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Abstract—The stochastic properties of the binary channel that describe models [8], general Hidden Markov models [11], and Gilbert-
the successes and the failures of the transmission of a modulated signal ovelg||iott channels [10].

a time correlated flat fading channel is considered for investigation. This hi h | f Is f .
analysis is employed to develog -th order Markov models for such a burst This paper cpncgrnst e deve opmentof FSC models for a QIS-
channel. The order of the Markov model that generates accurate analytical crete communication system composed by a modulator, a time
models is estimated for a broad range of fading environments. The parame- correlated flat fading channel, and a hard quantized demodula-
terization and the accuracy of an important class of hidden Markov models - .
known as the Gilbert-Elliott channel are also investigated. Fading rates are tor. The FSC mOde_I describes the_successes and _the_fa"ures of
identified in which the K-th order and the Gilbert-Elliott channel model  the symbol transmitted over a fading channel, which is repre-
approximate the fading channel with similar accuracy. The latter model sented mathematically as a binary error sequence. We consider
is useful for approximating slowly fading processes, since it provides a far two classes of ESC models commonly used to characterize fad-
more compact parameterization. . .

pactp ing channels: Thd{th-order Markov model and the Gilbert-

Elliott channel (GEC) model. We first describe a methodology

|. INTRODUCTION to estimate the parameters of these models directly from the bi-

In a typical mobile communication channel the transmitteBrY €rror sequence. A method recently proposed in [7] to judge
signal undergoes attenuation and distortion caused by mulfiodel accuracy is applied to identify the order of the Markov
path propagation and shadowing. The non-frequency selectf\*/\?fjel tha'F sausfactqnly approximates the channel, for several
(flat) fading channel imposes multiplicative narrow-band confading regimes. A similar study evaluates the accuracy of the
plex Gaussian noise (referred tofading process) on the trans- GEC model. The results presented here allow us to study coding
mitted signal. As a consequence, abrupt changes in the m@gﬁfor.mance on correlated fading channels using the analytical
received signal level may occur, and the autocorrelation funtgchniques developed to analyze burst channels represented as
tion of the fading process may lead to the occurrence of a bufecific FSC models [10]-[15].
of bit errors. The analytical analysis of a communication system
operating over such a correlated fading process is difficult and Il. THE CHANNEL MODEL

there are no analytical expressions for several statistics relevanjye consider a communication system that empldgsary

to system performance evaluation. FSK modulation, a time correlated flat Rician fading chan-
Finite state channel (FSC) models have been widely accepigd] and non-coherent demodulation. The complex envelope

as an effective approach to characterize the correlation structgfethe received signal at the input to the demodulator is cor-

of the fading process [1]-[11]. An FSC is described by a detefupted by a multiplicative Rician fading and by an additive

ministic or probabilistic function of a first-order Markov chain,yhite Gaussian noise with zero mean and autocorrelation func-

Where each state may be associated with a particular charmm %E{N(t + 7)N*(t)} = Nod(r). The complex envelope

quality. The strategy adopted by many re;earchers tg designe fading processf:(t) _ éz(t) + ]G*Q(t), is a complex,

FSC models for fading channels consists in representing e3glie_sense stationary, Gaussian process with real constant mean

state ofafl_rst—o_rderMarkov cha_m byanon—overl_applnglnter_v%ll, where; = /—1, and the quadrature compone@S(t)

of the received instantaneous signal to noise ratio [2]-[7]. Criteyq - (¢) are mutually independent Gaussian process with the

ria to partitioning the_S|gnaI to noise rat!o are discussed in [Zame covariance function, namédr). Although the analysis

[5], [7]. The modulation and demodulation schemes are iNCOLyrieq out here can be applied to a fading process with arbitrary

porated into the model through the crossover probability of the,\ 4riance function, we adopted the Clarke’s model [16], [17]
binary symmetric channel associated to each fading state. fp C(r):

information theoretic metric was proposed in [3] to validate the

first-order model. The limitations of this criterion and the appli- 1 N - )

cability of the first-order assumption have been discussed in [f(T) = B} B{G(t+7) —m][G*(t) = m]} = oy Jo(2nfpT),
Other model structures have also been proposed to represent the

quantized signal to noise ratio, including, higher-order Markowhere Jy (z) is the zero-order Bessel function of the first kind,

fp is the maximum Doppler frequency, aag is the variance
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\/G’f,(kT) + G2 (kT (whereT is the symbol interval) has the Equation (3) will be employed to parameterize an FSC model
Rician probability density function given by: that accurately reflects_ th_e statistical descr|p_t|or_1 of the real error
process. A brief description of FSC models is given next.

& —(m’+a®)/20 Io(@) 1) Consider{ S}, an N-state, first-order Markov chain with

o’ o2 ” a finite state spacd/y = {0,1,...,N — 1}. LetP be an

) B ) N x N transition probability matrix, whos@, j) " entry is the
wherely(z) is the zero-order modified Bessel function of th.;nsition probabilityp; ; = P(Sk = j | Sk1 = i), i,j €

first kind. When the in-phase process is zero-médi (= 0), \/ . The FSC model generates an error symbol according to
the fading envelope follows the Rayleigh probability densitye foliowing probabilistic mechanism. At thé” time interval,

pa(a) =

function: the chain makes a transition from st&tg_; = i to.S;, = j with
a —a2 probability p; ; and generates an output (error) symbgl €
pa(a) = 2 OXP (W) (2) N, (independent of), with probabilityb; ., = P(Ey = ey |

g g

Sk = j). Conditioned to the state process, the error process is
At each signaling interval of lengtfi, the demodulator forms memoryless, that isP(e,, | s,.) = [[;—, P(ex | sx). We are

the M decision variables and decides which signal was mofésuming that the distribution of the initial state is the stationary
likely to have been transmitted. We define a binary error préistribution IT = [mg, 7, ..., mx 1]

cess{E;}%,, whereE;, = 0 indicates no symbol error at The probability of an error sequence generated by the FSC
the kth interval, andE, = 1 indicates a symbol error. It canmodel, conditioned to the initial state, is:

be shown that the probability of an error sequence of length

e, = eies. . .en, may be expressed as [9]: P(en | s0) = 2}\:/ P(en | sn,s0) P(sn | s0)
SnENT
M-1 M-—1 n M-—1 n . n
Plew) =3 . 3 (H %) = Y [P pen
li=e; ln=e, \k=1 s ENZ k=1
exp{— L KplTF((Kr + 1)1+ C'F)'1} Hence
det(I+ £=(1 + K5)~'C'F) ’ Nl .
(3) Plen) = Y 1 > [[bsnentorimn: @

=* . . 50=0 snENT k=1
where C is the complex conjugate of the normalizedx

n covariance matrix ofG(t) (the (i,j)th entry of C~ is Equation (7) can be rewritten in a matrix form. Define tiVox
Jo(2nfp(i — j)T'), F is a diagonal matrix defined @& = N matrices,P(0) andP(1), whereP = P(0) + P(1). The
diag(#, . ,#), E, is the energy of the transmitted sym-(i, j)th entry of the matrixP(e), ex € {0,1}, is P(E, =
bol, Kr = m? /207 is the Rician factor] is a column vector of ey, Sk = j | Sp—1 = 1) = bj, pi,;, which is the probability
ones, and the superscr{gf’ indicates the transpose of a matrixthat the output symbol is, when the chain makes a transition
We will call this discrete fading model from the modulator infrom statei to j. Equation (7) has a matrix form given by:
put to the demodulator output the discrete channel with Clarke’s .
autocorrelation (DCCA) model. Hereafter, we consider binary R
modulation (// = 2), so the DCCA model has three parameters Plen) = 1I (g P(ek)> 1. ®
Kg, fDT, andEs/NO.

Equation (3) can be used to calculate the probability of artAn FSC model is completely specified by the matriPg8) and
error event relevant to the analysis of the DCCA fading moddR(1). We define in the next section some properties of FSC

For example, the probability the error bitis a 1 is: models and discuss the evaluation of its parameters.
_ Kngxs I1l. PARAMETERIZATION OF SPECIFICFSC MODELS
1 1+ Kg 242K p+Es 4 .
W)=c—"r—F € 0 (4) We consider two classes of FSC modeisth-order Markov

T 21 2Kp+ L ’ ) , :
BT No models and the GEC model. Following the ideas introduced

and the probability of two consecutive ones (errors) is: in [9], the parameters of each FSC model will be expressed as

functions of the probabilities of binary sequences generated by

(14 Kp)? _2% the model. Then, we apply (3) to estimate these probabilities

P(11) = Rz S e *EKRtliUNy - and to parameterize FSC models that approximates the DCCA
(2 +2Kg + f,o) - (pﬁg) correlated fading model.

(5) A Kth-order Markov Models

wherep is the correlation coefficient of two consecutive samples A discrete stochastic proce¢&, }72, is a Markov process
of the fading proces&/(t): of K'th-order if it obeys the relation:

p = Jo2nfpT). (6) Pe, |erea---en—1) = Plen | en—k - -€n-1). (9)



International Telecommunications Symposium — ITS2002, Natal, Brazil

A first-order binary Markov model is an FSC model with spacé/e define next the notation required in this subsection. Consider
state{0, 1}. An error symbol is produced when the chain tran-; any binary sequence of finite lengt{ o , ) = P(E, =
sitions to state 1. Otherwise, if the chain transition is to statg ,Sni1 = i). Let ¢ be an empty sequence, i.e, a sequence
0, a correct _symbol is produced. Therefobg,y = 1 and f length zero that possesses the propedies = o ¢ and

b1, = 1. Using (7) for error sequences of length 1 and 2, W () — 1. Lete andd be binary symbols. If is a particular
get,pi; = P(ij)/P(i), i,j € {0,1}. The stationary vector is state j* indicates the other state of the Markov chain, that is, if
IT = [P(0) P(1)]", and the matrice®(0) andP(1) for the ; _ ( thenj* = 1. The parameterization of the Gilbert-Elliott

first-order Markov model are: channel is based on the following lemma.
P(©0) o Py Lemma 1: The probability of any sequencer generated
_| PO ) _ P(0) by the Gilbert-Elliott channel satisfies the following recurrence
PO=1 rao - P = P(1) equation:
P(1) 0 0 P(1) q :
In general, thek th-order Markov model can be represented as P(oed) = c(e,0)P(o€) + d(e,0)P(0), (12)

a function of a first-order Markov chain [18]. Each state of here
the Kth-order model is represented by a binary string of Iengt\ﬁ

K. Given two states; = ujus -+ -ux andv = vjvs - - v, 5 = bie s .y
we say thatu andv overlap progressively if usus---ug = c(e,0) bie — bix e (Pii-biv 5 + Piibico)
vvg -+ - vg—1. If uw andv overlap progressively, then, there is a biv .
transition fromu to v with probability P (w1 vy vs - - - vi) /P (u). T b b (i i* bix 5 + Pivibis);  (13)
Otherwise, the state transition probability is zero. Given a state b b, ’
v = vv2 UK, by, = vk. FOr example, the matricd®(0), d(e,8) = ﬁ(pi*,i* bi« 5 + pix ibis)
P(1) and II for the second-order Markov model are: be T Uity
bi*,ebi,e
P(000) 0 0 - m(pu* bix,s + Piibi,s)- (14)
P(00) ] i,e = Yire
P(010) Proof: The probability of any sequence generated by a
P(0) = 0 0 Pon 0 GEC model satisfies the relations:
- P(100) ’
pigp 0 0 0 P(o) = Q(0,i") + Q(o,i). (15)
P(110
0 0 P((ll)) 0
P(U‘E) = Q(U,i*)bi*,e + Q(Uvi)bi,e- (16)
0 %0001)) 0 0 HenceQ(c,i) andQ (e, i*) are expressed as:
0o o o oW . —bj+ e 1
P(1) = Fon- 1 Qlo,i) = p———P(o) + ;———P(oe);  (17)
0 P(101) 0 0 i€ i* € i€ i* €
P(10)
0 0 OP(lll)
P(i1) o bie 1
IT = [P(00) P(01) P(10) P(11)]". The following equation also holds for the GEC model:
Clearly, the number of states grows exponentially withthe order  P(ged) = Q(o,i*)bs- c[pi- i+ bi 5 + Pi=.ibis)]
+  Q(o,1)bi e[pii-bi- 5 + pi,ibi,s]. (19)
B. Gilbert-Elliott Channel Substituting (17) into (18) and rearranging the terms, yields:
The GEC is a two-state FSC model composed of state 0, b b
which produces errors with small probability, ; 2 ¢, and P(oed) = {ﬁ(mm’* bi 5 + Di= ibi )
state 1, where errors occur with higher probability,, 2, bz,f b o
whereg << b. The transition probabilities of the Markov chain = 7 Paibie s + piibis) }P(0)
arepo., 20 andp; o 2 4. The matrice(0), P(1), where " b, o
P(0) + P(1) = P, for the GEC model are given by: + {b' —Hb (pi,i= bi= 5 + Piibis)
_ | =-@Q)(1-9 Q@1-D) . _ bi e b b
P(O) - |: q (1 _ g) (1 _ q) (1 _ b) ) (10) bi’6 _ bi*m (pl X3 bl ,(5 +pl ,Zbl7(5)}P(o-€)

= c¢(¢,0)P(oe) + d(e,6)P(o).

P(1) = [ (1-Q)yg ) Qb , } . (11) Equation (12) allows us to expres&, §) andd(e, §), and con-
a9 ) sequentlyp, g, ¢ e @ as functions of the probabilities of error
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sequences. Substituting = ¢ ando = € in (12) yields, re- measure to judge if a particular model approximates better the

spectively: fading channel when compared to other candidates. The criteria
commonly used to make this decision include the minimization
P(ed) = c(e,0)P(e) + d(e,6); (20)  of a distance measure between the probability of error sequences
P(eed) = c(e,0)P(ee) + d(e,d)P(e). (21) generated by the model and by the fading channel (e.g. varia-
tional, normalized divergence), the information theoretic met-
Solving this linear system, we obtain: ric[3], and the comparison of certain statistics of the models,

such as, autocorrelation function, and packet error rate [7].
Plecd) — P(eg )P(e), (22) Motivated by the results presented in [7], we compare next

P(ee) — P2(e) the autocorrelation function (ACF) of the DCCA fading model
and with the ACF of FSC models. The ACF of a binary stationary
process Ey }° , is given by:

c(e,0) =

P(ed)P(ee) — P(eed)P(e)

460 = =Pl =P

@3 Rim = E{BiBim) = P(Bi = 1, Eym=1),  (33)
The following proposition expresses the parameters of the GE@ereE{X } denotes the expected value of a random variable
model in terms ot (e, §) andd(e, §), or consequently, in terms X. A closed-form expression for the ACF of the DCCA model
of the probability of error sequences of length, at most, 3. is given by (5), where the correlation coefficigngiven by (6)
Proposition 1: If P(01) # P(0) P(1), the parameters of is replaced by(m) = Jo(2rm fpT). Then, it follows from (5)
the Gilbert-Elliott channel are uniquely determined by the fouthat for the special case of Rayleigh fadiffg z = 0):
probabilities P(0), P(00), P(000), P(111). The parameters
andg are the roots of the quadratic equation: R[m] =

[+ (1, 1) + (0, )]s 2+ £ = (plm &)

+[1=¢(1,1) = ¢(0,0) + d(1,1) = d(0,0)]x —=d(1,1) =0,  The ACF of an FSC model described by the matriP¢6) and
(24) P(1)is expressed as [13]:

1

(34)

and the parametetg andq are given by: R[m] = ¥ (P(HP™'P(1)) 1, (35)
0 = C(0,0)b—c(l,l)(l—b)+(g—b); form > 1.
g-—>b (25) The ACF over twenty values of, of the DCCA and the FSC
_ 0,009 —c(1,1)A-g)+(b—g) models are compared in Fig. 1. The parameters of the DCCA
1 b—g ' areKp = 0, E;/Ny = 15 dB, and fpT = 0.1 (a), fpT =
Proof: From (13) and (14), we have: 0.02 (b), fpT = 0.001 (c). Markov models of order up to 6
have been considered. It is observed in Fig. 1(a) that there is
c(0,0) = A-9)1-Q+(A-b)(1-q); (26) 4 significant gain in accuracy when the order of the Markov
c(1,1) = g(1-@Q)+b(1l-q) (27) model is increased fronk = 0 (memoryless) tak = 1, a
d(0,0) = —(1-¢—Q)(1—g)(1-0b); (28) little gain is obtained fo” = 2 and no further gain is observed
d(1,1) = —(1—q—Q)gb, (29) for K = 3. Also, the ACF’s of the second-order Markov and

the GEC models are very alike. The curves indicate that the

From (26) and (27), and from (28) and (29), we get, respectivelfjfst-order Markov model approximates satisfactorily the DCCA
fading channel forf T = 0.1. It is worth mentioning that we

1—-1¢(0,0) —¢(1,1) = —p, (30) could have chosen either the second-order or the GEC model to
d(0,0) approximate the DCCA model, since the ACF’s of these three
95( —)=1-b-y, 1) models can barely be distinguished in Fig. 1(a). However, we

d(1,1
1) want to obtain as simple an analytical model as possible at an ac-
wherey 29_ ¢ — Q. Combining (29) and (31) results in theceptable. complexity !evel. _This tradeoff betwe(_an accuracy and
quadratic equation: complexity makes this decision somewhat arbitrary. When the
fading rate gets slower the order of the Markov model increases,
—pb® + (4 d(0,0) — d(1,1))b+d(1,1) = 0, (32) as expected. For example, we observe (curves not shown) that
the second-order Markov is satisfactory fos7" = 0.05. How-
where the same equation holds forSo, substituting (30) into ever, we notice that the ACF of the third-order Markov model is
(32) we conclude thai andg are the roots of (24). Once we a bit closer to that of the DCCA model, but this strictness may
have determinetlandg, we use (26) and (27) to obtain (25). not compensate the doubling of the number of states. Again, the
ACF’s of the third-order and the GEC are very similar. When
fpT < 0.03, the ACF of the GEC model diverges from the
This section evaluates the accuracy in which the FSC mod@&€F of the DCCA model. This fact is illustrated in Fig. 1(b),
described in the previous section approximate the DCCA cornehere the curves of the forth and the fifth-order Markov mod-
lated fading channel. In general, it is difficult to define a uniquels approximate better the ACF of the DCCA model than that of

IV. M ODEL EVALUATION
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TABLE |
ORDER OF THEMARKOV MODEL THAT APPROXIMATES THEDCCA
RAYLEIGH FADING CHANNEL FOR SEVERAL VALUES OF fpT'.

foT
0.1
0.05
0.03
0.02
0.01
0.001

K (E./No = 15dB) | K E,/No = 25 dB)

OO DNPE
O WDNPFP

> 6

the GEC model. These values Bf can be considered as satis-
factory approximations of the DCCA model fgip T = 0.02.
These conclusions hold for greater sample separationdn

fact, the ACF’s of theK'th-order Markov and the DCCA mod-

els matches perfectly over an interval of lendgfh The curves
demonstrate that the ACF criterion is reasonably accurate at in-
dicating the order of the Markov model that approximates the
DCCA fading model. Markov models may not be practical for
very slowly fading channels since the number of states grows
exponentially withK and large data sizes are necessary to pa-
rameterize the model. Fig. 1(c) illustrates that the GEC model
with non-observable states appears to be useful for approximat--
ing very slowly varying fading, since it provides a far more com--—-
pact parameterization. Fig. 2 displays a similar comparison for
the casefl; /Ny = 25 dB, fpT = 0.02. It is observed that the
ACF of the DCCA model decreases more rapidly withwhen
compared to Fig. 1 (b), indicating a potential to reduce the order
of the Markov approximation.

In order to verify the ordeK indicated by the ACF method
using a different perspective, we calculate the variational dis-
tance between the-dimensional target measuRée ,,) given by
(3) and the measure obtained by thi¢h-order Markov model,
namely, P(¥)(e,,), which is calculated using (8). The matri-
cesP(0) andP(1) are described in Section Ill. The variational
distance is defined as:

dy (P(en) ,P(K)(en)) = Z |P(en) _P(K)(en)|-

Figure 3 reports the variational distance versus the okdéor
several values of pT', for E; /Ny = 15dB (a), Es/No = 25dB &
(b). Note that a lower distance value indicates a more accl=
rate model. We say that the order of the Markov chaikig
when the distance converge to approximately a constant value
(roughly zero) forK > K. The orders indicated by the conver-
gence of the variational distance, for the range of fading envi-
ronments investigated, are consistent with those obtained by the
ACF method. The choice of valu€, as mentioned before, is
somewhat arbitrary and Table | summarizes the order indicated
by Fig. 3. We notice that, for slow and medium rate fading, the
increase of the signal to noise ratio from 15 to 25 dB reduces the
order of the Markov modek by 1.

V. CONCLUSIONS

We have developed FSC models that characterize the errdr
sequence of a communication system operating over a fading
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Fig. 1. Comparison of the autocorrelation functions of the DCCA fading model,
the K'th-order Markov model X = 0,1,---,6), and the GEC model. The
DCCA model is Rayleigh fadingKr = 0), with E5 /No = 15 dB, andfpT
1(a),fpT =0.02 (b),fpT = 0.001 (c).
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channel. Markov models of order up to 6 have been proposed
as an approximation to the DCCA model for a broad range of
fading environments. We have used two criteria to estimate the
order of the Markov process: The autocorrelation function, and
the variational distance. Both criteria lead to a similar conclu-
sion that theK'th-order Markov model is a good approximation
to the DCCA model. This analysis reinforces the results in [7]
regarding the effectiveness of ACF criterion to estimate the or-
der of Markov models. It is observed that the first-order ap-
proximation is satisfactory for values ¢f,T around 0.1. For
fast and medium fading ratdgp7 > 0.03), the Kth-order

(for judiciously selected) is as accurate as the GEC model.
For slower fading rate§fpT < 0.02) Markov models of order
greater than 6 are required.

REFERENCES
F. Swarts and H. C. Ferreira, “Markov characterization of digital fad-

Fig. 2. Comparison of the autocorrelation functions of the DCCA fading modEI]
the Kth-order Markov model X = 0,1,---,6), and the GEC model. The

ing mobile VHF channels”|EEE Transactions on Vehicular Technology,
\ol. 43, pp. 977-985, Nov. 1994.

DCCA model is Rayleigh fadingKr = 0) with Es/No = 25 dB, fpT = 2]

0.02.

0.35 — ‘
o 01—+
03 S 0.05
< R 001 = |
§ 0.25 x \\l N 0.001 --o--
%] N
% 021 N m i
c x om0
S 015F N w -
© N\ . N o
8 “ o
S o1f - .
0.05 |-
0
0.035 — : :
l\ \Q 01 R
0.03 R 0.05 -
03 \ foT = 0.03 =%
) | . 0.02 o
S 0025} i ' 001 ——a—
g \ 0.001 --o--
0 \ o,
T 002} %% ’ .
© i .
c u .
S 0015} : . ‘o .
S 001f . . - i
N Y Sel
0.005F . T o
\\\ % . \-;\\\\
0 Né; ------- - :1;;;,,,,:_:;@;,. ,,,,,, - T
1

(b)

Fig. 3. Variational distance versus the ord€rhaving fpT" as a parameter.

Rayleigh fadinglKr = 0), Es/No = 15dB (a), Es /No = 25 dB (b).

H. Wang and N. Moayeri, “Finite-State Markov channel - A useful model
for radio communication channels/EEE Transactions on \ehicular
Technology, vol. 44, pp. 163-171, Feb 1995.

[3] H.Wang and P. Chang, “On verifyng the first-order Markovian assump-
tion for a Rayleigh fading channel model EEE Transactions on \ehic-
ular Technology, vol. 45, pp. 353-357, May 1996.

[4] M. Zorzi, R. Rao, and L. B. Milstein, “ARQ error control for fading mo-
bile radio channels,|EEE Transactions on \ehicular Technology, vol.

46, pp. 445-455, May 1997.

[5] Q. Zhang and S. Kassam, “Finite-State Markov model for Rayleigh fad-
ing channels,EEE Transactions on Communications, vol. 47, pp. 1688-
1692, Nov. 1999.

[6] F. Babich and G. Lombardi, “A Markov model for the mobile propagation
channel,”|EEE Transactions on Vehicular Technology, vol. 49, pp. 63-73,
Jan. 2000.

[7] C. Tan and N. C. Beaulieu, “On first-order Markov Modeling for the
Rayleigh Fading ChannellEEE Transactions on Communications, vol.

48, pp. 2032-2040, Dec. 2000.

[8] F.Babich, O.Kelly, and G. Lombardi “Generalized Markov Modeling for
Flat Fading,JEEE Transactions on Communications, vol. 48, pp. 547-
551, Apr. 2000.

[9] C. Pimentel and I. F. Blake, “Modeling burst channels using partitioned
Fritchman’s Markov models /EEE Transactions on Vehicular Technol-
ogy, Vol. 47, No. 3, pp.885-899, Aug. 1998.

[10] L. Wilhelmsson e L. B. Milstein, “On the effect of imperfect interleaving
for the Gilbert-Elliott channel”] EEE Transactions on Communications,

\ol. 47, pp. 681-688, May 1999.

[11] H. Turin and R. van Nobelen, “Hidden Markov Modeling of Flat Fading
Channels,1EEE Journal on Selected Areasin Communications, vol. 16,
pp. 1809-1817, Dec. 1998.

[12] M. Zorzi, “Some results on error control for burst-error channels under
delay constraints,JEEE Transactions on Vehicular Technology, Vol. 50,
pp.12-24, Jan. 2001.

[13] C. Pimentel and I. F. Blake, “Enumeration of Markov chains and burst
error statistics for finite state models|EEE Transactions on Vehicular
Technology, Vol. 48, pp. 415-428, Mar. 1999.

[14] C. Pimentel and I. F. Blake, “Concatenated coding performance for FSK
modulation on time-correlated Rician fading channel&EE Transac-
tions on Communications, vol. 46, pp. 1610-1618, Dec. 1998.

[15] G. Sharma, A. Hassan, and A. Dholakia, “Performance evaluation of
burst-error correcting codes on a Gilbert-Elliott channdlEEE Trans-
actions on Communications, vol. 46, pp. 846-849, Jul. 1998.

[16] R.H.Clarke, “A statistical theory of mobile-radio receptioBg| System
Tech. Journal, vol. 47, pp. 957-1000, 1968.

[17] M. Gans, “A power-spectral theory of propagation in the mobile radio
environment, "|EEE Transactions on Vehicular Technology, vol. 21, pp.
27-38, Feb. 1972.

[18] T.W. Anderson and L. A. Goodman, “Statistical Inference about Markov

Chains,” Annals of Mathematical Statistics, vol. 28, pp. 89-110, Mar.

1957.



