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Abstract

Variable-decoding-time/generalized block-coding schemes are investigated
for discrete memoryless channels (DMC) with perfect feedback (error free, delay
free, infinite capacity) under cost constraints. Lower bounds are found on
expected decoding time for a given message set size, average error probability,
and cost constraint. It is also shown that there exist coding strategies that
reaches these bounds in certain asymptotic sense. Consequently the reliability
function is found as a function of rate and power constraint for variable decoding
time DMC’s with perfect feedback under a cost constraint. The results in this
work generalize Burnashev’s results,[1] to the cost constrained case, however as
oppose to the unconstrained case, except few cases, concavity of the reliability
function is strict.

1 Introduction

The effect of feedback in communication has been studied from the early days of
information theory. We will start with a brief overview of those studies. The results
depend heavily on the model used and the constraints imposed on the system.

All of the results considered here are ‘block coding’ results, i.e., the channel is used
to send ‘information’ about only one message at a time, and the time intervals used



for sending successive messages are disjoint. In a fixed-length block-coding scheme
with feedback duration of the codewords will be fixed but the symbols at each time
will depend on previous channel outputs as well as the message. In ‘generalized block
coding’ the disjointness of the time interval allocated to each message is preserved,
but the duration of this interval is not necessarily constant.! In all of the following
results feedback is assumed to be perfect: infinite capacity, error free, delay free.
However it is evident in many of the cases that the assumption of infinite capacity
and instantaneous feedback is not necessary for the corresponding results.

When we look at the maximum achievable rate, i.e., or minimum expected time to
send a ‘large amount of information’ with arbitrarily small error probability, i.e.,
channel capacity, feedback does not yield an improvement. For block coding with
feedback, Shannon [12], showed that channel capacity does not increase with feedback
in stationary discrete memoryless channels (DMC). Although it is not stated explicitly
in [12], one can generalize this result to the ‘generalized block-coding’ case, using the
weak law of large numbers.

Another widely accepted quality criterion for block codes is the error exponent. The
error exponent is the rate of decrease of the logarithm of error probability with in-
creasing block length. Dobrushin [3], showed that for symmetric channels® the sphere
packing exponent is still a valid upper bound for the error exponent for block codes
with feedback. It has been long conjectured but never proved that this is true for
non-symmetric channels also. The best known upper bound for block codes with
feedback is in [5], by Haroutunian, which coincides with the sphere packing bound
for symmetric channels. However there does not exist an achievability proof for this
exponent, except in the symmetric case for rates above the critical rate. A similar
result for discrete time additive white Gaussian noise channel (AWGNC) is given by
Pinsker [8]. He showed that the sphere packing exponent is still an upper bound on
error exponent even with feedback if decoding time is constant and the total amount
of energy in each codeword is the average power constraint times the block length.

A first relaxation would be having a block code with a constraint on the expected
energy. Schalkwijk and Kailath [11], [10], considered the case where the power con-
straint is in the form of expected power.?> They showed that the error probability can
be made to decay as a two-fold exponential. Indeed Kramer [7], proved that error
probability can be made to decay n-fold exponentially. In fact no lower bound to error

'In other words the receiver decides when to make a decision about the transmitted message.

2Channels with a transition probability matrix whose columns are permutations of each other,
and whose rows are also permutation of each other.

3The expected value of the total energy that will be needed to send a message, over possible noise
realizations and over possible messages, divided by block length.



probability is known if there is no peak power limit or total energy constraint together
with the average power constraint. Under various conditions one can prove various
performance results, but without a lower bound on error probability we have no clue
about the relative performance of these compared to what is ultimately achievable.

‘Generalized block-coding schemes’ (i.e. schemes with variable decoding time), give
us the corresponding relaxation for DMC. In contrast to the case of channel capac-
ity, where Shannon’s result in [12] can be extended to the generalized block-coding
schemes, the error exponent of variable decoding time systems with feedback can not
be extended from the ones corresponding to fixed decoding time systems with feed-
back. Indeed they are strictly better in almost all non-trivial cases. Although the
error exponent for block coding schemes are not known completely, the error exponent
for generalized block codes are known. Burnashev calculates the reliability function
for generalized block-coding schemes for all values of rate in [1]. He assumed that
the feedback has infinite available capacity, but it is evident that noiseless feedback
of In|Y| nats per channel use is enough.* Indeed as shown by Sahai and Simsek in
[9] a feedback rate equal to the capacity of the forward channel is enough. The main
contribution of this work is finding the expression for the reliability function of gen-
eralized block-coding schemes with feedback under cost constraints on DMCs, which
does not have have a non-trivial zero transition probability.

For DMC’s which have a zero transition probability, zero-error capacity will be the
appropriate performance measure. Shannon showed in [12] that for a set of channels
the zero-error capacity can increase with feedback even if we are using block codes.
Also it is shown in [12] that if a DMC does not have a zero transition probability
then, even with feedback, its zero-error capacity should be zero if we are restricted
to use block codes. Burnashev, [1], extended this result to the generalized block
codes. Furthermore he showed that if the channel has one or more zero probability
transitions then zero-error capacity is equal to the channel capacity for generalized
block codes. We will show that Burnashev’s, results extends to the case with cost
constraints.

We will start with a description of channel and constraints in the second section. In
the third section we will propose a family of coding schemes for DMC’s with feedback.
In the fourth and fifth section we will investigate the performance of DMC’s under
cost constraints, and derive lower bounds on the expected decoding time. In the sixth
section we will extend the conventional definitions of the channel capacity, zero-error
channel capacity and reliability function to the generalized block codes with feedback
and derive the expression for reliability function using the bounds we obtained in
section three and five.

4|)| is the size of the channel output set.



2 Model And Notation

We start by describing the forward and feedback channel models to be considered here,
and then we continue with the depiction of possible coding and decoding algorithms.
After that we will define the cost constraints for variable decoding time systems and
explain why cost constraints of this form are appropriate. Finally we will mention
some trivial extensions of the known results to the cost constraint case.’

2.1 Channel Model

The forward channel is assumed to be a discrete memoryless channel (DMC) with in-
put alphabet {1,...,|X|} and output alphabet {1,...,|Y|}. The input and output at
time n are denoted X,,, Y, respectively, and X™, Y™ denote the n-tuples (Xi,..., X,)
and (Y3,...,Y,) respectively. In addition for each letter k € X, there is a transmission
cost pg.

The feedback channel is a noiseless DMC with an arbitrarily large alphabet, i.e.,
P([Z'|Z, =1 Vn where Z, and Z, denote the input and the output of the feedback
channel at time n, respectively. Thus we will use Z,, to describe both the feedback
symbol send by the receiver and the feedback symbol received by the transmitter.

The symbol Z, sent from the receiver at time n can depend on Y™ and is received
without error at the transmitter after X, is sent and before X, is sent. Z" denotes
AT/

Because of the memorylessness assumption,
P [Yn\ X"y, Z”fl} =P[Y,| X,]

Thus the forward DMC is defined by the |X| by |)| transition matrix { Py} where,
for each time n, P[Y, =1| X,, = k] = Py. If all of the elements of column of the
probability transition matrix is zero, corresponding output symbol is not reachable
from any input symbol, then we can safely discard that symbol, column, from the
model. Thus we will assume that there are no non-reachable output symbols from
Now on.

The existence of a zero transition probability, is a crucial factor on characterizing
the error probability of generalized block codes. Although our main focus will be
the channels which does not have zero-transition probabilities, we will mention cor-
responding results for channels with zero transition probabilities as well.

SWe will be considering discrete time systems only.
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2.2 Coding Algorithm

The transmitter is given the message 6, which is drawn from the message set M =
{1,..., M} according to a uniform probability distribution at time 0. Until transmis-
sion of that specific message is done, it is not given a new message; when it is given
a new message, it can not send any further information about the previous one.%

In general a coding scheme is an assignment of messages to the probability measures
on input letters. The probability mass function used in these assignments can only
depend on the observation of the transmitter, i.e., output of the feedback channel,
and the random variables generated at the transmitter.

When we are finding bounds on best possible performance we need to consider the set
of all possible coding algorithms, €. However when we have perfect feedback we can
consider a much restricted set of coding algorithms, €g, and argue that any coding
algorithm outside this set can be replaced by an algorithm which is in €z, without
sacrificing the performance, in any sense.

¢ is the set of coding schemes which are deterministic assignments of messages to
the input letters, at each time depending on feedback.

X, (m)=Cy(m, 2" ") vz (1)
Then the transmitted code sequence, given the message, will be
X, =C,(0, 2" vz v (2)

In order to understand why € is sufficient under the perfect feedback assumption,
note that a coding algorithm can be outside of €z but in € if and only if it has one or
more experiments that is done at the transmitter which determines the assignment
of one or more of the messages. However any experiment done at time n at the
transmitter, can be done at time n — 1 at the receiver” and its results can be sent to
the transmitter through the feedback channel via Z,,_;. Note that disregarding that
knowledge at the receiver can only degrade the performance, and will be equivalent
to the original coding scheme. Consequently for any coding algorithm outside of €
there is at least one coding algorithm in €, which has a performance at least as good
as the one outside €g.

6The only work that considers non-block algorithms with feedback was by Horstein, [6], until
recently. Anant Sahai has some new analysis for fixed delay codes.
"We might be required to do the M separate random experiments, one for each of the messages.



The knowledge of the receiver at time n can be described by the o-field F,, generated
by all the random variables observed at the receiver.

Fo=0Y",Z")=0(Z")

It is worth mentioning that because of the infinite feedback link rate assumption we
need not to include any random variable other then Z", because anything observed
at receiver can be send to the transmitter. The o-field describing the whole system,
G, will include 6 as one of its generators.®

G, =0(Z",0)

The specific element of F,, observed at time n, is denoted by f,,. The filtration formed
by the sequence of F,’s is denoted by F

2.3 Decoding Criteria

A decoding criteria is a decision rule about continuing the coding or decoding the
message depending on the receivers observation. In other words it is a Markov stop-
ping time with respect to the filtration F, together with a decoded message at each
fn that stops the coding. Consequently F can be partitioned into M + 1 disjoint sets
X1, X2, - - -y XMma1- In first M of them corresponding message will be decoded. In the
last one, 41, decoding will never occur.

The probability of error of the i message is Ple|d =i] = 1 — P [x;| 6 = i]. Conse-
quently the probability of error of the code, P, is given by

1 M
Pe:M;P[ew:i]

The expected transmission time is

At each time n, depending on the realization f, of o-field F,,, we will have an a
posteriori probability distribution p;(f,) on M. Consequently the conditional entropy

8In the most general case where feedback is not necessarily error free, F, and 6 will not be
sufficient to describe the over all probabilistic structure. In that case G,, will be the o-field generated
by all the random variables that can be observed at either at receiver or transmitter.



of the message, given F,, = f,, will be a random variable measurable in F,,, given by

the expression;
M

Hy, = H(O | Fn=1n) = — sz(fN) In p;(fn)

=1

2.4 Cost Constraints For Generalized Block Codes

In order to make use of the variable nature of the decoding time we will relax our
cost constraint from a fixed total energy constraint for every channel realization to an
expected energy constraint. We will put restrictions on the expected energy that is
used for sending one message in terms of the expected duration of the transmission.”

In order to measure the energy spent up to the decoding time, we will define a
stochastic sequence, S, which is the sum of energies of all the input symbols used
until the decoding time. Evidently we need to know what the true message is in order
to calculate the value of S, i.e. §,,, is measurable in G,, but not in F,,. Nevertheless
the constraint on S, is in terms of the expected value of S,, E|[S,|Fy], which is
measurable in the filtration F. The random variable S,,(7) be the cost for the codeword
that corresponds to the i message up to and including time n. Since at time n the
part of the codeword up to time n is known at the receiver for each message, receiver
can calculate S, (), without knowing the actual message, . Thus each S,(i) is
measurable in F,, and the expected cost at some f, € F,, can be written as

E [Sn| Fn = fn] = sz(fn)8n<l>

where p;(f,) is the a posteriori probability of the i* message defined previously.
Similarly we can calculate the expected energy of sending a message, E [S,| Fo], where
7 is the decoding time. The cost constraint, P, will restrict the set of transmission
strategies to the ones satisfying

E S, | Fo] < PE[r| Fo]

Before starting the analysis we will discuss some facts about the cost constraint. Note
that P is a meaningful constraint iff P € (pmin, Pmaz). If P > pmas then the cost

9This allows an uneven distribution of the expected energy and its time average between the
different decoding paths. Thus some of the possible decoding paths might have an average power is
larger then the average constraint we had.



constraint does not introduce any restriction on the coding algorithms or decoding
rules that can be used. Thus this case will be equivalent to the unconstrained case,
which is studied by Burnashev, [1]. If P = pyin, i.e. E[S;] < pninE[7], then only
the letters with p; = pmin can be used so this again reduces to the unconstrained
case but with a smaller set of input letters. Finally the constraint is not satisfiable if
P < Prmin-

Our constraint is an additive constraint of the form E [S;] < PE[r]. Thus following
two constraints are equivalent

E [ST] S PE [T] < E [ST - PmmT] S (P - pmm)E [T]

In other words if we subtract p,;, both from the letter costs, and constraint we
get an equivalent problem. Because of this equivalence, we henceforth assume that

3 Asymptotically Optimal Coding Algorithm

We will first focus on proposing a coding scheme for channels that does not have tran-
sitions with zero probability. After obtaining upper bounds on the error probability
of those codes, we will briefly describe a family of codes with zero error probability
for channels with zero probability transitions. Claimed optimality of the families
for corresponding cases will be apparent only after the discussion of converse (lower
bounds on expected decoding times) and channel parameters like reliability function,
ZEero error capacity.

3.1 Channels with no Zero Transition Probability

Before going into details of the algorithm we will revisit two well known problems,
and restate widely known results about them in a way that will be handy for our
treatment.

10

First problem is coding. Conventional coding theorem™ can easily be reformulated

as follows.

19Theorem 7.3.2 in [4] for example.



Lemma 1 For any DMC, for every cost constraint P > 0, and every § > 0, there
exist a €(0) > 0 such that for large enough block length ¢, one can find a code with
M > HC(P)=9) codewords, such that each code word satisfies S; < Pl and has a
probability of error P, < e,

The function C(P) is given by

Py
C(P) = max Z o Py In ————
) k=1,l=1 Z] 1 93Py

S okpr <P

The second problem we will visit is binary hypothesis testing. The transmitter will
transmit one of the two a codewords of length ¢ depending on the message, 6, it
is given; and receiver will make a guess, 0 depending on its observation,Y*. There
are only two possible messages A and R, and the error probabilities of them, are not
necessarily of equal importance. It is shown in [2], for any codeword pair (x4, x?)and
corresponding ¢;(1) = P [Y; = 1|0 = R], p;(1) = P [Y; = [| 6 = A] there exist a decoding

rule that solely depends on log-likelihood ratio, In % such that
Par=P [A = A‘ 0 = R} < e~ 2 PElla)

Pria=P [A = R‘ 0= A} < e 2i D(EIp)

(@)~

S zl s
where £(1) = Rt

2

)
J
Evidently
lim D(]lg) = D(pilla) and  lim D) =
In addition if s < 1, mig D(&%||p) > 0. Thus one can write the above result as follows
p,q;pFq

Vo > 0, Je(d) > 0 such that, for any code word pair (A;, R;) such that A; # R; Vi,
there exists a threshold decoding such that

Pypr<e” 2:(Dpillai)=9)  and Pria < o Le(®)

In our case not only the errors but also the costs of the codewords will be of different
importance. We will require that the cost of the codeword associated with A satisfy,



Lemma 2 For any DMC which does not have zero probability transitions, for any
constraint P > 0, for every § > 0 for large enough ¢ there exist two code word xA
and x%such that

Pap < e P70 gnd  Ppiy < e 0 (3)

and ), PxA < ‘P

The function D(P) is given by

L
P;
D(P) = max Z oD D= max Z Py log p—l
¥ k =1

J
S ekor <P

D(P) is the maximum of a linear function over linear constraints. The maximization
can be most easily visualized by Figure 1, which shows that D(P) is piecewise linear,
non-decreasing, and concave in its region of definition, P > 0.

pr=0  p2 P3 P4 P5 P6  P7 = Pmax

Figure 1: Calculation of D(P) as a function of the divergences Dy associated
with individual inputs k. For convenience, the inputs are ordered in terms of
cost.

Now we are ready describe the error and erasure code which will be the atomic element
in the generalized block coding. For a given (7, 3) pair and block length ¢ we will use

a block code of length n¢, rate C (gP) — 0, whose average power is less then or equal

to %P. Using the feedback-link transmitter instantly learn the temporary guess of
the receiver about the message. Then the transmitter will accept, A, or reject, R,
the temporary guess using a two-codeword binary-hypothesis testing code, of length

(1 —n)¢ of power % whose P4 r exponent is D (P%) —9.

Using above lemmas one can easily show that, for any (7, 5) pair and for any 6 > 0
for large enough block-length ¢ there exist an error and erasure code whose number

of messages, M > 6677(0(%7))_5), probability of error P, < e_f[(l_’?)(D(tﬁp)_‘s)ﬂﬁ@)]’
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probability of retransmission P, < =€) 4-e=41=m<0) and expected energy E [S] <
UP + pmace™ ™).

We will use this error and erasure code again and again until the message is decoded
without erasure. One can write the error probability, expected energy, and expected
decoding time of this generalized block code in terms of the erasure probability as
follows,

E[S/]

Consequently for any cost constraint P, and (7, 3) pair, for any ¢’ > 0, there exist an
€'(0") > 0 for large enough E [7], there exist a generalized block code such that

M > (Elrn(C(P)-¥)

P., < o El-n)(D(1=P)-0")

E [ST] <E [T] (P + pmaxe_E[T]El(él))

Note that E(z) = lim,_,+ % is an increasing function of z from [0, 00) to [E.(0), 00).
In addition it is strictly increasing possible except and interval'! of the form [0, ]
on which &.(z) = &.(0). Evidently &.(-) has an inverse if we restrict its domain to be

[20, 00), we will denote this function by &.7'(-).

Then for any (P, R) pair such that P > 0and 0 < R < C(P), for any n > n*(P,R) =

%, there exist a 3(P, R,n) < 1 such that nC (@P) > R.
< (&

C~!(+) is defined on the interval [C(0),C|. But we will extend its domain to [0, C]
by defining C™'(z) = 0, Vz € [0,C(0)). Evidently with this extended definition

B(P, R.m) = $C7 (£).

If we plug in these values in the expression we have found, and use the scheduling
technique, which will be described in appendix B we get the following result.

Theorem 1 For any DMC which does not have zero probability transition, with an
error free feedback channel of rate C (or higher) of finite delay T, VP > 0, for all

rates R < C(P), and for all n € ((‘:Z)T, 1) and ¥§ > 0, there ezist €(6) > 0 such
< (=

that for large enough E 1] there ezist a generalized block-coding scheme such that

' These facts are proved in the appendix C
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M > \B=0El p < o~(EP.EnN-0E] g S, <E[r](P+ Pmaze ETEC)) (4)

1-n

where E(P, R,n) = (1 —1)D (—P”Cl(ﬁ)

3.2 Channels with Zero Transition Probability

For a DMC with a zero transition probability, there are two input symbol, r, a and
one output letter s, such that P, = 0 and P,; = q > 0. For a hypothesis testing
problem if we choose x* = aaa...a and x® = rrr...r and if we decode A only if it
observes at least on s, on the channel output,

Pyr=0 and  Pga=(1—q) (5)
where / is the length of the codewords.

The coding algorithm will be almost identical to the one we used previously, except
two facts. First one is that the hypothesis testing in the second phase will be done
according to the above algorithm, rather then the ones described previously. Second
difference is that the duration of the second phase will approximately equal to the
logarithm of the duration of the trial. Consequently the amount of time and energy
we spend in the second phase increases only logarithmically with the block-length of
the error and erasure code.

Thus for a DMC with one or more zero probability transitions, for any ¢ > 0 for large
enough block-length ¢ there exist an error and erasure code whose number of messages,
M > = O(C(P)=9) probability of error P, = 0, probability of retransmission P, <
e~ (= 0Oe®) 4 (=) and expected energy E [S;] < P 4 paz In L.

Using this error and erasure code repetitively as described previously, one can obtain
a variable decoding time block-code. After little bit of algebraic manipulation one
can get the following theorem.

Theorem 2 For any DMC which has at least one zero probability transition and an
error free feedback channel of rate C (or higher) of finite delay T, for any P > 0
and for any 6 > 0 for large enough E [1], there exists coding algorithm with decoding
criteria such that

M > EBICP=) p —0 B[S <PE[r]+ 2pme M E[7]

12



4 Basic Lemmas

In this section we will present basic tools we will use in the proof of the converse
result. Proofs of these lemmas can be found in the appendix A.

4.1 Generalized Fano’s Inequality

Lemma 3 (Generalized Fano Inequality for variable decoding time systems)
For any coding algorithm and decoding rule such that P |1 < oo] = 1,

E[H,] < b(P.)+ P.In(M — 1) (6)

where h(x) = —zln(z) — (1 — ) In(1 — z)

The proof of this lemma only requires the forward channel to be stationary and
memoryless. Thus it can be used in the AWGNC case also.

In proving non-existence (converse) results, the Fano inequality is generally used as
a lower bound on error probability P, in terms of the conditional entropy, E [Hj,|.
Our approach will be a little bit different; we will use P, to find an upper bound on
E [H;,]. Then we will find lower bounds on the expected time to reach those expected
values.

It is important to remember that conditional expectations are indeed functions in
terms of the conditioned random variables. In other words E[X|Y] < A means
that for every value y of the random variable Y, f(y) = E[X|y] < A. Equivalently
f(Y)=E[X|Y] < A. The following lemmas about the change of entropy can best
be understood with this interpretation.

4.2 Bounds On Change of Entropy and Cost

Consider the stochastic sequence V7| which is measurable in JF,
Vi =My, +1GE (S| Fl (7)

where 7 is the value of the Lagrange multiplier for the cost constraint in the maxi-
mization of mutual information given in equation (19), in appendix A.

13



Lemma 4 Vn > 0, and VP > puin;

Let us define a stochastic sequence, W’ measurable in F,, as
Wy =InH;, + 75E [Sa] Fi (8)

where [ is the value of the Lagrange multiplier for the cost constraint in the max-
imization given in equation (19), in appendix A. Evidently W7 is a more accurate
tool to handle small values of entropy.

Lemma 5 Vn > 0, and VP > puin;
E WP -Wr,|F.] <D(P)—-15P

Finally we can establish a bound on the maximum decrease in logarithm of entropy
as follows.

Lemma 6 For anyn >0, Y, =1

P
|InHy, —InHy,,, | < maxin PZZ < maxln P’;l =F (9)

4.3 Measuring Time with Submartingales

We will use the following lemma, to obtain lower bounds on the expected value of
stopping times, in terms of the expected values of stopped stochastic sequences.

Lemma 7 Let the stochastic sequence {I';} be measurable in the filtration F and
assume that for some K and R

E[|T, —Tuutl | Fl <K Vn
El, —Ton|F <R Vn

If 7; and 74 are stopping times with respect to the filtration F such that
E[rf] < o0 & 7, < Tf
Then
RE[r; — 7;| Fo) > E [, — T+, | Fo)

14



The following corollary immediately follows from lemmas 4,5, 6 and 7.

Corallary 1 For any pair of stopping times (;,7¢), and any coding algorithm; if
7r>7 and EI[S,, -8, <PE[r; — 7]
then
E [Hfﬁ‘ B Hfff}

<C(P)E[r;-7] ad E [m Hy, —InHy, | < D(P)E[ry — 7
Proof:
Since 0 < H,, <In M, we have |V,7 — V7| <In M + vE pmax. Also since

|InH, —In H,, 1| < F we have [W — W” || <F + 7] prmax.

Thus we can use Lemmas 4, 5 together with 7. Inserting our assumption
E[S;, — S.,] < PE[r; — 7] we get the claimed results.

QED
The bounds asserted by this lemma are tight provided that we use them in ‘appro-
priate’ intervals. Indeed the proof of the converse will simply use these bounds with
an appropriate intermediate stopping time.

5 Lower Bound For The Expected decoding Time

In this section we will derive lower bounds on expected decoding time for a given
value of cost constraint, P, number of possible messages, M, and probability of error,
P,. These will later used to obtain upper bounds on channel capacity , zero-error
channel capacity and the reliability function.

Theorem 3 For any DMC channel with feedback; if a generalized block-code with
M > 2, P, >0 and P > 0, satisfies E[S,] < PE|[r] then the expected value of
decoding time will satisfy

< InM —b(P,) — P.In(M — 1)

- C(P)

Er]

Proof:

Note that Hs, = In M, and because of the generalized Fano’s inequality

E [H;,] <bh(P,) + P.In(M — 1). Applying the corollary 1, for 7, =0, 7, = 7 we get
the claimed in equality.

15



QED
Note that this bound is valid for any code on any DMC. However if we focus on the
channels which does not have a zero transition probability, it is possible to find a
tighter bound given by the following theorem.

Theorem 4 For any DMC with feedback which does not have a zero transition prob-
ability; if a generalized block code with M > 2, P, > 0, and P > 0, satifies satisfies?
E [S;] < PE|7] then the expected number of observations E 1] satisfies the inequality

E[r] > min max L& N Ve -
<p<1 -
0nz 7C (P4) (1—nD (P12)

where

1
Vi=InM (1 —P.(InM —-InP.+1)— —)

In M
F In(ln M —In P, + 1)
=—InP (1- —
Ve=—ln ( P, P, )
' 1 1 : :
The functions 2G(P?) and (D (PE) are convex in the pair (7, 5). So we have a

convex optimization problem provided that V; and V, are non-negative.

When proving converse results it is important to have constraints as weak as possible.
Accordingly we have not put a constraint on the expected energy at each decoding
point. Our constraint is on the expected amount of energy that is spent for sending
one message. Being more specific, under this constraint it is possible to have decoding
points, at which expected energy spent up until that time, is much higher then the
product of power constraint and time.

Proof:
If E[r] Fo] = oo then the theorem holds trivially; therefore we will assume
E [r] Fy] < oo, henceforth.

The main problem in the proof is to find an intermediate Markov stopping time 7
which will divide the message transmission interval into two disjoint phases such
that the duration of each can be tightly lower bounded by the corollary. Consider

12Remember our reasoning that leads to the assumption pin = 0.
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the stopping time t; = min{n|H;, < 1} in filtration F. Clearly 7y = min(7,¢;) is
also a Markov stopping time, and 0 < 7, < 7 with probability one.

For any coding algorithm define the corresponding n and ( as

E[S,]
B[S,

0=

Then using the corollary in (0,71) and (71, 7) we get
E [InH;, —InHy ]

E [H;, —H;
E[n] > Ll ] -
D (P1)

- c(Pg)

E[n]
E[7]

and E[r—m7] >

Using the fact

1E[H;, — My, ] 1 E[lnH, —InH]
U C(Pﬁ) R D(P%)

This is a lower bound on E [7], in terms of (1, 3), and P. However the pair (1, )
depends on the coding-scheme, we need to minimize the bound over (7, 3) to remove
this dependence.

1E |H;,, — H 1 E|lnH;, —InH
E[r] > min max | — [ fo ﬂfﬁ}71 [n lelgn fJ
0<p<1 8 — 1-5
s\ ce(r) o p(rE)
Finally we need to prove that E [Hfo — an} >V and E [ln Hj,, —In 'Hff} > Vs.
E [an} =E [Hftlﬂ{wn}] +E [HfTﬂ{rgtl}}
Since H;, <InM

E[H;,] <E[1fny] +E [(In M) <))
=1P[r >t +(In M)P[r < t]

Using P [7 < ;] <P [H;, > 1] and Markov in eqaulity P [H;, > 1] < E[H;, ] we get
E[H;,] <1+ In ME[H]
Using Fano’s in equality we get

E [H;, — My, | > W
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Using Lemma 6 and the definition of 71, lower bound E [ln Hle]
E[InH;, | > -F

Using Jensen’s in equality, the concavity of log(-) function, and Fano’s inequality,
we can upper bound E [InH; | as

ElnH; ] <ImE[H;]<InP,+In(lnM —InP, +1)

Consequently
E[InH;, —InH;] > W (10)

QED

6 Reliability Function and Zero-Error Capacity

In this section we will extend the conventional definitions of channel parameters to
the generalized block-codes, and use our analysis in sections 3 and 5 to obtain the
reliability function and zero-error capacity of the DMCs, with feedback.

6.1 Definitions

A code is a coding algorithm, and a decoding criteria, for a given number of messages
M, and probability of error P,. All of the macroscopic properties of the code can be
summarized by by the quadruple (M, P, E|[7], E[S;]).

Definition 1‘A sequence of generalized block codes, Q, is a ‘valid sequences’ iff
limsup,_,,, P.' =0

Definition 2 A valid sequence, Q, will called ‘zero-error sequences’ iff there exist
Vk, 3i > k such that P, = 0. We will denote the zero error valid sequences with
subscript zero, e.g. Q.

Definition 3 Qp is the set of valid sequences Q satisfying the cost constraint P, i.e.

lmsup,_.. 555 < P
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Definition 4 The Rate and error exponent of a valid sequence Q will be given by

In M’ —~In P’
Rg = liminf and Fg = liminf 1

= B[] S B

It is worth mentioning that although rate is a well defined quantity for all valid
sequences, error exponent is only defined for valid sequences which are not zero-error
sequences.

An alternative, relatively robust, definition of channel parameters can be given using
valid sequences.

Definition 5 The cost constraint channel capacity*® for generalized block codes with

feedback is given by C[P] = sup Rg
QeNp

Definition 6 The cost constraint zero error capacity is Co[P] = sup Rg,
QoENp

Definition 7 The reliability function of a channel under cost constraint is

E[P,R] = sup Fg
Q€ Np
Ro > R

6.2 Derivation of Functional Values

As a result of theorem 1 and 2 for any DMC’s we have C[P] > C(P). Fur-
thermore for DMCs with zero probability transitions we have Cy[P] > C(P) and
for DMCs which does not have a zero probability transition we have E[P,R] >
SUP,e (e (p,m),1) B (P B, ), where n*(P, R) = (gcfw

We will continue with giving upper bounds to C[P], Cy[P] and E[P, R]. First note
that as result of theorem 3 for any DMC, C[P] < C(P). Consequently C[P] = C(P)
for all channels and since Cy[P] < C[P], Co[P] = C(P) for channels with zero proba-
bility transitions. Our final task will be proving E[P, R] < sup,c(,p.r)1) E(P, R, 1)

13Cost constraint channel capacity, C[P] is defined in terms of ‘achievable performance’, it should
not be confused with, function C(P) which is merely the supremum of mutual information under
cost constraint.
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First note that as a result of lemma 6 and 3, one can not have zero error code/sequence
on DMCs which does not have zero probability transitions. Thus error exponent is
properly defined for all valid sequences for these channels. Remember that

1
Vi=InM (1 —P.(InM —InP.+1)— —)

In M
F In(ln M —1In P, 4+ 1)
VQ__lnpe(l_—lnPe— “InP, )

For any Q with Eg > 0

lim inf Vi _ Ro lim inf Va _ Eo

= B[] = B[]

In addition since both C(-) and D(-) are continuous and increasing function for any
Q € 9Qp we have

lim sup C éE [87]41 =C (QP) lim sup D ﬂE [STF =D (ﬂp)
i—o00 n E[r]" n i—00 IL—=n Er] 1 —n

Thus as a result of theorem 4 any Q € Qp with Fg > 0 will satisfy

0<n<11I,10f§5§1 s nC (i%) , (1- U)DQ(P%>

Evidently this is a joint constraint on possible (Rg, Eg) pairs. We will try to obtain
a constraint on Fg in terms of Rg from it. For an (Rg, Eg) pair to be achievable
there must exist an (7, 3) pair such that,

Ro <nC <Pg) and Fg < (1—-n)D (P%)

We can find a lower bounds on the 7 values for a given Rg

Ro <nC (7:@) <nC (2)
n n

4Tndeed we must have a sequence of (1, 3) pairs, and state the equations in terms of the limits,
but it is conceivable that result will be exactly same as the result of our treatment here.

20



Thus

<3;»50(2)<3 (11)

Noting that &.(-) is a increasing function on [0, 00) and strictly increasing function
15
on™ [Py, 00).

<& <R£Q) =n2>n"(Rg,P) =

-
e (%)
For any given (P, Rg) pair such that Rg < C(P) and n < n*(P,Rg) only the
values of > §*(P,Rg,n) = #C™* <%>, will satisfy Rg < nC <73§> Considering

Eo < (1—-n)D (Pi_%g) we get

Gk

oo (2)
L—mn

Eo < sup (1-n)D

ne A

(gc‘l(f%) )
Above relation holds trivially for valid sequences with a zero error exponent. Thus for
any sequence of rate Rg > R, which satisfy the power constraint P, Eg < E(P, R).

Consequently the reliability function of the channel satisfies E[P,R] < E(P,R).
Together with the lower bound we previously derive on E[P, R|

(12)

E(P,R) = sup E(P,R,n)

“(=tey)

where

P-nC (%) P
E(P,R,n)=(1—-nD - Vn € <8CT(ER>,1)

It is worth mentioning at this point that if we had imposed a cost constraint on
every single member of the sequence Q, rather then the limit, we would have a
discontinuity on E[P, R] for some channels, at P = 0. Reason is that we can not
use any symbol of non-zero cost ever, if we impose zero-cost constraint in individual

5P, — inf
0= A8 . PI2ea)
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codes. However there is no problem of this sort for cost constraints P greater then
zero, both definitions yields to the same result.

Also it should be noted that on some boundary values directly putting in the values
or P and R might not be possible, i.e., might give us undefined values, like the case
of P > 0 and R = 0. But all of such cases can be solved by thinking of them as the
limit of other cases that one can calculate the exponent with the given expression.

6.3 Concavity of E(P, R)

We will prove that the E(P, P,n) is concave function,i.e., it has convex domain and
linear interpolation of values of the function between any two points in the domain
under estimates the function. Then this will immediately give us the concavity of
E[P,R] = E(P, R) as the supremum of E(P, P,n) over its domain.

Note that
s R<C(P)
776( Z’p ) .
Ec™ (ﬁ R<HC<;>

Lets assume that (Py, Ry, m1) and (Po, Ra,12) is in the domain, then, we will prove
that for any « € [0, 1], (Pa, Ra,7a) is also in the domain, where

Po=0aP1+ (1 —a)P, Ry =aR + (1 —a)R, Na = an + (1 —a)n,

1.
0<m<l1
0<m<1 =0<n, <1
2. )
R, < C(Py
Ry < C(Py) = R, < aC(Py) + (1 — a)C(P2)

Because of the concavity of the C(-)

C(P)+ (1 —a)C(P2) < C(aP1 + (1 —a)Py) = Ry < C(P,)
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Ry < n2C % m 72

( o(n) ()

<04771 P (1 - 04)772 732)
Na T N T2

—C (oﬂ?l +(1-— a)PQ)

Na
—n.C (&)
Na

Thus any linear combination of the points in the domain will also be point in the
domain, i.e., domain of the function E(P, R,n) is convex. We will continue with
proving

Ry <mC (2
L m% :>Ra<an1C(&)+(1—a)C(&)

E(Py,Ri,m) + (1 — a)E(P2, R2,m2) < E(Pa, Rasa)

E(Py, Ry,m) + (1 — a) E(Pa, Ra, m2)

SO el ), NN il
R
I e 1(511)15_&)7]20 ()

< [T _(n“)

P ()

= E(Pa, Ra,na)
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Consequently E(P, R,n) is jointly concave in all of its arguments, consequently
E(P, R) which is just the supremum of it is also a convex function. A typical re-
liability function curve, for a given P would be

CP) ¢ R

Figure 2: A typical E(P, R) curve for fixed P

7 Conclusion

We have considered generalized block codes on a DMC with perfect feedback. The
conventional additive cost constraint is relaxed in a certain sense, to be compatible
with the variable nature of decoding time. Instead of imposing a constraint on ex-
pected energy for all decoding instances as in the case of fixed decoding time block
codes, we only impose a constraint on the expected energy of one message transmis-
sion, in terms of expected decoding time. i.e.,

E[S.] < PE[7]

where E [S,] is the expected value of the energy spent in one trial.!® This approach
will allow an uneven average power distribution on different decoding points.

For a DMC that has non-trivial zero transition probabilities, Burnashev, [1] showed
that zero error capacity, with generalized block coding, is equal to the channel capacity
without feedback, C. We extended this result to the cost constraint case as follows.
VP > 0 under the cost constraint E[S;] < PE|[r], zero-error capacity, Co[P] for
generalized block codes is equal to C(P).

16With the assumption p,,;, = 0, validity of which has already been discussed.
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For a DMC that does not have any zero transition probabilities, Burnashev,[1], showed
that the reliability function is just a straight line, of the form

E[R] =D (1 - g)

for the case without cost constraint.

We have generalized his results to the cost constrained case. The reliability function
of generalized block coding schemes, VP > 0 under cost constraint, E[S;] < PE[7]
on a DMC with perfect feedback is a concave function of (R, P) pair given by;

E[P,R] = sup (1-n)D P ?(i; <?>
(=)

Also it is shown that a two phase coding scheme very similar to the one proposed by
Yamamoto and Itoh, [15], is asymptotically optimal in both of the cases.

(13)

A Proof of Lemmas in 4

A.1 Proof of Lemma 3

Proof:
Decoding time 7 is Markov stopping time in the filtration F. The conditional
entropy of the messages given the observation F, = f, is

Hy, = Hylir=n)
n=0

where I,y is the indicator function for the event g. Since Hj, is a bounded random
variable and P [7 < oo] = 1, E [H;,| can be written as
N
E[H;] = lim S B |7 =nPlr=n] (14)

N—oo
n=0

One can use the conventional Fano inequality to get

Hy, < b(Pe(fn)) + Pe(fn) In(M —1) (15)
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where P, (f,) is the probability of error of any detector we can use at the point

Fn = fn.

We can write probability of error as

P. = E [Pe(fu)lgz,—,)] ZPfT Fr = 1]

Using equations (14), (15), (16), together with the concavity of the binary entropy
function, h(z) = —xlnz — (1 — ) In(1 — z) we get equation (6).

QED

A.2 Proof of Lemma 4
Proof:
E V7| = EHO|F, = fa) + 758l Ful

E [V, |F] =E [H(H\]—“n = fus Yopr = lo) +75(Su + )
BV~ Vil ] = 10 Yara | Fu = ) = 128 s, | 7]

%

Xn+1
Because of Markov relation 6 « X,,,1 < Y, 1 and data processing inequality we

have

Xn+1

= L%(P,¢,78) — &P

2

Using the fact fact max, LE(P, ¢,1%) = C(P) we get

E[Vn - Vn+1|~7:n = fn] < C(P) - '770373

QED
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A.3 Proof of Lemma 5

Proof:
Let us introduce the short hand

90(]{;|Z> =P [Xn+1 = k’ Fn=fn,0 = Z] 90(]{7> =P [XnJrl = k| Fn= ](n]

Y(lli) =P Yo = | Fo = fu, 0 = i] Y1) =P Yoy =U| Fn = fal
Then .

— > p(i) Inp(i)
E |InH;, —InH;, | Fn=fn| = (1) In
I, =P | 70 = 0o = 2 0O i i

Using log-sum inequality

E[lnH;, — InH,, | Fn = Z Z_p lolgo;z; p)( )ZW) OLY (Z:fl

Using the fact p(i|l) = & (il);fl()”") , in the above expression we get

—p(i) Inp(i) L[ 20 n1/p()
2 v iy — 2 V! (Wﬁﬂn - )

=S ) + 1 ( it 1“1/p )
l z)wll
PO S vl ) p(i) 3Vl ;

<> S() n1/p(i)

ol ( l )

02 (16} 9(013) 1n 20

b(1) W1/p(i)

Zw ll ( ( | ) )g()lll)
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We will prove that the last two terms are in deed less then zero.

9() $(l7) 1 1/p(0 i)
2 w1 ( m<mmwa> -2 vlidln 5

p(0) (1)

Where we used the fact log (% log(1 + a:)) is a convex function and Kullback Leibler
divergence is always non-negative in the last step

- Y(l) In1/p(i) 1]7)
Y(l]i) In ( > (17
; (1) In (%lmz) Z )
1n( L+ SEH)
i)

ln(1+1 f()

= 3wl
<0

Where we used the fact log (log(l + %)) is a convex function and Kullback Leibler
divergence is always non-negative in the last step

Consequently we have

= T <P S v S+ 0 p0) 3w S

l (1) : w(1l7)

IN

Note that because of convexity of Kullback Leibler Divergence and definition of D;
we have

p@)DE D ([8) + (1= p() D@ (D)o (| Zso

Thus
E [hl H;, —InH;, | fn} < Z ¢(k)Dy,

k
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Noting that W” = In'H;, + 7EE[S,| F)

K
E W) — Wl | Fo=fa] < o(k)(Dr — 1)
k=1

- ‘CD(Pa 2 7;)

where we have used the fact max, LP (P, p,~77) = D(P) in the last step.

A.4 Proof of Lemma 6

Proof:

Evidently

PPl Gl 1o (14 Lp0 L)

I£ $(I[7) > w(1]i) then

o) _ w0 Wlpl) ()
D) = D0 1y (1 + AL 2B) = B0

p(@)  ¢()

If 1(1[7) < ¥(I]i) then

v _ v In1/p(i)

D) = DI 1 (14 g 20

—"

Z
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Consequently

Thus if Y, ,; = I
Py

|InH;, —InH;,,,| < rrﬁxln )
’ [

QED

A.5 Proof of Lemma 7

Proof:
Consider the following stochastic process

=T+ Rn—[Cynr + R(n A1)
= [Fn -+ R(n — Ti)]ﬂ{nﬁn}
Note that

Cnr1 =& =[lnt1 —Tn +Rn+1- Ti)](ﬂ{nﬁn} + ]I{Ti:n+1}> — [ =T+ R(n — Ti)]]l{nﬁn}
= [Fn-‘rl - Fn + Rn]]l{ﬂgn} + [Fn—‘rl - F‘ri + R(n +1-— Ti)]ﬂ{n:n+1}

Thus E [|€, — &uta]| Fn) < K+ |R| and E 6, — &,41] F] < 0 Since E [7¢] < oo the
conditions of theorem 2 in [13] p459, will hold for &, and 7. Thus

EI:&-O_é-Tf‘FO} SO
Using the fact P [r; > 7;] =1 and 7; > 0 we can extend this result for 7; and 7
E (Rt +T.,) — (Rrp+T,)| Fo] <0

E I, — T | %] < RE[r; — 7| Fo]

QED
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B What is actually needed

Throughout all of the calculations it was assumed that an instantaneous, infinite
and error-free feedback is available. It is evident that the converse result (lower
bound on expected decoding time) will still hold for any feedback which is deprived
of any of these qualities. A first look at the system would suggest that, knowing
the channel output exactly instantaneously should be enough for achieving the best
possible reliability function. In other words an error-free, finite delay feedback path
with a channel capacity of In|)| should be enough. Instead of proving this result we
will prove a stronger result.!”

Let us assume the feedback channel is not perfect, in the sense that it is error free but
it has only a finite capacity, which is equal to the capacity of the forward channel'®
C. Furthermore assume that the feedback channel has a constant delay, T. Under
this assumptions the decisions of the receiver will not be revealed to the transmitter
instantly. Accordingly we will end the phases when these decisions are revealed to the
transmitter rather than the instances they are made. We will call the interval, between
the transmission of the first symbol of a trial and the decoding of the temporary
estimate of the decoder by transmitter as the first phase. The rest of the time until
the instance that the transmitter learns the decision of decoder about permanent
decoding or retransmission will be called second phase.

Sending back the estimate will take an appreciable amount of time, thus we want to
start sending back the estimate as soon as possible. Accordingly we will send the
message in parts, so that receiver can decode the parts and send them back while
receiving the new parts.

Let M = N2, We can use the coding theorem to argue that, for every P > 0 and
every d > 0, there exists a €(d) > 0 such that for large enough ¢, one can find block
codes such that

N, > CP-0)  qnd P, < e

We can use the same code NN, times to send the over all message, while sending
back the estimate about its parts as they are decoded. Then one can argue that the
duration of the first phase ¢; will be

ty = (N, + 1), +T

17This result is also a simple consequence of the work of Simsek and Sahahi, [9].
8Note that C > C(P).
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After little bit of algebra these expressions can be put in to the following form. For
any P > 0 and 6 > 0 there exists €(§) > 0 such that for large enough ¢; a coding
algorithm and a scheduling scheme can be found such that

M > CP)=)  and P, < e

Similarly one can write the duration of the second phase in terms of delay, T and the
block-length of the hypothesis testing code ¢, as

In2
ggzgh—l—ﬁ—f—T

After obtaining this expression it is evident that we can do exactly the same calcu-
lations we have done before to reach the achievability result we get even under finite
delay, and limited feedback capacity.

This result shows the sufficiency of a noiseless feedback capacity C. We have no
result saying that feedback channels with smaller capacity will not be able to reach
the same exponent. Before starting the second phase the transmitter needs to know
estimate at the receiver, and this requirement will introduce extra delay unless the

feedback link has a rate equal to the rate of the first phase, C (%573) This rate will
be different for different R’s.

C Properties of C(P) and D(P)

The functions C(P) and D(P) are defined as

C(P) = max Ip(p) & D(P)= max Z oDy,
K ¥ . ' k
Yo PP <P Yo PP <SP
where
< P L P.
Iy (p) = Z ¢ P In % & D;= maxz Py log i
k=1 ,1=1 > o1 ibi i = Pj

We can write the cost constraints as minimizations, as max-min problems as follows.
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C(P) = max min LE(P, »,7,) & D(P) = max min L°(P, p,7,)

¢ 720 ¢ 1p=20

where

LOP, 0, 7) =T () H16(P=> _pipr) & LP(Po. ) =Y psDet7n(P—>_ rpr)
k k k

It is known'? that £ has a saddle point if ¢ has a compact set constraint, and there
exists a ¢? with a corresponding R such that {y|£(¢° ) < R} is a non-empty
compact set. Indeed this condition is just the existence of a probability mass function
that satisfies the cost constraint. Provided that we do not have an impossible cost
constraint P, i.e., provided that P > pn, this condition is satisfied. Thus we can
write the max-min as a min-max

C(P) = min max £(P, p,7,) & D(P) = min max L2(P, o, 7,)

c20 ¢ P20 ¢

Thus
C(P) =max LO(P,¢,75) & D(P)=maxLP(P,¢,170) (18)
® ®

where
P

& = arg min maXEC(P,cp?’yC) & AP =argminmax LP(P, ¢, 7,) (19)
© ¥

Since L(P, ¢,~) is linear in P for any given v, C(P) and D(P) will also be concave
in P. Thus for all values of P that results in a C(P) < C; C(P) will be strictly
increasing function. Similarly all values of P that results in a D(P) < D; D(P) will
be strictly increasing function.

Lemma 8 For any DMC with associated cost on input letters;

e C(P) and D(P) are concave, nondecreasing, and non-negative. Furthermore
C(P) and D(P) are strictly increasing for values below C and D respectively.

e D(P) is also piecewise linear and positive.

9Bertsekas [14] Saddle Point Theorem, Proposition 2.6.9 (case 2), pp151.
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o) and Bp) @€ CONVEL, NON-INCTeasing, positive. They are strictly decreasing
1

and strictly concave for values above & and % respectively.

o &4(P) = % 18 strictly increasing, non-negative, everywhere.
o E(P) = % is strictly increasing on the interval [Py, o0), and constant on
0,Po], where Py = inf =

Ec(x)>Ec(0)

Proof:

Note that first three assertions have already been proved, except D(P) being
piecewise linear which is obvious. For the last two we need to consider a specific
class of functions. Namely non-negative, non-decreasing, concave function f(x) of z.
For any such function f(x), because of the concavity Vg, 3 d,, such that

f(@) < flao) + doy(z —20)  Vz
Applying the identity for x = 0 we can find a bound on d,, as follows

PPN (CORYI()
Zo
Let z1 > xg
fx1) _ f(xo) + duy (21 — 20)
T - I
f(zo) + %;“”(zvl — Zo)
< )
_ ) gyt
i oI

Consequently ﬁ is a non-decreasing function.

It is strictly-increasing everywhere if f(0) > 0. Since D(0) > 0, £4(P) is a strictly
increasing function.

In addition ﬁ is strictly increasing on any point z, such that d, < w. Thus
E:(P) is strictly increasing if C(+) is strictly concave at P = 0 or C(0) > 0. If
C(0) = 0 and if C(-) in not strictly concave at P = 0, C(P) will be linear on an on

interval [0, Py], where Py =  inf P,
Ec(P)>Ec(0)

Although C(P) is strictly concave in most of the examples, there are channels such
that C(-) is linear at least for an interval of the form [0, Py].

QED
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