Chapter 3
Soft Decision and Quantised
Soft Decision Decoding

3.1 Introduction

The use of hard decision decoding results in a decoding loss compared to soft decision
decoding. There are several references that have quantified the loss which is a function
of the operating f,—z ratio, the error-correcting code and the quantisation of the soft
decisions. Wozencraft and Jacobs [6] give a detailed analysis of the effects of soft
decision quantisation on the probability of decoding error, P,., for the ensemble of
all binary codes of length n without restriction of the choice of code. Their analysis
follows from the Coding Theorem, presented by Gallager for the ensemble of random
binary codes [3].

3.2 Soft Decision Bounds

There are 2" possible binary combinations for each codeword, which in terms of
the n-dimensional signal space hypercube corresponds to one vertex taken from
2" possible vertices. There are 2 codewords and therefore 2 different possible
codes. The receiver is considered to be composed of 2k matched filters, one for each
codeword, and a decoder error occurs if any of the matched filter receivers has a larger
output than the matched filter receiver corresponding to the transmitted codeword.
Consider this matched filter receiver and another different matched filter receiver,
and consider that the two codewords differ in d bit positions. The Hamming distance
between the two codewords is d. The energy per transmitted bit is E; = %E;,, where
E}, is the energy per information bit. The noise variance per matched filtered received
bit, 02 = %, where Nj is the single sided noise spectral density. In the absence of
noise, the output of the matched filter receiver for the transmitted codeword is n/Ej,
and the output of the other codeword matched filter receiver is (n — 2d)+/E;. The
noise voltage at the output of the matched filter receiver for the transmitted codeword
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is denoted as n, — ny, and the noise voltage at the output of the other matched filter

receiver will be n. + n;. The common noise voltage n. arises from correlation of the

bits common to both codewords with the received noise, and the noise voltages —n

and n; arise respectively from correlation of the other d bits with the received noise.
A decoder error occurs if

(n=2d)\VE; +n.+n, >nEg +n.—ny, 3.1)
that is, a decoder error occurs when 2n > 2d+/E;.

The average noise power associated with n; is do? = d %, and as the noise is
Gaussian distributed, the probability of decoder error, p,, is given by

ef“\’f)dx 3.2
Pd = —ndNo - (3.2)

This may be expressed in terms of the complementary error function

erfc(y) = 2—/

(3.3)

and leads to

Lerte( [a* B (3.4)
= —erfc -— .
pa 2 nN()

Each of the other 2¥ — 2 codewords may also cause a decoder error but the weight
distribution of the code C; is unknown. However, by averaging over all possible
codes, knowledge of the weight distribution of a particular code is not required. The
probability of two codewords of a code C;, differing in d bit positions, p(d|C;) is
given by the Binomial distribution

ol
1d!
pic;) = 0 (3.5)
2n
A given linear code C; cannot have codewords of arbitrary weight, because the sum
of a sub-set of codewords is also a codeword. However, for non linear codes, p; may
be averaged over all of the codes without this constraint.

2t | »* L E
Pc = d|C)p(C; (CUTIPY  falials 3.6
pc gpu )p( ><2,12k§i:l TER B (3.6)
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rearranging the order of summation

2"2k n n!

_ 1 —d)d! k Ep
Pc < 5ot Z — erfc( d——) 3.7

2 izl d=0 2 + n N()

and

1 < n! k E,
Dc fi d—— 3.8
pe = 2n+1;(n—d)!d!erc( nNo) 3-8)

Remembering that any of the 2 — 1 matched filters may cause a decoder error, the
overall probability of decoder error averaged over all possible binary codes poverall,
is

Povean = 1 — (1 = 50)* ™' < 2p¢ (3.9)

and

—V < eric - :
Poverall on+1 — (n—d)\d! n Ny

An analytic solution may be obtained by observing that %erfc( y) is upper bounded
by e,

P n! _gkE
Poverall < b dz me 4 (3.11
=0

and as observed by Wozencraft and Jacobs [6],

n

_kEp n! _gkEs
(I+emm)y =3 ————e i (3.12)
“(n—d)d!
and
o 1 _kEp
PC < 2—n(l +e " M)" (3.13)

2k _kE
Poverall < 2_”(1 +e W) (3.14)
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Traditionally, a cut-off rate R is defined after observing that

n

k Ep
2k ik l+e "™
Ste PRyt = ok % (3.15)
with
2
2R = (—) (3.16)
l+e "%
then
Poveral < 2827R0 — gk=nRo — p=n(Ro—3) (3.17)

This result may be interpreted as, providing the number of information bits of the
code is less than the length of the code times the cut-off rate, then the probability
of decoder error will approach zero as the length of the code approaches infinity.
Alternatively, provided the rate of the code, ’;‘, is less than the cut-off rate, Ry,
then the probability of decoder error will approach zero as the length of the code
approaches infinity.

When s quantised soft decisions are used with integer levels 0 to 2s — 1, for s even
and integer levels O to s — 1 for s odd, the transmitted binary signal has levels 0 and
2(s — 1), for s even and levels 0 and s — 1, for s odd and the probability distribution
of the quantised signal (bit) plus noise, after matched filtering, has probability p;,
i =0tos — 1, represented as

s—1

p@) = Zpiz_zi, for s even (3.18)
i=0
and
s—1
p(z) = Z piz ™", for s odd (3.19)
i=0
A decoder error occurs if
s(n —2d) +n.+ny >sn+n, —n (3.20)

and occurs when

n > sd (3.21)
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and has probability 0.5 when
ny =sd (3.22)

The probability of decoder error may be determined from a summation of terms
from the overall probability distribution for the sum of d independent, quantised
noise samples, and is given by a polynomial g,(z) at z = 0, where ¢,(z) is given by

_ ps=Dd+1

1
q4(2) = p(2)? ( - — O.SZ(S_W) , for s even (3.23)

The 0.5z~ term corresponds to n; = sd when the probability of decoder error is
0.5.

1— Lld4 o~
34(2) = p(2)* (lz—_zz — 05274 ), whens is odd (3.24)

and the 0.5z ¢ term corresponds to n; = sd when the probability of decoder error
is 0.5.
The probability of decoder error is given by ¢,(z) when z = 0,

Pa = qa(0) (3.25)

The evaluation of the average probability of decoder error for quantised soft decisions,
Pc, is given, as before by averaging over all codes and rearranging the order of
summation

2”2 n

n— d d!
Pe < gy 2 (3.26)

i=1 d=0

Simplifying

Py < Z U Z‘ff < (3.27)

When hard decisions are used, the probability of each transmitted bit being

received in error is given by

nN()

kE
Py = O.Serfc( ——b) (3.28)
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Accordingly,
p@) =1~ py+ ppz” (3.29)

and ¢, (z) for hard decisions becomes

1 — Zd+]
qa(2) = (1 = py + ppz )" (1—_Z - 0.51‘1) (3.30)
giving
!
n nin. 1 _ d+1
Pog < D+ 2‘3”” (1—p, +pbzz)d( : < —0.5zd) forz=0 (3.31)
— 2
d=0

As before, any of the 2¥ — 1 matched filters may cause a decoder error, the overall
probability of decoder error averaged over all possible binary codes poyerairy, > 18

- _ Dk _ S
Poveraliy < 1 — (1= Dc)* 7' < 2%pe, (3.32)

and

- 2 n: 2.d 1 —Z 7
Pavelall(y < 2}’! z ( ’)‘ l‘ (1 Pb PbZ ) ] O~52 i fOI Z = O

When three-level quantisation is used for the received signal plus noise, a threshold,
Vinresh 18 defined, whereby, if the magnitude of the received signal plus noise is less
than v;j,.sn, an erasure is declared otherwise a hard decision is made. The probability
of an erasure, perase 1S given by

N EEy—Vinresn 2
e o dx (3.34)

2
Perase = \/?M)/()

The probability of a bit error for the hard decision, p;, is now given by

1 / o =2
Py = e M dx (3.35)
A/ 7 No & Eptvinresh
Accordingly, p(z) becomes
P(2) =1 — pp — Perase + perasez_l + pr_2 (3.36)

and ¢, (z) for three-level soft decisions is
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Fig. 3.1 Optimum threshold v/ E; —y x o with y x o plotted as a function of % = %f,—g and d,,ip

1— d+1
L o.5zd) (3.37)

Qd(Z) = (1 — Pb — Derase + pera56271 + phziz)d ( 1—2

giving

2t n! _ _
Poverally < 2_11 Z(m(l — Pb — Derase + DeraseZ L+ Pl Z)d

d=0

1— Zd+1

(—1 - O.Szd) ) forz =0 (3.38)
—Z

There is a best choice of vip,es; Which minimises Poyeran, and this is dependent
on the code parameters, (n, k), and % However, v, 1S not an unduly sensitive
parameter and best values typically range from 0.6 to 0.70. The value of 0.65¢ is
mentioned in Wozencraft and Jacobs [6]. Optimum values of v;j,..s;, are given in
Fig.3.1.

3.3 Examples

The overall probability of decoder error averaged over all possible binary codes
has been evaluated for S = % for soft decisions, using Eq. (3.10), the approxima-
tion given by Eq. (3.14) and for hard decisions, using Eq. (3.38), for various code
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lengths. Results are shown in Fig.3.2 for the ensemble of (100, 50) binary codes.
The difference between the exact random coding bound, Eq. (3.10), and the orig-
inal, approximate, random coding bound, Eq. (3.14) is about 0.5dB for (100, 50)
codes. The loss due to hard decisions is around 2.1dB (at 1 x 107> itis 2.18 dB), and
for three-level quantisation is around 1dB (at 1 x 1073 it is 1.03dB). Also shown
in Fig.3.2 is the sphere packing bound offset by the loss associated with binary
transmission.

Results are shown in Fig.3.3 for the ensemble of (200, 100) binary codes. The
difference between the exact random coding bound, Eq. (3.10), and the original,
approximate, random coding bound, Eq. (3.14) is about 0.25 dB for (200, 100) codes.
The loss due to hard decisions is around 2.1dB, (at 1 x 107 it is 2.15dB) and for
three-level quantisation is around 1dB, (at 1 x 107 it is 0.999dB). Also shown
in Fig.3.3 is the sphere packing bound offset by the loss associated with binary
transmission. The exact random coding bound is now much closer to the sphere
packing bound, offset by the loss associated with binary transmission, with a gap of
about 0.2dB at 1078, It should be noted that the sphere packing bound is a lower
bound whilst the random binary code bound is an upper bound.

Instead of considering random codes, the effect of soft decision quantisation is
analysed for codes with a given weight spectrum. The analysis is restricted to two-
level and three-level quantisation because these are the most common. In other cases,
the quantisation is chosen such that near ideal soft decision decoding is realised. The
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Fig. 3.2 Exact and approximate random coding bounds for [100, 50] binary codes and quantised
decisions
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Fig. 3.3 Exact and approximate random coding bounds for [200, 100] binary codes and quantised
decisions

analysis starts with a hypothetical code in which the Hamming distance between all
codewords is the same, d,,;,. The probability of decoder error due to a single matched
filter having a greater output than the correct matched filter follows immediately
from Eq. (3.4) and the code parameters may be eliminated by considering ﬁ—; instead
of f,—f)

1 E;
Pa = zerfc( dm,-nﬁ‘o) (3.39)

For hard decisions and three-level quantisation, p, is given by
1 2 (1=t i
Pd = (11— Pb — Derase + DeraseZ  + PpZ )min ﬁ —0.5z%min ) forz =0

(3.40)

For hard decisions, pese 18 set equal to zero and pj, is given by Eq. (3.28). For three-
level quantisation, perse 1S expressed in terms of ETQO*', the ETQO‘ ratio required when
quantised soft decision decoding is used.
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Egs—Vinresh  _2

2 =2
Perase = \/?1\70/0 e dx (341

Similarly, the probability of a bit error for the hard decision, p,, is given by

1 o =2
Pr = —/ e N dx (3.42)
V7 No EQs+Vihresh

By equating Eq. (3.39) with Eq. (3.40), the Lo, required for the same decoder error

No
probability may be determined as a function of %{’;

soft decision quantisation may be defined as

and d,,;,. The loss, in dB, due to

E oy E,
Losso = 10 x log1o—2 — 10 x logjg— (3.43)
0 810 e

Figure 3.4 shows the soft decision quantisation loss, Loss, as a function of d,;, and
f,—; for hard decisions. For low d,,;,,, the loss is around 1.5dB but rises rapidly with
d,in to around 2dB. For f/—o = 3dB, practical systems operate with d,,;, less than 15
or so because the decoder error rate is so very low (at d,,;, = 15, the decoder error
rate is less than 1 x 10_5p). Most practical systems will operate where the loss is
around 2 dB. Low code rate systems (% or less) operate with negative % ratios with

dpin in the range 25 to 40 whereas % code rate systems with d,,;, in the range 20 to
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Fig. 3.4 Loss due to hard decisions as a function of f,—’(‘) and d,ip
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Fig. 3.5 Loss due to three-level soft decisions (erasures) as a function of and dnin

30 will typically operate at = around 0dB. Of course not all decoder error events
are d,,;, events, but the asymptotlc nature of the loss produces an average loss of
around 2 dB.

Figure 3.5 shows the soft decision quantisation loss, Loss, as a function of d,,;,
and for three-level soft decisions. An optimum threshold has been determined for

each Value of dyin and , and these threshold values are in terms of /E; — y X o
with y x o plotted agamst dm,n in Fig.3.1. Unlike the hard decision case, for three-
level quantisation the lowest loss occurs at high d,,;,, values. In common with hard
decisions, the lowest loss is for the smallest % values, which are negative when

expressed in dB. In absolute terms, the lowest loss is less than 1 dB for %0 = —-3dB

and high d,,;,,. This corresponds to low-rate codes with code rates of % or %. The loss
for three-level quantisation is so much better than hard decisions that it is somewhat
surprising that three-level quantisation is not found more often in practical systems.
The erasure channel is much underrated.

3.4 A Hard Decision Dorsch Decoder and BCH Codes

The effects of soft decision quantisation on the decoding performance of BCH codes
may be explored using the extended Dorsch decoder (see Chap. 15) and by a bounded
distance, hard decision decoder, first devised by Peterson [5], refined by Chien [2],
Berlekamp [1] and Massey [4]. The extended Dorsch decoder may be used directly
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on the received three-level quantised soft decisions and of course, on the received
unquantised soft decisions. It may also be used on the received hard decisions, to
form a near maximum likelihood decoder which is a non bounded distance, hard
decision decoder, but requires some modification.

The first stage of the extended Dorsch decoder is to rank the received signal
samples in order of likelihood. For hard decisions, all signal samples have equal
likelihood and no ranking is possible. However, a random ranking of &, independent
bits may be substituted for the ranked k£ most reliable, independent bits. Provided
the number of bit errors contained in these k bits is within the search space of the
decoder, the most likely, or the correct codeword, will be found by the decoder. Given
the received hard decisions contain ¢ errors, and assuming the search space of the
decoder can accommodate m errors, the probability of finding the correct codeword,
or a more likely codeword, p is given by

i n! r\ "'
Pr=2. =it (E) (1 N Z) G40

i=0

This probability may be improved by repeatedly carrying out arandom ordering of
the received samples and running the decoder. With N such orderings, the probability
of finding the correct codeword, or a more likely codeword, py; becomes more likely
and is given by

. NN
m n! ! t\"

Increasing N gives
m | ¢ i ¢ n—i\ N
n.
1-— E — | - 1—— ~0 3.46
( —(n—0)!i! (n) ( n) ) (3.46)

Py 1 (3.47)

and

Of course there is a price to be paid because the complexity of the decoder increases
with N. The parity check matrix needs to be solved N times. On the other hand,
the size of the search space may be reduced because the repeated decoding allows
several chances for the correct codeword to be found.

The modified Dorsch decoder and a bounded distance hard decision BCH decoder
have been applied to the [63, 36, 11] BCH code and the simulation results are shown
in Fig.3.6. The decoder search space was set to search 1 x 10° codewords for each
received vector which ensures that quasi maximum likelihood decoding is obtained.
Also shown in Fig.3.6 is the sphere packing bound for a (63, 36) code offset by
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Fig. 3.6 Soft decision decoding of the (63, 36, 11) BCH code compared to hard decision decoding

the binary transmission loss. As can be seen, the unquantised soft decision decoder
produces a performance close to the offset sphere packing bound. The three-level
quantisation decoder results are offset approximately 0.9dB at 1 x 107> from the
unquantised soft decision performance. For hard decisions, the modified Dorsch
decoder has a performance approximately 2dB at 1 x 10~ from the unquantised
soft decision performance and approximately 2.2dB at 1 x 107>, Interestingly, this
hard decision performance is approximately 0.4 dB better than the bounded distance
BCH decoder correcting up to and including 5 errors.

The results for the BCH (127, 92, 11) code are shown in Fig.3.7. These results
are similar to those of the (63, 36, 11) BCH code. At 1 x 10~ Frame Error Rate
(FER), the unquantised soft decision decoder produces a performance nearly 0.2dB
from the offset sphere packing bound. The three-level quantisation decoder results
are offset approximately 1.1dB at 1 x 107> from the unquantised soft decision
performance This is a higher rate code than the (63, 36, 11) code, and at 1 x 1073
the == ratio is 4.1 dB. Figure 3.5 for a d,,;, of 11 and an ﬁ ratio of 3dB indicates a
loss of 1.1dB, giving good agreement to the simulation results. For hard dec1s10ns
the modified Dorsch decoder has a performance approximately 2dB at 1 x 10~ from
the unquantised soft decision performance, and approximately 2.1dB at 1 x 107>,
This is consistent with the theoretical hard decision losses shown in Fig.3.4. As
before, the hard decision performance obtained with the modified Dorsch decoder
is better than the bounded distance BCH decoder correcting up to and including five
errors, and shows almost 0.5 dB improvement.
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Fig. 3.7 Soft decision decoding of the (127,92, 11) BCH code compared to hard decision decoding
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Fig. 3.8 Soft decision decoding of the (127, 64, 21) BCH code compared to hard decision decoding
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The results for the BCH (127, 64, 21) code are shown in Fig.3.8. This is an
outstanding code, and consequently the unquantised soft decision decoding perfor-
mance is very close to the offset sphere packing bound, being almost 0.1dB away
from the bound at 1 x 10~>. However, a list size of 107 codewords was used in order
to ensure that near maximum likelihood performance was obtained by the modified
Dorsch decoder. Similar to before the three-level quantisation decoder results are
offset approximately 1.1dB at 1 x 107> from the unquantised soft decision perfor-
mance. However, 3 x 107 codewords were necessary in order to obtain near maximum
likelihood performance was obtained by the modified Dorsch decoder operating on
the three-level quantised decisions. The BCH bounded distance decoder is approx-
imately 3dB offset from the unquantised soft decision decoding performance and
1dB from the modified Dorsch decoder operating on the quantised hard decisions.

These simulation results for the losses due to quantisation of the soft decisions
show a very close agreement to the losses anticipated from the theoretical analysis.

3.5 Summary

In this chapter, we derived both approximate and exact bounds on the performance
of soft decision decoding compared to hard decision decoding as a function of code
parameters. The effects of soft decision quantisation were explored showing the
decoding performance loss as a function of number of quantisation levels. Results
were presented for the ensembles of all (100, 50) and (200, 100) codes. It was shown
that the loss due to quantisation is a function of both d,,;, and SNR. Performance
graphs showing the relationship were presented.

It was shown that the near maximum likelihood decoder, the Dorsch decoder
described in Chap. 15, may be adapted for hard decision decoding in order to pro-
duce better performance than bounded distance decoding. Performance graphs were
presented for some BCH codes showing the performance achieved compared to
bounded distance decoding.
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