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 Executive Summary
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Executive Summary

 Time Domain's UWB Multi-band approach is a viable
solution for the high data rate PAN application

— Flexible and adaptable to various regulatory and RF
environments

— Scalable to >1 Gb/s as silicon technology matures

e Supports or exceeds key technical requirements
— Smooth a growth path to very high data rates
— Provides 6 uncoordinated piconet channels
— Minimal impact to 802.15 MAC
— Low-cost implementation
— Low power consumption
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e Introduction
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Key Solution Requirements

e Cost

e Power consumption
 High data rates
 Channelization

e Performance in multipath
* |nterference rejection

o Coexistence
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Overview of Proposed Solution

« UWB Solution
e Multi-banded UWB

 Time Frequency Multiple Access
(TFMA) Codes

« BPSK and QPSK Modulation
e Convolutional Encoding for FEC
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Key Features of Proposed Solution

* Flexible spectrum use

 Time-frequency (TF) codes for multiple access
(TFMA)

e Simple modulation schemes
o Standard Forward Error Correction (FEC)
o Graceful scalability with backward compatibility

e Strategies for increased multiple access
capabllity in harsh environments
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« PHY Proposal
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Multi-Band Approach

e Avallable spectrum divided into ~500-MHz UWB
bands
— Frequency agility for interference mitigation
— Regulatory flexibility
— Adds another dimension for coding

— TFEMA (Time-Frequency Multiple Access) for
uncoordinated piconet channelization

— Basic BPSK/QPSK modulation in each band
— Convolutional encoding for FEC
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Flexible Spectrum Use

Low Frequency Group High Frequency Group

%% 9 |10 /11 )12 { 13[14 | 15

>

Pulse Duration: 3.89 ns

||

Sacrifice one band for WLAN coexistence
(dependent upon geographical location)

* Rectified cosine envelope n f
« ~520 MHz bands to best utilize spectrum
o 437 MHz band separation
e 257.0 MHz chip rate

— 3.89 ns chip duration J
« Adjacent band isolation: ~ 12 dB

— Second band over is ~ 21 dB down
e Center frequencies chosen for ease of implementation
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Band-Plan and Scalability

Low frequency group High frequency "growth" group
Band Band
number number
Low Frequency 3.236 GHz Low Frequency 7.169 GHz
0 Center Frequency 3.496 GHz 9 Center Frequency 7.429 GHz
High Frequency 3.756 GHz High Frequency 7.689 GHz
Low Frequency 3.673 GHz Low Frequency 7.606 GHz
1 Center Frequency 3.933 GHz 10 Center Frequency  7.866 GHz

High Frequency 4.193 GHz

High Frequency 8.126 GHz
Low Frequency 8.043 GHz

Low Frequency 4.110 GHz
2 Center Frequency 4.370 GHz

High Frequency 4.630 GHz 1 Cen_ter Frequency 8.303 GHz
Low Frequency 4.547 GHz High Frequency 8.563 Ghiz
3 Center Frequency ~ 4.807 GHz < 12 . L‘:W Erequency 2;‘28 g:z
High Frequenc 5.067 GHz . enter Frequency . z
L(?W Freguencz 4.984 GHz SaCI‘I.flce 1 band for WLAN High Frequency  9.000 GHz
4 Center Frequency 5.244 GHz — coexistence (dependent Low Frequency 8.917 GHz
High Freguency 5.504 GHz upon geographical location) 13 Center Frequency 9.177 GHz
Low Frequency 5.421 GHz High Frequency 9.437 GHz
5 Center Frequency 5.681 GHz <— Low Frequency 9.354 GHz
High Frequency 2.941 GHz 14 Center Frequency 9.614 GHz
Low Frequency 5.858 GHz High Frequency 9.874 GHz

6 Center Frequency 6.118 GHz

. Low Frequency 9.791 GHz
High Frequency 6.378 GHz

15 Center Frequency  10.051 GHz

Low Frequency 6.295 GHz High Freguency 10.311 GHz

7 Center Frequency 6.555 GHz
High Freguency 6.815 GHz

Low Frequency 6.732 GHz ) . ) . .
8 Center Frequency 6.992 GHz < This band is dedicated (reserved) for single band service.

High Frequency 7.252 GHz
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Piconet Coding: Overview

« Based on time-frequency sequences (TFMA)

e Supports uncoordinated simultaneous piconet
operation
— Supports 6 distinct piconets at all data rates
— Each piconet can use anywhere from 4 to 14 sub-bands
— Interference between nearby piconets minimized via
code design (1-collision property)
 Piconets can independently optimize their band
selection (important for interference mitigation
and channelization)
 No coordination between piconets required

« Smooth growth path as more frequency bands are
added
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Multiple Access with Uncoordinated Piconets

» Code collisions between piconets minimized (1-in-7 collision property)
« Each piconet and DEV pair within a piconet can independently configure:
 How many bands to use
*  Which bands to use
* Reconfiguring a given piconet does not adversely affect the other piconets
* No coordination between piconets needed

Note: piconet assignments shown
are notthe only ones possible

Example:
piconet 2 ONEN 4161|815

code group A code group B

Piconet 4
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Modulation and Error Correction

« BPSK, QPSK
e Convolutional encoding for FEC
— Rates R =%, 3, 1

e Multi-band with simple BPSK/QPSK modulation
enables straightforward weighting of individual bands
In FEC soft decision

* Freguency integration

— Each bit encoded on all bands within a time-
frequency segquence wrap

 Time integration
— Integrate multiple time-frequency sequence wraps
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Payload Bit Rate

Payload Bit Rate (Mb/s)
Modulation
Index Modulation Scheme 4-Bands| 7-Bands | 14-Bands
0 BPSK, No FEC, Frequency integrate 36.7 36.7 36.7
1 BPSK, 1/2-Rate FEC, Time integrate x 2 36.7 64.3 128.5
2 QPSK, 3/4-Rate FEC, Frequency integrate 55.1 55.1 55.1
3 BPSK, 1/2-Rate FEC 73.4 128.5 257.1
4 BPSK, 3/4-Rate FEC 110.2 192.8 385.6
5 QPSK, 1/2-Rate FEC 146.9 257.1 514.1
6 QPSK, 3/4-Rate FEC 220.3 385.6 771.2
! QPSK, No FEC 293.8 514.1]  1028.2

« Modulation Index 0 is the base-rate modulation
« Used for all header/beacon/CAP signaling
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Frame Overview

« Same bands used for entire frame
— Base-rate modulation for beacons and headers
— Selectable payload bit rate

* No structural changes to existing 15.3 frame
definition
— Same MAC Header and HCS definitions

— PHY Header data rate field mapped to modulation
Index

* Increased efficiency over 2.4-GHz PHY frame
— Higher base-rate
— Shorter preamble
— Reduced IFS durations
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Frame Preambles

Propose two preambles

 Modulation indices 0 through 4 use an "Initial Preamble"
— Supports the modulations longer-range performance
— Modest effect on data throughput

 Modulation indices 5, 6, & 7 use a "Continuous Preamble"

— Shorter preamble consistent with modulation range performance
— More efficient with higher data rate modes

Preamble coordination (which preamble is being used)
handled entirely within the PHY
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Acquisition Coding
» Both preamble implement rotated Barker coding on top of TFMA coding
to increase piconet isolation during acquisition
» Initial Preamble uses Barker7 sequence
« Continuous Preamble uses a Barker4 sequence
« Barker coding applied on a per-band basis
* Provides enhanced piconet isolation during acquisition
» Provides enhanced resistance to multipath during acquisition

Rotated Barker4 Example

Time-frequency sequence

.
0|5/3]1/6/4]2|0|5|3]1]6]4]2]|0|5|3]1]6]4]2|o|5|3]1]6]4]2
ﬂ!lllllllllllll
< >

Chips
One acquisition symbol — each frequency cycles through Barker4 sequence
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Preamble Definition

Initial Preamble (Barker7 sequence):

44 repetitions of the Barker7 pattern: 8.4 ns
A single inverted Barker7: 0.2 ns
8.6-n% total duration

Example Timeline (Actual allocation is implementer's choice)

Gain | Threshold Coarse Fine Phase Delimiter
Init. Timeout Optimize | Optimize | Determination Detect

1.1ns 2.7ns 2.7 s 1.5ns 0.4ns 0.2ns

Continuous Preamble (Barker4):

44 repetitions of the Barker4 pattern: 4.8 ns
A single inverted Barker4: 0.1 ns
- 4.9-ns total duration

Example Timeline (Actual allocation is implementer's choice)
Gain | Threshold Coarse Fine Phase Delimiter
Init. Timeout Optimize | Optimize | Determination Detect

0.7nms 1.5ns 15ms 09ns 0.2ns 0.1ns

Submission
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Preamble Coordination

e Dual-preambles easily implemented

— Handled entirely in the PHY

 First frame preamble always the Initial Preamble
e Rx PHY decodes modulation index from PHY header

e Low-index modulations (0 to 4) continue to use Initial
Preamble for all subsequent sequential frames

* High-index modulations (5 to 7) use Continuous
Preamble for subsequent sequential frames

Initial
Preamble

Cont.
SIFS PreambIeHdr Payload

FCS

Hdr Payload

FCS
MIES
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Frame (Packet) Overhead

Size Bit Rate | Duration Calculations
Frame Component | (octets) (Mb/s) (ms)
Initial Preamble i i 8.60 « For information components
Continuous Preamble - - 4.90 _ Duration = 8*Size/Bit Rate
PHY Header 2 36.7 0.44
MA:E:ader 120 22; 2‘1‘: + RIFS = 2*SIFS + Initial Preamble
MIFS - - 1.00
SIFS ) ) 5 00 * BIFS = SIFS + Initial Preamble
RIFS - - 18.60
BIFS - - 13.60
Frame Body 1024 128.5 63.75
Frame Body 1024 257.1 31.86
Submission Side 23 Time Domain Corporation
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Typical Frame Durations

o 1024-octet frame body @ 128.5 Mb/s

 Total frame duration

— 80.4 ns with SIFS and Initial Preamble
— 72.7 ns with MIFS and Continuous Preamble

3ns Sns 1ms
Initial N ; 0|
oremrple HO Payload Q| SIFS| S & Ha Payload QS| n »
8.6 s < »  49ns
63.8 B

(1024-octets @ 128.5 Mb/s)
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PHY-SAP Throughput

Multi-Frame PHY-SAP Throughput (Mb/s)

Single-Frame PHY-SAP Throughput (Mb/s)

Modulation
Index Modulation Scheme 4-Bands 7-Bands 14-Bands 4-Bands 7-Bands 14-Bands

BPSK, No FEC, Frequency

0 integrate 34.9 34.9 34.9 34.4 34.4 34.4
BPSK, 1/2-Rate FEC, Time

1 integrate x 2 34.9 59.0 109.5 34.4 57.7 105.0
QPSK, 3/4-Rate FEC, Frequency

2 integrate 51.2 51.2 51.2 50.1 50.1 50.1

3 BPSK, 1/2-Rate FEC 66.7 109.5 191.2 65.0 105.0 177.9

4 BPSK, 3/4-Rate FEC 95.8 153.1 254.6 92.4 144.4 231.5

5 QPSK, 1/2-Rate FEC 128.3 205.5 343.1 117.0 177.9 272.5

6 QPSK, 3/4-Rate FEC 181.2 280.5 441.8 159.4 2315 331.3

7 QPSK, No FEC 228.5 343.1 516.4 194.9 272.5 371.5

Modulation Index O is the base-rate modulation
Modulation Indices 5, 6, and 7 benefit from the use of the Continuous Preamble

Submission
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Multi-Frame PHY-SAP Throughput vs.

Band Utilization

600
500 .
400 —{ |EBmode O
mode 1
U mode 2
v O mode 3
2 300 |
= mode 4
Emode 5
mode 6
200 — |Odmode 7
) ?I: 7
4-Bands 7-Bands 14-Bands
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Flexibility of Multi-band:
Dynamic Band Management

Monitor and report per-band performance
Detect spectral problems, if any

Four categories

— Narrowband interferer

— Channel fading

— Nearby interfering piconet (near/far)

— Multiple near-proximity piconets in extreme multipath

Submission Side 27 Time Domain Corporation



March 2003 doc.: |EEE 802.15-03/144r0

NB Interference Mitigation

 Bands are scanned periodically to
detect NB interference

e When NB interference Is detected,
DEVs stop using affected bands in their
data streams

0|1[2|3] [5]6]

01 S}

Example: Band 4 dropped
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FDMA for Enhanced Channelization

Time-frequency codes provide 17-dB code
ISolation between channels In freespace

In extreme situations, additional isolation required

Activate FDMA (frequency division multiple access)
strategy

Continue using same time-frequency codes
Return to TFMA when conditions permit
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FDMA Algorithm

« DME algorithms determine when and how FDMA is
Implemented

— Uses band assessment results to determine when FDMA
IS beneficial

— Selects appropriate FDMA parameters (band subset
allocation, etc.)

— Initiates process of FDMA coordination
(or responds to FDMA coordination requests)

— Sets PHY for FDMA operation
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Reserved Band

A band iIs available for future services
(e.qg. low data rate).

e This allows deployment of very
Inexpensive single band
Implementations without degrading the

throughput of piconets using multiple
band radios.
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o Scalability and Flexibility
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Multi-band Approach: Flexibility

 Individual DEV pairs are able to adapt
to Iinterference without coordination with
other DEVs

« Adaptation strategy: don’t use sub-
bands with poor signal quality

» Easy to adapt to different regulatory
environments as well

Submission Slide 33 Time Domain Corporation



March 2003 doc.: |EEE 802.15-03/144r0

Regulatory Flexibility

« Conforming to different regulatory climates is
as simple as deciding which bands to turn on
and which to leave off.

 Waveform designed to conform to both indoor
and hand-held FCC masks.

— Modest side-band filtering required

e Single radio design with adaptive algorithms
can automatically sense efficient use of
spectrum In high use electromagnetic
environments.
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Scalablility: MAC Enhancements and Band-Plan

 The simple MAC enhancements defined for
the Multi-band approach support scaling to
the full proposed capability of 14 bands

— As higher RF frequencies become feasible, they
are folded in naturally

— Standard provides compatibility between higher-
capability devices (using more bands) and lower-
capability devices (using fewer bands)
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Scalability: Piconet Coding
4-Band Design

A A A A

band utilization

ollolioeliehielie
N

3

2

code group A
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Scalability: Piconet Coding
5-Band Design

(o YOV Y VY Y

band utilization

0 3 1

code groupAI I
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Scalability: Piconet Coding
6-Band Design

A A

A

1

A A

5

aa\

band utilization

53

ool lieolieoRieRie)

5

3

1

code group A I

codegroup B
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Scalability: Piconet Coding
/-Band Design

aa

1|5 3
5131
543 1

code groupAI I
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Scalability: Piconet Coding
8-Band Design

band utilization

1|5 3

5131

ool lieolieoRieRie)

543 1

code group A I

aa\

01

01

01

01

01

01

code group BI
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Scalability: Piconet Coding
10-Band Design

A

A A A A A

band utilization

1|5 3

5131

ool lieolieoRieRie)

543 1

A B B B
o 1/ 2

01

11

21

01

21

11

01

21

11

01

11

21

01

11

21

code group A I

01

21

11

code group BI
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Scalability: Piconet Coding
12-Band Design

A

A A A A A

band utilization

1|5 3

5131

ool lieolieoRieRie)

543 1

A B B B B B

01 1’ 2! 31 4!

01

11

21

31

41

01

21

41

11

31

21

41

41

11

21

31

31

11

21

code group A I

4’

31

11

code group BI
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Scalability: Piconet Coding
14-Band Design

A

A AAA A A A B B B B B

01 3 S 0'11'(12'314 5|6
0 1135 0'12'(4''6"13"|5
03 o1 0'13'|62"| 5|14
0 1|5 3 0'14'1''5'126" 3
0(5/3|1 0'1513'11'1614" 2’
0 S 3 1 0'|6'5'|4"3'|2'|1

code group A I code group B I
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Scalability: Modulation

4 Band Operation

Maximum PHY-SAP Throughput: 228.5 Mb/s
Maximum Payload Bit Rate: 293.8 Mb/s

7 Band Operation

Maximum PHY-SAP Throughput: 343.1 Mb/s
Maximum Payload Bit Rate: 514.1 Mb/s

14 Band Operation

Maximum PHY-SAP Throughput: 516.4 Mb/s
Maximum Payload Bit Rate: 1028.2 Mb/s
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Scalabllity: Power

* Implementation of radios using more than 7
bands involves a second frequency
synthesizer and receiver chain. This will
consume more power in the radio front end.

 The higher data rates associated with using
more than 7 bands will consume more power
In the FEC as well as the MAC.
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Scalability: Complexity

e Implementing radios using more than 7
bands involves a design “cut and paste”
operation.

* Multiple instances of architectural
elements consume power and silicon
area but do not increase complexity.
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 MAC Enhancements
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Multi-band Alt-PHY PIB Characteristics

.3 Channels Becomes .3a Codes

— 6 codes instead of 5 channels

PHYPIB_NumChannelsSupported = PHYPIB_NumCodesSupported
PHYPIB_CurrentChannel = PHYPIB_CurrentCode
PHYPIB_CCAThreshold = PHYPIB_CCAThreshold

.3 Data Rate Becomes .3a Modulation Scheme
PHYPIB_ DataRateVector = PHYPIB_ModulationVector

e New .3a Characteristic Called Bands

— Assessed and selected similar to Channels, now Codes

— Determines throughput along with selected Modulation Scheme
PHYPIB_BandsSupported
PHYPIB_CurrentBands
PHYPIB_CBAThreshold
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Supplemental PHY-SAP Primitives

e PHY Clear Code Assessment
e PHY Clear Band Assessment
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MAC Supplements to Support Bands

o Extensions to .3 Information Elements
— 7.4.4 Dev Association
— 7.4.12 Dev Capabilities
 New Information Elements
— 7.4.X Bands Allowed
— 7.4.X Band Report
e Extensions to Support Piconet Parameter Change

— 7.4.6 Piconet Parameter Change Information Element
— MLME-PICONET-PARM-CHANGE Primitive
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MAC Supplements to Support Bands (cont)

e New MLME Primitives
— MLME-BAND-ASSESSMENT
— MLME-REMOTE-BAND-ASSESSMENT
— MLME-BAND-COORDINATION
— MLME-BAND-ALLOCATION
— MLME-BAND-REPORT
— MLME-LINK-STATUS

* New MAC Command Frames
— Band Coordination
— Band Allocation
— Remote Band Assessment
— Link Status
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Features Enabled by MAC Supplements

 Band selection based on
— DEV capabilities
— Network interference
— Coexistence
— Desired throughput and link performance
— Optional spectrum sharing
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Location Awareness

* Provision is made in the MAC to allow special
packets supporting location awareness.

e Ranging packets would typically involve
Immediate acknowledgment protocols with
“turnaround” time information included in the
acknowledgment.

 Vendors would be free to implement ranging
using these special packets and not impact
communications activity within the piconet.
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Required Changes to Existing MAC

* No changes to the existing 802.15.3 MAC
are required

The Alt-PHY can exist within the reserved
fields of the existing protocol.
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Time Domain Corporation



March 2003 doc.: |EEE 802.15-03/144r0

e Performance
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Performance Results

e Results shown for
— Link Budget
— System Performance
— Simultaneously Operating Piconets
— Signal Acquisition
— Coexistence
— Interference Susceptibility
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Link Budget

e Determine free space AWGN link
oudget margin for Multi-Band Radio

* Recelver sensitivity is dependent on
modulation type

e Data rates as high as 293.78 Mb/s for 4
band radio, 514.12 Mb/s for 7 band
radio, and 1 Gb/s for 14 band radio
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Recelver Noise Figure

Antenna |__>—— BDF TR » » » & ] Baseband

| cos W,

[Stage |BDE [T/R [LNA [vGA [Buffer [Mixer |
Gain (dB) -0.5 -2.0 20.0 15.0 0.0 6.0
Gain (Numeric) 0.9 0.6 100.0 31.6 1.0 4.0
[NF* (dB) | o5 | 20 | 40 | 150 | 150 | 150 |
Noise Factor 1.1 1.6 2.5 31.6 31.6 31.6
Cumulative Noise

Figure, to Stage 7.0 6.5 4.5 15.3 17.9 15.0
Input

Cumulative Noise

Factor, to Stage 5.0 4.5 2.8 33.6 62.2 31.6
Input

*Broadband Noise figure
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Receiver Sensitivity

NF, receiver noise figure (dB)
Ty, temperature (K)

K, Boltzmanns constant

Receiver AWGN niose floor density (dBm/Hz)
Receiver noise bandwidth (MHz)

Total noise power in receiver bandwidth (dBm)
Target BER

Ey/Ny @ Target BER (dB)

Implementation loss (dB)

7.00
290.00

1.38E-23
-1.67E+02
4,14E+08
-80.81142
1.00E-05
9.60

5.00

Minimum peak signal = "Rx sensitivity" (dBm) | -66.21

Implementation losses (estimated)

Waveform efficiency (dB)

Phase alignment error (dB)
Jitter (dB)

Total implementation losses (dB)

aj— = w

Submission
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Recelver Sensitivity Depends on
Modulation Types

# of |System Data Overall Receiver 1m Margin

M odulation Description Bands | Rate (Mb/s) Sensitivity (dBm) (dB)
BPSK, 1/2 FEC, x2 Time Integration, No Frequency Integration 4 36.72 -86.82 28.97
QPSK, 3/4 FEC, No time integration, Freq. Integration all Bands 4 55.08 -81.02 26.60
BPSK, 1/2 FEC, No time integration, No Frequency Integration 4 73.45 -80.81 25.97
BPSK, No FEC, No Time Integration, Freq Integration all Bands 4 36.72 -77.93 24.76
QPSK, 1/2 FEC, No time integration, No Frequency Integration 4 146.89 -77.80 22.96
BPSK, 3/4 FEC, No time integration, No Frequency Integration 4 110.17 -75.80 21.47
QPSK, 3/4 FEC, No time integration, No Frequency Integration 4 220.34 -72.79 19.71
QPSK, No FEC, No Time Integration, No Frequency Integration 4 293.78 -66.69 14.90
QPSK, 3/4 FEC, No timeintegration, Freq. Integration all Bands 7 55.08 -82.20 27.85
BPSK, 1/2 Fec, x2 Time Integration, No Frequency Integration 7 64.26 -83.13 26.50
BPSK, No FEC, No Time Integration, Freq Integration all Bands 7 36.72 -79.11 26.01
BPSK, 1/2 FEC, No time integration, No Frequency Integration 7 128.53 -77.12 23.50
QPSK, 1/2 FEC, No time integration, No Frequency Integration 7 257.06 -74.11 20.49
BPSK, 3/4 FEC, No time integration, No Frequency Integration 7 192.79 -72.11 20.25
QPSK, 3/4 FEC, No time integration, No Freguency Integration 7 385.60 -69.09 17.24
QPSK, No FEC, No Time Integration, No Frequency Integration 7 514.12 -63.00 12.43
QPSK, 3/4 FEC, No timeintegration, Freq. Integration all Bands 14 55.08 -84.10 28.97
BPSK, No FEC, No Time Integration, Freq Integration all Bands 14 36.72 -81.01 27.13
BPSK, 1/2 FEC, x2 Time Integration, No Frequency Integration 14 128.53 -78.52 23.01
BPSK, 1/2 FEC, No time integration, No Frequency Integration 14 257.06 -72.51 20.01
QPSK, 1/2 FEC, No time integration, No Frequency Integration 14 514.12 -69.50 17.00
BPSK, 3/4 FEC, No time integration, No Frequency Integration 14 385.59 -67.50 16.76
QPSK, 3/4 FEC, No time integration, No Frequency Integration 14 771.18 -64.49 13.75
QPSK, No FEC, No Time Integration, No Frequency Integration 14 1028.24 -58.39 8.94
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Link Budget Margin
4 Bands

Number
of Payload Link Budget
Index Modulation Scheme Bands | Bit Rate Margin
0 BPSK, No FEC, no time integration, 4 36.72 4.76 dB @ 10 m
integrate all frequency bands
L L S
1 BPSK, Y2 rate FI_EC, t|m¢ integration 4 36.72 8.97dB @ 10 m
2, no frequency integration
QPSK, % rate FEC, no time
2 integration, integrate all frequency 4 55.08 6.60dB @ 10 m
bands
BPSK, Y2 rate FEC, no time
3 integration, no frequency integration 4 7345 597dB@10m
5 .
4 | BPSK %irate FEC,notime 4 11017 | 1.47dB @ 10 m
integration, no frequency integration
L .
5 | QPSK Yerate FEC, notime 4 146.89 | 2.96 dB @ 10 m
integration, no frequency integration
. .
6 | QPSK, varae FEC,notime 4 22034 | 7.67dB @ 4m
integration, no frequency integration
7 QPSK, no FE_C, no t|r_ne integration, 4 293.78 286dB @ 4 m
no frequency integration
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Link Budget Margin
/ Bands

Number
of Payload Link Budget
Index Modulation Scheme Bands | Bit Rate Margin
0 BPSK, No FEC, no time integration, 7 36.72 6.01dB @ 10 m
integrate all frequency bands
L L S
1 BPSK, Y2 rate FI_EC, t|m¢ integration 7 64.26 6.50dB @ 10 m
2, no frequency integration
QPSK, % rate FEC, no time
2 integration, integrate all frequency 7 55.08 7.85dB @ 10 m
bands
BPSK, Y2 rate FEC, no time
3 integration, no frequency integration ! 128.53 | 3.50dB @ 10m
5 .
4 | BPSK %irate FEC,notime 7 192.79 | 8.20dB @ 4 m
integration, no frequency integration
L .
5 | QPSK Yerate FEC, notime 7 257.06 | 8.44dB @ 4m
integration, no frequency integration
. .
6 | QPSK, varae FEC,notime 7 385.60 | 5.19dB @ 4m
integration, no frequency integration
7 QPSK, no FE_C, no t|r_ne integration, v 514.12 641dB @ 2 m
no frequency integration
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Link Budget Margin

14 Ban

ds

Number
of Payload Link Budget
Index Modulation Scheme Bands | Bit Rate Margin
0 BPSK, No FEC, no time integration, 14 36.72 713dB @ 10 m
integrate all frequency bands
L .
5 | QPSK, %2rate FEC, notime 14 | 51412 | 495dB @ 4m
integration, no frequency integration
QPSK, % rate FEC, no time
6 integration, no frequency integration 14 77118 1.70dB@4m
QPSK, no FEC, no time integration,
! no frequency integration 14 1028.24 292dB@2m
Submission Side 63 Time Domain Corporation



March 2003 doc.: |IEEE 802.15-03/144r0

Link Budget Margin

7-Band Radio

6_
5_
3_
2_
1_
0 - . . .

64.26 Mb/s@ 12853 Mb/s@ 257.06 Mb/s@ 514.12 Mb/s@
10m, 7 Band 10m, 7 Band 4m, 7 Band 2m, 7 Band

Free Space Margin (dB)
D

Submission Slide 64 Time Domain Corporation



March 2003 doc.: |EEE 802.15-03/144r0

Simulation Results

e Results shown for
— System Performance
— Signhal Acquisition
— Simultaneously Operating Piconets
— Coexistence
— Interference Susceptiblility
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Simulator

 Operates primarily in the time domain
e Signals sampled at 100GHz

 Packet-oriented, i.e. for each packet:
— Adjusts gain

— Thresholds preamble to acquire, characterizes received signal for
demodulation

— Demodulates and check-sums Header and Payload
— Decodes using Viterbi algorithm

 Describes an implementation model, not an ideal
mathematical model:

7 dB Noise Figure

ADC Quantization (5 bits)
Real-time AGC algorithm
Sighal compression

Realistic receive templates
Non-ideal channel estimation
Limited data-path precision
Phase errors
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System Performance

e Goal Is to measure single-link performance In
multipath

e Results simulated for all 400 CIRs in CMs 1-4
— 10 distances simulated per CIR (from 24 m to 1 m)
— 200 packets/run
— 1024 octet payload
— Results represent simulation of over 1019 bits

e Results presented for 128 Mb/s and 257 Mb/s
operation

— Barker4 preamble currently being used for all
cases.

— No RAKE and 2-finger RAKE evaluated
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System Performance — 128.4Mb/s

Average PER vs. Distance, Best 90 Channels

102

7 bands (skips = = =
UNII band) = o= i

100 CIRs from 10’ ! EAss

each of CM1 — = i j

CM4 ;

200 packets & 4 : /"/

7dB Noise H e i

Figure P/ 4 /[

Path-loss ) o ~

exponent of ) / 4

2.0 in all cases 10 5 [0S0t T
BPSK, Y-rate o- NLOS 4 to 10 [
FEC I——;_—— R}ms 25 | u
NO rake 0 2 4 6 8 10 12 14 16 18 20

Distance (m)
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System Performance — 128.4Mb/s

5 Median PER vs. Distance

7 bands (skips 10 _ S
UNII band) —
100 CIRs from ¢ s
each of CM1 — // / //
CM4 10* / y y
200 packets i - 7 r—
7dB Noise s / / /

. 5 7
Figure S / : // //

=

Path-loss 10° - . ;
exponent of 17
2.0 in all cases + & LOSOto4
BPSK, Y5-rate 5 NloS4t010 |
FEC 1 }——i— les 25 |
NO rake 10 0 2 4 6 8 10 12 14 16 18 20

Distance (m)
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System Performance — 128.4Mb/s

Average distance at which PER = 8%, Best 90 Channels

7 bands (skips

UNII band) 16 | 15.3 -
oCRsfon Je
CM4 Ll

200 packets 10}

7dB Noise P

Figure 2 8

Path-loss 6l

exponent of

2.0 in all cases 4r

BPSK1 ]/Z'rate 2L

FEC

No rake 0 n - : :

CIR Category
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System Performance — 128.4Mb/s

Average distance at which BER = 1le-5, Best 90 Channels

7 bands (skips 15 o
UNII band) . B oS 00 4

100 CIRs from B Ro5e 010
each of CM1 —
CM4

200 packets
7dB Noise
Figure

Path-loss
exponent of
2.0 in all cases

BPSK, 4-rate
FEC

No rake 0 1 ) 3 p
CIR Category

[y
o

Distance (m)
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System Performance — 128.4Mb/s

Median distance at which PER = 8%
15 T T T

. B L0S 010 4
7 bands (skips 13.3 B NLOSO to 4

UNII band) . B NLOS 4 to 10

100 CIRs from I Rms 25
each of CM1 —
CM4

200 packets

7dB Noise
Figure

Path-loss
exponent of
2.0 in all cases

BPSK, 4-rate
FEC

No rake CIR Category

Distance (m)
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System Performance — 128.4Mb/s

Median distance at which BER = 1e-5
14 T T {

7 bands (skips Bl LOSOw04

12.0 B NLOSOto4
UNII band) ol Bl NLOS4to 10 |

100 CIRs from @ Rms 25
each of CM1 — ol |
CM4

200 packets
7dB Noise
Figure

Path-loss
exponent of
2.0 in all cases

BPSK, 4-rate
FEC

1 2 3 4
No rake CIR Category

o]
T

Distance (m)

Submission Side 73 Time Domain Corporation



March 2003 doc.: |EEE 802.15-03/144r0

System Performance — 256.7Mb/s

Average PER vs. Distance, Best 90 Channels

7 bands (skips 0 =: e

T 2 S

UNII band) — s

Plig
100 CIRs from @// g
each of CM1 — 10"

CM4 7
200 packets

7dB Noise
Figure

Path-loss / /
Sl
exponent of 107" —
2.0 in all cases
NLOSOto 4

QPSK, Y2-rate NLOS 4 to 10
FEC ” Rms 25

10 3 1 3
0 2 4 6 8 10 12 14 16 18 20
No rake

Distance (m)

Average % PER
H
OC)
\\E‘!
L3

LOSOto 4

IR

Ford
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System Performance — 256.7Mb/s

. 2 Median PER vs. Distance
7 bands (skips 107 e 00 4
UNII band) 7

7 7 7
100 CIRs from 7 7

h of - "
?:?\;:4 orEML ot / £ /

200 packets

7dB Noise
Figure

A
Path-loss 10° /
exponent of
2.0 in all cases & LOSOto4
-~ NLOSO0to4 [}
QPSK, Y2-rate o NLOS4to 10

FEC —— Rms 25

10t [ I I
NO rake 0 2 4 6 8 10 12 14 16 18 20

Distance (m)

Median % PER
™~
™~
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System Performance — 256.7Mb/s

Average distance at which PER = 8%, Best 90 Channels
11 [ [ [

7 bands (skips 9.9 Bl LOSOw04

UNII band) 101 B NLOSOto4
Il NLOS 4 to 10

100 CIRs from or | @ Rms 25

each of CM1 — 8t

CM4 AL

200 packets E .|

7dB Noise s .

Figure Z

Path-loss ar

exponent of 3r

2.0 in all cases 2|

QPSK, Y2-rate 1L

FEC .

No rake 1 2 3 4

CIR Category
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System Performance — 256.7Mb/s

Average distance at which BER = 1le-5, Best 90 Channels

7 bands (skips 10 o (050504
UNII band) of 8.4 B NLOSOto 4
100 CIRs from i —
each of CM1 —

CM4 T

200 packets £ o

7dB Noise g 5p

Figure L

Path-loss

exponent of °T

2.0 in all cases 2t

QPSK, Y2-rate 1L

FEC .

No rake 1 2 3 4

CIR Category
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System Performance — 256.7Mb/s

Median distance at which PER = 8%

7 bands (skips 10
UNII band)

100 CIRs from
each of CM1 —
CM4

200 packets

7dB Noise
Figure

Path-loss
exponent of
2.0 in all cases

QPSK, Y2-rate
FEC

No rake

i LOSOto4
I NLOSOto4
Bl NLOS 4 t0 10

B Rms 25

Distance (m)

CIR Category
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System Performance — 256.7Mb/s

Median distance at which BER = 1e-5

7 bands (skips | | | B LOS0w4
UNII band) I NLOSO to 4

Bl NLOS4t010 |1
100 CIRs from I Rms 25
each of CM1 —
CM4

200 packets
7dB Noise
Figure

Path-loss
exponent of
2.0 in all cases

QPSK, Y2-rate
FEC

No rake CIR Category

Distance (m)
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System Performance
128.4Mb/s — Two Rake Teeth

7 bands (skips

Average PER vs. Distance, Best 90 Channels

UNII band) w ==

100 CIRs from —

each of CM1 — > /

CM4 10 s

200 packets ~ ;

7dB Noise 4 ] ’ -

Figure 5 10 £ i

Path-loss z =i % 4/

exponent of ) T/

2.0 in all cases 1o = :
1 // // // = LOSO0to4 E

BPSK, 4-rate & / i ~4- NLOSOto4 []

NLOS 4 to 10
FEC , }ﬁ R}ms 25 IO i
2 Rake teeth 10 0 2 4 6 8 10 12 14 16 18 20

Distance (m)
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System Performance
128.4Mb/s — Two Rake Teeth

7 bandS (Sk|pS 07 Median PER vs. Distance
UNII band) T

100 CIRs from /
each of CM1 — 7
CM4

200 packets

7dB Noise
Figure

Path-loss

exponent of / 2
2.0 in all cases / 7

10

Median % PER
I
\\\
N

& LOSOto4
BPSK. Ys-rate A NLOSOto4 H

’ ~6~ NLOS 4 to 10
FEC

—+— Rms 25
I [a] I

2 Rake teeth 10 2 4 6 g8 10 12 14 16 18 20

Distance (m)
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System Performance
128.4Mb/s — Two Rake Teeth

Average distance at which PER = 8%, Best 90 Channels

7 bands (skips 20 | ! . )
UNII band) 177 B LOS O to4

18 | ' I NLOSOto4
100 CIRs from Bl \NLOS4to 10

each of CM1 — 16 - ' [ Rms 25
CM4 14|

200 packets 12|

7dB Noise 3 .ol

Figure g

Path-loss o 8r

exponent of 6L

2.0 in all cases .l

BPSK, ¥4-rate L

FEC

2 Rake teeth ° N 2 . y

CIR Category
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System Performance
128.4Mb/s — Two Rake Teeth

Average distance at which BER = 1e-5, Best 90 Channels

7 bands (skips

UNII band) 161 15.1 S
100 CIRs from 14l = NLOS 41010
each of CM1 —

CM4 12+

200 packets = 10}

7dB Noise g

Figure § 8

Path-loss 6l

exponent of

2.0 in all cases 4r

BPSK, 4-rate 2|

FEC

2 Rake teeth ° 1 2 3 4

CIR Category
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System Performance
128.4Mb/s — Two Rake Teeth

M edian distance at which PER = 8%

7 bands (skips

UNII band) o we [,
100 CIRs from 16 |- | 1 gLoszé to 10 ||
each of CM1 — B3| Rms
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System Performance
128.4Mb/s — Two Rake Teeth

7 bands (Sk|ps . Median distance at which BER = 1e-5

UNII band) 13.6 | | B LOS004
100 CIRs from | o NLOS 41010
each of CM1 — I Rms 25
CM4

200 packets or
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Path-loss 5

exponent of 5r

2.0 in all cases

BPSK, 4-rate
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2 Rake teeth 0

CIR Category
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System Performance
256.7Mb/s — Two Rake Teeth

7 bands (Sk|ps o Average PER vs. Distance, Best 90 Channels

UNII band) & ———
100 CIRs from E——— —

each of CM1 — 1 Iy

CM4

200 packets x e

7dB Noise < // // 7
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exponent of 10 —

2.0 in all cases 7

QPSK, %2-rate — X NLosot4 |
FEC ) 7 'ﬁ g}anc;szg t'o 10

2 Rake teeth % 2 4 6 8 10 12 14 16 18 20

Distance (m)
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System Performance
256.7Mb/s — Two Rake Teeth

7 bands (SkIpS , Median PER vs. Distance
10

UNII band) f =

100 CIRs from o

each of CM1 — /' 7

CM4 / /

200 packets x / / /
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System Performance
256.7Mb/s — Two Rake Teeth

7 bands (Sk|ps Average distance at which PER = 8%, Best 90 Channels

UNII band) o - Bl 05004
100 CIRs from Ll ' B L0840 10 |
each of CM1 — ' Hl Rms 25
CM4 10

200 packets

7dB Noise
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Path-loss
exponent of
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QPSK, Y2-rate 2}
FEC

2 Rake teeth 0 1 > 2

CIR Category

Distance (m)
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System Performance
256.7Mb/s — Two Rake Teeth

7 bandS (SklpS Average distance at which BER = 1e-5, Best 90 Channels
12 T T
UNII band) B LOSO o4

100 CIRs from - B NLOS 4 fo 10
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200 packets °r
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System Performance
256.7Mb/s — Two Rake Teeth

Median distance at which PER = 8%

7 bands (skips

UNII band) 2l | | | ] hfg§é°t§4 |
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System Performance
256.7Mb/s — Two Rake Teeth

7 bandS (SkIpS Median distance at which BER = 1e-5
12 T T T |
UNII band) B LOSO o4

100 CIRs from 10.0 B NLOS 4t 10
each of CM1 — I I Rms 25 "
CM4

200 packets
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QPSK, Y2-rate
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2 Rake teeth
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Comparison of 1- and 2-fingered
RAKE performance

Average Distance (in meters) At Which 8% PER is Attained

128.4 Mo/ s 256.7 Md/s
1 finger 2 fingers 1 finger 2 fingers
CML 15.3 17.7 9.9 12. 2
cwe 13.3 16.0 8.1 10. 8
CcMv3 10. 7 13.6 5.2 8.5
cva 5.3 7.7 1.1 3.2
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Simultaneously Operating Piconets

Goal is to evaluate uncoordinated piconet
channelization in multipath

Evaluation on-going
N = 1 interferer case examined here

Five different sets of CIRs for the reference link are

being used:
— Freespace

— To make simulation times feasible, “representative channels” from CMs 1-4
were chosen based on the quintiles of System Performance results:
« CM1 representatives

_ CIRs 3.59. 83.81. and 40  These representative channels were

e CM2 repres’entétiv’es ’ used as the reference links for the
— CIRs 8, 56, 42, 31, and 58 SOP simulations -

. CM3 representatives  The quality of the reference link will
_ CIRs 26. 39 11. 60. and 62 impact SOP performance. This

e CM4 represe’ntaiive’s ’ procedure allows us to quantify this
— CIRs 64, 79, 18, 52, 57 effect.
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Choosing the Reference Channels

Choice based on
System Performance
Results

Link distance at which
8% PER was attained
IS recorded for each
CIR in each CM.

CDF of the 8% PER
distance constructed

Representative
channels from each
CM are the quintiles
of the corresponding
CDF

percent

100

90

80

70

60

50

40

CDFs of 8% PER Distance for CMs 1-4

System Performance Results
7 Band, BPSK, R =%, 128.4 Mb/s

CM4 / ef

— O3 |y—— CM1

CM1
CM2
® CM3
CM4

5.00 10.00 15.00 20.00 25.00

distance (m)

30.00
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Simultaneously Operating Piconets

 Freespace reference link simulated against all
300 CIRs from CMs 1-3 as the interfering links.

« All other representative reference links were
simulated against 60 interfering links from
channel models 1-4.

— 15 links from each of channel models 1-4.

 Reference link distance is set at half the 8% PER
distance (thus giving us notionally a 6 dB
margin).

 Interfering link is walked In.

e PER s recorded as a function of the ratio of the
Interfering link distance to the reference link
distance.
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Simultaneously Operating Piconets
N = 1 interferer

RefLink Chi=freespace ReflinkDist=15 ModScheme=bpsk 125.4 Mbis

100 fmmmmmgmmmmmm oo oo -= freespaceIB%F'E;? whenldRaﬂD=ID.3? H

) S S A O A S S ]

) S S S I SO S SO NS SN S |

Num. Bands 7 N A T T A e e |
Modulation BPSK, Ya-rate FEC & oo fieommmdomeecdoe e 4
Data Rate 128.5 Mb/s g """" L o """ o """ """" C F
Reference Link freespace A R W A R T R A R |
Interfering Links freespace 0 .
B - = 21|

] ] ] | ]
og 1 12 14 16 18 2
IntDist/RefDist
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Simultaneously Operating Piconets
N = 1 interferer

RefLink Chi=freespace ReflinkDist=10 ModScheme=bpsk 125.4 Mb/s

I I I I I I
= LO50-4 B8%PERwhend__. =047 H

100 I E I Ratic
50 == MLOS 0-4 8%FPER when dRaﬁD= 049 1
—a- MLOS 4-10 8% PER when dHaﬁf 0.49
I S . e L LT TETErEr EEEErEEEEEEEEE e S —
Num. Bands 7 E1 ] ¥ CETET SETEEEF SEPEERE AREEERRY SRR SR —
. I R (. . Sy Sy PRy Sy -
Modulation BPSK, Y-rate FEC %
T L e X R A el LUr T TF FETRT PR PR .
Data Rate 128.5 Mb/s S ool NN i
0
Reference Link Freespace, 10 m L ¥ Tt e e S S S 7
. . . 2|:| _______________________________________________________ —
Interfering Links All CIRs in CMs 1-3 o
I:|_|| ------- il ? |H | = | | ?
0 0.2 0.4 & 0.s 1 1.2 1.4 1.6 1.8 2
IntDist/RefDist
Average performance
In CMs 1-3
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Simultaneously Operating Piconets
N = 1 interferer

Reflink Chi=LOS 0 _to_ 4 RefLinkDist=15 ModScheme=bpsk 125.4 Mb/is

mn" ------- ;----EI-LOSID-d é%PER'whend'Ramzulaa -
o ; ; U oA NMLOS 04 B%PER when d i =038 |
—o- MLOS 410 B%PER when d_. = 0.41

0 Rms25  B%PERwhend._. =036 |

Num. Bands 7 A T 7 ——
Modulation BPSK, %-1ate FEC £ afrMoreforreioembeordorcdoons e
Data Rate 128.5 Mb/s =0 R A S A A S S
Il e S S M St S
Reference Link CM1, CIR 3 S (S . 3 W SN NN SN SRV NS AN S S
Interfering Links CMs 1-4, CIRS 11-25  20----iBihdrmeemdeme bbb
10 Y. - T :_______i_______J;.______JI_______:.___--.:..___--:. _____ _
0 m.tzz':1.'.".r --------------- . — a

| | | | | | | | |

IntDist/RefDist

100t percentile System

Aver rformance In
Performance CIR erage periormance

CMs 1-4, CIRs 11-25
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Simultaneously Operating Piconets

N = 1 interferer

Num. Bands 7

Modulation BPSK, Y.-rate FEC
Data Rate 128.5 Mb/s
Reference Link CM1, CIR 59

Interfering Links CMs 1-4, CIRs 1-15

80t percentile System
Performance CIR

Reflink Chi=LOS_0_to_ 4 RefLinkDist=8.83 ModScheme=bpsk 123.4 Mb/is

100
a0
Gl
70
60

a0

Packet Error Rate

40
30
20
10

1]

I I I I I I
R --{-= LOS0-4 B%PERwhend._ =063 |

Featio
== MLOS0-4  G%PER whend__. =073

______ W o] Reatio i
A : : —a- MLOS 410 8%PER when dHatil:u: 072

Fms 24 B%PER when do_. =093 H

0 02 04 0B 08 1 1.2 14 16 18 2

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 1-15
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Simultaneously Operating Piconets

N = 1 interferer

Num. Bands 7

Modulation BPSK, Y.-rate FEC
Data Rate 128.5 Mb/s
Reference Link CM1, CIR 83

Interfering Links CMs 1-4, CIRs 1-15

60" percentile System
Performance CIR

RefLink Ch=L05_0_to_ 4 ReflinkDist=8.15 hodScheme=hpsk 128.4 Mbfs

14 N

I I I 1 :
100 |- Blgpaty - -l B LOS 04 B8%PER when dRa’[iuz

50 _ =& MLOS0-4 8%PER whend, , =14 ||

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

__________________

Packet Error Rate

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 1-15
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Simultaneously Operating Piconets
N = 1 interferer

Reflink Chi=LOS_0_to_4 ReflLinkDist=6.44 ModScheme=bpsk 125.4 Mb/is

100 --- II ------- ' 5 0504  B%FER whenldRaﬂflﬂ.B? 3
a0 AL | A NLOSD-4 B%PERwhendo . =12 |

N —a- MLOS 410 8%PER when dRaﬁD= 1.4
B0 f------ae--- i. ----- Rms 25 3%PER when dRmiD: 1.2 H
Num. Bands 7 S R e O s SO SO OO SO
Modulation BPSK, Yo-rate FEC £ sof--oior AR AR oo
Data Rate 128.5 Mb/s el I R L S LA S e S S S ]
I . oy Ay -
Reference Link CM1, CIR 81 S L D CONR |
Interfering Links CMs 1-4, CIRs 11-2¢ 20 froemmedeeneeedee N RN
ST O S PR I_______E_ _____ :_-_--,ﬁ__j___ [ U T SR -
3] SRR RS S S A e £ —

] ] | ] ] ] ] ] ]

] 02 0.4 & 0.a 1 1.2 1.4 16 1.8 2

IntDist/RefDist

40t percentile System

Aver rformance In
Performance CIR erage periormance

CMs 1-4, CIRs 11-25
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Simultaneously Operating Piconets
N = 1 interferer

Num. Bands
Modulation
Data Rate
Reference Link

Interfering Links

y
BPSK, Y2-rate FEC
128.5 Mb/s

CM1, CIR 40

CMs 1-4, CIRs 81-95

20t percentile System
Performance CIR

RefLink Ch=L05_0_to_4 RefLinkDist=552 hodScheme=bpsk 128.4 Mbfs

16

I I I I I
100 |- - By - F--| 4 LOS 04 B%PER when d
; PO —&- MLOS 0-4

Ratic
B%PER when dRatiuz =

0N

Packet Error Rate

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 81-95
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Simultaneously Operating Piconets
N = 1 interferer

RefLink Ch=MNLOS 0 _to_ 4 RefLinkDist=15 hodScheme=bpsk 1254 Mb/s

100 ' ' {3 L0504  B%PER when dIRaﬁD=DI_5d H
ook W —& NLOS0-4  B%PER when do_ =061 |

: —o- NLOS 410 8%PER when dp_ = 0.82
a0 Rms25  8%PERwhend_ =051 H
Num. Bands 7 ol AV T i
Modulation BPSK, Yo-rate FEC  § ool b
Data Rate 128.5 Mb/s rol R N (S N S SR S
T Al R e A S S A
Reference Link CM2, CIR 8 SN I A L T e
Interfering Links ~ CMs 1-4, CIRS 11-25 20N Ao boone bbb
L P T S VI R L R SR SRS
R R T SR a

] ] | ] ] ] ] ] ]

o 02 04 06 08 1 12 14 16 18 2

IntDist/RefDist

100t percentile System

Aver rformance In
Performance CIR erage periormance

CMs 1-4, CIRs 11-25
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Simultaneously Operating Piconets

N = 1 interferer

Reflink Ch=MNLOS 0 to 4 RefLinkDist=5.352 ModScheme=bpsk 128.4 Mb/s

100 : I I -EI- LOS ID-fi é%F‘ERIwhen leatioz EII.?'fi M
a0 = MNLOS0-4  B%WPER when dRatioz 072 1
— MLOS 410 8%PER when dRaiiu:uz 0.74
a0 Rms 25 8%FPER when dRaﬂD= 095 H
Num. Bands 7 . i |
Modulation BPSK, %-rate FEC & a SRR SN SRS VOO0 UV SOV SO O _
Data Rate 128.5 Mb/s ”E =0 """""""""""""""""""""" i
= 40 S N N S S -
Reference Link CM2, CIR 56 O S SOV L. \ N S TS SOV OO MU AU |
Interfering Links ~ CMs 1-4, CIRS 1-15  20f-deeeeedoons bbb .
(1) SURSS FSS SIS OIS RIS PN S S .
1 P g S e a
| | | | | | | | |
] 0.2 0.4 0.6 0.8 1 1.2 1.4 16 18 2
IntDist/RefDist
80™ percentile System Average performance in
Performance CIR Je b
CMs 1-4, CIRs 1-15
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Simultaneously Operating Piconets
N = 1 interferer

Num. Bands
Modulation
Data Rate
Reference Link

Interfering Links

y
BPSK, Y2-rate FEC
128.5 Mb/s

CM2, CIR 42

CMs 1-4, CIRs 51-65

60" percentile System
Performance CIR

Reflink ChW=MNLOS 0 to 4 RefLinkDist=6.62 ModScheme=bpsk 128.4 Mb/s

100 }---

Ratio
a0 -------E--- X ------E---- —t= MLOS 0-4 B%PER when dRatiD=1'3 1
' \ ' —a- MLOS 410 8%PER when dRatiu:u: 1.2
0] IO Rms25  B%PERwhend_ =11 [

Packet Error Rate

I I I I I
1o ---{- LOS0-4  B%PER when d

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 51-65
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Simultaneously Operating Piconets
N = 1 interferer

Reflink ChW=MNLOS 0 to 4 RefLinkDist=6.02 ModScheme=bpsk 128.4 Mb/s

100 |- - ------- [ L0304 B%PER whenldRaﬂfIDBB |
b DN NG i NLOS 04 8%PERwhend. . =17 ||
PN |- NLOS 410 8%PER when d_ =13
2 0] ERURS S J 5. Rms25  B%PERwhend_ =14 [
Num. Bands 7 - _ ______ : A A R i
Modulation BPSK, Ya-rate FEC = B f0f-rmmioeoeedon e N bbb
Data Rate 128.5 Mb/s Pl R S R VA W AN S A S ]
AN A
Reference Link CM2, CIR 31 ool NN RN |
Interfering Links CMs 1-4, CIRs 51-65 20 f-eemmed ooeeeS N R RGEEEIE n R S
T TR S S Lo N o] '
] SRS UG SR B S S M- )
] ] | ] ] ] ] ] ]
o 02 04 06 08 1 12 14 16 18 2

IntDist/RefDist

40t percentile System

Aver rformance In
Performance CIR erage periormance

CMs 1-4, CIRs 51-65
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Simultaneously Operating Piconets
N = 1 interferer

Num. Bands
Modulation
Data Rate
Reference Link

Interfering Links

y
BPSK, Y2-rate FEC
128.5 Mb/s

CM2, CIR 58

CMs 1-4, CIRs 81-95

20t percentile System
Performance CIR

RefLink ChM=RNLOZS 0 to_ 4 RefLinkDist=4.22 ModScheme=bpsk 125.4 Mb/s

14

I I I I I
100 1 - Bk -{-= LOS04  B%PER when d__. =
00 Leemeenh NS | 2 NLOS D4 B%PER when deyy=1.4 |

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

_________________

____________________

_______________________

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

Packet Error Rate

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 81-95
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Simultaneously Operating Piconets

N = 1 interferer

Num. Bands 7

Modulation BPSK, Y.-rate FEC
Data Rate 128.5 Mb/s
Reference Link CM3, CIR 26

Interfering Links CMs 1-4, CIRs 81-95

100t percentile System
Performance CIR

Packet Error Rate

RefLink ChM=NLOS 4 to 10 RefLinkDist=15 ModScheme=bpsk 125.4 Mb/s

I I I I I I
100 |-t -4 oo r-{-8- LOS0-4  8%PERwhen d__. =049 -
aol.... __ Wbl | & NLOSO4  B%PERwhen dg =058 ||
R\ | | -~ NLOS 410 8%PER when d._ = 068
B0 -k Rms 25  B%PERwhend,_ =064 H

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 81-95
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Simultaneously Operating Piconets
N = 1 interferer

RefLink ChM=NLOS 4 to 10 ReflinkDist=7.85 ModScheme=bpsk 128.4 Mbis

100 - ' ' ------- ' & LOS04  8%PER whenldRaﬂflﬂ.BE H
a0 N NN N | A NLOS D4 B%PERwhen do . =11 |

; ! | | o~ NLOS 410 B8%PER when do_. = 1.4
1] I WP SN Rms25  B%PERwhend._ =14 |
Num. Bands 7 ol VA T SO S A S

Modulation BPSK, Y-rate FEC & sol-i- i

Data Rate 128.5 Mb/s Pl R S| W S At S A S ]
T ADbA N L. —
Reference Link CM3, CIR 39 I DS U A W NSO TS S A N |
Interfering Links ~ CMs 1-4, CIRS 81-95  20---ireeedeece g e g froveesdroeeeecdeeeee b
10 _______é______J _______ I_______E_ = W O ey, S W S _

O e A SN e e == == S
o 02 04 06 08 1 12 14 16 18 2

IntDist/RefDist

80t percentile System

Aver rformance In
Performance CIR erage periormance

CMs 1-4, CIRs 81-95
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Simultaneously Operating Piconets
N = 1 interferer

RefLink ChM=RLOS 4 to 10 ReflinkDist=5.36 ModScheme=bpsk 128.4 Mbis

100 |- - - Bt - & LOS04  8%PER whenldRaﬂD=1.d H
a0 N | W M, |-a- NLOSO-4  B%PERwhendo . =16 |
Py N | -e- NLOS 410 8%PER when dp . =17

5] PSRN AR VR N Rms 25

Num. Bands 7 A

Modulation BPSK, Y%-rate FEC &

Data Rate 128.5 Mb/s o

Reference Link CM3, CIR 11 i

Interfering Links CMs 1-4, CIRs 81-95

IntDist/RefDist

60" percentile System

Aver rformance In
Performance CIR erage periormance

CMs 1-4, CIRs 81-95
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Simultaneously Operating Piconets

N = 1 interferer

Reflink CM=MLOS 4 to 10 RefLinkDist=4.11 ModScheme=hbpsk 125.4 Mbis

100 |-

a0

Num. Bands 7 iz
Modulation BPSK, Ys-rate FEC &
Data Rate 128.5 Mb/s i
= 40

Reference Link CM3, CIR 60 o -
Interfering Links CMs 1-4, CIRs 81-9¢ 20
10

]

40t percentile System
Performance CIR

T I I I I I I
~HE B -8 L0504 .
: —&- NLOS 04 8%PER when dg_ =2

=&~ MLOS 4-10
Hms 25

________________________

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

__________________________________

__________________________________________________________________

_____________________________________________________________________

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 81-95
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Simultaneously Operating Piconets

N = 1 interferer

Reflink ChM=NLOS 4 to 10 ReflinkDist=3.26 ModScheme=bpsk 125.4 hhis

100
a0
a0

Num. Bands 7 -
Modulation BPSK, Y-rate FEC  E
Data Rate 128.5 Mb/s i

- 40
Reference Link CM3, CIR 62 o -
Interfering Links CMs 1-4, CIRs 81-95 20

10

1]

20t percentile System
Performance CIR

! ! T I I I I I I
----- B B LOS04 B%PER when dp =15 1
.

_______ LN N === [NLOS 0-4 B%PERwhendRaﬁD= 1

; : : =& [LOS 4-10
_ ...... Hms 25

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 81-95
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Interpretation of SOP results

e Quality of reference link has more impact on
SOP performance than nature of interfering

channel:
Average 8% PER Distance Ratios from Simultaneously Operating Piconet Test
Ref. |ink Reference link from ...

Sys. Perf. Rank ML cve CMVB
100t percentile 0. 38 0. 64 0. 60
60" percentile 1.4 1.15 1.63
20th percentile 1.65 1.55

* This suggests mitigation strategies...
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Strategies for Enhanced Channelization In
Harsh Environments

e If there Is significant fading on several
bands, simply dropping the faded bands
IS an option

* For very severe multipath and/or near-
far scenarios, use FDMA option

* Both strategies can yield dramatic
iImprovement in SOP performance...

Submission Side 114 Time Domain Corporation



March 2003

doc.: |EEE 802.15-03/144r0

Performance before dropping weak bands...

Num. Bands
Modulation
Data Rate
Reference Link

Interfering Links

y
BPSK, Y2-rate FEC
128.5 Mb/s

CM1, CIR 40

CMs 1-4, CIRs 81-95

20t percentile System
Performance CIR

RefLink Ch=L05_0_to_4 RefLinkDist=552 hodScheme=bpsk 128.4 Mbfs

16

I I I I I
100 |- - By - F--| 4 LOS 04 B%PER when d
; PO —&- MLOS 0-4

Ratic
B%PER when dRatiuz =

0N

Packet Error Rate

IntDist/RefDist

Average performance in
CMs 1-4, CIRs 81-95
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Performance after dropping weak bands...

Reflink Chi=LOS_0_to_ 4 ReflLinkDist=5.52 ModScheme=bpsk 73.37 Mb/is

I I I I I I
= L0504 B%PERwhend__. =085 n

Reatio
== MNLOS0-4  8%PER whend__. =073

100

Ratio o
o0 —o NLOS 410 8%PER when & = 0.92
Num. Bands 4(0,2,6,7) a0 Rms25  B%PERwhend =08 [

Modulation BPSK, Y-rate FEC .
Data Rate 73.4 Mb/s 5
Reference Link CM1, CIR 40 %

Interfering Links CMs 1-4, CIRs 81-95
(interferer still
transmitting on all

bandS) ] ] | ; hi ] ] ] ]
1] 0.2 0.4 0.6 0.s 1 1.2 1.4 1.6 1.8 2
h . IntDist/RefDist
20t percentile System
Performance CIR Average performance in
o SOP performance now CMs 1-4. CIRs 81-95

comparable to 80" percentile CIR
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Performance after FDMA...

Reflink Chi=L03 0 to 4 ReflinkDist=5.52 ModScheme=gpsk 146,75 Mb/s

100 : I : —EI-LDSIIII—ﬂf BI%F'ERIWhen leaﬁD=Ell.33 M
== MNLOS 0-4 B%FPER when dRatiu:.:D'M 1
a0 -~ NMLOS 410 8%PER when I:IHaﬁD=EI.36
Num. Bands 4(0,2,6,7) a0 oo Rms25  B%PER whend_ =037 |
Modulation BPSK, Y2-rate FEC - o """ ]
£ SRR 1RSSR S S SN NS SO S
Data Rate 146.75 Mb/s S VO L L N L ]
Reference Link CM1, CIR 40 ] T T
Interfering Links CMs 1-4, CIRs 81-95 A0 """ ]
(interferer Sl T s e S R
transmitting on 10 A VN e s E N A
bands 1,3, 5 it St e et s .
0 0z 0.4 0.6 0s 1 1.2 1.4 16 1.8 2
th c IntDist/RefDist
20t percentile System
Performance CIR Average performance in
« SOP performan_ce now comparable CMs 1-4, CIRs 81-95
to 100t percentile CIR
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SOP Summary

« TFMA as implemented provides 8-10 dB of
Isolation (17-dB coding isolation, reduced by
rectified cosine envelope, 437-MHz band
spacing, etc.) between piconets in freespace.

« Multipath will decrease piconet isolation.

« TFMA can be enhanced by dropping severely
faded bands in a multipath environment.

« FDMA techniques will be utilized in severe
near/far cases.
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Signal Acquisition
Acquisition Thresholding Algorithm

e During Threshold Timeout and Coarse Optimize the time-
frequency space is searched serially while the Barker
rotation space is searched in parallel

 During Threshold Timeout energy is calculated at each
search location for ALL possible rotations of the Barker
sequence

e Transition from Threshold Timeout to Coarse Optimize is
made when the threshold equation is satisfied

__Max Energy from all Barker rotations o, .

Average Energy from other Barker rotations
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Signal Acquisition
Acquisition Thresholding Algorithm

e During Coarse Optimize the entire time
frequency sequence is searched to find the
location and Barker rotation which maximizes
energy

e During Fine Optimize one chip time interval
around the Coarse Optimize maximum
energy location is searched using only the
Coarse Optimize winning Barker rotation
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Signal acquisition
P(detect) vs. P(false alarm): multipath channels
link distance = 10 meters

Protabiity of Detect vs, Probabilty of False Alarm

o
Num. Bands 7 68
Reference Link 10 m “
Path Loss 2 for all CIRs
Exponent g
6 j-EI:'!
3.
x|
Channel Models All 400 CIRs from 03
CMs 1-4. Average of
best 90 from each =
CM- 01+ : LOS 0=4

P(false alarm)
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Num. Bands
Reference Link

Path Loss
Exponent

Channel Models

Signal acquisition
P(detect) vs. P(false alarm): multipath channels
link distance = 4 meters

4 m

2 for all CIRs

P(detect)

All 400 CIRs from
CMs 1-4. Average of
best 90 from each
CM.

1 F
0.9
0.8k

0.7

061

.5 -

0.4

Frobability of Delect vs. Frobabiity of False Alarm

— L5 04
— WLOE D4
m— LS 410
RAES 25

1

1
0.3

0.4 0.5 0.e a7 0.4 LR

P(false alarm)
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Coexistence

« UWB impact on 802.11a, 802.11b, 802.15.1, 802.15.3,
and 802.15.4 assessed.

« AWGN analysis
« UWB device appears noise-like to victim receiver

e Determined “802.15.3a Coexistence Mask”

 Emission limits necessary to meet “minimum” and
“desired” coexistence criteria from Selection Criteria
document.
 Assessed filtering required for our waveforms to
meet coexistence mask

« Banded approach naturally reduces emissions in the
selected bands thereby reducing the additional
filtering needs in the 802.15.3a radio implementation
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Coexistence Calculations

WirdessSavice| 802.11b 802.15.1 802.15.3 802154 802.11a
Feuacy of Opaaion(GHz)|  24-2434 24-2434 24-2434 24-2484 515-536
ModType| DSSSCCK GX DOPXK OQIK BPX
Wirdess Recaive AntennaGain (dBi) 0 0 0 0 0
Wirdess Savice Rec. NF (dB) 0 3 ©r 15 10
WirdessSaviceNBW (MHz) 2 1 r 25 166
KT@esec(BmMH2) -174 -174 -174 174 -174
Wirdess Savice Rec. NoissHoor (0Bm) 9053 9100 9121 B2 9180
DaaRate(Mb/s n 1 2 05 6
Wirdess Savice Implementaion Loss (dB) 4 3 4 5 5
Wirdess Savice Coding gain (dB) 0 0 0 5 51
WirdessSaviceBER 10006 1006 10006 10006 1006
WirdessSaviceE/NO ge(B) 106 180 120 100 9.6
Wirdess Savice Rec. Sandtivity (0Bm) noUWB -75.98 -70.00 -75.21 -85.02 -82.30
UWB BRP(BmMMH2) Minmum GitgiaMask (*1) 613 613 613 613 538
UWB B RP (dBmMH?2) Dedred QitaiaMak (*1) 69 69 659 659 4.3
FOC Handndd UWB BIRPLinit ((BBmMH2) 613 613 613 613 413

Wirdess Savice Rec. Sanstivity (dBm) with Minumum GriteiaUWB

Wirdess Savice Rec. Sendtivity (dBm) with Desred CriteriaUWB

Notes

*1) The EIRP dengty vdues arethe amdlest va ues of acomparison between the FCC handndd limit and the individud wirdess sarvice coexigtence

cdculaions.
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Coexistence Mask

™

FCC Indoor Emissions Mask

FP= = m = om
bt = m  m m

\ ™

UNII notch for “minimum
criteria” coexistence

EIRP (dBm/MHz)
3

-70

ISM notch for “minimum
criteria” coexistence

UNII notch for “desired
criteria” coexistence

ISM notch for “desired

-75

criteria” coexistence

'8() T T T
1.000 2.000 3.000 4,000 5.000 6.000 7.000 8.000 9.000 10.000 11.00C
Frequency (GHz)
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Coexistence
Bluetooth IEEE 802.15.1

802.15.3a I mpact to 802.15.1 Receiver Sensitvity
10 &

2 ~
[ 0 TT T
@ \
5 2
q;’ S Receiver Sensitivity Impact
g = -10 at

m ~
> c &
Oht
; . \\ I = UWB AWGN Interference Power re Receiver Sensitivity
< 9 Q -20 N

> 3
S o N
c>5 o -30 o
0 . e ——
; 40 ]
-]

-50 = v
0 0.2 04 0.6 08 1 12 14 16 18 2
Distance from Receiver, dint, (m)
UWB AWGN Power in Receiver's Bandwidthre (-70dBm)  — — Receiver Sensitivity Impact re (-70 dBm) Receiver Sensitivity
—H— Desired Criteria Distance Minimum Criteria Distance
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Coexistence

IEEE 802.15.3

802.15.3a I mpact to 802.15.3 Receiver Sensitivity

20 &
AN
15 hY
10 \\ L ) o
~N Receiver Sensitivity Impact
5 =—

T — —
| —

(Puwe — Prx)
vl

I = UWB AWGN Interference Power re Receiver sensitivity

UWB Equivalent AWGN Power Relative
to Receiver Sensitivity

—+H—Desired Criteria Distance

15 ‘\
\\
[ ——
-25 —
-30 = -
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2

Distance from Receiver, dint, (m)

UWB AWGN Power in Receiver's Bandwidth re (-75 dBm)

— — Receiver Sensitivity Impact re (-75 dBm) Receiver Sensitivity

Minimum Criteria Distance
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802.15.3a Impact to 802.11b Receiver Sensitivity
15 AN i
° \
E 10 ™~ s Receiver Sensitivity Impact
© ~
G ~/
v4 5 a4
—_ >N R R— —
o = —
g 2 0 \ S -
o =
Qv ’E \ I = UWB AWGN Interference Power re Receiver sensitivity
Z G a \
ON 7 -5 N
= 5 o \ /
< > % -10 - \\
c O
o9
c_>5 8:) -15 \\\
% -25
_30 m ]
0 0.2 0.4 06 038 1 12 14 16 18 2

—+H—Desired Criteria Distance

Distance from Receiver, dint, (m)

UWB AWGN Power in Receiver's Bandwidth re (-76 dBm)

— =— Receiver Sensitivity Impact re (-76 dBm) Receiver Sensitivity

Minimum Criteria Distance
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Coexistence
IEEE 802.11a

802.15.3a Impact to 802.11a Receiver Sensitivity

15 =
\

o 10 \
>
E \\ Receiver Sensitivity Impact
§ 5
s ~ ‘Z
G;)E o '—.“-—————_._ —— ——
o +
o0 3 \ . e
=z S D[_§ \ | = UWB AWGN Interference Power re Receiver Sensitivity
g“’ | -5 N
<9 % N
- = 5
c o | -10 =
Lo
ERs -15 S ~—_
LIDJ- \
% \\.

_25 (|
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Coexistence
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Coexistence

Microwave Oven as Victim Receiver

Popcorn prepared with Popcorn prepared with
UWB transmitter 0.1 UWB transmitter 100
meters from microwave. meters from microwave.

Research staff determined that both bags popped nicely and
tasted great.
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Filtering Required in Band Plan to
Meet All Coexistence Criteria

[ | |
& 8

E.I.R.P. Average PSD(dBm/MHz)
283 3@ 84 8

e Less than 15 dB of additional attenuation needed In
ISM and UNII to meet all coexistence criteria.
* Filtering necessary only to attenuate band side-lobes.
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* Negligible effect on link budget performance.
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Interference Susceptibility Analysis

o Susceptibility to interference from the following

devices assessed:
 |[EEE 802.11 a, IEEE 802.11 b, IEEE 802.15.4, Bluetooth, Microwave oven,
Generic In-Band Tone and Modulated Interferers.

. AnaIyS|s method for non-generic interferers

Interference models were incorporated into the simulator and RF front-end attenuation
factors were determined for each interferer

 The simulations were carried out using a receiver template with a rectangular
envelope

« Signal linearity with very wide dynamic range was assumed

« Simulation results using an RF front-end filter and with mixer limitations will be
presented in May

. Analy5|s method for generic interferers

Interference models were incorporated into the simulator and the received power of
the interferer was varied for different center frequencies

« There was agood correspondence between the receiver template frequency response
at the center frequency of the interferer and the observed performance

 The analysis was done assuming the sub-band overlapping with the interferer will not
be used

» The effect of not dropping the overlapping sub-band was also analyzed
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Interference Susceptibility
|IEEE 802.11a Interferer
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Interference Susceptibility
IEEE 802.11b Interferer
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Interference Susceptibility

Attenuation requirements for the RF Front-End
1. Microwave Oven Interferer
e Minimum Criteria: 27 dB
2. Bluetooth/ IEEE 802.15.1 Interferer
e Minimum criteria: 6.5 dB
 Desired criteria: 16.9 dB
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Interference Susceptibility
IEEE 802.15.4 Interferer

Attenuation requirements for the RF Front-End

1. 802.15.4 a:
e Minimum criteria: 12 dB
 Desired criteria: 22.4 dB
2. 802.15.4 b:
e Minimum criteria: 13.6 dB
 Desired criteria: 24.0 dB
3. 802.15.4 c:
e Minimum criteria: 7.3 dB
 Desired criteria: 17.7 dB
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Interference Susceptibility
Generic In-band Tone Interferer
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Interference Susceptibility
Generic In-band Modulated Interferer
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Location awareness

 Ranging accuracy in any UWB system
IS determined by how reproducibly the
leading edge of an arriving signal can
be determined.

 The envelope of the arriving carriers In

this proposal will have a rising edge of
(at most) 2 nanoseconds.
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 Implementation Considerations
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Power Management

 The proposed Multi-band Alt-PHY will support
the power-save modes of 802.15.3

— Device States
« AWAKE
« SLEEP

— Power Save Modes
e ACTIVE
e PS
e SPS
« HIBERNATE
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Power Consumption: Discussion

e Power consumption estimates are based on
SPECTRE™ analysis of circuits implementing
the proposed design.

 There are numerous opportunities for power
savings by degrading performance; however
this increases packet re-transmissions and
Increases power consumed.

 The best power saving strategy is to establish
a reliable link, move the data, then turn the

radio off.
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Power Consumption

Power Mode Activity Power
Consumption
Idle On state awaiting Tx and Rx 100 mW
4 commands
Tx/RX Preparing for Tx or RX, 80 mW
Prep programming registers
ACTIVE Active Rx Receiving @ 128.5 Mbit/sec 275 mwW
Stf;te < (with Yo-rate FEC)
Modes ) . :
Active RX | Receiving @ 257 Mbit/sec 325 mW
(with Y2-rate FEC)
Active Tx | Transmitting ( any data rate ) 190mW
SLEEP N CCA Clear channel assessment 225 mW
State —» power save | Power save mode 20 mWw
Mode
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Power Consumption Roadmap

Power to Receive at 128 Mbit/sec
7-Band Radio

SiGe CMOS Total
Power Power power

195 mw W | 275 mW
2003: 120 GHz siGe & .13u CMOS P mW | 80m m

200 5 _ 130 MW | 80 mW* | 210 mW
- advanced SiGe & 90 nm CMOS

* CMOS power consumption is unlikely to improve with the 90 nm process
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Power Consumption

o “Milliwatts consumed” is not the whole story.

The appropriate metric Is power per megabit
transferred.

 The above metric is observed by the
consumer as battery life.

 The next slides give the percentage of battery
used for example applications.
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Power Consumption
Camera Application

e Put a 375mW radio (including DME & MAC)
Into a digital camera.

 Take 300 photos (384 MByte of data).

 Download photos over the UWB link to a
computer or printer. This is 48 seconds @
128 Mb/s (allowing 100 % overhead for

packet management).

* 48 seconds is 0.6% of the battery life of a pair
of AAA cells (at 250 ma current draw).

=» The radio power consumption has an
Insignificant impact on battery life.
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Power Consumption

PDA Application
e Puta 375 mW radio (including DME & MAC) into a

PDA.

« Assume a 16 MByte transfer with every hot sync.
(very high estimate)

 Assume 20 hot syncs a day (320 MByte of data).

e Use the UWB link for all hot syncs. This is 40
seconds @ 128 Mb/s (allowing 100 % overhead for
packet management).

e 40 seconds is 0.5% of the battery life of a pair of
AAA cells (at 250 ma current draw).

=>» The radio power consumption has an insignificant
Impact on battery life.
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Power Consumption
MP3 Player

e Put a 375mW radio (including DME & MAC)
Into an MP3 player.

« Assume a 256 MByte transfer (4 hours of
music @ maximum sound quality)

e Use the UWB link for 32 seconds @ 128 Mb/s
(allowing 100 % overhead for packet
management).

e 32 seconds is 0.4% of the battery life of a pair
of AAA cells (at 250 ma current draw).

=» The radio power consumption has an
Insignificant impact on battery life.
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Power Consumption
Digital Video Recorder

e Puta 375mW radio (including DME & MAC)
Into a Digital video recorder.

 Assume a 1 GByte CompactFlash card

 Use the UWB link to download the entire CF
card. Thisis 2 minutes @ 128 Mb/s (allowing
100 % overhead for packet management).

e 2 minutes @ 100 ma is 0.4% of the battery
life of a typical 7.2 volt Lithium rechargeable

=» The radio power consumption has an
Insignificant impact on battery life.
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Summary of Applications

Application Data Battery | battery life
transfer |assumption| decrease

Digital still 384 Mbyte |2 AAA cells 0.6%
camera 300 photos

MP3 player | 256 Mbyte |2 AAA cells 0.4%

4hrs of music

PDA 320 Mbyte |2 AAA cells 0.5%
20 hot-synchs

Digital video| 1 Gbyte |7.2V Lithium 0.4%

recorder Largest CF | rechargeable
made
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Complexity - PHY

e The Multi-band approach is implemented
using conventional radio techniques

 The implementation challenges have to
do with managing the wide dynamic
range of signals at the antenna and are
common to all UWB systems

Submission Slide 152 Time Domain Corporation



March 2003

doc.: |EEE 802.15-03/144r0

Size and Form Factor

Development path

Standalone radio approx. 1.5"x3.5"x3/8”

Laptop-friendly design; 1.5” x 2” radio module,
flexible connection to 1.5” sq antenna

Memory stick / Compact flash radio

SDIO radio
Form Factor | Generation 1 | Generation 2 | Generation 3
PC Card Y, \ Y
Compact Flash \Y; \Y; \Y;
Memory Stick Vv Vv
SD Memory \'
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Complexity — Silicon Processes

* Phy processes & critical features

— Digital portion

e 0.13 micron CMOS
— Analog portion

e 120 GHz SiGe

— Off-Chip Filters
e LTCC
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Complexity — Gate Count

» Gate count estimate

- Digital: 200 to 300k gates
* Transistor Count

- Analog: 2k
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Complexity — External Components

 Only two significant off-chip components
are required for the PHY

- Reference oscillator
- Cheap/easy

- RF filter

- LTCC or equivalent
- Better performance
- Higher yield
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Complexity - Die Size

e 4.5mm x 4.5mm for combined
analog and digital functions in
silicon

« 5 mm x 5mm for passive filter
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Complexity — MAC Enhancements

* Proposed enhancements have little
impact on the MAC implementation

— Few additional commands

— New IEs and PIBs have minimal impact on
MAC memory requirements

— Biggest impact will be MAC speed required
to support the data rate capabilities
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Antenna Practicality
o 3 cm g Match =
PCB 'y sl
1% - 4 - . -
4-band radio T e "
(bands 0,1,2,3) :
Antenna jeom .l
Conductors = J
Gain =2
B
1
o, 2
Design Specifications o i
Design criteria Parameter
Size Approximately 3cmx 3cm
Frequency Range 3.2GHz-5.1 GHz
Match Return loss> 10 dB
Gan > 0 dBi
Pattern
Integration on The antenna can be embedded in the
Board PCB of theradio
PCB Material FR4
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Antenna Practicality
o 3 cm g Match =
PCB 'y e
1% - 4 - . -
7-band radio T e "
(bands 0,1,2,3,5,6,7) :
Antenna jcm "
Conductors =
Gain =2
B
1
o, 2
Design Specifications o i
Design criteria Parameter
Size Approximately 3cmx 3cm
Frequency Range 3.2GHz- 6.8 GHz
Match Return loss> 10 dB
Gan > 0 dBi
Pattern
Integration on The antenna can be embedded in the
Board PCB of theradio
PCB Material FR4
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Time To Market

* Implemented using current available
silicon technologies that are mature and

cost-effective.
 No impediments to timely development.

 PHY chipsets available within nine to
twelve months of approval of standard.
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Regulatory Impact

« Banded radio flexibility can
accommodate regulatory requirements
of virtually any geopolitical region

« Radio will conform to all regions
adopting US UWB regulations.

« Radio will meet projected regulatory
requirements of Europe and Japan.
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 Requirements Verification
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Verification Cross-Reference Table

Selection | Title Slide numbers
Criteria
Section
Number
3. General Solution Criteria
3.1 Unit Manufacturing Cost/Complexity
3.2 Signal Robustness
3.2.2 | Interference and Susceptibility
3.2.3 | Coexistence
3.3 Technical Feasibility
3.3.1 | Manufacturability
3.3.2 | Time to Market
3.3.3 | Regulatory Impact
34 Scalability
35 Location Awareness
4. Mac Protocol Supplements
4.1 Alternate PHY Required MAC Enhancements and
Modifications
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Verification Cross-Reference Table p>

Selection Title Slide numbers
Criteria
Section
Number
5. PHY Layer Criteria
51 Size and Form Factor
5.2 PHY-SAP Payload Bit Rate and Data Throughput
5.2.1 | Fpayload Bit Rates
5.2.2 | Packet Overhead
5.2.3 | PHY-SAP Throughput
5.3 Simultaneously Operating Piconets
54 Signal Acquisition
55 System Performance
5.6 Link Budget
5.7 Sensitivity
5.8 Power Management Modes
5.9 Power Consumption
5.10 Antenna Practicality
6.0 Self-Evaluation Matrix
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e Conclusion
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TIME DOMAIN

THE PULSE OF THE FUTURE

www.timedomain.com
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Appendices

e Self-Evaluation
e Frame Definition
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General Solution Criteria

CRITERIA Rer. | MO NG | e
Unit Manufacturing Complexity (UMC) 3.1 B n
Signal Robustness
Interference And Susceptibility 3.2.2 A +
Coexistence 3.2.3 A n
Technical Feasibility +
Manufacturability 3.3.1 A n
Time To Market 3.3.2 A +
Regulatory Impact 3.3.3 A "
Scalability (i.e. Payload Bit Rate/Data Throughput,
Channel i;ation — phys_i cal or code_d, Compl exity_, Range, 34 A n
Frequencies of Operation, Bandwidth of Operation, Power
Consumption)
Location Awareness 3.5 C 0
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PHY Protocol Criteria

CRITERIA REF. IMPORTANCE PROPOSER RESPONSE
LEVEL

Size And Form Factor 5.1 B +

PHY-SAP Payload Bit Rate & Data Throughput

Payload Bit Rate 5.2.1 A +

PHY -SAP Data Throughput 5.2.2 A +
Simultaneously Operating Piconets 5.3 A +

Signal Acquisition 54 A +

Link Budget 5.5 A +

Sensitivity 5.6 A +

Multi-Path Immunity 5.7 A +

Power Management Modes 5.8 B +

Power Consumption 5.9 A 0

Antenna Practicality 5.10 B +
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MAC Protocol Enhancement Criteria

IMPORTANCE PROPOSER
CRITERIA REF. LEVEL RESPONSE
MAC Enhancements And 41 C +
Modifications
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PHY Header Definition

e 2-Octets —equivalent to 2.4-GHz PHY

— 2.4-GHz PHY bits for data rate equated to

modulation for the Multi-band PHY
Proposed Multi-band Alt-PHY Header

Bits Content Description
b1-b0 Reserved for Selects seed for data
seed ldentifier scrambler (if needed)
b4-b2 Frame body Selects 1 of 8
modulation modulation settings
b15-b5 | Payload length Payload length in
octets (limit of 2048)

HCS is sent in the same manner as the rest of the frame, with LSB first.
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Data Rate Calculations

Payload Bit Rate
Payload Bit Rate = Bits_per_Symbol/(Chip_Duration*Chips_per_Symbol)

Bits per Symbol

Frequency Integration No Frequency Integration
BPSK QPSK BPSK QPSK
Coding_Rate/ 2*Coding_Rate/ | Num_Bands*Coding_Rate/ | 2*Num_Bands*Coding_Rate/
Time_Integrate | Time_Integrate | Time_lIntegrate Time_Integrate

PHY-SAP Throughput relation to frame component durations
Multi-frame - 5 consecutive, No-ACK frames:

PHY_SAP_Throughput = 5*Frame_Body_bits /[T_Initial_Preamble+T_SIFS +
4*(T_Continuous_Preamble+T_MIFS) + 5*(T_Frame_Body+T_MACHDR + T_PHYHDR+T_HCS+T_FCS)]

Single-frame:

PHY_SAP_Throughput = Frame_Body_bits /[T_Initial Preamble+T_SIFS +
T _Frame_Body+T _MACHDR + T_PHYHDR+T_HCS+T_FCS)]
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