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Abstract—We derive a lower bound to the error exponent of
the Gilbert-Elliott channel by means of mismatched decoding.
The corresponding achievable rate, the generalized mutual infor-
mation, is shown to coincide with the lower bound of Mushkin
and Bar-David.

I. INTRODUCTION

The Gilbert-Elliott channel [1], [2] is an elementary binary-
input binary-output finite-state channel (FSC) described by
the two-state Markov chain in Fig. 1. When the channel
is in the ‘good’ state, transmission occurs over a ‘good’
binary-symmetric channel (BSC) with crossover probability J,.
Similarly, when the channel is in the ‘bad’ state, transmission
occurs over a ‘bad” BSC with crossover probability dy,. In other
words, the channel transition law W (y|z, s) is determined by
the BSC corresponding to the state. Reference [3] defined
the channel memory as 4 =2 1 — g — b. For p > 0, the
channel has a persistent memory, whereas for y < 0 it has
an oscillatory memory. When p = 0 the channel is said to
be memoryless, i.e. the current state is independent of all
previous states. The Gilbert-Elliott channel is known to be
indecomposable, i.e., the effect of the initial state dies away
with time [4, Sec. 4.6]. We denote the stochastic Markov
s |Pee pep| _ |L=b b | 4
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denote by [rc, ] = [ 45, ;%] the stationary distribution of
the Markov chain that defines the channel (see Fig. 1).

We define the channel input and output sequences x™, y™ €
{0,1}", where n is the length of the sequences. We consider
reliable transmission of M messages over the Gilbert-Elliott
channel described above. Each message is assigned a codeword
from a codebook C = {z7,...,2%,}. The rate of the code is
defined as R = % log M. The channel capacity of the Gilbert-
Elliott channel has been studied in a number of works but
no single-letter closed-form expression has yet been found.
Reference [3] derived upper and lower bounds to the capacity,
which was numerically evaluated in [5]. Since the underlying
channels are BSCs, the capacity is attained by an equiprobable
input distribution Q(0) = Q(1) = 1.

In this paper, we develop a mismatched decoding (see
e.g. [6] and references therein) approach to coding over the
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Fig. 1. Gilbert-Elliott channel model.

Gilbert-Elliott channel. Specifically, we derive a lower bound
to the error exponent by means of mismatched decoding,
employing a memoryless decoding metric corresponding to a
single BSC. We show that the corresponding achievable rate,
the generalized mutual information (GMI) [7], coincides with
the bound derived by Mushkin and Bar-David [3].

II. MISMATCHED DECODING

Mismatched decoding arises in situations where the decoder
does not employ a maximum-likelihood decoder, but instead
uses a maximum-metric decoder with a sub-optimal decoding
metric ¢"(z™,y™) [6]. This occurs in a number of cases
of relevance such as channel uncertainty, reduced-complexity
decoding, bit-interleaved coded modulation, and zero-error
communication [6]. In addition, mismatched decoding is em-
ployed to derive achievable information rates in situations
where the channel capacity does not admit simple expressions.
In these instances, a decoding metric that somehow simplifies
the derivation is chosen. In this paper, although the channel
has memory, we will assume a decoding metric that ignores
this memory, i.e.,

¢"(@",y") = [ [ a(wi ). )
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Specifically, we will assume that g(z,y) is the channel transi-
tion probability of a single BSC with a crossover probability
that depends on the Gilbert-Elliott channel parameters.
Following the footsteps of Gallager [4, Sec. 5.9], it can be
shown that there exists a code of rate ? and length n such that
the error probability for a given message m, given the initial
state sg, can be bounded by
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for any € > 0, and sufficiently large n, where
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where E[-] denotes the expectation over the joint distribution
given the initial state P(z",y"|so). The Ey function will be
denoted by Ey ., (p,7) by leaving the dependencies on input
distribution and initial state implicit. This exponent naturally
leads to the following generalized mutual information rate
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III. GILBERT-ELLIOTT ERROR EXPONENT
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Let s™ be a binary state sequence of length n and let ng be
the number of good states in s™. Define the set of all sequences
with ng good states as 7, ; this is the binary type class of
type <. Also, let E§(p,7) and Ef(p,7) be the mismatched
Ey functions corresponding to the good and bad BSCs with
decoding crossover probabilities ¢4, and define AEy(p, ) =
Ep(p,7)—E§(p, 7). By spelling out the expectation in (5) and
marginalizing over state sequences s”, we have that

DUPET) 3 Pyl (S Qe

qm(z™, y"
(7N
= - AT\ P
SOOLLE) | DOERTRIES ety
i1 (i, yi)
3
— Z Z P(s )6*"GE§(P;T)e*(n*nc)Eg(P,T) )
ng= Os"ET,{'G
= *"Eo(ﬂ T) Z Z nGAEo(PT) (10)

ng=0sm" GT"

where (8) holds since we assume a product input distribution, a
memoryless decoding metric, and the fact that P(z", y™|s"™) =
[T, P(xi,yi|s:), and (9) follows from re-writing as a func-
tion of ng. We rewrite (10) as the expectation over the random

variable Ng with Pr{Ng = ng} = > .ncn P(5") as
nG

1
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In order to calculate the error exponent of the Gilbert-
Elliott channel we need to find lim,,_,o Eo,(p, 7). To this
end, define the Markov composition of a given sequence s”
as A(sm) & |66 neB

, where n; stands for the number
"BG TNBB

of transitions from state j to state k, j,k € {G,B}. By
ny 2 [fGG feB
fee BB
fik = njx/n; with n; representing the number of state j in
sequence s™. Similarly we define the empirical distribution
as F(s") £ [fa, fg] where f; = n;j/n, and by construction
F(s™) is the stationary distribution for ®(s™).
The probability of a given sequence s™ with Markov com-
position A(s™) can be expressed as [8]

normalizing this matrix we get ®(s where
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where (14) follows directly from the previous definition; (17)
holds since D(®|L'|F) is the conditional relative entropy
between the rows of ® and those of I, that is
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Since nj =Y, njx = Y, Nkj, symmetry property ngp =
npg holds. Thus, the Markov type of a length-n sequence is
determined if ng and ngg are known. Thus,
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where A7, is the set of sequences with Markov type

described by ng and ngg. Davisson et al. [8] showed that
for a two-state Markov transition,
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where the notation a,, = b,, means that lim,, o 1 log $= = 0.
Substituting this into (20), we get

ng
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where we denote D*(®||T|F) £ ming, e, 7] D(®||T|F).

Lemma 1. The minimum relative entropy in (24) is given by
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where 3 = \/b2g% + dbgufc fp.

Observe that D*(®||T'|F) is a function of fs and the
channel parameters. The divergence becomes zero if and only
if & =T'. In other words, the empirical distribution is exactly
equal to the stationary distribution, namely

in D*(®||T'|F) = D*(®||T"|F =0. 27
[ (@ITF) (@ITIE) ;. (27)
To see this, we differentiate w.r.t. fg, which gives
OD*(®||T'|F 1-— x
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for pu # 0. We find that fg = mg and we write f&, =1-0,
which by substituting back to (25), we get D*(¢||T'|F) = 0,
which is achieved uniquely at fo = 7g.

Applying the LogSumExp(LSE) inequality max;a; <
log > | exp(a;) < log n+max; a; and substituting (24) into
(11), 67we obtain
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where the last equation holds by interchanging the maxi-
mum and limit as a result of the function inside the square
bracket of (29) being uniformly continuous, and we denote
A2 1lim, e =G,

It can be shown that the function AAEy(p,7) —
D (@HF\F)MG:/\ is concave in A. Thus, the maximum value
can be found by equating the partial derivative to zero. which
leads to the optimizing \*
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with o = (1 — g)2 4 2(bg — p)eAFo(P:7) 4 (1 — b)2e2AFolp.T),
By construction A\* is independent of the blocklength, and
substituting A\* into (30) gives rise to the following theorem.

Theorem 1. The mismatched Gilbert-Elliott F., function is
equal to

Foo(p,m) = X Eg(p, 7)+(1=N")Eg (p, 7)+ D" (@[T F)| po=-
(32)
with X* given in (31).
For memoryless channels with i = 0, i.e., the current state
is independent of all previous states, we have
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Together with (25), Theorem 1 can be written in the form
F(p,7) = Ef(p,7) —log (b + ge2Poem) . (34)

Observe that applying Jensen’s inequality to (11) yields

Eonlp,7) < Eg(p,T) — IE[NG]AEO(p7 7).
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Since the definition of stationarity implies
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this gives the simple upper bound
Foo(p.7) < 7B (p,7) + 1 EG (p,7). (3)

IV. GENERALIZED MUTUAL INFORMATION

In this section, we study the GMI of the Gilbert-Elliott
channel. We write the GMI as

Tgmi = sup Lgmi(7). (38)

7>0

We rewrite (6) using the assumption of memoryless decoding
metric as stated in (1)
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where (40) follows by marginalizing over the state sequence s™
and (41) uses the fact that the state sequence is independent of
the input sequence. Using the distributive law of multiplication
and the fact that the term inside the logarithm only selects
the corresponding joint probability while the rest will sum



up to one, we can express the GMI in terms of conditional
expectation as
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which is a general expression for FSCs with state transition
being independent of the input sequence under any memoryless
decoding metric. For the Gilbert-Elliott channel using the same
argument as before, we can write

Igmi(T)
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which using (36) yields
Igmi = sup gl i (7) + ’ﬂ'BIgml( 7), (46)

720
the weighted sum of the GMIs per channel, weighted by the
stationary distribution.
Given that the memoryless decoding metric ¢(z,y) can
be chosen arbitrarily, we select it as a BSC with crossover
probability é, with 0 < 6, < 0.5. In this case, we have that

Ig

2
=log ———————+(1—-6;) log(1-4,)" I T
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and Igml( 7) has a similar form with J, replaced by J;,. It was

shown in [6, Sec. 2] that for a given ¢(x,y), the GMI is a
concave maximization problem (38).

For the optimal 7, the I,,; can be shown to be concave in
d4. Then we can determine the optimal value of 7 and J, that
maximize the GMI by setting the partial derivatives to zero,
yielding 7 = 1 and 6, = 7gds + TBOb,.

Theorem 2. The GMI of the Gilbert-Elliott channel using a
mismatched BSC with crossover probability g = 70+ B0y
for decoding is

=log2 — hg(ﬂ'@(sg + WB(Sb) (48)

Igmi

where ha(p) = —plog p— (1—p) log(1—p) denotes the binary
entropy function. Equality in (48) is attained if and only if
w =20, i.e., in the memoryless case.

We illustrate Theorems 1 and 2 by means of an example
for a persistent Gilbert-Elliott channel with parameters b =
0.1, g = 0.4, §; = 0.05 and 6, = 0.2. The Fi, function
given in (32) and the Jensen’s inequality upper bound in (37)
are depicted in Fig. 2 together with those for the good and

04 — B(p)
--- Eé’(p7 7) (mismatch)
— E§(p)

034 -—-- Eg(p, T) (mismatch)

Fo (p, T), upper bound
Foo(p, T) exact

0.2

Feo(p, )

0.1

Fig. 2. Function F for a persistent Gilbert-Elliott channel with parameters
b=0.1, g =0.4, dg = 0.05 and ¢, = 0.2.

The capacity lower bound (48) coincides with the lower
bound Mushkin and Bar-David [3, eq. (2.31)].
bad states using a mismatched BSC with crossover probability
0q = Tglg + TIy. The parameter T has been optimized in
all curves. We use (48) to compute

0.4
Iomi =log2 —ho| ————— x 0.05+ —— x 0.2
gmi = 108 2(0.4+0.1>< 001" )
(49)
= 0.414 nat/channel use (50)

which coincides with the gradient of Fi.(p,7) at p = 0. As
we observe, the upper bound is very close to F,, for small
values of p.

REFERENCES
[1] E. N. Gilbert, “Capacity of a burst-noise channel,” The Bell System
Technical Journal, vol. 39, no. 5, pp. 1253-1265, 1960.
E. O. Elliott, “Estimates of error rates for codes on burst-noise channels,”
The Bell System Technical Journal, vol. 42, no. 5, pp. 1977-1997, 1963.
M. Mushkin and I. Bar-David, “Capacity and coding for the gilbert-elliott
channels,” IEEE Trans. Inf. Theory, vol. 35, no. 6, pp. 1277-1290, 1989.
R. Gallager, Information Theory and Reliable Communication. USA:
John Wiley & Sons, Inc., 1968.
M. Rezaeian, “Computation of capacity for gilbert-elliott channels, using a
statistical method,” in 2005 Australian Communications Theory Workshop,
2005, pp. 56-61.
J. Scarlett, A. Guillén i Fabregas, A. Somekh-Baruch, and A. Martinez,
“Information-theoretic foundations of mismatched decoding,” Found.
Trends Commun. Inf. Theory, vol. 17, no. 2-3, pp. 149-401, 2020.
[Online]. Available: https://doi.org/10.1561/0100000101
G. Kaplan and S. Shamai, “Information rates and error exponents of
compound channels with application to antipodal signaling in a fading en-
vironment,” AEU. Archiv fiir Elektronik und Ubertragungstechnik, vol. 47,
no. 4, pp. 228-239, 1993.
L. Davisson, G. Longo, and A. Sgarro, “The error exponent for the
noiseless encoding of finite ergodic Markov sources,” IEEE Trans. Inf.
Theory, vol. 27, no. 4, pp. 431-438, 1981.

[2]
[3]
(4]
(3]

(6]

(71

(8]



