EEA BROESES  PEES
IPSJ SIG Technical Report

2003—S LDM—111 (24)
200371024

[45 547455 L ]Ultra Wide-Band Solution by Multiband OFDM (MB-OFDM)
—</LF /N K OFDM UWB @i —

e A
HRTF RV RAL VRAYANRALY HET 7/ nd—rF—

FR o< Eh
h-yamaguchi4@ti.com

E-mail:

MENE 17

HLEL FTUFNEE.PCOIDDEEREY A 7 L ABKEHF & LT, 3.1 - 10.6 GHz #i% % A\ T 100+ MBps
(10 m)% FEHT 5 FrHff O1EHE(L A IEEES02.15.3a THD 5T\ 5, MB-OFDM FRIH bA N7 Em & LT£<
DT VEINFE, PEEKA—I—OXFEFTNDIHOTH D, AFETILEEL CMOSOum)IZ L Y UWB 731 A
L LTRD bR B ML, IMEBRES., K2 X N2 EHRT5 MB-OFDM FROBEIC SV THT B,

F—g—F

UWB, U/ FZUA R R, =/LF 23 F OFDM, IEEE802.153a, VA 7 L2 PAN

Ultra Wide-Band Solution by Multiband OFDM (MB-OFDM)
—IEEER02.15.3a draft standard for future consumer electronics and PC —

Hirohisa Yamaguchi

Tsukuba Technology Center, Texas Instruments Japan
17 Miyukigaoka Tsukuba-City Ibaraki, 305-0841, Japan

E-mail:

h-yamaguchi4@ti.com

Abstract New wireless PAN technology called Ultra Wide-Band (UWB) that generally utilizes the frequency band 3.1 —
10.6 GHz achieves over 100 Mbps information data-rate at the distance over 10 m. Multiband OFDM (MB-OFDM) has been
proposed at IEEE802.15.3a as the draft standard, and received strong support from major CE, and SC manufacturers.
Emphasizing the basic CE/PC UWB advantages in cost and power, his paper focuses on the full (RF and DBB) CMOS

implementation of MB-OFDM in 90 nm technology.
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Overview of Multi-band OFDM
* Basicidea: divide spectrum into several 528 MHz bands.
. is using OFDM on each band.

OFDM carriers are efficiently generated using an 128-point IFFT/FFT.
Internal precision is reduced by limiting the constellation size to QPSK.

Information bits are interleaved across all bands to exploit frequency
diversity and provide robustness against multi-path and interference.

60.6 ns cyclic prefix provides robustness against multi-path even in
the worst channel environments.

.

9.5 ns guard interval provides sufficient time for switching between
bands.

MB-OFDM

Multi-band OFDM: TX Architecture

* Block diagram of an example TX architecture: Y
e H e
L7

“Time-Froquency Code

* Architecture is similar to that of a conventionai and proven OFDM
system. Can leverage existing OF DM solutions for the development
of the Multi-band OFDM physical layer.

For a given the i qf code is sp inthe
beacon by the PNC. The time-frequency code is changed from one
superframe to another in order to randomize multi-piconet
interference.

12 pilot tones used for carrier and phase tracking.
10 user-defined piiot tones.
Remaining 6 tones including DC are NULL tones.

User-defined pilot tones:
‘Camry no useful information.
Energy is placed on these tones to ensure that the spectrum has a bandwidth
greater than 500 MHz.
Can trade the amount of energy placed on tones for relaxing analog filtering
specifications.
Ultimately, the amount of energy placed on these tones is left to the
implementer. Provides a level of flexibility for the implementer.

“Multiband OFDM Aliance (MBOA)
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Multi-band OFDM System Parameters Simplified TX Analog Section
* System parameters for mandatory and optional data rates: *  For rates up to 200 Mb/s, the input to the IFFT is forced to be
conjugate symmetric (for spreading gains t 2).
info. Data Rate 54 Mix* 80 Mbpe™ 118 Migs* 320 Mbps™ | 480 Mbpe** Output of the IFFT is REAL.
Modulation/Consteliatic :W"}:A‘AG‘S OFDMIPS WD"(IWE WD&IQ?S
= ,:, Ty Y + The analog section of TX can be simplified when the input is real:
R=12 R=12 Re 4 Need to only implement the “I” portion of DAC and mixer.
4 1 1 Only requires half the analog die size of a complete “//Q” transmitter.
) ) 100
100 100 100
224 224w | 2424m
s o | eo6m
95n 95n 95m cos(2%(,0)
2125ns 3125ns 31258
640 Mbps. 840 Mbps. 640 Mips.
Mutt-path Tolersnce H1E e 60.6ns £0.6ns. 60.6 N8
* Mandatory information data rate, ** Optional inf * For rates > 200 Mb/s, need to implement full “VQ” transmitter.
Multiband OFDM Alisnce (MBOA) ‘Multiband OFDM Aliance (MBOA)
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More Details on the OFDM Parameters Band Plan (1)
K e WSt spectum + Group the 528 MHz bands into 4 distinct groups.
*  Total of 128 tones: GROUP A GROUP B GROUP & GROUP D
100 data tones used to transmit information (constellation: QPSK). v A —~
Bana B Band Bt o Band

*  Group A: Intended for 1% generation devices (3.1 — 4.9 GHz).

=  Group B: Reserved for future use (4.9 ~ 6.0 GHz).

Group C: Intended for devices with improved SOP performance (6.0 - 8.1
1z).

*__Group D: Reserved for future use (8.1 — 10.6 GHz).

‘Multiband OFDM Aliance (MBOA)
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Band Plan (2)

* The relationship between the center frequency f. and the band
number n, is:

MB-OFDM

Multi-mode Multi-band OFDM Devices (1)

Having muitiple groups of bands enables multiple modes of
operations for multi-band OFDM devices.

f.(n,) =2904 + 528 xn, (n,=1,23,4)
3168 +528xn, (n,=5,...,13) * Different modes for muiti-band OFDM devices are:
BAND_IO (n) | Lower Center Higher | BAND_ID (n) | Lower Certer Higher
Frequonc | Frequenc | Freauenc Frequenc | Frequency | Frequency Mode | Frequency of Operation Number of Barids | Mandatory / Optional
& A @ @ " ® 1 Bands 1-3 (A) 3 Mandatory.

1 3168 MHz | 3432 MHz | 3696 MMz 8 7128 MHz | 7392 MHz | 7656 MHz 2 Bands 1-3, 6-9 (A,C) 7 Optional

2 3696 Mrz | 3960 MHe | 4224 WHz s 7655 Wiz | 7920 Wiz | 818AMHz

3 AWz | BB Mz | 752 Mz 0 184 Wbz | 8448 Wiz | o712 Miz . . . )

2 4752 MHz | 5016 MHz | 5280 MHZ I 3712 MHz | B976 MHz | 8240 Wiz * Future expansion into groups B and D will enable an increase in the

5 5544 MHz | 5808 MHz | 6072 Mz ” 9240 WHz | 9504 MHz | 5768 MHz number of modes,

0 6072 Mz | 6338 MHz | 0600 MHz B oreawe | Tomz | 102

MHz MHz
7 6600 MHz | 6864 MHz | 7128 MHz
‘Multiband OFDM Aliance (MBOA) Multiband OFDM Alisnce (MBOA)
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Muiti-mode Muiti-band OFDM Devices (2)

« Frequency of oparation for a Mode 1 device:

Band  Band  Band
" 3

»

« Frequency of operation for a Mode 2 device:

Bud  Bad  Band Bund  Band
[

Bt Band
" e = " L

Frequency Synthesis (1)

* Example: frequency synthesis for Mode 1 (3-band) device:

* Asingle PLL can also be used to generate the center

r——

e e ol e S frequencies for a Mode 2 (7-band) device.
Multibsnd OFDM Alisnce (MBOA) Multiband OFDM Aliancs (MBOA)
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Frequency Synthesis (2)

« Circuit-level simulation of frequency synthesis:

] /\ |
A
(-
- + Switching Timw = ~2 15 R swikml’lg’;'m- 208
£ ¥ = = =
. bl

* Nominal switching time = ~2 ns.
* Need to use a slightly larger switching time to ailow for process and

‘Multiband GFDM Alisnce (MBOA)

Multi-band OFDM: PLCP Frame Format

* PLCP frame format:

Py | MaC s Frame Payiond Tai | Pt
me Im{w|“|an| Vadable Lengh: 0 4095 byl l‘“lam B’ﬁ]
e 53 Mbsmmmpf—— 55, 80, 110, 160, 200, 320, 480 M ]

Rates supported: 55, 80, 110, 160, 200, 320, 480 Mb/s.

Support for 55, 110, and 200 Mb/s is mandatory.
Mode 1 (3-band):

Preamble + Header length = 11.56 [. Burst preamble + Header length = 4.69 I's.
Mode 2 (7-band):

Preamble + Header length = 14.06 Is. Burst preamble + Header length = 7.19 Is.
Header is sent at an information data rate of 55 Mb/s.
Maximum frame payload supported is 4095 bytes.

“Multiband OFDM Aliance (MBOA)
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Multiple Access

Multiple piconet is by the
expansion factor.

Bandwidth expansion can be achieved using any of the following
techniques or combination of techniques:
ing, Ti quency i ing, Coding
Ex: Multi-band OFDM obtains its BW expansion by using ail 3
techniques.

= Time Frequency Codes:

MB-OFDM

PLCP Preamble (1)

Muilti-band OFDM preamble is composed of 3 sections:
Packet sync sequence: used for packet detection.
Frame sync sequence: used for boundary detection.
Channel estimati used for channel esti

Packet and frame sync sequences are constructed from the same
hierarchical sequence.

Correlators for hierarchical sequences can be implemented

Channel | Preamble | Mode 1 DEV: 3-band ‘Mode 1 DEV: 7-band efficiently:
Number | Pattem Length 6 TFC Length 7 TFC Low gate count.
1 1 1231|231 ]2]|3]4ajs5i6]|7 Extremely low power consumption.
2 2 32|t ]a|2]1[7[6]s]4f3]2
3 3 11 2]2]als}1]a]|7]3lsi{2]5 * Sequences are designed to be the most robust portion of the packet.
4 4 v 1 ]s 32|21 af[s]7[21ase
Multiband OFDM Aliance (MBOA) Maultiband OFDM Aliance (MBOA)
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PLCP Preamble (2)

*  Preamble needs to be designed to allow both Mode 1 (3-band) and Mode 2
(7-bandj) devices to operate in the same piconet.
Al devices in the same piconet must be able to detect the preamble and demodulate
PHY/MAC header.

* _ Preamble structure for Mode 1 (3-band) device:

Ganas0 End ot Synch
s oo

Band 47 Symevonaaon £ Crannel eader Paond I Synchronization
b i aesel [IChanne! Estimation
Band 43 | B ] | I B Header

b .I .l oo .I DD DD .I ] " Epaykad

11,5625 usec (Preamble + Header)
= End of synchronization pattern [p,,p,.p.} is used to indicate that the
interieaving sequence remains constant throughout the packet.
‘Mhltiband OFDM Aliance (MBOA)

[ Ead s
St ndcarr

il o Estraden
Baoams Come 3Bancs
Sams " 00 .
Sem B OO B
Bt [ == ]

PLCP Preamble (3)

Preamble structure for Mode 2 (7-band) device:
el Exradon Uppr ¢ Bancs

Wsynchronization [ Header
Voasar e Lowsr 3Ben0e Psond

[JChannel Estimation [7) Payload

40625 usec (Preamble + Header)

Preamble/header are transmitted on bands 1-3 using length 6 interleaving
sequences, so Mode 1 (3-band) devices can corectly decode the header.

End of synchronization pattern [p,,ps,Pel is used to indicate the transition to
ngth 7 ing sequence.

“Mitiband OFDM Alisnce (MBOA)
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PLCP Preamble (4)

In the muitiple overlapping piconet case, it is desirable to use different hierarchical

preambles for each of the piconets.

Basic idea: define 4 hit with low ion values.

Preambles are generated by spreading a length 16 sequence by a length 8 sequence.

Proambke Patern Sequence A
[ BN ESNENEnaEEE
2 KK EIE Bl S S B K KR K KR KA R
3 ORI EDRENEnnE
0 AR NREaENEEESEEE
Preamble Patterm ‘Sequence B
Spreader
1 KR EREIERE Sequae A Soqons €
2 FEEEEE IR ERE et 16) Qength126)
3 IR ERE
4 [NENEIEE R EI ERE sepmmes
‘Multband OFDM Aliance (MBOA)
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Link Budget and Receiver Sensitivity

Assimption: Mode 1 DEV (3-band), AWGN, and 0 dBi gain at TX/RX antennas.

Parameter Vaiue Value Valus
Information Data Rate | 110 Mbis. 200 Mbis 480 Mbs
Average TX Power 103¢Bm | -103dBm | -103d8m
Total Path Loss 64248 56248 502d8
(@ 10 meters) | (@ 4 meters) | (@ 2 meters)
Average RX Power 745dBm | 665dBm | -60.5d8m
Noise Power Per B | 036dBm | -91.0dBm | -67.2d8m
CMOS RX Noise Figure | 6.6dB 6648 6648
Total Noise Power B70dBm | -844dBm | -80.6d8m
Required EWNO 4048 4748 4948
Implementation Loss 2508 2548 3048
Link Margin 5048 12248
RX Sensitvity Level 205 dBm. 72708
Multiband OFDM Aliance (MBOA)
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Link Budget and Receiver Sensitivity

* Assumption: Mode 2 DEV (7-band), AWGN, and 0 dBi gain at TX/RX antennas.

MB-OFDM

System Performance (Mode 1: 3-band)

* The distance at which the Muiti-band OFDM system can achieve a
PER of 8% for a 90% link success probability is tabulated below:

Parameler Value Value Value
information Data Rate | 110 Mbis 200 Mis 480 Mbvs
Average TX Power 6.6 dBm 6.6 dBm 66d8m Range” AWGN | CM1 CM2 | CM3. | CM4
Total Path Loss 66.6d8 58608 526dB
(@ 10 meters) | (@ 4 meters) | (@ 2 meters) 110 Mbps 205m [ 115m | 109m | 116m | 11.0m
Average RX Power -73.2 dBm -65.2 dBm -59.2 dBm
Noise Power Per Bit -93.6 dBm -91.0dBm -87.2d8m 200 Mbps 14im | 69m | 63m | 68m 50m
CMOS RX Noise Figure | 86dB 8608 868
Total Noise Power -85.0dBm -824dBm | -78.6dBm 480 Mbps 78m | 29m | 26m NA N/A
Required ENO 4048 4748 4948
Impiementation Loss 25d8 25dB 3048 *  Includes losses due to front-end filtering, clipping at the DAC, ADC
Link Margin 5348 100dB 1M3de i Hi-path ion, channel estimation, carrier tracking,
RX Sensitvity Level | 765 am 2 dBm 70748 packet acquisition, etc.
‘Mhltibund OFDM Aliance (MBOA) ‘Muliband OFDM Alisnce (MBOA)
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Simultaneously Operating Piconets (1)

*  Assumptions:
Mode 1 DEV (3-band) operating at a data rate of 110 Mbps.

i piconet as a function of the
multipath channel environments (see further update in ref.[3]):

Simuitaneously Operating Piconets (2)
*  Assumptions:
Mode 2 DEV (7-band) operating at a data rate of 110 Mbps.

* Simuitaneously operating piconet performance as a function of the
multipath channel environments (see further update in ref [3)):

Channel Environment | 1 piconet | 2piconet | 3 piconet Channel Environment | 1 piconet | 2piconet | 3 piconet
CM1 (d,,id,) 0.91 118 1.45 CM (d,/d,) 047 0.65 0.86
CM2 (dichoy) 083 124 147 CM2 (d,7d) 043 064 0.80
CM3 (¢ /d,e) 0.94 121 146 CM3 (d,/d.) 0.49 066 0.81
CM4 (d,,/d,.) 115 153 1.85 CM4 (6,,4/d,,) 061 0.84 1.01
= Results incorporate SIR estimation at the receiver. » Results incorporate SiR estimation at the receiver.
‘Nultband OFDM Alisnce (MBOA) ‘Mltband OFDM Alince (MBOA)
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Signal Robustness/Coexistence PHY-SAP Throughput
©  Assumptions:
= Assumption: Received signal is 8 dB above sensitivity. MPDU (MAC frame body + FCS) length is 1024 bytes.
SIFS =10TB,
* Value listed below are the required distance or power level needed to MIFS =215
B"E'{"“'(‘ ;:;E":)S 8% for a 1024 byte packet at 110 Mb/s and a Mode 1 ‘Number of frames | Throughput @8 110 Mbls | Throughput @ 200 Mbls | Throughpitt € 480 Mbis

Interferer Value
{EEE 802.11b @ 2.4 GHz d,,# 0.2 meter
|EEE 802.11a @ 5.3 GHz 4, # 0.2 meter
Modulated interferer SIR 7 -9.0 dB
Tone interferer SIRt-7.9dB

Coexistence with 802, 11a/b and Bluetooth is relatively straightforward
because these bands are completely avoided.

‘Maltibaad OFDM Alisnce (MBOA)

1 Mode 1: 84.8 Mbis Mode 1: 130.4 Mbis Mode 1: 211.4 Mb/s.

Mode 2: 82.7 MbVs Mode 2: 125.4 Mvs Mode 2: 198,6 Mb/s

5 Mode 1: 94.8 Mb/s Mode 1: 155.6 Mbis Mode 1: 286.4 Mb/s
Mode 2: 62.1 Mb/s Mode 2: 148.5 Mbis. Mode 2: 263.4 Mb/s.

«  Assumptions:
MPDU (MAC frame body + FCS) length is 4024 bytes.
Number of frames | Throughput @ 110 Mb's | Throughput @ 200 Mvs | Throughpit @ 450 Mbvs

1 Mode 1: 102.3 Mivs. Mode 1: 175.9 Mbis.
Mode 2: 101.5 Mis. Mode 2: 173.5 Mb/s.

5 Mode 1: 105.7 Mbis. Mode 1: 186.3 Mb/s
Mode 2: 104.8 Mbis. Mode 2: 183.6 Mb/s.

Maltiband OFDM Alisncs (VBOA)
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Complexity (1)

* Unit ing cost
Process: CMOS 90 nm technology node in 2005.

MB-OFDM

Complexity (2)

« Active CMOS power consumption for Mode 1 (3-band) and Mode 2
(7-band) devices:

f:::y)g:&nm production will be available from all major SC foundries by Y TramT o5 | Mode T o | Mode 1. T30 | Mada 7. 130 v
TX AFE (110, 200 Mbs) 76 mW. 133 mwW 91 mW. 160 mwW
+ Die size for Mode 1 (3-band) device: TX Dightat (110, 200 Mbis) 17 W 17 mW 26 MW 26 MW
[ [ compiate Analog* | Complete Digitai | TX Total (110 Mbis) 93 W 150 MW 197 me 158 MW
[ somm | 27mew | temm | RX AFE (110, 200 Mb/s) 101 MW 155 MW 121 mW. 187 mW
130 om 3.0mm2 38 mm? RX Digital (110 Mbs). 54 mW 54mwW 84 mW 84 mW
* Companent area. RX Digitaf (200 Mb/s) 68 mW. 68 mW. 106 MW 108 mW
«  Die size for Mode 2 (7-band) device: RX Tors! (110 Mbis) 156 MW 7208 MW 208 MW 211 m
T Complats Anaiog’ | Complets Digial RX Tetal (200 Mbis) 169 MY 223 MW 227 oW 293 W
| Teoom | 28mm | '.Qmm‘——| Deep Sleep 15 1W 15TV 18 TW. 18 TW
[T1s0am | 32mm | samw |
* Component area.
Multibend OFDM Aliance (MBOA) Multiband OFDM Aliance (MBOA)
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Complexity (3)

+ Manufacturability:

Leveraging standard CMOS technology results in a straightforward
development effort.

OFDM solutions are mature and have been demonstrated in ADSL and
802.11a/g solutions.

* Scalability with process:

Digital section scales with imp in
nodes (Moore's erw)

Analog section complexity/power scales slowly with technology node.

« Time to market: the aargesl complete CMOS PHY solutions would be

ready for integration is

* Size: Solutions for PC card, compact flash, memory stick, SD memory

in

Muliband OFDM Aliance (MBOA)

Scalability of Multi-band OFDM

* Data rate scaling: from 55 Mb/s to 480 Mb/s.

* Frequency scaling:
Mode 1 (3-bands) and optionat Mode 2 (7-band) devices.
Guaranteed interoperability between different mode devices.

« Complexity scaling:
Mandatory data rates (5 200 Mbps) require only a singte DAC and mixer for
the TX chain  reduced complexity.
Digital section wilt scale with future CMOS process improvements.
Implementers could always trade-off complexity for performance.

= Power scaling:
A half-rate Pulse Repetition Frequency (PRF) approach can increase the off
time to enable power saving modes of operation (see back-up slide).
Implementers could always trade-off power consumption for range and
information data rate.

‘Multiband OFDM Alisace (MBOA)
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Comparison of OFDM Technologies

Qualitative comparison between Multi-band OFDM and IEEE 802.11a OFDM:

p— VuBband OFOM | Mulbsnd OFDM | (o] soz1ma 021
A Powr Consumption ves
'ADG Power Consumetion ves o)
FFT Complexity Vesm | vesd
Vitor Ducoder Complasty es
Bard Select Fifer s
Powse Comumption
Band Select Fler Arve ves
"ADC Prechion ves
Digiel Precision Es
ves
i s A
Deign of Radio s
owe 1¥bps vEs
: 1eeE 02110 deic.
S evnriep hestor
oty
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Summary

The proposed system is specifically designed to be a fow power, low
complexity all CMOS sofution.

Expected range for 110 Mb/s (90% link success probability): 20.6 meters in
AWGN, and greater than 11 meters in multipath environments for a Mode 1
device.

Expected power consumption for 110 Mb/s using 130 nm CMOS process:
+ Mode 1 DEV: 117 mW (TX), 205 mW (RX), 18 TW (deep sleep).
+ Mode 2 DEV: 186 mW (TX), 271 mW (RX), 18 TW (deep sleep).

Multi-band OFDM is coexistence friendly and complies with world-wide
regutations.

Multi-band OFDM offers multi-mode devices (scatability).

Multi-band OFDM offers the best trade-off between the various system
parameters.

Multi-band OFDM is FCC compliant (see document 03/274).

‘Multiband OFDM Alisacs (MBOA)
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