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ABSTRACT this approach comes from the fact that the soft information,

A low complexity Soft-Input Soft-Output (SISO) module, needed by the next stage of the turbo receiver, is computed
based on Viterbi algorithm, is proposed. This module is-suit'om the hard output of the Viterbi algorithm. Also, both
able for turbo decoding of Parallel Concatenated Convolultrinsic information of systematic bits ardpriori informa-
tional Codes (PCCCs). The interest of this approach residdion of informational bits are used to compute an extrinsic
on the fact that the Viterbi algorithm is used unmodified, sti 'Nformation of data bits to be passed to the next stage of the
accepting as its inputs soft information. The hard output oftérative decoding process. _
the Viterbi algorithm is used to compute the extrinsic infor This paper follows and extends the results presented in
mation based on the knowledge of systematic arptiori 7] by providing a theoretical framework for the proposed
information. Also, a set of scaling factors is used to impgrov S!SO Viterbi algorithm. Also, a semi-analytical method for
the quality of the extrinsic information. The scaling fasto cOMputing some scaling coefficients, used to compute the ex-
are obtained based on a semi-analytical method. The coffinSic information, is proposed based on EXIT charts. The

vergence properties and performance of the proposed turtigSt of the paper is organized as follows: sectiatescribes
decoder are evaluated using EXtrinsic Information Transfeth® SISO module based on Viterbi algorithm, followed by the

(EXIT) charts and Bit Error Rate (BER) simulations. presentation of some simulation results in sec8o8ection
4 ends the paper with conclusions and directions of further

1. INTRODUCTION research.

PCCCs are a well known topic of research and have been se2. SOFT-INPUT SOFT-OUTPUT MODULE BASED
lected as channel coding technique in several wireless com- ON VITERBI ALGORITHM
munications standards (e.g. Long Term Evolutiop).[ The
classical approach for iterative decoding of PCCCs uses t

log Maxi A Posteriori (MAP) algorithm?], wh - ”
og Vexamum osteriori ( ) algorithm, whose The encoder is represented by two Recursive and Sys-

complexity is much larger than the complexity of the Viterbi . . .
algofithm){ll]. The inc?ease in comple>l<3ity o%/the MAP al- tematic Convolutional Codes (RSCCs) separated by an inter-
leaver B]. Letuy, ne {0,1,...,N— 1}, be the sequence of

gorithm allows to compute soft (extrinsic) information for | ! . f i ;
each data bit which is exchanged between two SISO modPformational bits. The sequence of informational bitssesit
ules in an iterative fashiorg]. In order to further lower the Unmodifiedinto the upper RSCC, while the input of the lower

complexity of the MAP algorithm, several approaches havdtSCC is represented by the interleaved seque.nceN/\ﬂlie
been proposed: max log MAP algorithm, threshold MAP glInterleaver length. The output of the encoder is represente

gorithm [5], etc. All these variants have in common the factby the systematic bits{? = up and by the parity bits from

that the original structure of the MAP algorithm is kept (wit poth RSCCsViP™ andvi”'®. Then, the encoded bits are
forward and backward recursions), but the number of needeginary Phase Shift Keying (BPSK) modulated and sent into

is section presents a low complexity algorithm based on
iterbi algorithm used for turbo decoding of PCCCs.

operations and/or trellis states is reduced. _an Aditive White Gaussian Noise (AWGN) channel:
A different approach for low complexity turbo decoding
is represented by the Soft Output Viterbi Algorithm (SOVA) Yo = (1—2Vq) + Nn 1)

[6]. In SOVA the Viterbi algorithm is modified so that the
extrinsic information is obtained from metric difference-b wherev, is the coded bit (systematic or parity bit) anglis
tween the surviving and competitor paths. Further, an @da@n AWGN with zero mean and variance.
mechanism is used to compute the extrinsic information for The turbo decoder uses two SISO modules, exchanging
surviving paths. This allows to obtain soft informationrfro ~ soft information along several iterations (Figd) [3]. The
the Viterbi algorithm at the expense of a higher complexinput to the upper SISO module is represented by intrinsic
ity than the original Viterbi algorithm. A modified version information of systematic bits defined as:
of SOVA has been shown to be equivalent to max log MAP
algorithm []. Further improvements allowed to obtain per- p(y@/un =1)
formace close to log MAP algorithm when the target BER is (v /U = 0)
moderately low [ 7]. P(yn"/Un =0)

In [7] a novel low complexity turbo decoder is proposed, _ _iy(S) 3)
based on an unmodified Viterbi algorithm. The novelty of a2”"

Lvi;1) =In 2)
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L 1), LvP; ) 0, L(vPlow | .
b SISO ( ) SISO wherey = {Y(()SJ Y(()m y(ls) y(lp) YE\ls),lyl(qul} is the
L) | upper |LWO) | . lower | sequence of received symboisjs the sequence of system-
$ atic and parity bits anah is the sequence of informational
G n E bits. The second equality comes from the fact that the prob-
T ability of the sequence at the output of the enco&éx;),
n equals the probability of the sequence at the input of the en-
coder,P(u).
Figure 1: Turbo decoder for PCCC Using in (6) the fact that the received symbols are inde-

pendent (since the additive noise is white) and based on the
expressions of intrinsic3j anda priori (4) information, the

where D(yﬁs)/un = 1) is the conditional probability density metric used by the Viterbi algorithm can be rewritten as:

function of the received symbqlé?, knowing the systematic P(y,v) = IN-2K
bit u, = 1. The second equality comes from the fact that the ’ n=0 "0
additive noise has a Gaussian distribution. Similarlyait ¢ exp(un(L(v,(f);l)Jr L(up; 1)) +v§1p>L(v§,p>;l)) (7)

be shown that the intrinsic information of parity bits from

upper RSCC isL(vﬁp)“p; )= —Ezzyﬁ,m“p. This represents the whereK, is a constant depending only on the current instant,
second input of the upper SISO module. The third input ig). Note that, since the transition between trellis states de-
represented by thepriori information of informational bits  pends on the informational (systematic) and parity bits, th

defined as: path selection is influenced only by the argument of the ex-
Liul) =1 P(un=1) 4 ponential functionT). Thus, the Viterbi decoder can be fed
(un;1) =1In P(un = 0) (4) directly with soft information (the intrinsic informatioof

) L . ) systematic and parity bits). Further, since the encodsssis s
whereP(uy = 1) is thea priori probability of the informa-  tematic, thea priori information can be added to the intrinsic

tional bitu, = 1. This soft information is computed by the jnformation of systematic bits before being fed to the \titer
lower SISO module during the previous iteration. decoder (Fig2).

The output of the upper SISO module is the extrinsicin- 5o when the encoder is systematic, the classical Viterbi
formation of informational bits(un; O), used, after inter-  gecoder {1] can be used unmodified, still accepting as its
leaving, as a priori information at the input of the lower SIS jnpt soft information. The output of the Viterbi decoder is
module. i . . the hard decoded sequence of informational bits, used by the

Also, the lower SISO module has as input the intrinsiciSo module in order to compute the extrinsic information
information of parity bits from the lower RSCC(V,(P)"’W; ).  ofinformational bits.

The lower SISO module produces an extrinsic information
of informational bits used aspriori information in the next 2.2 Hard-Input Soft-Output module
iteration by the upper SISO module. The algorithm used by the HISO module represents the main

In the following only the upper SISO module shall be dis-¢ontribution of our paper. This algorithm follows and ex-
cussed, since the lower SISO module has exactly the samg4s the ideas presented ii.[

functionality (except that no intrinsic information of sgm- In order to compute the extrinsic information of infor-

atic bits is available at its input). Also, in order to sinfpli |\ \5ti0nal bits,L(un; O), from the hard output of the Viterbi
the notation, the superscrift shall be dropped. algorithm, the following expression is used:

L(un1) L(up; O) = A(un) — L(up;1) (8)
(s). :
L(vn’;! Viterbi |a HISO | L(u0) whereA(un) is the Logarithm of Likelihood Ratio (LLR) of
L) decodel T module informational bits defined as
Altn) = In Pln = 1/0n) 9)
Figure 2: SISO module based on Viterbi algorithm for RSCC " P(up = 0/0Gn)
n 1-R
The proposed SISO module is based on a Viterbi de- = (2un—1)lnﬁe§e) (10)
n

coder, accepting as its inputs soft information and a Hard-

Input Soft-Output (HISO) module, having at one of its inputs . . . ,
thg hard outpu?of Ehe Vit()arbi decodey, (ng]g. 2). These thc)> andFy(e) is the Bit Error Probability (BEP), defined as

modules shall be detailed in the following subsections. Pa(€) =P(0n = 1/Un = 0)P(Un = 0)+
2.1 Viterbi decoder with soft information asitsinputs P(0n = 0/up = 1)P(un = 1) (11)

In order to use the priori information of informational bits, Expression §) can be proven using), (4) and the Bayes’
the metric used for path selection by the Viterbi algoritlsm i je.

defined as{]: In order to prove 10) the BEP is rewritten asl():
P(y,v) = p(y/v)P(v) () P((h = 0/up = 1)P(Up=1) if 8y =0
= P(y/v)P(u) 6) %@_{Qazﬁi:£éi:£ hazl (12)
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Using Bayes’ rule,9) can be rewritten as: Further, the scaling factorg, ande, can be computed
as the ratio between the expected absolute value of the true

P(Gn/un = 1)P(u, = 1) LLR, as computed by the MAP algorithm,[|A(un)|], and

Aun) =In P(0n) — P(Gn/Un = 1)P(up = 1) (13) " the absolute value of the approximated LLEY;
If tin = 0, with (12) the above equation becomes: o EllA(un)[] (18)
In 1-P(e)
B Pn(e) ‘ P(e)
A(up) =1In Y (14)

where the expectation,[F\(un)|], is taken over the set of in-

Using similar develoments fai, = 1, the equationi0) is  dicesn for whichH (L (un; 1) + L(v@;l)) = (U, (for matching
completelr)]/ proven.l | 0 hasb o di] bits). In a similar manner, the scaling fac®is computed
Note that a result similar tdL() has been obtained iff]] P ; . (9). N
but instead of using the BEP at each discrete instayte), 8\$rntgﬁns]::cogilnn;g:ifss) for whic (L (un; 1) +L(va":1)) # On
the BEP for the entire interleaver is used. However/imp The method represented bygj is briefly mentioned in

formal proof is provided for this result. [7], but is not develo : .
. N . , ped and instead the scaling factors are
Thus, using the hard output from the Viterbi algorithm, o ined empirically. Thus, the method for computing the

Un, and the knowledge of the BEP,(e), the extrinsic infor- i+ 2 ctors can be seen as another contribution of our pa
mation of informational bits|-(un; O), can be computed by per

the HISO module.

. . . It is worth to emphasize that the scaling factors com-
However, the BEP is not available at the decoder side ar’lguted with (8) depend not only on the Signal to Noise Ratio

;?:;g (t)ﬁel,:pee ;r%pgz)\(/gr]zltlfnneltiggse(fjgrd(jﬁlrir?eEgEcg Eggrtr?ggo SNR) at the input of the turbo decoder, but also on the itera-
ion number in the turbo decoder. However, by simulation it
can be shown that a single set of scaling factors is enough to

achieve the best performance of the turbo decoder with the

for the entire interleaverd], we choose to approximate the
BEP at each instant by the BEP for the entire interleaver:

Pn(e) ~ P(e) (15) proposed SISO module.
wheren € {0,1,...,N —1}. Note that this approach allows 3. SIMULATION RESULTS
to have different BEPs for different interleavers. A PCCC of coding rateR — 1/3 is simulated. The

Also, note that with {5) the LLR of informational bits 5 RSCCs are identical and have generator polynomials
(10) has a constant absolute value for the entire mterleavem 15/13] in octal form .

length. This effect will worsen the performance of the turbo™ |~ 4er to compute the scaling factors used i) (we

decoder due to the poor quality of the extrinsic information, se the ratio between the true LLR, as provided by the MAP
(8). A similar effect can be observed if the LLR of informa- algorithm, and the LLR computed using the proposed SISO

tional bits, obtained using the MAP algorithm, is limited us 54, je (.8). The magnitude of the scaling factors as a func-
ing some threshold value. Thus, in order to improve the qual-

. L. . E. -
ity of the soft information, as provided by the HISO module,t'on of l?oth.mutuaa priori mformgtlon [0 and SNR’W?' 'S_
the following approximation is used.q): shown in Fig.3aand3b. The scaling factors should have in-

creased values when the mutagpriori information (or the

A 1-P(e) ) (9).1\y _ number of iterations) and the SNR increase.
A(up) ~ ¢(20n —1)In 1P§§> AH(L(Uni1) + L(V'(‘S)’l)) =bn Further, EXIT charts10] are used in order to estimate
e(20n—1)In ,;<—e()e), H(L(un;1) 4+ L(vn7;1)) # Gn the convergence threshold, expressed as a SNR, at which the

(16) iterative decoding process converges (Hy. The turbo de-
where the scaling factorsande are positive real values and coder uses the proposed SISO module with varying scaling
1.x>0 factors as a function of both mutuapriori information and
O’x ; 0 SNR. The EXIT chart is obtained from the transfer charac-

Th imationi® has b di dall teristics of the upper and lower SISO modules. The upper
e approximationi6) has been proposed ifij[and allows - g;55 module uses at its input the received systematic and
to introduce additional information into the estimated LaiR arity bits and the priori information, while the lower SISO
informational bits based on the difference between the est '

R . . X . : odule uses only the received parity bits and #éheriori
mated bitsuy, and the soft information of informational bits, information. As proposed ini[], the a priori information

L(un; 1) + LV 1). _ o corresponds to systematic bits and is represented by the rea
In order to approximate the BEP for the entire interleaverisations of an independent Gaussian variable.

P(e), the simplest approach uses the flipped bit error rdte [ From Fig. 4 it can be seen that at abof = 1.4 dB

1 N-1 there is a tunnel between the transfer characteristicseof th
Ple)= = ZO ‘H (L(un; 1) + L(v,(f); 1)) — G (17)  two SISO modules, allowing the convergence of the iterative
N & decoding algorithm. This represents the convergencelthres
old for the proposed turbo decoder and can be used to select
More complex approximations fdé¥(e) can be found in§].  a single set of scaling factors.
Our simulations showed that the best results can be obtained Based on this result, a single set of scaling factors can be
using (L7), so in the following only this approximation is selected at zero mutualpriori information. This choice is
used. justified since a zero mutualpriori information corresponds

H(x) is the Heaviside step functiortd(x) = {
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Figure 4: EXIT diagram for different values of SNR Figure 5: Performance of the turbo decoder with different
decoding algorithms

to the beginning of the iterative decoding process, whige th
convergence threshold ensures the convergence of the turbo

decoder. With these choices, the following scaling factors _,. . . .
are obtained: g 9 efficients is enough to achieve good performance of the turbo

decoder at the predicted convergence threshold.

c—16114 (19) It is also worth to emphasize that the results presented
e=0.5859 (20) " in Fig. 5 were obtained with an interleaver length= 214
bits, while the EXIT charts from Fig4 have been obtained

The performance of the turbo decoder with the abov?/vith an interleaver lengtN = 10°. Thus, small performance

scaling factors is presented in Fig. Also, for compari- . . ; X
mprovement can be obtained, especially at low SNR, with a
son purposes, the performance of log MAP, max log MAP areful choice of the scaling factors, depending on the-inte

and SOVA are also depicted. The SOVA is used unmodifie
thus the poor performance at a SNR abo&dB. eaver length {].
The SISO module based on Viterbi algorithm has the g4 he scaling factors can be obtained using a semi-
lowest complexity among the four algorithms, but this comes, 5 tical method by computing the ratio between the true
with a performance penality at low SNR. Note also from F|g.|_|_R’ as provided by the MAP algorithm, and the LLR com-
5 that the predicted convergence thresh(ﬁgj,: 1.4dB,is  puted by the proposed HISO module. Only a single set of
confirmed by the BER courve for SISO module based orscaling factors is needed, regardless of the currentiiberat
Viterbi algorithm. This shows that a single set of scaling co (mutuala priori information) and SNR.
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4. CONCLUSION

A low complexity SISO module based on Viterbi algorithm
has been presented, suitable for turbo decoding of pcccsl3l
Since the encoders are systematic, the classical Vitegbt al
rithm can be used with no modifications, still acceptingst it
inputs soft information. Further, it has been shown how the
extrinsic information can be obtained from the hard output [4]
of the Viterbi algorithm, using also the knowledge of sys-
tematic anda priori information. By approximating the BEP

at the current instant with the BEP of the entire interleaver

a practical method for extrinsic information computati@sh

been provided. In order to improve the quality of the extrin-
sic information, two scaling factors have been used. A semi-
analytical method has been proposed for computing the scal-
ing factors, based on the ratio between the expected absolut
value of the true LLR and the absolute value of the approxi-
mated LLR. It has also been shown that a single set of scaling
factors is enough to achieve the best performance of the pro-
posed turbo decoder, regardless of the iteration number and’

SNR.

However, the performance of the proposed turbo decoder
is far from the performance of the best known turbo de-
coder, based on the log MAP algorithm. Thus, future reseach[8]
should focus on a hybrid turbo decoder, using both Viterbi
and log MAP algorithms. Also, generalizations of the hy-
brid turbo decoder for other types of encoders (e.g. serial[g]

concatenations) is another direction of future research.
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