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Abstract—We consider several low-complexity decoding met- with varianceN, per element. The received sample is a length-
rics for bit-interleaved coded modulation (BICM) with orth ogonal A/ complex vector such that
signaling and noncoherent detection. Using the generalidemu- )
tual information (GMI) as the relevant performance measure y=ac®z+n. (1)
we demonstrate that only a small performance degradation . .
is entailed by using these mismatched metrics instead of the Noncoherent detection requires only knowledge of the mag-
maximum likelihood (matched) metric. Furthermore, for coded nitude of the channel gain and the received sample. With

transmission with sum-product symbol-by-symbol (SBS) dead- noncoherent detection, the channel transition probgldif5]
ing, we illustrate that metric scaling with a constant facta can

. ; 2a|ye(x
improve the throughput performance of these metrics. PY|X(.1/|~’C) x I ( |ye( )|) ’ )

Index Terms—Bit-interleaved coded modulation (BICM), mis- No
matched decoding, metric correction, orthogonal modulatin, wherely(-) is the zeroth-order modified Bessel function of the

noncoherent detection, symbol-by-symbol decoding. first kind, and|y. ()| is the magnitude of the element gfat
the position of the non-zero element :of

|. INTRODUCTION .
B. BICM Metrics

_ Orctjhogongl n|10dulat|or: with r(ljoncohergnt Idetect|oq IS ‘?‘“La Let m = log, M be the number of bits in the label of each
tive due to its low-complexity detector implementation.IS n gt symbol. Furthermore, 16t(x) be thei-th bit in the

type of signaling, e.g., in the form of frequency shift-k&yi |;pa of 2 For leveli = 0. ....m — 1, the matched BICM
(FSK) and pulse-position modulation (PPM), has been usedl%-likelihood ratio (LLR) r’netric is

scenarios where coherent detection is impossible or ekgens
to employ. Z Py x (y]z)

A popular and practical technique for coded transmission Amatehed () _ | zeX?
is bit-interleaved coded modulation (BICM) [1]. In this tiet, i (y) =1n Z pyix (ylz)
we consider several approximate BICM metrics which would oo

reduce the detection complexity. We make use of recent
advances in the study of BICM with general mismatched_ 1, Z L (2a|ye(x)|) T Z I <2Q|ye(17)|>7 3)
decoding metrics [2]-[4]. Using the generalized mutual in- No No
formation (GMI) as the performance measure, we find that
these mismatched metrics can attain a GMI close to that\Where Xy = {x € X : b;(z) = b}, for b =0, 1.

the maximum-likelihood (ML), i.e. matched, metric. For sum We now consider several low-complexity mismatched met-
product symbol-by-symbol (SBS) decoding, which is used inf&s. The popular max-log LLR metric is

number of state-of-the-art error-control coding systeuthsas Amaxlog () -

LDPC and Raptor codes, we illustrate that metric scalindp wit ! 2alye(2)] 2alye(z)|

a constant factor [4] can improve the throughput perforreanc  max In [ (;) — max In [ (;) . @4

of these metrics. veXxy No weX] No

Since both functionsln(-) and I,(-) are monotonic with
positive input, the max-log LLR can be presented as

zex? zeX}

II. BICM M ETRICS FORNONCOHERENT

ORTHOGONAL MODULATION Aﬁ“a"’log(y) =
A. Noncoherent Orthogonal Modulation In Ip <E max |ye(x)|> —1Inl <2—a max |1/e(:c)|> . (5)
0 z€X? No zex} ™

We consider a discrete-time memoryless channel with input
random variableX from the M-ary orthogonal constellation That is, the detector can search for the maximum values of
X and output random variablE from the alphabed. Each |y.(z)| before computingn /o (:).
orthogonal transmit symbol can be represented by a vectoMe consider the approximation of the functiom/o(a)
x=[zo...xa_1] Of M elements where only one element iguith positive o € R as illustrated in Figure 1. When is
one and all the others are zero. llet= a ¢’ be the complex large,/o(«) can be asymptotically approximated &Y/ v/ 2ra

channel gain ana be the lengthd/ complex AWGN vector and Inlo(a) can be approximated by. From (5), this
approximation leads to the new LLR
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¥ For orthogonal constellations, all levels will have the sam

10 ] binary I-curve if the same metric is applied. Thus, the BICM
o I-curve is simplym times the binary I-curve of any level. In

e a? 1 particular,

6 : o I(s) = mlo(s) . (12)

. In(Zo(a)) ] Finally, the BICM GMl is the peak value of this BICM I-curve,

2 ] Iemi = r;lfg{](s) . (13)

0

o e e B. Numerical Results

We obtain the binary I-curves for levél= 0 by Monte-
Fig. 1.  Approximation to the functioin(Zo(-)). Carlo integration using (10) and the BICM I-curve by (12).
We consider the case8/ = 4,16, and 64 over AWGN
o ) ) ) and Rayleigh fading channels. Figure 2 shows the BICM
A similar metric has been considered in [6]. ~ GMI with the matched metric (3) and the five mismatched
When oz_|s.small,10(a) can be ap_prOX|mated by the firstyetrics (5), (6), (7), (8), and (9) at different SNR valuebeT
two terms in its power series expanS|bH}a2/4,.andln Io(oz) SNR is defined a€{a?}/N,. It is interesting, and perhaps
can be approximated by” /4. The corresponding LLR is surprising, to observe that all the five mismatched metrics

ps—max—log a2 ) ) attain practically the same GMI across the whole SNR range.
A, (v) = N_3 <£% lye (x)|” — fel‘j,% lye(@)[” ) - Furthermore, this GMI is very close to that of the matched

(7) metric. The mutual informatiod (X;Y) is also included in

Metrics (6) and (7) have lower computational complexityrthaFigure 2 as a reference. In communication systems where
the max-log metric (5), which in turn has lower computation&ray labelings are used, BICM could achieve a rate close

complexity than the matched metric (3). to I(X;Y) [1]. However, for orthogonal constellations, all
If we drop the factor2a/Ny in (6) anda?/NZ in (7), we labelings are equivalent and are not Gray fdr> 2, and we
have the parameter-free metrics observe a significant degradation between the BICM GMI and
I(X;Y).

f—a—max—Ilo
A7 (y) = ﬁiﬂye(wﬂ — max lve(x)|,  (8)  Before the BICM mismatched decoding framework was

! introduced in [2], [3],1(1) (the value ofI(s) at s = 1) may
APFmpsTmax=log )y — max |y, (z)|? — max |ye(x)]? . (9) have been used as a performance measure, e.g. in [9]. The
veX? vex] valuel(1) is less than or equal to the GMF™, and equality
Both channel gain and noise power estimation are not needwdds only if the I-curvel(s) peaks ats = 1, see (13). We
in the calculation of these metrics. This simplificationthar note that the I-curve of the matched metric always peaks at
reduces the detection complexity. The parameter-free powe= 1. For an example with/ = 16 and Rayleigh fading
series max-log metric (9) has been considered in [7] for BIC®hannel, Figure 3 illustrates the difference betwééh) and
with iterative decoding (BICM-ID). The use of BICM-ID for the GMI of the mismatched metrics. Interestingly, the value
noncoherent orthogonal signaling has also been considered (1) of the power series max-log (7) is in fact negative over

several other papers, e.g. [8]. the SNR range (lower part of Figure 3). Overall, we can see
notable differences betwediil) and /8™, which is optimized
I1l. GMI PERFORMANCE with respect tos.

A. Review: Generalized Mutual Information (GMI)

The GMI has been proposed as a performance measur

for BICM in [2], [3]. It is the largest achievable rate that . o
is inferred from the random coding argument with wordew I-curve whose GMI remains unchanged, but the critical

decoding. In this letter we consider only equiprobable tanﬁJomtél(tTte s-cozrdlnatetoft tze_ pia?] t?{eljjgnes Tultmlfrz]dthby
With this distribution, for leveli and LLR metricA;(y), the /e [4]. It was demonstrated in [4] tha scaiing wi €

: . ) . factor which shifts the critical point of the I-curve to= 1
ggr[éelspé(;r:]dl?lgsl)a]mary I-curve functiof(s) can be presented can improve the throughput performance of sum-product SBS

decoding.
Ii(s) =1—Ex,y {logy(1 + exp(—sgn(b;(X))A;(Y)s))} Figure 4 shows the BICM I-curve for the cadé = 16 and
(10) Rayleigh fading channel at a moderate SNR of 8.5 dB, where
where the functiorsgn(-) is defined for the labeling bits asthe GMIs of the mismatched metrics are approximately 2$ bit
sgn(0) = 1 andsgn(1) = —1. The BICM I-curve is the sum per channel use (bpcu). The BICM I-curve of the max-log (5),

IV. SBS THROUGHPUT ANDMETRIC SCALING
ﬁ‘ we scale the LLR by a factor > 0, we arrive at a

of the binary I-curves of the levels [4], asymptotic max-log (6), power series max-log (7), paramete
me1 free asymptotic max-log (8), and parameter-free poweeseri
I(s) = Z I(s) . (11) max-log (9) peaks at = 0.46, 0.44, 0.086, 6.3, and 4.4,

, respectively. Below the peak of each I-curve, we present the
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Fig. 3. I(1) (dashed lines with diamond markers) of mismatched metrics
for the caseM = 16 over Rayleigh fading channel.
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Fig. 2. BICM GMI of noncoherent orthogonal transmission.

average throughput obtained by simulation with an off-the- °5os ooss  015°° os 1 %1 aes
shelf Raptor code and sum-product SBS decoding. The code is ] ®  Sum-product *  Sum-product w/ scaling
described in [4, Example 1]. We see that while the mismatched .

GMis are rothly the same, the throthpUI values are nOtalQ!e;/. 4. BICM I-curve and coded throughput of different metrid/ = 16

different. We apply constant LLR scaling with the factot6, e Rayleigh fading channel at a moderate SNF8.6fdB.

0.44, 0.086, 6.3, and 4.4 to the metric (5), (6), (7), (8),

(9), respectively. Now, the scaled mismatched metricsesehi
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