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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

i "m""”ﬁ

FE NEWS
Federal Communications Commission Mews media infnrm?tri\n;hfg%é’ g;g-gggg
w 1.2th Street, S.W. Internet: hftp:ffmm-w.fc:c:.gw
Washington, D.C. 20554 AT

Thiz iz an unofficial announcement of Commission action. Release of the full text of 3 Commizsion order constitutes official action. See MC| v,
FCC. 515 F 2d 385 (D.C. Circ 1973

FOR IMMEDIATE RELEAZE NEW.S MEDLA CONTACT:
Febraary 14, 2002 Drawid Fiske at (200 412-0513

NEW PUBLIC SAFETY APPLICATIONS AND BROADBAND INTERNET ACCESS AMONG
USES ENVISIONED BY FCC AUTHORIZATION OF ULTRA-WIDEBAND TECHNOLOGY

Washington, I C. — The Federal Comtnunication Comtmssion (FCC) adopted today a First Eeport and Order
that permits the marketing and operation of certain types of new products incorporating ultra-wideband
CTIWE™) technology. TWE technology holds great protuse for a vast array of new applications that have the
potential to provide significant benefits for public safety, busmesses and consumers in a vanety of applications
such as radar tnaging of objects buned under the ground or behind walls and short-range, high-speed data
transtrissions.
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June 2003: Multi-band OFDM Alliance: MBOA

Band Group 1 Band Group 2 Band Group 3 Band Group 4 Band Group 5
— A N A — — A N A —

< Band Band Band Band Band Band Band Band Band Band Band Band Band Band
#1 #2 #3 #4 #5 #6 H7 #8 #9 #10 #11 #12 #13 #14

- ﬁ it W ML S A S e i G i L W . i A
- | - 4 4
C

Option Optional

3432 3960 4488 5016 5544 6072 6600 7128 7656 8184 8712 9240 9768 10298
MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz

MBOA PHY Specification 1.0
e Band Switching

Channel Band Group 1 = Within Band Set #1
Number Length 6 TFC «3.168 — 4.752 GHz
1 1 2 3 1 2 3 eBands 1, 2 and 3
2 1 | 3| 2|1 3]2 = Each occupy 528 MHz
3 sl ol z 2l =l = = Band Subcarriers
7 1 1 > > 128 tone OFDM
21° - Tone width: 4.125 MHz

e Tone modulation: QPSK

Global Solution: Flexible band plan and use of OFDM
subcarriers allows for “spectrum shaping” which can be

used to meet worldwide regulatory requirements
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Who was MBOA?

AUTHORS

slereon A FOCUS o cewemar arommcs ! o Panasonic

nnnnnnnnn

f1accarto ‘_ ; o
m m“‘ms ConmunicaTions y, J)TEXAS INSTRUMENTS UNIVERSITY OF MINNESOTA WS-

I Abofom' @5ami /hm.,m.s ADIMOS  Appairent  “Hrounda > AcE @7 snofboou

qqqqq artimi RS GLASS COMPANY BLUE7

- = (s a COVENTIVE  CoWare
& (g R RRE

(@)
FUITSU  FURAXA
@MM ﬂ Inet}fi“ CIO}I\:P!.{TER ca;m;:_v m m‘glv?fghg ;:J Gt T RERENT MAXI/VI hF m

(Y

WITWTr| m : 0 ® .
MCITCL ~Multirate Systems - mindre';‘éy e Netac NOKIA
. -
ovmeus O inygen [Flue Paerom RadioPulse  S=Raritan.  3#ReAuTEK

Renesas ((@fp)) RFEl sHARP gSw s,wi‘?;??) @ sting |0 QJiX SYNOPSYS

stonestreet one
A

TCE ATDI (Itatewsy TOSHIBA TRDRA  recwooges 220 TOV
Azero m UWBEB Wiretess Vlghrls ‘4”1}, VES-I-EI.. h\l",’ wvia King Techr § W) ATRS| ‘?rn;

Applyeng Thought

B e OWisme A WiQuest ZyDAS






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 1/O pin
— Laptop environment
— Band Group 1 only!

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

---------------------------------------------------------------------------------------------------------------------------

:Band Band Band :Rand Band Band Band Band Band Band Band Band Band Band
5#1 #2 #3§ 4 #5 #6;#7 #8 #9_#10 #11

Al

3432 3960 4488 016 5544 6072 6600 7128 7656 8184 8712 9240 9768 10296
Hz MHz MHZ/MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz

#12 | #13  #14 |
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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: 200us

» Linearity and noise are very important!
— Laptop environment!

A ¥ 4
4\
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Why iIs laptop environment an issue?

Interferer scenario: (MBOA recommendation)

Unwanted
UWB

UuwB
. S— .“ X..

2450

* Distance wanted UWB :

* Distance WLAN interferer:
* Distance 2.4GHz ISM interferer:

* Distance GSM1900 interferer:

» Distance unwanted UWB interferer:

\
y

y
A

3432 3960 4488 5800

10.0m
0.2m
0.2m
1.0m
2.0m

Wi

> Freq (MH2)

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

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

Fin

Vi |> Vo

V. =GV, +05V2+,BV3
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GSM1900 3432 3960 4488 5800

» Freq
fo+f

> Freq (MHz)
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Out-of-band interferers demand high linearity

Vi |> Vo

V. =GV, +aV2+,BV

-
P

> Freq
f, 2f,+f,

> Freq (MHz)

3432 3960 4488 52005800

2

SSCS chapter 13
Domine Leenaer ts



Out-of-band interferers demand low spurs

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

Freq (MHz)

3432 3960 4488 5800 Freq (MHz)
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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

Vgcl Ir
.

"

Ppb—

Q3

LNA

IF

&

IF

Mixer

Double loop feedback with active balun

[1ISSCC2005]
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Our solution to broadband design in 2003

20,10
dB
10,0 e —
NF 3dB
0,0 4

S11(chip)

10,0 4
S11 (measured on PCB)
20,0 -
For 3-band
system - _ M
_Euiﬂl | 5,0 4 | 12,5
2,0 7.0 * 11,0 [GHz] =
A ¥ 4
4\
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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 f ;= 2.1GHz
— within 312.5ns, the output would settle to different frequencies several
times — spurs

» Use 3 PLLs, one for each frequency
— Areacostly if LC-oscillators, and ring oscillators in BICMOS are power
hungry
— Frequency pulling

SSCS chapter 18
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Our solution to fast freq. hopping in 2003

Frequency translation = Complex multiplication:

27 fT+AT Nt A 27Tt J27-Af -t
c =€ - €

f =3960MHz
Af = +528MHz

-
| gl |
()]
(2]
O
[¢)]
o
. =
)
°
@
©

eeeeeeeeeeeeeee



Our solution to fast freq. hopping in 2003

-~ SSB mixer——

Iout — |1|2 _Qle

.1 outpuTLO Qo = 1Q +Q/1,

3960MHz — 528MHz = 3432MHz
528 MHz
@Z . 3960MHz + OMHz = 3960MHz
Carrier
select 3960MHz + 528MHz = 4488MHz

f

3960 MHz

-----
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Our solution to fast freq. hopping in 2003

- Agilent 18:47:53 Sep 7, 2004

a Merl <2120 GH=
Eef @ dEm Htten 160 dE 46,29 dE
Marm
Lo
Lo 4488MHz
dE

3960-3*528 2376 MHz 3960MHz
< 3432MHz

l:l%

m QTR

5 r-r|1'-r 4000 A= [HH 45 H

El-l VEW 52 kHz Sweepn 71723 Ms (681 pts)

Imag e_p | VCO Ieakage: 3960+2’f528
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Our solution to fast freq. hopping in 2003

L5 Fle Confrol  Setup  Measure  Calbrate  Utiities  Help 06 Sep 2004 13:46 E

- Dzcilloscope Mode.
Tirme = l Mumber Averages = B4

p ut i ﬂ\..\j/'"'\ war =
Ll 4]

L

......... Ol

vershoot

my

1ns

A

1 cale:24 8 mhidiv 2 cale: 100 mhdiv - cale: 100 midiv 4 cale: 1000 mdddive Time: 5000 psidive Trioger Level:
ffeat:-2.2 mb J fiset0.0 % J ffeet200.0 m J fiset0.0 % J Delay: 258 502 ns -4 ity J

Hopping from band #1 to #3
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Our radio in 0.25um SiGe BICMOS in 2004

| —IF outputs
&
E !
N .
| = IFinputs
\A - = [ISSCC2005/JSSC2005/RFIC2006]
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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

Loopback mode, output after FFT

Notice rotated Q{IEI%:K constellation for some carriers (phase delay variation in filters!)

25, O
20,0m -

| 10, 0m

0.0 S

-10,0m S

=20, 0m

25, Om
20, O

LLINS

10, Om

20,0

Sub-carrier index (spacing 4.125 MHz)

e T T e e | B | SSCS chapter 25
& A Domine Leenaerts



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 21 [3] [4] This work

Technology 0.13um 90nm 0.13um 0.18um | 0.25um SiGe
CMOS CMOS CMOS CMOS 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 100mA @ 224 237 412 199
(mWwW) 3.3/1.5V 131 284 397 190
Pdiss Tx 70mA @
(mWwW) 3.3/1.5V
Chip area 2 4.5 6.6 16 4
(mm?)

[1] Aytur, ISSCC2006
[2] Tanaka, ISSCC2006
[3] Sadner. ISSCC2006
[4] Lo, ISSCC2006
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May 2004: WiMedia embraces MBOA

l'A b
n

The WiMedia Alliance Announces Support for the MultiBand OFDM Alliance
UWB Specifications

WiMedia's endorsement of the MBOA ultrawideband specifications enables the realization
of a multi-protocol UWB ecosystem

San Ramon, Calif. - May 5, 2004 — The WiMedia Alliance (www.wimedia.org) today announced its
endorsement of the MultiBand OFDM Alliance (MBOA) ultrawideband specifications for use with the
WiMedia Convergence Platform. This will pave the way for wireless connectivity between electronics
products in consumer electronics, PC, and mobile segments. The endorsement pairs the MBOA's
(www.multibandofdm.org) efforts to deliver a high data-rate, short-range wireless UWB radio with the
convergence architecture being developed by the WiMedia Alliance. The combination provides a foundation
for the implementation of wireless versions of 1394, USB, and Internet-Protocol-based application
protocols. The WiMedia Convergence Platform allows these diverse protocols to coexist in the same
physical location with efficient and fair access to the UWB radio channel.

The WiMedia Alliance’s mission is to promote wireless connectivity and interoperability among multimedia
devices. The initial focus was based on the |IEEE 802.15.3 standard and in anticipation of its UWB physical
layer extension. The leading contender in this IEEE process is the proposal from the MBOA. However,
during the past year, the IEEE has not confirmed the new physical layer prompting WiMedia to take the
direct action of endorsing this technical direction.

“The overwhelming industry support for the MBOA, now with more than 100 members, simplified our
decision to move forward with this endorsement,” said Jim Meyer, WiMedia Board Member. “To provide
value to our members, and their customers, the WiMedia Alliance maintains alignment with the companies
developing silicon and the end products.”
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: broadband CMOS

New Challenge

in October 2005
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» June 2005 first building blocks in 90nm with redes
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New challenge: dual band group operation

WiMedia Alliance

w W.M 1 2400 Camino Ramon, Suite 375
| e la San Ramon, CA 94583 USA
I.I Phone: 925.275.6604

ALLIAN cE Fax: 925.275.6691

FOR IMMEDIATE RELEASE

Contact: Lauren Stilwell
WiMedia Alliance PR
(503) 297-5090

pr@wimedia.org

ECMA INTERNATIONAL RELEASES UWB STANDARD BASED ON WIMEDIA UWB RADIO
PLATFORM

SAN RAMON, Calif.—December 8, 2005—The WiMedia Alliance today announced that Ecma
International’'s newly released standard for UWB technology is based on the WiMedia Ultra-Wideband
(UWB) Common Radio Platform. Ecma will submit the standard to ISO/IEC JTC 1 for fast track
approval.

Shared members of WiMedia Alliance and Ecma submitted the WiMedia UWB platform specifications
to Ecma in early 2005. Those specifications were drafted by Alliance members from the world's most
prominent consumer electronics, mobile device, personal computer and semiconductor companies.
Working in Ecma, experts aided in the final completion of the ECMA-368 standard: the physical (PHY)
layer the Media Access Control (MAC) layer specifications. Separately, the ECMA-369 standard
specifies the MAC-PHY interface.

“We are happy to see the rapid development of the UWB layers after such wireless systems have been
studied for a long time,” said Jan van den Beld, Secretary-General of Ecma. “Ecma expects that

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

» New targets
— Dual band operation with single signal path
— Deal with change in interferer scenario
— All-digital PLL based multi-tone generator (6 frequencies)

Band Grou Band Group 2 Band Group 4 Band Group 5

fBand Band Ban® Band Band Band yBand Band Band\Band Band Band‘Band Band :
. #1 #2  #3 X\ #4  #5  H#6 F #7 #8  #9 \#10 #11 #12 : #13 #14|

3432 3960 4488y 5016 5544 607246600 7128 7656 §8184 8712 9240 9768 10296
MHz MHz M MHz MHz MHz WMHz MHz MHzf MHz MHz MHz MHz MHz

Coverage of Europe
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New challenge: dual band group operation

IEEE802.11b/g

Bluetooth
ZigBee
IEEE802.15.3
/ Microwave ovens
2 & 2 e
(O] (O] Re) ;
% 2
& i
i1
- UwB —
LT T[] <
5

0.9 16 19 21 2425 31

106 1 *
Frequency (GHz) ; 3 f3

N
—
=
)

3432 3960 4488 5800 6600 7128 7656
2 Freq (MHz)

In

l
/"1 GSM1900

—h
=
w
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New challenge dual band group operation

llllllllllllllllllllllllllll
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l HE i passive mixer
: \'/ . : Out+

T | e T
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receive chain
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digital controlled
ring oscillator
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2006: dual band in 65nm CMOS

e

EED E
e oy W EERTRe ORREe 42D I
e .oy
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[ISSCC2007]

Parameter Value Comment
Rx noise figure 5.0/5.5dB f,=4 GHz /7 GHz
Rx Gain 20 dB Voltage gain, RF input to IF-output
Rx IIP2 +25 dBm Two-tone: f,1=2.4 GHz, f,,,=5.2 GHz
Rx IIP3 +6 dBm Two-tone: f,,1=1.8 GHz, f,,,=2.4 GHz
Tx gain +52 dB IF-input to mixer output, w/o PA
Tx output EVM 4% At mixer output, w/o PA
Tx output flatness <2dB At mixer output, 3.2 - 7.7 GHz
Dissipation @ 1.2V 52 mW Receiver
48 mW Transmitter
63 mW LO generation

PR
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2006: dual band in 65nm CMOS
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2006: dual band in 65nm CMOS
Parameter This work Ref [1] Ref [2] Ref [3]
Technology 65nm 130nm CMOS 130nm 90nm
CMOS CMOS CMOS
Band Group 1,3 1 1 1,3,4
NF (dB) 5 6-7 4.1 6.9
iIP3/ilP2 (dBm)| +5/+24 -15/7 -22 | ? -16/?
TX EVM (dB) -25 (-30) -19.5 =27 -28
Pdiss Rx (mW) | 114@1.2V 100mA @ 237@1.5V 224@1.1V
Pdiss Tx (mW) | 108@1.2V 3.3/1.5V 284@1.5V 131@1.1V
70mA @ 3.3/1.5V
Chip area (mnft) 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
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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)

SSCS chapter 38
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Cellular: world-wide operability

US

Japan

Korea
(TBC)

Europe

WiMedia
band plan

b
P

10.6'GHz

3.11GHz 42 438 6.0 7.25

DAA required ' DAA exempt (01/2009) '« Not open No DAA is necessary
3.4 42 438 6.0 7.25 10.25

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

3.1 42 48 6.0 7.25 10.25
DAA required ' DAA exempt (01/2011) No DAA is necessary

3.1 42 438 6.0 8.5

1 2 3 4 5 6 7 8 10 11 12 13 14
BG1 BG2 BG3 BG4 BG5

* 6 dB less power in
5.03 - 5.65 GHz

* 6 —7.25 may open
DAA TBD

Mask, OOB TBD
DAA TBD

* 8.5-9 may open
« DAA TBD

—— BG6 (PHY 1.2 draft)
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Cellular: world-wide operability

» Detect (e.g. WIMAX) and Avoid (DAA)
— Detect using channelized radiometer

()

J |

VA

|
144
|

— 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

h -

P

» Lower transmit power
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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

ww-coverage

Band Grou Band Group 2 ' Band§youp 4 Band Group 5

fBand Band Band Band Band Band | Band Band Band :
. #l #2  #3 N\ #4  #5  #E g #12 + #13 #14|

MHz MHz M MHz MHz MHz

—Coverage of Europe
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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

SSCS chapter 43
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Challenge of DAA

-30
40
-50—

a Output signal
60— OPI3 =0dBm
-70—

| Output signal OPI3
80— =10dBm

- Input signal /

-90 T Tt o1 [ 1 T 1Tt [ r T T | T T T 1
4080 4090 4100 4110 4120

44dB notch is reduced by at least 3dB due to OIP3 of TX
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Challenge of DAA

a Mkrl 23 MHz
el gLidon___shrer 8 dB SRR |\easured notch for DAA using AIC

#Avg . .
Z”gi @ algorithm [Yamaguchi, 2004]

1R
el et lﬁ,-.w%.rhx- ,-'..~'~"-J|'.-}jr-""l‘|'1ll
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Marker a-} | Ref ~10 dBm #tten 0 dB 3219 4B
23.000000 MHz 1 f?;g

PAva | —31.82 dB 18
ol & i

In '-"."nl" o dB

vl 2 r--*‘“w"'l'h / N

s i MﬁJA”IM MLFA"”“ A A "h“"h”\f‘f‘?fi oo oMo\ A ot L g

ST

*

PRy

Center 3.432 GHz

#Res BH 1 MHz VEW 18 kHz 15 o

AA
£0f

Depth depends on TX FTun

Sl
linearity, LO leakage, etc D

Center 3.480 B GHz Span 166 MHz
#Res BH 1 MHz Sweep 39.48 ms
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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

SSCS chapter 46
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What about newer CMOS technologies?

65nm LP CMOS 45nm LP CMOS

T | prme— o
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45nm BB-TIA consumes twice the area
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What about newer CMOS technologies?
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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
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