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ABSTRACT channel capacity, but since a practical ACM scheme em-

. . . . . loys a limited number of codecs a more realistic reference
Adaptive coding and modulation (ACM) is a technique déaé the optimaimaximum ASE for ACNMASA) [A]. In [4]

signed to combat the temporal variations of (slow) muj: e optimal MASA was found for the case of perfect chan-

tipath fa@mg _channels. The main (.)b.JeCtNe of an .AC nel prediction. This result can be used as an ultimate upper
scheme is to improve the spectral efficiency (SE) while AL uind on the ASE of an ACM scheme with codecs

commodating a predefined bit error rate. Hwerage spec- In this paper we shall also obtain bounds for the ASE of

tral efficiencyof an ACM scheme can be measured against : .
. . . o an ACM scheme withV component codecs, but now im-
the channel capacity for idealized conditions such as per- L )
S erfect channel prediction is also taken into account, under

fect knowledge of future states of the communication chaj)- . :
. : e requirement that the average BER of each codec is less
nel, the ability to instantly change channel code when trgﬁ n BER. The resulting MASA (in[[4]) may result in a

channel quality changes, and use of infinitely many chan af ' 9 y

codes of arbitrary length. Clearly, these conditions do np’lgh outage probability. The method is therefore extended

hold for a practical system. In this paper we shall preser?toIOtImlze the MASA under an outage constraint.

upper bounds on the SE of an ACM scheme that take into
account imperfect knowledge of the channel state informa-
tion, and a limited number of codecs. These bounds are aj§0 The communication channel
found for a given constant of the outage probability.

II. SYSTEM MODEL

We shall consider the system in Figyre 1. The commu-
nication channel under consideration is a time-varying,
frequency-flat, slow multipath fading channel (MFC). In
Adaptive coded modulatiqhACM) schemes utilize a set of the complex baseband model of the MFC the received sig-
channel codes and modulation techniquen@ec®) with  nal can be written ag(t) = 2(t) - z(¢) + n(t), wherex(t)
different spectral efficiencies (SEs) [bits/s/Hz] to transmi$ the transmitted complex-valued symba(¢) is complex-
information on flat fading channels|[1,2, 3]. The bit errovalued AWGN, anc:(¢) is the complex fading gain. The
rate (BER) versus channel signal-to-noise ratio (CSNR) fisrstantaneous and average CSNR are defined as

each codec on an additive white Gaussian noise (AWGN)
channel must be known. Then a CSNR threshold is defined
for each codec such that it guarantees a BER below a cer-
tain target BER, denoted BERwhen the CSNR is above
the CSNR threshold. Thehannel state informatio(CSI) and
at a future time instant is obtained by predicting the future
CSNR at the receiver. The CSI is communicated to the 7 = E[y(t) = Q- P’ @)
transmitter via a separate feedback channel. The transmit- NoB

ter uses this information to select the codec with the highest vel here? [W1 is th .
SE, among the available codecs, that satisfies the BER Bees_pecuve y, where” [W] is the average transmit power,

mand. The overall transmission scheme will have a |OW0 [W/Hz] 'is the 0ne-§ided noise. pgwer specFraI den-
SE when the predicted CSNR is low and a high SE whelly: B [Hz] is the one-sided transmission bandwidth, and

- s )
the predicted CSNR is high. Treverage SHASE) of an ‘% = Ellz(t)|"] is the average power gain. We shall as-

ACM system is found by averaging the available SE ovéH™me that the magnitude Pf th? rgceiyed complex fading
the fading distribution. envelope|z(t)| has a Rayleigh distribution [5]. Then, the

Assuming perfect prediction of future CSNR values and
assuming the fading to be approximately constant during a
given time interval, a simpleodec selection strated€SS) py(7) =
can be found by employing the CSNR thresholds discussed
in the previous paragraph awitching thresholdsin prac-
H ] H Adaptive Adaptive
tice however, the channel prediction is not perfect. The |
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system can be made more robust towards channel predidafor- | modulator decoder Decoded

tion errors by increasing the switching thresholds so as topa " t information
y = 9 . 9 bits Channel state informatiom, bits

be more conservative in the choice of codecs.

The performance in terms of ASE can be compared to Figure 1: System model.




B. Adaptive coding and modulation can then be written as
Sn4+1 1

The system in Figuflg 1 consists of a transmitter and receiver Y SO N RSN
. . P, = py(7)dy = —e mdy.  (5)
employingN component codecs, the communication chan- o s

nel, and a separate return channel which is assumed free, of :
?I\?penv € [so,s1) the system experiences an outage and

errors, but with a nonzero delay. The codecs are indexgnl ilot information is transmitted. The probability of
by n € {1,2,..., N} and designed for AWGN channelsout);% is thus given by, (and is fo.und b psubstitut)i/n
at different CSNRs. The range of possible CSNR values 9 9 Yo y 9

on the MFC,y € [0, 50), is divided intoN + 1 CSNR re- " — 0 IN@ ).

gions by N + 2 CSNR thresholds denoteg, as outlined thr\t/evshheor;dzeirr]:elfit Eredzlcct;lgr? E;Zissseudmazds:\émi%htirr:e :ﬁe'\éﬁolds
in Figure[2, withyy = 0 andyy41 = oco. The CSNR qurg] 9 '

falls into CSNR regiom whenm, < v < yni1, 1 > 0. That iS50 = n forn € {1,.. .,N}.' As thg normallied
The CSNR thresholds, , v ~y are based on the BERcorrelatlonp is reduced (corresponding to either a lower
performance for each c;f tﬁé.(;édecs on AWGN channels & larger return channel delay, or a higher terminal veloc-
and are selected such that the BER of codés less than 'ity) there is an increasing probability of mismatch between
the predicted and actual CSNR. This will result in an in-

or equal to BER when~y > ~,,, n > 0 (we refer to [3] for : . .
. ; . reased BER, since the actual CSNR sometimes will fall
details). The fundamental idea of an ACM scheme is th|(‘\?1tto a lower indexed region than the predicted CSNR. Al-

wheny € [y, n+1), codecn is the codec with highest SE : X . .
that guarantees a BER below the target BER. Thus, it is é@Qth this cannot be completely avoided with any CSS it

sumed thaf?, < Ry < -+ < Ry, whereR, denotes the IS desirable to control the probability of this event. It is then

SE of codee:. When the CSNR falls in the zeroth region,natural to demand

the outageregion, none of the employed codecs can guar-p(, -~ 5 — 5 ) — /% (A =5 )dv—c. (6
antee a BER below the target BER. The ASE of the ACM 7 <fy = sn) 0 Prr(Yy = su)dy=e (6)

n n

scheme is defined &s[1] wheree is some (small) constant chosen by the designer.
N Thus, by increasing the switching thresholdis, }/_,, to
_ ) : obtain a certain desired (sufficiently smalthe probability
ASE = ;R" Fu [bits/sHz} @ of a codec mismatch can be reduced in a more controlled
manner. As the predicted CSNR increases the probability
whereP, is the probability of codee being used. of a codec mismatch is reduced, and thus,,ifs chosen to
The CSI, the index of the selected codec, is obtained fffill (6],
channel prediction. After the prediction, the appropriate P(y <7 > sn) =<e. (7)

codec index: selected by the CSS is transmitted from therom [7] we know that the probability of the complemen-
receiver to the transmitter on the separate return channghy event is given as

When the CSI changes, the transmitter and receiver adapt—

i.e. perform a codec update—to maximize the SE. l—e=P(y> i =s2)=Q (\/5’ \/7n> ®
In order to provide the ACM scheme with information w w

on the fading envelope we shall assume that a maximypere,, — 5(1—p) /2 and

a posteriori (MAP) optimal predictor is employed [6]. In

this case the predicted CSNR follows an exponential distri- b) — /°° I ~3(a?+2?) g 9

bution with expectationy [6], wherep is thenormalized Q(a.) b wlo (az) e o ©

correlationbetween the actual and predicted CSNR{In [6L the Marcum-Q function [8]. The switching thresholds
the performance of a MAP-optimal predictor was investia, now be found by solving(8) with respect to eveyy
gated, and it was found thatis a function ofy (as wellas |, {1,2,..., N} for given values of}, p, {v.}"_,, and
of the maximal Doppler spread and the return channel dexposen (0,1). Note that a higher level of p?otection

lay). The general bounds obtained in this paper dependsginst the event of choosing a code with too high SE means
both the correlatiop and. a smaller value foe.

C. Codec selection strategies [1l. AN UPPER BOUND ON THEASE OF ACM

Since the actual CSNR is unknown at the receiver we defife maximum average spectral efficier®ASE) for the

a CSS as a set new set of thresholds that are used to selggh@eigh fading channel is the expected channel capacity in
codec based on the %E?'Ct?d CSNR. The switching threghe Shannon sense, i.e., the ultimate upper theoretical limit
olds are_denotern}”:OAWIth so = 0andsyi1 = 00, for the ASE with constant power, and is given Bs [9, Eq.
Codecn is selected whef falls in switchingregionn, de- (23)]

fined as[s,, s,+1). The probability of selecting codec )
MASE(®) = —eF log,(e) E; <) [bits/s/Hz]. (10)
Y

(,} Region0 %Regionl%RegionZ% o %Regioanl%RegionNr

oo

Y A s T3 N1 N Na1 Here E;(-) is the exponential-integral functiofil0, Equa-

tion 8.211.1]

Figure 2: CSNR thresholds and thé+ 1 CSNR regions 00—t
corresponding taV codecs. Ei(z) = —/ —dat forz <0 (11)
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The MASE can only be achieved if infinitely many codecsf the arguments can be obtained, with a given accuracy,

are employed and perfect prediction is assumed. using e.g. Ridders’ method [11]. That is, the inverse of
The MASA presented in [4] is obtained when each of thiae complementary Marcum-Q functioh— Q(a, b), with

N < oo codecs employed have the maximum SE in thespect to its first and second argument can be defined as

corresponding CSNR regions. Following the ided in [4] we = q,(b,¢) andb = g,(a, €), respectively. Then the in-

assume that we posseSscodecs that achieve capacity oRjerse of (Vr, ¥Vi» ) with respect tas,, can then be writ-

AWGN channels, and that the fading is constant between (fom 6‘”{1 2“ N

two successive codec updates. The SE of a codec achieving D

capacity aty = v is given as { (w . <\/? €>>2 <l

Yn(€) = Vg (8n,€) = W

Ry, = C(vk) = logy(1 + ) [bits/s/Hz]  (12) Sn p=1.
1

where C'() denotes the channel capacity of an AWGNhe MASA in {13) can now be written as (16)
channel with CSNR. Each of the codecs employed are as-
sumed to perform witBBER = 0 when the CSNR is above 1 X
the corresponding CSNR threshold. When the CSNR is be- MASA(e) = In(2) Z I (1+ ¥ (sn,€))
low the CSNR threshold the codecs h@8#&R < % To ob- s:jl
tain the MASA thelV codecs must be chosen such that they % / ps(3)dA. (17)
achieve capacity at the lower boundary of the correspond- Sn

ing CSNR region (in order to have zero BER in the entir.?
region). The SE of codee becomesR,, = log,(1 + 7»)
and the MASA

he expressions for both the MASA angd (obtained from
sp) are functions ok. In the following we shall assume
that the upper limit ore is used:e = 2 - BER,, and to
N simplify notation we do not include thein the expressions
MASA = "logy(1 +n) Pa (13) throughout the rest of the paper.

n=1

. B. Theoretical upper bounds
is an upper bound on the ASE. . . oo

The objective of this paper is to obtain thé switching 1€ ]\MASA is a function of the switching thresholds
thresholds{s,, }2¥_, (and the corresponding CSNR threshisntn=1- Thus, optimizing the MASA is done by first

olds) that optimize the MASA. The first step towards oi2Ptaining the gradient of the MASA with respect to the
taining these thresholds is to choose a valuecfeor the switching thresholds. Setting the gradient equal to zero re-

capacity achieving codecs. Then, for given values ahd sults in NV equations that can be used to find expressions for

7 the relationship between the switching thresholds and tHl¢ OPtimal switching thresholds. It might be desirable to

corresponding CSNR thresholds are known and the MASHPt@in the optimal MASA under a constraint on the prob-
can be optimized. ability of outage, e.g. if the quality of service of a com-

munication system is defined in terms of continuous trans-
A. Optimal switching thresholds mission. This can be achieved by introducing a Lagrange

Since codea is only used whefy € [s,, sn1) the BER multiplier, A, into the optimization procedure as follows

of codecn averaged over all CSNRs can be written as Yoy, (MASA + X+ Poy) = 0. (18)
. <3 Setting A = 0, the solution to [(I8) yields the opti-
BER, = / BER,(7) py5(7[7)dy ma] switching Fhresholds that prodyce.the optimal MASA,
0 while A # 0 yields suboptimal switching thresholds that
o 30 satisfy the demand on probability of outad®, = Poy:.
+/ BER,(7) p,j5(717)dy Solving [18) (and multiplying the result witn(2)) pro-
n duces the following set of equations:
[ _ 1
< 5/0 Pris(Y)dy < ge. (14) T ps (s1) (In(2) A — In (1 + T, (s1))) 1
f Vs (s1)
. +(;J;\Pﬁpl
Since the average BER of codeshould be less than BR sl
we demand
N s(s %\I/S(s‘ )
BER, < J <BER, = c¢<2:BER. (15 n (el ) ps (s2) + Ty P2
The expression for the MASA i (13) contains both : =0

L‘I!S(sn)

7 ands, (after inserting[(5)). The switching thresholds 140, (5 2
In <41+\I]s(sn)l)) by (Sn> + 761—:\1@(:;”) P,

{s,}_,, which are the region boundaries for the pre-
dicted CSNR, are related to the CSNR thresholds, which
are the region boundaries for the actual CSNR, through
the Marcum-Q function in(8). To the authors’ knowledge 149, (sn_1) oo Wa(sn)
there does not exist a closed form expression for the in-| (m) P (s8) + Ty ony PV
verse of the Marcum-Q function. But the inverse of one (19)
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Figure 3: Optimal MASA as a function of R for 7 € Figure 4: Optimal MASA as a function of R for 7 €
{10, 20} [dB], N € {1,2,4}, andp = 1 (perfect prediction {10,20} [dB], N € {1,2,4}, andp = 0.99.
is assumed).

) X i 18- : . : %‘CSNR:lO de],N:l H
Then, by setting?y = Poy, solving [B) (withn = 0) for - CaNR-10(aB] N= 4
s1, and solving equation in (19) for s, ;1 (note: too find ~ *° R NI T
the expression fos,, .1 the expression foP,, in (§), must | A CoNR-OWRLNZY))
be substituted intd (19)), the following three equationsa |~~~ "~~~ """~~~ A R
obtained: 12r N
_ % 1+ = - -7 T o = X\\¥
s1=—1n (1 — Pou) 7p 0) % b~ - :
0.8 s o]
82 =51 —7p
0.6~ e 4
1+ W 1+ W L7
xIn|1—-— —: s (51) ln( + ;(81)) 04 - ——x T ]
TV () 2 P —
L e m @ ,
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1+\I’5 (Snfl) 1+\I/S (Snfl) . . i
xIn|l-—— In Figure 5: Optimal MASA as a function of R for ¥ €
V5V (5n-1) 14+ Wy (sn—2)
Sn—1 {10,20} [dB], N € {1,2,4}, andp = 0.90.
forn € {3,4,...,N}.

That is, every switching thresholg, (for n > 1) can be increases the probability of actually having a higher instan-
found recursively, and as a result the MASA is a functiofaneously CSNR and thus codecs with higher SEs can be
of s; andA. When\ = 0 the MASA can be optimized used by an ACM scheme and the resulting optimal switch-
by first obtaining the optimal;. This is done by searchinging thresholds increase.

through all possible values of; (or equivalently By < Increasing the value aV reduces the outage probabil-
(0,1)). When the outage constraint is employed the valig that result in an optimal MASA. That is, increasiig

of s, is given from [2D), and a similar search must be madgso allows an ACM scheme to support codecs with lower
through all possible values of SEs, and thus the switching threshold of the first codec

is reduced producing a lowegR In addition it can be seen
from the figure that the MASA is less sensitive to changes
in the Byt asN increases. Thus, for a system employing a
high number of codecs introducing an outage demand does
In Figure[3 the suboptimal MASA is plotted as a funcnot reduce the MASA as much as for a system employing
tion of P,y for ¥ € {10,20} [dB], p = 1 (that is, per- a low number of codecs. Increasing the average CSNR in-
fect prediction is assumed), aid € {1,2,4}. For each creases all the optimal thresholds since the probability of
of the curves, the maximum value corresponds to the optredicting a higher CSNR increases. Thus,increases
mal MASA (A = 0). As can be seen from the results, thaith 7. Then, reducing; according to a decrease iR.P
MASA increases with bothV ands. That is, for higher results in a larger decrease as the average CSNR increases.
values of N an ACM system can use codecs with higher In Figureq 4 andl]5 the correlation was reduceg te-

SEs, resulting in an overall increased ASE. Increasing0.99 and p = 0.90, respectively. (As an example, tak-

IV. RESULTS AND DISCUSSION



ing a carrier frequency. = 2 GHz terminal velocityy = to use an ACM scheme with more than two codecs.

30 m/s,7 = 20[ dB], a return channel delay af = 500 us, The results presented also shows that employing ACM
and a MAP-optimal predictor of orddt = 1000 and pilot should only be considered when the normalized correlation
symbol spacind. = 10, the normalized correlation will be p is sufficiently high in the sense that there is a substantial
p = 0.995. Aty = 10 [dB], p = 0.975). Comparing these gain in terms of SE by using more than one codec.

figures and Figurlg| 3 it can easily be seen that the suboptimal

MASA decreases with decreasgdAlso, the value of By

that results in the optimal MASA increases with decreased REFERENCES
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