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Adaptive Coding for Time-Varying Channels
Using Outdated Fading Estimates

Dennis L. Goeckel

Abstract—The idea of using knowledge of the current channel teristics of the channel are well-established and the channel
fading values to optimize the transmitted signal in wireless com- can be probed to obtain a reliable channel quality estimate
munication systems has attracted substantial research attention in [1]; the transmitter then uses this estimate to choose the

recent years. However, the practicality of this adaptive signaling . . . . .
has been questioned due to the variation of the wireless channel @PPropriate signaling method. An alternative method, which

over time, which results in a different channel at the time can be applied to a wireline channel with any frequency
of data transmission than at the time of channel estimation. characteristic, is the use of multicarrier modulation with the
By characterizing the effects of fading channel variation on modulation on each subcarrier matched to the corresponding
the adaptive signaling paradigm, it is demonstrated here that o, hannel's received signal-to-noise ratio [2], [3]. It is then
these misgivings are well founded, as the channel variation . - .

greatly alters the nature of the problem. The main goal of this & Straightforward extension to propose the same idea for
paper is to employ this characterization of the effects of the Rayleigh fading channels, except that the modulation on each
channel variation to design adaptive signaling schemes that are subcarrier is varied adaptively based on subchannel fading
effective for the time-varying channel. The design of uncoded gstimates fed back from the receiver; thus, this idea has

adaptive quadrature amplitude modulation (QAM) systems is . . . .
congidereg first, and it gemonstrates the n((egd tcz cgnsider the received moderate research interest historically [4]-[6] and has

channel variation in system design. This is followed by the main Peen of significant research interest in recent years [7]-{14].
contribution of this paper; using only a single outdated fading However, the utility of these results has been questioned due to
estimate when neither the Doppler frequency nor the exact shape the time-varying nature of the wireless channel, which results
of the autocorrelation function of the channel fading process is jn 5 different channel at the time of data transmission than
known, adaptive trellis-coded modulation schemes are designed . - - .

that can provide a significant increase in bandwidth efficiency at the tlme- of chgnnel estlmqtlon. Note thaF even.a ere_lgss
over their nonadaptive counterparts on time-varying channels.  channel with a fixed transmitter and receiver will exhibit

. . . variation due to the movement of objects in the environment.

Index Terms—Adaptive coding, fading channels, quadrature In fact, it is the relatively fast variation of the channel over
amplitude modulation, time-varying channels, trellis-coded mod- . ' . ’ g
ulation. time that delineates the wireless channel from many of its
wireline counterparts.

In this work, the effect of fading channel variation on
the adaptive coding model is formally addressed, and this
) o _ characterization is used to design both uncoded and coded
A. Adaptive Signaling for Fading Channels systems that are effective for a time-varying channel. The

HE goal of wireless communication systems is to matathannel fading will be modeled as a multiplicative time-

the throughput of their wired counterparts. Howeverarying complex Gaussian process, and the variability of the
the limited bandwidth available and time-varying multipathvireless channel over time will be reflected in the autocor-
fading inherent to the wireless link make this a difficultelation function of the Gaussian process. With knowledge
problem. One possible method of significantly increasing thg this autocorrelation function, the characterization of the
bandwidth efficiency of communications systems operatirgfect of the channel variation on the adaptive signaling
over multipath fading channels is to employ adaptive signalimgodel is straightforward. However, it illustrates the key point
schemes, which use knowledge of the current channel faditgt the probability density function of the current channel
values to optimize the transmitted signal. fading amplitude is Rician when conditioned on the outdated

Adaptive signaling for wireless channels is partially motifading estimates, with the ratio of the specular component to
vated by the throughput gains afforded by the V.34 standattk diffuse component depending not only on the statistical
for data transmission over telephone lines, where the chargharacteristics of the channel and the delay between channel
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the key role that transmitter knowledge of the autocorrelation r(t) = X(1)s(t) + n(t)
function of the channel fading process plays in adaptive
coding. Since nonadaptive schemes on slowly fading channgly — Transmitter O Chamnet [T Receiver | (b))
are not dependent on the autocorrelation function of the fading
process if sufficient interleaving is employed, adaptive codes
must provide the same guarantees against uncertainty in the X=(X@t=1n),.. , Xt —7), Xt —m))"
autocorrelation function. This motivates the formal definitiopig
of strongly robust adaptive signaling schemes, which guar-
antee performance across a class of possible autocorrelation
functions for the channel fading process. invariant channel and characterized the performance when
the system is being employed over a time-varying Nakagami
fading channel. The numerical results in [14] indicate that
B. Related Work of Other Researchers the system works reasonably well only if the product of the

Until very recently, only [6] had considered the effectflelay between channel estimation and data transmission and
of the channel variation on adaptive systeiesign and the the Doppler frequency is kept below 0.01. Thus, whereas work
investigation in [6] was limited to adaptive binary uncode@revious to [15] (with the exception of [6]) has employed
modulation without any consideration of robustness to titesign methods assuming perfect knowledge of the current
uncertainty at the transmitter about the autocorrelation functi§Rannel fading values and then (perhaps) characterized the
of the channel fading process. In very recent work independéitect of channel variability on the performance of systems
of the work in [15] and this paper, [16] has considered tfamploying these methods, this work represents a significant
design of trellis-coded modulation for time-varying channel§leparture in that the variability is accounted for in the design
The system of [16] employs high-order predictors that ugi¥OC€ss.
past fading values to estimate the current channel status angased on previous work, it may appear to the reader that
then signals based on this prediction. In contrast to the woikcommodating an adaptive rate system is not worth the effort.
contained in this paper, the thresholds that determine whihcan be shown that transmitter knowledge of the current
constellation to employ for a given prediction are not specifigdhannel fading values does not increase channel capacity
analytically, and, more importantly, the high-order predictof¢hless the transmit power is adapted [17], and even if the
require precise transmitter knowledge of the autocorrelatiéi@hsmit power is adapted, the gain in channel capacity is
function of the channel fading process, which is generally ndfall [12]. Furthermore, the recent establishment of trellis-
available in a wireless system; thus, as in previous work &@ded modulation that operates close to the cutoff rate [18]
adaptive signaling for wireless channels, there has been rpight imply that there is little gain available even at reasonable
consideration of robustness. complexities. However, it will be demonstrated in this paper

In recent work on adaptive coding, [9], [13], and [14}hat adaptive coding can provide significant gains relative to
briefly address the effects of channel variation on adaptif® codes presented in [18] at equal complexity for systems
signaling systems that are designed assuming the channel d¥# low mobility, in particular indoor wireless systems in the
not vary over time. In [9], the claim is made that slowly?00-MHz ISM band with walking speed mobility.
fading channels do not change rapidly enough to greatly
affect adaptive system performance and that if they do charfge Organization of Paper
rapidly, prediction can be employed to accurately estimate|n gection II, a general framework for adaptive signaling
the current channel fading values. The characterization of thger time-varying channels is introduced, and the effects of the
effects of the channel variation presented here will questigfannel variation are considered. The impact of the uncertainty
these claims, demonstrating that the channel variation G@nthe statistics of the channel fading at the transmitter is also
greatly impact the performance of adaptive codes, even discussed, which leads to the definition of strongly robust
systems with low mobility and small delay between channg|gnaling. The design of strongly robust uncoded adaptive
estimation and data transmission. As noted above, predictigfadrature amplitude modulation (QAM) schemes for the
relies on an accurate knowledge of the autocorrelation functigme-varying channel is presented in Section 1. In Section 1V,
of the channel fading process, which is generally not availalijge results of the previous sections are employed to develop
at the transmitter. In [13], it is briefly noted through simulatio gesign method for strongly robust adaptive trellis-coded

that the channel variation in a certain environment increasggdulation operating over time-varying channels. Finally,

substantial because the bit error probabilities being considered
are quite high (103), and the characterization of the effects
of the channel variation presented here will indicate that
the effect will be much greater at lower error probabilities
thus greatly affecting trellis-coded modulation schemes wifly System Model

parallel branches. Finally, in recent work independent of the A baseband system model for the problem is shown in
work in this paper, [14] considered an adaptive system thathfy. 1. The independent and identically distributed (IID) se-
designed using a single channel estimate assuming a timaence(h;) is the stream of information bits to be transmitted

. 1. System diagram.

Il. SYSTEM MODEL AND CHARACTERIZATION
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over the channel, andl?i) is the corresponding stream ofterminal a message that informs the mobile terminal that it
information bit estimates at the output of the receiver. Eacian begin to send data. The mobile terminal can use this
information bit is assumed to be equally likely to be 0 or 1. Thmessage sent from the access point to measure the current
transmitted signal is given by(t) = £2___ zp(t — kT;), fading on each subcarrier and to prepare its transmitted signal
where z;, is the kth (complex) data symboly(¢) is a pulse per the recipe in this paper. The mobile terminal then codes
shape that results in no intersymbol interference in the samplkee (now outdated) channel measurements for each subcarrier
(spaced atT;) of the output of the matched filter at thewith a low-rate nonadaptive code, interleaves the resulting
receiver, andl/7 is the symbol rate. The additive noisecoded bits across subcarriers to obtain frequency diversity, and
n(t) is white Gaussian noise with two-sided power spectrabnds the resulting bits as a prelude to the actual coded data.
density Ny /2. The fading is modeled as a complex multi-The access point decodes the channel measurements for each
plier X(¢), thus implying a frequency-nonselective channeubcarrier, determines the sizes of the signal sets employed
appropriate for a narrow-band wireless channel or a single@ each subcarrier at each delay by running an algorithm on
subchannel of a multicarrier system. The Gaussian wide-setise channel measurements identical to that being employed at
stationary uncorrelated scattering (GWSSUS) fading mod&le mobile terminal, and then decodes the data. The overhead
[19] is assumed, where the independent component Gauss-the transmission of the channel measurements will be
ian processes are zero mean with autocorrelation functicansidered briefly in Section IV-C.

Rx(7);thatis, X (¢t) = Xg(t)+jX,(¢) is complex Gaussian,

where X g(¢) and X;(¢) are the respective real and imaginanB. Characterization of the Channel Variation

parts of X(1),j = v—1, BE[Xg(t)] = E[X;(#)] = 0, and Adaptive signaling employs (perhaps imperfect) knowledge
Eh[XR(t)XR(_t +7)] = E[X;(0)X;(t + 7)] = Rx (7). TAUS, 3¢ the transmitter of the current fading values to select a signal
the channel is modeled as a Rayleigh fading channel, whichyl§ o which to draw the current symbol. Consider the choice

appropriate for narrow-band mobile systems or indoor systeys e signal set for théth symbol. Recalling the assumption

With_OUt a line-of-sight component _[ZO]' If there is_ a ”_m_a'that analysis can assume the channel fading is constant over
of-sight component, the fading in indoor systems is RICIatIHe duration of a single symbol, I& = |X(kT.)| be the

[21], [22], but it will be clear from the characterization ofyhjit de of the fading that multiplies theth transmitted
the effects of the channel variation that extensions to t

e e X REmbol. Assume temporarily thakx(7) is known at the
Rician case are trivial. Furthermore, it can be shown thﬁ nsmitter. and letV be the number of outdated estimates
when there is uncertainty about the value of the Rician faCt%rmponed ,Define theV by N autocorrelation matrist;, of

) X

the Rayleigh assumption will lead to signaling for the worshe real or imaginary component of the vector of outdated
case. It is also assumed thaf(t) varies slowly enough .hannel estimates as

that analysis can be performed by assuming it is constant o o
over the support of the pulsg(t) of a single symbol. It Xy = E[XRXR} = E[X,X,}
is believed that this assumption will be true in any system

where the use of adaptive coding is considered; however,a¥ the lengthV column correlation vectop as
in the consideration of Rician fading, the modifications when . N
this assumption is altered are conceptually minimal. Coherent p= E[XRXR(]“TS)} - E[XIXI(I“TS)]

recgption with perfept carrier phasg estimation and perfeCtSince the focus here is on characterizing the effects of
fading value estimatioat the receiveis assumed throughoutthe channel variation independent of the channel estimation

this work : X .
s _ Igorith loyed, that the outd
The key difference between the system model of Fig. 1 ariggeorrrllacrpeepn;ff:é?y. t?;'uigs,?kTa_ :)Oi ;EZdea_dTg (Z‘simates

that of a standard communication system is the availability gt Since X x(k7,) and the variables i  are jointly

the_transmitter of the vect(X = XR—i-jXI_ Qf channel fading G’aussian,XR(kTs) is Gaussian when conditioned dbR _
estimates, where ; > 7;, Vi. The availability of true channel . 1 . >
. . X X with mean p! ¥ zr and variances® = Rx(0) —
estimates as opposed to estimates of a filtered version of ﬁ% 1 X . . .
channel is based on the assumption that the channel vaﬂeszi‘( p (see, for example, [23; p. 216]). Likewis, (k75 is
slowly enough to be assumed constant over the duration of@ussian when conditioned d6; = «; with meanp” ¥ 'z ;
symbol (and thus estimation) period. These fading estima@sd variancer’> = Rx(0) — pTE)T(lp. Thus,Y = | X(kTs)|
can be obtained via literal feedback of measured fading valugRician when conditioned oX with conditional probability
from the receiver or can be estimated using any signal sefinsity function given by
from the current receiver to the current transmitter: a pilot y s ys
signal at the end of initial handshaking, packet acknowledg-  py 5 (ylz) = —5e™ @ /270, (—2) y>0 (1)
ment signals, or data sent from the current receiver during the 7 7
previous slot in a time-division duplex (TDD) system. where In(-) is the zeroth-order modified Bessel function and
For a specific example of such an adaptive system, consiéie¢ noncentrality parameter is given by = (p” %3 zr)* +
the transmission of data from a mobile terminal to the acce(s,sTE;zI)Q. Note thato? is the mean squared error of a
point in a wireless local area network (WLAN) that employs aninimum mean squared error (MMSE) predictor of the in-
multicarrier strategy. The system protocol generally involvgshase or quadrature fading value of interest, ghi the sum
handshaking that ends with the access point sending the mobiiehe squares of the MMSE prediction &fz(kT;) and the
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MMSE prediction of X; (k7). The result of this section can Design for the second case is a simplification of design for
be reconciled with the approach of [15] using the partitionetie first case; thus, strongly robust adaptive signaling with

matrix inversion identity [24, p. 18]. a single outdated fading estimate will be considered. The

For interpretation of (1), consider th€ = 1 case. Defining N = 1 case is of considerable practical interest, in particular
p = Rx(71), and normalizing such thab[(Xz(kT.))?] = for bursty high-speed data applications, where only a single
E[(X7(KT,))?] = 1,' one obtainss? = |z|?p? and 02 = fading estimate is generally available from initial handshaking.

1 — p?. Define the specular-to-diffuse component (Riciarffurthermore, if the two-sided exponential function cannot be
factor of (1) by K = (s?/20%) = (|z|?p?/2(1 — p?)). For excluded fromR, the maximum error probability of a scheme

a fixed correlatiorp, the effective channel conditioned on acan be no less than that obtained when the autocorrelation
single outdated fading estimate varies from a low-SNR neaffiynction of the channel fading is the worst case two-sided
Rayleigh fading channel to a high-SNR strongly Rician fadingxponential autocorrelation function, where no performance is
channel, with the type of fading dependent on the value of tigained by increasing the number of estimates beywng 1.
outdated estimate. A similar interpretation holds fér> 1.

C. Robustness to Autocorrelation Function Uncertainties Ill. ADAPTIVE UNCODED QAM
If Rx(7) is known exactly at the transmitter, using a FOR TIME-VARYING CHANNELS

large number of outdated fading channel estimates yields ap, this section, strongly robust adaptive uncoded modulation
linear MMSE predictor for the current ;n-phase and quadratu@| pe designed. Per Section II-C, only the strongly robust
fading values that works well (i.eq” ~ 0) for systtms n — ;1 case will be considered, which requires performance
with modest mobility; however, in wireless systemdsx (7) g pe guaranteed for alp € [pmm, 1], Where pu, is the

is generally not known at the transmitter. Not only doeginimum value ofRx (7). For the example of Section II-C,
the shape of the autocorrelation function vary over different .~ — 7 (2767 )

channels [22, pp. 88—89], but the Doppler frequency is un-
known. Spectral estimation relies on a long history of channel
estimates and cannot provide a guarantee of performanBe.Design Rules

Nonadaptive codes for slowly fading channels are not affectedassyme for illustrative purposes that the set of candidate

by the autocorrelation function of the channel fading proceggyna| sets are 0-QAM (no data transmitted), 2-QAM, 4-QAM,
if sufficient interleaving is employed; thus, if adaptive code§6_QAM’ and 64-QAM with two-dimensional Gray mapping
are going to be compared to nonadaptive codes, there myst considered in [13]. Temporarily, no energy adaptation
be a guarantee of performance across possible autocorrelafg)rémpbyed- in other words, the average energy of the
functions. This leads to the following definition. signal constellation employed will be constant across symbols.
Definition: An adaptive signaling schemesgrongly robust  athough the standard water-pouring energy allocation method
with respect toR if it operates below the desired bit errorsgn pe employed [2], [13], [25], it is desirable to have a
probability for all autocorrelation functiongx () € R. method that can be readily adapted to adaptive trellis-coded
The classRk can be determined from propagation measurgyoqylation systems operating over the time-varying channel;
ments. For example, for the 900-MHz indoor channel witthe proposed energy adaptation scheme will be presented in
walking speed mobility, where the shape of the autocorréguction I111-B.
lation function represents a more Iow—p_ass process than thag et 1 pe the target bit error probability for the system,
corresponding to the mobile autocorrelation functfoR(r) = which operates at the average received signal-to-noise ratio
Jo(27fa7), and the Doppler frequencyi; does not exceed 6 g/, where E, is the average received energy per QAM
Hz [21], [22], a suitable definition foR might be all functions symnol. Specification of the adaptive transmitter requires
in {Rx(7): Bx(7) 2 Jo(2m67)} that satisfy the properties of finging A7(h), vh, where M(h) is the number of signals in
an autocorrelation function, wheré(-) is the zeroth-order i, QAM signal set employed whek (k7 — 7)| = h. If

Bessel function of the first kind. . _ M(h) is chosen such tha, is maintained for each
In this paper, the design methods considered will guaran-

tee strongly robust performance for each observation value

o ; - - Es

X = z, which guarantees strong robustness of the method.yy(p) = 1nax{M: sup Py <—,h,p> < Pb} ()
However, in general, the design of strongly robust schemes can Pmin<p<L No -

be complicated if more than a single outdated fading estimate

is employed (i.e.N > 1). Thus, in this paper, the methOd%hereP
introduced will be applicable to two cases: M

((Fs/No), h,p) is defined as the bit error prob-
ability of the M/-QAM signal set at average received SNR

1) strongly rot_)ust _adapti_ve sigr_1a|ing Witk = 1; ~ E,/N, when Ry (r1) = p and | X (kT, — 71)| = h. Assume
2) adaptive signaling with arbitraryv. when Rx(7) is  that maximum likelihood symbol detection given the current
known. channel fading amplitude is employed on the samples of the

matched filter output at the receiver. Conditioned on the value

INote that this “simplification” will make the average received energy twic¥ of the current Tadir_]g amp“tUde' the prObab”ity of bit error
the average transmitted energy, which will be accounted for below. for M-QAM (which is upper bounded by the symbol error
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probability), M > 2, is upper bounded as [26, p. 225] The worst case autocorrelation is then given by

{ Pmin ﬁ S Pmin
E 3 E pr=19p

P 275 Y <4 .

M<y N0> = Q( 2(M — 1) N0y>

P Pmin < ﬁ <1 (6)
<2exp < 3 K, 2) 3) The signal set is specified using (5) and (6) Mi(h) =

1 1<p.
Ta(M - 1) Ny max{M: Py((E,/No),h,p*) < B}. Note that M(h) is
nondecreasing ih. Thus, the adaptive scheme can be specified
A ) by the values:,,,, m = 2,4, 16, 64, whereh,, is defined as the

where Q(z) = (1/v2m) [2° e~ /2 du. The fact that the threshold such that foh > h,, m-QAM can be employed.
average received energy is twice the average transmitted gBr a fixedp, (5) can be solved explicitly to find,,,, but since
ergy has been recalled, and the second inequality is obtainedbyiepends or, the resulting equation is not useful in general
employing the boun@(a) < je=(*"/2). Results indicate that if strong robustness is desired. However, in many situations,
employing (3) for the calculation dPy; ((E5/No), h, p) results  particularly for smallP,, it can be shown analytically that one
in very conservative designs, as do the results from employinged only considep = p,.;n, and thus the thresholds can be
the generally tighter boun@(a) < (1/v27a)e=(/2 to  found explicitly.
obtain the analog of (3). Thus, the tight approximation [13]

B. Energy Adaptation

P U2E ~02exp [ — 3 E, " @) The rate of the method of the previous section is limited by
MA S 0 ’ 4(M — 1) No* the following reason: for alh such thath,,< h < ha,,, the
estimate is more favorable than that required to us®AM

will be employed for allM for much of the design work for but not favorable enough to ugem)-QAM. A solution to
uncoded systems. Note that (4) is not an upper bound in HliS Problem is to employ energy adaptation. First, a signal

cases considered as it will be implicity employed for ll set is chosen according to the previous section with no energy
and applied taM = 2. Using (4) yields adaptation. Then (5) and (6) are used to decide the minimum

energy required to maintai®, given the channel estimate
h, thus employing a method similar to the power-pruning of
. (E, L .
Py <_ hm) [3]. This minimum energy is employed for the current symbol
and the remainder of the energy is saved for the next symbol.

L E, This algorithm, which requires at most a two-dimensional table
=E|Py <Y N ) X (KT, — 71)‘ =h look-up, will be employed for all results below.
0
( h2,2 1 C. Numerical Results
0.2exp —m 1- 3E, (1—p°) In this section, although design is done for the worst gase
1+-2 P for eachh as prescribed by (2), the generation of the current
2No (M —-1) : ) ) . . X
5 channel fading value in the simulations is done assuming that
~ 14+ §EM £ = pmin, Which leads to the worst case performance when
2No (M —-1) averaged across all estimates for each case considered here.
p<l 3B B2 Fig. 2 displays the probability of bit error of the scheme
0.2 exp <_Zﬁsm> developed in Section 1lI-A and the probability of bit error for
L p=1 0 a scheme that is designed based on a static channel (i.e., one

(5) that assumep = 1). When designing for the static channel at
P, = 1077, the more conservative estimate(y*(E,/Ny)) ~
S _ o %exp(—(Es/QNo)yQ) is employed, as the approximation of
where the approximation is obtained by substituting (1) and) is very poor at this point. Note that the probability of
(4) into the equality and evaluating the expectation oVer error targets are missed considerably by the scheme that
using [27, 6.614.3]. assumes a static channel when there is even modest channel
From (2), (5) must be evaluated at its supremumpoa variability, particularly for low target bit error probabilities;
[pmin, 1]. Since the right side of (5) is a continuous functiofhis is due to (1) being a Rician density. Although uncoded
on this closed interval, it achieves its maximum on this intervgi/stems will genera”y not operate at bit error probab”ities
ata point which will be denoted*. The fO”OWing solution is as low asph, = 10—5, trellis-coded modulation schemes will

found by standard calculus techniques. Let operate in such ranges, and the results of Fig. 2 apply to the
parallel branches of such schemes, thus indicating that adaptive
0 h>2 trellis-coded modulation schemes should take into account the
5= 2(M — 1) No\ (2 — %) variability of the wirelgsg channel. _ N
\/<1 + 3 f) 5 0<h<vV2 One method of achieving the target bit error probability by
s the scheme that assumes a static channel is to add energy mar-
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Simulated P,

i 1 1 1
0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

min

Fig. 2. Simulated probability of bit error of adaptive uncoded QAM design schemes verswisat average received signal-to-noise rgtio, /No) = 15
dB per QAM symbol. For targeP, = 10~ curves, each data point is the result of 1fials. For target’, = 10~° curves, each data point is the result of
10" trials. The static design scheme assumes a time-invariant channel, and it is observed that it misses the target bit error probability by a siggiificant m

Rate (bits/symbol)

i 1 1 1

L L ; L 1
%.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1
p

min

Fig. 3. Simulated rate of adaptive uncoded QAM design schemes versysat average received signal-to-noise rgtk, /No) = 15 dB per QAM symbol.

For targetP, = 10~3 curves, each data point is the result of itfials. For target’, = 105 curves, each data point is the result of itfials. The static
design scheme employs an energy margin to meet the target bit error probability or the bit error probability of the scheme of Section Ill, whitysvrer is |
The rate increases by employing the scheme of Section Il are not only substantial but also are conservative estimates, as the simulated &fiiliresr prob
of these schemes are no greater than those of the static design scheme at every point and generally are substantially smaller.

gin during the energy adaptation process; that is, instead of gg-ate conservatively the rate increase possible by considering
ing the energy that is predicted to give the proper performantkee variation of the channel explicitly in system design.
add a fixed margin (in decibels) to this energy at each symb€ihally, Figs. 4 and 5 plot the rate of the scheme of Section IlI-
until simulation results indicate that the probability of bit erroA versus signal-to-noise ratio for a number of values gf,

is at the desired point. If this is done to the scheme that a&-target bit error probabilitie®, = 10~2 and P, = 1072,
sumes a static channel until it achieves the tafgeir the sim- respectively. The close correspondence of the, = 1.0
ulated P, of the method of Section IlI-A, whichever larger, curve on Fig. 4 to the results in [13] suggests that the flexible
the resulting rates are as shown in Fig. 3. The results dememergy allocation scheme of Section IlI-B is effective.
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Rate (bits/symbol)

Fig. 4. Rate in bits per QAM symbol versus average received SNRNy per QAM symbol for the scheme of Section Il at target error probability
P, = 10~3. Each data point is the result of 4arials. All data points meet the target bit error probability, except for approximately one-half of the
points on thep,i, = 0.85 curve; in this latter case, all simulated bit error probabilities are less thai®,1.Note the more conservative results in [15]
are due to the fact that 0-QAM signals were sent at average erfgrgin [15].

Rate (bits/symbol)

14 16 18 20 22 24 26

Fig. 5. Rate in bits per QAM symbol versus average received INRN, per QAM symbol for the scheme of Section Ill at target bit error probability
P, = 10~%. Each data point is the result of 1@rials. All data points meet the target bit error probability, except for approximately one-half of the data
points on thep,,i, = 0.85 curve; in this latter case, all simulated bit error probabilities are less thai®;1.8lote the more conservative results in [15]
are due to the fact that 0-QAM signals were sent at average engrgin [15].

V. ADAPTIVE TRELLIS-CODED MODULATION followed is shown in Fig. 6. For this paradigm, the number of
FOR TIME-VARYING CHANNELS subsets2™ is kept constant across all signal sets; only the

number of signals per subset is adapted. The operation of

the trellis coder is as follows: sets #f information bits are

input to the convolutional coder, which produce®it subset

Adaptive signaling is viewed as a powerful method foselectors that are interleaved. Theh transmitted symbot;,

highly bandwidth efficient modulation, and thus the focus heige then chosen as follows. The subset selec?tpris~ taken

is on adaptive trellis-coded modulation as in [7], [9], and [10from the interleaver output. The signal constellation(and

The adaptive trellis-coded modulation paradigm that will blus the subsets) is chosen from the allowable signal sets

A. Paradigm for Adaptive Trellis-Coded Modulation
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Encoder
(2, k1) 8, € {0,1,...,27 — 1}
Convolutional Interleaver
Code
Choose (=)
(B:) Signal ,
. Choose .
X Signal Set Ck

Fig. 6. The adaptive trellis coding paradigm.

(1,(2,- -+, ¢, (with possibly scaling for energy adaptationB. Design Rules

based on the information about the current fading providedry o, ghout this section, perfect interleaving of the subset
by X. Finally, the appropriate number of data bits (base WQyactorsf §,1 will be assumed. This may sound like it does
logarithm of the size of a subset i) are used to choose q i the model, which inherently lacks large time diversity at
# from subsetSy, 9f Ck- There are two design Cpns'derat'o'f‘?‘easonable delay. However, if the coding of the subchannels of
that must be pon3|dered: how to design th? trellis structure a'c‘?(flnulticarrier system is being considered, the desired diversity
subset mappmg,_and how to c.hoose.the signal séased ON can be obtained by interleaving in frequency. It will also
X. The firstitem is solved well in the literature for nonadaptl\_/f‘)e assumed that the decoder performs maximum likelihood

coding; thus, it will be assumed here that there exists anomingl o sequence estimation with the samples of the output
(nonadaptiye) trellis-cod_ed quulation SCheT“e with signal § the receiver matched filter as input and knowledge of the
¢o that achieves the desired bit error probabilily. The same channel fading values.

trellis structure and subset mapping of this nominal schemePer the paradigm, a nominal (nonadaptive) trellis-coded

will be gmployed. . . ~ modulation scheme is assumed that employs signal(set

0 'C'c')nzsrlldir 1thbee (;Egﬁi ngthGt (S)Ifggiagl;n;éﬁs.egetwﬁle ’rg tﬁe a_nd provide_s the_ desired bit error prqbabili& at some
v N gnal-to-noise ratig¢ E; /No)o for the environment (Rayleigh

subsets are found by standard Ungerboeck partitioning [Zgal'ding or AWGN, for example) for which the nominal scheme
L?t g1 be the intrasubsetminirrpgm normalized Euclidean was designed When the channel impairment faced by the

distance squared af, and letu;™",m =0,---,2" — 1,7 = adaptive scheme is the same as the nominal code, maintaining

intersubset and intrasubset Euclidean distances is sufficient to
obtain the probability of error of the nominal code. However,

0,---,2" — 1 be theintersubsetminimum normalized Eu-

clidean distance squared between signals in subsatdr of
the conditional distribution of (1) varies from Rayleigh to
strongly Rician, thus revealing that there will not be a nominal

¢;- In other words, lettinglg(z,v) be the Euclidean distance
betweenz and v

. ) d2(z,v) code to which the type of fading is matched for all outdated
9= 1%?1 Jz,'vclgllrl,lac#'v E; channel estimates. Hence, the design method employed is
the maintenance of the intersubset and intrasutliffetences
and which will be defined as the ability to decide between symbols
o d2(z,v) from different subsets and the same subset, respectively.

u = min

seSpves; B To consider the motivation behind employing the mainte-

nance of intersubset and intrasubset differences, assume that
where E; is the average energy of signal sgt When the the trellis of the nominal trellis-coded modulation scheme
current channel fading valu¥ = y is assumed to be knownhas no parallel branches. This will be a desirable (but not
exactly from X, the following recipe can be employed: letecessary) property of the nominal scheme, as vihsrsmall,

e, the signal set for théth transmitted signal, be the largesf1) approaches the density of a Rayleigh random variable,
signal set; such that*g; > go andyu;"" > ug"",¥m,r. A and this trellis structure allows data to still be transmitted
similar method for the case when the current channel fadifiy many cases; whem is large, (1) is the density of a
value is known exactly is formalized in [10], where the signatrongly Rician random variable, and parallel branches can
set point density of the nominal scheme is maintained, thbe added. Suppose that a signal geis being considered
preserving the minimum intrasubset and intersubset distandes.use when/ X (K7, — 11)| = h is observed. Consider first
This technique allows the system to not signal during de@paintaining the bit error probability of the nominal code for
fades, thus mitigating the key inhibiting factor to fadinghe convolutionally coded bits in the adaptive trellis coded
channel communications. The form of (1) as a Rician densityodulation scheme. For the nominal scheme, the probability
guestions whether the same gains will still be possible fof the Viterbi algorithm choosing the symbol path =
adaptive trellis-coded modulation on a time-varying wirelegsi;, ws, ---) when the symbol pathw = (w;,w»,---) was
channel. the correct path can be tightly bounded by considering the
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Chernoff bound [29] g2(D) =1+ D+ D? 4 D
— 3
Pw—a)< [[ Dotws i) @ alPy=t= e
i€ (w, ) 55,58 0 0
where n(w, @) is the index set of positions whewe and @ 85,581 1
differ, and Do(w, v) is the Bhattacharyya bound [30] on the ) oo )
o . . 52,8 2 2
error probability of choosingy whenw is correct for the nom- 0o
inal code. For exampley(z,v) = e (d5wv)/4E:)(E:/No)o 59,52 3 3
if the nominal code was designed for the AWGN channel ,
and Do(z,v) = 1/(1 + (d2(w,v)/4E,)(Es/No)o if the 5.5 4 4
nominal code was designed for a Rayleigh fading channel. To s351 5 5
approximately maintain the bit error probability of the nominal
scheme for the convolutionally coded bits in the adaptive 85,53 6 6
scheme, the right side of (7) will be maintained for all paths 5259 . .

andz in the adaptive scheme that traverse the same sequence
of states in the trellis a& andw, respectively. To accomplish Fig. 7. Trellis for 2 bits per QAM symbol eight-stafe¢} Code from [15].
this, it is sufficient that

sup By |0 Y5 BE) (BN C. Numerical Results and Analysis

0> Prmin For a nominal trellis-coded modulation scheme, the 2 bits
< Do(w;, ;) (8) Per QAM symbol e!ght-stf’:\tel-Q code frpm [18], V\{hiCh

operates at the desired bit error probabily = 10~ at

for all possible values ofy; andw;, wherez; and z; are the average received SN, /Ny)o = 17.5 dB per QAM symbol

‘X(kTS - Tl)‘ —h

two symbols from¢; such that: on a Rayleigh fading channel, is employed. In this nominal
1) z; is from the same subset as; scheme, a 16-QAM symbol is formed from the output of
2) %; is from the same subset &s5; two coded modulators that employ rate one-half convolutional

3) z; and 2; are separated by the minimum Euclideanodes and 4-ary ASK. There are no parallel branches in the
distance of all signals that satisfy conditions 1 and 2. trellis diagram (shown in Fig. 7) of each of these component
This is equivalent to maintaining the minimum intersubseoded 4-ary ASK schemes, which employ the subsigts=
differences between all subsets or, more precisely, for 43}, S§ = {-1}, S3 = {+1}, and S3 = {+3}. Let the
m=20,---,2"—1landr =0,---,2" -1, m # r, guaranteeing candidate signal set§, (s, {3, (s be the set ofAf-ary ASK

that constellationsM = 4,8, 16, 32, respectively. Define the four
o . subsets for each of;, (2, {35, {4 using standard Ungerboeck
sup / e BN gy () dy partitioning
P2 Pmin 40
< Dol £ O s sP=(-8).51 = (~1.57 = (+1}.57 = {43}

The form of the left side of (9) is identical to equations of M =& S9 ={-7,4+1}, 5} = {—5,+3}
Section_I_II-A, and thus its mani_pulation is omitted. _ S2 ={-3,45},5% = {~1,+7}
Conditioned on the assumption that there are no errors in R .
the sequence of trellis states chosen by the Viterbi algorithrM =16: S5 ={~15,~7,+1,+9}
achieving the desired bit error probability for uncoded bits 53 ={—13,-5,+3, +11}
in the adaptive trellis-coded modulation scheme is easy to 52 ={—11,-3,+5,+13}
consider. If the signal sef; implies parallel branches in the S3 = {9, -1, 47, +15}
trellis, an intrasubset distance will be required that implies an ?(’J LT :
upper bound to the probability of choosing the wrong signd{ = 32: Sy ={-31,-23,-15,=7,+1,+9, +17,+25}

in a subset is kept below the desired bit error probability St ={-29,-21,-13,-5,43, 411,419,427}
oo 5 ST ={-27,-19,—11, -3, 45, +13, +21, 429}

2 5
sup /0 QU Vo | prnih) dy < By (10) §% ={—25,-17,-9, — 1,47, 415, +23, +31}.

which is maintained if an upper bound to the left side iBor a givenh, (9) can be checked for each of the three possible

maintained. The upper bound is obtained by employing thetersubset differences; however, for this nominal code, the
boundQ(a) < ie~*/2) to obtain the condition separation between trellis paths leaving and remerging at a
o node is always separated by the intersubset difference between

sup %/ eV n (B8N (ylh) dy < B, (11) SO and S2. Thus, only this difference will be guaranteed and

PZPrmin 0 a small energy margin will be employed; it has been found
The form of the left side of (11) is identical to equations ofhat this results in a better scheme than guaranteeing all of the
Section llI-A, and thus its manipulation is omitted. intersubset differences when the trellis of the nominal scheme
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Fig. 8. Simulated rate of adaptive eight-state trellis-coded modulation in bits per QAM symbol as a function of the average receled’gNbser QAM
symbol. “Conv2” and “Conv3” correspond to eight-stdi€) codes from [18] that operate at bit error probability 20 The simulated?, for each data point
is less than the target 10 as shown in Table |. Each data point is the result of the simulation 6fQAM symbols.

]
T

H
T

Cutoff Rate (bits/symbol)
[4)]

4-ary ASK

1 ; s ; :
5 10 15 20 25 30
EJ/N,

s

Fig. 9. The cutoff rate in bits per QAM symbol for perfectly interleaved QAM over a Rayleigh fading channel versus the average received SNR

per QAM symbol, where the QAM signals are formed by two M-ASK signal streams that employ separate encoders and decoders. Note that the cutoff rate
shown in [18] is the cutoff rate for interleaved QAM symbols. The cutoff rate when/thed (7 dimensions are effectively interleaved is approximately

1 dB lower at the rates of interest and can be found in [31].

has no parallel branches. Making this intersubset guaranamaployed similarly to the method described in Section 1lI-B;
for each! yields h{*, the threshold such that fdt > h}*, the minimum energy that is required to guarantee (9) and (11)
¢; can be employed according to the intersubset differencésused for this symbol; the remainder of the energy is saved
Likewise, (11) can be used to firid™, the threshold such thatfor the next symbol.

for h > Y™, {; can be employed according to the intrasubset Numerical results for the rate of this adaptive trellis-
differences. The threshold fdr above which(; can be used coded modulation scheme are shown in Fig. 8. Despite the
is then given bymax(h{*, hY*). Energy adaptation will be time-varying nature of the channel and uncertainties in the
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TABLE |

SAMPLE SIMULATED BIT ERROR PROBABILITIES OF ADAPTIVE
8-STATE TRELLIS-CODED MODULATION AS A FUNCTION OF THE

AVERAGE ReCEIVED SNR

Es
Ng

PER QAM SymBoL EACH ENTRY

IS A RESULT OF THE SIMULATION OF 10° QAM SymBOLS

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 47, NO. 6, JUNE 1999

coding does provide significant gain when system complexity
is limited, even for a time-varying channel.

Finally, the overhead required to send the outdated channel
measurements in the sample WLAN application given in
Section 1I-A is addressed. Assume the multicarrier system de-

f e ll\dgrf}l; {% —n ?;guffgip” scribed in Section I1-A sends 20 000 QAM symbols per second

’ ’ 20:0 dB | 810 x10- per subcarrier, there is a delay between channel estimation
99.0 dB | 9.91 x10-¢ and the start of data transmission of 1 &, /Ny) = 17.5
24.0 dB | 9.52 %106 dB, andp;, = Jo(27671). Per Fig. 8, a nonadaptive system
26.0 dB | 9.05 x10~¢ that employs the codes of [18] can send two information bits

099 | 1.5dB | 18.0dB |6.79 x107° per QAM symbol atP, = 10~°, which yields 40000 bits
20.0dB | 6.84 x107° per second per subcarrier. In particular, between 1 ms and
22.0 dB | 7.92 x107 9.2 ms of receiving the signal to send data, the nonadaptive
;g:g jg ig; i}g_ﬁ syste_m can transmi_t 328 information bits per subcarrier. Ne_xt,

597 o5 dB 18,0 dB 1 6.39 x10-° consider the adaptive system. Suppose 8-bit representations
20.0 dB | 5.22 x10-° of the outdated channel measurement for each subcarrier are
92.0 dB | 3.93 x107° coded with a constraint length four, rate 1/2 convolutional code
24.0 dB | 3.78 x107¢ whose output bits are interleaved across subcarriers and then
26.0 dB | 2.98 x10°° mapped to 4-QAM signal sets; this conservatively results in an

0.95 | 0.50 dB | 18.0 dB | 6.82 Xm:z error probability at the signal-to-noise ratios of interest that has
;g'g ‘dlﬁ i'ég iig_s a negligible effect on the overall system bit error probability.
940 dB | 1.90 x10- Under this scheme, the overhead for transmission of the
96.0 dB | 1.76 x10- channel measurements is 8 QAM symbols per subcarrier,

0.93 1025 dB | 18.0 dB | 7.21 x10-° which requires 0.4 ms. Aty = 9.2 ms, pyi, = 0.97.
20.0 dB | 4.81 x10-¢ Since pyin = 0.97 lower boundsp;, = Jo(2x67) for all
22.0 dB | 5.17 x107° 71 < 9.2 ms, this implies that a lower bound to the number
24.0 dB | 4.45 x107° of information bits per subcarrier that the adaptive system can
26.0 dB | 1.38 x107 send between 1 and 9.2 ms is given by (9.2-m&.4 ms) x

090 1 0.0dB ;g‘g 33 gzg Xigie 2.95 bits/symbolx 20 symbols/ms= 460 bits. The data rate
990 dB | 1.54 :10—6 of the adaptive system will actually be significantly higher
940 dB | 2.09 x10-° because of the higher correlation corresponding to smaller
26.0 dB | 8.15 x10°7 delays for symbols sent early in the transmission. Recall that

the receiver is able to determine the signal set used at each
symbol delayr; because it has knowledge of the outdated

autocorrelation function of the fading process, there is stithannel measurement and employs the same algorithm as the
a substantial bandwidth efficiency gain versus the nomiri@hnsmitter employed to choose the signal sets. Finally, it
scheme on which the codes are based, even when only a sinigjlgenerally not necessary to send the channel measurement
outdated fading estimate is employed. The high bandwidibr each subcarrier, as the channel response can be strongly
efficiency, use of only a single outdated fading estimate, aadrrelated in frequency. Thus, if a reduction in overhead
robustness of these codes makes them particularly suitaisledesired, outdated channel estimates for a subset of the
for high-speed data systems. For examplepat, = 0.99 subcarriers can be transmitted, and any additional uncertainty
and p..;n = 0.97, Fig. 8 reveals approximately a 67 and 50%lue to channel variation over frequency can be addressed in
bandwidth efficiency increase, respectively, over state-of-thiée same manner as the uncertainty due to channel variation
art nonadaptive codes. If the autocorrelation class exampleoygr time has been addressed in this paper.

Section 1I-C is considered, this implies a large throughput gain

if data transmission follows channel estimation by 5-10 ms,

a time during which a number of packets can be transmitted V. CONCLUSIONS

and acknowledgment received in a high-speed wireless datalthough the theory of adaptive coding demonstrates large
system. The reader may suppose that the coding gains shalmughput gains over nonadaptive coding, it has been avoided
in Fig. 8 are not due to the adaptive coding but instead are dnepractice because of perceived problems with the variation
to the larger constellations employed by the adaptive scheroé,the fading channel between channel estimation and data
which have a higher cutoff rate. However, whereas fth@ transmission. In this paper, it has been shown that these
codes of [18] operate within a few decibels of the perfectlyerceptions are well-founded: the delay between channel es-
interleaved 4-ASK (no energy adaptation) cutoff rate with @mation and data transmission greatly alters the nature of
64-state trellis, the codes constructed here operate near thetfroproblem. However, it has also been demonstrated that by
energy adaptation) cutoff rate shown in Fig. 9 for interleavatksigning with this variability in mind, the system designer can
32-ASK with only an eight-state trellis. Thus, although therspecify adaptive coding schemes that display large throughput
is very little gain in capacity for adaptive coding [12], adaptivgains over conventional schemes. This was done requiring
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knowledge of neither the Doppler frequency nor the exafis] V. Lau and M. Macleod, “Variable rate adaptive trellis coded QAM for
shape of the autocorrelation function of the channel fading

process.
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