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1. Introduction:

Turbo codes present a new and very powerful error control technique, which allows communication
very close to the channel capacity. Since its discovery in 1993, a lot of research has been done in
the application of turbo codes in deep space communications, mobile satellite/cellular
communications, microwave links, paging, in OFDM and CDMA architectures. Turbo codes have
outperformed all previously known coding schemes regardless of the targeted channel. The extra
coding gain offered by turbo codes can be used either to minimize bandwidth or to reduce power
requirements in the link budget. Standards based in turbo codes have already been defined or are
currently under investigation. Here are some examples:

e Inmarsat’s new multimedia service is based on turbo codes and 16QAM that allows the
user to communicate with existing Inmarsat 3 spot beam satellites from a notebook-
sized terminal at 64 kbit/s.

* The Third Generation Partnership Project (3GPP) proposal for IMT-2000 includes turbo
codes in the multiplexing and channel coding specification. The IMT-2000 represents
the third generation mobile radio systems worldwide standard. The 3GPP objective is to
harmonize similar standards proposals from Europe, Japan, Korea and the United States.

* NASA’s next-generation deep-space transponder will support turbo codes and
implementation of turbo decoders in the Deep Space Network is planned by 2003.

* The new standard of the Consultative Committee for Space Data Systems (CCSDS) is
based on turbo codes. The new standard outperforms by 1.5 to 2.8 dB the old CCSDS
standard based on concatenated convolutional code and Reed-Solomon code.

* The new European Digital Video Broadcasting (DVB) standard has also adopted turbo
codes for the return channel over satellite applications.

In this paper we present a new perspective of the use of turbo codes for systems with different order
of QAM modulations working at the same time. This perspective that avoids the most difficult part
of turbo coding: the computing requirements. The way to avoid these computing requirements is to
treat the QAM signal like two AM modulations (one in the I direction and one in the Q direction)
and use the probabilities of the I and Q AM values as an input to the turbo code process.

Papers presented so far for ADSL modems using turbo codes give details of only 16QAM, and the
computational effort is important.

Another innovation of the technique proposed here is the mapping used for the modulated signal,
providing the most protected bits for the information bits and the least protected bits for the parity
bits. In this paper we present the different possible puncturing for each order of a QAM modulated
signal and we choose the one that provides better performance.

This is the first investigation in the performance of turbo codes for all constellation sizes, up to
1024 QAM. The recommended solutions achieve a target BER very close to the channel capacity
for the respective spectral efficiency response. The turbo code schemes proposed here are more
power efficient than the trellis coded modulation schemes used traditionally with V.32.bis or V.34
standards. The larger the constellation is the more improvements that this technique provides (i.e.
for 16QAM the probabilities to compute in a classical turbo code are 16 points with 16 elements
each point, with this technique the probabilities to compute are 8 (4 in each dimension) with 4
elements each, so if we use 10 iterations the computational savings is more than 10*(16*16/8*4) =
80 (almost two orders of magnitude); for 256QAM the computational savings is more than 10 *
(256*256) / (32*16) = 1280) (over three orders of magnitude).
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In the case of the G.992.1 this technique allow the system to work at the information rate bit of 400
kbps with Ep/Ng below 2 dB (assuming 4QAM and spectral efficiency of 1bit/s/Hz 4 ksymbols/s
and 100 tones).

We propose the use of square QAM constellations with different puncturing values as function of
the signal-to-noise ratio. The square constellations allow for use of very efficient blind equalization
techniques an effective maintaining | and Q independent. Taking into account the values of bi and
gi we decide which constellation to use and with which parity.

2. Capacity Bounds

The minimum Ey/N, values to achieve the Shannon bound, 4QAM, 8QAM, 16QAM, 32QAM,
64QAM, 128QAM, 256QAM, 512QAM and 1024QAM bounds for spectral efficiencies from 2/3
up to 7 bits/s/Hz respectively are as in Table 1 for a BER=10".

Table 1. Shannon and QAM bounds.

Spectral Shannon 4 16 64 256 1024
efficiency n bound QAM QAM QAM QAM QAM
[bit/s/Hz] bound bound bound bound bound
[dB] [dB] [dB] [dB] [dB] [dB]
2/3 -0.5 0.3 -0.4 -0.4 -0.4 -0.4
1 0 1.0 0.1 0.1 0.1 0.1
2 1.75 ) 2.1 2.09 2.09 2.09
3 3.7 - 4.6 4.3 4.3 4.3
4 5.6 - 0 6.6 6.6 6.6
5 7.9 - - 9.1 9.0 9.0
6 10.3 - - ) 11.7 11.7
7 12.6 - - - 14,5 14.5

The conversion from Es/ Ng to Ep/ N is performed using the following relation
Ey/ No[dB] = Es/ No [dB] - 10 logso (17) [dB] (1)
where n is the number of information bits per symbol.
The required C/Ny given a certain E,/Ng can be found using the following relation:
C/No [dB-Hz] = Ey/No [dB] + 10 logso (Rp) [dB-Hz] (2)
where Ry, is the information bit rate.

For a D-dimension modulation the following formulae are used:

2 2
SNR= E [l ag |] — E [l al;l] — Eav2 (3)
Ellwill Dot Doy
sNR=_E: — MEs (4)
pNo oMo
2 2

where ¢y is the noise variance in each of the D dimension and 1 is the number of information bits per
symbol. From the above relations:



O'%\l:EavE %Ebg (5)
3. Coding

The proposed coding scheme is shown in Figure 1.The two systematic recursive codes (SRC)
used are identical and are defined in Figure 2. The code is described by the generating
polynomials 350 and 230.
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The interleaver proposed in this paper is the one defined in NT-122. It is an even-odd smile
interleaver, where the number of rows must be the number of columns plus one. For example, an
interleaver of 2100 information bits long, the input bit can be arranged in a 46x47 matrix. The
interleaver output is in a diagonal from left to right, down to up.

#defi ne MAX_Cl NDEX 46 /* Number of columms in the array */
#defi ne MAX_RI NDEX 47 /* Nunber of rows in the array */
#def i ne MAX_ELEMENT 2100 /* Matches block length (a multiple of DMI synbols) */
void main (void)
{
int ra, ca; /* la sequence row and col um indices */
int count; /* Counter for each bit in DMI frane */
int element; /* El ement nunber used for finding if elenent within array */
/* Initial sequence indices */
ra = MAX_RI NDEX - 1,
ca = 0;
/* Adjust the initial indices for la if beyond ending el enent */
elenment = ra * MAX_ClI NDEX + ca;
while (el enent >= MAX_ELEMENT) {
ra--;
cat+;
if (ra<0) {
ra = MAX_RI NDEX - 1,
ca = ca + (MAX_RINDEX - 1);
}
ca = ca % MAX_Cl NDEX;
elenment = ra * MAX_ClI NDEX + ca;
/* Fetch all elenments in sequence la */
for (count = 0; count < MAX _ELEMENT; count++) {
/* Fetch array[ra][ca] */
/* Update indices for next access */
do {
ra--;
ca+t+;
if (ra<0) {
ra = MAX_RINDEX - 1;
ca = ca + (MAX_RINDEX - 1);
}
ca = ca % MAX_Cl NDEX;
elenent = ra * MAX_CI NDEX + ca;
} while (el ement >= MAX_ELEMENT);
}
}



5. Modulation For 1 Bit/s/Hz Spectral Efficiency.

The scheme proposed in this case combines a rate 1/2 coding scheme with 4QAM.

5.1 Puncturing

In order to obtain a code rate of 1/2, every other bit of the parity bits p and q from Figure 1 are
punctured. The puncturing pattern is given in Table 2.

Table 2. Puncturing and Mapping for Rate 1/2 4QAM.

Information bit (d) d; d
Parity bit (p) P1 -
Parity bit () - 02
2AM symbol (1) (up) =(dy) (U1) =(d2)
2AM symbol (Q) (uz) =(p1) (U2) =(92)
4QAM symbol (I, Q) (LQ)=(u,up)=(ds,p1) | (LQ)=(us,u2)=(d2,02)

5.2.Modulation

A 4QAM scheme is shown in Figure 3. An equivalent 2AM modulation is shown in Figure 4.

[d,1=10] ‘ [1]
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At time k, the symbol u* = (u;¥, u,¥) is sent through the channel and the point r* in two dimensional
space is received. For a 4QAM constellation with points at -A and A, The E,y is:

_AHAHA) S 0 6

av 4 =2 A ( )

For a rate 1/24 code and 4QAM, the noise variance is:

e BB Gron e <[

5.3 Bit probabilities.

For an AWGN channel the following expressions need to be evaluated:

expl-—~ (1~ 10 L (x-ap1H
LLR@Y)= Iog%lZ 201 %IogD zf’“ S (8)
I exi- 02(I —aé,-)z]D - (Ik-Ao)Z]g

20%
LLR@S)=I @Zexp[ OZN(Q all)Z] | Eexp[ GZN(Qk_Bl)Z]H )
us)=log; 09
Sedl-, (0 ao.)z]D Lo le-afig

The above LLRs are used as inputs to the turbo decoder. There is no need to compute the 4 LLRs
for all symbols because | and Q signals are treated independently. Also the simulations for the 2
bit-LLR values are reduced to one term each. Due to the puncturing, with one in two parity bits
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being transmitted, the expected performance will be lower when compared with the non-punctured
scheme.

5.4 Simulations Results.

Figure 5 shows the performance of a turbo code using a 1024 bit S-type interleaver. The target BER
of 10 7 for a 1,024 information bit interleaver can be achieve at E,/Ny= 2.1 dB
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6. Coding And Modulation For 2 Bit/S/Hz Spectral Efficiency.

The investigated combines 2/4 coding scheme with 16QAM.

6.1 Puncturing.

In order to obtain a rate 2/4 code, every other bit of the parity bits p and q from Figure 1 are
punctured. The puncturing pattern is given in Table 3.

Table 3. Puncturing and Mapping for Rate 2/4 16QAM.

Information bit (d) di do
parity bit (p) P1 -
parity bit (q) - 92

4AM symbol (1)

(U, Up) =(d1, 1)

4AM symbol (Q)

(U, Ug) = (dz2, p2)

16 QAM symbol (I, Q)

(1,Q)=(uz, Uz, U3, Ug) =(dy, pz, d2, P2)




6.2 Modulation

At time k, the symbol u* = (u:, uX, us®, us ) is sent through the channel and the point r* in two
dimensional space is received. For a 16QAM constellation with points at -3A, -A,A and 3A, The
E. is:

A(A*+ AT)+B(A” +le JPAOANHIA) 10,2 (10)

For a rate 1/2 code and 16QAM, the noise variance in each dimension is:

ot =Ea g;” = Eﬂo A gLZX EbE‘:ZS AZEEE‘ (11)
No No No

It is assumed that the time k, u; “and u, * modulate the I component and us “and u,* modulate the Q
component for a 16QAM scheme. The symbol u* symbol has the following mapping: u = (u;*, u5,
us, us) = (', p', d*,q ™1). The parity bits are mapped to the least protected bits of the QAM
symbol. Note that k denotes the symbol time index and i the information bit time index. This
means a puncturing of one in two parity bits. Considering two independent Gaussian noise sources
with identical variance 0%\, the LLR can be determined independently for each I and Q.

Eav

At the receiver, the | and Q signals are treated independently in order to take advantage of the
simpler formulae for the 4 bit-LLR values. The mapping of the information bit is made to the most
protected bit in each dimension (u.* for the I signal and us* for the Q signal). In order to estimate
the performance of this scheme, rate 1/2 turbo code and 4AM modulation is used, instead of
16QAM modulation.

6.3 Bit probabilities.

For an AWGN channel the following expressions need to be evaluated:

@Z‘*X"[ OZN(. -al,)z]H Eexp[ (- Af1+expl-—= (- af1H

Liogd 20 2ol 0 (12)
s Fl+exa- L (1 a10
DZexp[ oZN(' -ao,)z]m B?Xp[ 202N (1~ A0 202 1 -AT1E

EZ OZN( ‘aﬁ)z]% - 202N(| - AJ1+exi- oZN(I -Ag)z]g

LLRU!)=log

LLR(s)=log7 ; D-Iog (13)
O exil-,  (1*-df10 e liAf1
EZZ “lo-and o (@ -af 1ot (Qk 83)215

LLR()=log=2 1 og 1 D(14)
e, . (o ao,)ﬁm 2y QB0

ﬁexq' ;(Qk-al,)z]a EEXF[ : (Qk By
LLR@Y)=log N

Dz Iog 15)

The above LLRs are used as mputs to the turbo decoder. There is no need to compute the 16LLRs
for all symbols because | and Q signals are treated independently. Also the simulations for the 4
bit-LLR values are reduced to 2 terms each. Due to the puncturing, with one in two parity bits
being transmitted, the expected performance will be lower when compared with the non punctured
scheme.




6.4 Simulations Results.

The rate 2/4 16QAM scheme described in this chapter achieves the target BER at less than 1.5 dB
from capacity. The implementation in hardware is feasible and it can be used at very high data
rates. The target BER of 107 can be achieved at Ey/Ng = 4.5 dB for N=1024 information bits, as
shown in Figure 6.
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7. Coding And Modulation For 3 Bit/S/Hz Spectral Efficiency.

Two options are investigated in this section. The first scheme combines a rate 3/4 coding scheme
with 16QAM. The second scheme combines a rate 3/4 coding scheme with 64QAM.

7.1 Option 1 Rate 3/4 Turbo code and 16QAM

7.1.1 Puncturing.

In order to obtain a rate 3/4 code, the puncturing pattern given in Table 4 is used.

Table 4. Puncturing and Mapping for Rate 3/4 16QAM

Information bit (d) d; dy ds ds ds ds
parity bit (p) - P2 - - - -
parity bit (q) - - - - Os -

4AM symbol (l) (dl, d2) (d4, d5)

4AM symbol (Q) (ds, p2) (ds, ps )

16 QAM symbol (l ,Q) ( I ,Q) = (dl , Ao, d3, pz) ( I, Q) = (d4 , ds, dg , Q5)




7.1.2 Modulation

It is assumed that at time k, u;* and u, modulate the I component and us* and u,* modulate the Q
component of a 16QAM scheme. In order to estimate the performance of this scheme, rate 3/4
turbo codes and 4 AM modulation are used. For a rate 3/4 code and 16QAM, noise variance is:

o= e Eb%zlo 5 %’L”Ebgzﬂﬁﬁé% (16)
No No 6 No

The puncturing and mapping scheme is shown in Table 4 for 6 consecutive information bits that are
encoded into 8 coded bits, therefore two 16QAM symbols.

7.1.3 Bit Probabilities

For each received symbol, the bit probabilities are computed as described in equations (12)-(15).

7.1.4 Simulation Results

Figure 7 shows the simulation results for 6,144 information bits with S-type interleaver. A BER of
107 can be achieved after 8 iterations at Ey/Ng = 5.75 dB for N = 6144 information bits.

7.2 Option 2 Rate 3/6 Turbo code and 640AM

7.2.1 Puncturing.

In order to obtain a rate 3/6 code, the puncturing pattern used is given in Table 5.

Table 5. Puncturing and Mapping for Rate 3/6 64QAM

Information bit (d) d; d, ds dy ds ds
parity bit (p) P1 - P3 - Ps -
parity bit (q) - Q2 - G4 - Je

8AM symbol (I) (dy, d2, p1) (dg, ds, q4)
8AM symbol (Q) (ds, p3 , Q) (de, Ps , 9e)
64 QAM SymbOI (I ’ Q) ( I ’Q):(dlvdZ’ pl’d31 p31q2) (I 1Q): (d41d5’ Q4,d61 p51q6)
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7.2.2 Modulation

At time k, the symbol u*= (us¥, u2X, us*, us¥, us¥, ug), is sent through the channel and the point r in
two dimensional space is received. It is assumed that at time k u:*, u* and us* modulate the |
component and us<, us< and ug modulate the Q component of a 64QAM scheme. For 64QAM
constellations with points at -7A, -5A, -3A, -A, A, 3A, 5A, 7TA The E 5 is:

E . = (8(49+25+9+1)+8(25+49+49+9+49+1)+8(25+9+25+1)+8(9+1)) A 2/ 64= 42 A ? (17)
For a rate 3/6 code and 64QAM, the noise variance in each dimension is:

oZN=Eav%!LEbEl=42A2%L3XEbE;?AZE@El (18)
No No No

In order to estimate the performance of this scheme, when rate 3/6 turbo codes and 8AM
modulation is used. The puncturing and mapping scheme is shown in Table 5 for 6 consecutive
information bits that are encoded into 12 coded bits, therefore two 64QAM symbols.

7.2.3 Bit Probabilities

For an AWGN channel, the following expressions need to be evaluated for the | dimension:

o expl o (1%-a5) 10
LLR Ky — = 2O-N O—
(ui) = log =3 =
0 1 v 2.
3 expl-5 2 (1°-a5) 11 (19)
1 1 1 1
oxpl o (1~ Af T+ expl o (14 Af T+expl (1% Af 1+ expl- 5 (15 A) 1
= Jog 0 203 20% 20% 20, O
- 1 1 1 1
Fexpl5 o (1 A T expl o (1~ A T+expl (1%~ A +expl, (- AT
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( x'Jllf,i)z]E
LLR(uf) = log g' : E:
P expl5 o L (1+-at) 15 (20)
| prp[ 2;%“ (lk Az) (lk'As)z . ;%\1 ('k'As)z]"'eXp[ 222(' 'A7)z]§
=199 1 , 1 1] 2
%exp[—zaﬁ(l —Ao) z(|k_A1) - %‘(|k_A4) +exp[2o_N(| -A)] %
0
( -aly)'10
LLR(u%) = log S' L : E
Zexp[ > z(l -ati) 13 (21)
1 2 2 1 2
Bl g - ATTO0E g (A1t (A et (1 A1
= log n
ool gz (1% A oo (1= AT el o (1% A +erpl, o (14 A1

An identical computation effort is required for the Q dimension, the I being replaced with the Q"
demodulated value in order to evaluate LLR(u4), LLR(us*) and LLR(ug").

7.2.4 Simulation Results

Figure 8 shows the simulation results for 6,144 information bits with S-type interleaver. A BER of
107 can be achieved after 8 iterations at E,/Ng = 6.1 dB for N = 6,144 information bits. This result
is 0.5 dB worse than the performance of the rate 3/4 16QAM scheme.

BER for Rate 3/6 64QAM, N=6,144 bits S-type, AWGN
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8. Coding And Modulation For 4 Bit/S/Hz Spectral Efficiency.

This section investigated four schemes for transmission of 4 information bits in a 64 QAM symbol.
The mapping used for 64QAM constellation has a very significant impact on the performance of
these schemes. The first scheme uses independent | and Q mapping and also uses Gray mapping in
each dimension. The second scheme uses independent | and Q mapping, but natural mapping in
each dimension. The third scheme used a conventional trellis coded modulation approach based on
Ungerboeck set partitioning of the 64QAM set. This partitioning technique splits the constellation
in sub-constellations with increased Euclidian distance. In these schemes all the information bits
are coded. The fourth scheme used the same conventional trellis coded modulation approach based
on Ungerboeck set partitioning of the 64QAM set. However, only two information bits are encoded
by a rate 1/2 code. The four coded bits select a subpartition of four points. The other two
information bits, which are sent uncoded, identify the transmitted point.

8.1 Option 1 — Rate 4/6 64QAM with independent | and Q and with Gray Mapping.

8.1.1 Puncturing

In order to obtain a rate 4/6 code, the puncturing pattern used is shown in Table 6.

Table 6. Puncturing and Mapping for Rate 4/6 64QAM Option 1

Information bit (d) d; d, ds dy
parity bit (p) P - - -
parity bit (q) - - Os -

8AM symbol (I) (di, d2, p1)
8AM symbol (Q) (ds, ds, g3)
64 QAM symbol (I, Q) (1,Q)=(d1,d2, p1,ds, d4,03)

8.1.2 Modulation

Gray mapping was used in each dimension. Four information bits are required to be sent using a
64QAM constellation. For a rate 4/6 code and 64QAM, the noise variance in each dimension is

O-ﬁ:Eav nEbEl=42A2 X4XEbEl=5-25AZEEEI (22)
No No No

The puncturing and mapping scheme is shown in Table 6 for 4 consecutive information bits that are
encoded into 6 coded bits, therefore one 64QAM symbol. The turbo encoder with the puncturing
presented in Table 6 is a rate 4/6 turbo code which in conjunction with 64QAM gives a spectral
efficiency of 4 bits/s/Hz. Considering two independent Gaussian noises with identical variance o°y,
the LLR can be determined independently for each I and Q. It is assumed that at time k u:*, u,* and
us“ modulate the | component and u*, us and ug* modulate the Q component of the 64QAM
scheme. At the receiver, the | and Q signals are treated independently in order to take advantage of
the simpler formulae for the LLR values.
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8.1.3 Bit Probabilities

From each received symbol, the bit probabilities are computed as follows:

H.Z 1-aki 1 E_

LLR(u¥)= IogD4 0
Dzexp[ ( -atif 10 23)
( -af1+ el 2( A5Y1+exp[ 2( - psf1+exp[- Crz( m@
IogD 1 N N n D
Eexp[-zg2N (1 - 2(| A N( A2)2+e><p[7( - AS] ]
HZ (1-aty1H
LLR(u$)=log 55 1 B
expl[- 2( -as‘i)zm (24)
[h- 20\
Eexp[ 12(.k-Az)zl+exp[-§(uk-A3)2]+exp[-§( Ay ( A7)2]H
=|og N N N
EGXD['Z;I(I"-Ao)z]+eXp['212N(Ik-A1)2]+eXp[' ~rn 2UZN( a1 ¢
BZ aIII)Z]H
LLR(u$)=log 5 =
DZ expl-o—(1*-a5 )] 0 (25)
S e-ay o (- o ea = (r-af1E
IogD alN U E
HeXp['zgﬁ,('k' ZJﬁ(lk_ ( - A ( Aa)Z]H

For | dimension. An identical computation effort is required for the Q dimension, the I being
replaced with the QX demodulated value in order to evaluate LLR(u,*), LLR(us") and LLR(ug").

8.1.4 Simulation Results

Figure 9 shows the simulation results for 4,096 information bits with S-type interleaver. A BER of
10™" can be achieved after 8 iterations at E,/No = 8.3 dB.

8.2 Option 2 — Rate 4/6 640AM with independent | and Q and Natural Mapping.

8.2.1 Puncturing

In order to obtain a rate 4/6 code, the puncturing pattern used is shown in Table 7.

Table 7. Puncturing and Mapping for Rate 4/6 64QAM Option 2

Information bit (d) dy dz ds dg
parity bit (p) P1 - - -
parity bit (q) - - Os -

8AM symbol (I) (dy, d2, p1)
8AM symbol (Q) (ds, dg, 0s)
64 QAM symbol (1, Q) (1,Q)=(d1,d2, p1,ds, ds,93)
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BER for Rate 4/6 64QAM N=4,096 bits AWGN
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Figure 9.
8.2.2 Modulation

Natural mapping is used in each dimension. Four information bits are required to be sent using a
64QAM constellation. This is equivalent to a rate 2/3 coding scheme. For a rate 4/6 code and
64QAM, the noise variance in each dimension is

__ [@nE.O Pxax Ep[] OE, [0
oy = Ea‘HN—OE =42 A’ ETOE =5.25 A? EN_OE (26)

The puncturing and mapping scheme is shown in Table 7 for 4 consecutive information bits that are
encoded into 6 coded bits, therefore one 64QAM symbol. The turbo encoder with the puncturing
presented in Table 7 is a rate 4/6 turbo code which in conjunction with 64QAM gives a spectral
efficiency of 4 bits/s/Hz. Considering two independent Gaussian noises with identical variance o°y,
the LLR can be determined independently for each I and Q. It is assumed that at time k u;*, u,* and
us“ modulate the | component and u,*, us and ug* modulate the Q component of the 64QAM
scheme. At the receiver, the | and Q signals are treated independently in order to take advantage of
the simpler formulae for the LLR values.

8.2.3 Bit Probabilities

From each received symbol, the bit probabilities are computed as described in equations (23) (242
and (25) for I dimension. An identical computation effort is required for the Q dimension, the |
being rEpIaced with the Q* demodulated value in order to evaluate LLR(us), LLR(us*) and
LLR(us").
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8.2.4 Simulation Results

Figure 10 shows the simulation results for 4,096 information bits with S-type interleaver. A BER
of 107’ can be achieved after 8 iterations at Ey/N, = 10.5 dB.
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8.3 Option 3 — Trellis Coded Modulation with 4 bits coded.

8.3.1 Coding

In this scheme, all four information bits are coded by a rate 4/6 code. Only two parity bits are
transmitted. The six bits produced select a point in the 64 QAM constellation. The proposed
coding scheme is shown in Figure 1. The two systematic recursive codes (SRC) used are identical
and are defined in Figure 2. The code is described by the generating polynomials 350 and 230.

8.3.2 Puncturing

In order to obtain a rate 4/6 code, the puncturing patter used is shown in Table 8.

Table 8. Puncturing and Mapping for Rate 4/6 64QAM Option 3

Information bit (d) ds dy ds dy
parity bit (p) P1 - - -
parity bit (q) - - Gs -

64 QAM symbol (l , Q) ( | ,Q):(dl,dz, d3, d4, P1, q?,)

15



8.3.3 Modulation

A trellis coded modulation scheme is employed. The six bits divide the 64 QAM constellation
based on increased Euclidean distance. The puncturing and mapping scheme is shown in Table 8
for 4 consecutive information bits that are encoded into 6 coded bits, therefore one 64QAM
symbol.

8.3.4 Bit Probabilities

For an AWGN channel, the following expressions need to be evaluated for each received symbol
before the turbo decoding process can start.

H
LLR(u)=log [ Z 00 (27)
@Zew L k-P,-n%

HZ oo (28)

LLR(u%)= IogD“Z'
=
EZepo—ZHR P, ||HH

LLR(uY)= log 0o (29)
Zom
HZ «p, |0

0o (30)

LLR(uf)=log i
ﬁz exp —m"%
H
22702 a0 (31)

LLR(uf)=log L=
z -Pj"%

LLR(ut)=log B2 (32)

H‘Z exp B

The || R* - P; || represents the squared Euclldlan distance between the received point R* at the time
k and a constellation point P;.

8.3.5 Simulation Results

This scheme required much higher computational effort than previous options and would be
difficult to implement in hardware. Figure 11 shows the simulation results for 4,096 information
bits using S-type interleaver. A BER of 10~ can be achieved after 8 iterations at Ep/No = 11.5 dB.
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8.4 Option 4 — Trellis Coded Modulation with 2 bits coded.

8.4.1 Coding

In this scheme, only two information bits are coded by a rate 4/8 code. The other two information
bits are sent uncoded. The four coded bits (two information bits plus two parity bits) selects a four
point constellation (16 constellations in total) and the two uncoded bits select a point in the
constellation (four points in each constellation). The proposed coding scheme is shown in Figure 1.
The two systematic recursive codes (SRC) used are identical and are defined in Figure 2. The code

is described by the generating polynomials 350 and 23o0.

8.4.2 Puncturing

In order to obtain a rate 4/6 code, every other parity bit is punctured as shown in Table 9.

Table 9. Puncturing and Mapping for Rate 4/6 64QAM Option 4

Information bit (d) ds dy ds dy
parity bit (p) p1 - - -
parity bit (q) - J2 - -

64 QAM symbol (1, Q)

(1,Q) =(d1, p1, d3, d2, G2, ds )
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8.4.3 Modulation

A trellis coded modulation scheme is employed. The four coded bits divide the 64QAM
constellation based on increased Euclidean distance. The 64QM constellation is partitioned by the
four coded bits in 16 subsets with four point each. The two uncoded bits will select one of the four
points of the subset. Each 16 points constellation subset can now be further partitioned. The
puncturing and mapping scheme is shown in Table 9 for 4 consecutive information bits that are
encoded into 6 coded bits, therefore one 64QAM symbol.

8.4.4 Bit Probabilities

For an AWGN channel, the following expressions need to be evaluated for each received symbol
before the turbo decoding process can start.

H exp Hi" R“- P; ||HH
LLR(u¥)=log E“; = 2?” = (33)

el
1
] expELZGZN" R~ py 2

LLR(u%)=log = : 00 (34)

5 ool L]
H epo ! ||Rkp||HH
LLR(Ug):ng“éZl DZT 00 (35)
1
EZeXpEZG,i"Rk_Pi"HH

LLR(u})= log 0= 0 (36)

1
Ty eol L Rk-pju%

each summation in equations (33) (34) (35) and (36) is over 32 points

The || R* = P; || represents the squared Euclidian distance between the received point R® at the time
k and a constellation point P;.

8.4.5 Simulation Results

Figure 12 shows the simulation results for 4,096 bit S-type interleaver. A BER of 107 can be
achieved after 8 iterations at E,/Ng = 11.5 dB.
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9. Coding And Modulation For 5 Bit/S/Hz Spectral Efficiency.

This section investigated a rate 5/8 coding scheme with 256QAM.
9.1 Puncturing
In order to obtain a rate 5/8 code, the puncturing pattern used is shown in Table 10.

Table 10. Puncturing and Mapping for Rate 5/8 256 QAM

Information bit (d) d1 dz d3 d4 d5 d5 d7 dg dg d10
parity bit (p) P1 - - - Ps - - Ps - -
parity bit (q) - " Qs - Js - - - J1o0

16AM SymbOl (|) (dl, dz , d3, pl) (de, d7 , dg, qe)

16AM symbol (Q) (d4, ds, 03 ,ps) (do, di1o, Ps ,010)

256 QAM symbol (I, Q) (dy,dz,d3 ,p1,d4,05,03 , Ps) (ds ,d7,ds ,g6 ,do,d10,Ps , G10)

9.2 Modulation

For a 256QAM constellation with points at —15A, -13A, -11A, -9A, -7A, -5A, -3A, -A, A, 3A, 5A,
7A, 9A, 11A, 13A, 15A. E 4 is:

En=170A2 (37)
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It is assumed that at time k the symbol u* = (u:*, u*, us*, us, us®, ug®, u¥, ug") is sent though the
channel. It is assumed that at time k the symbol u;¥, u,*, us* and u,* modulate the | component and
Us“, Ug*, U7 and ug® modulate the Q component of a 256QAM scheme.

For a rate 5/8 code and 256QAM, the noise variance is:

aZN=Eav%’;”EbE‘ﬂ?oAZ%L‘r’XEbE‘ﬂwE@g (38)
No No No

In order to study the performance of this scheme, a rate 5/8 turbo code and a 16AM is used. The
256QAM scheme will achieve a similar performance in terms of bit error rate (BER) at twice the
spectral efficiency, assuming an ideal demodulator. The puncturing and mapping scheme shown in
Table 10 is for 10 consecutive information bits that are coded into 16 encoded bits, therefore, one
256QAM symbol. The turbo encoder is a rate 5/8 turbo code, which in conjunction with 256QAM,
gives a spectral efficiency of 5 bits/s/Hz.

9.3 Bit Probabilities

The 16AM symbol is defined as u*= (u*, u*, us®, us“), where u;* is the most significant bit and u,
is the least significant bit . The following set can be defined.

bit-1-is-0 = { Ao ,A]_ , A2 , A3 , A4 , A5 , A5 , A7 }
bit-1-is-1 = { Ag Ag, Ap, A1, A, Az, Az, Ass }
bit-2-is-0 = { Ao ,A]_ , A2 , A3 , Ag , Ag , A10 , A]_]_ }
bit-2-is-1 = { A4 ,A5 , As , A7 , A12 , A13 , A14 , A15 }
bit-3-is-0 = { Ao ,A]_ , A4 , A5 , Ag , Ag , A12 , A13 }
bit-3-is-1 = { A2 ,A3 , As , A7 , AlO , A11 , A14 , A15 }
bit-4-is-0 = { Ao ,A2 , A4 , Ae , Ag , A]_o , A12 , A14}
bit-4-is-1 = { A1 ,A3 , A5 , A7 , Ag , A11 , A13 , A15 }

NG~ WONE

From each received symbol, R¥, the bit probabilities are computed as follows:

1
HA.DbZL.iS_leXp EZO‘%\," Rk - A | HH

ek ] o (39)
ﬁ&ijZﬂs-o EXpE 203 " R Aj "%
1

HA,Db;-is-lexp EZgﬁ," R“- A "HH

LLR(u%)=log [ i (40)

O 1 N
BA,DbZZ-is-O EXpE 203 " R -Aj "%
s 1 e
Dhubé-is-lexpg 204 [R-A "H

LLR(u)=log mE (41)

| 1 N

BA,Db;-is-oexpE 20’2\‘ " R" Aj "%
1

-3 R Al

g .
LLR( UZ )=log DAADbIt-4.|S_1
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9.4 Simulation Results

Figure 13 shows the simulation results for 5,120 information bits (1,204QAM symbols) with S-type
interleaver. A BER of 10~ can be achieved after 8 iterations at E,/Ny = 11.8 dB.
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10. Coding And Modulation For 6 Bit/Hz Spectral Efficiency

This section investigates a rate 6/8 coding scheme with 256QAM.

10.1 Puncturing

In order to obtain a rate 6/8 code, the puncturing pattern used is shown in Table 11.

Table 11. Puncturing and Mapping for Rate 6/8 256QAM Option 1

Information bit (d) d; d, ds dy ds ds
parity bit (p) P1 - - - - -
parity bit (q) - - - Q4 - -

16AM symbol (1) (dy, dz, d3, 1)

16AM symbol (Q) (dg, ds , ds, Qa)

256QAM symbol (I, Q) (1,Q) =(dy,d, d3, p1, ds,ds, dg, Ga )

10.2 Modulation

It is assumed that at time k the symbol u® = (u*, u¥, us®, us®, us®, ug®, u7¥, ug®) is sent though the
channel. It is assumed that at time k the symbol u:*, u*, us* and us* modulate the I component and
us¥, ug*, u7* and ug modulate the Q component of a 256QAM scheme.
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For a rate 6/8 code and 256QAM, the noise variance is:

0% = Eav%!;” =: E‘=170A2%L O XEy §=14.16AZEEE‘ (43)
No NU NO

The puncturing and mapping scheme shown in Table 11 is for 6 consecutive information bits that
are coded into 8 coded bits, therefore, one 256 QAM symbol. The turbo encoder is a rate 6/8 turbo
code, which in conjunction with 256QAM, gives a spectral efficiency of 6 bits/s/Hz.

10.3 Bit Probabilities

The 16AM symbol is defined as u* = (u:*, u.¥, us®, us), where us¥ is the most significant bit and u,*
is the least significant bit. The following set can be defined.

bit-1-is-0 = { Ao ,A1 , A2 , A3 , A4 , A5 , As , A7}
bit-1-is-1 = { Ag ,Ag , A10 , A]_]_ , A12 , A13 , A14 , A15 }
bit-2-is-0 = { Ao ,A1 , A2 , A3 , Ag , Ag , AlO , A11 }
bit-2-is-1 = { A4 ,A5 , A6 , A7 , A12 , A13 , A14 , A15 }
bit-3-is-0 = { Ao ,A1 , A4 , A5 , Ag , Ag , A12 , A13 }
bit-3-is-1 = { A2 ,A3 , A6 , A7 , A10 , A]_]_ , A14 , A15 }
bit-4-is-0 = { Ao ,Az , A4 , AG , Ag , AlO , A12 , A14}
bit-4-is-1 = { A]_ ,A3 , A5 , A7 , Ag , A]_]_ , A13 , A15 }

NGO~ wWNE

From each received symbol, R¥, the bit probabilities are computed as equations (39) to (42).

10.4 Simulation Results

Figure 14 shows the simulation results for 6,144 information bits (1,204QAM symbols) with S-type
interleaver. A BER of 107’ can be achieved after 8 iterations at E,/No = 14.2 dB.
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11. Coding And Modulation For 7 Bit/Hz Spectral Efficiency

This section investigated one scheme that use independent | and Q modulation. The scheme
combines a rate 7/10 coding scheme with 1024QAM.

11.1 Puncturing

In order to obtain a rate 7/10 code, the puncturing pattern used is shown in Table 12.

Table 12. Puncturing and Mapping for Rate 7/10 1024QAM

Information bit (d) d1 dz d3 d4 d5 de d7 dg dg d10 d11 d12 d13 d14
parity bit (p) p | - -1 -Ipe | -1-1-1-Ipul-]-1-
parity bit (q) -l -lasl -] - -1-1]9gs] - - - - o | -

32AM symbol (|) (dl, d, , ds, P1. Q3) (dg, dg , d1o, dig , C{3)

32AM symbol (Q) (dg, ds , dg, d7, Ps) (di2, di3, d14, P11, Q13)

1024QAM symbol (d1,dy, d3, p1, 93 ,04,ds, ds,d7,Ps) (dg,dg,d10,d11,08,012,013,d14,P11,013)

11.2 Modulation

It is assumed that at time k the symbol u* = (us¥, u®, us®, us, us*, ug®, U7 ug ug®, ui“) is sent
though the channel. It is assumed that at time k the symbol u:*, u,%, us¥, us and us* modulate the I
component and ug®, u7*, ug, ug* and ui* modulate the Q component of a 1024QAM scheme. For a
1024QAM constellation with points at -31A, -29A, -27A, -25A, -23A, -21A, -19A, -17A, -15A, -
13A, -11A, -9A, -7A, -5A, -3A, -A, A, 3A, 5A, 7A, 9A, 11A, 13A, 15A, 17A, 19A, 21A, 23A,
25A, 27A, 29A, 31A. E ., is:

E. =682A7 (44)
For a rate 7/10 code and 512QAM, the noise variance is:

02N=Eav%!;”aﬁ:fsszAZ%L”XEbE1=48.7AZE@E1 (45)
No No No

The puncturing and mapping scheme shown in Table 12 is for 14 consecutive information bits that
are coded into 20 coded bits, therefore, two 1024QAM symbols. The turbo encoder is a rate 7/10
turbo code, which in conjunction with 1024QAM, gives a spectral efficiency of 7 bits/s/Hz.

11.3 Bit Probabilities

The 32AM symbol is defined as u* = (u*, uX, us¥, us*, us<), where u;* is the most significant bit and
us<is the least significant bit. The following set can be defined.

bit-l-is-O={AO,A1, Az, A3, A4, As, AG, A7, Ag, Ag,A1o, A11,A12,A13,A14,A15}

bit-1-is-1 = { Ass ,A17, Ass, Ato, Aso, Azr, Az, Aoz, Aga Aos , A, Az, Asg, Az, Az, Azt }
bit-2-is-0 = { Ao, A1, Az, Az, A4, As, As, A7, A, A7, Asg, Arg, A, Ao, An, Ax}
bit-2-is-1 = { As, Ag, Ao, A1, Az, Az, Awa, Ass, Azs Aos, Az, Aoz, Agg, A, Az, Azt }
bit-3-is-0 = { Ao, A1, Az, Az, As, Ag, A, Au, A ,Arr, Ag, A, Az A, A, A}
bit-3-is-1 = { A4, As, As, A7, Az, Asz, Aus, Ass, Aso, Ao, An, Asz, A, Asg, Ao, Azt }
bit-4-is-0 = { Ao, A1, A4, As,Ag, Ag, Az, Az, Ass A1z, A, Azt Aoy, Ass, A, Ax }
bit-4-is-1 = { Az, As, As, A7, Ao, Aur, A, Ass, A, Ao, As, Agz, Az, Aor, Ao, Ast }
bit-5-is-0 = { Ao, Az, A4, As, A, A, Az, A, As As, A, Az, Az, A, Asg, Ao }
0. bitb-is-1={ A1, Az, As, A7, Ag, A, Az, Ass, Ar7,A9, Az, Az, Ass, Axr, A, Azt }

RBoo~NoOR~wNOE

From each received symbol, R¥, the bit probabilities are computed as follows:
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LLR(UE)= log OO (46)

exB
p

LLR(u3)=log E’“Db”- sl E 2t1ﬁ1 il (47)
d .
BAJDD;JS-O P 0 20% " R A "%
H 1 Kon H
DA,DD;-is-lexpE 20‘%\1 || R AI | ED (48)

LLR(U;)= log 3 -

ﬁ,ﬂb;-is-o P E 202 " R“- A ||%
s EETT
DAIDb;-is-lexpE 204 [R-A "ED

R ; (49)
ﬁl\,ﬂb;-is-o eXpE. 207 " R“- A ||
H El Ko p EH
DAiDblt- -is-1exp 20-%‘ " R -A " 0 (50)

LLR(UE)=|Og 3 .

i.ub;.is.oexpﬁ 2% " R*- Aj "%

11.4 Simulation Results

Figure 15 shows the simulation results for 2,048 information bits (1,204QAM symbols) with S-type
interleaver. A BER of 10~ can be achieved after 8 iterations at E,/Ng = 17 dB.
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12. Power Vs. Bandwidth In An AWGN Channel

This section gives an estimate of the trade off which can be achieved between minimum required
Ew/No and bandwidth efficiency. An information data rate of 2,048 Mbit/s and a maximum
transmitter delay of 1 ms is considered. The corresponding interleaver size is 2,048 bits.

11.1 Channel model

All the simulations assumed the additive white Gaussian noise (AWGN) channel model, with
independent I and Q signals.

11.2 Simulation Results

Simulations were run for bandwidth efficiencies from 1 to 7 bit/symbol using the recommended
coding and modulation schemes. The results are shown in Figures 16 to 22.
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Bit Error Rate

BER for Rate 6/8 256QAM N=2,100 bits AWGN
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12.3 Conclusions

Table 13 summarizes the minimum E,/N, required to achieve a BER of 107

Table 13 Minimum E,/N, required to achieve a BER of 10~

Spectral efficiency Coding Rate Symbol Rate Ew/No For BER = 10" [dB]
n [bits/s/Hz] And Modulation [ksym/s]
1 1/2 and 4QAM 2048 2.2
2 2/4 and 16QAM 1024 4.2
3 3/4 and 16QAM 682 6.5
4 4/6 and 64QAM 512 9.1
5 5/8 and 256 QAM 408 12.3
6 6/8 and 256 QAM 342 14.5
7 7/10 and 1024QAM 292 17.0

The results show the potential reduction in bandwidth for a given signal-to-noise ration for a particular
channel.

13. Conclusions

Table 14 summarizes all simulation results from this study.

Table 14. Summary of Some Simulation Results.

Spectral Interleaver size | Required QAM
efficiency Coding Modulation in En/No[dB] bound
n[bits/s/Hz] Rate Information bits | BER= 10" [dB]
1 1/2 4QAM 1,024 2.1 1.0
2 2/4 16QAM 256 6.8 2.1
2 2/4 16QAM 512 5.3 2.1
2 2/4 16QAM 768 4.9 2.1
2 2/4 16QAM 1,024 4.5 2.1
2 2/4 16QAM 2,048 4.2 2.1
2 2/4 16QAM 32,728 2.9 2.1
3 3/4 16QAM 2,048 6.5 4.6
3 3/4 16QAM 4,096 5.8 4.6
3 3/6 64QAM 4,096 6.1 4.3
4 4/6 64QAM 2,048 9.1 6.6
4 4/6 64QAM-1 4,096 8.3 6.6
4 4/6 64QAM-2 4,096 10.5 6.6
5 5/6 64QAM 5,120 13.0 9.0
5 5/8 256QAM 2,048 12.3 9.0
5 5/8 256QAM 5,120 11.8 9.0
6 6/8 256QAM 2,048 14.5 11.7
6 6/8 256QAM 6,144 14.2 11.7
7 7/10 1024QAM 2,044 17.0 14.5

14. Summary

This paper address point 4 of G.992.1.bis issues list and point 1.4 of G.992.2.bis issues list.

We propose that G.992.1.bis and G.992.2.bis support the Turbo codes describes in this document for Forward Error
Correction. These results are so close to the QAM bounds that the Reed-Solomon is not needed. Instead of using Reed-
Solomon as outer encoder we propose to use a longer interleaver in the turbo coder, that allows better results with the
same global delay.
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