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Scope

This draft defines a new millimeter wave (mmWave) based alternative
physical layer (PHY) for the existing 802.15.3 Wireless Personal Area
Network (WPAN) Standard 802.15.3-2003 and Standard 802.15.3b-
2005, and enhancements to Medium Access Control Layer (MAC) to
enable operation in the mmWave, with multi-Gbps throughput.

The draft is composed of three parts: Common rate (CR) and Mandatory
rate transmission, Single carrier (SC) transmission and OFDM
transmission modes. The common rate is introduced to realize DAA
(detection and avoidance) accurately and to protect interference
vulnerable video transmissions from interference, and SC
transmission modes are intended to cover various applications from
low to high bit rate applications more suitable for power limited and in
near LOS environments whereas OFDM transmission systems are

more suitable for high bit rate transmissions over limited bandwidth
and in non-LOS environments.

The proposed SC and OFDM transmission systems employ
homogeneous frame format and parameters including the sampling
clock frequency, preambles, cyclic prefix and so on which will allow
vendors implement dual mode terminals in a very straight forward
way and eventually lower product cost.

Submission Slide 8 Various Authors, TG3c Proposal
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Conditions to Merge

1. The same channel plan to avoid interference
efficiently — 3 (4) channels over 7 (9) GHz

2. The Common rate (50 Mbps single carrier)
communication capabillity to avoid interference
accurately - to ensure interference free
operation through DEV-DEV communication
which could be done by detection-and
avoidance (DAA) with much lower accuracy

3. The Mandatory rate to meet
PAR: 1 Gbps or higher transmission
— 1.5 Gbps in Single carrier mode

Submission Slide 9 Various Authors, TG3c Proposal



November, 2007 doc.: IEEE 802.15-07-0934-01-003c

1. Same Channel plan: full-rate (2GHz)

A1 57.240 58.320 59.400

A2 59.400 60.480 61.560

A3 61.560 62.640 63.720

A4 63.720 64.800 65.880
< 2160 MHz

MHz

Ch

57 58 59 60 61 62 63 64 65 66

10
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1. Same Channel plan: Half-rate (1GHz)

B1
B2
B3
B4

57.78
59.94
62.10
64.26

2160MHz

58.32
60.48
62.64
64.80

58.86
61.02
63.18
65.34

11
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2. Common rate (50 Mbps) communication

« Common rate:
- a base rate single carrier (SC) transmission
- mandatory for all devices except non-PNC capable OFDM or non-PNC
capable OOK devices
-a bridge to realize coexistence and interoperability between SC
and OFDM, OOK and also functions
- the most robust performance in all transmission modes,

- a long transmission range with “omni” * antennas in both LOS
(AWGN) and NLOS channels without any equalization

- 10 m (TX and RX antenna gains are 4 dBi) in LOS (AWGN)
- 10 m (TX and RX antenna gains are 4 dBi) in NLOS

- used for beaconing and signaling for association /
disassociation, beam forming, and channel probing

- employs p/2-BPSK and Reed Solomon (RS) (255, 239) and Golay
code of 64 chips (equivalent spreading factor: 32),
- can be easily implemented

- extra protection designed for preamble and header of the Common

mode to further increase its robustness for a “fallback mode”
Submission Slide 12 Various Authors, TG3c Proposal
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2. PHY parameters for Common rate

Channel separation

Basic transmission
scheme

Multiple access scheme
Chip rate
Root raised cosine filter
Antenna

2160 MHz

Single Carrier (SC) transmission

TDMA/CSMA

1728 MHz
Roll-off factor =0.25

TX and RX antennas each with 4 dBi gain (8 dBi in total)

| PHvPreamble Payload

Modulation

FEC scheme

PHY Preamble

Code spreading

Information data (octets)

Information data rate
(Mbps)
Operating range

/2 BPSK/(G)MSK

RS(37,21) (Shorten
N/A code of RS(255,239)
(Coding rate = 0.57)

Long preamble including SYNC and
channel estimation (CE) sequences
SYNC: 36 repetitions of Golay code of
128 chips

CE sequence (CES): 4 repetitions of
Golay code of 256 chips

N/A

Golay code of 64 chips

A (equivalent SF: 32)
(PHY header :10 + MAC

N/A header: 10+ HCS:2).
Total: 22

N/A 30.0

10m in both LOS (AWGN) and NLOS (CM 2.3) channels

RS(255, 239)
(Coding rate =
0.9373)

N/A

Golay code of 64
chips (equivalent
SF: 32)

Payload: 0-65531 +
FCS: 4

50.6

Submission
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2. Common rate (50 Mbps single carrier) communication

capability required for all SC devices and PNC
capable OFDM or OOK Devices

« All 802.15.3c compliant PNC capable devices shall
support dependent piconets both as a parent PNC and
as a dependent PNC. A DEV may start a dependent
PNC as described in 8.2.5 and 8.2.6. enable
communications with and among entities that do not
support common rate

A PNC capable OOK/OFDM device can become a
member of an existing piconet. This PNC capable
OOK/OFDM device can borrow a time slot in CTA and
create a child piconet in which other non-PNC capable
OOK/OFDM devices can enjoy OOK or OFDM piconet
communications respectively.

Submission Slide 14 Various Authors, TG3c Proposal
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3. Mandatory rate (single carrier) required for
all SC devices and PNC capable devices only

To meet “PAR: 1 Gbps or higher transmission”
-1.5 Gbps (PHY-SAP)
In Single carrier mode
Transmission range: 5 m in LOS environments
Based on Common rate transmission capability

Submission Slide 15 Various Authors, TG3c Proposal
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3. Mandatory Rate Major Parameters

« Mandatory low rate (MLR) is a mandatory data transmission which
shall be supported by all SC and PNC-capable devices.

 MLR is defined to fulfill the 1.5 Gbps data rate as required in PAR.

| PHY Preamble Payload
Modulation n/2 BPSK / (G)MSK
FEC N/A (RCS(;((??H zi’);lte _ RS(255, 239)
scheme g - (Coding rate = 0.9373)
0.57)
SYNC: 32 repetitions of Golay code of 128
chips
Or
PHY . -
SYNC: 16 repetitions of Golay code of 128 N/A N/A
Preamble chi
ps
SFD: 4 Golay codes of 128 chips
CES: 2 Golay codes of 256 chips with both
cyclic prefix and postfix
Suleis N/A
spreading
(mandatory) with pilot
word length 0, 16 (default),
Data burst 32 and 64
length M 64 (optional) with pilot
word length 32, 64, 96 and
128

Submission Slide 16 Various Authors, TG3c Proposal
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Long or medium
preamble

3. Frame configuration

Frame header (22 octets) (PHY
header (10 octets) + MAC header
(10 octets) + and HCS(2 octets))

Frame payload(0~65531 octets) +
FCS(4 octets)

PHY Preamble (Long)

Frame header (with pilot word)

Payload (with pilot word)

17

Submission

Slide 17

Various Authors, TG3c Proposal



November, 2007

doc.: IEEE 802.15-07-0934-01-003c

3. SC PHY mandatory parameters

Parameters Specification
Common Rate (CR) Mandatory Low Rate (MLR)
PHY-SAP data rate 50.2 Mbps 1506.6 Mbps
Channel separation 2160 MHz
Chip rate 1728 MHz
Modulation n/2 BPSK
Burst length 256 chips

PHY preamble

Header rate

Frame Header

Frame payload

Long preamble: 36 Golay codes of 128 chips for packet
synchronization and 2 Golay codes of 256 chips with both
cyclic prefix and post fix for channel estimation

31.3 Mbps 594.0 Mbps

FEC coding: RS(38,22)
Code spreading: 32 Code spreading: no spreading
PWCP length: 0 chip PWCP length: 64 chips

Pilot CES length: 0 chip
Pilot CES period: Infinitely
FEC coding : RS(255,239)
Code spreading: 32 Code spreading: No spreading
PWCP length: 0 PWCP length: 16

Submission
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Input Chips: dn) n/2-BPSK n/2 Chip

Mapper Level Rotator | | Ter

o) ©/2-BPSK Modulator

Input chips: dn (G)MSK
>
@ Modulator

D

b) Precoded (G)MSK Modulator

Figure S1 Examples of n/2-BPSK realizations for CR and MLR
a) with n/2-BPSK modulator, b) with Pre-coded (G)MSK modulator

Submission Slide 19 Various Authors, TG3c Proposal
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Reed Solomon Encoder

do @ di [—» cco—» du 4’ dis @

first to enter encoder v

></© ’%\Q A

Message Block Input mg, my, ..., Mg > X 9o Y
L» last to enter encoder < b

r» first out from encoder & first to transmit

Code Word OUtpUt CN-1,CN2,y .-, C1,Co=Mkg, Mk2, ..., Mgy, d15 , d14 ) eee do « |
N

J

v

X Y

Figure S2 Reed Solomon encoder in GF(28).
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Single Carrier (SC) Mode

Suitable for power limited and near line of sight communications with
transmission speed ranging from low to high, for power efficient and low
cost / portable device applications

Bit rates (PHY-SAP)

50 Mbps to 6Gbps, Various modulations and FEC together with FDE
allows SC mode operation to realize from 1 Gbps class applications to
several Gbps applications easier with proper header and preamble
protection

Operation environments
Suitable for LOS and NLOS with FDE (Frequency domain equalizer)
Transmission range

10 m coverage by common mode in both LOS and NLOS environments,
Higher bit rates with narrower coverage for personal area network

Applications:

SC allows low number of bit A/D converter implementation of receivers
while a couple of Gbps are easily achievable resulting in very low power
and high speed applications mandatory for portable terminal applications

MAC

Required MAC modifications are minimal to handle “strong directivity of
millimeter wave” and a straight forward implementation is feasible

Submission Slide 21 Various Authors, TG3c Proposal
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SC Mandatory Mode and Parameter Summary

Mandatory modes: n/2-BPSK/(G)MSK,
- 50 Mbps for signaling (CR)

- 1.5 Gbps for data transmission (MLR)
Mandatory FEC: Reed Solomon,

Optional modulation: ©/2-QPSK, n/2-8 PSK, n/2-16
QAM, TCM, n/2-NSQAM, r/2-Star8 QAM, DRB (Dual
rail bipolar), OOK,

Optional FECs: LDPC, Convolutional coding
Optional frame aggregation, UEP, Beam forming

Submission Slide 22 Various Authors, TG3c Proposal
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SC mode (CR, MLR, MR)

Symbol Pilot Word
MCS Id::r?t?fie R::: 7Chip Modulation |Spreading FEC FEC Length BL(lrSsytnl;sglgsth
Class r (Mbps) Rate Scheme factor Type Rate (Syn?bols /chips)
(Mcps) /chips)
CR : CR(LR1) : 50.2 1728 . 12-BPSK/(G)MSK : 32 RS(255,239) 0.937 0 256
MLR ‘MLR(LR13): 1506.6 : 1728 : m/2-BPSK/(G)MSK : 1 RS(255,239) 0.937 16 256
! LR1(CR) : 50.2 1728  : W/2-BPSK/(G)MSK @ 32 RS(255,239) 0.937 0 256
e S I S S R R P RO
..... L'F'eé{'"'_"'é'?éﬁé"'_'"""1'7'2'8'"'"_";{/'z'-'é'piék/'('é')'l\h's'k"_"'""4""'":""#éé'(é'éés','z'éé')"":'"d.'éé'?'"_'"'"'"i'e""'""_""""'zéé""””
. LR4 © 4019 : 1728  : W2-BPSK(GMSK : 2  : LDPC(576288) : 0500 : 16 i 256
..... LRS : 4019 . 1728 . w/2-BPSK/(GMSK . 2 . CC(R=1/2K=5) . 0500 . 16 . 286
L 6028 . . 1728 . n/2-BPSK/(G)MSK, .......2.......t..k'?.'?.‘?(??.‘?’.‘}?'?). ..... 0750 . 16 i 256
..... LR7 7033 : 1728 i m2-BPSK(GMSK : 2  © LDPC(576504) : 0875 : 16 1 256
LR : LR8 : 7533 : 1728 : m/2-BPSK/(G)MSK : 2 . RS(255239) i 0.937 16 : 256
lee ey i ueseskiomsk 1T ibeoereae) om0 T e g
LR10 1071.6 1728 n/2-BPSK/(G)MSK 1 CC(R=2/3,K=5) 0.667 16 256
TS R et e o A B S SRR R RO
LR uoss i wespskiomsk 1T oeo@resod oers LT ae T s
(IR/IRLls) 1506.6 1728 n/2-BPSK/(G)MSK 1 RS(255,239) 0.937 16 256
. LR14 15066 : 1728 i DualRailBipolar : 2  © RS(255239) : 0937 1 16 i 256
RIS 1607.4 : . 1728 o wW2:QPSK i1 i LDPC(576,288) : 0500 : . 16 L 256 .
LR16 3766 1 .. 864 1. W2-BPSKIGMSK = 2 i RS(255,239)  : 0.937 1. ... 16 L 256
LR17 1506.6 864 n/2-QPSK 1 RS(255,239) 0.937 16 256
. MRL (21433 1 1728 :  n/2-QPSK , 1 CC(R=2/3,K=5) & 0.667 16 ' 256
MR MR2 24112 : 1728 :  ®2-QPSK i 1 LDPC(576432) : 0750 i 16 i 256
: MR3 : 2806.6 : 1728 : n/2-star BQAM : 1 : CC(FF;;(Z(;%E;;‘)& © 0.582 : 16 : 256
..... e ST e B s B N Tt
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SC mode (HR,SC-OOK)

Mcs | Mcs Rata s}lg::liasl Modulation |Spreading FEC FEC Plll.ztn‘:t?:rd Burst Length
Class | Identifier (Mabt;s) Rate Scheme factor Type Rate (Syn?bols (?st:)ls
(Mcps) /chips)

HR1 @ 3000.6 : 1728 n/2-QPSK 1 : LDPC(1440,1344) : 0.933 16 256

..... HR2 ........ 30132 ......... 1728 .............. R/ZQPSK ...... 1 ....... RS(255239)0937 ............. 1 6 ........ 256 ........

..... HR3301321728DuaIRa|IB|po|ar 1RS(255239)093716 256

...... HR43214917287;/2N88QAM1TCM(R:1/2K:5)066716256

...... HR5321491728DuaIRa|IB|po|ar1UncodeleOOlG256

..... HR636167 ....... 1728 ........ n/28PSK ...... 1 ....... LDPC(576432) .... O. 750 .......... 1 6 ........ 256 ........

...... HR7421001728n/25tar8QAM1RS(6355)087316256

e HR8 ........ 42195 ......... 1728 ............. n/2 8PS K ............. 1 ....... .. LDPC(576 ,'5.6'4.) ....... O. 875 ............ 1 é ................. 256 ........

...... HR94500817287¢/28PSK1LDPC(14401344)O93316256

..... HR10451971728M28PSK1RS(255239)093716256

..... HR1145197172875/2N88QAM1RS(255239)093716256

..... HR1248223172875/216QAM1TCM(R:2/3K:5)075016256

..... HR1348223172875/216QAM1LDPC(576432)075016256

HR1456260 ....... 1728 ....... n/216QAM ...... 1 ....... LDPC(576504)0875 ......... 1 6 ........ 256 ........

- HR15 ....... 60263 ........ 1728 ............ n/z 16QA|\/| ........... 1 ....... . Rs(255 239) ....... O. 937 ........... 1 é ................ 256 ........
SCOOK1 50.2 1728 OOK 32 RS(255,239) 0.937 0 256

" sco .C.) K2 ....... 3766 .......... 1728 ................ c.) OK ................ .4. ...... RS(255239) ........ O. 937 ............ 1 é ................. 256 ........

o | 50006753 o0 ey e e e
SCOOK4 1506.6 1728 OOK 1 RS(255,239) 0.937 16 256
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Transmission Order (left to right)

>
SCRAMBLER| MCS FRAME | BURST | PWCP | PCES IFS | NUMBER OF | BURST RESERVED
1D LENGTH TYPE MODE | MODE | MODE | SUBFRAMES | MODE BITS
(4 bits) (6 bits) | (16bits) | (Lhbit) | (2bits) | (2bits) | (2 bits) (4 bits) (1 bit) (42 bits)
| ”/“,,
| -
| S
| -
| -
| S
| -
= e 1
PHY MAC HCS Reed-Solomon MAC | HCS Reed-Solomon !
Header Header Parity Bits Subheader | Parity Bits '
10 Octets 10 Octets | 2 Octets 16 Octets 80 Octets : 2 Octets 16 Octets |
_________________ 4
I I . I
Base frame Optional frame
—————— >l —p
Te——_ header header _ _ - ———
PHY Preamble Frame Header Frame Payload and FCS
I I
28.0 Mbps or
- T Mbps >:< 50.2 Mbps to 6 Gbps >:
I I
Frame Payload FCS Pad
Variable Length Bits
0-65531 Octets 4 Octets

Packet Structure
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Frame format

Frame header and frame payload are independently segmented into subBlocks, with Golay code-based cyclic prefix pilot
symbols (CPPS) and/or pilot channel estimation sequence (PCES) inserted in between subBlocks

SubBlock size: 256 symbols as mandatory, or 512 symbols as option (including data symbols and pilot symbols)
CPPS length: 16, 0, 32, or 64 symbols with subBlock of 256 symbols
: 32, 64, 96, or 128 symbols with subBlock of 512 symbols (option)
Sequence for CPPS
* Golay code a in all of the lengths (96 symbols is the combination of a32 and a64)
Role of CPPS
« (a) Timing tracking, (b) Compensation for clock drift, and (c) Compensation for frequency offset error that resides
after fine AFC and that caused by phase noise in LOS environment
* Cyclic prefix (CP) for frequency domain equalizer (FDE) (Optional CP design is available as option)
PCES length : 768 for subBlock of 256, 1536 for subBlock of 512 (symbol)
PCES period : 8192, 16384, or 32768 (symbol)
Role of PCES
« (a) Timing tracking, (b) Compensation for clock drift, and (c) Compensation for frequency offset error that resides
after fine AFC and that caused by phase noise in LOS environment

0,16, 32, or 64 symbols with subBlock of 256 symbols

256 or 512 symbols 32,64, 96, or 128 symbols with subBlock of 512 symbols (option)
< > «—>
ay SC Data Burst ay SC Data Burst ay SC Data Burst ay

I i 8192, 16384, or 32768'

PHY preamble (long, short, middle) Frame Header Frame Payload
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PHY header

SCRAMBLER ID 4  Set the bits according to the scrambler seed identifier value.
MCS 6 Indicate modulation and coding scheme (MCS) used in the frame
payload

FRAME LENGTH 16 Indicate the number of octets in the frame payload (which excludes the
FCS) that the MAC is currently requesting the PHY to transmit

BURST TYPE 1 Indicate the type of burst used in the current packet (PW-Burst is
mandatory, and CP-Burst is optional)

PWCP TYPE 2  Set the length of the Pilot Word (PW) or Cyclic Prefix (CP). These bits
shall be interpreted according to the burst length in use.

PCES TYPE 2 Indicate the exact Pilot CES period when the Pilot CES symbols are
present

IFS TYPE 2 Specify the IFS value to be used in the next packet

NUM. of 4  Indicate the number of subframes

SUBFRAMES

BURST MODE 1 Indicate the burst length

RESERVED BIT 40 Reserved bits for future use
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Preamble structure

« Three types of preambles: long, medium, and short preambles, for each transmission mode
« The preambles can be selected according to the information included in PHY header

 The preambles consist of sequences for synchronization (SYNC) and channel estimation (CE)
— SYNC inlong preamble
+ 36 'repetition’ of Golay code of 128 chips
— SYNC in middle preamble (original short preamble)
+ 20 'repetition' of Golay code of 128 chips
— SYNC in short preamble (added)
« 12 'repetition’ of Golay code of 128 chips
— CEinthe three preambles
* 4 repetition of Golay code of 256 chips: used for CE and fine AFC
— [a] and [b] are Golay codes and complimentary pairs of each other
[a,56] @and [boge] : Golay codes of 256@ 1.728 Gceps
[a’] is a copy of last half part of [a,5s], and [a”] is a copy of first half part of [a,z]
[b,se 1[67[b7] is set to the same manners as [a,s, [[a][a’]

Long preamble: Tpe = 3.26 ps
< Medium preamble: Ty = 2.07 ps >
I Short preamble: Ty = 1.48 ps I

Packet Preamble
40, 26, or 20 symbols

SYNC SFD CES
32, 16, or 8 symbols 4 symbols 8 symbols (in length)
e | |
S128,m|TS128,m . . . *S 128 m |S128,m | TS 128,m |tS128,m [ TS 128,m | Vpre,m a25|6,m Apos,m bpre,m b2?6,m bpos,m
_________ ! t A t 4

[ [
: Long preamble: Tgync = 2.37 ps ' :
«— Medium preamble: Tgne = 1.19 ps —»€—— Tq = 0.296 ps >« Tees= 0.59 s
' Short preamble: Tgync = 0.59 ps '

A 4
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CR Frame Header Construction

PHY Header
10 Octets *Form the base frame header as
MAC Header MAC Subheader follows:
10 Octet v po octet v 1.Construct the PHY
Header Check Header Check
Sequence Sequence header
Calculation Calculation 2.C0mpute the HCS
v v y v anppendto Mac Header
Append and Append and 3.Scramble the combined
MAC headerand HCS,
Scrambled Scrambled 4_C0mpute the Reed
MAC Header/HCS MAC Subheader ) ;
v v v Solomon parity bits (16
Shortened Shortened
(38,22) (98,82) octets
Reed-Solomon Reed-Solomon 5.Form the base frame
v y 2N o __ |————¢————| header by concatenating
Scrambled Scrambled | |
PHY MAC Hcs | Reed-Solomon MAC HCS i Reed-Solomon :_ the PHY header’
nosss | e o | guhad o | | corambeq WIS header
100ctets | 2 Octets __Booctets | 20ctets | TFEER . scrambled HCS and Reed
Solomon parity bits.
«| m2BPSK || Burst | Cé%ﬁ‘g’ .
Mapper Builder Spreader
SF=32
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Frame Payload Encoding Process

Frame
payload

[ 3

Frame Check

Sequence
Calculation
v 3
F .
Frame C Scrambler FEC Spreader Constellation Bl_Jrst PCE.S
payload S Encoder Mapper Builder Insertion

Frame payload encoding process:

e Computing FCS over frame payload,

e Appending the FCS to the frame payload,

e Scrambling the resulting combination

e Encoding the scrambled data

e Spreading the encoded and scrambled data

e Modulating the encoded and scrambled data

e Building bursts form the spread, encoded and scrambled data
e Inserting Pilot Channel Estimation Symbol fields into the data
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Packet Construction

LLAC Henda Framas Paylosd FCS
. . - z Vazia¥ls I B-REE3 1 sckat :
From MAC via PHY SAP o wmntle Lo lectats | doectets
. FHT Hendar | IAC Hendar Erazas Faglond FC5
Adkd PHY Hewder 0B b Veria¥ls Tampfh: 0-REE3 1 scbate | o actate
. - FHI Heada | MAC Heada | HOS Frame Froload FCS
enlate : sert HC: :
Calculate and Insert HCS Sob Sob 16n Varia¥le Lempth : 0-85E3 L sckete | 4 octets
eHIE % cTamabled T cTambled
- ﬁ.\' - -
Seramble :-:n:. LIAC Henda | HCS Frome Froyload FC%
= Z0b 15t Veria¥le Lenpfh: 0-553 1 sckate | 4 octets
PHT Heada i ESF Datafidd (b, ety
Ferward error cormection LR LAC Henda | HCS | - Malddhetars cpreadmil
- 0B | eew VaTinble Lemuyth : 0- 121070 ootats
Z0b 15t
Spread Frame Heada Datn Fidd
pres Z8Sb 1.3, 4, 33 ps 0-10455600 @ 1, 3, @ &d<p=
PHY Eresmble
Insert PHY preamble E633. 255dor S560 ﬁ_:ﬁ:lm“;"f‘_;‘d; o Lo4s s _I'D::“P;ﬂf ”
Symbels S9Ib 1. 3. 4. 33 cp -3 @l 2@ edops
_ PIY Eresmable Datn Fidd
[nsert pilot symbol &30, 3504 o 2540 Frame Heada 0 150479 symbels @ 1. 2. or &4 ope
F - Bl oS Varlable mambar pilots 23 chipe T ¥ -l .nr::» P
Symbols 0-13679 Laear symbeds @ 64ops
PHY Fresmble Datn Fidd
Frame Hemdar
Modulate E633. 355d40r S560 \eacinble mamber - 9344 chips 0 150473 symbols b 1. 5. or 64 cpe
Symbol o F o L 0-13679 Marloar symbds @ 64 cps

E 5

A al
Cal

EF: I coded f» FATE mdwcatsd m hendar

|
H

ol
]

EFZIC coded @bace rats
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Base header rate-dependent parameters

Header Rate | Chip Rate Modulation Spreading FEC FEC Pilot Word Burst Length| Coded Bits
Mbps MHz Scheme Code Length Type Rate Length (chips) (chips) Per Burst
Ry Re L Reec Npw NeursT Nceps
28.4 864 n/2-BPSK / (G)MSK 32 RS(38,22) 0.579 0 256 8
540.0 864 n/2-BPSK / (G)MSK 1 RS(38,22) 0.579 64 256 192
28.4 1728 n/2-BPSK / (G)MSK 32 RS(38,22) 0.579 0 256 8
540.0 1728 n/2-BPSK / (G)MSK 1 RS(38,22) 0.579 0 256 256

Timing-related parameters

Parameter Description value Unit Formula
Rc Chip rate 1728 MHz
.................. TC Ch/pdurat/on 0579 ns =1/RC
Npurst Burst length [ 256 chips
Nouw pilot word length i o | 1.6 | 32 | 64 chips
Npc Number of data chips per burst 256 240 224 192 chips
T purst Burst duration J 148.15 ns = Npurst XT ¢
"""""""" Fewse |  Burstrate | 675 | MHz | =1/Tous |
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MAC - Difference and Addition

Features of 802.15.3cMAC
1. Superframe structure
* Newly defined variable beacon period

« Improved time resolution for superframe timing
control

2. Frame aggregation
« Frame aggregation with dedicated subheader
« Definition of BIk-ACK for aggregation
3. Four new procedures to realize 15.3c functions
« Option : Beamforming, Channel probing, DEV-DEV
directional communications, UEP
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well

Superframe structure

. Newly defined variable beacon period (BP) up to 256us
Multiple beacon support of “omni”™* and directional beacons in CR, OFDM/OOK beacons as

. Contention Access Period (CAP) based on CSMA/CA
. Channel Time Allocation Period (CTAP) based on TDMA

. Improved time resolution of 9ns (16symbols/1.728Gsps) for superframe timing control
Modification of piconet synchronization parameters

» Superframe duration

« CAPendtime

(3 octets from 2 octets in 15.3b)

(3 octets from 2 octets in 15.3b)

“Omni”: meaning to cover all directions by omni antennaor part of omni antenna coverage which is planned to be covered by the directional antenna

Up to 65535 us

BP

SIFS

CAP

CTAP

Oomni
beacon

2.5us

1.728 Gsymbol/s

Long preamble
(5632 symbols)

Frame header
(22 octets)

Beacon payload

3.26 us

>|< 6.52 us

Piconet synchronization parameters

(25 octets)

BSID IE FCS
(8~34 octets) (4 octets)

Time token |Superframe duration} Beacon period | CAP end time [Max TX power levelfPiconet mode| PNC response | PNC address
(6 octets) (3 octets) (2 octets) (3 octets) (1 octet) (1 octet) (1 octet) (8 octets)
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Aggregation and Blk-ACK

Frame aggregation for High throughput
. Subheader for each subframe protected by HCS

. When subframe information in subheader indicates the subframe contains MSB and LSB
together, the corresponding subframe shall have two FCSs (MSB FCS and LSB FCS) attached
to it. FCS information shall be set to 1 in this case

Newly defined Block ACK (Blk-ACK)
. Independent retransmission for each subframe
. Scalability for other function such as UEP

Subheader
PHY MAC ; i
RS parity MAC HCS RS parit
preamble (lgeggteerts) (lgeggtirts) HCS bits Subheader |(subheaders) br;ts Y| Subframe 1 Subframe n
Subheader #1 Subheader #2 Subheader #n
(40bits/subframe) | (40bits/subframe) (40bits/subframe)
MCS FCS Retransmission MSDU Subframe | Subframe | Subframe | UEP mapping Reserved
information | information policy number 1D length Information| indication (4 bits)
(6 bits) (1 bit) (1 bits) (9 bits) (4 bits) (12 bits) (2 hits) (1bit)
N~
Block ACK *MSB subframe
*LSB subrame
Octets:4 2 2 1 10 -
Number ot
FCS Sutl;II:orgrere; D Su%’féirkn_i 'D [ subFrames MAC header
blocked
Bits: b15 b14 b13 b12-b9 b8-b0
v ! indication indication Subframe 1D number
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MAC New operation procedures and primitives

Four procedure additions
« Beamforming (Option)
« Beamforming by receiving beam training sequence
» Channel probing (Option)
* Determination of most suitable PHY transmission mode

» Forward and backward channel probing by transmitting
channel probing sequence

« DEV-DEV directional communications (Option)
 DEV-DEV beamforming, channel probing and streaming
 Peer discovery for capability confirmation

« UEP (Option)

« MCS (modulation and coding scheme) control by the
subheaders
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Beamforming (1/2)

« Two types of beamforming are defined

— Type 1: PNC and DEV beamforming by using
“omni” and directional beacons in beacon period

Beacon period
-t -
“Omni” Directional Directional Directional
3 # ) )
Superframe #1 Beacon Beacon #1 Beacon #2 Beacon #N CAP CTAP
“Omni” [Yirectional [irectional [irectional .
- i
Supt:l frame #2 Beacon Beacon #{N+1) Beacon #{M+2) Beacon #{2xMN) CAP CTAP
I
|
|
|
Oy " Dhirectional Directional Dhrectional
Superframe #M Beac Beacon Beacon Beacon CAP CTAP
' cacon HM-1)xN+1 #M-1)xN+2 HMxN)

Beamforimg between DEV to PNC
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Beamforming (2/2)

— Type 2 : DEV and DEV beamforming by beam
training sequences in CTA

CTAP
Superframe #1 Beacon period CAP
CTAI CTA n CTA m
Beamtorming Beamforming . .
) ) ) Beam training Beam training
Tequest response sequence # Ix sequence *T‘J
(“Omni™y {“Omni") %eq '
CTAP
Superframe #2 Beacon period CAP
CTAl CTA n CTA m
Beam training Beam training Beam training Beam training
sequence #N+1 sequence #N+1 sequence #N+2 sequence #2N
|
I
I
I
Superframe . . CTap
M Beacon period CAP
CTAl CTA n CTA m
Beam training Beam training Beam training Beam training Beamforming
sequence sequence sequence sequence résponse command
HM-1)N+1 #{M-11N=1 #HM-1IN+2 #M N (“Omni”™ )
Subr Beamforimg between DEV to DEY

A LA L S
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Channel probing

 Channel probing is defined to find the highest
data rate transmission mode

 Channel probing between DEVs in CTA

* DEV request intended DEV to send channel probing
sequence in allocated CTA

 DEV measure channel status by processing channel probing
sequence from intended DEV

 DEV informs the measurement result to the intended DEV In
the same CTA
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Unequal Error Protection (UEP) (1/3)

— Three types of UEP are defined
« UEP 1

« MSB data or LSB data occupies a whole subframe

« MSB subframes and LSB subframes can be aggregated
Into one frame

 Different MCS and FCS can be selected subframe by
subframe

e 6bhits in subheader to indicate different MCS

« UEP 2

« MSB and LSB data are separately put into different
aggregated frame

« MSB and LSB frames are allowed to be transmitted on
different antenna (using transmit switched diversity)

* One bit in subheader to indicate the aggregated frame is
MSB data or not
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epa UEP (2/3)

 Two UEP schemes are available: UEP mapping and UEP coding
 Two bits in subheader to indicate using UEP mapping or coding
 Additional transmission mode (MCS) for UEP

Transmission PHY-SAP Modulation Constellation MSE coding LSB coding
Mode data rate
SC Mode 2040 Mbps LIPSK normal LOPC (876 288) LDPC (876 432)
SC Maode 2562 Mbps GIPSK normal LOPC (576432) LOPC (576, S04)

Interleaver for UEP mapping

— Bit interleaving pattern
* A,B,C and D denote output of any FEC encoder for MSB’s
* E,FG and H denote output of any FEC encoder for LSB’s

Al | C3 | A5 | B1 | D3 |B5|Cl|A3|C5

D1

B3

D5

B2 | D4 | B6 | C2 | A4 | C6 | D2 | B4 | D6

A2

C4

A6

El1 |G3 | E5|F1 | H3|F5 | Gl| E3| G5

H1

F3

G5

F2 |H4 | F6 | G2 | E4 | G6 | H2 | F4 | H6

E2

G4

E6

e Skewed QAM mapping LSB =b1,b3
4 bo b1 b2 b3
e 0100 e 0110 e 1110 ® 1100
b0 b1 S

LSB =b1l
e 0101 e 0111 e 1111 e 1101

e 00 o 10 UI MSB = b0, b2 .

y ;
> > ® 0001 ® o011 e 1011 e 1001
MSB = b0 d; 2d;

¢ a1 ® 11 1010 1000

® 0000 ® 0010 L [ ]
Skewed QPSK Constellation Skewed 16-QAM Constellation
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UEP (3/3)

* UEP information request command : This command is sent by any DEV to other DEV including
PNC to request UEP scheme supported and UEP MCSs supported at the target DEV

2 2

Length=Ln Command type

Fig. UEP information request command format

* UEP information response command : This command is sent by the target DEV in response to
originating DEV’s request to let the originating DEV know which UEP schemes are supported and
which UEP MCSs are supported at the target DEV.

Octets : 1 1 1 2 2
UEP MCS UEP MCS UEP i | Command Fig. UEP information response
Block-n Block—1 information 9 type command format
bits : 2 6 Bit: 4 1 1 2
Reserved MCS Reserved UE.P UEP. Other
coding | mapping UEP
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Optional Modulation Schemes (1/2)

coct ‘Q Cocic2 Q
’Iﬂf}l
10 _-—"[~~~_11 PR da
@ * 100 ol
/ \ 010/ fﬁ""“{ \ 000 n/2 star SQAM
L II i i
1t/2 QPSK - — -—o— 4 *~—>
y II|I." IL'\ h..,_ ," II|I|r .I;
N / JIT 171G
00 ~~_)_--"01 Y G
U'III
Y
coCIC2 0
CocCic? J =
e A9 000 111 Ao11 000
O ® + O ®
nlil.;__h‘l\m .
o011 ~ 001 110 | 110 101
¢ qm ® O+ e® O
!
1t/2 8PSK - ] T *I__;I _]} }I }_1 .}. /2 NS8QAM
-1
‘.\ ,‘ O ® + O ®
001 . L2101 111 100 100 011
'\.“_‘--_r'.’ --'i
000 100 [ ] O+ @ 0
| 010 o1 Y 101 10
Solid dots: & is even
Hollow dots: k is odd
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Optional Modulation Schemes (2/2)

16QAM with
Gray coding

Dual rail bipolar

Submission

cocic:cs O 0
0010 o11041110 1010 1111 111041100 1101
® R ° ° - e °
ool ﬂﬁl-1li'1] 1011 1011 lﬁu_lltfm 1001
- >/ - >/ 16QAM for
0001 0101 | 1101 1001 0100 0101 [ o111 0110
o — o T @ o [ e T e o ™M
° o+ @ ° ® o+ @ °
0000 0100 y 1100 1000 0000 0001 w0011 0010
0 o
CHCI(.":-&? A
coEQ  co=1
-9 ® ._T - .—-:; OOK
Y \J
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Optional FEC Schemes(1/4)
Block Coding
RS(63,55):
Reed Solomon block code in GF(2°)

LDPC(576, 288), LDPC(576, 432), LDPC(576,
503): Irregular low density parity check
codes

LDPC(1440,1344).
Quasi-cyclic regular LDPC code
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Optional FEC Schemes(2/4)

Convolutional Coding
Rate 2/3 convolutional coding with puncturing and

two path parallel encoding

K=4

> CC coder

RS | DE-
—> > Mux

CC coder

A 4

\ 4

»
»

MUX

v
v
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Optional FEC Schemes(3/4)

Convolutional Coding

Rate 1/2 convolutional coding with four path
parallel encoding and interleaving (K=5)

R
N \
!\ |

o
2

/fg//'g/z'gz'g
2128 |¢
S 4
\ \
| (I |
[
2 Ng Ne N [ig g e
g 2 Ng g
A
AR
gg\g’\\g\\%\\gm
| \ |
o | o
a | 8

»
a
w/q/;/;/wmw
8 Y| e |8 |8
2

S19
2 Ss1
S S58 S3
s —sar [ 50 | Sso
3
S: S24 S42 S51
» Encoder = Mappe Sl
Interleaver su | §
e ! \ s
Encoder — Mapper Itwlﬂ 0
- nterleaver L] // }/
DEMUX MUX y S
] Symbol ™
Encoder = Mapper T — WRITE READ
» Encoder —a{ Mapper il
Interleaver
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Optional FEC Schemes(4/4)
Trellis Coded Modulation

Mother code: Rate 1/2 convolutional coding with
four path parallel encoding K=5

—» DEMUX

Modulation schemes NS-8QAM 16QAM

" | Interleaver

Encoder

—=  Mapper

_| Symbol

| Interleaver

Rc=2/3
R Rc=3/4 ‘

S 1 [ 0 | SN sio s57 | Sue | S o | s | sm | s | s |-sw|"

! 1 \ \ \ B B e

: Ay : sc: ss7\\ sz\ s | s | s47 s2 | S1 | §x | S | S3_ ,yf S
! Convolutional ‘po ! Comvolutiondl LA, S B /
! Code T P NS8QAM —!—> Oan L(lj Ional : B > || se s s su | s s ia sz | o 7?:_/79}(/’
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Optional Cyclic Prefix

Burst length options: 256,512
CP length options: 0,16,32,64, 96, 128

Number of Pilot Symbols: 4 The value of this pilot
symbols shall be [-1 1 1 1] and modulated using =/2-
BPSK.

| | |
< Nep > Burst length >
| | NBURST |
I [ I I [
: | Ne : | Ne :
CP Data
I
N~ A | <
A N _ P <
N 7
N 7
N 7
I Burst length | AN e
NgursT D <
CP Data burst e o o CP Data burst o o o CP Data burst
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Optional Transmit Switched Diversity

« Transmit antenna switch diversity may be used to achieve diversity gain from
shadowing or blockage.

Transmitter » RF ; R RF

Y v/

Switching Comparator
Control {with Threshold)

> Receiver

A

Y

A

Feedback
(Antenna Switching Indicator)

* Transmitter will inform the receiver of the number of antennas, L.

« At first transmission, transmitter arbitrarily selects one antenna from L transmit
antennas.

« At each stage, receiver will compare the received SNR with a predetermined
threshold, v.

« Ifthe SNRis larger than vy, receiver will feedback a “no switch” signal.
« If the SNR is smaller than vy, receiver will feedback a “switch” signal.

« Ifthe SNR for all L available antennas, is less than vy, the receiver will then feedback
the antenna number with largest SNR. The transmitter will use this antenna for
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OFDM
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Mandatory Rates

« Common Rate (CR 50 Mbps) and Mandatory Low Rate
(MLR 1.5Gbps) are mandatory for all SC devices and all
OFDM and OOK PNC capable devices.

« All 802.15.3c compliant PNC capable DEVs that support
the mmWave PHY shall support dependent piconets
both as a parent PNC and as a dependent PNC. A DEV
that supports the mmWave PHY may start a dependent
piconet, as described in 8.2.5 and 8.2.6 to enable
communication with and among entities that do not
support the mmWave PHY base rate.
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OFDM Mode Overview

Same Channel Plan as Single Carrier

Homogeneous Sampling frequency with Single Carrier
OFDM : 2592 MHz = 1.5 x 1728 MHz (SC)
Optional OFDM Rate: 2538 MHz (same XTAL)

Data Rates up to 0.7 Gbps to 7.3 Gbps

Beaconing & Signaling modes from 58 Mbps to 900 Mbps
— Low Latency Shortened RS + Hamming

Two high performance FEC schemes
— Concatenated Outer RS, Inner LDPC Block Code
— Concatenated Outer RS, Inner Convolutional Code

Multiple Preamble Types for improved efficiency & Beamforming
Support

Aggregation & UEP support
Beamforming support in Beacon & CTAP
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The OFDM Modulator

IFFT Inputs & Outputs

Null —» 0 0
Null —> 1 1
#2 —p 2 2
#3 —» 3 3
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g .
5 Guard —» 326 326
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Description # location

Zero subcarriers 3 -1,0,1

Guard subcarriers 141 [-186:-256]U[186:255]
Pilot subcarriers 16 [-166:22:-12]U[12:22:166]
User defined subcarriers 16 [-185:-178]U[178:185]
Data subcarriers 336 [-177:-2]U[2:177] -

[-166:22:-12]U[12:22:166]

Subcarrier frequency allocation:
16 groups, 22 subcarriers per group (21 data & 1 pilot)
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Packet Structure

Transmit Order (from left to right)

v

SCRAMBLER MCS FRAME CP PCES NUMBER OF | UEP-MAPPING RESERVED
ID LENGTH MODE MODE | SUBFRAMES INDICATOR BITS
(4 bits) | (6 bits) | (16 bits) | (2 bits) | (2 bits) | (4 bits) (1 bit) 177 bits
-
L -
L -
L -
PHY MAC HCS RS Parity MAC ;
Header Header Symbols SubHeader |
28 octets 10 Octets | 2 Octets| 16 Octets 80 Octets :_

RS Parity :
Symbols
16 Octets |

PLCP Preamble

Frame Header

PSDU

e 43Mbps, 171Mbps,
. 342Mbps, 684Mbps

<
L |

58Mbps to 7.35Gbps

Frame Payload
0-65535 Octets

FCS
4 Octets

Tail Bits
o(6)

Pad
Bits
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MAC SubHeader & Sel-ACK (Selective ACK)

Transmission direction

v

MSB FCS
Frame PNID DestID SrcID Fragmentation Stream Subframe 1
control control index LSB FCS
2 Octets 2 Octets 1 Octet 1 Octet 3 Octets 1 Octet \ P
NEEEeeeeeeeeTeTSTSTST—T——————S——————_——— \\ /,
\\ __________ \ /
“+_ 10octets = ___----"77 \ /
\\ —————————— \ 4
———————— Tl S|
PHY MAC nes | RS Parity MAC : Hes | RS Parity : Subframe
Header | Header Symbols | SubHeader | Symbols |
_______ (I S ——
T T =~ Subframe contains
* Frame type = Sel-ACK Subframe 1 | Subframe 2 Subframe 16 - MSB/LSB * Request Sel-ACK
+ ACK policy = no-ACK subheader | subheader subheader - MSB * Follow ACK policy
40 bits 40 bits 40 bits in MAC header
p———— =TT T T TT = LSB /
MCS CRC Retransmission MSDU Fragment Subframe Subframe |Selective ACK| Reserved
Present policy Number Number Length Information Request
6 bits 1 bit 2 bits 4 bits 4 bits 12 bits 2 bits 1 bit 8 bits
PHY MAC MAC Subframe 1 Subframe nl
HCS HCS aEn
Header|Header SubHeader MSB | LSB MSB | LSB

T

* Frame type = Sel-ACK
+ ACK policy = no—ACK

AN

Indicate which part (MSB,
LSB) has an error
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PHY Header

SCRAMBLER| Mcs | FRAME cP PCES | NUMBER OF [ UEP-MAPPING | RESERVED
ID LENGTH | MODE | MODE |SUBFRAMES| INDICATOR BITS
(4 bits) | (6 bits) | (16 bits) | (2 bits) | (2 bits)| (4 bits) (1 bit) 177 bits

« SCRAMBLER ID: Scrambler Seed in current packet
« MCS . of current packet

« CP Mode : of current packet body (not header)

« PCES Mode : of current packet

 UEP-Mapping : of current packet (O means EEP, 1
means UEP-Constellation)

Submission Slide 57 Various Authors, TG3c Proposal



November, 2007 doc.: IEEE 802.15-07-0934-01-003c

Frame Format

512 chips ~ 197.5ns 32, 64,96, & 128
CP | OFDM Data Symbol | CP | OFDM Data Symbol CP | OFDM Data Symbol
\\‘ _________________________ 2 symbols
et S
PCES Data Block PCES Data Block PCES Data Block

____________________ 128, 256 or 512 symbols;

T when PCES is present '

1 1

i i

i i

PLCP Preamble PLCP Header PSDU
- _______,__I
SFD
Packet/Frame Sync Sequence S s CES CES :
8, 4, or 2 symbols HE Channel Estimation Sequence Channel Estimation Sequence
Delimiter .
I R N
Ss512 S512 Ss1o  [f//4/ Ssigecr| gy [P Vo Optional
- y'y y'y Extended CES
(2 symbols)
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OFDM signaling Mode

Outer Reed Solomon (K+16,K)
Inner Hamming(12,8)
Spreading in Frequency Domain to allow 4 non-overlapping tone sets

Data Rates

Data Rate | Header Rate | Chip Rate | Modulation | Frequency Outer Outer FEC Inner Inner FEC FEC Spread & Coded| Coded Bits | Data Info Bits*
Mbps Mbps MHz Scheme Spreading FEC Rate FEC Rate Rate Bits/symbol Per Symbol Per Symbol
Ry Ry Rc Factor: L, Type R oFec Type R Irec R rec N scaps N caps N 18psp
58 43 2592 QPSK 32 RS(216,200) 0.926 Ham(12,8) 0.667 0.617 672 21 14
117 43 2592 QPSK 16 RS(216,200) 0.926 Ham(12,8) 0.667 0.617 672 42 28
467 171 2592 QPSK 4 RS(216,200) 0.926 Ham(12,8) 0.667 0.617 672 168 112
933 342 2592 QPSK 2 RS(216,200) 0.926 Ham(12,8) 0.667 0.617 672 336 224
Base header | Base+optional | Chip Rate | Modulation | Frequency| Outer FEC Outer Inner Inner FEC FEC pread & Codd Coded Bits Data Info Bits* |[Number of Used
Rate (Mbps) | Header Rate MHz Scheme | Spreading Rate FEC FEC Rate Rate Bits/symbol| Per Symbol Per Symbol Symbols
Base | Optional
Ry Ry Re¢ Factor: L, R orec Type Type Rirec R ec N scaps N caps N 1apsp ArE hzader
43 48 2592 QPSK 32 RS(56,40) 0.714 Ham(12,8) 0.667 0.476 672 21 14 32 56
171 193 2592 QPSK 8 RS(56,40) 0.714 Ham(12,8) 0.667 0.476 672 84 56 8 14
342 386 2592 QPSK 4 RS(56,40) 0.714 Ham(12,8) 0.667 0.476 672 168 112 4 7
684 708 2592 QPSK 2 RS(56,40) 0.714 Ham(12,8) 0.667 0.476 672 336 224 2 4
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Rate-Dependent Parameters (LDPC)

Data Rate Header Rate | Chip Rate | Modulation | Frequency Outer Outer FEC Inner Inner FEC FEC Spread & Coded Coded Bits Data Info Bits*
Mbps Mbps MHz Scheme Spreading FEC Rate FEC Rate Rate Bits/symbol Per Symbol Per Symbol
Rg Rhp Rc Factor: L, Type R orec Type R rrec R pec N sceps N caps N 18psp
700 342 2592 QPSK 2 RS(216,200) 0.926 LDPC(672,336) 0.500 0.463 672 336 168
1400 684 2592 QPSK 1 RS(216,200) 0.926 LDPC(672,336) 0.500 0.463 672 672 336
2100 684 2592 QPSK 1 RS(216,200) 0.926 LDPC(672,504) 0.750 0.694 672 672 504
2450 684 2592 QPSK 1 RS(216,200) 0.926 LDPC(672,588) 0.875 0.810 672 672 588
2800 684 2592 16QAM 1 RS(216,200) 0.926 LDPC(672,336) 0.500 0.463 1344 1344 672
4200 684 2592 16QAM 1 RS(216,200) 0.926 LDPC(672,504) 0.750 0.694 1344 1344 1008
4900 684 2592 16QAM 1 RS(216,200) 0.926 LDPC(672,588) 0.875 0.810 1344 1344 1176
6300 684 2592 64QAM 1 RS(216,200) 0.926 LDPC(672,504) 0.750 0.694 2016 2016 1512
7350 684 2592 64QAM 1 RS(216,200) 0.926 LDPC(672,588) 0.875 0.810 2016 2016 1764
* RS encoded data bits with an outer RS(216,200)
UEP Mode
Data Rate(Mbps) Modulation MSB Coding rate LSB Coding Rate
1750 Mbps QPSK LDPC(672,336) LDPC(672,504)
2625 Mbps QPSK LDPC(672,504) LDPC(672,588)
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Rate-Dependent Parameters
(Convolutional)

Convolutional Code Rate
HRC Codin Net data
mode Modeg Modulation MSB LSB rate
index (Gbps)
[7] [6] [5] [4] [3] [2] [1] [0]
0 1/3 1.0
1 QPSK 1/2 1.5
2 2/3 2.0
3 EEP 1/2 3.0
16QAM
4 2/3 4.0
5 1/2 4.5
64QAM
6 2/3 6.0
7 QPSK 4/7 4/5 2.0
8 UEP 16QAM a4/7 4/5 4.0
9 64QAM 4/7 4/5 6.0
10 1/3 1/3 1.0
MSB/(LSB)-only QPSK / (173
11 transmission 2/3 (2/3) 2.0
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Timing-Related Parameters

Parameter Description value Unit Formula
Rc Chip rate 2592 MHz
Tc Chip duration 0.386 ns = 1/R ¢
N err FFT Size 512 subcarriers
Np Number of data subcarriers 336 subcarriers
Np Total number of pilot subcarriers 16 subcarriers
Ng Number of guard subcarriers 141 subcarriers
N pc Number of DC subcarriers 3 subcarriers
N ges Number of reserved subcarriers* 16 subcarriers
Ny Number of useful subcarriers 352 subcarriers
N cp Cyclic prefix length 32 64 96 128 Chips
D, Subcarrier frequency spacing 5.0625 MHz = Rc/N gt
By Used bandwidth 1782 MHz = NyxD¢
T rer IFFT/FFT duration 197.53 ns =1/D¢
Tep Cyclic prefix duration 12.35 24.69 37.04 49.38 ns =Nep XTe
T sym Symbol duration 209.88 222.22 234.57 246.91 ns =Ter +Tep
Fsym Symbol rate 4.765 4.5 4.263 4.05 MHz = 1/T sym
N cpsym Number of chips per symbol 544 576 608 640 Chips =Ngr + Nep
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Frame-Related Parameters

Parameter Description Value
N e Number of symb.o/s 'in the packet/frame MechiciJnn(:;\ E:Z:QE::; g
synchronization sequence Short preamble: 3
T oyne Duration of the packet/frame synchronization Mechi?.lnn% EEZ:QE:Z; é;;g t z
sequence Short preamble: 0.593 ps
N Number of symbols in the channel estimation L_ong preamble: 2
ces Medium preamble: 2
sequence Short preamble: 1
Long preamble: 0.395 ps
T ces Duration of the channel estimation sequence Medium preamble: 0.395 ps
Short preamble: 0.198 us
Long preamble: 11
N pre Number of symbols in the PLCP preamble medium preamble: 7
short preamble: 4
Long preamble: 2.173 ps
T pre Duration of the PLCP preamble Medium preamble: 1.383 ps
Short preamble: 0.790 ps
Long header: 84
N par Number of symbols in the header Ml\l?j?t:li;nli :::g:;; 2
Short Header: 1
Long header: 1.580 ps
Medium I header: 0.395 ps
T har Duration of the PHY header ¥ Medium II header: 0.198 us
Short header: 0.312 us
N rs Number of Reed solomon Blocks ceil[(LENGTH+4)/200]
N 1ppc Number of LDPC Blocks ceil[(LENGTH+4+16xN s )/(84%R 1nper )]
N frame Number of symbols in the data field ceil {[8XLENGTH+32+128xN zs +676x(1-Rinner )xN ;ppc 1/N scsps +
T frame Duration of the data field N frame X T sym
N packet Number of symbols in the packet Nore + Npgr + N game
T packet Duration of the packet Tore * Thar + T trame

(1) Duration is based on the default CP of 64
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The Preambles

PLCP Preamble

v O - T O e e e S I
Packet/Frame Sync Sequence 358 tS?D CES CES !
8, 4, or 2 symbols l::limri:::e Channel Estimation Sequence Channel Estimation Sequence :
128 i 777 128~ T 7
S510 Ss12 | | Ssi2 “S51p |2 WUgip [Pl Vepo & Uzip [Pl Veip
A A A
Three preambles are defined:
— Long preamble : 8 sync symbols, 1 SFD symbol, 2 CES symbols
— Medium preamble : 4 sync symbols, 1 SFD symbol, 2 CES symbols
— Short preamble : 2 sync symbols, 1 SFD symbol, 1 CES symbol

Different preamble lengths reduces overhead and latency and enable efficient beamforming
For data transmission, switching from long to medium or short preamble is upon device request.

— First packet shall use the long PLCP preamble, the remaining packets may use either one of the three

preambles.
— When using medium or short preamble, packets shall be separated by MIFS.

For beamforming, different preamble lengths are used to maintain a balanced spreading gain-antenna gain

A unique preamble sequence set is assigned to each piconet within the same frequency channel (frequency

& spatial reuse).
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The Preambles

Four preamble sequence sets (labeled by the parameter m) are provided for the
purpose of frequency/spatial reuse

A preamble sequence set consists of a base sequence s512,m and two CES sequences
u512,m and v512,m.

The length 512 base sequence s512,m is the Kronecker product of a length 4 cover
seguence, c4,m and a length 128 modified Golay sequence ul28,m.

S512 mlN] = €4 y[floor(n/128)] X u;,g [N Mod 128] n=0:511

The cover sequences and modified Golay sequences are listed in Tables 1 & 2
respectively.

The base sequences occupy four non-overlapping frequency bin sets, and therefore are
orthogonal in time and frequency domain. The mth base sequence occupies frequency
bins m, m+4, m+8, m+12, ...

Modified Golay sequences, are obtained from Golay sequences using time (or
frequency) domain filtering to guarantee that only the used subcarriers are populated
rather than the entire 512 subcarriers.
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The Preambles

The length 512 CES sequences Us,, , and Vs, ., are modified complementary Golay
sequences derived from Golay sequences as,, ,, and bg,, . They are listed in Table 3.

Modified complementary Golay sequences enable perfect channel estimation in both time and
frequency domains
— The Golay matched filter (shown before) can be used to provide simultaneously matched filter

outputs to codes a and b. Combining the two outputs appropriately provide a perfect channel
estimation in time domain;

— Frequency domain channel estimation is done in the conventional way. The complementarity
property is conserved in frequency domain.

OFDM systems can benefit from time-domain channel estimation due to dimensionality
(ranking) issue;

The Pilot CES (PCES) field is an optional field. When present, it is equivalent to the CES field
and is repeated periodically to allow channel tracking. Three periods are provided which
correspond to pedestrian speeds of 1, 3, and 6m/s.

The receiver may use the efficient 2-levels (on | & Q) low-complexity Golay matched filter
shown above for packet and frame detection.
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Frame Header Encoding Process

PHY Header
28 Octets
MAC Header MAC Subheader
10 Octets 80 Octets
h 4 \ 4 v
Header Check Header Check
Sequence Sequence
Calculation Calculation
\ 4 h 4 h 4 \ 4
Append and Append and
Scramble Scramble
Scrambled Scrambled
MAC Header/HCS MAC Subheader
A v \ 4
Shortened Shortened
(56,40) (98,82)
Reed-Solomon Reed-Solomon
A4 h 4 h 4 . A i AN
Scrambled Scrambled : I
PHY MAC HCS Reed-Squmon MAC HCS : Reed-Squmon |
Header Header Parity Subheader | Parity
28 Octets 10 Octets 2 Octets 16 Octets 80 Octets 2 Octets J_ 16 Octets |
OFDM P QPSK P FEC P
Modulator | Mapper [ Encoder |
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Transmitter Reference diagram

Frame Payload

l

FCS

l

Pad Bits
(zeros)

l

Append & Scramble

Frame Payload
LENGTH octets

Scrambled Scrambled | Scrambled FEC Coder, Preamble,
FCS Pad Bits Puncturer & QI:,ISaK/%?M Pilot/DC Int-erflzgver
32b Npaq bits Interleaver PP Insertion
€¢—— Scrambled PSDU ——— V
MixedSig
. ap P Symbol |, OFDM |,
\/ H AnaFIuc;g & ¢ LR Shaper | | Modulator [
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Outer Block Interleaver: 4 X 216 bytes

RS Outer .| LDPC o
"1 Encoder "1 Interleaver | | Encoder d
Mux
2:1
o RS .| Outer .| LDPC N
"1 Encoder "] Interleaver [ 7| Encoder i

No bit interleaving is required
Supports rates Y2, ¥, and 7/8

Very low complexity systematic encoder
Low complexity highly parallelizable decoder (gate count ~ 105Kgates)

Throughput matched to that of RS
1 RS and 1 LDPC Decoder engine is needed for LDR devices
Throughput of ~ 6 Gbps with Master clock of 324 MHz (BW/8) and 32 iterations
Parity Check Matrices (Same as SC LDPC)

FEC Option I: RS-LDPC

Rate 1/2 3/4 7/8
KK 336 504 588
NN 6/2 6/2 6/2
d.in 14 10 6
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FEC Option Il: RQ-Convolutional

8 Parallel
Encoders

.| Convolutional
Encoder

\ 4

MSB

°
= RS > Outer Demux °
Encoder Interleaver 1:4 °

.| Convolutional
Encoder

\ 4

Mux » Bit
) 8:1 Interleaver
_ Convolutional
d Encoder

\ 4

°
RS | Outer Demux .
LsB | Encoder | " Interleaver 1:4

.| Convolutional
Encoder

Y

Inner convolutional codes combined with outer Reed Solomon codes
Outer-interleaver in-between : 4x224 bytes block interleaver
Outer code rate : RS(224, 216)
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FEC Option Il: RS-Convolutional

Convolutional Encoder
& >
Puncturer

A 4

Convolutional encoder : R=1/3, K =7

Code Puncturing Transmitted
rate pattern sequence

Generator polynomial : 1/3 :((i X112y

g0=133,, g1=171,, g2=165, 71

1/2 X:1 XiYy
Coded Y:1
Data out Z:0

a/7 X:1111 X1 Y1 XoX5Y35X, Y,
Y:1011
Z:0000

Uncoded
Data in

2/3 X:11 XY, X,
Y:10

Coded Z:00
> Y Dataout

4/5 X:1111 X,Y 1 X5X5X,
Y:1000
Z:0000

Coded
Z  Data out

\J
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FEC Option Il: RS-Convolutional

« Data multiplexer combines data from all convolutional encoders

FromCCl:A—»\

From CC2: B —» e EEP Mux / Interleaver

From CC3: € —> — Bit interleaver size: 48

:ZEEE:E: e B> — A1..A6 come from encoder A, and similarly for others
From CC6: F — AL| E5 | D3 | CL | G5 | F3 | EL | AS|H|GL|C5|B3 [
From CC7:G —» B2 | F6 | E4 | D2 | H6 | G4 | F2 | B6 | A4 | H2 | D6 | C4 }—

From CC8: H —» 3| el | F5 | E3 | DL |m5 | G3| F|B5 | As| ]| os - MSB

D4 | C2 G6 F4 E2 A6 H4 G2 C6 B4 A2 E6 [— |

LSB
| . | Q

e UEP-Mapping Mux/Interleaver: Overall bit interleaver size 48 MSB
Al C3 A5 Bl D3 B5 C1 A3 C5 D1 B3 D5 Q

B2 D4 B6 C2 A4 C6 D2 B4 D6 A2 C4 A6 L S B

El | G3 E5 F1 H3 F5 Gl E3 G5 H1 F3 G5
F2 H4 F6 G2 E4 G6 H2 F4 H6 E2 G4 E6
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FEC Option Il: RS-Convolutional

« UEP-Coding Mux/Interleaver

— Overall bit interleaver size 96

— For first half cycle of 48 bits: A1...A7 come from encoder A,
E5 come from encoder E, similarly for

similarly for BCD; E1...

FGH AL

El

C7

B6

G3

E5

D4

A5

H2

F4 C3 B2

B2

F3

D7

C6

H5

G2

E4

B5

B5

H1 D3 Cc2

C1

A7

F2

D6

C5

H4

Gl

E3

E3

A3 G5 D2

D1

B7

G4

F1

D5

A6

H3

F5

F5

B3 A2 E2

— For second half cycle of 48 bits: A1...A7 come from

E1...E5 come from encoder E, similarly for FGH

encoder A, similarly for BCD;

Bl

El

C7

B6

G3

E5

D4

A5

H2

F4 C3 B2

C1

F3

D7

Cé6

H5

G2

E4

B5

B5

H1 D3 Cc2

C1 A7 F2 D6 C5 H4 Gl E3 E3 A3 G5 D2
D1 B7 G4 F1 D5 A6 H3 F5 F5 B3 A2 E2
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FEC Option II: Binary Interleaving

« Optimized binary interleaver based on an iterative structure [1-4]
« Effectively maximizes both intra- and inter- symbols interleaving spreading
« Efficiently improves decoder performance

Ip,q (k) Ip,q(Z)(k) I (k)
‘ IH N
Xour (k): X (I éjé (k)) K :Block size,
| éoc)q (k) = [0! +k+q-p- [_ k—p- k]K ]K P, q,Kj  Interleaver parameters
| [()Jé(k): [a+ k +q- p-[—k —p- | f){';l)]K ]K a<E:Offsetparameter
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FEC Option Il: The Tone Interleaver

Normal FFT requires a bit-reversal operation before “butterflying”

Bit-reversal interleaving pattern can be combined with FFT operation to

reduce complexity

Interleaving Rule :

Before Interleaving After Interleaving
000 000 0
001 100 4
010 010 2
011 110 6
100 001 1
101 101 5
110 011 3
111 111 7
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Normal & Skewed Constellation for UEP-Mapping

Qx
A
b4bai+1bak+2bak+3
Qk bakbak+1 00 10 0110 1110 10 10
10 A 11 (o] 0+3-- (o] (o]
o T+t1 e
0011 0111 1111 1011
(o] 0+1-- (o] (o]
-3 1 +1 +3
-1 +1 t t t t »
} } > _Tk 0001 0101 1101 10 01
(o] ..t © (o]
00 01 00 00 0100 11 00 10 00
(6] -1 (¢ o I ) (©)
b0 bl _
A I—SB _“bl;p§b2 b3
LSB = bl ® 0100 e 0110 e 1110 ® 1100
e 00 e 10 o
&
4 ,
> > e 0101 “1 e 0111 e 1111 ® 1101
© MSB = b0, b2
QPSK ’
® (I ® 11
® (001 ® 0011 e 1011 e 1001
MSB = b0 16-QAM o )
1010 1000
® (000 ® (010 ° °
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Optional
Beamforming |
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Beamforming Requirements

A unified messaging protocol that supports :

— 1. Different antenna configurations on either side (Tx or Rx):
« Omni or quasi-omni antennas
+ Directional single antenna
« Switch diversity antennas
« Sectored antennas
* Beamforming antennas
* Etc,...

— 2. Both pro-active and on-demand beamforming

— 3. Different usage models
» Per packet beamforming from PNC to multiple DEVs and DEVs to PNC
* PNCto one DEV
« DEV-DEV
e Others,...

The unified messaging protocol should be independent of the specifics of the beamforming algorithm and antenna
configuration implementation. Therefore, the actual beamforming algorithm will be left to the implementer.

However, the tools enabling the beamforming should be defined. These tools should support all scenarios while
enabling:

— 1. Reduced latency

— 2. Reduced overhead

— 3. Fast beamforming

The tools: four types of signaling packets with different preamble options
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Pro-Active Beamforming

_I\,/:IIES_ Beacon Period for Superframe # m SIE%: (?E_MIFS
Q-Omni Q-Omni [ Q-Omni | [Directional | [Directional [ |  [Directional
Beacon Beacon e«ee | Beacon Beacon Beacon *ee| Beacon
#1 #2 V[ #L F(m-1)XN+| [((m-1) XN+ | ____ | _#mXN

CAP CTAP
(Contention Access Period) (Channel Time Allocation Period)

,/, Possibly and/or : '

! N Directional : |

R CAPs as Well | :

/// \/ ______ : _____ :

Packet Packet Packet
-CAP -CAP -CAP
Q#l Q#z LR Q#L To User #1 To User #2 To User #L
Direction #j, Direction #j, Direction #j,
""" —> — T

SIFS or MIFS

*  Pro-active beamforming is useful when the PNC is the source of data to one or multiple DEVSs.
+ Usage model example: Kiosk, STB, Laptop:

— The PNC is the source of data to multiple DEVSs;

— The PNC can send each packet in a different direction, optimized to the destined device.
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Pro-Active Beamforming

Beacon Period for Superframe # 1

Q-Omni Q-Omni
Beacon Beacon
#1 #2
Q-Omni Q-Omni
Beacon Beacon
#1 #2
Q-Omni Q-Omni
Beacon Beacon
#1 #2

The first L transmissions in each superframe use Quasi-Omni (Q-Omni) beacons that together provide a

Quasi-omni pattern;
For a PNC capable of a Quasi-omni coverage, L = 1;
For a PNC with sectored antennas, L would be the number of sectors;
For a PNC with switching transmit diversity antennas, L would be the number of transmit antennas;

It is assumed that the PNC can beamform in J = N X M directions;

Q-Omni
Beacon
#L

or

Q-Omni
Beacon
#L

Directional Directional
Beacon Beacon
#1 #2
Superframe # 2
Directional Directional
Beacon Beacon
#N+1 #N+2

Q-Omni
Beacon
#L

Directional
Beacon
#(M-1)xN+1

Directional
Beacon
#(M-1) X N+2

A direction does not necessarily mean a single beam; it can be any number of beams.
The directional beacons are distributed over M superframes with N directional beacons per superframe;
The structure is periodic of period M superframes;

The CAP is divided into L sub-CAP periods corresponding to the L Q-omni beacons. During the It Q-CAP,
the PNC antenna is in the same direction it used to transmit the I Q-Omni beacon.

Directional
Beacon
#N

Directional
Beacon
#2 XN

°
°
°

Directional
Beacon
#MxN
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On-Demand Beamforming

On-demand beamforming will take place in the CTA allocated to the link between the TWO DEVs or PNC

and a DEV;

 Q-omni phase:

DEV1 starts its first transmission with L; Q-omni packets followed by L, corresponding Q-omni listening
periods;

DEV1 keeps repeating this section until DEV2 sends back a response
Each Q-omni training packet would contain the “Q-omni training packet IE”;

DEV?2, capable of L, Q-Omni directions, will set its reception direction to one of the L, directions and listens to
DEV1 first L, transmissions and stores L, LQFs. DEV2 moves to a new direction and listen to DEV1 second
period of L, transmissions. DEV2 continue to do so until an adequate LQF. Alternatively, DEV2 may choose to
listen using all L, directions than find the best LQF.

At the end of this phase, DEV1 and DEV2 would know the best Q-Omni directions combination to exchange
further data.

Using the “Q-omni training response packet IE”, DEV2 would inform DEV1 of its Q-omni capabilities, i.e. L,, as
well as its own best 1st direction and 2" direction that it will use for all messaging. Furthermore, DEV2 would
inform DEV1 of the best 1st and 2™ direction it found out from the L, direction. DEV1 best Q-omni direction
would be labeled I,, and DEV2 best Q-omni-direction would be Iabe]led l,. DEV2 informs DEV1 of its
directional capability as well.
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On-Demand Beamforming

Superframe Structure

CAP CTAP: Channel Time Allocation Period
(Contention Access Period)| CTA 1 CTA 2 coe CTA k coe CTAn

Q-omni training section

Q-Omni [M Q-Omni | M Q-Omni| S| Q-Omni [M Q-Omni [M Q-Omni | S
Packet é Packet é... Packet II: Listening II:Listening II:o.. Listening ;
#1 |s| #2 s #L s |Period #1| g|Period #2| s Period #L| g
S | Q-Omni M Q-Omni |M Q-Omni | S | Q-Omni Ml Q-Omni | M Q-Omni
- | Listening | o o| -| Listening | £| Listening | | Packet | o o| ;| Packet | | Packet
s |Period #L s|Period #2| s|Period #1| g #L sl #2 |s| #1
[ 2 BN )
S | Q-Omni M Q-Omni |M Q-Omni | S | Q-Omni M Q-Omni [ M| Q-Omni
II: Listening |e o o II:Listening II:Listening II: Packet (o o o II: Packet II: Packet
s |Period #L s|Period #2| g|Period #1| ¢ #L s| #2 s| #1
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Proactive & On-Demand Beamforming IEs

Q-Omni Training Packet IE: DEV1-DEV2

3

1

1

1

1

Q-OMIN NUMBER OF
LISTENING Q-OMIN

PERIOD LISTENING
DURATION PERIODS

CURRENT Q-
OMIN PACKET
IDENTIFIER

Length
(=5)

Element

ID

Q-Omni Training Response Packet IE: DEV2-DEV1

Directional Beacon

PLCP Preamble
Type I, II or III

1 1 1 1 1 1 1 1
DEV1 DEV1 DEV2 DEV2
L3 PREFERRED PREFERRED PREFERRED PREFERRED DEV2 "gm:?‘ OF Length Element
O DIRECTION DIRECTION DIRECTION DIRECTION Dlg; CTIONS (=11) ID
CAPABILITY . - e -
Piconet synchronization parameters field format: 214+3n octets
Octets:8 1 1 1 3 3 3 3 6
PNC address PNC Piconet MAX TX Duration per Number of CAP Superframe Time
response Mode Power Level Q-CAP Q-CAP Periods | end time duration token
Beamforming Information Element
Element ID hex value Element Subclause Present in beacon
0x14 Beamforming Information Add as 7.4.22 In every beacon
Beamforming Information Element Format
1 1 1 1 1 1 1
CURRENT NUMBER OF NUMBER OF DIRECTIONAL CURRENT Q-OMIN NUMBER OF
[F)’i\lt:El(cE-l:l:'[('l?lY\‘:EL DIRECTIONAL SUPERFRAMES PER BEACONS PER BEACON Q-OMNI BEACONS L(e:ggh E'e;‘;)e“t
BEACON IDENTIFIER BEAMFORMING CYCLE SUPERFRAME IDENTIFER (4bits) (4bits)
Submission Slide 83 Various Authors, TG3c Proposal




November, 2007 doc.: IEEE 802.15-07-0934-01-003c

On-Demand Beamforming

« Directional phase:

DEV1 uses an R-cycle procedure to do the beamforming;
The R cycles may happen within one CTA or may be distributed over M superframes;

Each cycle is made from K sub-cycles, where N and K can change from one cycle to another.
This will allow for different search algorithms such as random and binary search, and
differentiating between acquisition and tracking;

Each cycle is preceded by an Q-omni transmission outlining the structure of the current cycle;
Each sub-cycle consists of N directional preambles followed by an Q-omni listening period,;

During data communication, DEV1 may still choose to transmit a sub-cycle every superframe to
allow DEV2 to continuously track the beams. If DEV2 finds a better direction, it can inform
DEV1 to transmit next packets using the new direction by encoding the field “Antenna
Direction” in the header appropriately.
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On-Demand Beamforming

Superframe Structure

Beacon CAP CTAP: Channel Time Allocation Period
Period |(Contention Access Period)] CTA 1 | CTA 2 | s« CTAK | oo CTA n
CTA k

j Sub-cycle
Q-Omni S | Q-Omni | S | Directional |"| Directional | ™ Directional | S | Q-Omni | S | Directional | S | Directional | ™
Packet é Listening ,I: preamble i preamble ,I: e o o preamble ,I: Listening ; preamble ; preamble ;
S Period S #1 S #2 S #N S Period S #2N S #N+2 S
.
- L [ )
S | Q-Omni | S | Directional M| Directional | ™| Directional S | Q-Omni | S | Directional
1], . . I I I 1|, . I
¢ [ Listening | preamble |e e o r preamble E preamble cooe ¢ | Listening | preamble
s | Period | g #rx N sl#(r-1) x N+2| g|#(r-1) x N+1 s | Period | g #N+1
Q-Omni Packet Information Element
1 1 1 1 3 1 3 1 1
NUMBER OF Q-OMIN
DIRECTIONAL bl LA o) O DIRECTIONAL LISTENING LA o) CTA END Length Element
S S CYCLES o (o}
mEaieTvpe | (SUPERFMESPER | U crclesper | Rlestre | Ueemon. | QumPACGT | TP | (TR | fog

Beamforming Report Information Element

1

1 1

1

LQF-N

LQF-2

Length

LQF-1 (=N)

Element
ID
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Optional
Beamforming Il
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Antenna Configuration & Number of Antenna elements

« Two major antenna configurations identified

— Phased antenna array: beams can be formed with most versatility
to almost arbitrary directions

— Switched antenna: beams can be formed toward only a finite
number of pre-defined directions

« Single antenna can be viewed as a special case of the switched
antenna

* Antenna training protocol should support different antenna
configurations

* In both cases of phased antenna array (PAA) and switched
antenna array (SAA), number of antenna elements in the
array can not be pre-fixed

— Standard simply does not specify how many antenna elements
a device should implement

* Number of antenna elements thus should be exchanged

over the air inside the training process
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Antenna Info Exchange

« Antenna info (antenna type and number of antennas) are
exchanged in the association stage. Example:

Octets: 1 1

2

2

1

3

IE index Length

SC mode support OFDM mode support

Explicit / implicit Antenna Support

Number of TX elements

Number of RX elements | TX antenna type

RX antenna type

Depending on the antenna types of STA1, and STA2;

4 possible combinations
1) PAA to PAA
2) PAA to SAA
3) SAA to PAA
4) SAA to SAA
Apply optimized training sequence for each combination
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