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Abstract

Bit-interleaved coded modulation (BICM) has establishisdli as a quasi-standard for bandwidth- and
power-efficient wireless communication. In this paper, wespnt an analytical approach to evaluate the
performance of BICM transmission over frequency-flat fadadditive white Gaussian noise channels. The
statistic of the fading envelope is modeled as Nakagandiistributed, which spans a wide range of practical
multipath fading scenarios through adjustment of thx@arameter. For this setup, we deri@pproximations
for the bit-error rate (BER) and cutoff rate of BICM. Differefrom previously proposed methods, our
analysis is valid for general quadrature amplitude modudaand phase shift keying signal constellations
and arbitrary bit-to-symbol mapping rules, and it resuttssimple closed-form expressions. The key idea
is to use well-chosen subsets of signal points to approxrtte probability density function of reliability
metrics used for decoding. This approximation is accuratesfgnal-to-noise ratio regions of interest for
BICM systems with moderate coding complexity such as, egnyolutional coded BICM systems. Based
on this approximation we also derive an asymptotic BER esgiom, which reveals the diversity order and
coding gain of BICM. The usefulness of the proposed anaytpproach is validated through numerical and

simulation results for a number of BICM transmission exasspl
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Bit-interleaved coded modulation (BICM), performancelgsia, cutoff rate, saddlepoint approximation,

fading channels.
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I. INTRODUCTION

Bit-interleaved coded modulation (BICM) introduced in [dhd further generalized in [2] has
established itself as the most popular scheme for spectefficient coded transmission. BICM
connects a binary encoder to a non-binary modulator anceeefinearly optimal performance in
terms of, e.g., constellation-constrained channel capfji The most noticeable advantage of BICM
is its simplicity and flexibility, as a single binary code cha used along with several modulations
without further adaptations. BICM was originally desigresia superior alternative to trellis coded
modulation [3] in fading channels [1]. However, its flexityland ease of implementation also make
BICM an attractive scheme for transmission over nonfadingnoels [2], [4].

Different bounds for the bit error-rate (BER) of BICM haveebederived in previous works.
The Bhattacharyya union bound was found to be quite loosealtuie upper bound for arbitrary
constellation labeling rules [2]. A refined technique, whizas also developed in [2] and referred
to as BICM Expurgated bound (BICM-EB), provides tighterules but is more complex to compute
and limited to the Gray labeling. Also, [5] pointed out thiaé tBICM-EB is not an upper bound but
rather an error-rate approximation. A generalized versiothe BICM-EB has been proposed in [6]
which considers finite-length interleaving, but again mited to the Gray labeling and numerically
more complex to compute than the bounds given in [2]. Theastbf [4], [7] presented two new
approximations, namely, the Gaussian and saddlepoinbaippations. The former is based on the
Gaussian approximation of the tail of the probability dgndunction (PDF) of the bitwise log-
likelihood ratio (LLR) while the latter is an application tfie saddlepoint approximation technique
known from statistics [8]. Both approximations are apgieato arbitrary labeling rules but rely on
numerical integration using various Gauss quadratures ride computing the cumulant generating
function of the LLRs [7].

The need for numerical integration renders the aforemeeati@pproximations complex to compute
and rather hard to use as a design tool. Recently, [9] dewasedlgorithmic approach to compute
the PDF of LLRs for the nonfading additive white GaussiansadiAWGN) channel applicable to

arbitrary labeling rules. However, this method results DFRexpressions which are not simple and



thus, evaluation of performance expressions, as for ex@aBpR, based on these PDF expressions
again invokes numerical techniques. These problems hae dearcome in the follow-up work [10],
where a closed-form expression for the PDF for square quaéramplitude modulation (QAM) with
Gray labeling is obtained, and then further simplified ustn@aussian approximation. In [11] (cf.
also [12]), closed-form PDF expressions are derived for\Bli€ansmission over Nakagami-fading
channels with integet, which are applied for BER approximation using the saddi@pgechnique.
Again, the approach is restricted to QAM with Gray labelibgiring the revision of this paper, we
became aware of [13], which derives a BER approximation faka¢jamim fading channels using

a “large-SNR” analysis. Also this analysis requires Grayelang.

In this paper we take a fresh look at the performance evalnadf BICM transmission over
frequency-flat fading AWGN channels. More specifically, wasider fading according to the Nakagami-
m distribution with general real-valuegh, which through adjustment of the: parameter spans
the widest range of “fading figure” among the well-known faglidistributions [14], and includes
the popular Rayleigh fading and nonfading channels as apeases. Our results are performance
approximationswhich become accurate for signal-to-noise power ratioRpkegions where the
BER union bound converges to the true error rate.

The main contributions of this work can be summarized asofal (i) A new closed-form
approximation for the PDF of bitwise reliability metrics amtransmitting over the nonfading AWGN
channel is derived. The key idea is to use well-chosen ssiltgatearest-neighbor signal points for
LLR approximation. The resulting PDF expression is valid &obitrary modulation and labeling
rules. Different from [9], the simplicity of our novel PDF mgyoximation enables the expression of
pertinent BICM performance parameters in closed form.Tayards this end, we derive the Laplace
transform of the newly found PDF expression for general akai+n fading AWGN channels. Using
this result together with the saddlepoint approximatidéosed-form expressions for the pairwise error
probability (PEP) between codewords are obtained. The B&#RBfCM with linear codes is then
easily upper bounded in terms of these PEP expressiondn(aiddition to BER, also the cutoff rate

for BICM, which has been used as a parameter to predict tHerpance of BICM with moderate-



complexity coding schemes [2], is written in terms of the tiwred Laplace transform and thus can
be approximated in closed form. (iv) Based on the new PDFaqapiation we also derive asymptotic
BER expressions as the SNR goes to infinity. It is shown thattfe nonfading channel the BER
is closely approximated by the BER expression for an egentabinary transmission scaled by a
constant which is a function of the minimum Hamming distatige,:, of the code and the labeling
rule. For the case of Nakagami-fading it is shown that the diversity order is the productrof
and du min. Furthermore, the asymptotic coding gain is shown to demend parameter which is a
generalization of the harmonic mean presented in [2]. (veAd humerical and simulation results
for BICM with convolutional codes is presented, which pa®s evidence of the tightness of the
proposed approximations, including the asymptotic BERr&sqons.

The remainder of this paper is organized as follows. In $adii the BICM transmission model
is introduced, and the formulation of BER union bound, segddint approximation for PEP, and
cutoff rate for BICM is briefly reviewed. The novel closed+fo approximation for the PDF of LLRs
and its Laplace transform are derived in Section Ill. Theadied solutions of a number of integrals
encountered during the derivations are relegated to therajpp. The asymptotic BER analysis for
large SNR is provided in Section IV. Comparisons betweenpttoposed analytical approximations

and simulation results are given in Section V. Finally, dosions are offered in Section VI.

II. PRELIMINARIES

In this section, we first introduce the BICM transmission elodhen, we briefly review error-rate
approximations for such systems using union bounding addlspoint approximation techniques.

Furthermore, we present an expression for the BICM cuta#. ra

A. System Model

Fig. 1 shows the block diagram of the equivalent basebandvBi@nsmission system.
1) Transmitter: The BICM codewordr = [z1, zo, ..., x| € C comprisesL complex valued sym-
bols and is obtained by first interleaving)(the output of a binary encoder= [ci, o, ..., cx| € FY

into ¢™ = [T, ¢, ..., %] € FY and a subsequent mappipg {0,1}" — X of eachr £ log, (M) bits
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such thate; = i ([c@fl)rﬂ, Climtyris s cﬂ). While the PDF approximation presented in Section Il
is applicable to arbitrary signal constellations, for beteadability and practical relevance we assume
that X' is an M-ary QAM or phase-shift keying (PSK) constellation with eage unit symbol energy.
As usual, we assume that coding and mapping results in arandastribution of signal points. When
presenting numerical results in Sections Il and V, we adersset partitioning labeling (SPL), semi
set partitioning labeling (SSPL), modified set partitianlabeling (MSPL), and mixed labeling (ML)
(cf. [2], [15], [16]) in addition to popular (binary refleate Gray labeling (GL) [17] for QAM and
PSK signal constellations.

2) Channel:We consider BICM transmission over AWGN channels. Makirgukual assumptions

about synchronization, filtering, sampling, and chanrelge compensation in a coherent receiver,

the equivalent baseband discrete-time transmission nuaatebe written as

vi=vyhivi + 7, (1)

wherey; € C is the received samplé, € R denotes the fading gain; € C is the additive noise
sample at discrete-timie The noise samples are assumed to be independent and adlgrdistributed
(i.i.d.) according to a zero-mean complex Gaussian digiob. We further assume that interleaving
effectively renders the fading coefficients i.i.d. random variables. Applying normalization such
that ; and z; have average power ong,represents the average SNR. The instantaneous SNR is
given by

v =7h; . (2)

To make matters concrete we consider the widely used Nakagadistribution to model multipath
fading. Adjustment of the fading parameter> 1/2 renders this distribution very flexible. It includes
Rayleigh fading {» = 1) and nonfading AWGN( — oo) channels as special cases [14, Ch. 2.2.14].

The corresponding distribution of the SNR (2) reads [14] X denotes the Gamma function)

_mmymt o (m
fypm (V) = =T (m) p< 5 ) : 3)



3) Receiver:At the receiver, the demapper(* in Fig. 1) produces bitwise reliability metrics
A™ per symbol. The\™ are deinterleaved intd, which are then input to the decoder for the binary

code. The bit metric for thgth bit of theith symbol has the form

A:—min(

aEXj,l

Ui — /7 hiaH2> + min (

aEXj70

Yi — /7 hi GHQ) ; (4)

where & ;, is the set of symbols with thgth bit in the binary label fixed té. We note that (4) is
the so-called max-log simplification of the LLR, which is kwmo to provide practically maximum-
likelihood decoding performance, cf. e.g. [2], [18]. THere we adopt this simple metric expression
(cf. also [9]-[11]). In slight abuse of terminoloywe will refer to A using (4) as LLR in the

following.

B. Error-Rate Approximation Using Union Bounding and Sagdint Approximation

The transmission channel between encoder outpamd decoder inpuf\ can be considered as
an equivalent binary-input output-symmetric (BIOS) chaln[v], which is known as equivalent
BICM channel (see Fig. B Assuming maximum-likelihood decoding, the error-rateinéar codes
transmitted over BIOS channels is well approximated by themu bound in the region above the
cutoff rate [19]. For example, the BER union bound for a cdutional code of rateRR. = k./n. is
given by

S wgy PEP(dyl7,m) | (5)

H:dH,min

1

Py < —
ke 4

wherewy,, denotes total input weight of error events at Hamming distafy;, dy i, denotes the
free distance of the convolutional code, aR&8P (dy|y, m) is the PEP corresponding to an error

event with Hamming weightly;. For clarity, we made the dependencyRifP(dy|7y, m) on average

SNR 7 and fading parameten. explicit.

IStrictly speaking, the term LLR is reserved for metrics whare based on the likelihood function.
2In [2], it has been shown that for BICM systems with signalstetiationX’ and/or labeling: which do not preserve the symmetry
of the output an equivalent BIOS channel could be considésedwitching between the labeling and its complemenfi with

probability of 1/2. Symmetrization does not affect the parfance under the common hypothesis of uniform encodeutaitp



For BIOS channels, the PEP can be considered as the taillpliopaf a random variable generated
by summingiy i.i.d. LLRS A4, ..., Ay,. More specifically, choosing the all-one codeword as refeze

codeword, we have

dy
PEP(dy|y,m) = Pr (AdH 2 ZAZ- < 07, m) : (6)
i=1

A common approach for computing such a probability is thiotlge use of the Laplace transform

P pj5,m (s) of the PDF ofA. That is [20]

a+joo
dy ds

Pr(AdH < O| W?m) = QLWJ / [qDAW7m (S)} ? ) (7)

a—joo
wherej 2 /=T anda € R, 0 < a < amay, is chosen in the region of convergence of the integral.
The computation of (7) itself is often not straightforwamtlanvokes the use of numerical methods
[20]. For this reason [20] has proposed a few bounds and astins, among which the saddlepoint
approximation has recently attracted considerable istatae to its simple form and accuracy [4],

[7]. Approximation of (7) using the saddlepoint technigesults ir¥ [7], [20]
_ 1 (du+0.5)
Pr(Ag, <0]7,m) =~ > Dpj5m (8 , 8
(Ady < 0]5,m) WMH@AW@( NEE) ®)

(s) denotes the second-order derivativedofj; ,,,(s) ands € R, 0 < § < aupax, is the

1

where®, .

saddlepoint defined through the first-order derivative as

Aran(8) =0 (9)
While s = 1/2 for BIOS channels with maximum-likelihood decoding, a stlg different saddlepoint

may be found for the max-log approximated LLR in (4) [12].

C. Cutoff Rate

From (7) we can write the Chernoff bound for the PEP betweenm dadewordsc and ¢’ as @

denotes addition irf;)

Pr(c — ¢/) < min (1:[ (@Amm(s))ci@c;) ’ (10)

0<s<amax

®Note that in [7] the saddlepoint approximation is writtertémms of the cumulant transformy(s) and that [7, Eq. (12] is identical

to (8) sincer(s) = log[®(—s)] and ¥’ (3) = 0.



and thus express the cutoff rate as [21]

Ry = —rlog, [ min ( > > Pr(e)Pr(c) (CIDA%m(s))C@C,)] : (11)

0<s<
S5 Gmax ce{0,1} ¢’e{0,1}

The factorr in (11) renders the unit oRR, bit per transmission symbol. With the assumption of

uniformly distributed coded bits, (11) can be rewritten as

Ro =7 (1=1log, [1+ apsm(3)]) (12)

with s from (9).
We observe that the evaluation of the error-rate approxamatia (8) and the cutoff rate (12)
hinge on expressions for the Laplace transfdrgy, ,,(s) for s € R*. The derivation of closed-form

approximations foi®, 5 ,,(s) is considered in the next section.

[1l. APPROXIMATION FOR THEPDFOF LLRS AND ITS LAPLACE TRANSFORM

In this section, we first derive an approximation for the PDfhe LLRs defined in (4) assuming
transmission over the nonfading AWGN channel (ize..— oo). Using this approximation, we then

derive closed-form expressions f@ 5., (s) for s € R* and arbitrarym.

A. Approximation for the PDF of LLRs

We denote the PDF of LLRs (4) for the nonfading channel with= b being transmitted by
faje=b~(A) @and the complement @fby b = b@ 1. Since the channel is BIOS, the symmetry property

fA\c:b,’y(/\) - fA\c:i),'y(_)‘) ) (13)
holds, and thus we consider the transmissiom ef 1 without loss of generality.
The PDF of LLRs can be considered as a weighted sum of PQFs,(\) conditioned on the
bit position1 < j <r and the transmitted symbelc X ;:

fA|C:177 ()‘) = %i Z Pr (fE |C = 1,j) f/\lj,ﬂm (/\) = % ZT: Z fAlj,wﬂ(/\) ) (14)

J=lredsq J=lred)

where the second step follows from the assumption of eqbglie@ modulator inputs. Hence, the task

is to find expressions fofy|;.,(A) for everyl < j <r andx € &j;,. This requires consideration



of all signal points in the constellation and, depending loa tiype of modulation and labeling, may
not lead to a closed-form result.

To motivate our approach, consider a transmitted codewanad a given competitive codewoed
with Hamming distance ofi; from ¢. Assuming that thely distinct bits ofc are transmitted using
dy symbols and label positiong. = [j1, j2, .-, jay ), the corresponding bits ef could be transmitted

using any sequence of the signal points in

Xdé{x DX X X XX

/ / X X; / .
J1,¢4 J2,Co -]dHfl’cdH—l ]decdH}

Using the union upper bound ovéf, results in the BICM Union Bound [2, Section IV.B]. In this
case, f|;.,(A) is approximated by considering all signal points A, for = € &;,. Replacing
X; » with a single, nearest-neighbor signal point leads to theNBEB [2, Section IV.C]. That is,
the BICM-EB estimatesfy;,,(A) by considering only one member df;;, which is not a valid
simplification for non-Gray labeling rules due to the presenf multiple nearest neighbors [2], [6],
[7]. Instead of these two extreme approaches, we propossetdhe set of all nearest signal points

in X;; for a givenz € &;,. That is, we define the set of nearest competitive signaltpahz,

Aj,x é {CL

to approximatef, ;. ,(A). We note that this corresponds to the approximation

2
A~ — ( ) + min (
aEA‘j@i

for the LLR in (4), which is expected to be accurate in the SNIRge in which the minimum

. A
ae gy fla—al = up o~ ol £} (15)

J,b

Yyi — VA hiw; yi — V7 hia

) (16)

Euclidean distance events dominate and the BER union booimeerges to the true error rate.
There are six non-equivalent formations for the sets ofesatompetitive signal pointd,; , for
QAM and PSK constellations. These are illustrated in Figr@. each formation we determine the

PDF fa;«~ (A) from the corresponding cumulative density function
FAUJW (A) = PI' (Z € ID) ()\|j7 z, ’}/)) ) (17)

whereD (|7, z,7) is the part of complex plane in which the LLR according to (i€)ess tham

(see Fig. 2 for\ = 0). Thus, the PDF is expressed by (recall that the noise pasveoimalized to



one in (1))

fruiwa =35 [ Tew (= al) dz, (18)

D(Al7,2,7)

whose closed-form solution for theth configuration from Fig. 2 is specified &g ;. ,()\) in Table I.
For the expressions in Table | we used the notations

N,o2(x) a_1 = exp (—M> ,erf(z) £ % iexp (—tz) dt, u(z) 2 { L2220

2o 202 0, <0
(19)

Substituting fa|;.,, (A) in (14) with the correspondingy ;. , (A) from Table | gives us the desired

closed-form expression fofy .-, (A). For a general/-ary QAM constellation we obtain

5 gmax

fQ\?l\h Zznsz/\k\dm A, dp = ld, (20)
M= =

wheren,,; denotes the number of nearest competitive signal sets efitypith Euclidean distance

d;, dyin 1S the minimum Euclidean distance of the constellation, and

/
¢ A ax d max J max M
A< | aeX; ) | ded; . in .

Similarly, for an M-ary PSK constellation we find

SH
N~—

sin

_ sin

dl - sin(
2wl

(91 = ﬂ-_ﬁ

SE

dmin )
)

Aoy (A) = = Z [m 1 aidyy (A) + 16,0 fa 61d1014 ()\)} ; { (21)

Numerical values fom,; are summarized for some popular signal constellations ahelihgs in
Table IlI. It should be noted that the expressions in (20) &1J &re much easier to evaluate than the
PDF approximations in [9]. In particular, their computatdoes not require any numerical integration.
Fig. 3 shows a comparison of PDF histograms, obtained thrddgnte Carlo simulation, and
the approximations (20) and (21) for different constetlag, labelings, and SNRs. We observe that
the proposed approximation is very accurate regardlestieofconstellation and type of labeling.
Especially the negative tail of the PDF is represented fidith which is important when evaluating

performance parameters.
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B. Laplace Transform of the PDF Approximation

We now apply (20) and (21) to obtain expressions for the lapt@ansformd® s ,,(s) which
become closed form fos € R™.

1) Nonfading Channel:First we consider the nonfading case, ix.,— oo, for which v = 7.
We denote the Laplace transform for this casedby,(s). Starting from (20) and (21)p,,(s) is

obtained as
5  Qmax

(I)A|“/ = — Z Z n]gl ®A k|dl"/ ) 5 dl - ldmin ) (22)

klll

for a generalM-ary QAM constellation and as

sm(ﬂ)

M
2 X dl - —Jf min >
Py (s) = P Z [nu Pa1jaA(8) + ne, ®A,6|dl,91,'y(3)} : { ) bm(Mg)z (23)
=1 1 = m — %’

for PSK constellations, respectivelg, ;. ,(s) is the Laplace transform ofy . ,(A), 1 < k < 6.
Using the expressions fofiy . ,(\) from Table I, the®, ;. ,(s) can be written as weighted sum of

the following integrals:

Liu(s) = / N,ou(x)ert (2?/5) u(p—x)exp(—sx) do, (24)
Ljuy(s) = / N,o, () erf <1/ x\;ﬁ,u) exp (—sz) dz | (25)

wherey = d*>y andv = tan(6/2). Closed-form expressions for these integrals assumiadk* are
derived in the appendix, and the resulting expression®foy;. ,(s) are summarized in Table I.
2) Nakagamim Fading Channel:We now consider the faded AWGN channel. Due to the linearity

property of the Laplace transform, we have
() = [ Frpgon(N @ () d7 (26)
0
Substituting (22) and (23) fob,,(s) in (26), we can writeP, 5 ,,(s) as linear superposition of

Db aim(s) = [ Fipam()®asa(s) dy 27)
0
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for which expressions are given in Table | in terms of thegrdaés

Iopas) = [ L) exp (=als = ) erf (v 5/3) do (28)
Liuas) = [ Fapm() exp (=nls = 57)7) (erf (v sy7))? dy (29)

Here,u = d?, andv € {d/v/2,d,dsin(f/2)}. In the appendix, we provide closed-form expressions
for these integrals for € R™ and generah: in terms of Appell's double Hypergeometric function
and Gauss’ Hypergeometric function [22] [23] together wstmplified approximations in terms of
elementary functions. Furthermore, for integer valuesnoéxact closed-form expressions are given
using only elementary functions. For example, for the inguar case of Rayleigh fadingn( = 1)

the integrals in (28) and (29) are obtained as

- 7 Vs ,
U TP P B P Py
fans) = T = (J(Vs>2+u(s—52)+$) |

V. ASYMPTOTIC ANALYSIS FORHIGH SNRs

In this section, we consider the case of asymptotically IFdIR to further simplify the expressions
for the PDF of LLRs and its Laplace transform. We then prowlie saddlepoint approximation (8)
and the direct derivation of the PEP without saddlepointagmation for the asymptotic case. From
this analysis we immediately obtain important performamokcators for BICM transmission over

Nakagamim fading channels.

A. PDF of LLRs and Its Laplace Transform

The expressions for the PDF of LLRs and its Laplace transforrtransmission over the nonfading
AWGN channel shown in Table | can be simplified for high SNRsréplacing the error function
with its asymptotic values, i.eerf(z) ~ 1 (—1) for z > 0 (z < 0), which corresponds to high SNRs
~. The Laplace transform expressions for transmission a&n§ channels are then obtained from

averaging using (27). Table Ill summarizes the closed-fasymptotic resultgy ,,, (A), @4 44,(5),
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and @} , ;. ,,(s) for 1 <k < 6. Using the expressions from Table Il in (20)-(23), the doling

simplified expressions are obtained:

lmax

f/%\c:l,’y (A) - Z Nl Nd?’y,Zd?'y(A) ) (30)
=1
lmax
Rn(s) = X Niexp (d7v (s*—5)) . (31)
lmax m m
a = N, 32
A|'y,m(8) ; l (m — dl2’_y <S2 — S)) > ( )
where
max ,  for QAM,
e 2 N (33)
M/2, for PSK,
N, A 2 (na+ 2n2 + 2050+ 3nay + 4nsy) . for QAM, )
2 (n1;+ 2ngy) | for PSK.

B. Saddlepoint Approximation

We now apply the saddlepoint approximation (8) and the asyticd_aplace transform expressions
from (31) and (32) to obtain asymptotic BER expressions. \bfe from the expressions fd}"}‘\‘,(s)
in Table IIl that the saddlepoirit= 1/2 (cf. (9)).

1) Nonfading Channelin the nonfading channel case:(— oo, v = 7), substituting the Laplace

transform expression given in (31) into (8) and consideonnty the asymptotically dominant term,

we arrive at
PEP (du|y) N ( Ly 2 ) (35)
= —F—=¢exp|—— .
mry dy /T dyy P 41 1y

Finally, substituting (35) into (5) and only consideringetREP with minimum Hamming distance
gives asymptotic BER for transmission over the nonfadingnciel.

2) Nakagamim Fading Channel: The substitution of (32) into (8) results in
dy
1 b (N, 4\ "
PEP (dy|5 = — — : 36
(duly, m) 2V/rdgm {; <d12m>] < 5 ) (36)
Substituting (36) into (5) we can identify the diversity ercas

Gd =m dH,min ’ (37)
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i.e., the product of the free distance of the convolutiomalecand the Nakagami- fading parameter.
The horizontal offset of the log-error-rate curve, and tthes coding gain, depends on modulation,

labeling, and fading parametes. In particular, the coefficient

. —1/m

max Nl

=1 \%
can be considered as a direct generalization of the harnmeand: obtained in [2, Eq. (63)] for
Gray labeling and transmission over Rayleigh fading chenfie = 1) to arbitrary labeling rules

and fading factorsn.

C. Direct Analysis

The simplified expression (31) also allows direct evaluaid the PEP without saddlepoint ap-
proximation.

1) Nonfading Channelfor transmission over the nonfading AWGN channel we use t3dlefine

lmax

NN E)) = [Q)ih(s)}dH = [; N, exp (d%’y (52 — 3))] : (39)

Using the multinomial-series representation (cf. [22, §3]8, this can be written as

DPp,y (s) = > <Hlmax' ) (ﬁN) exp (ia:led?) (52—5) 7] : (40)

11592550y =1 Zl =1
i1 +ig+.. _Hlmax =dy

Since (40) is the Laplace transform of a linear superpasitibGaussian PDFs, the PEP is obtained

in closed form as

lmaX lmax
PEP (du|v) = > < p— ) (H Nz”) [ ;(znd%)] : (41)
11890 s Hl i/ =1 =1

i1+i2+“‘+ilmax =dy

Considering only the asymptotically dominant term gives #@pproximation

PEP(dnly) = N"Q ({/dudi] ) (42)

Hence, the asymptotic PEP is expressed as the PEP for binaryBPSK) transmission with an

equivalent SNR ofdy d2 v, scaled by a constant which is a function of the minimum Hangni
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distance of the code and the labeling rule. From the conmersgef lower and upper bounds for the

@-function for large arguments [24], we obtain for— co

dy

1 L o )
— ——dnd
di/Tdey eXP( ()

which coincides with the result (35) from the saddlepoinpragimation.

PEP(duly) = (43)

2) Nakagamim Fading Channel: Instead of directly using (32) we found it easier (i) first to
determine the PEP conditioned on the vec*poé (1, - -, 7ay) Of instantaneous SNRs experienced
by thedy bits involved in an error event and (ii) then to average wéhbpect to the PDF. 5 ,,.(7)

of the SNR vector. Hence, starting again from (31) we wrieelthplace transform conditioned en

dyg dy
EEES | CCHCE > (nmj) exp (zd;ﬂj<52—s>), (a2
y o \y=1 j=1

dy
PEP(du|vy) = Z (H Ng) Q ( Zdz %) . (45)
selay j=1

Applying the alternative representation of the Q-funct{oh [14, p. 85]) and averaging with respect

to the SNR vector leads to

dn /2 dy d?~ -m
PEP(dy|¥, m) :% > (]‘[ Nl].) / 11 <1+l772@5)> do . (46)

) =l 4m sin

d;
Making the high SNR assumption< 77, we obtain

4msin?(¢)
I dy mdxg /2
max N 4 1
PERGln) = (32 | (1)1 [ e as. @7)
=1 " Y T

which finally can be solved to [25, Eq. 3.621]

dy
T(mdy +1/2) [fm N, Am\ ™™
PEP(dyu|y,m) = o /rT(mdy + 1) (; de—m) <7> . (48)

We note that the PEP in (48) has the same form as the PEP (3&nettwith the saddlepoint

approximation. In particular, the diversity ord@y, (37) and the generalized harmonic me@lm (38)
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are confirmed as important parameters for code and chanressdy and coding gain. Furthermore,
recalling the asymptotic series

I'(z+1/2) ~1/2 -1

i Sl e /A 1 49
we note that (48) and (36) become identical forly > 1. The discrepancy for small values
of mdy indicates the insufficiency of the second-order approxmnadf the cumulant transform

log (@Aﬁ,m(—s)) used in (8) for extreme cases of fading (i.e.,< 1).

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present a number of exemplary numeresllts to illustrate the accuracy of
cutoff rate and BER approximations based on the new closed-&xpressions. For the BER results
we assume BICM with the popular, quasi-standard 64-stééeli2 convolutional code with generator
polynomials(171, 133)s.

1) Cutoff Rate Resultgirst, we consider the cutoff rate (12) using the closedafapproximations
for the Laplace transform derived in Section IlI-B. We fouhdts = 1/2 yields practically the same
results as when using the exact saddlepéif. Eq. (9)), which is consistent with the results reported
in [11], [12] and the fact that — 1/2 with increasing SNR (cf. Section IV-B). We therefore adabte
s =1/2in all cases.

Fig. 4 showsR,-curves for QAM and PSK constellations with different lahglrules and channel
types. In addition to GL, ML and SPL (cf. Section 1I-A) are @lscluded. The markers represent
Ry-values obtained with Monte Carlo simulation, and the lirgsresent results from the evaluation
of the closed form expression. We observe that there is agllert agreement between analytical and
simulation results for a wide range of SNR, and in partictitarall i, values of practical interest.
The discrepancies between analytical and simulated etdatdfcurves for non-GL and low SNRs in
Fig. 4 are expected, since the underlying approximatiornefRDF of LLRs (cf. Section Ill) is not
accurate in this SNR range. In fact, for non-GL tRg values can drop below zero, as the proposed
approximation excludes neighboring signal points with shene binary label as the transmitted bit

and thus overestimates the probability of error in very IOMRS.
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2) BER ResultsNext, we compare simulated and analytical BER results astifumof the bitwise
SNR 75, £ 5/(rR.). In case of the BER union bound (5), only the 15 first terms ef diistance
spectrum of the convolutional code were taken into accoaind, thus, strictly speaking, the BER
union bound is a BER approximation.

Fig. 5 shows the analytical (lines) and simulated (markBEsIR results for different constellations
and labeling for transmission over the nonfading AWGN clen®olid lines represent the BER
union bound, while dashed lines represent the asymptopeoapnation (42) fordy = du min, 1.€.,
only the asymptotically dominating error event is constdeMVe observe that the BER union bound
is fairly tight for all modulation schemes and BERs below wathid)—*. Likewise, the proposed simple
expression (42) accurately predicts the asymptotic eatarperformance at high SNR. Similar results
are obtained with the expression (35) derived from the sgubdiht approximation, which is apparent
from the equivalence of (42) and (35) for high SNR (cf. Settig-C).

We now compare analytical and simulated BER results for Bi@&ivismission over fading channels
with different constellations and labeling rules. To thisde Fig. 6 shows BER curves obtained
from the BER union bound and the exact closed-form solutfonsntegrals (28), (29) (solid lines)
and their approximations (62), (67) (dashed lines) derivethe appendix. Again, we observe an
excellent match between results from analysis and sinoumistiwhich confirms the validity of the
approximations made for the derivation of the closed-forBERBexpressions. Since this is also true
for the expressions using the exponential approximatidrihe error function, i.e., (62) and (67),
we have provided tight BER approximations in terms of eletasnfunctions.

Finally, in Fig. 7 the asymptotic BER results from (48) athg = dy in (SOlid lines) are plotted
together with the BER union bound (markers) for the samestrassion scenarios as in Fig. 6. It can
be seen that the asymptotic results correctly predict gpdimd fading gain of the BICM scheme.
Similar results are obtained when evaluating (36), sineg¢hm on the left-hand side of (49) is well
approximated by(mdy)~Y/2 for mdy = mdy m, = 10m > 5 for m € {0.5,1} in Fig. 7. Hence,
we conclude that the simple expressions (36) and (48) ane waduable to quickly determine the

asymptotic performance of BICM transmission over fadingruotels.
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VI. CONCLUSION

In this paper we have presented a generalized method foyzamglthe performance of BICM
transmission. Its key element is a new approximation of tB& Bf the bitwise reliability metrics,
which is a valuable contribution in its own right. This apgrmation has led us to closed-form
expressions for the Laplace transform of the PDF, in termglaéh BER and cutoff rate of BICM can
be expressed. Notably, our results are applicable to BIC¥ arbitrary QAM and PSK constellations
and labeling rules, and transmission over Nakaganiading channels for arbitrary.. Furthermore,
we have developed an asymptotic analysis which providesabséé insights into the performance
of BICM over fading channels, namely expressions for diwgrsrder and asymptotic coding gain.
Selected numerical results have confirmed the accuracyeoptbposed analytical results for SNR
regions of interest for convolutional coded BICM. We beédhiat the developed expressions for non-
Gray labeling are not only of theoretical interest, but b&gnificance for BICM transmission with
iterative decoding, for which the BER approximation présliperformance after the first decoding

iteration and the generalized harmonic mean enables @aiion of the labeling rule [15].

APPENDIX

In this appendix, we present the solutions for the four irdksy,,.(s) that appear in Section 1I-B.

A. Closed-form Expression fdy,(s) in (24) for s € R*

Using the integral form of the error function (19),,(s) from (24) is written as

1 x5 (v — p)? 2
Lu(s) = ) J exp (T) exp (—xQ) exp (—sx) dzy da . (50)
Applying the change of variables, 2 2% Jeads to
) N
Lu(s) = —_exp (u (32 — s)) / O/ exp (— (ZL‘% + x%)) dxo dxy . (51)

The support of this integral is illustrated in Fig. 8 (shadeda in the left sub-figure), from which

we can express it as

Lu(s) = _g exp (M (32 - 5)) (Sl + 52 + §) ; (52)
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where Sy, S,, and S; denote the corresponding areas indicated in the Fig. 8qiddftfigure). Using
the rotational invariance of the integrand in (51), the sraee easily determined and from (52) the

B. Closed-form Expression fdp, ,(s) in (25) for s € R*

Starting from (25) and performing the same transformatasgabove, we obtain

00 21/(\/ﬁsfx1)
Loyu(s) = —% exp (,u (32 — s)) / / exp (— (ZL‘% + x%)) dxy dzy . (54)

—00 0

The support of this integral is illustrated in Fig. 8 (shadeda in the right sub-figure). Exploiting

again the fact that integrand in (51) is rotational invatjiave can write

2 2 54
Luo(s) = == esxp (1 (2 = 5)) (5) (55)
where S, is illustrated in Fig. 8 (right sub-figure). Finally, we asmiat the closed-form expression
2v
[2|‘u,7z/(3) = —exp (ILL (32 _ 3)) erf (72 \//_1,8) . (56)
1+ (2v)

C. Computation offs, ,(s) in (28) for s € R*

1) Exact Solution:Applying the alternative representation of the Q-funct{on [14, p. 85]), the

integral (28) can be written as

m m
I31,.(s) = 1-2P] , 57
3lp, (S) <m+7,u(s - SQ)) [ 1] ( )
where .
17 c - A (vs)?
Pé—/<1+—. ) dp, = g———. (58)
b sin” (i) ot (s — s2)
The integralP, has been solved in [14, p. 127] as
1 e r (m + %) 1 1
= Fi(1 =; 1, —) . 59
Pl 2\/7_T(1+0)(m+05)r(m+1) 2 1<7m+2;m+ ’1+C) ( )
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for general values ofn in terms of the Gauss Hypergeometric functidn (-, -; -; -), which simplifies

p1:%[1—p<c>1i:(2kk) (%)] , p(c)é\/z : (60)

for positive integem. Substituting (59) or (60) into (57) gives the desired ctbfam.

to

2) Approximation:For non-integern an approximation of’s, . (s) in terms of elementary func-
tions may be desirable. This is possible through the useeoéxiponential approximations eff (z).

For example, using the tight approximation [26]

1 1 —42?
erf () =~ 1— G oXP (—ﬁ) — 5P ( 337 ) ’ (61)

the integral (28) can be approximated as

I3 (s) & Zai <m + [p(s — s%) + bi(vs)?] 7) 7 °

i=1

where[a,, as, az] = [1,—%,—%} and [by, by, bs] = [O,l,%}.

D. Computation ofly,,(s) in (29) for s € R*

1) Exact Solution:Using again the alternative representation of the Q-fonc{cf. [14, p. 85]),
we can rewrite the integral (29) as

e st - 82)>m [1— 4P +4Py) | (63)

Iy (s) = <

where P, and ¢ are defined in (58), and

E
4

Pgél/<1+%>mdgp. (64)
™) sin® (@)

The integral P, has been computed in [27, p.538] for generalin terms of Appell’'s double

1 1 3 1 1
PQZ ( )Fl (17m717m+_7i7_)7 (65)
o7 (2m+ 1) \1+ 2¢ 21+ 2¢"2
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In case of positive integem, a closed-form expression in terms of elementary functices be

obtained [14, p. 130]:

o= zre {5 00) 3|3 ard

N [ T L 2=+ w
—sin (tan (p(c))) Z [7;9 {COS (tan (p(c)))} ]} )

whereT;, = CoYai2(h—i)11]

2) Approximation:Exponential approximations eff (x) allow us to express,,,(s) in terms of

elementary functions also for non-integer For example, applying again approximation (61), we

obtain
6 m "
e AN 67
s 5) z;a <m+ (s — s?) +bi(V5)2]7> 0
where[ay, az, as, as, a5, ag) = [1,—§7—17%,%aﬂ and [by, by, b3, ba, bs, b] = {0’1’372’5%}'

REFERENCES

[1] E. Zehavi, “8-PSK trellis codes for a Rayleigh channéEEE Trans. Communvol. 40, no. 5, pp. 873-884, May 1992.
[2] G. Caire, G. Taricco, and E. Biglieri, “Bit-interleavecbded modulation,"EEE Trans. Inform. Theotyvol. 44, no. 3, pp.
927-946, May 1998.
[3] G. Ungerboeck, “Channel coding with multilevel/phasgnsls,” IEEE Trans. Inform. Theorwol. 28, pp. 55-67, Jan. 1982.
[4] A.GuilleniFabregas, A. Martinez, and G. Caire, “Bitterleaved coded modulatiorfoundations and Trends in Communications
and Information Theoryvol. 5, no. 1-2, pp. 1-153, 2008.
[5] V. Sethuraman and B. Hajek, “Comments on "Bit-interledvcoded modulation”,JEEE Trans. Inform. Theorwol. 52, no. 4,
pp. 1795-1797, Apr. 2006.
[6] P.-C. Yeh, S. Zummo, and W. Stark, “Error probability df-interleaved coded modulation in wireless environmgntEEE
Trans. Veh. Technolvol. 55, no. 2, pp. 722-728, March 2006.
[7] A. Martinez, A. Guillen i Fabregas, and G. Caire, “Brrobability analysis of bit-interleaved coded modulafildEEE Trans.
Inform. Theory vol. 52, no. 1, pp. 262-271, Jan. 2006.
[8] C. Goutis and G. Casella, “Explaining the saddlepoirpragimation,” The American Statisticiarvol. 53, no. 3, pp. 216-224,
Aug. 1999.
[9] L. Szczecinski, R. Bettancourt, and R. Feick, “Probi&pidensity function of reliability metrics in BICM with aitrary
modulation: Closed-form through algorithmic approadiEEE Trans. Communvol. 56, no. 5, pp. 736742, May 2008.
[10] A. Alvarado, L. Szczecinski, R. Feick, and L. Ahumad®istribution of L-values in Gray-mapped/?-QAM: Closed-form

approximations and applicationdEEE Trans. Communvol. 57, no. 7, pp. 2071-2079, July 2009.



[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]
(23]

[24]

[25]
[26]

[27]

21

L. Szczecinski, A. Alvarado, and R. Feick, “Distriboti of max-log metrics for QAM-based BICM in fading chanrelgEE

Trans. Commun.vol. 57, no. 9, Sept. 2009.

——, “Closed-form approximation of coded BER in QAM-leasBICM faded transmission/EEE Sarnoff Symposiumpp. 1-5,
Apr. 2008.
A. Martinez and A. Guillen i Fabregas, “Large-SNR a@rprobability analysis of BICM with uniform interleaving ifading

channels,”IEEE Trans. Wireless Commurvol. 8, no. 1, pp. 38—44, Jan. 2009.

M. K. Simon and M. S. AlouiniDigital Communication Over Fading ChannelsNew York: Wiley-Interscience, 2000.

A. Chindapol and J. Ritcey, “Design, analysis, and perfance evaluation for BICM-ID with square QAM constelbais in
Rayleigh fading channels/IEEE J. Select. Areas Communol. 19, no. 5, pp. 944-957, May 2001.

X. Li, A. Chindapol, and J. Ritcey, “Bit-interleaved ded modulation with iterative decoding and 8PSK sign&lilgEE Trans.
Commun. vol. 50, no. 8, pp. 1250-1257, Aug 2002.

E. Agrell, J. Lassing, E. Strom, and T. Ottosson, “Oe thptimality of the binary reflected Gray codéEEE Trans. Inform.
Theory vol. 50, no. 12, pp. 3170-3182, Dec. 2004.

B. Classon, K. Blankenship, and V. Desai, “Channel ngdior 4G systems with adaptive modulation and coditBEE Trans.
Wireless Communvol. 9, no. 2, pp. 8-13, April 2002.

A. J. Viterbi and J. K. OmuraPRrinciples of Digital Communication and CodingNew York: McGraw-Hill, Inc., 1979.

E. Biglieri, G. Caire, G. Taricco, and J. Ventura-Tragg “Computing error probabilities over fading channeéls:unified
approach,’Eur. Trans. Telecommurvol. 9, no. 1, pp. 15-25, Jan./Feb. 1998.

C. Schlegel and D. Costello, Jr., “Bandwidth efficiending for fading channels: Code construction and perfocaamalysis,”
IEEE J. Select. Areas Communol. 7, no. 9, pp. 1356-1368, Dec. 1989.

M. Abramowitz and |. Stegurtiandbook of Mathematical FunctionsNew York: Dover Publications, 1972.

R. Askey, “Multiple hypergeometric functions and apptions (harold exton),SIAM Review vol. 20, no. 4, pp. 874-875,
1978. [Online]. Available: http://link.aip.org/link/?8/20/874/1

T. Philips and A. Sahraoui, “A sequence of upper and loh@unds for theR function,” IEEE Trans. Inform. Theoryol. 30,
no. 6, pp. 877-878, Nov. 1984.

I. Gradshteyn and I. RyzhikTable of Integrals, Series, and Produc®h ed. Academic Press, 2007.

M. Chiani, D. Dardari, and M. Simon, “New exponentialums and approximations for the computation of error priihab
in fading channels,IEEE Trans. Wireless Commurvol. 2, no. 4, pp. 840-845, July 2003.

H. Shin and J. H. Lee, “On the error probability of binaamd M-ary signals in Nakagami-m fading channel&EE Trans.
Commun. vol. 52, no. 4, pp. 536-539, April 2004.



TABLE |

22

PROBABILITY DENSITY FUNCTION OF LLR'S f4 x/..4 (1) FOR TRANSMISSION OVER NONFADINGAWGN CHANNEL, ITS LAPLACE

TRANSFORM®, 1. (), AND THE LAPLACE TRANSFORM OF THEPDFOF LLRS WHEN TRANSMITTING OVERNAKAGAMI -m

FADING CHANNELS @, . 5,m () FOR THE SIX DIFFERENT SETS OF COMPETITIVE SIGNAL POINTA;,» SHOWN IN FIG. 2.

Case 1

Faiaq(A)

NdQ'y,QdZ'y()‘)

Dy 114, (5)

exp (d2'y (52 - s))

Pa11a,5,m(8)

Case 2

f/\72\d,“/ (N Ndz,y_gdz,y()\) (1 — erf (Zg\d/;”/))
oz o (&% (- 9) (1+ et (17 )

D 21d,5,m(5)

(#(2_)) +lyja2,0/3(5)

Case 3

fasiaq (D)

2N g2 paz, (MNu (d®y — X)

Dy 514, (5)

exp (d27 (52 - s)) (1 + erf (dﬁ s))

P 31a,5,m(5)

(#(sts))m + I31a2,4(5)

Case 4

Faapan (V) Nz a2 () (1 — 2erf (g;dj; )) u (d®y = N)
Dy 414, (8) 1 exp (dgfy (52 — 5)) (1 + erf (dﬁ 5) + (1 + erf (d\/g 5))2)

D 4jd,5,m(5)

(#(52_5)) + 313102,a(8) + Lyjaz,0/v3(8) + 514102 av5(5)

Case 5

Faslan (V) —AN 2 pgz, (Nerf (g;df) w (d2y — A)
Dy 514, (5) exp (d2fy (52 — s)) (1 + erf (d\/g 5))2

P 5a,5,m(5)

m
(m,dzgzsz,s)) + 20342 4/3(8) + Lyjaz,a/5(8)

Case 6

fA,G\d,Q,'y(A)

Nz () (1 - ent (e (8) 2522 ) )

Pa61d,0,+(5)

exp (d2'y (32 - s)) (1 + erf (sin (g) d/y s))

D5 6d,0,5,m(S)

(#(52_5)) + L3142 sin(o/2)a(8)
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NUMBERS k1, 1 <1 < {¢max, M/2}, OF NEAREST COMPETITIVE SIGNAL SETS OF TYPE, 1 < k < 6 (CASES SHOWN INFIG. 2)

FOR DIFFERENT CONSTELLATIONS AND LABELINGS USED FOR NUMERIAL RESULTS INSECTIONSIII AND V. ONLY NON-ZERO

COEFFICIENTSng,; ARE SHOWN.

GL ni1 = 4
4QAM
SPL ni1 = 2,77,271 =2
GL ni1 = 24, ni2 = 8
SPL ni1 =8 ni2=4,n21=10,n31 =4,n41 =4,n51 = 2
16QAM
MSPL | n1,1 =16,n21 =4,n22 = 2,n31 = 4,041 = 4,n5,1 = 2
ML ni1 = 24,TL3_’1 = 8
64QAM GL ni1 = 112,7L1_]2 = 48,’/L1_’3 = 16,’/L1_’4 = 16
GL ni1 = 8, ni2 = 4
8PSK SPL ni1 = 6,77,1’2 = 2,77,2,1 =4
SSPL ni = 6,77,2’1 =6
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TABLE 11l
ASYMPTOTIC VALUES OFPROBABILITY DENSITY FUNCTION OFLLRS f} 4|, (A) FOR TRANSMISSION OVER NONFADING
AWGN CHANNEL, ITS LAPLACE TRANSFORM®3, ; 1, - (s), AND THE LAPLACE TRANSFORM OF THEPDFOF LLR'S WHEN

TRANSMITTING OVER NAKAGAMI -m FADING CHANNELS @} ;= . (5) FOR THE SIX DIFFERENT SETS OF COMPETITIVE SIGNAL

POINTSAj . SHOWN INFIG. 2.

f/?,l\d,'y (A) Nd2~/,2d2'y()‘)

Case 1 QR 11,4 (8) exp (d2'y (52 — s))
f/%,z\d,'y (/\) 2Nd?w,2d2~/(A)

Case 2 A21d, (5) 2 exp (d27 (52 — s))
33124 (A) 2Nz 242 ()

Case 3| @} 5,,(s) 2 exp (dey (32 - s))

@3 31d,5,m(5) 2 (#(SLS))M
TA aja, (V) 3Ng24,242+(N)

Case 4 Aaldq(5) 3exp (d27 (52 - s))
f/?,s\d,'y (Ardy ) 4~/\/’d2'y,2d2-y(A)

Case 5| @} 5,,(s) 4exp (dey (32 - s))

P} 51d,5,m(5) 4 (#@a_s))m
fz,a\d,»y(A) 2Nd27,2d2~/(>‘)

Case 6| @} 54,(5) 2 exp (dey (32 - s))

o | 2(52)
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BICM channel

| v AT |
ENC ;C> T ¢ - i»@——@y—» ,u_l > ﬂ.—l A;: DEC

Fig. 1. Block diagram of BICM transmission over a fading AWG@Nannel. Also indicated is the binary-input continuougsat

equivalent BICM channel.
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1 1
1

Case | Case Il Case Il

1
1

Case IV Case V Case VI

G

Fig. 2. lllustration for possible sets of nearest compatitsignal pointsA; . for general QAM and PSK constellations. Th&" “
represents the transmitted signal paintand the ©” show the elements ofd; .. The shaded areas indicat@$\|j, z,~) for A = 0.

For A > 0 the boundaries move towards for A < 0 the boundaries move towards the competitive signal points.
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10 T L. LIRNEEN . LR ]
s o SSPL, 8PSK, 12 dB ]
XU S O MSPL, 16QAM, 12 dB N
.......................................... 0 GL,SPSK’gdB
.......................................... v GL, 16QAM, 9 dB

1,y (/\)

fA|c

Fig. 3. Probability density functions of reliability meats for BICM transmission over the nonfading AWGN channel ddferent
constellations and labeling. Lines represent the PDF appadion given in (20) and (21) while markers represent teéneated

histograms through simulative measurement.
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6 T T o

(0]
L)
(0]
O

O GL, 64QAM, m=3

O ML, 16QAM, AWGN

{ SPL,8PSKm=1
o[V GL 8PSK m=05
4

Ry [bit/symbol]

5 ] 5 !
- 10 20 30 40 50
7 [dB]

Fig. 4. Cutoff RateR, for BICM channel with different constellations, labelinges, and channels. Lines are obtained from evaluation

of (12) using the approximation for the Laplace transformivéel in Section 1lI-B, while markers are obtained from Merntarlo
simulation.
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»»»»»»» RS

SPL 16QA
GL8PSK |
SSPL 8PSK

GL 64QAM

Fig. 5. BER of BICM transmission over nonfading AWGN chanfa@l a 64-state convolutional code of rate 1/2. Solid lineERB

union bound. Dashed lines: Asymptotic analysis with (42arkérs: Simulation results
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ML 16QAM m=0.5
GL 16QAM m=0.5
GL 8PSK m=1

Fig. 6. BER of BICM transmission over Nakagami-fading channel for a 64-state convolutional code of rate $id lines: BER
union bound using the exact closed-form solutions for irgksg(28), (29). Dashed lines: BER union bound using the apprations

(62), (67). Markers: Simulation results
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10 T T
O ML 16QAM m=0.5
O GL 16QAM m=0
102 | 0 X GL8PSKm=1 ||
MSPL 16QAM m=1
10 F
10° F
=107 |
10—10
10—12
10—14
10—16 i R
0 5 10 15 20 25 30 35 40

Y [dB]

Fig. 7. BER of BICM transmission over Nakagami-fading channel for a 64-state convolutional code of rate $@id lines:

Asymptotic analysis with (48). Markers: BER union bound.
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Fig. 8. The graphical representation of integrals (51))Ylahd (54) (right). Shaded areas are integration suppani$,dashed lines

indicate decomposition into support areas for which thegrdls can be solved.



