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IEEE 802.11 Wireless LANSs
> MAC and PHY Standard nw:/www.icee802.0rg/11/

802.11 802.11b 802.11a 802.11g 802.11n 802.11ac
PHY DSSS  DSSS/  OFDM  OFDM DSSS/  SDM/OFDM  SDM/OFDM
technology CCK CCK MU-MIMO
Data rates 1,2 5.5, 11 6-54 1-54 6.5-600 6.5-6933.3
(Mbps)
Frequency 24 24 5 24 24and 5 5
band (GHz)
Channel spacing 25 25 20 25 MHz 20 and 40 20, 40, 80, and 160
(MHz) 10000
W 20/25 MHz
40 MHz
1000 7 m 80 MHz
B 160 MHz

100

Data Rate (Mbps)
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Network Architecture

Q Distribution System

> A set of one or more interconnected basic service sets (BSSs) and
integrated local area networks (LANSs) that appears as a single BSS to the
logical link control layer at any station associated with one of those BSSs.
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PHY

vV V VYV VY VY VY V VY

DSSS (Chapter 15 of standard)

High rate DSSS (Chapter 16)

OFDM PHY (Chapter 17)

Extended Rate PHY (Chapter 18)

High Throughput PHY (Chapter 19)

Directional multi-gigabit (DMG) PHY (Chapter 20)

Very high throughput (VHT) PHY (Chapter 21)

Television very high throughput (TVHT) PHY (Chapter 22)
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OFDM-PHY Timing

Value Value Value
Parameter (20 MHz channel (10 MHz channel (5 MHz channel
spacing) spacing) spacing)
Ngp: Number of data subcarriers | 48 48 48
Ngp: Number of pilot subcarriers | 4 R R
NST: Number of subcarriers, 52 (NSD + NSP) 52 (NSD + NSP) 52 (NSD + NSP)
total
Ag: Subcarrier frequency 0.3125 MHz 0.156 25 MHz 0.078 125 MHz

spacing

(=20 MHZz/64)

(= 10 MHZz/64)

(= 5 MHZ/64)

Trp7: Inverse Fast Fourier

Transform (IFFT) / Fast Fourier
Transform (FFT) period

3.2 s (1/Ag)

6.4 us (1/Ap)

12.8 ps (1/Ap)

TPREAMBLE: PHY preamble
duration

16 us (Tsporr+ TLonG)

32 ps (Tsporr *+ TronG)

64 us (Tsyorr+ Trone)
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OFDM-PHY Timing

Value Value Value
Parameter (20 MHz channel (10 MHz channel (5 MHz channel
spacing) spacing) spacing)
TgiGn4y: Duration of the 4.0 us (Tgy+ Trpp) 8.0 us (Tgy+ Trpy) 16.0 us (Tg+ Trpp)

SIGNAL BPSK-OFDM symbol

Ty GI duration

0.8 s (TFFT/4)

1.6 s (Tppr/4)

3.2 s (Teprl4)

Tpp: Training symbol GI
duration

1.6 s (Trpr/2)

6.4 s (Tr/2)

Tsyps: Symbol interval

4us(Tgr+ Trry)

16 us (T + Trpy)

Tsyor7: Short training sequence
duration

8 S (lO X TFFT/4)

16 us (10 x TFFT/4)

32 s (10 X Tpppd4)

T onG: Long training sequence
duration

8 us (Tgp +2 x Trpy)

16 s (T612+2 X TFFT)

32us (Tgp +2 % Trpr)

UNIVERSITYATALBANY
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Modulation & Coding

Coded bits Coded Data bits Data rate Data rate Data rate
Coding or bits per per (Mb/s) (Mb/s) (Mb/s)
Modulation rate per- OFDM OFDM (20 MHz (10 MHz (5 MHz
subcarrier
(R) (N ) symbol symbol channel channel channel
BpSC (Ncaps) (Npgps) spacing) spacing) spacing)
BPSK 1/2 1 48 24 6 3 1.5
BPSK 3/4 1 48 36 9 4.5 2.25
QPSK 1/2 2 96 48 12 6 3
QPSK 3/4 2 96 72 18 9 4.5
16-QAM 1/2 4 192 96 24 12 6
16-QAM 3/4 4 192 144 36 18 9
64-QAM 2/3 6 288 192 48 24 12
64-QAM 3/4 6 288 216 54 27 13.5

UNIVERSITYATALBANY

te University of New York



OFDM PHY

PHY Header !
- |
RATE |Reserved| LENGTH | Parity | Tail | SERVICE Tail -
Abits | 1bit |12bits | 1bit | 6bits| 16 bits PSDU 6 bits || 24 Bits
~ _ Coded/OFDM Coded/OFDM
~ . (BPSK,r=1/2) (RATE is indicated in SIGNAL) |
- > -
PHY Preamble SIGNAL DATA
12 Symbols One OFDM Symbol Variable Number of OFDM Symbols

UNIVERSITYATALBANY
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OFDM Parameters

> 64-pt FFT (64 subcarriers)

» FFT convention
> 48 data subcarriers

UNIVERSITYATALBANY
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Null
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#-26

26
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IFFT
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Time Domain Outputs



or vata

-Prepend service field .
Data bit stream ———» -Append tail bits »|  Scrambler > EC°"V- »| Group t:: into |
-Append pad bits LI o A
Pulse / / -/ y
Prepend Insert Four Modulator/ , P
s'::ial':;':g « /| Cyclic Prefix | _ L —t Pilots , Mapper ' L

DAC °
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/R

/ Demapper -

or vata

De-Interleaver

\ 4
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Received Symbol Timing
Level . Correction
Frequency Correction l
Symbol Timing| | Serial to ,
QU Adjust . Parallel '
-Channel Equalizer Remove
/ -Pilot Tracking & Phase Correction (e—/ FFT / Guard -
-Reliability information for decoder Interval
Paé:':slto »  Decoder > Descrambler s Data bit stream
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Steps for encoding PPDU

> 17.3.2.2 Overview of the PPDU encoding process

= Step 1 - Produce the PHY Preamble field, composed of 10
repetitions of a “short training sequence” (used for AGC
convergence, diversity selection, timing acquisition, and
coarse frequency acquisition in the receiver) and two
repetitions of a “long training sequence” (used for channel
estimation and fine frequency acquisition in the receiver),
preceded by a guard interval (GI)

UNIVERSITYATALBANY 18
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Preamble

8+8=16us
10 x 0.8 =8 us > 2x0.8+2x32=8.0upus 40.8 +3.2=4.0ps 0.8+32=40ps | 0.8+3.2=4.0ups
[ T T N R R B R I [ T | T
t] thty tg tstg t7 tg to tyof GI2 | T, 1 T, GI|SIGNAL | GI| Datal | GI| Data?2
[ Y O B 1 | ! , :
Sienal D > < > < > < > <
ignal Detect, Coarse Freq. Channel and Fine Frequency =~ RATE SERVICE + DATA  DATA
AGC, Diversity Offset Estimation Offset Estimation LENGTH
Selection timing synchronize

UNIVERSITYATALBANY 19
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Short Preamble

S—26, 26— \j(13/6) X {03 09 1+.]3 Os 09 03 _1_.]3 Oa 09 07 1+.]3 Oa Os 09 _1_.]3 03 09 Os _1_.]7 03 Oa Os 1+_]9 O, 0, O, 09

0,0,0, -1+, 0, 0,0, -1, 0,0, 0, 1+, 0, 0, 0, 1+, 0, 0, 0, 1+, 0, 0, 0, 1+j, 0,0} (17-6)

The multiplication by a factor of V(13/6) is in order to normalize the average power of the resulting OFDM
symbol, which utilizes 12 out of 52 subcarriers.

UNIVERSITYATALBANY 20
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Long Preamble

L . 26=11,1,-1,-1,1,1,-1,1,-1,1, 1, 1, 1,1, I,-1,-1, 1, 1, -1, 1, -1, 1, 1, 1, 1, O,

l,-1-1,1,1,-1,1,-1,1,-1,-1,-1,-1,-1, 1, I,-1,-1,1,-1,1,-1, 1, 1, 1, 1}

A long OFDM training symbol shall be generated according to the following equation:

Ngp/2
rrong(t) = Wrrong(t) Y. Lipexp(J2mkAp(t—Tgy,)) (17-9)
k=-Ng/2
where

Two periods of the long sequence are transmitted for improved channel estimation accuracy, yielding
TLONG: 1.6+2x32=8 LS.



Steps for encoding PPDU

> 17.3.2.2 Overview of the PPDU encoding process

= Step 2 - Produce the PHY header field from the RATE, LENGTH, and SERVICE
fields of the TXVECTOR by filling the appropriate bit fields. The RATE and
LENGTH fields of the PHY header are encoded by a convolutional code at a rate
of R = 1/2, and are subsequently mapped onto a single BPSK encoded OFDM
symbol, denoted as the SIGNAL symbol. In order to facilitate a reliable and timely
detection of the RATE and LENGTH fields, 6 zero tail bits are inserted into the
PHY header. The encoding of the SIGNAL field into an OFDM symbol follows
the same steps for convolutional encoding, interleaving, BPSK modulation, pilot
insertion, Fourier transform, and prepending a GI as described subsequently for
data transmission with BPSK-OFDM modulated at coding rate 1/2. The contents of
the SIGNAL field are not scrambled.

UNIVERSITYATALBANY 22
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SIGNAL Field

RATE LENGTH
(4 bits) (12 bits)

R1 R2 R3 R4| R|LSB

MSB| P

SIGNAL TAIL
(6 bits)

‘07 %0” “0” “0” “0” “0”
0 Il |2 |3 4 75 |6 |7 |8 |9 |10|ll |12 |l3 |14 |15 |16 17 .18|l9|20 |21 |22‘23

Transmit Order

Bit 4 1s reserved. It shall be set to 0
on transmit and ignored on receive.

Bit 17 shall be a positive parity

(even parity) bit for bits 0—16. The

bits 18-23 constitute the SIGNAL

TAIL field, and all 6 bits shall be

set to 0.

UNIVERSITYATALBANY

|
Rate (Mb/s) Rate (Mb/s) Rate (Mb/s)
R1-R4 (20 MHz channel (10 MHz channel (5 MHz channel
spacing) spacing) spacing)

1101 6 3 1.5
1111 9 4.5 2.25
0101 12 6 3

0111 18 9 4.5
1001 24 12 6

1011 36 18 9

0001 48 24 12

0011 54 27 13.5

te University of New York




SERVICE Field

4>|
SERVICE Tail -
16 bits PSDU 6 bits |24 Bits

Coded/ OFDM

| (RATE is indicated in SIGNAL) |

|-

-

Variable Number of OFDM Symbols

DATA

Stat

Scrambler Initialization  Reserved SERVICE Bits
“0" “0” “0” “0"“0" 0" 0" R R R R RRRRR

0‘1 ‘2 ‘3 ‘4 ‘5 |6 7 ‘8 ‘9‘10‘11‘12‘13‘14‘15

Transmit Order

UN[Vthl LYAILALBANY

e University of New York
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PPDU Tail Bits

> The PPDU TAIL field shall be six bits of O, which are required
to return the convolutional encoder to the zero state.

> This procedure improves the error probability of the
convolutional decoder, which relies on future bits when
decoding and which may be not be available past the end of
the message.

> The PPDU TAIL field shall be produced by replacing six
scrambled zero bits following the message end with six
nonscrambled zero bits.

UNIVERSITYATALBANY 25
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Pad Bits

> The number of bits in the DATA field shall be a multiple of N gps,
the number of coded bits in an OFDM symbol (48, 96, 192, or 288
bits).

> To achieve that, the length of the message is extended so that it
becomes a multiple of Njzp¢, the number of data bits per OFDM
symbol.

> 6 bits are appended to the message, in order to accommodate the
TAIL bits N {16+8xLENGTH+6—‘
SYM

NDBPS

Npara = Nsypr < Nppps

Npsp = Npyrqg— (16 + 8 x LENGTH + 6)
UNIVERSITYATALBANY 26
State University of New York



Scrambler & Descrambler

> The scrambling step at the transmitter side 1s to avoid
long consecutive sequences of Os or 1s

During bits 0-6 of Scrambling Sequence
S(x) — x7 + x4 +1 when CH_BANDWIDTH_IN_NON_HT is

First 7 bits of Scrambling present

Sequence as defined in
Table 17-7

/T . Data In

>
Y
x" x% x° i x* x2 x%x' 9

The initial state of the scrambler 1s the state 1011101 v

Scrambled
Data Out

UNIVERSITY AT/
State University of New York



Scrambler

» The same scrambler is used to scramble transmit data and to descramble
receive data.

> Scrambler depends on TXVECTOR

> If the TXVECTOR parameter CH_BANDWIDTH_IN_NON_HT is not
present, when transmitting, the initial state of the scrambler shall be set to a
pseudorandom nonzero state.

CH BANDWIDTH
IN NON_HT

DYN BANDWIDTH
_IN_NON_HT

PHY-TXSTART.request
(TXVECTOR)

PHY-TXSTART.request
(TXVECTOR)

UNIVERSITYATALBANY

e University of New York

[f present, CBW20, CBW40, CBW80, CBW160, or
CBWRg0+80

If present, Static or Dynamic

28




Scrambler Initialization

> The seven LSBs
of the SERVICE
field shall be set to
all Os prior to
scrambling to
enable estimation
of the 1nitial state
of the scrambler 1n
the receiver.

UNIVERSITYATALBANY

State University of New York

First 7 bits of scrambling sequence

Parameter Condition B0 B3 B4 BS B6
Transmit order
TXVECTOR | CH BANDWIDTH I | 5-bit pseudorandom nonzero integer if CH_BANDWIDTH _
N _NON HT is CH_BANDWIDTH_IN NON_HT equals CBW20 | IN NON_HT
present and and a 5-bit pseudorandom integer otherwise
DYN BANDWIDTH
_IN_NOT _HT is not
present in
TXVECTOR
TXVECTOR | CH_BANDWIDTH I | 4-bit pseudorandom DYN_BANDWIDTH
N_NON _HT s nonzero integer if _IN_NON_HT
present and CH_BANDWIDTH_IN
DYN_BANDWIDTH | NON_HT equals CBW20
_IN_NOT HT is and
present in DYN_BANDWIDTH_IN
TXVECTOR _NON_HT equals Static,
and a 4-bit pseudorandom
integer otherwise
RXVECTOR | CH_BANDWIDTH I DYN_BANDWIDTH | CbwInNonHtTempis

N _NON_HT and
DYN BANDWIDTH
_IN_NOT _HT are
present in
RXVECTOR

_IN_NON_HT

set to this subfield of
first 7 bits of
scrambling sequence;
then
CbwInNonHtTemp
is mapped according
to Table 17-9 to
CH_BANDWIDTH_
IN_ NON_HT




Convolutional Encoder

> The DATA field, composed of SERVICE, PSDU, tail, and pad parts, shall
be coded with a convolutional encoder of coding rate R = 1/2, 2/3, or 3/4,
corresponding to the TXVECTOR parameter RATE.

' »  Output Data 1
//'Q}ﬁ Outpu D The convolutional

encoder shall use the

e T T T T T industry-standard
A — generator polynomials,
. Output Data B
| p g,=133gand g, = 1714,
Figure 17-8—Convolutional encoder (k = 7) Of I‘ate R p— 1/2

MATLAB: poly2trellis(7, [133 171));
https://www.mathworks.com/help/comm/ret/poly2trellis.html

UNIVERSITYATALBANY
State University of New York
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Puncturing (to yield higher data rate)

Punctured Coding (r = 3/4)

Source Data XO Xl X2 X3 X4 X5 X6 X7 Xg

Encoded Data Stolen Bit

Bit Stolen Data
(sent/received data)

Bit Inserted Data

Inserted Dummy Bit

Decoded Data

Yo Y1 | Y2 |Y3 |Ya |Ys|Ye |Y7|Ys
UNIVLI\OL L L™ M\LD/MAIN L

State University of New York




Data Interleaving

» To avoid burst error

> block interleaver with a block size corresponding to the
number of bits in a single OFDM symbol, N gpg

The first permutation is defined by the rule

1= (NCBPS/IG) X (k mod 16) + |_k/16J k= O,l,...,NCBPS— 1

The second permutation is defined by the rule

j:SX L§J+(i+NCBPS—L]1/6 xiJ)mOdS i:O,l,...NCBPS—l
CBPS

The value of s 1s determined by the number of coded bits per subcarrier,

S = maX(NBpsc/z, 1)

ALE UILIVEISILY UL 1NEW 1ULR

adjacent coded bits to be mapped
onto nonadjacent subcarriers

adjacent coded bits to be mapped
alternately onto less and more
significant bits of the
constellation and, thereby, long
runs of low reliability (LSB) bits

are avoided .



Subcarrier Modulation Mapping

d=({I+)Q) x Kyop

Modulation Kmob
BPSK 1
QPSK 12

16-QAM 110
64-QAM 1\42

UNIVERSITYATALBANY
State University of New York
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Gray Coded Mapping

BPSK Qj
+1 BO
0 .
—1Y +1Y I
1
PSK
Q QA BoB,
01 11
® il L]
=1 oy >I
00 10
° T [}

UNIVERSITYATALBANY
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16-QAM QA B,B, B,B;
0010 0110 | 1110 1010
[ J [ ] +3—— [ J [ J
0011 0111 | 1111 1011
[ J [ J +]‘_ o [ J
—3i —1i +1i +3'»l >I
0001 0101 | 1101 1001
[ ] [ ] _1-— [ ] o
0000 0100 | 1100 1000
[ ] L ] _3—— [ ] [

34



Gray Coded Mapping

64-QAM Q A B(B;B, B3;B,B;
000100 001 100 011 100 010100 |110100 111100 101100 100 100
L] L] L] L] ST L] L] L] L]

+7

000 101 001 101 011101 010101 |110101 111101 101101 100101
L] L] L] L] +5—» L] L] L] L]

+3

000 111 001111 o11 111 o010 111 |110111 111111 101111 100 I11
L] L] L] L] * L] L] L] L]

000 110 001 110 011 110 010110 |[110110 111110 101110 100110
L] L] L] L] T L] L] L] L]

+1

!

' ' >

= = -3 L =y +3 +5 7 I
000010 001010 011010 010010 |110010 111010 101010 100010
L] L ] L] L] T [ ] L] L] L]

1

000011 001011 o11011 010011 |110011 111011 101011 100011
L] L] L] L] 73-— L] L] L] L]

000 001 001001 011001 010001 [110001 111001 101001 100 001
L] L] L] L] 75—— L] L] L] L]

000 000 001000 011000 010000 (110000 111000 101000 100 000
L] L] L] L] 77—» L] L] [ ] [ ]

UNIVERDIILI YAIL ALBANY
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Pilot Subcarriers

> Pilot signals are in —21,-7,7, 21

> The pilots shall be BPSK modulated by a pseudo-
binary sequence to prevent the generation of spectral

lines.
P b6 26= 10,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0, 1,0, 0,0, 0,0, 0, 0,

0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,-1,0,0,0, 0, 0}

To avoid difficulties in D/A dy  dy Poyds AP dis  dysDC oy dao Py dag
and A/D converter offsets and
carrier feedthrough in the RF
system, the subcarrier falling
at DC (0th subcarrier) 1s not

dgp Pyydgz  dys

used. 26 21 -7 0 7 21 26
UNIVERSITYATALBA? Subcarrier Numbers



Polarity of Pilot Subcarrier

> Controlled by the sequence, p,
> The sequence p,, 1s generated by the scrambler

S(x) = X +xt+1

» Scrambler 1nitial state all 1s

Po 126v= t1,1,1,1, -1-1-1,1, -1-1-1,-1, 1,1-1,1,-1,-1,1,1, -1,1,1,-1, 1,1,1,1, 1,1,-1,1,
1,1-1,1, 1-1,-1,1, L,1,-1,1, -1-1,-1,1, -1,1,-1,-1, 1,-1,-1,1, 1,1,1,1, —1,—-1,1,1,
-1-1,1-1, 1-1,1,1, -1,-1,-1,1, 1,-1,—-1,-1, 1,1, 1, 1, 1-1,1,1, 1,1,-1,1, —1,1,-1,1,
-1-1-1-1, -1,1-1,1, 1-1,1,-1, 1,1,1,-1, —l,l,—l —1 -1,1,1,1, -1,-1-1,-1, -1,-1,-1}

UNIVERSITYATALBANY 37
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Pilot Generation

OFDM symbol Element of p; Pilot at #-21 Pilot at #-7 Pilot at #7 Pilot at #21
SIGNAL 1 1.0 +0 j 1.0+0 1.0 +0 j -1.0+0)
DATA 1 1 1.0+0; 1.0+0] 1.0 +0 -1.0+0]
DATA 2 1 1.0 +0 j 1.0 +0 j 1.0 +0 j -1.0+0]
DATA 3 1 1.0+0 1.0 +0 j 1.0 +0 j -1.0+0)
DATA 4 —1 -1.0+0 -1.0+0 -1.0+0 1.0 +0 j
DATA S —1 -1.0+0; —1.0 +0 ] ~1.0+0 1.0 +0 j
DATA 6 -1 -1.0+0 -1.0+0; -1.0+0 1.0 +0 j

UNIVERSITYATALBANY

te University of New York
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Transmit Spectral Mask

6,9,12, 18, 24, 36, 48,

3,45,6,9,12,18, 24,

1.5,2.25,3,45,6,9, 12,

and 54 Mb/s and 27 Mb/s and 13.5 Mb/s
. (6, 12, and 24 Mb/s are (3, 6, and 12 Mb/s are (1.5, 3, and 6 Mb/s are
Information data rate
mandatory) mandatory) mandatory)
(20 MHz channel (10 MHz channel (5 MHz channel
spacing) spacing) spacing)
Modulation BPSK OFDM BPSK OFDM BPSK OFDM
QPSK OFDM QPSK OFDM QPSK OFDM
16-QAM OFDM 16-QAM OFDM 16-QAM OFDM
64-QAM OFDM 64-QAM OFDM 64-QAM OFDM

Error correcting code

K =7 (64 states)
convolutional code

K =7 (64 states)
convolutional code

K =7 (64 states)
convolutional code

Coding rate 1/2,2/3, 3/4 1/2,2/3, 3/4 1/2,2/3,3/4
Number of subcarriers 52 52 52

OFDM symbol duration | 4.0 us 8.0 us 16.0 us

Gl 0.8 us® (T 1.6 ps (Ty) 3.2 ps (Tgp)
Occupied bandwidth 16.6 MHz 8.3 MHz 4.15 MHz

UNIVERSITYATALBANY
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Power Spectral Density (dB)

Transmit Spectrum Mask
(not to scale)

Typical Signal Spectrum

| —28 dBr | | (an example)
| ||
| ||
— L A
| | || || | |
[ I T 1 I I >
-30 -20 -11 -9 fc 9 11 20 30
Frequency (MHz)



Tx and Rx Blocks (Standard)

FEC Interlgaving+%b IFET —p Gl \S/"\?’arcgm —» 1/Q
¥ Coder [P{Mapping EVS —\p{Additionp| Shaping [~¥| Mod:
\V%
AGC Amp
1/Q Remove
T | Det | NI Meer [
l i X — -
LNA
Rx Lev. Det.

AFC
[ Clock Recovery

\

-

HPA

Demapping+ )

Deinterleaving

FEC
Decoder




Tx/Rx Blocks

Pilot symbol
and virtual carrier

A 4

Serial t < ) i > Parallel

- erial to |9 —> —> | Paralle

Data source [ cc'):c[i:—ig =g interllztaver R (thiﬁegg}() —»{ parallel [ IFFT [ 't(\:dF(,j —» Windowing [ to serial (»{ DAC [ ?.5

g (P/S) P> > B —»  (P/S)
> > > >
1 ]l J 1 |
Bit stream QAM/PSK modulated symbol OFDM signal
Wireless
channel
Timing/frequency
synchronization and [«
channel estimation
Y
Demapper Parallel & & Serial to
- n < nE
Data sink |« degsdci;n <—deinterf||:eaver<_ (QAM demodulator/PSK (€ to serial |« gﬁ;eelr | FFT |€{ parallel [« Reé“,f"e <&
9 demodulator) Prs) e ©9 ol € (P/S)
a3 nE nE
L ]| ] L ]
Bit stream QAM/PSK modulated symbol OFDM signal

Yong Soo Cho, Jackwon Kim, Won Young Yang, Chung G. Kang, MIMO-OFDM Wireless Communications with MATLAB

State UNIVETSItY O INEW YOT



Start of Symbol Detection -

> Correlation with Long Preamble =
. . N
= Cross-correlation (Received, Stored) Z‘Z %*:Dz—l| .
. . . n k,[r;:; . Pn= Vivk+D,I~
= Auto-correlation (Received, Delayed Received) e e

> Window C autocorrelates between the received signal and the delayed
version, ¢,

> Window P calculates the energy received in the autocorrelation
window, p, .

> The decision statistics, m,, normalize the autocorrelation by p, so that the
decision statistic is not dependent on the absolute received power level.

> The recommended default value of 0.5 for threshold favors false detections

over missed detections considering a range of SNRs and various antenna

configurations.
UNIVERSITYATALBANY 42



Coarse Frequency Offset Correction from SP

> Carrier Frequency Offset:

= Device impairments introduce difference between the carrier
frequency of the receiver and that of the transmitter.

* When this happens, the received baseband signal, instead of
being centered at DC (OMHz), will be centered at a frequency

fa = frx — frx

P 8+8=16us
= Received signal in baseband (ignoring no1 | wxos-su qg 208 +2x32-8,

. T T T T T I [
X(t)ejzant j l1112|I3ll41 I51161[71181[91”0 G2 : T ! ‘

4t ———————r4+——r<

S h P bl . Signal Detect, Coarse Freq. Channel and Fine
> Ort re am e o AGC, Diversity Offset Estimation Offset Estimat
Selection Timing Synchronize ) .

'U£@££%§#$A§X{£Q@t = 98us =}\6 samples )



Coarse Frequency Offset Correction from SP

y(t = 80)y*(6) = x(£)e/> a0y (1)e /2t = |x(t)[?e/2m 2(=00

Considering only the angle, we get —2mf ot
_ 2=y (®)
Hence, CFO(fp) = P
We can use the same technique for Fine Frequency Offset Correction using
Long Preamble

: H 2 k5 ‘N
Timing offset & Phase rotati(;;? Timing offset &
. . o
N :
OFDM syinbol | OFDM symbol | f:D

' T
FFT output T !
FFT window IFFT output i

Cho, Yong Soo and Kim, Jackwon and Yang, Won Young and Kang, Chung G., "MIMO-OFDM Wireless
Communications with MATLAB," in Wiley Publishing.

UNIVERSITYATALBANY  https://openofdm.readthedocs.io/en/latest/overview.html
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https://openofdm.readthedocs.io/en/latest/overview.html

Pilot based Equalization (Frequency Domain)

> Channel gain (H) 1s the mean of two LTSs.
H[i] = %(LTSl [i]] + LTS,[i]) X L[i],i € [—26,26] L[i] is the sign of the LTS sequence

> FFT Output X/i] is normalized as Y[i] = % i € [ 26, 26]

> Residual Phase Offset in symbol n
O =2( ), X"[]xP[i] x H[il)

..........................................................

ie{-21,-7,7,21} j RS <l —
» Combine residual phase offset & channel gam - / _________ ]
X e
yop = X o,
Hli] N T S S

Real
A. van Zelst and T. C. W. Schenk, "Implementation of a MIMO OFDM-based wireless LAN system,"

. 45
E{NUIYF; I‘{NSLI;FD( ATALBANY iy [EEE Transactions on Signal Processing, vol. 52, no. 2, pp. 483-494, Feb. 2004.



Channel Estimation (Training based)

> Since all subcarriers are orthogonal (i.e., ICI-free), the training symbols for

N subcarriers can be represented by X X[o] 0 .- 0
«_ | 0 X
: . 0
0 - 0 X[N-1]|

> Given that the channel gain is H[k] for each subcarrier k, the received
training signal Y/k] can be represented as

-oyjo) 7 [XIO) O -~ 0 YF HO 7 T Z[0] ]
NRL 0 X[ : H(1] Z[1]
Y= = +
= H is the channel vector : 0 :
= Z is the noise vector L Y[N—1] ] L0 .o 0 X[N—1]. |HIN—-1]] [Z[N-1]]
=XH+Z

UNIVERSITYATALBANY
State University of New York




Least-Square (LS) channel estimation

» @Goal 1s to minimize the cost function

J(H) = | Y—XH]|"

— (Y-XH)"(Y-XH)
— Y Y_YIXH-HIX"Y + HIXXH

> By setting the derivative of the function with respect to H to zero,

VM) _ o (xy) +2(xPXE) =0
oH
XAXH = X"y
H, s = (XI'X) XAy =Xy
: _ Yk _
Hislk] = X[ k=0,1,2,---,N—1

UNIVERSITYATALBANY
State University of New York
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Channel Estimation for WLAN

vV V VY YV V

A\

H (k] :%, k=0,1,2,---,N—1

Long Preamble: contains N=52 subcarriers

Pilot: contains only 4 (-21,-7,7,21)

Use above equation for 4 pilots

Then intrapolate/extrapolate rest of the subcarriers

We can assume channel 1s fairly constant over duration of one
packet in low mobility WLAN

Often channel estimation 1s done over LP, pilots are used for
phase tracking

UNIVERSITYATALBANY
State University of New York
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Demodulation

F L] d h 64-QAM Q A B()B]Bz B3B4B5
1 1 1 1 1 1
> 1n t C neareSt 000 100 ; 001 100, 011100 ; 010 100 | 110 100} 111100 | 101100 ; 100 100
L ] 1 L ] 1 L ] 1 [ ] +7’* [ ] | L ] | [ ] | L ]
. . . -q--=--- r-——---- i Rty Bl r--=--- T=-=-=-- r——----
Euclidian distance to T R
1011 001 1011 011 101 1 010101 | 1101011 111 101 1101 101 1 100 101
. L 1 [ ] 1 L ] 1 L ] +5—— L] 1 L 1 L ] 1 [ ]
L Ll L [ |
a transmitted A R
1 1 1 1 1 1
. 000 111 1 001 1111 011111 1010 111 | 1101114 111111 4101 111 1 100 111
. 1 . | . 1 o i e 1 . 1 . 1 .
constellation R U I IR DR A
——————- F-————- e EE F-————- t-=---- F=—=——-
1 1 1 1 1 1
000 110 , 001 110, 011110 |, 010110 | 110110, 111110 | 101110 ; 100110
[ ] | L ] | L ] | L ] +l‘* [ ] | [ ] | L ] | [ ]
> SC resnolds ! ! ! ! ! !
— 5 3 1 L |+ L >I
000010 ' 001 010" 011010 ' 010010 [110010" 111010 ' 101010 ' 100 010
° : . : ° : . B ° : ° : ° : .
S R S [P, e
1 1 1 1 1 1
1
000011 1 0010111 011011 1010011 [110011 1 111011 1101011 1 100 011
. 1 . 1 . | LI S 1 . 1 . 1 D)
1 1 1 : 1 1 1
1 1 1 1 1 1
-=-=-=-=-- r-—=-=--= i D r—-——=—=-- [ r-—=—=--=
000001 | 001001} 011001 ;010001 [110001 | 111001 101001 | 100 001
[ ] 1 L ] 1 L ] 1 L ] 75“ [ ] 1 [ ] 1 L ] 1 L ]
1 1 1 1 1 1
L L L -
1 1 1 1 1 1
000000 ' 001 000! 011000 '010000 |110000 ' 111000 101000 ' 100 000
° : ° : ) : ) 7t ) : ° : [) : L)
UNIVERSITYATALBANY
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Deinterleave

» Inverse of Interleave

> First Permutation
i = SXU/SJ+(j+L
» Second Permutation

k=16 xi—(Npgps—

S = maX(NBpsc/z,l)

UNIVERSITYATALBANY
State University of New York

16 xj

NCBPS

P mod s ]: 0,1 NCBPS_ |

I)XL
N

16 x lJ, 1= 0,1,... NCBPS_ 1
CBPS
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Viterbi Decoding

> The Viterb1 algorithm can be used for decoding the space-time
trellis-coded systems.

> Soft Decision Decoder — samples before digitizing

» Hard Decision Decoder — bits received
xX[n] 1 0 1 1 0 0

00 /00 0/00 0/00 . 0/00 ; 0/00 0/00
11 1/11 1/11 1/11 1/11 1/11
0/1 0/10 0/10 0/10 0/10
o1 [P\ ] L oA
1/01 X 1/01 1 1/01 1/01
\ N\,
10 Do/u A 11 0/11 0/11
1/00 1/00 1/00
0/01 0/01 0/01 0/01
11 1/10 1/10 1/10 1/10

x[n-1]xn-2]

" MATLAB Function: vitdec()
L https://www.mathworks.com/he
w{_Jm (] ]p/comm/ref/vitdec.html

time
UNIVERSITYATALBANY  http://web.mit.edu/6.02/www/f2010/handouts/lectures/L9.pdf 31
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Descrambling

> Inverse of scrambling procedure
> the first 7 un-scrambled bits (BO to B6) are all zeros

Data In
»
X7 x6 x5 l x4 x3 x2 x!
7 4 Descrambled
S(x) = x +x +1 Data Out

The 1nitial state of the scrambler is the state 1011101

UNIVERSITYATALBANY 52
State University of New York



Constellation Error

» Error Vector Magnitude (EVM)

Qof----------=- o>
’E\IN\ -7
Qo[ ==~~~ "3 o < |
Q A1 AS |
Measurement Symbol (/(i, j, k), O, j, k)) 7 L |
A / S 2 |
O: _ Error Vector Magnitude (EVM) .07 : :
° /
™ Ideal Symbol (Iy(i, j. k), Qi j. k) " \g. | '
//01 0o o ! !
Mean Power of Ideal Symbol (P, = 1 ¥ . L—> 1
ymbol (Py = 1) =
° () 0,0 IO IO
> @ Ideal Point B Measured Point
¢ ® {Io, Qo, My, 6y} = Ideal I, Q, Magnitude, Phase
{fo, Qo, Mo, 0o} = Measured I, Q, Magnitude, Phase
° ° N 2 N2
EVM = (Io - Io) + (Qo - Qo)
Ipisp = Dispersion in I = Iy — fo

@ pisp = Dispersion in Q = Qo — Qo
UNIVERSITYATALBANY Mp;sp, = Dispersion in Magnitude = My — M,

te University of New York



RMS Average of all Errors in a Packet

Lp _ 52

N, Z Z {(1(19./9 k)_]0(1'5j9 k))2+(Q(IaJ9 k)_QO(iaj’ k))z}

¥ f=1k=1
52L, x P,

. = i=1
Errorgys =

17-28
N, -

where

Lp  1s the length of the packet;
N/~ 1s the number of frames for the measurement;

(Ly(ij. k), Qy(i,j,k))denotes the ideal symbol point of the i frame, jth OFDM symbol of the frame, K™ sub-
carrier of the OFDM symbol in the complex plane;
(1(i,j.k), O(i,j,k))denotes the observed point of the i'" frame, /™ OFDM symbol of the frame, &' subcarrier

of the OFDM symbol in the complex plane (see Figure 17-16);
Py is the average power of the constellation.



=
E -
MAC/PHY
= e E & 4 &
MACI 23§ CEEmmmiL :
X% s =2 Mo >
> T'x 5 E FEEE  EEE E
=
MPDU
‘ Tail Bit f
= Bit Padding if Needed
Header PSDU
crambled + Encoded
Training Symbols | Header C-PSDU
RATE|Reserved| LENGTH| Parity| Tail [SERVICH Tail |pad bits
4bits| 1bit |12bits |1 bit [obitdi6bits | PSPU| (o
PHY
PHY Preamble SIGNAL DATA
12 Symbols  |One OFDM Symbol| Variable Number of OFDM Symbols
et L L
[ gggnle(d/Of Il)/l\zfl [ ~Coded/OFDM
UNIVERSITYATALBANY ( ,r=1/2)  (RATE is indicated in SIGNAL)

State University of New York



RX State c %‘
- CS/CCA State g g 2 b
k=) g| = -] Sm 8§
g £ 3 § S2%
MAC/PHY
2% Sl & £ a ;ﬁ,'g
=32 SO <« < Z &=
<2 F = > 0o<
MAC S 202 wmmm s wm 290
=1 A = mEx
> Rx 2 R E T EREE
>
= MPDU
? (11 ] | ?..-
Tail Bit
‘ Header PSDU
Viterbi Decoding Del
Bit Removing
Decoded+descrambled if Needed
Header C-PSDU
2
g RATE| Reserved| L ENGTH| Parity| Tail [SERVICH Tail |pad bits
2 4bits| 1bit |12bits | 1 bit 6 bitg16 bits | PSPYU| 6 bits
PHY 2
PHY Preamble SIGNAL DATA
12 Symbols One OFDM Symbol| Variable Number of OFDM Symbols
| Coded/OFDM - Coded/OFDM -
| oded/ [ ode
UNIVERSITYATALBANY _ (BPSK,r=1/2)  (RATE is indicated in SIGNAL) '

State University of New York



302.11 MAC

> MAC layer covers three functional areas:
= Reliable data delivery
= Access control
= Security

UNIVERSITYATALBANY
State University of New York
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MAC: Reliable Data Delivery

> More efficient to deal with errors at the MAC level than higher

layer (such as TCP)

> Frame exchange protocol

= Source station transmits data

= Destination responds with acknowledgment (ACK)

= [f source doesn‘t receive ACK, it retransmits frame
> Four frame exchange

= Source issues request to send (RTS)

= Destination responds with clear to send (CTS)

= Source transmits data

= Destination responds with ACK

UNIVERSITYATALBANY
State University of New York
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Distributed Coordination Function

> Decentralized
> Carrier sense multiple access (CSMA)

= Listen to the medium
= Jf idle, then transmit
= Jf not, wait a random time
o If busy again, expand the mean waiting time, randomly wait, and try again.
® Binary exponential backoff describes this procedure
o The backoff is the waiting process

o Mean random waiting times get exponentially larger

v By a factor of 2 each time, hence the term binary.
= This process responds to heavy loads
O @gﬁg 1{%%4@%9&’ ot know the loads of other nodes trying to send.

59



Interframe Spaces (IFS)

> Short IFS (SIES)

= Shortest IFS

= Used for immediate response actions (ACK, CTS)
> Point coordination function IFS (PIFS)

= Midlength IFS

= Used by centralized controller in PCF scheme when using polls
= Takes precedence over normal contention traffic

> Distributed coordination function IFS (DIFS)
= Longest IFS

= Used as minimum delay of asynchronous frames contending for access
= Used for all ordinary asynchronous traffic

UNIVERSITYATALBANY
State University of New York
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MAC Frame Timing

Immediate access

when medium is free < DIFS

»l

Contention window _

longer than DIFS

_PIFS_

< >
<€ >

DIFS
Busy Medium SN

V)

«—Defer access

—>

>
>

>
<

/ / Backoff window
time

<— Slot time

Select slot using binary exponential backoff

(a) Basic access method

Superframe (fixed nominal length)

»

A

>

| Superframe (fixed nominal length)

Contention-free

period Contention period

DCF

PCF (optional)

Variable length
(per superframe)

UNIVERSITYATALBANY

Busy medium ; PCF (optional)

PCF
defers

| Foreshortened actual superframe period

Y

CF-Burst;
asynchronous
traffic defers

State University of New York (b) PCF superframe construction
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High & Very High
Throughput PHY

UNIVERSITY
ATALBANY

State University of New York

UNIVERSITYATALBANY
State University of New York
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802.11n and 802.11ac Tn o ——
Lo
]
Mutti-user mimo T1QC T—

=)

802.11n 802.11ac

Supports 20 and 40 MHz channels Adds 80 and 160 MHz channels

Supports 2.4 GHz and 5 GHz frequency bands Supports 5 GHz only

Supports BPSK, QPSK, 16-QAM, and 64-QAM Adds 256-QAM

Supports many types of explicit beamforming Supports only null data packet (NDP) explicit beamforming

Supports up to four spatial streams Supports up to eight spatial streams (AP); client devices up to

four spatial streams
Supports single-user transmission only Adds multi-user transmission

Includes significant MAC enhancements (A-MSDU, A-MPDU)  Supports similar MAC enhancements, with extensions to
accommodate high data rates



PHY Parameters

PHY standard Subcarrier range Pilot subcarriers  Subcarriers (total/
data)
802.11a/q -26to—1,+11t0+26 +7,+21 52 total, 48 usable
(8% pilots)
802.11n/ -28to -1, +1to+28 56 total, 52 usable
802.11ac, 20 (7% pilots)
MHz
802.11n/ —58t0—-2,+2to+58  +11,+25, +53 114 total, 108 usable
802.11ac, 40 (5% pilots)
MHz
802.11ac, 80 -122t0 -2, +2 to +11, £39, 75, 242 total, 234
MHz +122 +103 usable
(3% pilots)
802.11ac, 160 -250t0 —130,-126to0  +25, £53, +89, 484 total, 468 usable
MHz? -6, +6to +126,+130  +£117,+139, (3% pilots)
to +250 +167, £203,
+231

Capacity

relative to
802.11a/g

x1.0

x2.3

X9.75

Capacity
relative to 20
MHz 802.11ac

n/a

x2.1

x9.0

EJ 3 For 80+80 MHz channels, the numbers are identical to the 160 MHz channel numbers.
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OFDM SUBCARRIERS USED IN 802.11A, 802.11N AND 802.11AC

Il i I i |1/ |

26 carriers 26 carriers 28 carriers 28 carriers

L

f 1 | f 1
-10MHz f. +10MHz -10MHz fe +10MHz
52 subcarriers (48 usable) for a 20 MHz non-HT 56 subcarriers (52 usable) for a 20 MHz HT

mode (legacy 802.11a/g) channel mode (802.11n) channel
57 carriers 57 carriers
11 . I | | |
I 1 1 I
-20MHz -10MHz f. +10MHz +20MHz

114 subcarriers (108 usable) for a 40 MHz HT mode (802.11n) channel

T

121 carriers 121 carriers
1 1 1 1 1 1
a| T T T T T T r
-40MHz -30MHz -20MHz -10MHz fc +10MHz +20MHz +30MHz +40MHz
242 subcarriers (234 usable) for a 80 MHz VHT mode (802.11ac) channel
peY U An 80+80MHz or 16MHz channel is exactly two 80MHz channels, for 484 subcarriers (468 usable) 65
' Aruba Networks

N State University of New York



HT PHY Highlights

>
>
>
>
>
>

OFDM PHY with up to 4 spatial streams in 20MHz
One to four spatial streams in 40MHz

Data rates up to 600Mb/s (4 spatial streams, 40MHz)
Modulation: BPSK, QPSK, 16-QAM, 64-QAM
Convolution Coding Rates: 1/2,2/3, 3/4, or 5/6

Optional Features:

= LDPC, STBC codes
= 400ns (short) guard interval (GI)
" transmit beamforming

= HT-greenfield format

UNIVERSITYATALBANY
State University of New York
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PPDU Format

» Non-HT Format:
= OFDM 20MHz packet
= Support for non-HT format is mandatory
> HT-mixed Format
= Packets of this format contain a preamble compatible with non-HT STAs
= STF, LTF & SIGNAL can be decoded by non-HT STAs

= Rest of the packet cannot be decoded by non-HT STAs
= Mandatory

> HT-greenfield format
= do not contain a non-HT compatible part

= optional

UNIVERSITYATALBANY
State University of New York
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orma

Format of Data field
(non LDPC case only)

SERVICE
16 bits

Scrambled
PSDU

6-Nes
Tail bits

Pad
bits

\

J

f=3 UNIVER

State University of

Non-HT PPDU
8 us 8 us 4 pus
e A Y - Y_)H
L-
L-STF L-LTF SIG
HT-mixed format PPDU
Data HT-LTFs  Extension HT-LTFs
8 us 8 us 4 us 8 us 4 s 4 us per LTF 4 ps per LTF
A A ~ N A A A
s Y Y N
L- HT- | HT- HT- | HT- HT-
L-STF LLTF | gig | HTSIG | orF | LTF LTF | LTF | """ LTF Data
HT-greenfield format PPDU
Data HT-LTFs  Extension HT-LTFs
8 us 8 us 8 us 4 ps per LTF 4 us per LTF
A A A A A
e v~ Y ' ' N
HT- HT- | HT- HT-
HT-GF-STF HT-LTF1 HT-SIG LTF LTE | LT |7 LTE Data

;;;;;;;;
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40
MHz

Z 1ransmission

7 UNIN

L- L- L- HT- | HT-
STF LTF SIG | SIG, | SIG,
T | 7y
STF 1
Duplicate Duplicate | Dup | Dup | Dup
L- L- L- HT- | HT-
STF LTF SIG | SIG, | SIG,
time =
ERSITYATALBANY

rsity of New York

000

HT-
LTF

HT-DATA
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Mixed Format Tx Blocks

Insert Analog
»| Gland P and RF
Window
o Insert Analog
[} . g —p| CSD P Gland P
O () = Window and RF
o) S = QL) n
Q ® L3 =
> I P L P> 5 >
Q n S —
O = S = Insert Analog
8 = S —»| CSD [ Gland P 120
Window
Insert Analog
—Jp CSD P Gland —P» and RF
Window
N y, N
Y Y
Single Spatial Stream Ntx Transmit Chains

UNIVEKDILL Y At ALBAINY

State University of New York



Cyclic Shift Diversity (CSD)

> How to transmit the legacy training from all antennas?
> Cyclic shifts are used to prevent unintentional beamforming

* When the same signal or scalar multiples of one signal are transmitted
through different spatial streams or transmit chains

> A cyclic shift of duration 7~ on a signal s(¢) on interval 0 <

(:T¢s) s(t=Tes)  0<t<T+Tcg
Scs (61 ¢g -
CS CS |T(r_g<0 S(f—TCS—T) I+ TCSStST

UNIVERSITYATALBANY 71
State University of New York



0.1 T

Stream 1
CSD 0.09 I ....... Stream 2 7
008 1 t ,f.: TEER
. . g oo7 i ARG R R ML
> The cyclic delay 1s chosen to be 2 |/ 0
= IR R} 18RI R1I3IHR F
1thi 1mi £ SAHERARHERA AR SN i
within the limits of the guard £ oos HRTHHIHHIH-HHHA I -z‘,':,f‘: ~
- - - A VA V11 0 1 R O
interval (GI) so that it does not s **F '+ ¢ | I AT
~ 0.03 h L ) b ! | i
: . § ' ' |
cause excessive inter-symbol oy | 2000s | |
< 200
interference (ISI) oo [ LSTF I ol B
° ; 7f2 7f4 7i6 7f8 f; 8?2 8?4 8.16 8?8
T(i‘?' values for non-HT portion of packet Time (us)
Number of Cyclic shift for Cyeclic shift for Cyeclic shift for Cyclic shift for
. . transmit chain 1 transmit chain 2 transmit chain 3 transmit chain 4
transmit chains
(ns) (ns) (ns) (ns)
1 0 _— — —
2 0 -200 - —
3 0 -100 —-200 —
4 0 50 -100 -150 72




Insert

FEC encoder

Scrambler
Encoder Parser

Stream Parser

[

FEC encoder

f=3 UNIV __ NOTES

State University of New York

Interleaver | »| Constellation > Gl Analog
mapper and and RF
Window
. Insert
Interleaver  » Co:'.sa'ellztrlon > Gl and :::IRO?:
PP o)) Window
£
&
8 ©
= =
2 T
©
)
. Insert
Interleaver Constellation Gl and Analog
mapper Window and RF
. Insert
Interleaver -9 Constellation Gl and Anslog
mapper Window and RF
Y e

Nss Spatial Streams

Nsts Space-time

N1x Transmit Chains




L-STF

S—26,26 = /\/1/2
{09 03 1 +]’ 0-) 0’ 03_ 1 —j’ Oa 09 03 1 +]’ O’ 0, 03_1 —j, 0’ Oa 09— 1 —js 09 03 O’ 1 +]9 0’ Oa O’
O, 0, Os O,_ 1 _.i, Oa 07 05_ 1 _js O’ O, Os 1 +Is Oa 07 07 1 +]’ 07 Os 05 1 +]9 07 Os Os 1 +]7 0, O}

S—ss,sszm
{0,0,1+,,0,0,0,-1-40,0,0,1+,,0,0,0,-1-4,0,0,0,—1-;,0,0,0,1+/,0,0,0,
0,0,0,0,—-1-,0,0,0,-1-4,0,0,0,1+,0,0,0,1+,,0,0,0,1+/,0,0,0,1+/,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,1+,/,0,0,0,—1-4,0,0,0,1+/,0,0,0,—1-7,0,0,0,—1-4,0,0,0, 1+,
0,0,0,0,0,0,0,—-1-/,0,0,0,—1-4,0,0,0,1+,,0,0,0,1+,,0,0,0,1+,,0,0,0,1+/,0,0}

Ngp

(irx) 1 . - :
A1) = wr, (1) Y, S, exp(j2mnkA(t — T5)) Y, = 1, k<0, in a 40 MHz channel
T o .

«/er' N rr k=N, Jj, k>0, in a 40 MHz channel

UNIVERSITYATALBANY Y, 1, in a 20 MHz channel
State University of New York



L oysr6 = 11,1
I,-1,—

—1,-nL11-1,1,-1,1 L0 -1, 01,1, 1, -1, 1, ]
1 -1 1

) , 1, 1,0,
,1,1,-1,1,-1,1,-1,-1,-1,-1,-1, 1, I, -1, -1, 1, -1, 1, -1, 1, I, 1

1

2 2 b

Lsgss = 111,
1

’_1 l’ 19_19 1’_19 1’ 15 19 l’ 19 19_19_15 19 1,_1’ 19_19 15 19 1’ 15 09
1

{ I, -1,
L,-nL-Ln1,-nnL-11n-1-1,-1,-1,-1,1,1,-1,-1,1,-1, 1, -1, 1, 1, 1, 1,0, 0, 0, 0, 0,
0,0,0,0,0,0, 1,1,-1,-1, 1, 1, -1, I, -1, ., I, I, 1, 1, I, -1, -1, 1, 1, -1, I,-1, 1, I, 1, 1, 0,
L-L-L1n1,-nLL-1,1L-1,-1,-1,-1,-1,1,1,-1,-1,1,-1, 1, -1, 1,1, 1, 1}

i, 1, )

’ b

’

Nsr
(izy)

rp pre(t) = wr, (O > YLexp(2nkAp(t—Tgp, - cs))
JNTX

Tone
NL LTF k =-Ngp

Ten is 1.6 ps

ﬁ UNIVERSITYAT 'ALBANY 75
AN State Unive
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Rate Length Tail
(4 bits) (12 bits) (6 bits)

R1 R2 R3 R4 “" “0" “0" “0" “0" “o

0‘1’2‘3 4 5|6|7|8’9|10‘11|12|13‘14’15|16 17 18’19|20|21‘22’23

Time Domain Representation
26

— wr, ()Y (Dy+poPr)exp(i2nkAp(t—Tg—Tcs))
'\/NTX NL~s16 k=-26

(izy) 1
rlsig(t) =

ﬁ UNIVERSITY AT 'ALBANY 76
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Cyclic Shift for HT portion

T ICS? values for HT portion of packet

Number of Cyeclic shift for Cyeclic shift for Cyeclic shift for Cyeclic shift for
space-time space-time stream 1 | space-time stream 2 | space-time stream 3 | space-time stream 4
streams (ns) (ns) (ns) (ns)
1 0 — — —
2 0 —400 — —
3 0 —400 —200 —
1 0 —400 -200 -600

UNIVERSITYATALBANY

te University of New York
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HT-SIG1 and HT-SIG2

Q L-SIG  ,° HT-SIG @
Modulation and Coding | HT Lenath +14- +1-9-1
Scheme = eng 0 1
LSB MSB |@ | LSB MSB > % Ly
0|1|2|3|4|5|6 7 8‘9|10|11|12|13|14|15|16|17|18|19|20|21|22|23 1 1 1 1
HT-SIG, T 140
H Quadrature binary phase shift
()] . . .
5 keying (QBPSK) modulation is
_ 2 used 1n which the constellation
£ c o ul .
HHE s :§> 5|2 CRC Tail Bits of the data tones is rotated by
IS) o O Q o . .
o512 & |9]2]588 | o 90 relative to the L-SIG in
m|Z | |< w| | mw|Z2n
ol1]2]3 ﬁ(’fs 6|7 \9 10|11|12|13|14|15|16|17 18|19|20|21|22|23 HT-mixed format PPDUs.
/ HT-SIG,
LSB LSB

In HT-mixed format PPDUs, the HT-SIG is transmitted with the same number of

subcarriers and the same c\yclic shifts as the preceding non-HT portion of the preamble,
UNIVERSITYATALBAN 8

. University of New York



HT-STF

> The purpose of the HT-STF is to improve automatic gain control estimation in a
MIMO system. For 20 MHz:

HTS 54,5 = J172
Spatia] Streams {0,0,0,0,1+/,0,0,0,—1-7,0,0,0,1+/,0,0,0,—1—7,0,0,0,—1-7,0,0,0,1+5,0,0,0,
0,0,0,0,—1-7,0,0,0,—1-,0,0,0,1+/0,0,0,1+/0,0,0,1+,0,0,0,1+5,0,0,0,0}
Ngrs X Ngs STBC field value

For 40 MHz:
2x1 1
3x2 1 HTS o5 = {172
{0’ O’ 1 +j’ O’ Os Os_ 1 _j9 Oa Oa Oa l +Ja O’ O’ Os_l _j’ Os Os Os - 1 _ja Oa O’ O’ l +j’ O’ Os Os
4x2 2

03030’0’_l_jao,(),o,_l_jaosoaoa1+ja0a0a 0,l+ja 0,09 O, 1+]9 OaOa Oa l+]a O’O’ O’ 0303
4X3 1 050505050503()’050509l+j9090905_l_js0305051+j5050509_1_j505030s_1_j5050505l+j5
0,0,0,0,0,0,0,—1-7,0,0,0,—1-7,0,0,0,1+/0,0,0,1+/,0,0,0,1+/,0,0,0,1+/,0,0}

NoSTBC 0
iry 1
rir-sre(t) = T 1y (D)
'\/NSTS ’ NHT— STF
Nsg Ngrs (19-21)
Y Y (0, YHTSexp(2nkAp(i—T¢5))
UNIVERSITYATALBANY k= Ngg igps—1
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HT-LTF

> The HT-LTF provides a means for the receiver to estimate the MIMO

channel between the set of QAM mapper outputs (or, if STBC is applied,

the STBC encoder outputs) and the receive chains.

> If the transmitter is providing
training for exactly the space-tim
streams (spatial mapper inputs)
used for the transmission of the
PSDU, the number of training
symbols, N, 1 , 1s equal to the
number of space-time streams,
Ngrg, €xcept that for three space-
time streams, four training

symbols are required.
UNIVERSITYATALBANY

e University of New York

Two spatial streams

One spatial stream

sweang |enedsg

1*HTLTF, -1*HTLTF, 1*HTLTF, 1*HTLTF,
Ons 0ns 0ns Ons
1*HTLTF, 1*HTLTF, -1*HTLTF, 1*HTLTF,
-400 ns —400 ns -400 ns —400 ns
1*HTLTF, 1*HTLTF, b —1*HTLTF,
-200 ns -200 ns -200 ns -200 ns
-1*HTLTF, 1*HTLTF, 1*HTLTF, 1*HTLTF,
-600 ns -600 ns -600 ns -600 ns

v

Four spatial streams

Time

Three
spatial
streams



Pilots for multiple streams

Table 19-19—Pilot values for 20 MHz transmission

, (Ngrs) (Ngrs) (Ngrs) (Nsrs)
Nsts | ists irs 0 igrs 1 isrs, 2 isr 3
1 1 1 1 | -1
2 1 1 1 -1 -1
2 2 1 -1 -1 1
3 1 1 1 -1 -1
3 2 1 -1 1 -1
3 3 -1 1 1 -1
4 1 1 1 1 1
4 2 1 1 -1 |
4 3 1 -1 | 1
4 4 1 1 1 1

UNIVERSITYATALBANY

State University of New York



Lh 4
X2 X

X1 =X
X4 X3
i =+/p/3-hu
2 =1/p/3-hy
vy =/p/3-hy
Vs =\/p/3 h

>_

'xl+\/m'h12'
X2+ V/p/3 hi
X1 +/p/3 hn
'X2+\/p%'h22

ﬁ NIVERSITYATALBANY
AN St

ate University of New York

t, t
Yo V1

Ya V3

=x5+\/p/3 -hiz-x3+2

X]+Vp/3 hyoxs+ 2
. —x§ +Vp/3 hy-x3+1z;
X} +V/p/3haz x4+ 24
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Very High Throughput PHY

>

UNIVERSITYATALBANY
State Uni

Six non-overlapping 80 MHz channels and two non-overlapping 160 MHz
channels

Non-contiguous 160 MHz mode (or 80+80 MHz) is created by selecting
any two nonadjacent 80 MHz channels

80MHz uses 256pt FFT
160MHz uses 5 12pt FFT 5170 5330 5490 5710 5735 5835
MHZ MHZ MHZ MHZ MHZ MHz
" I IO ONOOTOONIDOIT IDMN — O
IEEE channel # | ! R R rErErrrrraiS it e e e e
2omiz AAAAAAAR AAAAAAAAAARRAAARR
s MH: | Y TV VALV
80 MHz | V1 \ \V \ \
160 MHz | Y \
: A
xamples of
VHTS80 + 80 BSS

Setup

niversity of New York



PPDU Duration (# of symbols) o
A
L- L-
VHT-SIG-A
TFs SIG
20, 40,
80, or
160
MH
‘ Duplicate Dltl-p Dup
L-TFs VHT-SIG-A
SIG VHT Ys":g
-STF B
Duplicate Df_p Dup
L-TFs SIG VHT-SIG-A
\j
time
Legacy
Preamble VHT Preamble
( A T A
VHT-
LSTF LLTF | LSIG | SiG- padigl ol Ll
Al
', u 8 psec 8 psec 4 4 4
N Sta usec  psec usec  psec




Cyclic Shift for VHT

Cyclic shift for transmit antenna itx (in units of ns)

Total number of
transmit antennas (Nyx)

—_—

0 2N n bk W -
CO OO OO OCOCC

Vv
o0

=175

=175
=175

=200
=100
=25

=25

=150
=150
=150

IVERSITYATALBANY

niversity of New York

Between —200
and 0 inclusive



m

MCS index Modulation Rate (R) Ngpscs
0 BPSK 1/2 1
1 QPSK 1/2 2
2 QPSK 3/4 2
3 16-QAM 1/2 4
4 16-QAM 3/4 4
5 64-QAM 2/3 6
6 64-QAM 3/4 6
7 64-QAM 5/6 6
8 256-QAM 3/4 8
9 256-QAM 5/6 8

QH UNIVERSITYATALBANY 86
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MAC Changes

100.0
40MHz, 2x2
90.0 4
40Mz, 3x3 40MHz, 4x4
80.0
20MHz, 4x4

70.01 40MHz, 1x1
3 20MHz, 2x2 4 20MHz, 3x3
o 60.0 1
=
a2 50.0
S 20MHz, 1x1 -
3 - 40MHz, 4x4
.g 40.0 1 [ —— 40MHz, 3x3
. —— 40MHz, 2x2

30.0 1 40MHz, 1x1

i 20MHZ, 4x4
20.0 —o— 20MHz, 3x3
o . | === 20MHz, 2x2
No changes in MAC 20Wz, 1
10.0 | == Legacy
0.0 : ‘ ‘ ‘ ‘
0 100 200 300 400 500

PHY Rate (Mbps)

UNIVERSITYATALBANY

State University of New York

600

> Xput does not
increase with
more spatial
streams
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Preamble
(% overhead) Payload 21
(1% ] // 6Mbps (20MHz, 1x 1) )
Iy
(8% | ) 54Mbps (20MHz, 1x 1)
(2% | ) 130Mbps (20MHz, 2 x 2)
[ a5% { ] 270Mbps (40MHz, 2 x 2)

eiomm v ) 540Mbps (40MHz, 4 x 4)

aa UNIVERSITYATALBANY 88
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Mz!! Throughput Enhancements

Preamble
Data Data Data )
Data Burst
ACK ACK ACK
S|l=sII e > 11e

Data Data Data BAR )
Py Immediate Block Ack
& BA
2 /
Q
% RIFS, | .
- Data Data Data BAR
@ Reduced Inter-frame Space
© BA
[}
3]
£

Data Data Data BAR

Aggregate data > 11n
BA
v Data Data Data o
Implicit BAR
BA

BAR: Block Ack Request
BA: Block Ack TXOP: Transmission Opportunity period

Bvﬂ NIVERSITYATALBANY 89
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Illﬂrougﬂput WltH MX!' Enﬂancements

400.0
40MHz, 4x4
350.0
40MHz, 3x3
300.0 :
[
a 250.0
<
5 200.0 40MHz, 2x2
a . —4— Legacy =
20Ml-lz. 4x4
5 / —=— 20MHz, 1x 1
© 1500 ~&— 20MHz, 2x2 |
g / 20Miz, 333 —e— 20MHz, 33
100.0 40MHz, 1x1 —#— 20MHz, 4x4
' »>% 20MHz, 2x2 == 40MHz, 1x1
R == 40MHz, 2x2
50.0 20MHz, 1x1 ~o— 40MHz, 3x3 [
Legacy 40MHz, 4x4
00 T T 1 1 1
0 100 200 300 400 500 600
PHY Rate (Mbps)
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A-MSDU

Pre-802.11n
MAC

A-MPDU

/R

4

UNIVERSITYATALBANY

goregation

MSDU Aggregation

PS Defer Queue

Sequence Number
Assignment

MSDU Integrity
Protection

Fragmentation

MPDU Encryption and
Integrity Protection

MPDU Header + CRC

MPDU Aggregation

State University of New York

Egress

Ingress

an

MSDU Disaggregation

MSDU Integrity Check

Defragmentation
(reassembly)

MPDU Decryption and
Integrity Check

Block Ack Reordering

Duplicate Removal

MPDU Header + CRC
Validation

MPDU Disaggregation

+——MSDU———>

DA | SA Payload DA | SA

\

+——A-MSDU——>

Payload

Payload § MPDU

Length

AL

Length

MPDU
Header

<+—MSDU or A-MSDU —»

s
£|le|3 25
wlBl 5|8 MPDU T 0
2|8 § % Delimiter g3 Payload b4 MPDU
.
\ / N /
\ / AN /
\ / \ /’ Only present in
\ / N Vi VHT EPDU
\ ] N\ ’
] ZFr ZIFE ZRERY
i MPDU i MPDU i MPDU §Eigg§ A-MPDU
4
\\ PSDU >
/
N ,
\ 7

Preamble Payload PPDU
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A-MSDU

> In the A-MSDU format, multiple frames from higher

layers are combined and processed by the MAC layer
as a single entity.

> Each original frame becomes a subframe within the
aggregated MAC frame.

> Thus this method must be used for frames with the
same source and destination, and only MSDUs of the
same priority (access class, as in 802.11e) can be
aggregated.

UNIVERSITYATALBANY
State University of New York
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A-MPDU

> A-MPDU format, allows concatenation of MPDUs
into an aggregate MAC frame.

> Each individual MPDU is encrypted and decrypted
separately.

> Since MPDUs are packed together, this method
cannot use the earlier 802.11 per-MPDU

acknowledgement mechanism for unicast frames.

> A-MPDU must be used with the new Block
Acknowled%ement function of 802.11n.

UNIVERSITYATALBA
State University of New York
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forward to LLC

. QoS Data MPDU
data burst with S hole
“block ack” policy ‘|t 1 2] i3]

reorder buffer

2] i3 |4 |[5]
BAR QoS Data MPDUSs forward to LLC
SSN-=2}{60 {60 [T ][21] g W S W
2 |[[3 Jfa s |6 |
 — _[BA |-
Originator Recipient

aa UNIVERSITYATALBANY 94
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Block ACK (Normal vs BAR)

Data

ACK

Data

Data

Data

aggregate with
“normal ack” policy

aggregate with
“normal ack” policy

lifetime expired

Originator

BA

QoS Data MPDUs

QoS Data MPDUs

(7 [6 [5 T3]

(a) “Normal Ack” policy in non-aggregate

(b) “Normal Ack” policy in aggregate

Recipient

forward to LLC

hole

1]

[2]03.[4]

reorder buffer

hole

3|

(3.

L4 Jls]ls][7]

forward to LLC

S\

SSN 1s set to the sequence
number of the next MSDU to
be transmitted

BAR: it solicits a BA
response and it flushes the
MSDUs in the reorder
buffer that are held up due
to an earlier incomplete
MSDU

NOTE: MSDU 3 never
reaches to recipient. 95



N

X - 400 nsec

x - 200 nsec

x - 600 nsec

Cyclic Shift Diversity (CSD, CDD)
Transmit diversity by blindly transmitting from
each antenna with a fixed phase shift. Receiver
picks best signal. Can be combined with MRC,

(also termed Cyclic Delay Diversity)

x\

Axm“)
S
T

Cx+o,

Transmit Beamforming (TxBF)

Transmitter receives channel state information

from receiver (compressed V feedback matrix)

and computes parameters to drive local signal
maximum at receiver. The transmitter can
form on several antennas if silicon allows.

o kg ok

¥k y.*

Space Time Block Coding (STBC)

Transmitter codes a pair of symbols in successive
timeslots form different antennas. Only works with
even numbers of anntennas, two per SS. All-or-nothing,
all SS must use STBC if any use it. Here combined
with SDM. STBC halves the effective data rate.

\ ,

Cx+o,

Combining Techniques

Some cambinations are disallowed by the
‘equal modulation’ restriction, others by silicon
implementation. Equal modulation requires all

driven antennas to use the same MCS.

7

“

Spatial Division Multiplexing (SDM)
Transmitter sends one spatial stream per antenna,
chosen for the best performance. Feedback from
the receiver is not required; channel stateis inferred
by assuming reciprocity. Can be combined with STBC.

Maximal Ratio Combining (MRC)

Receive-only technique to combine multiple
copies of the same signal at RF for the best SNR.

Can be combined with CSD, SDM or SDBC. 9%



Beamforming

IMPLICIT AND EXPLICIT FEEDBACK FOR BEAMFORMING

! Request for Sounding ! ! Sounding Frames !

Beamformer Y Sounding Frames ! Beamformer Beamformer Y Feedback from Sounding Beamformer
Beamformed Frames Beamformed Frames
Implied CSI Actual CSI

Implicit Feedback for Beamforming (802.11n not 802.11ac) Explicit Feedback for Beamforming (802.11n and 802.11ac)

1. (Beamformer) Send me a sounding frame 1. (Beamformer) Here's a sounding frame

2. (Beamformee) Here's the sounding frame 2. (Beamformee) Here's how | heard the sounding frame

3. OK, I'll pre-code assuming you hear me like | heard you 3. Now | will pre-code to match how you heard me

> Differences: hardware complexity and limitations, overhead,
and dependency of the beamformer on the beamformee

97
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NDP for channel sounding

> The NDP can also be used in calibration for implicit feedback
beamforming.

= With calibration, channel sounding is required in both link directions closely spaced in
time. A special sequence to perform calibration is defined and described later.

> The NDP may also be used for antenna selection, a technique for selecting
the optimal receive and transmit antennas.

= When performing antenna selection multiple NDP transmissions may be needed since up to 8

antennas may be present° NDP Announcement A
o
STA1 +HTC MPDU(s) %
STA 2
NDP Announcement -
o
STA1 +HTC MPDU(s) ‘ %

MPDU requiring immediate

STA 2 response

UNIVERSITYATALBANY

e University of New York Response MPDU



Implicit Feedback

> To sound the channel, the beamformer sends a PPDU containing one or

~more +HTC MPDUs which have the TRQ bit set to 1

oo et T

TXOP

»
»

-
-«

Beamformed

«———TXOP

Beamformed

Transmission

TRQ Transmission TRQ
STA1 6 8 F slglg]|sg s 8 s|lglg)|e
= o © © © © © = o © © © ] ©
=3 o o|lo|la|o // Z3 o o oy ey
W B¢ * . =
< o // < o
= b4 c 4
TA o 3] < 0. S <
STA 2 8 < © 8 b @
Channel Channel
Sounding Sounding
< TXOP > T XOP———oooooooopp
Beamformed Transmissions
TRQ /_\ / \ TRQ
c ® @ @ ] @® c @ @® o] @® @
-— -— . . . o . . . -— -—
STAT 2918 8|18(8|8 /) £3|8 8|18(8]|8
_g-: Qs
E&_" X // .gg S
o
STA 2 8 Q P-4 8 Q &
Channel Channel
Sounding Sounding
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XPpIiCIt Feeabnpac mmedailate or veiaye

- TXOP > < TXOP = -« TXOP >
Beamformed Transmissions
NDP Announcement ~ Channel J NDP Announcement  Channel
CSU/Steering Request  Sounding /\l CSUSteering Request  Sounding
c ] ] c v c ] ] ] ‘
o - - - V-w
star S |E| |E|3|5|3 E-f-zv g gl-gv 5| [E|8|3|Z| @
c O o o
== 5 < S
STA2 E& % cd |2 s 1= -
g% R s\ \s“(&] |&|3] &% |8 8
TxBF
Feedback
————————TXOP ———oooooup < TXOP >
Channel Sounding Beamformed Transmissions

J \ CSl/Steering Request

CSl/Steering Request

fen
Period
Data
Data
Data
Data
Data
\\
Con\;gion
Pei
ACK
BA
CSVBF

tion
iod
Data
Data
Data
Data
Data

STA1 -

-
TxBF
Feedback
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