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Abstract—Bit-interleaved coded modulation (BICM) is often soft-input hard-output (SIHO) outer decoder, like the bie
the method of choice for multilevel transmission over fadiy decoder for convolutional codes. This BICM witharal-
channels. If relatively simple forward error-correction (FEC) decision feedbacktérative @coding (BICM-HID) has two
codes such as convolutional codes are employed, iterativeabd- . - N .
ing between demapper and FEC decoder can provide significant compIeX|.ty advantages over BICM'SID' First, the outer SIHO
performance improvements over non-iterative decoding. Tkeep decoder is less complex than its SISO counterpart, and decon
the complexity of iterative decoding low, the use of hard-deision the demapper using hard-decision feedback needs to conside
feedback from FEC decoder to demapper is appealing. However only two instead of all constellation points for each labgli
the price to be paid is a performance degradation due to feedick bit [3]. On the downside, BICM-HID is considerably outper-

errors. In this letter, two new demapper designs are develogd
which are able to strongly mitigate the effect of erroneous formed by BICM-SID due to the effect of erroneous feedback.

feedback. The key ideas are (a) the use of an estimate of the In this letter, we propose two novel demapper designs for
average error rate for the hard-decision feedback and (b) te BICM-HID which mitigate the effect of feedback errors and
interpretation of feedback errors as additive impulsive nase. thys improve the overall error-rate performance of BICMHI
Simulation results show that the proposed designs achieverer —\ve t5cus on convolutionally coded transmission, for which
rates close to those for iterative decoding with soft feedlk, while ) . ) . . !

they maintain the complexity advantage of using hard-decisn S/HO FEC decoding, i.e., Viterbi decoding is commonly
feedback. applied. The first key idea is that the demapper makes use of
the error rate of the hard-decision feedback after itematjo
which we denote by>;. As we will show, this essentially pro-
vides the demapper with reliability information and pered
unreliable feedback. The corresponding demapper is sitoila

|. INTRODUCTION that proposed in [7]. However, different from the scheme in

Bit-interleaved coded modulation (BICM) [1], [2] has bel7], which relies on a SISO outer decoder, our approachnetai
come a popular coded modulation scheme for transmissié¢ outer Viterbi decoder and makes use of a recent andlytica
over fading channels. BICM connects a binary forward efesult [8] for the error rate performance of coded BICM to
ror correction (FEC) encoder to a multilevel modulator an@stimater;. Furthermore, parameter tuning as in [7, Eq.(10)]
approaches the associated constellation-constrainegcitpp IS Unnecessary. The second key idea is the interpretatitreof
limit if a capacity-approaching binary code and Gray latgli effect of feedback errors as additive impulsive noise, dsd i
are used [2]. The BICM structure can also be looked at &ttistical approximation through a two-term Gaussiantunex
a concatenated coding system, with the FEC encoder and @bability density function (PDF). This leads us to thecset
multilevel modulator as outer and inner encoder, respelgtiv Proposed demapper, whose complexity is practically theesam
The inner encoder is made “stronger”, if non-Gray labelimg @S that of the demapper used in conventional BICM-HID.
applied, cf. e.g. [3]-[5]. Interestingly, this BICM with ne We provide simulative evidence that BICM-HID with the
Gray labeling can achieve excellent error-rate perforraanroposed designs effectively bridges the error-rate gapesn
with relatively simple outer binary codes, such as for exampconventional BICM-HID and BICM-SID.
convolutional codes. The remainder of this letter is organized as follows. In

BICM considered as concatenated code is commonly dgection II, BICM with iterative decoding and demappers for
coded in an iterative fashion, in which the demapper andcanventional BICM-HID and BICM-SID are briefly reviewed.
soft-input soft-output (SISO) channel decoder for the puté Section lll, we derive the two new demapper designs.
FEC code exchange extrinsic information. We will refer thlumerical results are presented in Section IV. In Section V,
this structure as BICM with aft-feedback terative_acoding concluding remarks are offered.

(BICM-SID). An alternative decoder proposed in [6] uses a

Index Terms—Bit-interleaved coded modulation, iterative de-
coding, hard-decision feedback.
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[P A demappers is an estimate of the average bit-error rate (BER)
() )+ Demapper recoec|  for the coded bitsc; after theith iteration, 7. The first
ol T T proposed demapper has the same computational complexity as
[ e, 8] the demapper proposed in [7], but does not require outer SISO
decoding and parameter tuning. The second demapper design
Fig. 1. Block diagram of BICM transmission over a fading afelnand enjoys a ver_y similar complexity adva_‘ntage over BIC_M'SlD as
iterative decodingm and=—1 denote interleaving and deinterleaving, respecthe conventional BICM-HID, but achieves a greatly improved
tively. » coded binary symbolgc, ..., c,] are mapped to one transmitted arror-rate performance.

symbolz. The feedback from the FEC decoder (FEC DEC) to the demapper = h | is k fectl
is shown the form of decoded code symbgfis, ..., c.], i.e., hard-decision or the moment, let us assume thatis known pertectly

feedback. at the demapper.

ler, ...

assuming a coherent receiver with perfect compensation &f Demapper Design |
the channel phase, the corresponding received samplé&e

can be written as Having available only the hard decisiép and knowledge

y=ha+z, 1) of P;, the probabilityPr(c; = b;) is given by]Didj(l—B)l‘d{,

_ ~ whered; = du(¢j,b;) and du(-,-) returns the Hamming
where h € R* denotes the channel gain and € C is distance between its arguments. Hence, the jpjas;) from
the AWGN sample. Without loss of generality, we assum@) is replaced by

E{|z|?} = 1, E{h?} = ~, andE{|z|?} = 1, and thusy is the

average signal-to-noise ratio (SNR). fla,j) = ZT: log (Pfiz(l _ Pi)pde)
The receiver applies a concatenated demapper-decoder ~ !
structure (see Figure 1), where the demapper generdtés r P
wise decoding metrics = Z [dz log (ﬁ) + log(1 — PZ-)}
(=1 g
o ®)
Aj=log | > exp(f(a.j)—|y—hal?) &
acX; = i —
€A1 (2) 5 ; 14
0]
—log | > exp(f(a,j)—ly—hal’)]| = Bidu (0,17 (a) — i,
G.GX]‘YO

. where we defined
1 < j < r, for each transmitted symbat. In the above

expressiony; ;, denotes the set of symbols in the constellation a; 4 —(r—1)log(1 — P) (6)
with the jth binary label fixed ta, and f(a, j) represents a- A P,

priori information or abias provided by the FEC decoder. Of Bi = log| 1= P-) ; (7)
course,f(a, j) = 0 for the first iteration, in which no feedback A !

from the decoder is available. &p = [61,..., 61,084,060 (8)

In the case of a BICM-SID with soft feedbadk(c; = b),

1< j < r we can write the bias-term as Substituting the bias from (5) in the metric (2) leads to

f(aaj) = ZlOg (PI‘(Cg = b@)) ’ (3) )\j = log Zexp (ﬁZdH (éj,l,uil(a)) —|y—ha|2)
ﬁ;; a€Xj1

where [by,...,b,] = p~'(a). For BICM-HID with hard-
decision feedback; € {0,1}, 1 < j <r, we have

fla.d) =

—log Z exp (Bidw (&0, (a)) = |y—hal?)| ,
acXj o
0, ifb=e,Vle{l,...,r},{#], 9)
otherwise : which is our first new demapper design and referred to as
(4) “design I”. Note that the constant termy cancels out in (9).

We observe that BICM-HID has two complexity advantages In passing, we remark that an efficient implementation of
over BICM-SID. First, a SIHO decoder, typically the Viterbithe log-sum of exponentials or the max-log approximatidn [9
decoder, can be used instead of a more complex SISO decodan equally be applied to (2) and (9), if the exp-operation is
Second, the summation in (2) and thus #igimes evaluation to be avoided.
of the Euclidean distance can be omitted and the computation
of the bias termf(a, j) is greatly simplified.

—0Q0,

B. Demapper Design Il

1. New BICM-HID ScHEME To derive the second demapper design (“design 1I), we
We now present two new demapper designs for BICMirst provide an interpretation of feedback erréfs# c; as
HID. The additional information that is used by the proposechpulsive noise.



1) Gaussian Mixture Noise Interpretatio:he new metric and applying the max-log approximation [9], we can re-write
(9) allows the interpretation of BICM-HID as transmissiorthe bit-metric (2) as
over a channel affected by additive Gaussian mixture noise

[10]. More specifically, the bit-wise metric (9) is also obed )\, = — min {ai + |y — hu(éj,l)|27 5 + w
when considering transmission pfé,; ), b € {0,1}, over a
channel with the effective noise +min < a; + |y — hu(é0))?, 0; w
i+ |y — hp(80)[7, 6 + = :
22 =z4+2, (10) (16)
where zf is due to the hard-decision feedback and thus )
depends on bit positio, feedbacké; ;, and fading gairn, C. Comments on Complexity
which are collected in the parameter vecto™ [4, &b, h]. As mentioned in Section I, BICM-HID has two distinct
The feedback noise has a probability mass funcfion(m) complexity advantages over BICM-SID. The proposed demap-
with mass pers work with a SIHO decoder and thus both make use of
A dn(Een (@) o the first complexity advantage of SIHO versus SISO decoding,
pla,é;,) = P! (1 — p)lr=1=du(@es™"@)]  ywhich amounts to a gain by about a factor of three [11, Ap-

(11) pendix F2] . Demapper Il also realizes the second complexity
at locationm = h(u(é;) — a), a € X; ;. Hence, the PDF of advantage in that symbol metrics for only two signal points,
zS is the Gaussian mixture density instead of all signal points in the case of BICM-SID, needdo b

1 computed per bit metric. Thus, different from BICM-SID, the
Pee(m) = — Z pla, €p) exp (— |m—[h(u(éj,b)—a)]|2) . complexity of Demapper Il is independent of the constedlati
Ty, size. While the corresponding gain factor is implementatio
(12) dependent, we note that (16) requires only two additional
2) Simplified Demappertor the second, simplified demap-comparisons relative to conventional BICM-HID using (4),
per, we propose the approximation of (12) by a single twoiterand thus further complexity savings are difficult to obtane
Gaussian mixture function for aji, ¢;,, andh. That is, we note thato? in (14) only depends on the signal constellation

apply the two-term PDF X, the SNRy, and the BERP;, and thus it is computed once
(1— Pt per iteration and the additional number of computations per
Pae(m) :+ exp (—|m|?) bit are negligible.
R ) Ly O U (13)
— —— €&X - . . .
o2 P o2 )’ D. Low-Complexity Estimation o

where the first term indicates the noise when there is no erroMe now consider the estimation @, which is required

in the feedback from the FEC decoder, an event which occdies the new demapper designs (9) and (16). It should be noted
with probability (1 — P;)"~!, and the second term representthat the overall error-rate performance is relatively istwith

the equivalent noise in the presence of feedback errorghwhrespect to the estimation accuracy, and thus we are content
occur with probabilityl — (1 — P;)"~*. We obtain the variance with a simple method that provides a coarse estimate’for

o2 for the second term in (13) by making sure that the averageFor the error rateP; after the first iteration, we consider
variance according to the exact PDF in (12) is maintainethe dominant error events of the Viterbi decoder and thus use
Hence, we havept, (n) denotes the PDF of the channel gaithe estimate

) B = g, PR diec) (17)
r—1 r—1y 2 ¢

(1-F) ARy e where PEP(dy...) is the pairwise error probability between
_ L Z /ph / |m|2 two codewords with Hamming distandg.., d... denotes the

2rr free distance of the convolutional code of radte = k./n.,
andwy,,,. is the total weight obutputbits in error events with

1 . . 5 Hammmg weightdg.... Using the saddlepoint approximation
X~ Zp(aaCj.,b)eXP(—|m—[77(H(Cj.,b)— G)H) dmdn [12, Eq.(12)], closed-form expressions for this PEP using

je{1,...
Jbe{o 1} meC

& pefo,13(r=1)

ac;p elementary functions have been provided in [8] for the rich

1 class of Nakagamirn fading channels and arbitrary parameter

=1+ oy Z v Z (a,8p)lu(@p) —al*| > 1/2, and thus (17) can be easily evaluated. Next, for the
ey L asdie BER P, after the final iterationi = n, we use the perfect-

&jpe(0.13(r 1) feedback lower bound from [3] together with the saddlepoint

] . (14) approximation, which again results in a closed-form PEP
from which we obtairy”. expression and thus estima®g. Finally, we estimate the BER

Using the noise PDF given in (13), defining for iterationi using the interpolation

o? . i . _ .
51’ é log (W) ) (15) IOg(R) = ) IOg(Pl) + _11 10g(Pn) . (18)
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Fig. 2. ~ Two-term PDF approximation from (13) and empiric®fPfrom £y 3 BER for BICM-HID with conventional and proposed deppers.

simulations during thgi + 1)st iteration,i = 1, .., 4, at SNR;, = 1_0 dB. As reference, BER for BICM-SID, and BER estimat®s and Ps are also
The PDF _approximation is shown for the cases of kndwnand using the ;. ded.

estimateP; from (18). A total ofn = 5 iterations is assumed.

Figure 3 presents the simulated BE&ter the first and fifth

We remark that (18) is a pragmatic choice that has been proygiation for BICM-HID with (a) the conventional demapper
adequate in _numerical experiments (see also the results«i@) with bias (4)), (b) demapper design | (9), and (c) deneapp
the next section). The value of should be chosen such thalyesign 11 (16). For design | we also include the case of pérfec
BICM-SID converges to the perfect-feedback lower bound. geR estimation, i.e.P, = P;. Furthermore, as a reference, the
curves for BICM-SID and the estimated BER% and P, =

Ps after the first and fifth iteration are shown (see Footnote 1).
The total number of iterations and interleaver length aee th

In this section, we present selected simulation results $8Me as for the results in Figure 2. . o
illustrate the performance of BICM-HID with the proposed Ve observe that the proposed demapper designs signifi-
demappers. We use the example of 16-ary quadrature amﬁ_ﬁntly improve the BER performance re_zlatlve to the conven-
tude modulation (QAM) BICM with modified set-partitioningtional demapper for BICM-HID. In particular, the consider-
labeling over a Rayleigh fading channel, cf. [3], and emplc§Ple gap between conventional BICM-HID and BICM-SID
the maximum-free distance 4-state rate-1/2 convolutionae S argely closed through the modified demappers. Demapper
(very similar results have been obtained for codes withelargdesign Il achieves a performance close to that of demapper
memory). BER and frame-error rate (FER) results are shoWfSign I, which renders it the perhaps preferred choice con-
as function of the average bit-wise SNR= ~/(R.r) = /2. sidering its low computational <_:om|c_JI§X|ty. It can al_so_ berse

First, we take a look at the goodness of the proposed pBat the feedback-BER approximatidh of P is sufficiently

approximation (13). For this purpose, Figure 2 shows the arffeurate for the purposes of BICM-HID, since the two BER

lytical two-term PDFj.(m) and the empirical PDF obtained®!VeS for estimated and knowf; almost coincide. The
from Monte Carlo simulation for an SNR of, — 10 dB. quality of the estimate’; is also confirmed by the relatively

The two-term PDF is plotted for knowi®, and using the 9000 approximation of the actually BER after one and five
estimateP; from (18), respectively. A total of = 5 iterations [teration through? and P, respectively. _
is assumed, so four sets of curves are plotted in Figure 2. Thd9ure 4 shows the FER for the same scenario as above,
interleaver length is set to 10000 binary symbols. It can Rt @ relatively short interleaver of length 2000. This w#o
seen that the empirical PDF displays a markedly non-Gaussfa COmparison with the results from [7, Fig. 3]. We observe
shape, which is a result of erroneous feedback and explains 12t the proposed designs achieve a performance very dose t
relatively poor performance of conventional BICM-HID thafhat from [7], despite the use of a SIHO decoder (designs |
is based on the Euclidean distance metric (see also res@fid !!) and a less complex demapper (design II). The small
below). The two-term approximation seems to mimic thgonSistent gap between design | and the demapper from [7]
non-Gaussian behaviour fairly well, which corroborates tHffould likely be removed through scaling 6f in (9), which
proposed demapper design approach. The difference betwBBWeEVer requires a S|m.ulat|on—t.)ased tu.nlng of the scaling
P; and its estimate®, reflects mainly in a vertical shift of the Parameter as was done in [7]. Since design Il performs close
second term of the mixture PDF. This can be also seen from - .

As usual, we plot the BER for binanjnformation symbols. To enable

o = o
(13) when approximatingl — P;)"~* by (1 —rF;), which is  ; girect comparison, the shown analytical results far and P5 are also
valid for small P;. determined with respect to information symbols.

IV. SIMULATION RESULTS
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Fig. 4. FER for BICM-HID with conventional and proposed depers, and
demapper from [7]. As reference, FER for BICM-SID.

to design | also in terms of FER and for this relatively short
interleaver length, it is an attractive choice for low-cdexity
BICM-HID.

V. CONCLUSION

In this letter, we have presented two novel demapper designs
for BICM-HID. The key ideas are the use of a simple approx-
imation of the feedback error-rate and the interpretatibn o
feedback errors as additive impulsive noise. The first dgmap
design makes optimal use of error-rate information, whike t
second design is suboptimal but enjoys the low complexity of
conventional BICM-HID. Our simulation results have shown
that the proposed schemes significantly outperform conven-
tional BICM-HID and approach the performance of BICM-
SID, which is the ultimate performance limit for BICM with
iterative decoding.
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