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OnDSP™ based WLAN chip-sets

UMTS/3G network optimization
and planning

LTE FDD & TDD test mobile

Module and reference board
design

MPSoC semiconductor IP

Wireless embedded technology
Network performance measurement
LTE Cellular Technology Provider

The “dirty RF” experts for satcom
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100B transistors per chip
=> 1M processors per chip

100B cellular terminals on planet Earth
= how
=>» for what
= LTE-Advanced enough?
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TECHNISCHE
@ UNIVERSITAT
DRESDEN

Vodafone Chair Mobile Communications Systems, Prof. Dr.-Ing. G. Fettweis O vodafone chair

Data Communications
Thoughts & Trends



Coverage: Cellular
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Transistor density Clock rat
ock rate

=> 2X every 2 years _
= 10x In 20 years

=>» 1000x in 20 years (1024x ©)

Computational power
= 10x in 5 years or = 10°'000x in 20 years

|dentical to data rate in cellular =» 10°000x in 20 years

TU Dresden Gerhard Fettweis Slide 9
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- Taped out on May 7, 2007 .
- Returned on Aug 15,2007 PLL .
& Jan 07, 2008 Scraichpad

Memory

-

" UMC 130nm In 28 nm CMOS:
- 8 metal Complete LTE BB =
' : £
- 57 mil. trar < 10mm2 o
- 40 GOPS @ < 100mW
- 12 Procesg : LTSS  :
-2X R D.e lo v
- 6X W&SF PLL
- 2x SDSP v
- 2X ASIP | S 1omm ................. >
_- On chip SRAM ~ 7.3 MBIt

J
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Receiver Complexity Reduction

2G: MLSE

Equalizer Complexity
Grows Exponentially
With Length of Echoes!!

¥

3G: RAKE

Receiver Complexity
Grows Linearly
With number of Echoes!

h

4G/LTE: OFDM

Receiver Complexity
Grows Logarithmically
With Length of Echoes!!
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LTE-Advanced Research Challenge
0 10x Data Rate over LTE
0 5x DSP/bit over

= 50x DSP complexity increase!

—_— S

= SMAC: Smart Major Addition of Complexity ©

TU Dresden Gerhard Fettweis Slide 14
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= QOur Challenge:
Finding good reasons for spending money !

= Good Reasons
0 Operators like it
0 Customers like it
a Complexity ok

TU Dresden Gerhard Fettweis Slide 15



. TECHNISCHE
Spectral Efficiency umvmsum

DRESDEN

O vodafone chair

DSppr‘tral

License Cost (GER) } Efficienncy

. . bit/s/Hz/sect
» 1Hz paired ~ EUR 1000 e
» 100MDb/s /sector goal: -

- GSM: 1GHz = €171 -
- LTE: 80OMHz = €80B i

- Theory: 10MHz = €10B

EDGE HSPA TE EASY-C Th eO

Y
20 YEARS 20 further YEARS
Of Engineering Of Engineering
1987 - 2007 2007-20277

TU Dresden Gerhard Fettweis Slide 16
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Cellular Challenges:
“FAST SPEED” and “FAIRNESS”
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The Next Step
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0.5

pdf of SIR ’
0.4
0 — ...................... Reusel
Power Control Power Control
E[SIR] = -0.2dB ;i1 10Interferers cancelled
0.2 i i Macro/Distributed MIMO
‘ P E[SIR] = 8.1dB :
0-1 data rate ¢
0.0 :

15 20 25 30
SIRindB

Interference Cancellation: Fairness & High Data Rate
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= We thus believe that next generation systems will include multi-cell cooperative
signal processing (“network MIMQO” or CoMP):.

Cell phone jointly detected by
3 base stations

Backhaul
infrastructure
between sites

Shaded area: One site conta

three base stations (i.e. cells)
with four antennas each

TU Dresden Gerhard Fettweis Slide 20
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Uplink observations Downlink observations
T 1 ! '
( ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Uplink | . ‘Downlink |
c c : ‘ ‘ : 3
208+ 0 208 Y L [ .
3 3 | | | | |
207 EO.? """""" / EEREEEEEE e R
o o . . . . .
zosr zosr  f AR S SRR SRR R
2 R Sos| —_—
<] (=] 220 % improveme ! : :
Q045 S g4t [ o DR S R
2 o : : : : :
03 | =03k f Significant fairness| - - T T
2 E improvement : : :
] Y s Eozt [ NG N S R
Conventional i © oqbf “““ \ “““ . Conventional i
| ’ 21-cell cluster joint det. ' : ‘ = 21-cell cluster joint trans.
L I 1 1 0 L L | L 1
0 1 2 3 4 5 0 1 2 3 4 5 6
Capacity [bit/s/Hz/cell] Capacity [bit/s/Hz/cell]
= Okumura-Hata pathloss model, ITU pedestrian A = Linear joint transmission,
= Link-to-system mapping (MIESM), 8 MCS schemes assuming perfect channel

knowledge at the eNBs
= 2 tx ant. per eNB

= Spectral eff. losses through guard bands / intervals
= Assuming perfect channel est., 2 rx ant. per eNB

TU Dresden Gerhard Fettweis Slide 21
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1st/2nd generation| | HSPA+/LTE Rel. 8| | LTE Advanced

——

Poor spectral efficiency Reuse=1, interference Interference shaping &
through high reuse suppression through cancellation through
factors classical MIMO distrib. MIMO & relaying

22



Enablers for Ambient Services & Systems
Part C: Wide Area Coverage

—
RASY-C

Project Overview
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Overview on the Project EASY-C

The Project Consortium
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http://www.infineon.com/cgi-bin/ifx/portal/ep/home.do?tabId=0

Overview on the Project EASY-C ==

Fairness and Spectral Efficiency Targets

Average Cell-edge

UL +100% +200%

DL +50% +100%

*) all figures relative to LTE rel. 8
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World’s Largest Operational

LTE- Advanced Alqorlthm Testbed
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Recent Uplink Field Trial Results

Dresden Test Platform Uplink Setup

Control Computer

Config
data <
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Dump
received
signals

+

DFT
(optional)
\ 4 A

Send
PDCCH

Sync

7y

MATLAB
Signal Processing

= Uplink Features

T

1

| |
Air interface;

1

I

i a
v !
Trans-
Sync mission in a
PUSCH
v / a
Decode
Egzzgqsn B PDCCH and 0
UL grant
v
Output of -
CQl info UE |

Focus on PHY

Partial compatibility to LTE Rel. 8
Sequential test of different MCS
Offline signal processing
Quasi-realtime scheduling possible

WDN, PIMRC 2010, Istanbul

Patrick Marsch, Michael Grieger, Jorg Holfeld,
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Recent Results —
Channel Sounding Campaign EASY'C

= A second channel sounding campaign CoMP scenario with 3 base

took place in April 2009 stations
=  SPULA as transmit antenna,

110° HBW / 7° tilt
= SPUCA as receive antenna
=  Measurement BW 100 MHz
1 ¥ = 174960 snapshots collected
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Recent Results E/////_‘%\c
Alcatel-Lucent Measurement Campaign ASY-

= An LTE-Advanced Measurement Campaign took place from
April 17 to May 15 2009 in Dresden

Test campus / routes / sites for SoA1

BNV AT A Test Cases

Signalion SORBAS
=N based interferer
¢ + boosters

- Downlink SIMO

- Uplink SIMO
e AN\ T | Y o - Downlink SU MIMO
e O SRS . &Y - Uplink MU MIMO
SRV B el A SRS . I . Downlink SIMO
with Interferer

Alcatel-Lucent

1 othg &
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Recent Results

Alcatel-Lucent Measurement Campaign

E//—_\\\A

ASY-0

Uplink SIMO (peak: 17 Mbit/s)

UL SCH Throughput [kbit/s]

H 172283
~ 16116.8
15005.3
13893.8
127823
116708
10559.3
94477
83363
72248
61133
50018
38903
15 - 27788

| B
In addition, first MU-MIMO tests

were performed in the uplink

= Downlink tests with up to three
Interferers

= 20MHz Channel @ 2.6GHz carrier

&°

Downlink SU SIMO (peak: 35 Mbit/s)

) DL SCH Throughput [khit/s]

730959
26831
22703
18576
14448
10320

6192
2064

- 50107.6
442413
38375.0
32508.7
26642.4
207761
- 14909.8
9043.5

Federal Ministry
of Education
and Research

AIcateI-Lucent@&‘Im{mwm“m comneen’  gricsson Z
4

" s EEN 'IF L actix \ E“SIGNALIDN -7

| An Infineon Technologies Company

~TES

Electronic Solutions

T Institut
= Nachrichtentechnik
m Heinrich-Hertz-Institut

ulﬁgne‘

sxaTHREIN N){ QUALCOMW’

founded by Philips
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Recent Uplink Field Trial Results 35‘,’&",{2,‘;'-};

Trial Setup and Trajectory

DRESDEN
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. Base stations involved: 12

- 2 UEs transmitting, one
,moving BS“

- Distance: ca. 7.5 km
- UE speed =6 km/h

- Onedump of ca. 80 TTlIs
every 5 seconds

- Evaluation of the uplink
CoMP gain vs. IRC

Carrier frequency 2.53 GHz

System bandwidth 20 MHz

Resource blocks (PRBs) 30

No. of sub-carriers per PRB 12

Transmit Power 18 dBm
Quantization resolution 12 bit per real dim.

TABLE I: Transmission parameters

0 km 2 km 4 km

WDN, PIMRC 2010, Istanbul Patrick Marsch, Michael Grieger, J6rg Holfeld, Slide 31
Vincent Kotzsch and Gerhard Fettweis



Recent Uplink Field Trial Results 3§?¢'EN,;§,°T§$

Signal Processing Architecture DRESDEN

O vodafone chair

Channel estimation Noise covariance estimation
. LTE pilot positons - Autocorrelation based approach
- Code orthogonal pilot positions Soft demodulation and decoding
MCS# Mod. scheme  Code rate  Peak rate Bit per channel use . Standard soft demodulation and decoding
I 4QAM 3/16 1.30 Mbps 0.375 . ; : ;
5 JOAM 1 3,46 Mbps ] Error vector magnitude SINR estimation
3 16QAM 2/5 5.62 Mbps 1.60 i
4 16QAM 477 7.99 Mbps 2.29 Rate ad aptatlon
5 16QAM 2/3 9.29 Mbps 2.66 . i i . i i
. eOAM " 0.6 Mbns o offline e_valuatlon, emulation of optimal rate
7 16QAM 6/7 12.3 Mbps 3.43 adaptation
8 16QAM 99/100 14 Mbps 3.96
| T T T T T T T e ——— |
TABLE II: Modulation schemes and code rates used for :BSI Dec. UE 1 -:—*i‘L
transmission, assuming turbo codes as used in LTE Rel. 8. y1+— Eq. UE 1/2 [ Dec. UE 2 H—i»
1 = |
ST T T T~ ! ST T T T T T T T ee—————— e |
| BSI | | BSI IDer.;UEl o | BS2 !
I I I I I I
VHI—’-Eq UE 1 ——{Dec. UE 1 1 V14|—:~EqUE1f2 Dec_UE'.ZI Ty }24|—=-R1 hmpr :
B2 | B2 | sz | |
| | | | | |
Y24+——Eq. UE 2 ——{ Dec. UE 2 rs Y2l | Vi+—— RX. compr |
o= = | | | e __ |
(a) Conv. BS-UE assign.. no coop. (b) Both UEs assigned to same BS (c) Cooperative detection; cluster size either
C=2orC =23
WDN, PIMRC 2010, Istanbul Patrick Marsch, Michael Grieger, J6rg Holfeld, Slide 32
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Recent Uplink Field Trial Results @ PRl

Observed CoMP Gains
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- Moderate average gains

Scheme Avg. gain

Conv. -
CoMPC=2 19.0 %
CoMPC=3 22.6 %

- Peak CoMP gains up to 150%

| 1
<10%
— i —UEL1 (conv.)
A 0.8 — UEZ2 (conv)
.,% ........... UEl (COMP C — 2)
% ........... UE2 (COMP C = 2)
0.6+
O BB e UE1 (CoMP C = 3)
2 = JE2 (COMP C = 3)
<04
S
]
O
0.2
00 1 2 3 4
Rate [bpcu]
WDN, PIMRC 2010, Istanbul Patrick Marsch, Michael Grieger, J6rg Holfeld, Slide 33
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Scenario |: North
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40.0dB

30.0dB

1 20.04dB

10.0dB 10.0 dB

Latitude [km]
o
w
0
Latitude [km]
o
[9%]
0

0.0dB 0.0dB

0.19 & 0.19 &
-10.0 dB -10.0 dB
0.00 S=—hen Ty TUNeI SRRl A -20.0 dB 0.0 SNSRI e -20.0 dB

0.00 0.15 0.30 0.45 0.00 0.15 0.30 0.45
Longitude [km] Longitude [km]
Area Characteristics
500 X 650 m? NLOS Manifold shadowing Iyfeleel esieioritel el
with dense building
WDN, PIMRC 2010, Istanbul Patrick Marsch, Michael Grieger, J6rg Holfeld, Slide 35
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Recent Downlink Field Trial Results TECHNISCHE
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Area Coverage [dB] (eNB2-240°) Area Coverage [dB] (eNB1-120°)

0.95 3 ; 40.0 dB 0.95 T . 40.0 dB
P .- 2N g -5 -
~ - | o
, o 30.0dB 30.0 dB
0.71 0.718
20.0 dB 4 20.0dB
= I3
5 q ﬁ o
§ 0.47 410.0 dB %047 4 10.0 dB
= f s
- 6/ ‘ — ‘
Y 0.0dB " 0.0dB
0.24 0.24
3 3
-10.0 dB -10.0 dB
0.00 ¥ == i -20. 0.00 ¢ e -20.
000 016 033 049 065 20.0dB 0.00 0.1 033 049 065 200 de
Longitude [km] Longitude [km]
Area Characteristics
Large overlapping cell Urban area with low
650 X 900 M2 LOS 9 pping N .
areas building density
WDN, PIMRC 2010, Istanbul Patrick Marsch, Michael Grieger, J6rg Holfeld, Slide 36
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Recent Downlink Field Trial Results
CoMP Gains

/ Complementary cumulative

/Scenario |: North \

distribution function - P(X>Xx)

TECHNISCHE
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/Scenario [I: South \

Sum Rate Comparlson Sum Rate Comparlson

—MU-CoMP 4x4
=——MU-CoMP 4x3
=——=MU-CoMP 4x2 i
—&—SU-CoMP 4x2
—+—SU-CoMP 4x2
—&-SU-MIMO 2x2
—E— MU-nonCoMP 2x2

e
co

=
o
T
=
=

Complementary cumulative
distribution function - P(X>Xx)

—MU-CoMP 4x4
m— MU-CoMP 4x3
m—MU-CoMP 4x2 i
—&e—SU-CoMP 4x2
—+—SU-CoMP 4x1
—&—-SU-MIMO 2x2
—&— MU-nonCoMP 2x2
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2,44 1,77 1,54 (3,52) SU-MIMO 2x2 (1,80) 3.38 2,17 1,85
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N
t=d/c

Use CP to compensate?
LTE: d=360m

TU Dresden Gerhard Fettweis Slide 39



OFDM: Phase Noise Impairing Capacity () universriar

DRESDEN

O vodafone chair

1

1

1

1

1

1

4

1

1

1

1

1
1
1

1

1
1
d
1
1
1
1
1
-4
1
1
1
1
1
1
1
1
1
1
d
1
1
1
1
1
4
1
1
1
1
1
a
1
1
1
1
1

=
n

by

wd
o =

————————————————————————————————

b2
oW

Capacity C [bits/symbol]

-2
|
|
r
|

—————————————————————————————————————

[R—
A

___________________________________________________________

[a—

_____________________________________________________

=
= n

Afcar sub-carrier spacing

0 0.020.040.06 0.08 0.1 0.120.14 0.16 0.18 0.2
Mg/ Mo

TU Dresden Gerhard Fettweis Slide 40



Key Learnings E///—a\\\o
Key CoMP Challenges Identified ASY'

= The EASY-C consortium has gained vast experience in the implemen-
tation and challenges connected to coordinated multi-point (CoMP):

Synchronization in
time / frequency

channel estimation &
obtaining transmitter
side CSI at eNBs

Scheduling

System Partitioning
Reducing Backhaul /

Infrastructure Aspects Impact of network MIMO
on higher protocol layers
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Key Challenges & Solutions

—=——s

EASY-C

Clustering: M.Source: Applies to: Impact:
Static clustering: close-to-optimal TUD All CoMP Good option
performance, verified w. Dresden 3D schemes

- Dynamic clustering: can provide Qualcomm  All CoMP Good option
additional gain at reasonable effort schemes

- Cluster size: depends heavily on DTAG All CoMP
propagation and inter-site distances schemes

Synchronization:

- Asymmetric propagation delays TUD All CoMP Limits CoMP
-> ISI - ISl-cancelation required

- DL full CoMP requires highly precise TUD/HHI DL full CoMP  Potential
synchronization of oscillators at BSs show stopper

| Gesieain™ Alcatel-Lucent @) *|\4 Cgm”@ mmmmm ERICSSON Z [ e, wmTHREIN NMED)  QuUALCOMWW Sl\éls:);igio

------ :F- s actlx N
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Key Challenges & Solutions EASY-C

Channel Estimation: M.Source: Applies to: Impact:
Inaccurate estimation: moderately TUD DL full CoMP
strong interference required
Required DL pilot overhead: HHI/TUD DL full CoMP  Severe limit of
adaptive usage preferable DL CoMP
Code-orthogonal pilots over multiple HHI/TUD Any UL or DL Good option
TTls: overhead vs. CSI performance CoMP

CSI Feedback:

Limited DL CSI Feedback at BSs: HHI/TUD DL full CoMP
CSI exchange between BSs

Bandwidth for DL CoMP CSI TUD DL full CoMP  Severe issue,
Feedback: adaptive usage required more research

B | Ceiera sy picatel-Lucent @GRy # | comne®n’  gricsson Z B o KATHREM ] [ Quawcoww| Meeting
and Researc h \ . An Infineon Technolog] jes Company Sept 2010
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Achievements E/////%
Technology Evolution ASY-

A MU- N
ite w Ite

EASY-C identified major challenges concerning
= Synchronization requirements,
= Multi channel estimation,
= Feedback compression,
= Backhaul requirements,
= UE Complexity
and proposed efficient solutions

‘
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Downlink

CoMP
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A Piece of The Bigger Picture TECHlecHE
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3dim PHY / 3dim Traffic / 3dim design space DRESDEN
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capacit
Pactty space
Fhergy [ time
) 4 .
./ fair coverage ./ frequency
>
today’s
. . No modulation buys us
traffic mix

l m2m orthogonality anymore !!!

./ 3D graphics lTime to rethink for 5G 1?!

3D movies
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Thanks to Vodafone for 16 years of continued support of the team
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