate and capacity

A Heterogeneous network and elCIC (enhanced Inter-Cell Interference
Coordination)

e Interference coordination for overlaid deployment of cells with different Tx power
=» Improvement of cell-edge throughput and coverage

A Relay
e Supports radio backhaul and creates a separate cell and appear as Rel. 8 LTE eNB to

Rel. 8 LTE UEs
= Improvement of coverage and flexibility of service area extension

A Coordinated Multi-Point transmission and reception (CoMP)
e Support of multi-cell transmission and reception
=>» Improvement of cell-edge throughput and coverage



Co-ordinated Multipoint

= CoMP

e Stands for Coordinated Multipoint Transmission and Reception
e Generally known as distributed MIMO or network MIMO
Backhaul

@ Multi-cell MIMO user : &J

Single-cell MIMO user :£7

"~ DLUE Data
CSl

X2 iﬂterﬁce




Co-ordinated Multipoint

(a) Coordinated beamforming/Coordinated scheduling

eNode B

Cell

<@ Main-lobe control toward desired user
<~ = Null control toward other users

(b) Joint processing
; Coherent/Non-coherent transmission

-

eNode B
0 RBS Cell

(b-1) Joint transmission

-

Instantaneous cell selection

-

eNode B k"‘
0 RRE Cell

(b-2) Dynamic cell selection




CoMP — Coordinated scheduling

Low power High power High power Low power
Low power

Q‘ r 4 4
. . ‘
No interference in ﬂ

central region

Cell A Cell B

Allocating different frequency resources
to Al and B1

* Cell A and Cell B cooperate
with each other to allocate
different frequency resources
(f;, ;) to Al and B1 at cell
edge, avoiding interference.

* Al and B1 receive data, only
from their respective serving
cells, Cell A and Cell B.

F= {fh fl: ey fN}

f; : RBs or sub-carriers

RB: Resource Block



CoMP — Joint transmission

* Multiple eNBs transmit to one UE using UE-specific reference signals:

v
Y = M 2
T > fl—=
L UE IS
£ i * 3
= U \
= e \
1 codeword Q. < N AN
e T co-ordination W {
o : : v
B arbitrary beamforming vector [~ i
=
L2
e EF———————
©
4]
O

arbitrary beamforming vector %

* eNB selection per transmission (UE connected to multiple eNB).



CoMP — Dynamic cell selection

 Data only available at one eNB;

* eNBs jointly decide scheduling of transmission in time,
frequency and space:

{ S o £
{E ) d— o To-o- c
yET s -—---T=C= 5
j'— ; \“::.::;_:) * % —_— ‘g

—
PMI/CQI/RI VE g

PMI/CQI/RI

layer map
Y

beamform
I
I
I

1 codeword

i

arbitrary beamforming vectors co-ordination




Example of CoMP

S SOtmkroz S SDlmaao

e Using CoMP it is possible for the UE in the grey area to
have both the best DL from the macro-eNB and the best
UL to the base station of the the small cell



Example of DL CoMP

a) Joint Transmission

Data is transmitted - in the same frequency and at the same time - from multiple TX-points , here two

b) Dynamic Point Selection

Data is transmitted from one TX-point at the time.

Radio frame, with 10 subframes /

The green and the blue TX-point
transmit in different subframes

Radio frame, with 10 subframes %
Both the green and the blue TX-point
transmits in each subframe

a) Joint Transmission: two TX-points transmit to one UE in the same radio resource

b) Dynamic Point Selection: two TX points are ready to transmit, but only one will be
scheduled in each subframe



LTE-Advanced Improvements

= A schematic view on LTE-Advanced improvements

LTE-Advanced

Data rate

Spectrum
Aggregation

Coverage Extghsion
HeNB/Refhy

o
=S
eN



	Slide 1
	Slide 2: LTE Architecture
	Slide 3: Elements of 4G LTE architecture
	Slide 4: Elements of 4G LTE architecture
	Slide 5: Elements of 4G LTE architecture
	Slide 6: Elements of 4G LTE architecture
	Slide 7: Elements of 4G LTE architecture
	Slide 8: LTE: data plane control plane separation
	Slide 9: LTE data plane protocol stack: first hop
	Slide 10: LTE data plane protocol stack: first hop
	Slide 11: LTE data plane protocol stack:  packet core
	Slide 12: Global cellular network: a network of IP networks
	Slide 13: Connection Setup
	Slide 14: Connection Setup (Cont’d)
	Slide 15: Mobility Management
	Slide 16: Mobility Management (Cont’d)
	Slide 17: Policy and Charging Rules Function (PCRF)
	Slide 18: Policy and Charging Rules Function (PCRF)
	Slide 19: LTE vs UMTS
	Slide 20: LTE vs UMTS
	Slide 21
	Slide 22
	Slide 23: LTE Transmission Techniques
	Slide 24: LTE-Downlink (OFDM)
	Slide 25: LTE-Downlink (OFDM)
	Slide 26: LTE-Downlink (OFDM)
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42: Generic Frame Structure
	Slide 43: Resource Grid
	Slide 44: Resource Grid
	Slide 45
	Slide 46
	Slide 47
	Slide 48: LTE-A main features
	Slide 49: Backward compatibility
	Slide 50: LTE-A main features
	Slide 51: Carrier aggregation
	Slide 52: Carrier aggregation
	Slide 53: Carrier aggregation modes
	Slide 54
	Slide 55: LTE-A main features
	Slide 56: MIMO capabilities
	Slide 57: SISO Single Input Single Output
	Slide 58:  SIMO Single Input Multiple Output 
	Slide 59: Mitigating fading with receiver diversity
	Slide 60:  MISO Multiple Input Single Output 
	Slide 61:  MIMO Multiple Input Multiple Output 
	Slide 62: An audio metaphor
	Slide 63
	Slide 64: Multi antenna configuration
	Slide 65: Beamforming
	Slide 66: Positioning in LTE
	Slide 67: Beamforming
	Slide 68: Beamforming
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73: Beamforming
	Slide 74
	Slide 75
	Slide 76: Patterns, beamwidth & Gain 
	Slide 77: Towards 5G: Massive MIMO and beamforming
	Slide 78: Different MIMO capabilities
	Slide 79: Different MIMO capabilities
	Slide 80
	Slide 81
	Slide 82: Transmission modes
	Slide 83: Spatial multiplexing in LTE
	Slide 84: Antenna configurations (LTE)
	Slide 85: TM1: SIMO mode
	Slide 86: TM 2: DL transmit diversity
	Slide 87: TM 3/4: Open/Closed loop spatial multiplexing 
	Slide 88: TM 5/6: MU-MIMO/Closed Loop
	Slide 89: TM 7: Beam forming
	Slide 90: MIMO mode selection in LTE
	Slide 91: Typical distribution of MIMO modes
	Slide 92: LTE-A main features
	Slide 93: Heterogeneous networks in LTE-A
	Slide 94: Heterogeneous networks in LTE-A
	Slide 95: enhanced Inter-Cell Interference Coordination (eICIC)
	Slide 96: Almost Blank Subframes
	Slide 97: Almost Blank Subframes
	Slide 98: Almost Blank Subframes
	Slide 99: LTE-A main features
	Slide 100: Relaying in LTE-A
	Slide 101: Where to use relaying
	Slide 102: LTE-A main features
	Slide 103: Co-ordinated Multipoint
	Slide 104: Co-ordinated Multipoint
	Slide 105: CoMP – Coordinated scheduling
	Slide 106: CoMP – Joint transmission
	Slide 107: CoMP – Dynamic cell selection
	Slide 108: Example of CoMP
	Slide 109: Example of DL CoMP
	Slide 110

