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Adaptive Bit-Interleaved Coded Modulation

Pinar Ormeci, Xueting Liu, Dennis L. Goeckel, and Richard D. Wedember, IEEE

Abstract—Adaptive coded modulation is a powerful method for  information theory must be interpreted carefully. In particular,
achieving a high spectral efficiency over fading channels. Recently [1] indicates that for a system with independent and identically
proposed adaptive schemes have employed set-partitioned trellis- distributed (i.i.d.) Rayleigh fading affecting the coded symbols,

coded modulation (TCM) and have adapted the number of un- " . .
coded bits on a given symbol based on the corresponding channelthe Shannon capacity with knowledge of the channel fading

estimate. However, these adaptive TCM schemes will not perform Values at the transmitter and receiver is only negligibly larger
well in systems where channel estimates are unreliable, since un-than that when the current channel fading values are known
coded bits are not protected from unexpected fading. In this paper, only at the receiver. With the performance of systems em-
adaptl_ve bit-interleaved coded modulation (BICM) is |ntr0duced: ploying iterative decoding of concatenated codes approaching
Adaptive BICM schemes remove the need for parallel branches in h | " o1 thi hat k led f th
the trellis—even when adapting the constellation size, thus making channel capacities _[ ], this suggests that _now_e ge_o_t e
these schemes robust to errors made in the estimation of the cur- current channel fading values at the transmitter is of limited
rent channel fading value. This motivates the design of adaptive utility in systems that are not delay-constrained and permit
BICM schemes, which will lead to adaptive systems that can sup- high-complexity decoding. However, recent work [3]-[5] has
port users with higher mobility than those considered in previous shown that significant gains in bandwidth efficiency are exhib-

work. In such systems, numerical results demonstrate that the pro- . : . :
posed schemes achieve a moderate bandwidth efficiency gain overm:"d by adaptive trellis-coded modulation (TCM) [6] schemes

previously proposed adaptive schemes and conventional (nonadap-Over their nonadaptive counterparts for delay-constrained,
tive) schemes of similar complexity. low-complexity decoders. Hence, while adaptive techniques

Index Terms—Bit-interleaved coded modulation, time-varying 'M&Y notsignificantly increase capacity, they may provide better
fading channels, trellis-coded modulation. performance for low-complexity or delay-constrained systems.
The proposed adaptive TCM schemes approach capacity with
only a standard Viterbi decoder at the receiver [3] and can ex-
hibit very small delay, requiringno interleaving at the trans-
HE VISION of a communication system that providegnitter if the channel is known perfectly and only limited inter-
ubiquitous high-speed access to information has led lgaving if the channel estimates are outdated or noisy [7]. This
widespread research in recent years on information transniisakes adaptive schemes ideal for real-time applications where
sion over multipath fading channels. One possible method receiver complexity should be minimized. Recent results in in-
achieve robust and spectrally efficient communication ovéermation theory that capture the implications of limited delay
multipath fading channels is to adapt the transmission schehaye supported this last statement. Cairal. [8] have demon-
to the current channel characteristics using channel estimastrated that, with respect to information outage or delay-lim-
available at the transmitter. Unlike nonadaptive schemes, whit#d capacity, knowledge at the transmitter of the entire frame of
are designed for worst-case channel conditions to achidaging values that a codeword will experience can be employed
acceptable performance, adaptive signaling methods tdRegreatly improve system performance.
advantage of favorable channel conditions by allocating powerln recent years, numerous approaches have been proposed
and rate efficiently. to optimize the transmitted signal using knowledge of the cur-
The promise of a particular communications architecturent channel fading value of a frequency-nonselective Rayleigh
can generally be analyzed through information theory W@ading channel [1], [3]-[5], [9]-[12]. If the current fading value
determining the channel capacity of the proposed schensan be predicted perfectly at the transmitter, one generally mod-
However, in the field of adaptive signaling, the results dfies the transmitted signal constellation to approximately main-
tain a constant Euclidean distance between signal points of min-
imal separation after the fading value is applied to the trans-
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Communication of the IEEE Communications Society. Manuscript receiva@fation of the system is the additive noise, and constructions typ-

December 20, 1999; revised October 16, 2000. This work was supported by{R§| of additive white Gaussian noise (AWGN) channels are ap-
National Science Foundation under Grants NCR-9714597, CCR-9733089, and . Th h h h | d . d
CCR-9875482. This paper was presented in part at the Thirty-Third AnnU2fOPriate. Thus, these schemes have employed set-partitione
Conference on Information Sciences and Systems, Baltimore, MD, MardiCM and have adapted the number of uncoded bits on a given

1999. = . , sdymbol based on the corresponding channel estimate. However,
P. Ormeci and D. L. Goeckel are with the Department of Electrical an

Computer Engineering, University of Massachusetts, Amherst, MA 01068 no.ted.in [4]’ [5]’ [13]’ when the channel e.Stimate iS_OUtdatedv
USA (e-mail: ormeci@ecs.umass.edu; goeckel@ecs.umass.edu). the distribution of the current channel fading conditioned on

X. Liu and R. D. Wesel are with the Department of Electrical Engithe estimate has a Rician distribution. Furthermore, recent work
neering, University of California, Los Angeles, CA 90095 USA (e—maul'b Goeckel [4] [5] has shown that. as the mobility of svstem
xueting@ee.ucla.edu; wesel@ee.ucla.edu). y ' ; y Y

Publisher Item Identifier S 0090-6778(01)08166-1. users increases, the effective channel conditioned on outdated

|I. INTRODUCTION

0090-6778/01$10.00 © 2001 IEEE



ORMECI et al: ADAPTIVE BIT-INTERLEAVED CODED MODULATION 1573

fading estimates becomes more Rayleigh, thus greatly imped r(t) = X(t)s(t) + N(t)
the ability to use uncoded bits for rate adaptation. In this cas Encoder/ | (1)
adaptive TCM schemes, which employ uncoded bits, fail to H{:}—

Channel r(t) Receiver {?71}

L. . . Modulator
an efficient method of coded modulation. This is because en
events from poor predictions dominate the bit error probabili X )
in an adaptive system in the same way that error events from k X =[X(t—mn),X(t=~-1),. ., X (= m))F
fades dominate the bit error probability of nonadaptive wireless
communication systems. Fig. 1. System model.

A solution for extending the applicability of adaptive sig-
naling schemes to systems with higher mobility than previously Section Il reviews the basics of adaptive signaling over time-
considered is to employ bit-interleaved coded modulatiorarying channels. Section Ill analyzes the robustness of TCM
(BICM), which has recently been considered for nonadaptiwed BICM structures to prediction errors. Section IV designs
systems operating over the Rayleigh fading channel [14], [15}rongly robust (as defined in [4], [5]) adaptive BICM schemes
In the nonadaptive case, BICM increases the time diversfigr the time-varying channel. Section V gives numerical results
of systems operating over fading channels by providing &md analysis for several adaptive BICM designs for fading chan-
independent fading component for each channel bit out of thels. Finally, Section VI presents the conclusions.
convolutional encoder, as opposed to each channel symbol
as in standard symbol-interleaved TCM systems [16], [17]. [I. SYSTEM MODEL AND CHARACTERIZATION
Howeyer, thg BICM_ structure has even greater potential }Q System Model
adaptive coding, as it does not require the use of uncoded bits S ]
to adapt constellation size. The uncoded bits in adaptive TCM ! N€ baseband system model, which is identical to that of [4],
only achieve a diversity of one, but the inherent diversity dPJ: iS illustrated in Fig. 1. An independent and identically dis-
adaptive BICM protects every information bit from channdfibuted sequence of information bi#; }, each equally likely
prediction errors. to be 0 or 1, is assumed. The transmitted signal is given by
To consider the robustness to prediction errors of the tWis!) = 2r=—oo 2kP(t — K1), Wherez; is the kth complex
structures mathematically, the impact of a single bad predictif@t@ Symbolp(?) is a pulse shape that results in no intersymbol
on each scheme is considered. By analyzing the bit error riiterference (ISI) in the samples (spaced’gtof the output of
(BER) performances of BICM and TCM under a single predi¢he matched filter at the receiver, andr’, is the symbol rate.
tion error, it is shown that BICM is more robust to predictior] N additive noise(¢) is white Gaussian noise with two-sided
errors than TCM. This motivates the employment of adaptiROWer spectral density, /2. A frequency-nonselective channel
BICM to extend the user mobility range for which adaptive sigs considered in this work; henceforth, the fading is modeled as
naling will be effective. a complex multiplietX (¢). The Gaussian wide-sense stationary
Two types of constructions will be considered for the desigif’cOrrelated scattering fading model [18] is assumed, where
of adaptive BICM. The first exploits the inherent robustness tB€ independent in-phase and quadrature componenty ©f
poor predictions of the BICM architecture, while the second eR/€ Zero mean Gaussian processes with autocorrelation func-
plicitly accounts for the anticipated prediction error. In the firdion £x (7). Hence, the channelis modeled as a Rayleigh fading
construction, which will be termed the “deterministic designghannel. It is also assumed th¥(¢) varies slowly enough so
the adaptive system chooses a modulation scheme under théh@f-it can be considered as constant over a single symbol pe-
sumption that the current channel fading value is predicted p&fd. Per Fig. 1, the vector of outdated channel fading estimates,
fectly. The performance of the scheme is then characterized=bf = X + jX;, wherer,;, > 7,V 4, is assumed to be
course, due to prediction errors, the performance g0a|s of m@llable at the transmitter. It will be assgmed that the out-
system will not be met. An energy margin, which reduces tt¢iated fading estimates are noiseless; thalki&7, — ;) =
BER of the system at the expense of rate, is then incorporat8dkZs — 7;).i = 1,..., N, and thusX = X, although the
into the system until the performance goal is met. Unlike adagensideration of noisy estimates is conceptually identical [7].
tive TCM [4], [5], this design works effectively. It is the use ofThroughout this work, coherent reception with perfect channel
uncoded bits for rate adaptation that reduces the effectivengtge information (CSkat the receiveis assumed.
of the deterministic design method in the adaptive TCM case.
The second construction explicitly takes into account the varig- Characterization of the Channel Variation

tion of the fading channel between channel estimation and data\daptive signaling attempts to optimize the signal set using
transmission and is designed following the arguments givengarfect or imperfect knowledge of the current fading values at
[4], [5]. Bandwidth efficiencies similar to those for the first conthe transmitter. Suppose the choice of the signal set for the
struction are obtained. Thus, unlike in[4] and [5], itis concludegth symbol is being considered at the transmitter. Yet=

that the selection of the current signal set based on models [f@f(%7)| be the amplitude of the fading that multiplies thid

the channel variation is not a key consideration; instead, usitignsmitted symbol. Throughout this work, the number of out-
the characteristics of the model to recognize that BICM shoulthted fading estimates is assumed to be one, although the case
be employed to correct for prediction errors under such variaf multiple outdated estimates with knowRiy (7) is concep-

tion is the critical step. tually identical [4], [5]. It is shown in [4], [5], and [13] th&t
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is Rician when conditioned o with conditional probability TCM and BICM on an AWGN channel (i.e/.X(¢)| = 1) ex-

density function given by cept that thdth symbol suffers a fad® = | X (IT})|. This is
5 o analogous to an adaptive system with perfect channel estimation
pyix(ylz) = % exp <_y +23 ) Iy <y_§> , y>0 except for an estimation error on thitd symbol. The informa-
- Ty 20y Ty tion bits encoded to produce tlih transmitted symbol suffer

@ the most from this prediction error. Thus, our modified transfer

wherel(-) is the zeroth-order modified Bessel function. Witr} . . ; .
: . nction union bound estimates the BER only for those bits.
one outdated estimate, normalizing such #HtX (k7 ))?] = unetion uni ) I y I

E[(X1(kT}))?] = 1/2 so thatE[| X (kT;)[?] = 1 and defining g Transfer Function Bound on the Probability of Bit Error

the correlation coefficienp = 2fx(r1), one obtainss® = for TCM and BICM Under a Single Prediction Error in an
(|z|*p?)/2 andoy = (1 — p*)/2. Define the specular-to-dif- a\yGN Channel

fuse component (Rician) factor of (1) by = (s?/20%) =
(|z)%0%)/(2(1 — p?)). As the mobility of system users increases
(i.e.,p decreases)( drops rapidly for any given estimate. Thus, TOW. ) = Nlw. W 2
as system user mobility increases, there will be a point where (W.1) zw: z; (w, ) @
a large value ofi is highly unlikely and thus adaptive TCM

schemes, which employ uncoded bits for rate adaptation, wihere

For a trellis code, the standard transfer function is

fail to be an efficient method of coded modulation. w Euclidean distance of an error event;

In wireless SystemsRX(T) is genera”y not known at 1 number of information bit errors associated with
the transmitter. Thus, an adaptive scheme should be able to that error event;
operate below the desired bit error probability for all au- V(w,%) expected number of error events beginning at a fixed
tocorrelation functionsRx (7) in some classR, where the symbol that causginformation bit errors and have
classR is determined from propagation measurements. For Euclidean distance.

the case of one outdated estimate, a class is characteriZ8@ €xpectation is over the possible transmitted information se-
bY pmin = infry(mer Rx(r1). In this paper, the adaptive quences. The transfer_fun_ctl(T(I/V, I can be computed by
methods will be designed to operate below the desired bit erftmming the path metrics in an appropriate state diagram of all

rate for allp € [pumin, 1]. paths with a nonzero exponent bfthat begin and end in the
zero error-state.
Ill. ROBUSTNESS TOPREDICTION ERRORS The technique of computing the transfer function to provide

) . ) union bounds on BER for trellis codes has been widely investi-
An exact mathematical comparison of the adaptive BICN,teq [19]-[22]. The transfer function can be found using var-

and adaptive TCM structures, although possible, is complicatigtls state transition diagrams. For a trellis code witmemory

by the fact that the effective channel changes on a symbol-tyaments, Biglieri [19] described a general algorithm using a

symbol basis, which in turn alters the modulation scheme el _ciate transition diagram. Rouanne and Costello [20] and
ployed. Thus, the resulting equations are cumbersome and yigld, i and Wolf [21] demonstrated that# -state transition
Ii'FtIe ins_ight into the system operation. However, it was not_ed i(ﬁ\agram is sufficient for quasi-regular codes. Wesel [22] pro-
simulations of the TCM scheme that for systems W|th_ relatlve%sed to compute the transfer function of any trellis code using
small values ofp.,in, Most errors are caused by a single bagov. +v, state transition diagram whergis an integer between
prediction, which is analogous to a single bad fade causing ¢grq and,, . Kucukyavuz and Fitz proposed an alternative state
rors for a conventional nonadaptive TCM scheme operating oY@y, ction technique in [23]. For simplicity and generality, we
a Rlc_lan fading channel. This section uses a modified transfer, Biglieri's product-state approach [19] to investigate the ro-
function bound to analyze the robustness of BICM and TCMqness of BICM and TCM schemes under a single channel
schemes to a single prediction error. This analysis suggests {agk (prediction error). However, the application of the state re-
the code structure of BICM is more suitable for adaptive sy§yction techniques discussed above is straightforward.
tems operating with relatively small valuesgf;,,. Using the bound)(t) < (G_tz/Q)/z the transfer function of
A Ch aratek/n trellis code can provide the well-known union bound

. annel Model

on the BER for an AWGN channel as
With adaptive coding, if the channel is predicted perfectly

at the transmitter, the minimum distance between constellation
points after the fading is applied can be kept constant despite
the time variation in the fading. As motivated above, suppose
that the channel is estimated perfectly except during the tramgiere (W, I) is the standard transfer function (2) ang,/2
mission of thdth symbol, where a prediction error occurs. Thiss the variance per dimension of the AWGN. Tighter bounds
implies that the minimum distance between constellation poirds (J(-) can be applied to (3) if the free distance of the code
remains constant except at thik transmitted symbol period. including fading effects is known [21].

To model this behavior simply for application of a transfer Biglieri [19] used the2?*--state transition diagram to com-
function union bound, we consider a simpler scenario that cgpite T(W, I) for larger constellations by employing the state
tures the effect of a failed prediction without the complicatiopair (encoder state, incorrect encoder state) (say)). Call
of variation in the constellation size. We consider nonadaptitiee NV, = 2¥= product states where = ¢ the “good product

1 9T(W,I)

P <=
T 2 01

®3)

I=1,W=e"1/4No
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Statesu and the remainin@rb — 221/e — Qe prOdUCt states the Rate—l1/2,4—state, 4—||>SKTCM; Hate—l1/2, 4-state, 4-PSK BICM; SNR =6 dB

“bad product states.” . B —6—  rate-1/2, 4-state, 4-PSK TCM code
Define A to be theN, x N, matrix of labels of the formiV = I* » - Go] T rate-1/2, 4-state, 4-PSK BICM code
for transitions from one bad product state to another. keie L o '
the squared Euclidean distance between the correct and incc
rect constellation points produced in the product state transitior
andi is the number of information bit errors associated with that
transition. Defineb to be theN, x N, “tall” matrix of labels
of the form W™ I' for transitions from a good product state to
a bad product state ardto be the/V, x N, “wide” matrix of
labels of the formi¥* I for transitions from a bad product state
to a good product state, andbe theN, x N, matrix of labels
of the formWw>I* for transitions from one good product state
to another. Then the equation for the transfer funciiois 1000

Bit error rate
=

1 T oo T ) . . . e
T=g <1 d1+) 17cA’b1
3=0 10° 1 ! 1 1 1

1 -20 -15 -10 -5 0 5 10
(1Td1 +1Tc(I— A)*lbl) @) Viinde

. Fig. 2. Transfer function union bounds of the BER at the faded symbol for a
where 1 is the IV -element column-vector of ones ardd rate-1/2, 4-state, 4-PSK BICM code and a rate-1/2, 4-state, 4-PSK TCM code
is the Ny, x N, identity matrix. In this case. the derivativeunder a single fad® (or prediction error). The SNR for nonfaded symbols is

’ 6 dB.

T (W,I)/dI in (3) is

2v

Similarly, for a ratek/n BICM code, the transfer functiofy

ar 1 i
- (1Td’1 +1T¢(I- A) b1 is [14]
or  2v i

+1TC/(I—A)71b1 T(W17"'7WTL7I): Z ZN(wlv"'vwnvl)I

+1Te(T- A)TA(T-A)'b1)  (5) B

x [[w;" (7)

whered’, b/, ¢/, and A’ indicate the element-by-element par- j=1
tial derivative with respect td. Each term in the derivative whereN (w,, ws wn, 1) is the number of error events with
of (5) counts information bit errors on only one trellis brandﬁamming V\/’eigéltw"asngociated with theth most significant
This derivative effectively fixes attention on one trellis branc odeword bit beforje the interleaver. ant the number of in-
counting the information bit errors occurring on that branc, rmation bit errors associated with,those error events
caused by all error events. For exampld,c(T — A)~'b’1 '

. . . . Based on Cairet al.'s error-probability analysis for a single
counts information bit errors for error events that begin with ﬂ]ﬁterleaver processing all bits [15], the union bound on BER for
trellis branch of interest. '

. . . aratex /n BICM code over an AWGN channel is computed as
To incorporate the effect of a single fade(i.e., the result /n P

of an incorrect prediction) in an AWGN channel for the trellis 1 0T(Wy,..., Wy, 1)

branch of interest at the transmitt&t symbol period time, re- e < o al

placed’, b’, ¢/, andA’ in (5) with di,, b}, c{- and A}, re- I=1,W;=Npin(1) exp(—d2,, /4No
spectively, where in every element involviiig in di-, b{., ¢\, (8)

andA’,, the exponent of¥" is multiplied by the variable scale WhereNmin(1) is a constant value and depends only on the con-
factorY? instead of 1|(X ()| = 1 in an ANGN channel). For stellation set and on the labeling [15], add;,, is the minimum

exampleV2 is replaced by’2¥” . Thus, for a trellis code under Euclidean distance of the constellation set. .
a single prediction error, the derivative in (3) becomes Similar to the discussion for the transfer function bound on
BER for a trellis code under a single failfe the representation

of the transfer function bound on BER for a rdtgs BICM

ar 1 ; ;
o = (1Td§(1 +1Te(I— A)"'bil code under a single fade can be obtalned.fr(_)m (6) and (8). Note
. . that, for a BICM code, the incorrect predictidn affects only
+1 cy(I-A)" bl one coded bit in each of error events since every coded bit

+1Tc(I- A) AL (T - A)—lbl). (6) Is int_erleave(_j by the ideal interleaver_. Here the average case is
considered; in other words, the fadleis equally likely to af-

Therefore, by using (3) and (6), the transfer function bound (gﬁct each coded bit position in the trellis branch of interest in

BER for TCM codes under a single prediction error can be oHle assoc;iated rs.rror events. fpecific;allyAn b/,'w_cl’ af,‘fﬁ';
tained. replace[[;_, W~ with1/n> " _, (Hj:L#p W; J) WP
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&

Choose Signal |, X
Set :

Fig. 3. The adaptive BICM paradigm.

to produce the\{,, b}, ¢}, anddj- for application of (6) to the uncoded bits according to the estimate of the current channel
BICM case. fading value. It is shown in [4], [5] that TCM schemes which
Fig. 2 shows the result of applying these two modifiedo not take into account the variation of the wireless channel
transfer function bounds to TCM and BICM, respectively, eaabver time work acceptably only when the product of the delay
with a single fad&” at thelth transmitted symbol period. Thebetween channel estimation and data transmission and the
figure compares arate-1/2, 4-state, 4-PSK TCM with a rate-1R¢ppler frequency is very small. Thus, in general, adaptive
4-state, 4-PSK BICM. These two codes were selected becalis¥M schemes should explicitly take into account the variation
they provide the same performance on the AWGN channel. the fading channel over time. In this paper, the design of
Both codes have a BER df x 10~ at 6 dB, which is the SNR adaptive BICM will be analyzed using both types of construc-
examined in Fig. 2. tions: the first assumes that the current channel fading values
To interpret Fig. 2 in the context of adaptive coding, considare known perfectly at the transmitter (this construction will
the estimate for théth symbol to have been normalized to 1be called the “deterministic design” from hereon); the second
Y2 (thex axis) is the square of the actual fading value (given iconstruction explicitly takes into account the variation of the
decibels). When the decibel value ¥t is zero, the estimate is channel over time. The adaptive BICM paradigm that will
perfectly correct. When the decibel valuelot is negative, the be followed is shown in Fig. 3. The output coded sequence
estimate is optimistic. This is the situation where adaptive-TCWom the convolutional encoder is first interleaved by the bit
is known to fail, and Fig. 2 illustrates how BICM provides siginterleaver. The signal constellatiafy for the kth signaling
nificantly better performance (more robustness) in this regiointerval is chosen from the allowable signal séts(s, ..., ¢z,
The reason for the better performance of BICM in this region ighere the signal constellatiai,; has a size larger than that of
that TCM sees the full effect of the small valuelot on a single ¢, based on the information about the current fading provided
trellis branch while BICM spreads the effect of this predictioby X. Let M denote the size of the chosen constellatjpn
error overn well-separated trellis branches. Then,log, M bits are taken from the interleaver and used to
When the decibel value af? is positive, the estimate is pes-choose a signal frongy.. It is conjectured in [15] that Gray
simistic. In this region, TCM has a slight advantage over BICMabeling maximizes the BICM capacity over Rayleigh fading
The explanation of the TCM advantage in this region is actahannels; henceforth, in the design process Gray labeling will
ally the same as the reason for its poor performance for the dyg- used to map the output of the bit interleaver onto signals.
timistic prediction error. In this situation, the pessimistic pre=inally, the resulting signal is transmitted over the channel.
diction causes one constellation to have a larger-than-expeduste that there are no uncoded information bits sent through
minimum distance. With TCM, the full effect of this larger disthe channel. The metric generation of this adaptive scheme for
tance is seen on a single trellis branch. For BICM, this effeatgiven signal set is the same as given in [15].
is spread oven well-separated branches, causing a smaller de-There are two design issues that must be considered: how to
crease in BER at each branch. Hence, BICM weakens the effeltbose the convolutional encoder, and how to choose the signal
of prediction errors whether that effect is detrimental or benefiet(, based onX. The firstissue is easily addressed; for a fixed
cial to the BER. code rate and constraint length, a convolutional code of max-
imal free Hamming distance is employed. For the second issue,
two types of steps can be taken. For the deterministic design,
it is assumed that the current channel fading value is predicted
In the past, adaptive signaling generally has been performaetfectly from the outdated fading estimates. For the second de-
using TCM [3]-[5], [10]. For these schemes, the number &fgn, the design rules given in [4] and [5] for adaptive TCM wiill
information bits entering the encoder is held fixed for all signdde modified. The next section considers the design issues for
sets and adaptivity is provided by changing the number bbth types of constructions.

IV. ADAPTIVE BICM PARADIGM
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A. Design Rules 65 . @ . . . .

For the paradigm, a nominal nonadaptive BICM scheme a: ¢
in [15] is assumed that employs signal ggtand provides the
desired bit error probability?, at some signal-to-noise ratio 55
(SNR), on a Rayleigh fading channel. The same trellis struc-
ture of the nominal scheme is then used for the adaptive desigi
Let«; be the minimum normalized Euclidean distance squarec
between any two points in the signal constellatipnin other
words, lettingdg(z, v) be the Euclidean distance between sig-
nalsx andv yields

51

Rate (bits/symbol)
=~

B o

T

2
o

. d2E (z,v)
w = min ——= 9
t 0,575 El ( )

[

n
o

whereFE; is the average energy of the signal &et

1) Deterministic Design:When the current channel fading ’
valueY = y is assumed to be known exactly fralf, the fol-
lowing rule can be employed: for thiegh symbol, transmit a 15 s = v L - " ”
signal from the signal s&}., where it is the largest signal sgt EN
such that/?w; > ug, whereuy is the minimum normalized Eu-
clidean distance squared between any two points in the nomifigl 4. The solid lines show the simulated rate of adaptive BICM using the
signal constellation. Note that this technique allows the syst%ﬂ‘"‘has“c design, for the..., values 1.0, 0.97, 0.95, 0.90, 0.80, and 0.70 from

] . . . L p to bottom, respectively. The simulat®g for each data point is less than the

to refrain from signaling during deep fades, thus alleviatinggget10-*, except fopums. = 0.70 at 18 dB, for whichP, is1.1 x 10=5. The
key inhibiting factor to fading channel transmission. corresponding( = 2 bits/symbol) nonadaptive BICM achievés = 10~ at

; P ; ; i, Es/No = 18 dB. The dashed lines show the simulated rate of adaptive TCM
2) Stochastic DesignThe design of adaptive TCM fortime- ¢yt e aiies 1.0, 0.99. 0.97, 0.95, 0.93, and 0.90 from top o

varying channels [4], [5] consists of two key considerations: rgottom, respectively. The corresponding= 2 bits/symbol) nonadaptive I1-Q
alizing that the conditional probability distribution of the currentCM [26] achieves?, = 10~° at E, /Ny = 17.5 dB.

fading value varies from Rayleigh to strongly Rician, and using

this observation to conclude that the minimum intersubset andThe rate of the above design schemes is limited due to the
intrasubset normalized Euclidean differences, which are definﬁgt that for allh such that; < & < hus.1, the estimate is more

o . g S,%?/orable than that required to ugéut not favorable enough to
and within the same subset, respectively, should be maintain Ci1. This problem can be overcome by employing energy

separately. This design recipe will be adapted to BICM in th<§japtation asin[4], [5]. First, a signal set is chosen according to

fpllovg/:réngaﬁ since r;chere are no uncoij)ed bd|tfsf in the ada e above given design method with no energy adaptation. Then
tive scheme, there are no intrasubset differences to ) is used to decide the minimum energy required to maintain

maintained. The only constraint is on the intersubset distan 4 given the channel estimate This minimum energy is then

which for BICM can be redefined as the minimum normalize mployed for the current symbol, and the remaining energy is

E_uclldean dlstan_ce squared between any two s!gnals N & G\&ed for the next symbol. This algorithm will be used for all of
signal constellation, namely; for any constellatior(;. With the results below

this definition, the design reduces to that of [4] and [5], and the
formula given for the intersubset difference can be used to se-
lect the signal constellations according to the outdated channel
estimate. That is, letting = | X (kT — 71 )|, w; must guarantee  For the nominal BICM scheme, the two bits per 8-PSK
symbol 8-state code from [15], which operates at the desired
e 5 E bit error probability?, = 10~> at average transmitted SNR
p;fp/o eXp<_y uls—j%)p”h(y'h)dy < Do(0, uo:) (SNR)y, = 18dB per PSK symbol on a Rayleigh fading
(10) channel, is employed. This implies that a rate-2/3 8-state
in order to approximately maintain the bit error probability o€onvolutional encoder of maximum free distance is employed
the nominal schemév, is the average transmitted energy. Herén the adaptive scheme. First, consider the stochastic design.
Dy(x,v) is the Bhattacharyya bound [24] on the error probaFrhe Bhattacharyya bounBg on the right hand side of (10) is
bility of choosingz whenw is correct for the nominal code. Forfound using the nominal 8-PSK constellation of [15]. Let the
example,Do(z,v) = 1/(1 + (d%(x,v)/4E5)(SNR)O) if the candidate signal sets, (o, ..., s be the set of M-ary QAM
nominal code is designed for a Rayleigh channel. The eval@nstellationsM = 2,4,8,16,32,64,128,256 (M = 2 im-
tion of the left-hand side of (10) in terms bf the average trans- plying BPSK), respectively. Note that féZ = 8,32, and128,
mitted SNRE,/Ng, and pi, is given in [4] and [5]. Making Gray-labeling is not possible; for these constellations,
the intersubset difference guarantee (10) with equality for eaghasi-Gray labeling [25], which minimizes the number of
[ yields 1, the threshold such that fér > &,;, {; can be em- signals for which the Gray-labeling condition is not satisfied, is
ployed. employed. Numerical results, which employ an energy margin

V. NUMERICAL RESULTS AND ANALYSIS
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Fig. 5. Simulated probability of bit error of adaptive BICM designs versusig. 6. Simulated rate of adaptive BICM schemes versys, at average
Pmin at average transmitted SNR, /N, = 18 dB per QAM symbol. Both  transmitted SNRE, /N, = 18 dB per QAM symbol. Both designs use rate
designs use rate_ 2/_3, 8-state convolutional encoders of maximum free distangs. g-state convolutional encoders of maximum free distance. Energy margin
No energy margin is employed. is employed in both schemes to achieve tafget= 105,

as detailed below, for the rate of the adaptive BICM schenggplained as follows. When there are parallel branches in the
are shown in Fig. 4. Fig. 4 also displays the simulated ratggllis, it is shown in [4], [5] that the intrasubset minimum nor-
achieved by the adaptive TCM of [4], [5]. At high values ofnalized Euclidean distance squared of the possible constella-
pmin, the TCM scheme of [4], [5] is superior to the proposeflons should satisfy an equation similar to (10) except that the
BICM scheme as expected. For small valuep.gf, (implying  right hand side is changed ,, the desired probability of bit
an increase in system user mobility), adaptive BICM outpegrror for the system. The threshold babove which a signal set
forms the nonadaptive schemes, while adaptive TCM schenigs be employed then becomes the maximum of the thresholds
are below the rate achieved by their nonadaptive counterpartgund by the two equations using intersubset and intrasubset dis-
Fig. 5 displays the probability of bit error of the determintances. The Bhattacharyya parameter on the right-hand side of
istic design and of the stochastic design as a functign.@f at  (10) is usually quite high (in our case, on the ordet®f!) as
18-dB average transmitted SNR. As can be seen, due to predismpared to the BER requirement for the uncoded bits (in our
tion errors, the deterministic design misses the desired bit ereaise, on the order dfdo—°). Recall that the deterministic de-
rate by a significant amount. The stochastic design misses #ign assumes that,;, = 1, while actually the fading channel
targetl’, as well, though by a much smaller amount. The reastias ap.,;, value smaller than 1. As an example, consider the
that it misses the target is that the Bhattacharyya bound baa@gdve design with the actual,;,, equal to 0.90. For this BICM
only on the distance between the two nearest signals in the cebheme, the right-hand side of (10)% = 0.0976 at 18-dB
stellation, which is used to find the thresholds per (10), is natverage transmitted SNR. In Fig. 7, the left-hand side of (10)
accurate at these SNRs. Note that each of these two systéy@sveen the range 0.097 and 0.099 at 18-dB average transmitted
is operating at the rate produced by its constellation size selSNR is plotted versuls for all possible constellations (M-QAM,
tion threshold$,;. The deterministic design has more aggressiviy = 2!, 1 = 1,2,...,8) used in the adaptive system for
thresholds; it achieves a higher rate but has a poor probability;, = 0.90. The intersection of a curve with tg, = 0.0976
of bit error performance. line determines the threshold above which the corresponding
An energy margin can be employed in both schemes to reagfnal set can be employed. The deterministic design uses the
the desired BER; that is, in (10), instead of the actual averagiets for p,,i, = 1 to determine the thresholds, when it should
transmitted SNR, a smaller SNR value is used to find the threslse the ones for which,,,;, = 0.90. The addition of an en-
olds. Doing so increases the thresholds, thus decreasing the eafyy margin results in an almost exact alignment with the actual
and the probability of bit error of the system. Employing apeurves; that is, the threshold boundaries of the signal sets for the
propriate energy margins for both schemes to reach the desideterministic case and for the actual case are nearly at the cor-
probability of bit errorP, = 10~> at 18-dB average transmittedrect ratio. Hence, by adding an energy margin, the performance
SNR results in the rates displayed in Fig. 6. As can be se@&fipoth schemes can be made virtually the same. However, if the
there is no extra bandwidth efficiency gained by considerirggme curves are observed in the rang&of (corresponding
the prediction errors explicitly, which is in contrast to what was a P, = 10~° requirement), it can be seen that regardless
observed in [4], [5] for adaptive TCM schemes. This can k& the energy margin employed, the curves for the determin-



ORMECI et al: ADAPTIVE BIT-INTERLEAVED CODED MODULATION 1579

0.099 T T T

26 T T T T T T T

24
0.0988

22
0.0986

0.0984 1

E/Ny)

.0982

mag
Rate (bits/symbol)

D(h.p

0.098

0.0978

D, =0.0976

0.0976

|
|
|
|
t
i
|
|
|
|
|
(
|
|
|
(
|
i
|
|
|
|
|
|
|
U
i
|
|

|

|

|

(

|

|

|

|

|

i

1

)

|

|

|

|

1

{

|

|

T

|

1

0'6 1 1 | 1

: L L 10 1" 12 13 14 15 16 17 18
3 4
b E/N,

0.0974
0

~

Fig. 7. Lefthand side of (10) versiifor all possible constellations at averageFig. 8. Simulated rate versus average transmitted SNR of adaptive BICM
transmitted SNRE, /N, = 18 dB per QAM symbol. The solid curves are for using rate 1/2 8-state convolutional encoder using the stochastic design, for
pmin = 1 starting at left from BPSK, going to 256-QAM. An energy marginseveralp,.;, values. The simulated®, for each data point is less than the

of 1.5 dB is employed fop..;» = 1 case. Dashed curves correspond to théargetl0=> for all points. The corresponding & 1 bits/symbol) nonadaptive
Pmin = 0.90 case. BICM achievesP, = 10=3 atE,/N, = 10 dB.

. . 55 T T T T T
istic case and the actual case can never be aligned. Therefol , ‘ ' '

in this case significant prediction error occurs whenever thresh
olds derived with the deterministic design are used instead o °
the actual ones; thus, adaptive TCM schemes, which emplo
uncoded bits that must meet tfp = 10~° requirement, must 45
take into account the variation of the channel over time. How-
ever, for BICM, which uses only the intersubset distances, ar_ 4
energy margin can always be employed to align the determin
istic thresholds with the correct ones, thus removing the need t .|
consider the variation of the channel over time explicitly. =
Two other nominal schemes with different encoder rates haviz r
also been considered for the adaptive BICM system. The firs
nominal scheme is the 1 bit per 4-QAM code, which achieves
the target probability of bit erraP, = 10~ at 10-dB average
transmitted SNR. A rate-1/2 8-state convolutional encoder o
maximum free distance is used for this scheme. The secon 2
nominal scheme uses a rate-3/4 8-state convolutional encod
with a 16-QAM constellation, and achieves targgt= 10— at 15 ' ' ' ' ' ' ' !
. | . 18 19 20 21 22 23 24 25 26 27
21-dB average transmitted SNR. Figs. 8 and 9 show the achieve EN,
rates by designing adaptive BICM based on these schemes as
a function of average transmitted SNR for sevexgl, values. Fig. 9. Simulated rate versus average transmitted SNR of adaptive BICM

From these figures, together with Fig. 4, several conclusions d@ipg rate 3/4 8-state convolutional encoder using the stochastic design, for
! 0 severalp.,;, values. The simulated®, for each data point is less than the

be made. First, compare the rates of simulated adaptive BIGAet10- for all points. The corresponding & 3 bits/symbol) nonadaptive
schemes at 18-dB average transmitted SNR for diffepgpf BICM achievesP, = 10~° at F,/No = 21 dB.

values. Fop,,;, > 0.70, although all three schemes are almost

always better than the nonadaptive design, which achieves a rateeals that at a given SNR, using a smaller rate convolutional
of 2 bits/symbol at 18-dB average transmitted SNR, the besicoder is better for small,,;,, values. However, when the value
code to use at 18 dB (or any other given average transmitiith.,,;, is in the larger part of its range, a higher code rate gives
SNR) changes according to the valuepqf,,,. Thus, it can be higher bandwidth efficiency. It can also be seen from the figure
concluded that there is no single nominal scheme that achietlest the slopes of the curves increase with increased encoder
the highest rate for all channgl,;,, values at a given averagerate. Both of these results are expected: whgn is relatively
transmitted SNR. Fig. 10 plots the rates of these schemes asrall, implying that the conditional channel is nearly Rayleigh,
function of p,,,;;, at 18-dB average transmitted SNR. The plahe higher time diversity of the 8-state codes of lower rate in

te (bi
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known exactly from the outdated estimates and then employing
energy margin leads to a negligible decrease in performance.
The numerical results show that adaptive BICM schemes
extend the applicability of adaptive signaling to systems with

more highly mobile users than previously considered.
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