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Outline
• Motivation

– Marked-demands
– Wireless standards
– Ultra wideband regulation
– Challenges

• Introduction to OFDM

• Multi-band OFDM ultra-wideband

• Implementation issues

• Performance characterization

• Conclusion
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Motivation – Market Demands

• High data-rates

• Low power 

• Low complexity

• Low cost

• CMOS compatible

• Flexibili ty
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Wireless Standard Overview
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UWB Protocolls
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Motivation – Ultra-Wideband

• Federal Communications Cummission (FCC) in U.S.

• 7.5 GHz free bandwidth
– 3.1 GHz to 10.6 GHz

• Ultra wideband
– -10 dB bandwidth > 500 MHz or
– Relative bandwidth > 20% of carrier frequency

• Spectral mask
– Power spectral density (PSD)
– Below - 41.25 dBm in 1 Hz bandwidth

below noise level
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Motivation – Challenges

Channel

• Multi-path propagation 
• Frequency selectivity

• Interferences
• Co-existence with 

other standards

Protocols

• Multiple Access
• Network flexibili ty

Digital Signal 
Process ing

• Synchronization
• Channel estimation

• Channel equalization
• Multi-user detection

• High-performance ADCs

Physical Layer

• Bit error rate (BER)
• Throughpu t

Market
Demands

Low power
Low cost

High data-rates
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Outline
• Motivation

• Introdu ction to OFDM
– Multi-carr ier
– OFDM concept
– Frequency diversity
– Cyclic prefix
– Implementation
– Advantages

• Multi-band OFDM ultra-wideband

• Implementation issues

• Performance characterization

• Conclusion
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OFDM – Multi-carrier

• Frequency selective fading
• Short pulses
• ISI rather long
• Long equalizer
• Poor spectral efficiency

• Flat fading for each carrier
• N times longer pulses
• ISI rather short
• N short equalizers (multiplier)
• Poor spectral efficiency

Pulse length ~1/B

B
Pulse length ~N/B

B

N carr iersguard 
bands

Improve spectral efficiency using orthogonal carriers
(allows overlapping)

1 carr ier

channel
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OFDM – Orthogonal Carriers
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OFDM – Frequency Diversity
• Orthogonal carriers

– Carrier pulses overlap
– Spectral efficient
– No inter-carrier-interference (ICI)

• Easy implementation using IFFTs

• Very sensitive to frequency 
synchronization

• Different modulation schemes
– QAM
– QPSK

• Frequency selective fading
– Source coding
– Forward error correction (FOC)

frequency

carr ier

OFDM symbol

time

T0=1/f0

f0

ICI due to frequency offset

time
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OFDM – Cyclic Prefix

• Cyclic prefix 
– Longer than channel delay spread
– Almost completely eliminates ISI

• Cyclic convolution  ↔ DFT multiplication 
(time domain)           (frequency domain)

FFT - part

Cyclic prefix OFDM symbol
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OFDM – Implementation
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OFDM – Advantages
• Bandwidth efficiency

– Overlapping spectrum of orthogonal carriers

• Frequency selective fading
– Source coding
– Equalizer

• Inter-symbol-interference (ISI) and inter-carrier-interference (ICI)
– Orthogonal sub-carriers
– Cyclic prefix and guard interval

• High data-rate
– Through a number of parallel low-rate streams

• Implementation
– Low-cost, low-power, and low-complexity

UWB

Can
did

ate
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Outline
• Motivation

• Introduction to OFDM

• Multi-band OFDM ultra-wideband
– IEEE 802.15.3a “ failed“ standard
– UWB – OFDM extensions
– Frequency group s and bands
– Time-frequency codes
– Diversity improvements
– Data rates overview

• Implementation issues

• Performance characterization

• Conclusion
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IEEE 802.15.3a “failed“ standard 

• Multi-band OFDM
– Multi-band OFDM 

Alliance (MBOA)

– Intel, Texas 
Instruments, Nokia, 
Samsung, Phillips, 
Panasonic,...

– More than 90 member 
companies

• Direct Sequence
– Freescale

(former Motorola)

– Demo: 1.3 Gb/sec 
over 2m

FAI
LED

WiMedia
Alliance
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OFDM Extension for UWB

• QPSK modulation
– Reduces ADC and DAC resolution
– Reduces precision of digital logic, e.g., FFT and IFFT
– Reduces power consumption

• Large sub-carrier spacing
– Low phase noise requirements 
– More robust synchronization

• Zero-padding + Overlap Add
– Instead of Cyclic prefix
– Maximize transmit power
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UWB Bands and Groups

• Channel carrier frequency:

• OFDM symbol:

Band
#1

Band
#8

Band
#3

Band
#4

Band
#5

Band
#6

Band
#7

Band
#2

Band
#9

Band
#10

Band
#11

Band
#12

Band
#13

Band Group  1

3432
MHz

3960
MHz

4488
MHz

5016
MHz

6072
MHz

6600
MHz

7128
MHz

7656
MHz

8184
MHz

8712
MHz

9240
MHz

9768
MHz

10296
MHz

Band
#13

5544
MHz

Band Group  2 Band Group  3 Band Group  4 Band Group  5



Signal Process ing and Speech Communication Laboratory

Professor Horst Cerjak, 19.12.2005
19

Stefan Mendel Multi-Band OFDM Ultra-Wideband

Time Frequency Codes (TFC)

• Time frequency interleaving (TFI)
– Fast frequency hopping
– Channel diversity, multi-user 

access
• Fixed frequency interleaving (FFI)

– Fixed band for higher data rates

• Guard interval
– TX & RX switching time
– Lock-in time for filters and 

frequency synthesizer

Band #1

Band #2

Band #3

3168 MHz

3696 MHz

4224 MHz

4752 MHz

9.5 ns Guard Interval
for TX / RX switching time

60.6 ns Cyc lic Prefix

312.5 ns or 3.2 MHz

Frequency

Time
528 MHz
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Diversity Improvements

• Time frequency codes (TFC) + 4.7 dB
– Each band with 3 times more power
– Time frequency interleaving or frequency hopping

• Convolution codes
– Code rate R=1/3

• 1 data bit, 2 bits redundancy

– Puncturing

• Frequency domain spreading (FDS) + 3 dB 
– Force IFFT imput to be conjugate symmetric
– IFFT always real -> reduces transmitter complexity

• Time domain spreading (TDS) + 3 dB
– OFDM symbol + permutation of OFDM symbol

too costly for high
data rates
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Dual Carrier Modulation (DCM)

• Modulating data symbols in pairs
– Two different 16-QAM modulation constellations
– Carriers seperated by at least 200 MHz

• Reduces frequency-selectivity

• Increases receiver complexity

Q

I

1111

Q

I

1010
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Data Rates Overview

9001200NONO3/4DCM480

7501200NONO5/8DCM400

6001200NONO1/2DCM320
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Outline

• Motivation

• Introduction to OFDM

• Multi-band OFDM ultra-wideband

• Implementation issues
– Example transmitter (TX) architecture
– Example receiver (RX) architecture
– Frequency synthesis

• Performance characterization

• Conclusion
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Example Transmitter (TX)

Frequency
synthsis

Code rate
R = 1/3

Frequency
and time

spreading QAM

Digital-to-analog
Conversion

528 MHz

Coder Arbitrary code rate
discardong  bits

3 bit

3 x 3 bit 5 bit

Code rate
R = 1/3

Code rate
R = 3/5

time

frequency Q

I

QPSKSpread data over
3 OFDM symbols

IFFT
312.5 ns
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Example Receiver (RX)

Low Noise
Ampli fier

Frequency synthsis

Demodu lation
Active gain control

Voltage
Gain

ampli fier

Low
Pass
fil ter

Frequency 
Domain

Equalizer 
(FEQ)

Channel
decoder

Complex digital 
baseband operations

each 312.5 ns

528 MHz
+ oversampling
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Frequency Synthesizer

• Single phase-locked loop (PLLs)

• Single side-band (SSB) mixers

• More PLLs

• No SSB mixer

3.432 GHz
3.96 GHz

4.488 GHz

Spurious Tones, phase-noise, and switching time (9.5 ns)
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Outline

• Motivation

• Introduction to OFDM

• Multi-band OFDM ultra-wideband

• Implementation issues

• Performance characterization
– Channel model
– PER vs . Range
– Comparison with DS-UWB

• Conclusion
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Channel Model

• Modified Saleh-Valenzuela (S-V) model
– Small scale: Cluster arrival rates and ray arrival rates

– Large scale: log-scale fading

• Scenarios
– CM1: line of sight (LOS) path ; range 0 m

– CM2: non line of sight (NLOS) path ; range 0-4 m

– CM3: non line of sight (NLOS) path ; range 4-10 m

– CM4: extreme NLOS example with 25 ns rms delay spread
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Packet Error Rate (PER) vs. Range

CM1:

CM3:

CM2:

CM4:
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Comparison

CDMAfrequency hoppingmultiple access

scales with application

dynamic sampling rate

complex digital part

always full rate

power consumption

BPSKQPSK / DCMmodulation

modestextensiveerror correction

reduce Rake fingers

true UWBscaled OFDMDesign

goodWorseflexibility (application)

notch filtersavoidInterferences

slowFastacquisition 

longseveral, shortequalizer

littlehighflexibility (standard)

shortlongsymbol duration

criticalless criticalISI & timing jitter

impulse radio, Rake receiverorthogonal carriersconcept

Direct sequenceOFDM

Freescale 
claims...

MBAO 
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Conclusion

• Advantages of MB-OFDM-UWB 
– Flexibility in using the FCC spectrum
– Avoiding narrow band interference
– Several channel diversity improvements
– Relaxation for ADC implementation
– A fully digital solution for signal processing
– Low sensitivity to inter-symbol interference

• Drawbacks
– High complexity in transceiver
– Carrier frequency offset
– High sampling rate
– High power consumption
– Synchronization
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