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The Early Days (1998 – 2002)
FCC and the Multi-band OFDM Alliance
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The beginning

September 1998: Notice of Inquiry by FCC
– Intention to open the spectrum from 3.1 – 10.6GHz for commercial usage
– Handheld emission mask: -41.3dBm/MHz
– Minimum channel bandwidth: 500MHz

May 2000: Notice of proposed rulemaking by FCC
– Over 900 documents on record
– Government, academia and industry
– Characterized interaction mechanism and measured thresholds  for impact 

of UWB signals on government and commercial systems 
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Why was industry interested in the first 
place?

The quest for higher data rate is linked to the search for more bandwidth
– 7GHz bandwidth ‘for free’

A ‘quick and dirty’ calculation:

500MHz BW + 1b/Hz/s coding = 500Mb/s data rate
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February 14, 2002: official start of UWB
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June 2003: Multi-band OFDM Alliance: MBOA
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Who was MBOA?
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The SiGe era (2003 – 2004)
How to design broadband RF/IF
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Q3 2002: Kick-off UWB activity in Philips 
Research

General questions
– How to design broadband at RF and IF?
– How to solve the LO generation?
– What architecture is favorable?
– …

Additional requirements
– Use a single RF I/O pin
– Laptop environment
– Band Group 1 only!

Band
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Band Band Band BandBand Band Band Band BandBand Band Band Band
#1

MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz
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What were the research challenges?

This is broadband design!
– At RF:1.5GHz bandwidth @ 3960MHz (38%)

• GSM: 50MHz @ 900MHz (6%)
• WLAN: 200MHz @ 5.25GHz (3.8%)

– At baseband: 0 – 264MHz
• GSM: 0 – 100kHz
• WLAN: 0 – 10MHz

Very fast frequency hopping: 9.5ns
– Bluetooth: 200μs

Linearity and noise are very important!
– Laptop environment!
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Why is laptop environment an issue?

in

2450 5800

UWB

Freq (MHz)

70dB
65dB

3432 3960 4488

Interferer scenario: (MBOA recommendation)

P  
Unwanted
UWB

• Distance wanted UWB : 10.0m 
• Distance WLAN interferer:  0.2m 
• Distance 2.4GHz ISM interferer: 0.2m 
• Distance GSM1900 interferer: 1.0m 
• Distance unwanted UWB interferer: 2.0m 

-73 dBm
-3 dBm
-8 dBm
-8 dBm

-60 dBm
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Out-of-band interferers demand high linearity
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32
ii

VVGVV io βα ++=

GSM1900 5800

UWB

Freq (MHz)3432 3960 4488

inP  

f1 f2f2-f1

f1 f2f2-f1 f2+f1

inP  

Freq



Domine Leenaerts

SSCS chapter 13

Out-of-band interferers demand high linearity
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Out-of-band interferers demand low spurs

35dBc

In-band spurs: 35dBc down
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Out-of-band spurs: 50dBc down!

50dBc
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The choice of technology for the radio

SiGe BiCMOS was the clear choice
– 180nm CMOS was available but clearly not performing well above 5GHz
– Time-to-market

All the early adopters started in SiGe
– Staccato, Wisair, Alereon, …

But we envisioned that future CMOS processes would do the job
– Ph.D candidate at UTwente to explore broadband design techniques in 

CMOS.
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Our solution to broadband design in 2003
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Double  loop feedback with active balun [ISSCC2005]
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Our solution to broadband design in 2003

Double  loop feedback with active balun

system
:

NF

S21

S12

S11 (measured on PCB)

[GHz]

[dB]

For 3-band

S11(chip)

3dB
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Our solution to fast freq. hopping in 2003

Integer-N PLL
– Max fref = GCD(output frequencies) = 528MHz
– Min lock time ≅ 20 ref. periods ≅ 40ns > 9.5ns

Fractional-N PLL
– 9.5ns would require fref ≅ 2.1GHz
– within 312.5ns, the output would settle to different frequencies several 

times → spurs

Use 3 PLLs, one for each frequency
– Area costly if LC-oscillators, and ring oscillators in BiCMOS are power 

hungry 
– Frequency pulling
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Our solution to fast freq. hopping in 2003

( ) tfjtfjtffj eee ⋅Δ⋅⋅⋅Δ+ ⋅= πππ 222

Frequency translation     Complex multiplication:

f = 3960MHz

Δf = ±528MHz
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Our solution to fast freq. hopping in 2003

3960MHz – 528MHz = 3432MHz

3960MHz + 0MHz = 3960MHz

3960MHz + 528MHz = 4488MHz

SSB mixer
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Our solution to fast freq. hopping in 2003

VCO leakageImage 3960+2*528

3960+3*528

3960-3*528

4488MHz

3960MHz
3432MHz

2376MHz 50dBc
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Our solution to fast freq. hopping in 2003

Hopping from band #1 to #3

1ns

output

control
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Our radio in 0.25um SiGe BiCMOS in 2004
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Our radio in 0.25um SiGe BiCMOS in 2004

Data source = AWG
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Our radio in 0.25um SiGe BiCMOS in 2004

Sub-carrier index (spacing 4.125 MHz)

I

Q

I

Q

I

Q

Loopback mode, output after FFT
Notice rotated QPSK constellation for some carriers (phase delay variation in filters!)
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And what next…..?

Around 2004 – 2005 deadlock situation in IEEE standardization of 
IEEE802.15.4a

– Two camps: MBOA vs. ExtremeSpectrum

This partly influenced Philips’ decision to put UWB activity on hold

ISSCC2005 showed two things
– Our SiGe had outstanding NF and linearity performance
– You can do it in CMOS!  [1] [2] [3] [4] This work 

Technology 0.13μm 
CMOS 

90nm 
CMOS 

0.13μm 
CMOS 

0.18μm 
CMOS 

0.25μm SiGe 
BiCMOS 

NF (dB) 6-7 6.9 4.1 4.7 4.5 
iIP3 (dBm) -15 -16 -22 -0.8 -6 
iIP2 (dBm)    +22 +25 
EVM (dB) -19.5 -28 -27 -28.6 -24 
Pout (dBm)  -3.8 +5 -12.6 -6 
TX OIP3  8.6  11.8 12 
P diss Rx 
(mW) 
Pdiss Tx 
(mW) 

100mA @ 
3.3/1.5V 
70mA @ 
3.3/1.5V 

224 
131 

237 
284 

412 
397 

199 
190 

Chip area 
(mm2) 

2 4.5 6.6 16 4 

 
[1] Aytur, ISSCC2006
[2] Tanaka, ISSCC2006
[3] Sadner. ISSCC2006
[4] Lo, ISSCC2006
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2004 - 2005: WiMedia adopts UWB for w-USB
Dual band group operation in CMOS
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May 2004: WiMedia embraces MBOA



Domine Leenaerts

SSCS chapter 29

New Challenge: broadband CMOS

June 2005 first building blocks in 90nm with redesign in October 2005

measured

Simulated with and w/o RC extraction

Linearity performance worse than SiGe
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New challenge: dual band group operation

http://www.ecma-international.org/publications/standards/Ecma-368.htm
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New challenge: dual band group operation

Band

3432 3960 4488 5016 5544 6072 6600 7128 7656 8184 8712 9240 9768 10296

Band Band Band BandBand Band Band Band BandBand Band Band Band
#1

MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz

#4 #7 #10 #13#2 #5 #8 #11 #14#3 #6 #9 #12

Band Group 1 Band Group 2 Band Group 3 Band Group 4 Band Group 5

Coverage of Europe

New targets
– Dual band operation with single signal path
– Deal with change in interferer scenario
– All-digital PLL based multi-tone generator (6 frequencies)
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New challenge: dual band group operation
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New challenge: dual band group operation

LNA V2I

passive mixer

broadband 
receive chain

digital controlled 
ring oscillator
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2006: dual band in 65nm CMOS

[ISSCC2007]

At mixer output, 3.2 -- 7.7 GHz< 2 dBTx output flatness

At mixer output, w/o PA4 %Tx output EVM

Two-tone: fin1=1.8 GHz, fin2=2.4 GHz+6 dBmRx IIP3

IF-input to mixer output, w/o PA+52 dBTx gain

fin= 4 GHz / 7 GHz5.0 / 5.5 dB Rx noise figure

Receiver
Transmitter
LO generation

52 mW
48 mW
63 mW

Dissipation @ 1.2V

Two-tone: fin1=2.4 GHz, fin2=5.2 GHz+25 dBmRx IIP2

Voltage gain, RF input to IF-output20 dBRx Gain

CommentValueParameter

At mixer output, 3.2 -- 7.7 GHz< 2 dBTx output flatness

At mixer output, w/o PA4 %Tx output EVM

Two-tone: fin1=1.8 GHz, fin2=2.4 GHz+6 dBmRx IIP3

IF-input to mixer output, w/o PA+52 dBTx gain

fin= 4 GHz / 7 GHz5.0 / 5.5 dB Rx noise figure

Receiver
Transmitter
LO generation

52 mW
48 mW
63 mW

Dissipation @ 1.2V

Two-tone: fin1=2.4 GHz, fin2=5.2 GHz+25 dBmRx IIP2

Voltage gain, RF input to IF-output20 dBRx Gain

CommentValueParameter

LNA/PA

IF filters

LO

bias
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2006: dual band in 65nm CMOS
S21

S11

NF band1

MHz

dB

NF band9

MHz

dB

S21

S11

NF band1

MHz

dB

NF band9

MHz

dB

2nd harm.
spurs

LO
leakage

Group #1 Group #3 2nd harm.
spurs

LO
leakage

Group #1 Group #3

Equalized
EVM = 3.5 %
Equalized
EVM = 3.5 %

Gain[dB]

Phase[deg]

OFDM carrier index

Gain[dB]

Phase[deg]

OFDM carrier index
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2006: dual band in 65nm CMOS
Parameter This work Ref [1] Ref [2] Ref [3]

Technology 65nm 

CMOS

130nm CMOS 130nm 

CMOS

90nm 

CMOS

Band Group 1, 3 1 1 1, 3, 4

NF (dB) 5 6-7 4.1 6.9

iIP3 / iIP2 (dBm) +5 / +24 -15 / ? -22 / ? -16 / ?
TX EVM (dB) -25 (-30) -19.5 -27 -28

Pdiss Rx (mW)

Pdiss Tx (mW)

114@1.2V

108@1.2V

100mA @ 

3.3/1.5V

70mA @ 3.3/1.5V

237@1.5V

284@1.5V

224@1.1V

131@1.1V

Chip area (mm2) 1 2 6.6 3.5

[1] T. Aytur et al., 2006 

[2] C. Sandner et al., 2006 

[3] A. Tanaka et al., 2006

Parameter This work Ref [1] Ref [2] Ref [3]
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130nm CMOS 130nm 

CMOS

90nm 

CMOS

Band Group 1, 3 1 1 1, 3, 4

NF (dB) 5 6-7 4.1 6.9

iIP3 / iIP2 (dBm) +5 / +24 -15 / ? -22 / ? -16 / ?
TX EVM (dB) -25 (-30) -19.5 -27 -28

Pdiss Rx (mW)

Pdiss Tx (mW)

114@1.2V

108@1.2V

100mA @ 

3.3/1.5V

70mA @ 3.3/1.5V

237@1.5V

284@1.5V

224@1.1V

131@1.1V

Chip area (mm2) 1 2 6.6 3.5

[1] T. Aytur et al., 2006 

[2] C. Sandner et al., 2006 

[3] A. Tanaka et al., 2006
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‘our’ PhD demonstrated inductorless LNA

RL

VRepl

RS

VS

50 Ω

IBiasSF

BiasT

50
 Ω

BiasT

IBiasSF

VBiasCGMCG

MCS

RCG RCS

MSFCG

MSFCS

RB

RL

1.2 V

Replica
CG-stage (1:10)

50
 Ω

Diff. Port

RL

VRepl

RS

VS

50 Ω

IBiasSF

BiasTBiasT

50
 Ω

BiasTBiasT

IBiasSF

VBiasCGMCG

MCS

RCG RCS

MSFCG

MSFCS

RB

RL

1.2 V

Replica
CG-stage (1:10)

50
 Ω

Diff. Port

  

[Blaakmeer ESSCIRC07/ISSCC2008]

Active Area: 
110μm × 80μm 

~1mm 
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And what next…..?

So far, we demonstrated that:
– 65nm adequate for dual band group operation
– Co-existence to allow co-operability systems is possible

Others demonstrated that:
– Inductorless broad band LNA is possible

Therefore project OCTOPUS could be terminated (we thought)
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2006: Cellular embraces w-USB
Triple band, DAA, co-existence and co-habitance
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Cellular: world-wide operability

• 6 – 7.25 may open
• DAA TBD

Europe

WiMedia 
band plan

US

Japan

Korea
(TBC)

6.0 8.53.1 4.2 4.8

DAA required DAA exempt (01/2011) No DAA is necessary

74321 5 6 8

BG1 BG2 BG3 BG4

13 14

BG5

3.1GHz 4.2 4.8 6.0 7.25 10.6 GHz

DAA required DAA exempt (01/2009) Not open No DAA is necessary

6.0 7.25 10.253.4 4.2 4.8

6.0 7.25 10.253.1 4.2 4.8

DAA required DAA exempt (07/2010) No DAA is necessary

• Mask, OOB TBD
• DAA TBD

• 8.5 – 9 may open
• DAA TBD

• 6 dB less power in 
5.03 – 5.65 GHz

BG6

109 11 12

(PHY 1.2 draft)
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Cellular: world-wide operability

Detect (e.g. WiMAX) and Avoid (DAA)
– Detect using channelized radiometer

– Avoid using 5 nulling tones as replacement for OFDM data tone #24 - #28
• Requires linear TX and higher DR of DAC

– Avoid using skipping sub-band
• Lower transmit power

FFT

(●)2 ∫ <>
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New challenge: triple band group operation

New targets
– Triple band operation with single signal path
– Deal with co-habitance
– Deal with DAA

Band

3432 3960 4488 5016 5544 6072 6600 7128 7656 8184 8712 9240 9768 10296

Band Band Band BandBand Band Band Band BandBand Band Band Band
#1

MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz

#4 #7 #10 #13#2 #5 #8 #11 #14#3 #6 #9 #12

Band Group 1 Band Group 2 Band Group 3 Band Group 4 Band Group 5

Coverage of Europe

ww-coverage

BG6
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Challenge of cellular co-existence

Previous scenario: laptop environment
– 20cm distance between UWB and WLAN antenna’s
– At least 1m distance between UWB and cellular antenna

Cellular environment
– 5cm distance between UWB and cellular antenna, share same PCB!
– Only 15dB attenuation due to ‘air-link’
– Additional attenuation by pre-filter
– But, e.g. GSM, WiMAX have +30dBm transmit powers
– Extreme requirements for linearity and on-chip filtering at RF/BB

Extreme co-habitance
– Bluetooth radio on the DBB/MAC
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Challenge of DAA

4090 4100 41104080 4120

-80

-70

-60

-50

-40

-90

-30

Input signal

Output signal 
OPI3 =0dBm

Output signal OPI3 
=10dBm

4090 4100 41104080 4120

-80

-70

-60

-50

-40

-90

-30

Input signal

Output signal 
OPI3 =0dBm

Output signal OPI3 
=10dBm

44dB notch is reduced by at least 3dB due to OIP3 of TX
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Challenge of DAA
Measured notch for DAA using AIC 
algorithm [Yamaguchi, 2004]

Depth depends on TX 
linearity, LO leakage, etc
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What about newer CMOS technologies?

As we are researchers, just for the fun:

migrate 65nm dual-band UWB receiver to 45nm

– Taped out October 2006 

Approach
– Take chosen 65nm architecture ‘as is’
– Modify MOS sizes where appropriate
– No optimization for area
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What about newer CMOS technologies?
45nm LP CMOS65nm LP CMOS

45nm BB-TIA consumes twice the area
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What about newer CMOS technologies?
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Concluding remarks
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It was a long road, …
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2008: products enter the market
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but the future is bright

PAL: Protocol Adaptation Layer

WiMedia UWB Radio Platform

&/or

PAL PAL WiNET

&/or &/or

PAL

IP

MAC & Policies

UWB PHY (MB-OFDM)



Domine Leenaerts

SSCS chapter 52

Acknowledgements

The OCTOPUS ‘Research’ team, base din Eindhoven, the Netherlands

Members of the BL connectivity, based in San Jose




	WiMedia Ultra-Wide band �Communication
	The beginning
	Why was industry interested in the first place?
	February 14, 2002: official start of UWB
	June 2003: Multi-band OFDM Alliance: MBOA
	Who was MBOA?
	Q3 2002: Kick-off UWB activity in Philips Research
	What were the research challenges?
	Why is laptop environment an issue?
	Out-of-band interferers demand high linearity
	Out-of-band interferers demand high linearity
	Out-of-band interferers demand low spurs
	The choice of technology for the radio
	Our solution to broadband design in 2003
	Our solution to broadband design in 2003
	Our solution to fast freq. hopping in 2003
	Our solution to fast freq. hopping in 2003
	Our solution to fast freq. hopping in 2003
	Our solution to fast freq. hopping in 2003
	Our solution to fast freq. hopping in 2003
	Our radio in 0.25um SiGe BiCMOS in 2004
	Our radio in 0.25um SiGe BiCMOS in 2004
	Our radio in 0.25um SiGe BiCMOS in 2004
	And what next…..?
	May 2004: WiMedia embraces MBOA
	New Challenge: broadband CMOS
	New challenge: dual band group operation
	New challenge: dual band group operation
	New challenge: dual band group operation
	New challenge: dual band group operation
	2006: dual band in 65nm CMOS
	2006: dual band in 65nm CMOS
	2006: dual band in 65nm CMOS
	‘our’ PhD demonstrated inductorless LNA
	And what next…..?
	Cellular: world-wide operability
	Cellular: world-wide operability
	New challenge: triple band group operation
	Challenge of cellular co-existence
	Challenge of DAA
	Challenge of DAA
	What about newer CMOS technologies?
	What about newer CMOS technologies?
	What about newer CMOS technologies?
	It was a long road, …
	but the future is bright
	Acknowledgements

