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Outline 
•  Introduction: A simple two-path wireless channel 

–  Flat and frequency selective fading 
–  Fast and slow fading 

•  Diversity techniques for wireless channels 

•  IEEE 802 wireless network (PHY) standards 
–  Bit-interleaved coded modulation 
–  Modulations and codes used today 
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A wireless two-path channel 

EE 160. Spring 2006. San José State University

The wireless two-path channel
Consider a two-path channel, as depicted in Fig. 1. The signal s(t) sent by the transmitter

(Tx) goes through two different propagation paths, and experiences attenuations (αi, i = 0, 1) and
delays (τi, i = 0, 1.) At the receiver, the signal r(t) is obtained as the superposition of the two
signal components, denoted s0(t) and s1(t), one per propagation path.

Tx

Rx

s(t)

r(t)

α1, τ1

α0, τ0

Figure 1: A wireless two-path channel.

The signal at the receiver is given by

r(t) = s0(t) + s1(t) = α0s(t − τ0) + α1s(t − τ1)

= s(t) # [α0 δ(t − τ0) + α1 δ(t − τ1)] . (1)

Consequently, the impulse response of the channel is given by

h(t) = α0 δ(t − τ0) + α1 δ(t − τ1),

where, for i = 0, 1, the attenuation αi is inversely proportional to the n-th power (for some value
of an integer n) of the path distance di between transmitter and receiver, and the delay of an
electromagnetic wave is τi = di/c, where c = 3 × 108 (m/s) is the speed of light.

The transfer function of the channel is derived next. Without loss of generality, assume that
τ1 > τ0. Let β

∆= α1/α0 and ∆τ
∆= τ1 − τ0. Consider the following scaled and delayed impulse

response

hd(t) =
1
α0

h(t + τ0). (2)

Then
hd(t) = δ(t) + βδ(t − ∆τ),

with Fourier transform

Hd(f) = 1 + βe−j2πf∆τ

= e−jπf∆τ
[
ejπf∆τ + βe−jπf∆τ

]

= e−jπf∆τ [(1 + β) cos(πf∆τ) + j(1 − β) sin(πf∆τ)] , (3)

Coding and Modulation for Wireless 3 



Wireless two-path channel response 
to rectangular pulses	
Two-path channel

Narrowband pulses, T > ∆τ

Input Output

- Amplitude variation:
Fading

- Distorsion

Wideband pulses, T < ∆τ

Input Output

- Amplitude variation:
Fading

- No distorsion
- Overlap to next pulse:

Interference

T T+∆ττ0

τ0 T+∆τ

FLAT FADING 

FREQUENCY-SELECTIVE FADING 
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(less) 

(Δτ = τ1- τ0) 



PSD of a wireless two-path channel 
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Figure 2: PSD of a wireless two-path channel.

Larger delay spread 
Larger frequency selectivity 



•  Variations in received power due to movement (Doppler): 

Fading and time variations 

Coherence time 

Tc =
1
BD

BD : Doppler bandwidth

Tc

Coding and Modulation for Wireless 6 

BD = 2vfc / c

Slow fading:  T < Tc 

Fast fading:  T > Tc 

T is the symbol duration 



Multipath effects 
•  Reflections (paths) of the transmitted electromagnetic 

signal on objects 

•  L-path channel impulse response: 

τ 0 τ1 τ L−1

h(t)

t

Delay spread 
Tm

Coherence 
bandwidth: 

Bc =
1
Tm

α0 (t)
α1(t)

αL−1(t)
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φi (t) = 2π fcτ i (t)

Phase rotation: 



Basic types of fading 
•  Flat fading: 

–  Narrowband signaling 

•  Frequency-selective fading: 

–  Wideband signaling 

B << Bc or 2W << 1
Tm

B >> Bc or 2W >>
1
Tm
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B=2W  is the signal bandwidth 



Complex baseband frequency-selective  
multipath channel model 

τ	
 τ	
… 

c0(t) c1(t) 

τ	
s(t) 

cL-1(t) 

Σ	


AWGN 

r(t) 

ci(t) = αi(t) ejφi(t) : i-th path (complex valued) gain, i=0,2,…,L-1 

Note: L=1 and c0(t)=c0 gives flat fading 

τ  : Time 
resolution 

QPSK 
Matlab demo 
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Time diversity for multipath 
channels 



Time-diversity techniques   
•  Time-diversity techniques can be classified 

according to the frequency selectivity of the 
multipath channel 

•  Flat fading channels 
–  Error correcting coding & interleaving  
–  Diversity order equal to the minimum Hamming 

distance of the code 

•  Frequency-selective channels 
–  RAKE demodulation 
–  Linear adaptive equalization  
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Flat Rayleigh fading: ECC diversity with a 
Hamming (7,4,3) code 
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Slope = -1 

Slope = -3 



RAKE demodulator: Assumptions 
•  Slow fading: 
•  Frequency-selective fading:    (1) 
•  No intersymbol interference (ISI_:   (2) 

•  (1) and (2) are satisfied by wideband pulses, such as 
PPM or spread-spectrum 

•  Path gains and delays need to be known 
–  Need channel estimation techniques (“finger search”) 

T << Tc ⇒ ci (t) = ci, i = 0,,L −1
W >> Bc

T >> Tm
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RAKE demodulator: Structure (BPSK) 
τ	
 τ	


… 

c*L-1 c*L=2 

τ	
r(t) 

c*0 

Σ	


Y 

^ ^ ^ 

ψ(t) ψ(t) ψ(t) 

Estimated 
path gains 

x(t) 

t=T Decision 
variable 

L fingers (diversity branches)  

… 

Integrator 
0

t
∫
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Integrator 
0

t
∫

Maximal-ratio combining property  
τ	
 τ	
… 

c0(t) c1(t) 

τ	
s(t) 

cL-1(t) 

Σ	


AWGN 

r(t) 
τ	
 τ	


… 

c*L-1 c*L-2 

τ	


c*0 

Σ	


Y 

^ ^ ^ 

ψ(t) ψ(t) ψ(t) 

x(t) 

t=T Decision 
variable 

Multipath 
Channel 

RAKE 
demodulator 

Signal delay on each RAKE finger: Tm = (L-1) τ	
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Frequency diversity for frequency-
selective multipath channels: 

OFDM 



Frequency-domain approach 
•  Divide and conquer: Create K subchannels with 

frequency responses that are relatively constant (flat): 

 
 

•  Subcarrier frequencies:  

f 
fc 

|C(f)| 

Δf 

B=KΔf 

fk = fc −
K −1
2T

+
k
T
, k = 0,1,, K −1.
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Complex baseband spectrum 

 

•  Each baseband channel has an associated basis signal 

•  Frequency separation and symbol duration (sinc pulses): 

f 

|C(f)| 

Δf 

KΔf=W   0 

ψk (t) = e
j 2π k

T
t

!

"
#

$

%
&
, k = 0,1,, K −1.

Δf =W
K

, T = 1
Δf

=
K
W

→ Symbol duration is proportional to K
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OFDM signal 
•  A large value of K results in T >> Tm and fading 

becomes flat 
–  Constant subchannel gains: 

  

•  Each subcarrier is typically M-QAM mapped so that 
the signal transmitted over each subchannel is: 

 
      where Sk=SIk+jSQk represent the modulation symbols. 
 
•  Complex baseband OFDM signal: 

uk (t) =
2
T
SIk cos 2π

k
T
t

!

"
#

$

%
&+ j

2
T
SQk sin 2π

k
T
t

!

"
#

$

%
&, 0 ≤ t ≤ T,

s(t) = uk (t)
k=0

K−1

∑

C 2π k
T

!

"
#

$

%
&=Ck = Ake

jφk , k = 0,1,, K −1.

Coding and Modulation for Wireless 19 



OFDM receiver processing 
•  For each subchannel, k=0,1, …, K-1, the received signal is 

 
 with Ak the amplitude response and φk the phase response. 

•  Basis functions: 

•  Corresponding matched filter outputs: 

rk (t) =
2
T
AkSk1 cos 2π

k
T
t +φk

!

"
#

$

%
&+ j

2
T
AkSk2 sin 2π

k
T
t +φk

!

"
#

$

%
&+ Nk (t), 0 ≤ t ≤ T,

AWGN 

ψk1(t) =
2
T
cos 2π k

T
t

!

"
#

$

%
&, ψk2 (t) =

2
T
sin 2π k

T
t

!

"
#

$

%
& , 0 ≤ t ≤ T.

Yk1 = Ak cos φk( ) ⋅Sk1 +Wk1, Yk2 = Ak sin φk( ) ⋅Sk2 +Wk2, or
Yk =Ck Sk +Wk, as a complex number.
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One-tap equalization 
•  The receiver estimates the subchannel gains using pilot 

symbols known to both transmitter and receiver 

•  Based on these estimates      , the scaling of the 
transmitted symbols is removed by a process known in 
the literature as “one-tap equalization”: 

Ĉk

Yk! =
Ĉk
*

Ĉk

2 Yk =
Ĉk
*

Ĉk

2 CkSk +Wk( ) ≈ Sk +Wk
!, k = 0,1,,K −1
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ISI removal 
•  Effects of delay spread Tm can be removed using a prefix 
•  Two choices 

–  Zero prefix (or time guardband) 
 
 
 

–  Cyclic prefix 

 

•  The choice of a cyclic prefix offers the additional advantage that 
the discrete Fourier transform (implemented via the FFT 
algorithm) can be used 

OFDM SIGNAL No signal 

Tdata Tp>Tm 

OFDM SIGNAL SAMPLES 

Tdata Tp>Tm 

“Copy and paste” 
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OFDM transmitter 

BITS 

Bk{ }
K

K mappers 
(QAM/PSK) 

M = 2

S1 

S2 

SK 

IFFT 
x

x : Vector of K  signal samples

Add cyclic 
prefix D/A Up-converter 

OFDM SIGNAL SAMPLES 

N v 

“Copy and paste” 

fc −
K −1
2T
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OFDM receiver 

BITS 

B̂k{ }
K

K decision 
devices 

(QAM/PSK) 

M = 2

Y1’ 

Y2’ 

YK’ 

FFT 
and 
EQ 

r

r : Vector of K  received signal samples
EQ : Array of K  one-tap equalizers

Remove 
cyclic 
prefix 

A/D Down- 
converter 

fc −
K −1
2T

Pilot 
symbols 

Subchannel 
gain 

estimation 

Ĉk{ }
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Error floors in OFDM 
•  Subchannels (say Kb out of K) with high attenuation (low 

amplitude Ak) will experience large number of errors  

•  Solution (e.g., all IEEE 802.11 physical layer specifications): 
–  Scramble the symbols: Interleaving 
–  Use error correcting coding 

f 

|C(f)| 

0 
Eb/N0 

Pb 

Kb/2K 

Error 
floor 

All subchannels 
low attenuation 

≈1/ 2( )
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Time-Frequency Interleaving 

Time 

… 

Fr
eq

ue
nc

y 

Without interleaving: 

Time 

… 

Fr
eq

ue
nc

y 

With interleaving: 

KT OFDM 
symbol 

Goal:  Spread those subchannel symbols affected by  
           frequency nulls (low energy) in channel response 
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Error Control Coding (ECC) 
•  Correct errors in symbols with low energy 

 

ECC 
Encoding 

Message 
Bits 

Interleaving 
Π	


and 
Mapping 

IFFT 
Insert 
cyclic 
prefix 

D/A 
and 

Quadrature 
Modulation 

ECC 
Decoding 

Recovered 
Bits 

Demapping 
(metrics) and 
Deinterleaving 

Π-1	


FFT 
Remove 

cyclic 
prefix 

Quadrature 
Demodulation 

and 
A/D 

OFDM MODULATOR 

OFDM DEMODULATOR 
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Coding and Modulation in IEEE 
802 Wireless Network Standards 



Bit-interleaved coded modulation 

•  Gray mapping of bits to modulation symbols 

•  Demapping to produce binary metrics (LLR values) 

•  Practically all IEEE 802 standards use it 
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IEEE 802.11-2012 
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18.3.8 PMD operating specifications (general)

18.3.8.1 General

General specifications for the BPSK OFDM, QPSK OFDM, 16-QAM OFDM, and 64-QAM OFDM PMD
sublayers are provided in 18.3.8.2 to 18.3.8.8. These specifications apply to both the receive and transmit
functions and general operation of the OFDM PHY.

18.3.8.2 Outline description

The general block diagram of the transmitter and receiver for the OFDM PHY is shown in Figure 18-12.
Major specifications for the OFDM PHY are listed in Table 18-12.

Table 18-12—Major parameters of the OFDM PHY

Information data rate

6, 9, 12, 18, 24, 36, 48, 
and 54 Mb/s

(6, 12, and 24 Mb/s are 
mandatory)

(20 MHz channel 
spacing)

3, 4.5, 6, 9, 12, 18, 24, 
and 27 Mb/s 

(3, 6, and 12 Mb/s are 
mandatory) 

(10 MHz channel 
spacing)

1.5, 2.25, 3, 4.5, 6, 9, 12, 
and 13.5 Mb/s 

(1.5, 3, and 6 Mb/s are 
mandatory) 

(5 MHz channel 
spacing)

Modulation BPSK OFDM
QPSK OFDM
16-QAM OFDM
64-QAM OFDM

BPSK OFDM
QPSK OFDM
16-QAM OFDM
64-QAM OFDM

BPSK OFDM
QPSK OFDM
16-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 µs 8.0 µs 16.0 µs

GI 0.8 µsa (TGI)

aRefer to 18.3.2.5.

1.6 µs (TGI) 3.2 µs (TGI)

Occupied bandwidth 16.6 MHz 8.3 MHz 4.15 MHz

Figure 18-12—Transmitter and receiver block diagram for the OFDM PHY

FEC
Coder

Interleaving+ IFFT GI
Addition

Symbol
Wave
Shaping

I/Q
Mod.

HPA

LNA

AGC Amp

FEC
Decoder

Demapping+
FFTGI

I/Q
Det.

AFC
Clock Recovery

Remove

Rx Lev. Det.

Mapping
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Figure 17-10—BPSK, QPSK, 16-QAM, and 64-QAM constellation bit encoding
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Figure 17-10—BPSK, QPSK, 16-QAM, and 64-QAM constellation bit encoding
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17.3.2.3 Timing related parameters

Table 17-4 is the list of timing parameters associated with the OFDM PLCP.

Table 17-3—Modulation-dependent parameters

Modulation
Coding 

rate
(R)

Coded bits 
per 

subcarrier
(NBPSC)

Coded 
bits per 
OFDM 
symbol
(NCBPS)

Data bits 
per 

OFDM 
symbol
(NDBPS)

Data rate 
(Mb/s) 

(20 MHz 
channel 
spacing)

Data rate 
(Mb/s) 

(10 MHz 
channel 
spacing)

Data rate 
(Mb/s) 
(5 MHz 
channel 
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

Table 17-4—Timing-related parameters

Parameter
Value

(20 MHz channel 
spacing)

Value
(10 MHz channel 

spacing)

Value
(5 MHz channel 

spacing)

NSD: Number of data subcarriers 48 48 48

NSP: Number of pilot subcarriers 4 4 4

NST: Number of subcarriers, total 52 (NSD + NSP) 52 (NSD + NSP) 52 (NSD + NSP)

∆F: Subcarrier frequency spacing 0.3125 MHz 
(=20 MHz/64)

0.15625 MHz 
(= 10 MHz/64)

0.078125 MHz 
(= 5 MHz/64) 

TFFT: Inverse Fast Fourier 
Transform (IFFT) / Fast Fourier 
Transform (FFT) period

3.2 µs (1/∆F) 6.4 µs (1/∆F) 12.8 µs (1/∆F)

TPREAMBLE: PLCP preamble 
duration

16 µs (TSHORT + TLONG) 32 µs (TSHORT + TLONG) 64 µs (TSHORT + TLONG)

TSIGNAL: Duration of the SIGNAL 
BPSK-OFDM symbol

4.0 µs (TGI + TFFT) 8.0 µs (TGI + TFFT) 16.0 µs (TGI + TFFT)

TGI: GI duration 0.8 µs (TFFT/4) 1.6 µs (TFFT/4) 3.2 µs (TFFT/4)

TGI2: Training symbol GI duration 1.6 µs (TFFT/2) 3.2 µs (TFFT/2) 6.4 µs (TFFT/2)

TSYM: Symbol interval 4 µs (TGI + TFFT) 8 µs (TGI + TFFT) 16 µs (TGI + TFFT)
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Annex F

(normative) 

HT LDPC matrix definitions

Table F-1 defines the matrix prototypes of the parity-check matrices for a codeword block length n=648 bits,
with a subblock size Z=27 bits.

Table F-1—Matrix prototypes for codeword block length n=648 bits, 
subblock size is Z = 27 bits

(a) Coding rate R = 1/2.
 0   -   -   -   0   0   -   -   0   -   -   0   1  0  -  -  -  -  -  -  -  -  -  -
22   0   -   -  17   -   0   0  12   -   -   -   -  0  0  -  -  -  -  -  -  -  -  -
 6   -   0   -  10   -   -   -  24   -   0   -   -  -  0  0  -  -  -  -  -  -  -  -
 2   -   -   0  20   -   -   -  25   0   -   -   -  -  -  0  0  -  -  -  -  -  -  -
23   -   -   -   3   -   -   -   0   -   9  11   -  -  -  -  0  0  -  -  -  -  -  -
24   -  23   1  17   -   3   -  10   -   -   -   -  -  -  -  -  0  0  -  -  -  -  -
25   -   -   -   8   -   -   -   7  18   -   -   0  -  -  -  -  -  0  0  -  -  -  -
13  24   -   -   0   -   8   -   6   -   -   -   -  -  -  -  -  -  -  0  0  -  -  -
 7  20   -  16  22  10   -   -  23   -   -   -   -  -  -  -  -  -  -  -  0  0  -  -
11   -   -   -  19   -   -   -  13   -   3  17   -  -  -  -  -  -  -  -  -  0  0  -
25   -   8   -  23  18   -  14   9   -   -   -   -  -  -  -  -  -  -  -  -  -  0  0
 3   -   -   -  16   -   -   2  25   5   -   -   1  -  -  -  -  -  -  -  -  -  -  0

(b) Coding rate R = 2/3.
25  26  14  -   20  -   2   -   4   -   -   8   -   16  -   18  1 0 - - - - - -
10  9   15  11  -   0   -   1   -   -   18  -   8   -   10  -   - 0 0 - - - - -
16  2   20  26  21  -   6   -   1   26  -   7   -   -   -   -   - - 0 0 - - - -
10  13  5   0   -   3   -   7   -   -   26  -   -   13  -   16  - - - 0 0 - - -
23  14  24  -   12  -   19  -   17  -   -   -   20  -   21  -   0 - - - 0 0 - -
6   22  9   20  -   25  -   17  -   8   -   14  -   18  -   -   - - - - - 0 0 -
14  23  21  11  20  -   24  -   18  -   19  -   -   -   -   22  - - - - - - 0 0
17  11  11  20  -   21  -   26  -   3   -   -   18  -   26  -   1 - - - - - - 0

(c) Coding rate R = 3/4.
16  17  22  24   9   3  14   -   4   2   7   -  26   -   2   -  21   -   1 0 - - - -
25  12  12   3   3  26   6  21   -  15  22   -  15   -   4   -   -  16   - 0 0 - - -
25  18  26  16  22  23   9   -   0   -   4   -   4   -   8  23  11   -   - - 0 0 - -
 9   7   0   1  17   -   -   7   3   -   3  23   -  16   -   -  21   -   0 - - 0 0 -
24   5  26   7   1   -   -  15  24  15   -   8   -  13   -  13   -  11   - - - - 0 0
 2   2  19  14  24   1  15  19   -  21   -   2   -  24   -   3   -   2   1 - - - - 0

(d) Coding rate R = 5/6.
17  13   8  21   9   3  18  12  10   0   4  15  19   2   5  10  26  19  13  13  1 0 - -
 3  12  11  14  11  25   5  18   0   9   2  26  26  10  24   7  14  20   4   2  - 0 0 -
22  16   4   3  10  21  12   5  21  14  19   5   -   8   5  18  11   5   5  15  0 - 0 0
 7   7  14  14   4  16  16  24  24  10   1   7  15   6  10  26   8  18  21  14  1 - - 0

Permutation 
matrix 

Matrices de  
paridad 



Permutation matrix example 
•  Z=27, p=22 
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Table F-2 defines the matrix prototypes of the parity-check matrices for a codeword block length n=1296
bits, with a subblock size Z=54 bits.

Table F-2—Matrix prototypes for codeword block length n=1296 bits, 
subblock size is Z= 54 bits

(a) Coding rate R = 1/2.
40   -   -   -  22   -  49  23  43   -   -   -   1  0  -  -  -  -  -  -  -  -  -  -
50   1   -   -  48  35   -   -  13   -  30   -   -  0  0  -  -  -  -  -  -  -  -  -
39  50   -   -   4   -   2   -   -   -   -  49   -  -  0  0  -  -  -  -  -  -  -  -
33   -   -  38  37   -   -   4   1   -   -   -   -  -  -  0  0  -  -  -  -  -  -  -
45   -   -   -   0  22   -   -  20  42   -   -   -  -  -  -  0  0  -  -  -  -  -  -
51   -   -  48  35   -   -   -  44   -  18   -   -  -  -  -  -  0  0  -  -  -  -  -
47  11   -   -   -  17   -   -  51   -   -   -   0  -  -  -  -  -  0  0  -  -  -  -
 5   -  25   -   6   -  45   -  13  40   -   -   -  -  -  -  -  -  -  0  0  -  -  -
33   -   -  34  24   -   -   -  23   -   -  46   -  -  -  -  -  -  -  -  0  0  -  -
 1   -  27   -   1   -   -   -  38   -  44   -   -  -  -  -  -  -  -  -  -  0  0  -
 -  18   -   -  23   -   -   8   0  35   -   -   -  -  -  -  -  -  -  -  -  -  0  0
49   -  17   -  30   -   -   -  34   -   -  19   1  -  -  -  -  -  -  -  -  -  -  0

(b) Coding rate R = 2/3.
39  31  22  43   -  40   4   -  11   -   -  50   -   -  -    6   1 0 - - - - - -
25  52  41   2   6   -  14   -  34   -   -   -  24   -  37   -   - 0 0 - - - - -
43  31  29   0  21   -  28   -   -   2   -   -   7   -  17   -   - - 0 0 - - - -
20  33  48   -   4  13   -  26   -   -  22   -   -  46  42   -   - - - 0 0 - - -
45   7  18  51  12  25   -   -   -  50   -   -   5   -   -   -   0 - - - 0 0 - -
35  40  32  16   5   -   -  18   -   -  43  51   -  32   -   -   - - - - - 0 0 -
 9  24  13  22  28   -   -  37   -   -  25   -   -  52   -  13   - - - - - - 0 0
32  22   4  21  16   -   -   -  27  28   -  38   -   -   -   8   1 - - - - - - 0

(c) Coding rate R = 3/4.
39  40  51  41   3  29   8  36   -  14   -   6   -  33   -  11   -   4   1 0 - - - -
48  21  47   9  48  35  51   -  38   -  28   -  34   -  50   -  50   -   - 0 0 - - -
30  39  28  42  50  39   5  17   -   6   -  18   -  20   -  15   -  40   - - 0 0 - -
29   0   1  43  36  30  47   -  49   -  47   -   3   -  35   -  34   -   0 - - 0 0 -
 1  32  11  23  10  44  12   7   -  48   -   4   -   9   -  17   -  16   - - - - 0 0
13   7  15  47  23  16  47   -  43   -  29   -  52   -   2   -  53   -   1 - - - - 0

(d) Coding rate R = 5/6.
48  29  37  52   2  16   6  14  53  31  34   5  18  42  53  31  45   -  46  52  1 0 - -
17   4  30   7  43  11  24   6  14  21   6  39  17  40  47   7  15  41  19   -  - 0 0 -
 7   2  51  31  46  23  16  11  53  40  10   7  46  53  33  35   -  25  35  38  0 - 0 0
19  48  41   1  10   7  36  47   5  29  52  52  31  10  26   6   3   2   -  51  1 - - 0
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Table F-3 defines the matrix prototypes of the parity-check matrices for a codeword block length
n=1944 bits, with a subblock size Z=81 bits.

Table F-3—Matrix prototypes for codeword block length n=1944 bits, 
subblock size is Z = 81 bits

(a) Coding rate R = 1/2.
57   -   -   -  50   -  11   -  50   -  79   -   1  0  -  -  -  -  -  -  -  -  -  -
 3   -  28   -   0   -   -   -  55   7   -   -   -  0  0  -  -  -  -  -  -  -  -  -
30   -   -   -  24  37   -   -  56  14   -   -   -  -  0  0  -  -  -  -  -  -  -  -
62  53   -   -  53   -   -   3  35   -   -   -   -  -  -  0  0  -  -  -  -  -  -  -
40   -   -  20  66   -   -  22  28   -   -   -   -  -  -  -  0  0  -  -  -  -  -  -
 0   -   -   -   8   -  42   -  50   -   -   8   -  -  -  -  -  0  0  -  -  -  -  -
69  79  79   -   -   -  56   -  52   -   -   -   0  -  -  -  -  -  0  0  -  -  -  -
65   -   -   -  38  57   -   -  72   -  27   -   -  -  -  -  -  -  -  0  0  -  -  -
64   -   -   -  14  52   -   -  30   -   -  32   -  -  -  -  -  -  -  -  0  0  -  -
 -  45   -  70   0   -   -   -  77   9   -   -   -  -  -  -  -  -  -  -  -  0  0  -
 2  56   -  57  35   -   -   -   -   -  12   -   -  -  -  -  -  -  -  -  -  -  0  0
24   -  61   -  60   -   -  27  51   -   -  16   1  -  -  -  -  -  -  -  -  -  -  0

(b) Coding rate R = 2/3.
61  75   4  63  56   -   -   -   -   -   -   8   -   2  17  25   1 0 - - - - - -  
56  74  77  20   -   -   -  64  24   4  67   -   7   -   -   -   - 0 0 - - - - -  
28  21  68  10   7  14  65   -   -   -  23   -   -   -  75   -   - - 0 0 - - - -  
48  38  43  78  76   -   -   -   -   5  36   -  15  72   -   -   - - - 0 0 - - -  
40   2  53  25   -  52  62   -  20   -   -  44   -   -   -   -   0 - - - 0 0 - -  
69  23  64  10  22   -  21   -   -   -   -   -  68  23  29   -   - - - - - 0 0 -  
12   0  68  20  55  61   -  40   -   -   -  52   -   -   -  44   - - - - - - 0 0  
58   8  34  64  78   -   -  11  78  24   -   -   -   -   -  58   1 - - - - - - 0  

(c) Coding rate R = 3/4.
48  29  28  39   9  61   -   -   -  63  45  80   -   -   -  37  32  22   1 0 - - - - 
 4  49  42  48  11  30   -   -   -  49  17  41  37  15   -  54   -   -   - 0 0 - - - 
35  76  78  51  37  35  21   -  17  64   -   -   -  59   7   -   -  32   - - 0 0 - - 
 9  65  44   9  54  56  73  34  42   -   -   -  35   -   -   -  46  39   0 - - 0 0 - 
 3  62   7  80  68  26   -  80  55   -  36   -  26   -   9   -  72   -   - - - - 0 0 
26  75  33  21  69  59   3  38   -   -   -  35   -  62  36  26   -   -   1 - - - - 0

(d) Coding rate R = 5/6.
13  48  80  66   4  74   7  30  76  52  37  60   -  49  73  31  74  73  23   -  1 0 - -
69  63  74  56  64  77  57  65   6  16  51   -  64   -  68   9  48  62  54  27  - 0 0 -
51  15   0  80  24  25  42  54  44  71  71   9  67  35   -  58   -  29   -  53  0 - 0 0
16  29  36  41  44  56  59  37  50  24   -  65   4  65  52   -   4   -  73  52  1 - - 0
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The parity-check matrix interpreted as 
the incidence matrix of a graph 

   Example: Hamming (7,4,3) code 

1  1  1  0  1  0  0 
0  1  1  1  0  1  0 
1  1  0  1  0  0  1 

H =  
z1=x1+x2+x3+x5 
z2=x2+x3+x4+x6 
z3=x1+x2+x4+x7 

Parity-check matrix Parity-check equations (syndromes) 

Variable nodes 
(Bit nodes) 

Parity 
nodes 

Tanner graph 
(Bayesian network) 

x1 x2 x3 x4 x5 x6 x7 

z1 z2 z3 

Incidence matrix 

ECC techniques 
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Iterative decoding of LDPC codes using 
Tanner graph 

•  Hard-decision 

    Preliminary (“hard”) decisions: bit-flip 

•  Soft-decision 

    Channel outputs (matched filter): belief propagation 

ECC techniques 
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QPSK
8-QAM
16-QAM
32-QAM
64-QAM
128-QAM

More constellations: Illustration using 
binary (273,191,17) EG code 
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Add 8-, 32- 
and 128-QAM 
to the mix !! 
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20.3.21.7 Modulation accuracy

20.3.21.7.1 Introduction to modulation accuracy tests

Transmit modulation accuracy specifications are described in 20.3.21.7.2 and 20.3.21.7.3. The test method 

is described in 20.3.21.7.4.

20.3.21.7.2 Transmit center frequency leakage

The transmitter center frequency leakage shall follow 17.3.9.6.1 for all transmissions in a 20 MHz channel 

width. For transmissions in a 40 MHz channel width, the center frequency leakage shall not exceed –20 dB 

relative to overall transmitted power, or, equivalently, 0 dB relative to the average energy of the rest of the 

subcarriers. For upper or lower 20 MHz transmissions in a 40 MHz channel, the center frequency leakage 

(center of a 40 MHz channel) shall not exceed –17 dB relative to overall transmitted power, or, equivalently, 

0 dB relative to the average energy of the rest of the subcarriers. The transmit center frequency leakage is 

specified per antenna.

20.3.21.7.3 Transmitter constellation error

The relative constellation frame-averaged RMS error, calculated first by averaging over subcarriers, OFDM 

frames, and spatial streams, shall not exceed a data-rate-dependent value according to Table 20-21. The 

number of spatial streams under test shall be equal to the number of utilized transmitting STA antenna 

(output) ports and also equal to the number of utilized testing instrumentation input ports. In the test, 

 with EQM MCSs shall be used. Each output port of the transmitting STA shall be connected 

through a cable to one input port of the testing instrumentation. The same requirement applies both to 

20 MHz channels and 40 MHz channels.

20.3.21.7.4 Transmitter modulation accuracy (EVM) test

The transmit modulation accuracy test shall be performed by instrumentation capable of converting the 

transmitted signals into a streams of complex samples at 40 Msample/s or more, with sufficient accuracy in 

terms of I/Q arm amplitude and phase balance, dc offsets, phase noise, and analog-to-digital quantization 

noise. Each transmit chain is connected directly through a cable to the setup input port. A possible 

Table 20-21—Allowed relative constellation error versus 
constellation size and coding rate

Modulation Coding 
rate

Relative constellation error 
(dB)

BPSK 1/2 –5

QPSK 1/2 –10

QPSK 3/4 –13

16-QAM 1/2 –16

16-QAM 3/4 –19

64-QAM 2/3 –22

64-QAM 3/4 –25

64-QAM 5/6 –28

NSS NSTS=
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The streams of complex numbers are denoted as shown in Equation (20-53). 

 (20-53)

20.3.11.8.1 Space-time block coding (STBC)

This subclause defines a set of optional robust transmission formats that are applicable only when  is 
greater than . In this case,  spatial streams are mapped to  space-time streams, which are 
mapped to  transmit chains. These formats are based on STBC. When the use of STBC is indicated in 
the STBC field of the HT-SIG, a symbol operation shall occur between the constellation mapper and the 
spatial mapper (see Figure 20-3) as defined in this subclause.

If STBC is applied, the stream of complex numbers, , 
generated by the constellation mapper, is the input of the STBC encoder, which produces as output the 
stream of complex numbers . For given values of k
and i, STBC processing operates on the complex modulation symbols in sequential pairs of OFDM symbols 
so that the value of  depends on  and , and  also depends on  and 

, as defined in Table 20-17. 

Table 20-17—Constellation mapper output to spatial mapper input for STBC

NSTS

HT-SIG MCS 
field (bits 0–6 
in HT-SIG1)

NSS

HT-SIG 
STBC field 
(bits 4–5 in 
HT-SIG2)

iSTS

2 0–7 1 1

1

2

3 8–15, 33–38 2 1

1

2

3

4 8–15 2 2

1

2

3

4

4 16–23, 39, 41, 
43, 46, 48, 50 3 1

1

2

3

4

dk l n, , 0 k NSD 1 1 l NSS 0 n NSYM 1–≤ ≤;≤ ≤;–≤ ≤,

NSTS
NSS NSS NSTS
NTX

dk i n, , k; 0…NSD 1 i;– 1…NSS n; 0…NSYM 1–= = =

d̃k i n, , k; 0…NSD 1 i;– 1…NSTS n; 0…NSYM 1–= = =

d̃k i 2m, , dk i 2m, , dk i 2m 1+, , d̃k i 2m 1+, , dk i 2m, ,
dk i 2m 1+, ,

d̃k i 2m, , d̃k i 2m 1+, ,

dk 1 2m, , dk 1 2m 1+, ,

dk 1 2m 1+, ,
*– dk 1 2m, ,

*

dk 1 2m, , dk 1 2m 1+, ,

dk 1 2m 1+, ,
*– dk 1 2m, ,

*

dk 2 2m, , dk 2 2m 1+, ,

dk 1 2m, , dk 1 2m 1+, ,

dk 1 2m 1+, ,
*– dk 1 2m, ,

*

dk 2 2m, , dk 2 2m 1+, ,

dk 2 2m 1+, ,
*– dk 2 2m, ,

*

dk 1 2m, , dk 1 2m 1+, ,

dk 1 2m 1+, ,
*– dk 1 2m, ,

*

dk 2 2m, , dk 2 2m 1+, ,

dk 3 2m, , dk 3 2m 1+, ,
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21.3.8.2 Rate-1/2 LDPC code matrix H = 336 rows x 672 columns, Z = 42

21.3.8.3 Rate-5/8 LDPC code matrix H = 252 rows x 672 columns, Z = 42

Table 21-6—Rate 1/2 LDPC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

40 38 13 5 18

34 35 27 30 2 1

36 31 7 34 10 41

27 18 12 20 15 6

35 41 40 39 28 3 28

29 0 22 4 28 27 23

31 23 21 20 12 0 13

22 34 31 14 4 13 22 24

Table 21-7—Rate 5/8 LDPC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

20 36 34 31 20 7 41 34 10 41

30 27 18 12 20 14 2 25 15 6

35 41 40 39 28 3 28

29 0 22 4 28 27 24 23

31 23 21 20 9 12 0 13

22 34 31 14 4 22 24

»
»
»
»

¼

º

«
«
«
«

¬

ª

=
»
»
»
»

¼

º

«
«
«
«

¬

ª

=
»
»
»
»

¼

º

«
«
«
«

¬

ª

=

0100
0010
0001
1000

0001
1000
0100
0010

,

1000
0100
0010
0001
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21.3.8.2 Rate-1/2 LDPC code matrix H = 336 rows x 672 columns, Z = 42

21.3.8.3 Rate-5/8 LDPC code matrix H = 252 rows x 672 columns, Z = 42

Table 21-6—Rate 1/2 LDPC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

40 38 13 5 18

34 35 27 30 2 1

36 31 7 34 10 41

27 18 12 20 15 6

35 41 40 39 28 3 28

29 0 22 4 28 27 23

31 23 21 20 12 0 13

22 34 31 14 4 13 22 24

Table 21-7—Rate 5/8 LDPC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

20 36 34 31 20 7 41 34 10 41

30 27 18 12 20 14 2 25 15 6

35 41 40 39 28 3 28

29 0 22 4 28 27 24 23

31 23 21 20 9 12 0 13

22 34 31 14 4 22 24

»
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21.3.8.4 Rate-3/4 LDPC code matrix H = 168 rows x 672 columns, Z = 42

21.3.8.5 Rate-13/16 LDPC code matrix H = 126 rows x 672 columns, Z = 42

21.3.9 Scrambler

The header and data fields following the scrambler initialization field (including data padding bits) shall

be scrambled by XORing each bit in turn with a length 127 periodic sequence generated by the polynomial

. The PLCP header bits, with the exception of the first seven bits for SC and OFDM and the

first five bits for control PHY, are placed one after the other, bit 7 first (bit 5 first for control PHY). The

octets of the PSDU and the pad bits shall be placed into a bit stream with bit 0 (LSB) of each octet first and

bit 7 of each octet (MSB) last. The generation of the sequence and the XOR operation are defined in

Figure 21-7. 

Table 21-8—Rate 3/4 LPDC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

35 19 41 22 40 41 39 6 28 18 17 3 28

29 30 0 8 33 22 17 4 27 28 20 27 24 23

37 31 18 23 11 21 6 20 32 9 12 29 0 13

25 22 4 34 31 3 14 15 4 14 18 13 13 22 24

Table 21-9—Rate 13/16 LDPC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

29 30 0 8 33 22 17 4 27 28 20 27 24 23

37 31 18 23 11 21 6 20 32 9 12 29 10 0 13

25 22 4 34 31 3 14 15 4 2 14 18 13 13 22 24

7 4( ) 1S x x x= + +

x1x2x3x4x5x6x7

Data In

Scrambled Data Out

Figure 21-7—Data scrambler
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21.3.8.4 Rate-3/4 LDPC code matrix H = 168 rows x 672 columns, Z = 42

21.3.8.5 Rate-13/16 LDPC code matrix H = 126 rows x 672 columns, Z = 42

21.3.9 Scrambler

The header and data fields following the scrambler initialization field (including data padding bits) shall

be scrambled by XORing each bit in turn with a length 127 periodic sequence generated by the polynomial

. The PLCP header bits, with the exception of the first seven bits for SC and OFDM and the

first five bits for control PHY, are placed one after the other, bit 7 first (bit 5 first for control PHY). The

octets of the PSDU and the pad bits shall be placed into a bit stream with bit 0 (LSB) of each octet first and

bit 7 of each octet (MSB) last. The generation of the sequence and the XOR operation are defined in

Figure 21-7. 

Table 21-8—Rate 3/4 LPDC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

35 19 41 22 40 41 39 6 28 18 17 3 28

29 30 0 8 33 22 17 4 27 28 20 27 24 23

37 31 18 23 11 21 6 20 32 9 12 29 0 13

25 22 4 34 31 3 14 15 4 14 18 13 13 22 24

Table 21-9—Rate 13/16 LDPC code matrix 
(Each nonblank element i in the table is the cyclic permutation matrix Pi of size Z × Z; 

blank entries represent the zero matrix of size Z × Z)

29 30 0 8 33 22 17 4 27 28 20 27 24 23

37 31 18 23 11 21 6 20 32 9 12 29 10 0 13

25 22 4 34 31 3 14 15 4 2 14 18 13 13 22 24

7 4( ) 1S x x x= + +

x1x2x3x4x5x6x7

Data In

Scrambled Data Out

Figure 21-7—Data scrambler
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N-K =   3x42 = 126 K = 546 



802.11ad-2012: Single-Carrier (1) 

Coding and Modulation for Wireless 48 



802.11ad-2012: Single-Carrier (2) 

Coding and Modulation for Wireless 49 



IEEE 802.15.3c-2009: Code Rates IEEE
Std 802.15.3c-2009 LOCAL AND METROPOLITAN AREA NETWORKS—PART 15.3: WIRELESS MAC AND PHY

72 Copyright © 2009 IEEE. All rights reserved.

The FEC rate, RFEC, is for an RS(n, m) code or an LDPC(n, m) code is m/n. The subblock length Lsubblock
shall be 512 chips. The pilot word length LPW shall be 0, 8, or 64 chips. For subblocks with LPW = 8, the 
effective length of the pilot word and data is equivalent to that with LPW = 64, as described in 12.2.3.4.1.

The MCS dependent parameters for the optional OOK/DAMI modes are given in Table 104.

12.2.2.2 Header rate dependent parameters

The base header rate dependent parameters shall be set according to Table 105. The base headers use a 
shortened RS code, as defined in 12.2.3.2.3.

For the MR and HR headers, the header subblock is divided into eight sub-subblocks. The first sub-subblock 
is a pilot word with LPW = 64. This is followed by six sub-subblocks, each with a prepended pilot word 
LPW = 8. The last sub-subblock consists of eight pilot words of LPW = 8. This gives the effective pilot word 
length of LPW = 176.

There are three types of MAC subheaders, the standard aggregation subheader, the low-latency EEP 
subheader, and the low-latency UEP subheader, as defined in 7.2.8. When the MAC subheader is present, 
the subheader shall be modulated with π/2 BPSK/(G)MSK and the header rate-dependent parameters shall 
be set according to Table 106. The subheader subblock is the same as for the base header, giving the same 
effective pilot word length of 176 chips. The MAC subheaders for standard aggregation use a shortened RS 
code for the FEC, as defined in the 12.2.3.2.5. If the base header uses either the CMS or MR, the MAC 

Table 103—MCS dependent parameters

MCS
class

MCS
identifier

Data rate
(Mb/s) with 
pilot word 
length = 0

Data rate
(Mb/s) with 
pilot word 
length = 64

Modulation
Spreading

factor, 
LSF

FEC type

Class1 0 25.8 (CMS) —

π/2 BPSK/(G)MSKa

64

RS(255,239)
1 412 361 4

2 825 722 2

3 1650 (MPR) 1440 1

4 1320 1160 π/2 BPSK/(G)MSK 1 LDPC(672,504)

5 440 385
π/2 BPSK/(G)MSK

2
LDPC(672,336)

6 880 770 1

Class2 7 1760 1540 π/2 QPSK 1 LDPC(672,336)

8 2640 2310 π/2 QPSK 1 LDPC(672,504)

9 3080 2700 π/2 QPSK 1 LDPC(672,588)

10 3290 2870 π/2 QPSK 1 LDPC(1440,1344)

11 3300 2890 π/2 QPSK 1 RS(255,239)

Class3 12 3960 3470 π/2 8-PSK 1 LDPC(672,504)

13 5280 4620 π/2 16-QAM 1 LDPC(672,504)
aThe standard supports the use of MSK/GMSK modulations with appropriate filtering and pre-coding as an alternative 

way of generating π/2 BPSK waveform signals for the SC PHY. The π/2 BPSK is equivalent to pre-coded (G)MSK as 
described in 12.2.2.5.1.
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12.3.6.2 HSI PHY fragment size encoding

The encoding of the preferred fragment size used in the Capability IE, as described in 7.4.11, is given in 
Table 97.

The PHY definitions create restrictions on the maximum frame size, maximum transfer unit size and 
minimum fragmentation size that will be supported.

12.3.6.3 Maximum frame length

The maximum frame length allowed, pMaxFrameBodySize, shall be 220 – 1 octets. This total includes the 
frame body and FCS but not the PHY preamble, PHY header, or MAC header. The maximum frame length 
also does not include the tail symbols or the stuff bits.

12.3.6.4 Maximum transfer unit size

The maximum size data frame passed from the upper layers, pMaxTransferUnitSize, shall be the same as 
pMaxFrameBodySize, as defined in 12.3.6.3. If security is enabled for the data connection, the upper layers 
should limit data frames to pMaxFrameBodySize minus the security overhead as defined in 7.3.4.2.

12.3.6.5 Minimum fragment size

The minimum fragment size, pMinFragmentSize, shall be 512 octets.

12.4 Audio/Visual mode of mmWave PHY

The Audio/Visual (AV) PHY is implemented with two PHY modes, the high-rate PHY (HRP) and low-rate 
PHY (LRP), both of which use orthogonal frequency domain multiplexing (OFDM). The data rates 
supported by the HRP are defined in Table 134.

If a DEV supports the use of the HRP, it shall support the use of HRP mode index 0 and HRP mode index 1.

Table 134—HRP data rates and coding

HRP mode index Coding mode Modulation

Inner code rate

Data rate
(Gb/s)MSB LSB

[7] [6] [5] [4] [3] [2] [1] [0]

0

EEP

QPSK 1/3 0.952

1 QPSK 2/3 1.904

2 16-QAM 2/3 3.807

3
UEP

QPSK 4/7 4/5 1.904

4 16-QAM 4/7 4/5 3.807

5 MSB-only
retransmission

QPSK 1/3 N/A 0.952

6 QPSK 2/3 N/A 1.904
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and does not have any modulation, channel coding, or line coding. The PHY header shall be sent at the
lowest data rate for the chosen clock rate. The clock rate does not change through the frame between the
preamble, header, and payload.

Table 73—PHY I operating modes

Modulation RLL code Optical 
clock rate

FEC
Data rate

Outer code (RS) Inner code (CC)

OOK Manchester 200 kHz

(15,7) 1/4 11.67 kb/s

(15,11) 1/3 24.44 kb/s

(15,11) 2/3 48.89 kb/s

(15,11) none 73.3 kb/s

none none 100 kb/s

VPPM 4B6B 400 kHz

(15,2) none 35.56 kb/s

(15,4) none 71.11 kb/s

(15,7) none 124.4 kb/s

none none 266.6 kb/s

Table 74—PHY II operating modes

Modulation RLL code Optical clock 
rate FEC Data rate

VPPM 4B6B

3.75 MHz
RS(64,32) 1.25 Mb/s

RS(160,128) 2 Mb/s

7.5 MHz

RS(64,32) 2.5 Mb/s

RS(160,128) 4 Mb/s

none 5 Mb/s

OOK 8B10B

15 MHz
RS(64,32) 6 Mb/s

RS(160,128) 9.6 Mb/s

30 MHz
RS(64,32) 12 Mb/s

RS(160,128) 19.2 Mb/s

60 MHz
RS(64,32) 24 Mb/s

RS(160,128) 38.4 Mb/s

120 MHz

RS(64,32) 48 Mb/s

RS(160,128) 76.8 Mb/s

none 96 Mb/s
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and does not have any modulation, channel coding, or line coding. The PHY header shall be sent at the
lowest data rate for the chosen clock rate. The clock rate does not change through the frame between the
preamble, header, and payload.

Table 73—PHY I operating modes

Modulation RLL code Optical 
clock rate

FEC
Data rate

Outer code (RS) Inner code (CC)

OOK Manchester 200 kHz

(15,7) 1/4 11.67 kb/s

(15,11) 1/3 24.44 kb/s

(15,11) 2/3 48.89 kb/s

(15,11) none 73.3 kb/s

none none 100 kb/s

VPPM 4B6B 400 kHz

(15,2) none 35.56 kb/s

(15,4) none 71.11 kb/s

(15,7) none 124.4 kb/s

none none 266.6 kb/s

Table 74—PHY II operating modes

Modulation RLL code Optical clock 
rate FEC Data rate

VPPM 4B6B

3.75 MHz
RS(64,32) 1.25 Mb/s

RS(160,128) 2 Mb/s

7.5 MHz

RS(64,32) 2.5 Mb/s

RS(160,128) 4 Mb/s

none 5 Mb/s

OOK 8B10B

15 MHz
RS(64,32) 6 Mb/s

RS(160,128) 9.6 Mb/s

30 MHz
RS(64,32) 12 Mb/s

RS(160,128) 19.2 Mb/s

60 MHz
RS(64,32) 24 Mb/s

RS(160,128) 38.4 Mb/s

120 MHz

RS(64,32) 48 Mb/s

RS(160,128) 76.8 Mb/s

none 96 Mb/s
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8.3 General requirements

8.3.1 Wavelength band plan

A compliant device shall operate with peak radiated energy within the visible light spectrum defined as
being from 380 nm to 780 nm. A compliant device shall operate in one or several visible light frequency
bands as summarized in Table 76.

The codes in Table 76 are used to indicate the wavelengths containing the spectral peak for the transmitted
frame and are indicated in the PHY header. This information may be used by the receiver for optimizing its
performance. The standard also supports use of wide bandwidth optical transmitters (such as white LEDs)
that can transmit on multiple bands or have leakage in other bands using the concepts of channel aggregation
and guard channels, as discussed in 5.1.2.5.

8.3.2 Optical mapping

A high switching level from the PHY, applied to the light source, shall result in a high radiated intensity. A
low switching level from the PHY, applied to the light source, shall result in a reduced radiated intensity. The

Table 75—PHY III operating modes

Modulation Optical clock rate FEC Data rate

4-CSK
12 MHz

RS(64,32) 12 Mb/s

8-CSK RS(64,32) 18 Mb/s

4-CSK

24 MHz

RS(64,32) 24 Mb/s

8-CSK RS(64,32) 36 Mb/s

16-CSK RS(64,32) 48 Mb/s

8-CSK none 72 Mb/s

16-CSK none 96 Mb/s

Table 76—Visible light wavelength band plan

Wavelength
(nm)

Spectral width
(nm) Code

380 478 98 000

478 540 62 001

540 588 48 010

588 633 45 011

633 679 46 100

679 726 47 101

726 780 54 110

Reserved 111

Coding and Modulation for Wireless 54 



IEEE Std 802.15.7-2011 IEEE STANDARD FOR SHORT-RANGE WIRELESS 

254 Copyright © 2011 IEEE. All rights reserved.

12.5 CSK constellation design rules

12.5.1 Design rule for 4-CSK

4-CSK symbol points are defined by the design rule in Figure 138. Points I, J, and K show the center of the
three color bands on xy color coordinates in Table 106. In Figure 138, x-axis and y-axis are the relative
value. S0 to S3 are four symbol points of 4-CSK. S1, S2, and S3 are three vertices of the triangle IJK. S0 is

Table 106—xy color coordinates

Band (nm) Code Center (nm) (x, y)

380–478 000 429 (0.169, 0.007)

478–540 001 509 (0.011, 0.733)

540–588 010 564 (0.402, 0.597)

588–633 011 611 (0.669, 0.331)

633–679 100 656 (0.729, 0.271)

679–726 101 703 (0.734, 0.265)

726–780 110 753 (0.734, 0.265)

110
101
100

010

001

000

011

x

y

Figure 137—Center of color bands on xy color coordinates
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12.5 CSK constellation design rules

12.5.1 Design rule for 4-CSK

4-CSK symbol points are defined by the design rule in Figure 138. Points I, J, and K show the center of the
three color bands on xy color coordinates in Table 106. In Figure 138, x-axis and y-axis are the relative
value. S0 to S3 are four symbol points of 4-CSK. S1, S2, and S3 are three vertices of the triangle IJK. S0 is

Table 106—xy color coordinates

Band (nm) Code Center (nm) (x, y)

380–478 000 429 (0.169, 0.007)

478–540 001 509 (0.011, 0.733)

540–588 010 564 (0.402, 0.597)

588–633 011 611 (0.669, 0.331)

633–679 100 656 (0.729, 0.271)

679–726 101 703 (0.734, 0.265)

726–780 110 753 (0.734, 0.265)
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001
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Figure 137—Center of color bands on xy color coordinates
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8.4.8 Space-time coding (STC) (optional)

8.4.8.1 STC using two antennas

STC (in some cases also termed STTD) or FHDC may be used on the DL to provide higher order (space) Tx 

diversity (see Alamouti [B1]).

There are two Tx antennas on the BS side and one reception antenna on the SS side. This scheme requires 

multiple input single output channel estimation. Decoding is very similar to maximum ratio combining.

Figure 259 shows Tx diversity insertion into the OFDMA chain. Each Tx antenna has its own OFDMA 

chain, but they have the same Local Oscillator for synchronization purposes.

Both antennas transmit two different OFDMA data symbols in the same time. Time domain (Space-Time) or 

Frequency domain (Space-Frequency) repetition is used. 

0 1 2

3 4 5

6 7 8

9 10 11

Empty

Ranging / BR allocation

N1 OFDMA symbols = length of CDMA code < N1 OFDMA symbols

 N2 

subchannels

Ranging / BR 

slot number

Figure 258—Ranging/BR opportunities

Figure 259—Illustration of STC
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Figure 178—Block diagram for error control coding scheme

Coding is provided by a rate-1/2 convolutional code with 256 states combined in some cases with a block
code. In some ModClasses, periodic puncturing is applied to increase the rate of the convolutional code to
2/3, 3/4 or 5/6. Repetition is used in ModClass 0 to construct RA, AA, CM and SMB bursts (and is not used
in ModClass 0 to construct CR and TCH bursts). ModClasses 6, 7, and 8 employ four-dimensional block
shaping to generate 12-, 16- and 24-QAM signal set respectively. ModClasses 9 and 10 employ block
shaping to generate 32- and 64-QAM, respectively.

The operation of each block in Figure 178 is detailed in the subsequent subclauses. In the descriptions that
follow, {a1, a2, ..., aNa} denotes the sequence of Na bits input to the encrypt block, {b1, b2, ..., bNa} denotes
the Nb bits input to the CRC block. The block sizes {Na, Nb, ... Nq} are listed in Table 436 and Table 437.
For ModClasses 0-8 in the downlink direction and ModClasses 0-7 in the uplink direction (as a function of
the message type, modulation class, and uplink/downlink direction), block sizes {Na, Nb, ... Nq} shall be as
listed in Table 24 and Table 25, respectively, of ATIS-0700004.2005. For ModClasses 9–10 in the downlink
direction and ModClasses 8–10 in the uplink direction, block sizes {Na, Nb, ... Nq} shall be as listed in
Table 436 and Table 437, respectively. For ModClasses 0–8, the block sizes for CR, CM, RA and AA shall
be as shown in Table 26 to 29 of ATIS-0700004.2005. The block sizes for SMB shall be as shown in
Table 438.

Table 434—Modulation and coding rates 

ModClass Bits/Sym Signal Set Puncture Shaper Block Code

0 0.5  π/2 BPSK Repeat — —

1 0.67  π/2 BPSK 1 of 4 — —

2 1 QPSK — — —

3 1.5 QPSK 2 of 6 — —

4 2 8-PSK — — (64,57)

5 2.5 8-PSK — — (64,57)

6 3 12-QAM 2 of 6 3/4 (48,47)

7 3.5 16-QAM 2 of 6 4/4 (64,63)

8 4 24-QAM 2 of 6 5/4 (80,79)

9 4.5 32-QAM 2 of 6 5/5 (80,79)

10 5.5 64-QAM 2 of 5 6/6 (80,79)
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