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Wireless in the Media ...

Cellular
India poised to reach 500M subs

Growth of broadband wireless
~ HSPA, and EV-DO

Standardization of LTE Adv, 802.16m — EEEEEEEEE
GSM subscribers crossed 4.0 Billion ... b

Convergence, Quad play ...

Spectrum allocation, refarming
WLAN
Wi-Fi Hotspots — rapid growth

Broadband Wireless Access
ITU Activity — IMT Advanced (4G)
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- Electrical Engi i
Comparison of Networks e i

Different types of wireless networks
Wide range of data rates, range

: D) Significant developments in
2aamps -~ WAN/ MAN

<5 km

802.16a/d/e - 70 Mbps
LMDS - 38 Mbps

Ref: Cordeiro et al., “IEEE 802.22: The First Worldie
Wireless Standard based on Cognitive Radio,” |IEEH)5
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WireleSS BrOad band Electrical Engineering

IT Madras

Ref: A. Agrawal, WiMAX Workshop, New Delhi, Dec 2004

Leading BWA Standards — 3GPP LTE, IEEE 802.16m
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Broadband Usage Electrical Engineering

IIT Madras

A User-Centric Broadband world driving.....

Online Gaming Video-telephony Interactive TV IP Telephony
Home Indoor Mobile Managed
Entertainment coverage Interactive Communication

Broadband
DSL

Ethernet
IP VPN

WiFi,
WiP,WiMax

2G/3G Mobile

On the Pause On the Move At the Office

Ref: Kori (Alcatel Lucent) —
WiIMAX Overview, Bangalore,
Jan 2009

Seamless Broadband Experience |

Compelling case for broadband wireless access (BWA) in India
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BWA Perspective

Usage Calls, Sessions

Reach Ubiquitous narrowband,
residential broadband

Networks Circuit-switched

Motivation for IEEE 802.16m, LTE
Established need for broadband
Today’s scenario

Broadband is based on wireline

- Only limited # in markets like India
Mobile data rates are modest
Need for BWA

- Ethernet class performance

Broadband, wireless — Quad play
- Voice, Data, Video, Mobility

Electrical Engineering

IIT Madras
Always-on
Ubiquitous
broadband
Ref: Kori (Alcatel Lucent) —
WiIMAX Overview, Bangalore,
All-IP Jan 2009

CDMA/ TD-SCDMA

D Next Generation

Wireless is:
100 Mbps speed
Full mobility

Multi-
Standard

Any network

ic )

GSM/ OFDM
GPRS/
EDGE Flat-IP

Any terminal
All-IP
QoS control
High QoE

UMTS
HSDPA / HSUPA
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Cellular Evolution Timeline Electrical Engineering

IIT Madras
1G (AMPS, NMT, TACS, ..)) 1981
Analogue voice transmission

2G (GSM, I1S-54, PDC, 1S-95) 1991 - 95
Digital cellular
Digital voice, low-speed circuit data (9.6 Kbps), SMS

2.5G (GPRS, cdmaOne) 1999 - 00
Introduction of packet data
Improved voice, medium speed CS and PS data (~100 Kbps), enhanced SMS

3G (WCDMA, EDGE, cdma2000, ...) 2002 - 03
IMT-2000 requirements, Improved voice, high speed PS data (384Kbps - 2 Mbps)
Improved spectral efficiency and capacity, Multimedia applications

3.5G (HSPA, 1xEV-DO, 1xEV-DV, WiMAX) 2003 - present
High speed packet data (2-14 Mbps)
<4— Super 3G
4G (LTE/ LTE Adv, IEEE 802.16m, ...) 2010/11 (?)
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Evolution beyond 3G

Electrical Engineering §

[IT Madras

l. 7

N

o IEEE 7
WirelessMAN®
SR TR

R
Rel. 6
GSM Rel. 5
GPRS WCDMA 1 isppa)
/ 1XEV-DV
cdmaOne cdma2000
. 1XEV-DO
3.5G/4G - Focus on high data rates, spectral efficiency
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Evolution of Data Rates

Electrical Engineering

lIT Madras
f 2008 i 2009 2010 i 2011 | 2012 ] 2013
£ "y
EDGE Evolved _
o DL: 474 kbps e :
a : DL: 1.89 Mbps )
o UL: 474 kbps UL: 947 Kbps
L i - 52"
‘ B S N 3
HSPA | Rel THSPA+ | Rel 8 HSPA+ | | Rel 9 HSPA+ |
E DL: 14 4 Mbps | DL: 28 Mbps DL: 42 Mbps = DL: B4 Mbps | ;
7] UL: 5.76 Mbps | UL: 11.5 Mbps UL: 11.5 Mbps | UL:23Mbps | =
- In 5 MHz _ In 5 MHz n5MHz | In 10 MHz |
. L - W%
T i ™
( O ) | |
i DL: 326 Mbps [ | LTE [ N\ LTE Advanced ] !
= UL: 86 Mbps 1 (Rel 9) § DL:=1Gbps | -
=i | In20MHz J . )
Lo =

Ref: Rysavy Research Whitepaper (3G Americas) $6pt 2

Aggressive increase in spectral efficiency

Use latest research developments

Future systems — optimization is a challenge
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Electrical Engineering

IMT Advanced IIT Madras  §

ITU initiative (started 06/2003)
- Development of systems beyond IMT-2000 (open and global standards)

Enhanced IMT-2000 systems should support

- Evolution of new applications, products, and services
Aspects: Enhanced mobile access, Seamless networking.

Data rate requirements:
- 100 Mbits/s for high mobility
- 1 Ghits/s for low mobility (nomadic/local wireless) access
Timeline:
- Initial proposals for IMT-Advanced to be solicited mid-2009
- Standardization mid 2008 - 2011

Current global standards
- IEEE 802.16m, 3GPP LTE
- All based on Orthog Freq. Division Multiple Access (OFDMA) & MIMO
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. . Electrical Engineering
ITU Timeline
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WP 5D 2008 2009 2010 2011
_ No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10
meetings > < > < > <
Stepl and 2
(0) (20 months)
Step 3
(8 months) (D)
Step 4
(16 months) (2)
Steps 5,6 and 7
(20 months) (3)
Steps 8
(12 months) (4)
Steps in radio interface development process:
Step 1: Issuance of the circular letter Step 5: Review and coordination of outside evatua#ictivities
Step 2: Development of candidate RITs and SRITs

Step 6: Review to assess compliance with minimurairements
Step 3: Submission/Reception of the RIT and SR6ppsals Step 7: Consideration of evaluation results, cosiseiuilding
and acknowledgement of receipt and decision
Step 4: Evaluation of candidate RITs and SRITs Step 8: Development of radio interface Recommend)
by evaluation groups



IMT Advanced Electrical Engineering § A

IIT Madras

TimeLine

- March 2008 - Invitation to propose Radio Interface Technology (RIT)

- October 2009 - Cut off for submission of RIT and SRIT

- June 2010 - Cut off for evaluation report to ITU

- October 2010 - Framework and key characteristics of IMT-A SRIT

- February 2011 - Complete Radio I/F Spec -
Six RIT proposals (only 2 distinct proposals)

- |IEEE 802.16m — submitted by IEEE

- |IEEE 802.16m — submitted by Japan

- LTE-Advanced - submitted by Japan

- IEEE 802.16m — submitted by TTA (Korea)

- LTE-Advanced — submitted by ARIB, ATIS, CCSA, ETSI, TTAAND TTC

- LTE-Adv (TDD) — submitted by China

TCOE India is one of the evaluator groups
- CEWIT is playing a key role
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Multipath and Doppler Rt bt

Multipath  multiple copies of signal at receiver
- Inter-symbol interference (1SI)
Need advanced DSP algorithms
Mitigate time-varying ISl
Equalizer (single carrier), RAKE receiver (DS-SS)
Computationally intensive
Equalizer complexity grows exponentially

Fading signal strength fluctuation 25 dB
Receiver must adapt to time variations
Rate of change depends on Doppler

Accurate channel estimation and tracking
: . . 200 msec
are computationally intensive < >
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InterferenCe Electrical Engineering
IT Madras
Frequency Reuse in Cellular

GSM
- 3/9 reuse with Freq Hopping
- frequency planning
Cdma2000, WCDMA, LTE, IEEE 802.16m

- 1:1reuse intracell and intercell interference
- power control is essential
Spectral efficiency
- Bits/sec/Hz/ cell
- 1:1reuse high efficiency

LTE: Two types of interference - CCI and ACI
- No intracell interference
- Mitigate interference via coordination and scheduling

3G and 4G - All systems are interference limited
Interference mitigation is crucial
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Multiple Access
Code

Electrical Engineering
IIT Madras

Code |

FDMA TDMA GSM,
EDGE
. Frequency _ Frequency
Tlrr; Time
Code
WCDMA,
CDMA cdma2000
TD-SCDMA
802.11b
Frequency
Time
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HSPA / 3 . SG Electrical Iﬁ?_?il?ﬂzzrrigg

High Speed Downlink Packet Access (UMTS Rel 5)

Based on a new high-speed downlink transport channel

Provides peak data rates up to 14 Mbps
Adaptive modulation (QPSK, 16QAM) and coding (AMC), Hybrid ARQ

Extensive multicode operation (up to 15 parallel codes, SF=16)

Eliminates variable spreading factors, fast power control

Principle: Send data to users in good channel conditions

- Opportunistic Scheduling — Multiuser diversity
- MS updates network on C/I information and max data rate it can receive

- Basestation (Node B) has a “scheduler algorithm”
Significantly reduced delay in assigning resources - rapid link adaptation
Network resources allocated to single user
Maximum Tx power  max. throughput for that individual user

Challenges
- Mixed mode traffic, receiver complexity, higher dat a rates
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Multiple Access
Code

Electrical Engineering
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Code |

FDMA TDMA GSM,
EDGE
ﬁequency
Tirr; Frequency Time
Code

WCDMA Code 802.11 a/g

CDMA ! OFDM 802.16, 20
cdma2000 LTE. UMB
TD-SCDMA !
802.11b

Frequency requency

Timy

Tim
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OFDM Electrical Engineering

IIT Madras
Effect of Multipath

- CDMA - loss of orthogonality
More severe if spreading factor is low
- TDMA  need for complex equalization
More severe for higher baud rates
- OFDM attractive for high speed data in multipath fading

OFDM - Orthogonal Freq Division Multiplexing (Multicarrier)
- Narrow carriers  low baud rate  long symbol duration
- An attractive candidate for broadband wireless
Efficient digital multicarrier implementation using DFT/IDFT
Opportunity to do optimized coding and modulation in each carrier
Maximize capacity utilization based on channel condition
A active area of research
- Issues: High peak-to-average ratio, sensitivity to frequency & timing errors

OFDM used for WLAN, WWAN, Digital Audio Broadcasting, 4G, ...
OFDM U Multi-carrier Modulation U Multi-tone Modulation
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|EEE 80216m’ LTE Electrical Engineering
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Key aspects
- High data rates

Advanced Error Correction techniques (Convolutional Turbo Coding (CTC))
Adaptive modulation and coding, Hybrid ARQ

Advanced Antenna Techniques — 2x1, 2x2, up to 8x8
Full MIMO and beam-forming support, Spatial multiplexing
QoS - Supports different traffic types
- Efficient MAC design
Fast and advanced scheduling (for DL and UL)
Optimized ARQ
- Mobility - Secure optimized handover with < 50 msec break time
Efficient power management - “Sleep mode” and “Idle Mode”
- Security - Advanced authentication and encryption
- End-to-end IP-based network
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OFDM SyStemS Electrical Engineering
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Technical focus

Adaptive modulation and coding (AMC)

- MIMO, Transmit Diversity and Beamforming

Channel quality feedback

Pre-coding techniques, beamforming

4TX MIMO, diversity

Downlink Multi-user MIMO 1/1 reuse
Reference signals (Pilot) — Downlink and Uplink

Optimal placement, minimal overhead
Seqguence design, hopping RS

Control signaling
ACK/NACK, feedback, CQI
- MAC
Major emphasis on OFDMA scheduler
- Interference mitigation (due to 1/1 re-use) Fractional frequency reuse

Koilpillai / Nov 2009 / Evolution of Wireless Communications 20 Presentation @ WiINGCOM 2009
TeNeT / IITM Proprietary Information



OFDM PrinCipleS Electrical Engineering
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Use of Cyclic Prefix
Cyclic Prefix completely
eliminates effect of ISI

Cyclic prefix must be longer
than length of ISI

Two different CPs
- Normal CP (4.7 nsec)
- Extended CP (16.7 nsec)

Different kinds of tones (spacing = 15 KHz) Data subcarriers — data

Pilot subcarriers — known
symbols
- For channel estimation
- For synchronization
Null sub-carriers
- For Guard bands
Source: Mobile WiMAX White Paper, WiMAX Forum Audi®q6 - DC carrier
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i Electrical Engineering
Tltle IIT Madras

Ref: A. Mudumbe (Intel) — Mobile
WIMAX Presentation

OFDM — transmit via multi-carrier method

OFDMA - deals with two-dim. allocation subcarriers and time
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OFDM Systems

Sub-carrier allocation
- Contiguous — Band AMC / Tile
Experience same fading channel
Select optimum AMC
Beam-forming
- Diversity — Pseudo-random permutation
Achieves frequency diversity
Inter-cell interference averaging
Partially Used Sub-Carrier (PUSC)
Fully Used Sub-Carrier (FUSC)
Challenges
- Channel estimation
1/1re-use SINR~O0dB
- Channel tracking
- Interference mitigation

Electrical Engineering
IIT Madras

1/1 reuse
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OFDMA Scheduler

Electrical Engineering
IIT Madras

Ref: A. Mudumbe (Intel) — Mobile WiIMAX Presentation

Scheduling is one of key aspects of LTE and IEEE 802.16m
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TDD vs FDD Electrical Engineering

IIT Madras

Ref: A. Mudumbe (Intel) — Mobile WiMAX Presentation

IEEE 802.16 family (focus on TDD) and LTE (Focus on FDD)
Both TDD and FDD (including Half Duplex) are supported

TDD

- Has many advantages
- Requires synchronization of all transmitters
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Smart Antennas Electrical Engineering
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Receive spatial diversity

Transmit spatial diversity
Downlink spatial multiplexing

- Transmitting multiple streams
Uplink Collaborative (Virtual) MIMO

Beamforming

Ref: A. Mudumbe (Intel) — Mobile WiMAX Presentation
Ref: Dahlman, IEEE Comm Mag, Apr 2009
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MIMO & BS Cooperation

Inter BTS
Cooperation

Electrical Engineering
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Ref: Molish WPMC 2009
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CoMP and Relays

Electrical Engineering
IIT Madras

CoMP - Coordinated Multipoint Transmission and Reception

Relays

CoMP

- Beneficial for cell-edge users
- Applicable also in uplink

Relays — a vital element in future networks
Two types of relays being considered

- Provide coverage extension
- Provide capacity enhancement
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Electrical Engineering

Femtocells
IIT Madras

Femtocells are low-power wireless access points
- Operating in licensed spectrum
Connect to a mobile operator’s network using
- Residential DSL or cable broadband connections
More and more consumers want to use mobile phones at home
- Even when there’s a fixed line available
Adequate mobile residential coverage significant challenge for operators
Femtocells an attractive solution to this problem
Wireless Femto is the key to India’s requirements
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Utilization of Spectrum Electrical Engineering
IIT Madras

Frequency range
- 30 MHz - 2.9 GHz
Based on report by M.A. McHenry

Max. utilization ~ 25%
—~ TV channels

Average usage ~ 5.2 %
New York City average ~ 13.1%

Significant # white spaces
- Even in cellular bands

Ref: M.A.McHenry, “NSF Spectrum Occupancy
Measurements Project Summary,” August 2005

Ghasemi and Sousa,
IEEE Communications Magazine, April 2008

Presentation @ WiINGCOM 2009
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Cognitive Radio (CR) Electrical Engineering

Motivation for CR
Increasing demand for radio spectrum
- Broadband wireless demand is rapidly growing

Current approach to spectrum allocation
- Fixed allocation to licensed users

Existing scenario
- Under-utilization of spectrum

- Spatial and temporal “spectral holes” exist

Innovative approach to improve spectrum utilization
- Cognitive Radio
- SENSE + LEARN + ADAPT + USE

Initiated by FCC — regarding secondary usage of spectrum
- Arrich area for research and implementation (IEEE 802.20)
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Summary Electrical Engineering
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Aggressive development and deployment of 3G technologies globally
Strong competition between cellular and mobile WIMAX
- HSPA, EV-DO, IEEE 802.16e
IMT Advanced presents a challenging set of requirements
- Technology evolutions to meet IMT Advanced — LTE Advanced, and IEEE 802.16m
Role of CEWIT, and TCOE - strategic initiatives
- Tracking closely the developments in IEEE 802.16m, LTE
India will be very large market

- Potential to support multiple Broadband wireless technologies
- Indian operators will play a key role

An explosive growth phase in wireless in India

- Multiple business and technology opportunities

Let’s work together to make India a major player in broadband wireless
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Electrical Engineering

IIT Madras
My best wishes to
Participants of WINGCom 2009
Thank You !
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David Kollpillai Profile Electrical Engineering
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Education

B.Tech, IIT Madras, MS, PhD Caltech, USA

Work Experience

IIT Madras (2002 — present)
Professor, TeNeT Group, EE Department

CEWIT — Chief Scientist (Jan 2007 — July 2007

Co-Chair, IIT Hyderabad Task Force (June 2008 — present)

Ericsson Inc, USA (1990-2002)
Director, Advanced Technologies, Research and Patents
(R&D team of 75 engineers, annual budget US $20 Million)

Professional
- Areas of expertise: Cellular, wireless systems, DSP
- 32 Issued US patents
- Publications: 11 Journal, 45 Conference
- Research Interests: DSP applications in Wireless
- Ericsson Inventor of Year Award 1999
- Fellow, Indian National Academy of Engineering

Koilpillai / Nov 2009 / Evolution of Wireless Communications 34 Presentation @ WiINGCOM 2009
TeNeT / IITM Proprietary Information



