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Abstract

The finite state Markov channel (FSMC), where the channel transition probability is controlled by a state
undergoing a Markov process, is a useful model for the mobile wireless communication channel. In this paper,
we investigate the security issue in the mobile wireless communication systems by considering the FSMC with an
eavesdropper, which we call the finite state Markov wiretap channel (FSM-WC). We assume that the state is perfectly
known by the legitimate receiver and the eavesdropper, and through a noiseless feedback channel, the legitimate
receiver sends his received channel output and the state back to the transmitter after some time delay. Inner and
outer bounds on the capacity-equivocation regions of the FSM-WC with delayed state feedback and with or without
delayed channel output feedback are provided in this paper, and we show that these bounds meet if the eavesdropper’s
received symbol is a degraded version of the legitimate receiver’s. The above results are further explained via degraded

Gaussian and Gaussian fading examples.

Index Terms

Capacity-equivocation region, delayed feedback, finite-state Markov channel, secrecy capacity, wiretap channel.

I. INTRODUCTION
A. The finite state Markov channel

The finite state Markov channel (FSMC) is a discrete channel, and its transition probability depends on a channel
state which takes values in a finite set and undergoes a Markov process. Wang et al. [Il] and Zhang et al. [2]] first
found that the FSMC is a useful model for characterizing the time-varying fading channels, and the capacity of the
FSMC was studied by [3]. Here note that the capacity provided in [3]] is a multi-letter characterization, and it is
difficult to calculate. A single-letter characterization of the capacity of the FSMC remains open.

It is known to all that for a point-to-point discrete memoryless channel (DMC), feeding back the channel output

of the receiver to the transmitter via another noiseless channel does not increase the channel capacity [4]. However,
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Cover et al. showed that the capacity regions of several multi-user channels, such as multiple-access channel (MAC)
and relay channel, can be enhanced by feeding back the receiver’s channel output to the transmitter over a noiseless
channel, see [3] and [[6]. Then, it is natural to ask: does the receiver’s channel output feedback help to enhance
the capacity of the FSMC? Viswanathan [[7]] answered this question by considering a practical mobile wireless
communication scenario, where the channel state is perfectly obtained by the receiver, and the receiver noiselessly
feeds back the state and his own channel output to the transmitter after some time delay. Viswanathan [[7] showed
that this communication scenario can be modeled as the FSMC with delayed feedback, see Figure [T} The capacity
of the model of Figure [I] is totally determined in [[7], and unlike the works of and [6]], the capacity results
in [[7] imply that feeding back the receiver’s channel output to the transmitter over a noiseless channel does not
increase the capacity of FSMC with only delayed state feedback. Other related works on the FSMC with or without
feedback are investigated in [8]]-[13]].
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Fig. 1: The FSMC with delayed feedback

B. The wiretap channel

Wyner, in his landmark paper on the wiretap channel [14]], first investigated the information-theoretic security
in practical communication systems. In Wyner’s wiretap channel model, a transmitter sends a private message
to a legitimate receiver via a discrete memoryless main channel, and an eavesdropper eavesdrops the output of
the main channel via a discrete memoryless wiretap channel. We say that the perfect secrecy is achieved if no
information about the private message is leaked to the eavesdropper. The secrecy capacity, which is the maximum
reliable transmission rate with perfect secrecy constraint, was characterized by Wyner [14]]. After Wyner determined
the secrecy capacity of the discrete memoryless wiretap channel model, Leung-Yan-Cheong and Hellman [I3]
investigated the Gaussian wiretap channel (GWC), where the noise of the main channel and the wiretap channel
is Gaussian distributed. It is shown in [15] that the secrecy capacity of the GWC is obtained by subtracting the
capacity of the overall wiretap channel EI from the capacity of the main channel. Wyner’s work was generalized

by Csiszar and Korner , where common and private messages are sent through a discrete memoryless general

"Here the overall wiretap channel is a cascade of the main channel and the wiretap channel



broadcast channel || The common message is assumed to be decoded correctly by both the legitimate receiver and
the eavesdropper, while the private message is only allowed to be obtained by the legitimate receiver. The secrecy
capacity region of this generalized model was characterized in [16], and later, Liang et al. [17] characterized the
secrecy capacity region for the Gaussian case of Csiszar and Korner’s model [16]. The work of [14] and [16]
lays the foundation of the information-theoretic security in communication systems. Using the approach of [14]
and [16], the security problems in multi-user communication channels, such as broadcast channel, multiple-access
channel, relay channel, and interference channel, have been widely studied, see [18]]-[33].

Recently, the wiretap channel with states has received much attention, see [34]-[38]]. These works focus on the
scenario that the states are identical independent distributed (i.i.d.), and to the best of the authors’ knowledge, only
Bloch et al. [39]] and Sankarasubramaniam et al. [40] investigated the wiretap channel with memory states, where a
stochastic algorithm for computing the multi-letter form secrecy capacity of this model was provided. A single-letter

characterization for the secrecy capacity of [39] and [40] is still open.

C. Contributions of This Paper and Organization

In practical mobile wireless communication networks, security is a critical issue when people intend to transmit
private information, such as the credit card transactions and the banking related data communications. The secure
transmission of these private messages in the practical mobile wireless communication networks motivates us to
study the finite-state Markov wiretap channel with delayed feedback, see the following Figure 2] In Figure [2] the
transition probability of the channel at each time instant depends on a state which undergoes a finite-state Markov
process. At time ¢, the receiver E] receives the channel output Y; and the state S;, and sends them back to the
transmitter after a delay time d via a noiseless feedback channel. The channel encoder, at time ¢, generates the
channel input according to the transmitted message W and the delayed feedback Y;_4 and S;_4. Moreover, at time
1, an eavesdropper receives the channel output Z; and the state S;, and he wishes to obtain the transmitted message
W. The delay time d is perfectly known by the receiver, the eavesdropper and the transmitter. The main results of
the model of Figure 2] are listed as follows.

o First, for the model of Figure 2] with only delayed state .S;_4 feedback, we provide inner and outer bounds on

the capacity-equivocation region, and we find that these bounds meet if the eavesdropper’s received symbol
Z; is a degraded version of the receiver’s Y.

e Second, inner and outer bounds on the capacity-equivocation region are provided for the model of Figure
with both delayed state S;_; and delayed output Y;_4 feedback. We also find that these bounds meet if Z; is a
degraded version of Y;. Moreover, unlike the fact that the delayed receiver’s channel output feedback does not
increase the capacity of the FSMC with only delayed state feedback [7], we find that for the degraded case,

this delayed channel output feedback Y;_,; helps to enhance the capacity-equivocation region of the FSM-WC

2Here note that Wyner’s wiretap channel model is a kind of degraded broadcast channel

3Throughout this paper, the “receiver” is used as a shorthand for “legitimate receiver”



with only delayed state feedback, i.e., sending back the receiver’s channel output to the transmitter may help
to enhance the security of the practical mobile wireless communication systems.

« The above results are further explained via degraded Gaussian and Gaussian fading examples.
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Fig. 2: The FSM-WC with delayed feedback

The rest of this paper is organized as follows. In Section [l we show the definitions, notations and the main
results of the model of Figure 2] Degraded Gaussian and Gaussian fading examples of the model of Figure [2] are

provided in Section [[II} Final conclusions are presented in Section

II. BASIC NOTATIONS, DEFINITIONS AND THE MAIN RESULT OF THE MODEL OF FIGURE

Basic notations: We use the notation py (v) to denote the probability mass function Pr{V = v}, where V (capital
letter) denotes the random variable, v (lower case letter) denotes the real value of the random variable V. Denote
the alphabet in which the random variable V' takes values by V' (calligraphic letter). Similarly, let U be a random
vector (Uy,...,Uy), and uN be a vector value (uy,...,uy). In the rest of this paper, the log function is taken to
the base 2.

Definitions of the model of Figure 2}

o The channel is a finite-state Markov channel (FSMC), where the channel state S takes values in a finite alphabet

S = {s1,82,..., 8¢ }. At the i-th time (1 < ¢ < N), the transition probability of the channel depends on the
state s;, the input x; and the outputs y;, 2;, and is given by Py, 7 x, 5(Yi, zi|zi, $;). The i-th time outputs of

the channel Y; and Z; are assumed to depend only on X; and .S;, and thus we have
N

Py~ znxn gn (yN, 2Nz, sN) = H Py 71x,5(Ys, zil @i, 84). 2.1
=1

o The state process {S;} is assumed to be a stationary irreducible aperiodic ergodic Markov chain. The state

process is independent of the transmitted messages, and it is independent of the channel input and outputs

given the previous states, i.e.,

PT‘{SZ = 51|Xl = Ii,Yi = yaSiil = Siil} = PT{37 = si|Si—1 = 3i—1}~ (22)



Here note that (2.2)) also implies that
Pr{S; =s;| X' = 2" Y = ¢!, 81 = 5"~} = Pr{S; = 5;|Si_q = si_a}, (2.3)

where 1 < d < i — 1. Denote the 1-step transition probability matrix by K, and denote the steady state
probability of {S;} by . Let the random variables S; and S;_4 be the channel states at time ¢ and i — d,

respectively. The joint distribution of (S;,S;_4) is given by
7Td(SZ- = Sy, Si—d = Sj) = W(Sj)Kd(Sj, Sl)7 (2.4)

where s; is the I-th element of S, s; is the j-th element of S, and K%(s;,s;) is the (j,!)-th element of the
d-step transition probability matrix K¢ of the Markov process.

o Let W, uniformly distributed over the finite alphabet W = {1, 2, ..., M}, be the message sent by the transmitter.
Here note that W is independent of the state process {S;} (1 < i < N) and H(W) = log M. For the model

of Figure [2| without receiver’s channel output feedback, the ¢-th time channel input X; is given by

X, = ) (2.5)
fi(VVaSZ_d)a d+1S7’§N*

and for the model of Figure 2] with receiver’s channel output feedback, X; is given by

fi(W), 1<i<d
X, = _ _ (2.6)
fi(W, 814 yi=d) . d4+1<i<N.
Here note that the i-th time channel encoder f; is a stochastic encoder.

o The channel decoder is a mapping
¥ YN x SN = {1,2,..., M}, 2.7)

with inputs YV, SN and output W. The average probability of error P, is denoted by

M
P LS Y P (P 5%) £ 1) was sent), e9)

j=1 N
« Since the state is also known by the eavesdropper, the eavesdropper’s equivocation to the message W is defined
as

A= %H(W|ZN, SNy, (2.9)

o A rate-equivocation pair (R, R.) (where R, R. > 0) is called achievable if, for any € > 0, there exists a
channel encoder-decoder (N, A, P,) such that

log M

N

>R—¢, A>R.—¢, P.<e. (2.10)

The capacity-equivocation region is a set composed of all achievable (R, R.) pairs. Here the capacity-equivocation
region of the model of Figure [2| with only delayed state feedback is denoted by R, and R/ denotes the capacity-

equivocation region of the model of Figure [2| with delayed state and receiver’s channel output feedback. In the



remainder of this section, the bounds on the capacity-equivocation region R are given in Theorem [T] and Theorem
@ and the bounds on R/ are given in Theorem [3| and Theorem E, see the followings.
Main results on R:

Theorem I: An inner bound R* on R is given by
R™ ={(R,R.): 0< R. <R,
R<I(V;Y]S,5),
R. <I(V;Y|U,S,S) - I(V; Z|U, S, S)}
where the joint probability P\, ¢35y (4, v, 5,5, 2,y, 2) satisfies

Puyssxyz(w:v,8,8,2,9y,2)
= Pyzixs(y, 2|z, S)PX\UVS(CC|“77)7 g)Pv|U§(U|Ua 8) -

Py 5(ul8) K% (3, 5) P5(3), @2.11)

and U may be assumed to be a (deterministic) function of V. Here note that in R™, if I(V;Y|U,S, 3) —
I(V;Z|U,S,5) <0, R, = 0.
Proof: The inner bound R is achieved by the following key steps:

o First, combining the rate splitting technique used in [[16] with the multiplexing coding scheme used in [[7],
we divide the transmitted message TV into a common message W, = (W, 1,..., W) and a confidential
message W, = (W, 1, ..., W, 1), where k is the cardinality of S, and W, ; (or W, 5) (1 < § < k) is the 5-th
sub-message of W, (or W),). Further divide the sub-message W, 5 into two part, i.e., W, s = (W 5.1, Wy 5,2).
Here note that the index 5 is the specific value of the delayed state .S;_4, which is represented by S.

« Similar to the superposition coding strategy used in [[I6]], the sub-message W, s (1 < § < k) is encoded as
the cloud center UM+ (here N is the codeword length for W, 5 and W), 5), and the message pair (W, 5, W, 5)
is encoded as the satellite codeword V V. Here note that the random binning coding strategy used in [[I6] is
also introduced into the construction of V5, i.e., there are three indexes in V™V%, the first index is chosen
according to the common message W, s, the second index is chosen according to W), 5 1, and the third index
is randomly chosen from a bin with index W, 5 ».

o Note that the state S and the delayed state S;_,4 (represented by S) are known by all parties. Then along the

lines of the proof of [I6], for the sub-messages W, ; and W5, we can obtain the following region R?‘

S

" = {(Rs,Re5): 0< Rs = Res+ Ry,
0 < R.; <min{I(U;Y|S,S = 3),1(U; Z|S,S = 3)},
0<R,: <I(V;Y|U,S,S =3),

0 S Re,§ < Rp,§7

R.: <I(V;Y|U,S,S=35)—1(V;Z|U,S,S = §)},



where R, 3, R, and Rz are the rates of the sub-messages W5 , W), 5 and W5 = (We.s, Wp_g), respectively,
and R,z is the equivocation rate of the sub-message W, ;. Here note that in R, if I(V;Y|U,S,S =
§)—1(V;Z|U,8,5 =5) <0, Res = 0.

« Finally, using Fourier-Motzkin elimination (see e.g., [43])) to eliminate R.5 and R, ; from R%” and multi-

plexing all the sub-messages, the region R'" is obtained.

The details of the proof are in Appendix [A] [ |

Theorem 2: An outer bound R°“* on R is given by
RO = {(R,R.): 0 < R, <R,
R<I(V;Y]|S,S),
R. < I(V;Y|U,S,S) - I(V;Z|U, S, S)},

where the joint probability P\, ¢5xy 2 (U, v, s, 3, 2,y, 2) satisfies

Poyvssxyz(w:v,8,8,2,9,2)
= PYZ|XS(ZJ7 2|z, S)vaysg(xa v,u,8,5). (2.12)

Here note that in R, if I(V;Y|U, S,S) — I(V; Z|U, S,S) < 0, R, = 0.
Proof: The outer bound R°“ is achieved by the following key steps:

o First, note that the auxiliary random variable U; in [[I6] is defined as (Y*~!, Zﬁl). In this paper, in order to
introduce the delayed feedback state S;_4 into the definition of U;, we define U; £ (Yi’l, Zﬁl, SN ). Here
note that S;_, is included in the S™.

o Using Fano’s inequality, the transmission rate R and the equivocation rate . can be upper bounded by
SI(W;YN|SNY and - (I(W; Y N|SN) — I(W; ZN|SN)), respectively.

o Then, using chain rule and the following Csiszdr’s equalities

N N
S IV ZN YT SNy = 1(Zi Yz, SN (2.13)
i=1 =1
and
N ‘ N )
S I zN YL SN W) =Y 1z Yz SN W), (2.14)
i=1 =1

to eliminate some identities of the bound on the equivocation rate R, the outer bound R°“! is obtained.
The details of the proof are in Appendix [ ]
Remark 1: There are some notes on Theorem [T] and Theorem [2} see the followings.
o Here note that the inner bound R* is almost the same as the outer bound R°%, except the definitions of
the joint probability P ¢5xy (4, v, 8,5, 2,y,2) in R and R°"!. To be specific, in R, the definition
of Py sixyz(u,v,s,5,,y,2) implies the Markov chains S — (S,U,V) - X, S = (S,U) - V and

S — § — U, but these chains are not guaranteed in R°%,



o If the eavesdropper’s received symbol Z% is a degraded version of Y7, i.e., the Markov chain (X, SV) —
YN — ZN holds, the outer bound R°** meets with the inner bound R", and they reduce to the following

region R*, where
R*={(R,R): R < R,
R<I(X;Y]S,59),
R. <I(X:;Y|S,S) - I(X; Z|S,5)}, (2.15)
and the joint probability Pggyy ,(s5zy2) satisfies
Pygxy z(s52yz) = Pyy (2|y) Py x,s (Y, 5)K(3, s) Py 5(x|5) P5(5). (2.16)

Proof: See Appendix [ |

o A rate R is called achievable with weak secrecy if, for any ¢ > 0, there exists a channel encoder-decoder
(N, A, P,) such that

log M

>R—¢, A>R—¢, P.<e 2.17)

The secrecy capacity is the maximum achievable rate with weak secrecy, and it can be directly obtained by
substituting R. = R into the corresponding capacity-equivocation region and maximizing R. Thus, for the

degraded case of the model of Figure [2| with only delayed state feedback, the secrecy capacity C; is given by

C'= max (I(X;Y]|S,S)—I(X;Z|S,9)). (2.18)

* Py s(zld)
Here C; is obtained by substituting R, = R into (2.15) and maximizing R.
Main results on R/ :

Theorem 3: An inner bound R/? on the capacity-equivocation region R is given by
R ={(R,R.):0< R. <R,
R<I(V;Y]S.5),
R. < [I(V;Y|U,S,S8) - I(V; Z|U,S, S|t + H(Y|V, Z,8,5)},
where [z]t =z if 2 > 0, [z]t = 0 if z < 0, the joint probability mass function Py sy (U, 0,5, 8, 2,y,2)
satisfies
Pyyssxyz(,v,8,5,2,y,2)
= Pyz1xs(y, 2|2, ) Px v g(@|u, v, §) Py g (0w, §) -
Py 5(ul3)K9(3,5)P5(3), (2.19)

and U may be assumed to be a (deterministic) function of V.

Proof-



The output feedback inner bound R/? is constructed according to the inner bound R™™ in Theorem [1} and it is

achieved by the following key steps:

o Similar to the construction of the bound R, we split W into W, and W,,, and define W, = (WCJ, ey Wc,k)
and W, = (W1, ..., W, 1,). Furthermore, for 1 < § < k, define W), s = (W}, 51, W 52). The index 35 is the
specific value of the delayed state S;_4, which is represented by S.

o The component message W, s (1 < 5 < k) is encoded as U N (N5 is the codeword length for W, ; and
W, 5). The component message pair (W, s, W), 5) and a secret key generated by the delayed output feedback
are encoded as Vs, To be specific, the delayed output feedback is used to generate a secret key K* which
is shared between the receiver and the transmitter, and this key is used to encrypt W), ; » (part of the W), 3),
i.e., W) 5.2 is encrypted as W, 5 & K*. Then, the indexes of V'V is chosen as follows. The first and second
indexes are chosen from W, ; and W), 51, respectively. The third index is randomly chosen from a bin with
index Wy, 52 ® K™.

o Comparing the above code construction of R/? with that of R, we see that the encoding and decoding
schemes of these two bounds are almost the same, except that the bin index of Vs is encrypted by K*. Thus,
we can conclude that for the sub-messages W, 5 and W, 5, the bound RJ;Z is almost the same as RY", except
that the equivocation rate R, sz of R? is bounded by the sum of two part, see the followings.

— The first part is the upper bound on R, s of ’Rg". Here note that in R’;", the bounds R, > 0 and
Res <I(V;Y|U,S,S =3)—1(V; Z|U, S, S = 3) imply that R, 5 is upper bounded by [I(V;Y|U, S, S =
5) —I(V;Z|U, 8,8 = 3)]T.

— The second part is the upper bound on the rate of the secret key /*. Using the balanced coloring lemma
introduced by Ahlswede and Cai [42]], we conclude that the rate of the secret key K* is bounded by
H(Y|V,Z,S,5 =3).

Thus, the R, s of RI" is upper bounded by [I(V;Y|U, S, S = 3)—1(V; Z|U,S,S = 3)|* +H(Y|V, Z,S, S =
§). Finally, using Fourier-Motzkin elimination to eliminate R.s and R, ;5 from Rgi, and multiplexing all the
sub-messages, the region Rf? is obtained.

The details of the proof are in Appendix

Theorem 4: An outer bound R/ on the capacity-equivocation region R is given by
RI°={(R,R.):0< R. <R,
R<I(V;Y[S,85),
R. < H(Y|Z,U,S,8)},
where the joint probability mass function P\, g5y (%, v, s, 3,2, y, 2) satisfies
Pyyvsaxyz(w,v,8,5,2,y,2) = Pyz1xs(y, 2|2, 8) Pxyyg3(2,v,u, 8, 5), (2.20)

and U may be assumed to be a (deterministic) function of V.
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Proof: The derivation of RS° is almost the same as that of R, except the bound on R., and it is achieved

by the following two steps. First, by using Fano’s inequality, the equivocation rate R. can be upper bounded by

L H(YN|ZN | SN). Then, using chain rule and the auxiliary random variables defined in the proof of Theorem

the outer bound R/° is obtained. The details of the proof are in Appendix E

Remark 2: There are some notes on Theorem [3] and Theorem [4] see the followings.

o Since the delayed receiver’s channel output feedback is not known by the eavesdropper, it can be used to
generate a secret key shared only between the receiver and the transmitter. Comparing R/? with R, it is
easy to see that this secret key helps to enhance the achievable rate-equivocation region of the FSM-WC with
only delayed state feedback. Here note that the delayed state is also shared by the receiver and the transmitter,
but it is known by the eavesdropper, and thus we can not use it to generate a secret key.

If the eavesdropper’s received symbol Z% is a degraded version of Y7, i.e., the Markov chain (X", SV) —
YN — ZN holds, the outer bound R¥° meets with the inner bound R7?, and they reduce to the following

region R/*, where
R/* ={(R,R.): R. <R,
R<I(X;Y]S,5),
R.<H(Y|Z,S,8)}, (2.21)
and the joint probability Pggyy ,(s5zy2) satisfies
Pasxy 2(552y2) = Pojy (sly) Py x,s(yl, $)K(5, 5) Py 5 (015) P 5). @22

Proof: See Appendix [F| [ |
For the degraded case of the model of Figure 2] with delayed state and receiver’s channel output feedback, the

secrecy capacity C;f can be directly obtained from the above Rf*, and it is given by
' = max min{l(X;Y|S,8),H(Y|Z,85,85)}. (2.23)

s .
Px\é(ﬂs)

Note that (2.23)) can also be re-written as
= P min{I(X:;Y|S,S),I(X;Y|S,S) - I(X;Z|S,S)+ H(Y|X,Z,5,5)}, (224)
X|§ x|s

and this is because

I(X;Y]|S,8) - I(X;2|S8,5) + H(Y|X, Z,8,5) = —H(X|S,S,Y) + H(X|S,S,Z) + HY|X, Z, 8, 5)

Y H(X|S,8,Y,2) + H(X|S,8,2) + H(Y|X, Z, 5, 5)

—

= I1(X;Y]|S,8,2)+ H(Y|X, Z, 8, S)

=H(Y|S, S, 2), (2.25)
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where (1) is from the Markov chain X — (.5, S, Y) — Z. Comparing (2.24) with (2.18), it is easy to see that
the delayed receiver’s channel output feedback helps to enhance the secrecy capacity of the degraded FSM-WC

with only delayed state feedback.

III. SECRECY CAPACITIES FOR TWO SPECIAL CASES OF THE MODEL OF FIGURE[Z]

A. Secrecy Capacity for the Degraded Gaussian Case of the model of Figure [2|with or without Delayed Receiver’s
Channel Output Feedback

In this subsection, we compute the secrecy capacities for the degraded Gaussian case of Figure 2] with or without
delayed receiver’s channel output feedback, and investigate how this delayed feedback and channel memory affect

the secrecy capacities. At the i-th time (1 < ¢ < N), the inputs and outputs of the channel satisfy
Yi=Xi+ Ng,, Zi =Yi+ Nu,. (3.26)

Here note that Ng, is Gaussian distributed with zero mean, and the variance depends on the ¢-th time state S; = s;
(denoted by O’i). The random variable N, ; (1 <1 < N) is also Gaussian distributed with zero mean and constant
variance 02 (N, ; ~ N(0,02) for all i € {1,2,..., N}). At time i, the receiver has access to the state S; and the
output Y;. The state S; is fed back to the transmitter through a noiseless feedback channel with a delay time d. The
state undergoes a Markov process with steady probability distribution 7(s) and 1-step transition probability matrix
K. The power constraint of the transmitter is given by
> (3 Ep, (@l [X7[3] < Po. (3.27)
Secrecy capacity for the degraded Gaussian case of the model of Figure [2| with only delayed state feedback:
Theorem 5: For the degraded Gaussian case of the model of Figure [J] with only delayed state feedback, the
secrecy capacity Cﬁg) is given by

. 1 P(E), 1 P(5)
O = e e, 2 2 T3, ) 5 oB(1 4 %) = om0y

). (3.28)

P(3):2sm 7’(s)<7%
where P(3) is the transmitter’s power for the state 3, and o2 is the variance of the noise Ng given the state S = s.
Here note that the definition of P(3) is the same as that of the finite state additive Gaussian noise channel [[7]].
Proof:
(Converse part:) Using , the secrecy capacity ng ) can be re-written by

Cég): max des XYS—SS—S I(X:Z|S =s,5 =3)). 3.29)
REORLDY | )~ 1(X:2 DA

Letting P(5) be the transmitter’s power for the state § satisfying (3.27), and o2 be the variance of the noise Ng
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given the state S = s, then we have
I(X;Y|S=s58=358) —I(X;Z]S =55 =3)
=h(Y|S=s5S=5) —h(Y|X,S=558=3)—h(Z|S=s5S5=35) +h(ZX,5=s_5=35)
= (X5 + N;) — h(Ns) — h(Xz + Ng + Ny) + h(Ns + Ny)

< h(Xs5 + N,) — h(N,) — % log(22M(Xs+Ne) | 92h(Nw)) L h(N, + N,,)

® 1 § 1 S
< —log(1+ P(;)) — = log(1+ _PG)
2 o 2

o7 (3.30)

where (a) is from the entropy power inequality, (b) is from h(X;+ N,)— 3 log(22/(Xs+Ne) 1 92h(Nw)) is increasing
while h(X;z+ N;) is increasing, and the fact that for a given variance, the largest entropy is achieved if the random
variable is Gaussian distributed. Furthermore, the “=" in (a) is achieved if X3 ~ A/(0,P(8)) and X is independent
of N,. Applying (3:30) to (3:29), the converse part of Theorem [3 is proved.

(Direct part:) Letting X3 be the random variable X given the delayed state 3, and substituting Xz ~ N (0, P(5))
and (3.26) into (3.29), the achievability proof of Theorem [5 is along the lines of that of (2.18) (see Appendix [C),
and thus we omit the proof here.

The proof of Theorem [3] is completed.

|

Secrecy capacity for the degraded Gaussian case of the model of Figure [2| with delayed state and receiver’s
channel output feedback:

Theorem 6: For the degraded Gaussian case of the model of Figure 2] with delayed state and receiver’s channel
output feedback, the secrecy capacity C(ng ) is given by

P(3)

- 1 2mea? (P(3) + o2?)
(9/) — d = - w s
Cy o) nmx - E E $YK“(5,s mln{ log(1 + p= ), 5 log

P( ) +O—£ +O—12ﬂ

Lo (331

Proof: Defining P(3) as the transmitter’s power for the state 3, the secrecy capacity C:/ in (2.23) can be
re-written as

cxl = K5, s)min{I(X;Y|S =s,5=35),HY|Z S=5S5=35)} (332

= o e, 2 2™ (X3 ) H(Y| )} (632

(Converse part:) Defining o2

I(X;Y|S = 5,5 = 5) in (3.32) can be further bounded by

as the variance of the noise Ng given the state S = s, the mutual information

I(X;Y]|S=5S5=3 = hY|S=s5S5=35 —hY|S=s505=3X)
< X5+ N,)—h(Y|S=s5,5=3X)
= R(Xs+ N,) — h(Ny)

(@ 1 P(3)
ilog(lJr pe

), (3.33)
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where (a) is from the fact that for a given variance, the largest entropy is achieved if the random variable is Gaussian
distributed.

Moreover, the differential conditional entropy h(Y|Z, S = s,S = 5) can be further bounded by

I’L(Y|Z,S:S,g:§) = h(Y7Z7S:57g:5)_h(Z,S:S’S:§)
© oz Y, S=58=5 —h(Z,S =538 =3)
= WZIY)+h(Y|S=58=3) —h(Z]S=s5=3)

9 (N +h(Y|S =58

5) = h(Y + Nyu|S =5,5=3)
< Rh(Ny)+h(Y|S=58=3)— %log(22h(y|s:s’§:§) + 220 (Nw))

1 = 1 s Sz
= 3 log(2meo?) + h(Y|S = 5,8 = §) — 3 log(22M(Y19=5:5=5) 4 omeq?)

< 5 log(2mea?) + 5 log(2me(P(3) + 02) — 1 log(2ne(P(5) + % + 03))

1. 2meo2(P(3) +o2)
— 71 w S . 4
2 PG + o2t o2 (3.34)

where (b) is from the Markov chain (.5, S) —Y — Z, (¢) is from the fact that Z = Y + N, (d) is from the

entropy power inequality, and (e) is from the fact that h(Y|S = 5,5 = 3) — %log(QQh(wS:S’SZE) + 2meo?) is

increasing while h(Y|S = s, S = 3) is increasing, and

h(Y|S =58 =35) < h(Xs+ N,) < = log(2me(P(3) + 02)). (3.35)

N |

Applying (3:33) and (3:34) to (3:32), the converse proof of Theorem [f] is completed.
(Direct part:) Letting X3 be the random variable X given the delayed state 3, and substituting Xz ~ AN (0, P(3))

and (3.26) into (3:32), the achievability proof of Theorem [f] is along the lines of that of Theorem [3] and thus we

omit the details here.

The proof of Theorem [f] is completed.

Numerical results of " and C'*7)

In order to gain some intuition on the secrecy capacities ng ) and Cﬁ” f ), we consider a simple case that the
state alphabet S is composed of only two elements. At each time instant, the state of the channel is G (good state)
or B (bad state). For the state (G, the noise variance of the channel is oé. Analogously, for the state B, the noise

variance of the channel is 0%. Here note that 0% > oZ. The state process is shown in Figure [3| where
P(G|G)=1-b, P(B|G)=b, P(B|B)=1—-g, P(GIB) =g. (3.36)
The steady state probabilities 7(G) and 7(B) are given by

m(G)=——, 7(B) = —. (3.37)
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1-be 1-ge

b«

Fig. 3: The state process of the two-state case

—a— u:0.3,C§ e u:0.9,C?
——u=03%" | u=09,c%

- - u=002C7 | —e—u=08,

-+ -u=0028"| o u=08,cY
1.96 —

— —u=06,C2
S

— _u=06c%
1.94 s

Secrecy capacity (bits/symbol)

Delay (symbols)

Fig. 4: The secrecy capacities 09 and 9P for Py = 100, 0% =1, 0% =100, 02 = 2000, ¢ = 1 and several

values of u

Define w = 1 — g — b and ¢ = g/b. The parameter v is related to the channel memory, E| and the parameter c
controls the steady state distributions (see [3.37). Fixing ¢ (for example, ¢ = 1), we can choose different « and d
to investigate the effects of channel memory and feedback delay on the secrecy capacities C’S(g ) and C,S-" n, Figure
and Figure |5| show the effect of the feedback delay on the secrecy capacities for Py = 100, 02 = 1, 0% = 100,
02 = 2000 (¢2, = 1000) , ¢ = 1 and several values of u. As we can see in Figure E| and Figure when the channel

is changing rapidly (which implies that the channel memory w is small, for example, u = 0.02), the secrecy capacity

4Mushkin and Bar-David [41]] has already shown that the channel memory is increasing while w is increasing.
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Fig. 5: The secrecy capacities C’éy) and C’éyf) for Py = 100, 02G =1, a% = 100, O';ZU = 1000, ¢ = 1 and several

values of u

goes to the infinite asymptote even if d = 1. However, when the channel is changing slowly (which implies that the
channel memory w is large, for example, v = 0.9), a larger feedback delay is tolerable since the secrecy capacity
loss compared with feedback without delay (d = 0) is smaller. Moreover, it is easy to see that the delayed receiver’s
channel output feedback enhances the secrecy capacity ng) of the degraded Gaussian case of the FSM-WC with
only delayed state feedback. Furthermore, comparing these two figures, we can see that for fixed Py, 0%, 0% and

¢, the gap between ng ) and Cs(g ) s increasing while o2, is decreasing.

B. Secrecy Capacity for the Degraded Gaussian Fading Case of Figure 2]

In this subsection, we compute the secrecy capacities for the degraded Gaussian fading case of Figure 2] At the

i-th time (1 < ¢ < N), the inputs and the outputs of the channel satisfy
Yi =g(s)Xi+ Ns,, Zi =1(5,)Y; + Nu,i- (3.38)

Here g(s;) and I(s;) are the fading processes of the channels for the receiver and the eavesdropper, respectively,
and they are deterministic functions of s;. The noise Ng, is Gaussian distributed with zero mean, and the variance
depends on the i-th time state S; of the channel. The random variable N, ; (1 < ¢ < N) is also Gaussian distributed
with zero mean and constant variance o2, (N, ; ~ N(0,02) for all i € {1,2,..., N}). Now we apply to
determine the secrecy capacities of this degraded Gaussian fading model with or without delayed receiver’s channel
output feedback, see the remainder of this subsection.

Secrecy capacity for the degraded Gaussian fading case of the model of Figure 2| with only delayed state
feedback:
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Fig. 6: The secrecy capacities ) and ¢ for Py = 100, 0% =1, 0% =100, 02 =200, c = 1, g(G) = 1,
g(B)=0.5, I[(G) = 0.8, [(B) = 0.2 and several values of u

Theorem 7: For the degraded Gaussian fading case of the model of Figure ] with only delayed state feedback,

the secrecy capacity C,Sg ) s given by

(5)

2 -
@) = - d 1. CEPE), 1 )P (s)P(S)
O Py B oD ZZ 5K(E, s) log(1+ 2 )~ 5 log(1+ E(s)o? 1 o2 ). (3.39)

Proof:

Similar to Subsection [III-Al let P(5) be the power for the state 5, and o2 be the variance of the noise Ng given

S = s, and thus we have
I(X;Y|S=58=358) —I(X;Z]S =58 =3)
=h(Y|S=5,S5=3)-h(Y|X,S=55=5) —h(Z|S=505=35)+h(Z|X,S =55 =3)

= h(g(S)X§ + Ns) - h’(Ns) - h(](q)(g(S)XE + Ns) + Nw) + h(l(g)Ns + Nw)

< h(gl)Xs + N2) — h(V,) — 5 log(22MOWXE N2 ) 4 92000 L B(U()N, + N,)
®1 g*()P(5), 1 9°(s )12( s)P(3)

where (a) is from the entropy power inequality and the property that h(aX) = h(X) + loga, and (b) is from
h(g(s)Xs + Ny) — 3 log(22h9(=)Xs+N)j2(5) 4+ 22M(Nw)) s increasing while h(g(s)Xs + N;) is increasing, and
the fact that for a given variance, the largest entropy is achieved if the random variable is Gaussian distributed.
in (a) is achieved if Xz ~ N(0,P(5)) and X; is independent of N,. Applying to
(3:29), the converse proof of Theorem [7]is completed.

_9

Furthermore, the
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Fig. 7: The secrecy capacities ) and ¢ for Py = 100, 0% =1, 0% =100, 02 =100, c = 1, g(G) = 1,

g(B)=0.5, I[(G) = 0.8, [(B) = 0.2 and several values of u

Here note that replacing X; by ¢(s;)X;, and Y; by [(s;)Y;, the achievability proof of Theorem [/ is along the

lines of that of Theorem [5] and thus we omit the proof here.

The proof of Theorem [/|is completed.

Secrecy capacity for the degraded Gaussian fading case of the model of Figure |2| with delayed state and

receiver’s channel output feedback:

Theorem 8: For the degraded Gaussian fading case of the model of Figure 2] with delayed state and receiver’s

channel output feedback, the secrecy capacity C{g” ) s given by

2 : 2
(9f%) _ d g°*()P(3), 1, 2meoi(g*(s)P(5) +07)
Ccy — ITIrl( S E; E 5)K“(3,s nun{ og(1+ = ), 21053 2(5)2(5)P(5) 1 (s)07 + oF
(3.41)

Proof: Replacing X; by ¢(s;)X;, and Y; by [(s;)Y;, the proof of Theorem 8| is along the lines of that of

Theorem [6] and thus we omit the proof here.

Numerical results of C'7") and 97"

We consider a simple two-state case where the state process is the same as that in Subsection |[II-A] see Figure
Define g(G) = 1, g(B) = 0.5, [(G) = 0.8, I(B) = 0.2, u =1— g —b and ¢ = g/b. By choosing ¢ = 1,

Figure [6] and Figure [7] show the effect of the feedback delay (d) and channel memory (u) on the secrecy capacities

09 and ¢Y9) for P, = 100, 0% =1, 0% =100, 02 = 200 (¢ = 100) and several values of u. Similar to

the numerical result of Subsection [[[I-A] we find that when the channel is changing rapidly (which implies that

the channel memory u is small, for example, u = 0.02), the secrecy capacity goes to the infinite asymptote even

}-
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Fig. 8: The comparison of the secrecy capacities C,gg*) and C,&") for Py = 100, 02G =1, 0;25, = 100, O',2w = 200,
c=1,¢9(G) =1, g(B) =0.5, [(G) = 0.8, [(B) = 0.2 and several values of u

if d = 1. However, when the channel is changing slowly (which implies that the channel memory u is large, for
example, ©v = 0.9), a larger feedback delay is tolerable since the secrecy capacity loss compared with feedback
without delay (d = 0) is smaller. Moreover, it is easy to see that the delayed receiver’s channel output feedback
enhances the secrecy capacity ng *) of the degraded Gaussian fading case of the FSM-WC with only delayed state
feedback. Furthermore, comparing these two figures, we can see that for fixed Py, aé, 0123 and ¢, the gap between
49 and 9 s increasing while o2 is decreasing.

Comparison of the fading and non-fading cases

The comparison of the fading and no-fading cases is shown in the following Figure [§] to Figure In Figure
and Figure EL we see that C’s(g *) dominates Cﬁgg ) (which implies that the fading may enhance the security of the
degraded Gaussian model of Figure [2| with only delayed state feedback), and the gap between C[gg *) and ng ) is
increasing while o2 is decreasing.

In Figure |10 and Figure , we see that ng ) dominates ng ) (which implies that the fading may weaken the

security of the degraded Gaussian model of Figure 2] with delayed state and receiver’s channel output feedback),

Cs(gf) Cégf*)

and the gap between and is increasing while o2 is increasing.

IV. CONCLUSIONS

In this paper, we provide inner and outer bounds on the capacity-equivocation regions of the FSM-WC with
delayed state feedback, and with or without delayed receiver’s channel output feedback. We find that these bounds
meet if the channel output for the eavesdropper is a degraded version of that for the legitimate receiver. In the

proof of these bounds, we show that the delayed receiver’s channel output feedback is used to generate a secret key
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Fig. 9: The comparison of the secrecy capacities 9 and €9 for Po = 100, 02 = 1, 0% = 100, o2 = 100,
c=1,¢9(G) =1, g(B) =0.5, [(G) = 0.8, [(B) = 0.2 and several values of u

shared between the receiver and the transmitter, and this key helps to enhance the rate-equivocation region of the
FSM-WC with only delayed state feedback. The results of this paper are further explained via degraded Gaussian
and degraded Gaussian fading examples. In these examples, we show that when the channel is changing rapidly,
the secrecy capacities go to the infinite asymptote even if the delayed time d is very small, and when the channel
is changing slowly, a larger feedback delay is tolerable since the secrecy capacity loss compared with feedback
without delay (d = 0) is smaller. Moreover, comparing these two examples, we find that the fading may enhance
the security of the degraded Gaussian FSM-WC with only delayed state feedback, and the fading may weaken the

security of the degraded Gaussian FSM-WC with delayed state and receiver’s channel output feedback.
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APPENDIX A

PROOF OF THEOREM [I]

The main idea of the proof of Theorem [I] is to construct a hybrid encoding-decoding scheme, which combines
the rate splitting technique, Wyner’s random binning technique [14] with the classical multiplexing coding for the

finite state Markov channel [7]]. The details of the proof are as follows.
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A. Definitions
o The transmitted message W is split into a common message W, and a private message W, i.e., W = (W,, W,,).
Here W.. and W, are uniformly distributed in the sets {1,2,...,2¥%<} and {1,2,...,2VF»}, respectively. Since
W is uniformly distributed in the set {1,2,...,2V%}, we have R = R, + R, In the remainder of this section,
we first prove that the region R
R1i={(R,R:):0<R=R.+R,,
0 < R. <min{I(U;Y]S,5),1(U; Z|S,5)},
0< R, <I(V;Y|U,S,S),
0<R. <R,
R, < I(V;Y|U,S,8) - I(V; Z|U, S, 9)}
is achievable. Then, using Fourier-Motzkin elimination (see e.g., [43]) to eliminate R. and R, from R, it is
easy to see that the region R is achievable.
» Without loss of generality, we assume that the state takes values in & = {1,2,...,k} and that the steady state

probability 7(l) > 0 for all [ € S. Let N; (1 < § < k) be the number satisfying

’

N; = N(m(8) —¢€), (A1)

where 0 < € < min{r(5);5 € {1,2,...,k}} and € — 0 as N — oo. Denote the transmission rates R, and
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R, for a given § by R.(3) and R,(3) (1 < 3§ < k), respectively, and they satisfy

k
> 7(5)Re(3) = Re. (A2)
s§=1
and
k
> w(3)Ry(3) = R,. (A3)
5=1

« Divide the common message W, into k sub-messages W, 1,...,W, 1, and each sub-message W, ; (1 < 5 < k)
takes values in the set W, ; = {1, 2, ...,2N§Rc(§)}. Since the actual transmission rate R} of the common
message W, is denoted by

- HW,) _ Yt HWes) _ Yh, NiRe(3)
¢ N N N

’

SE N((3) — €)Re(3)

—~
s}
=

I
-
—
]
—
[VaR]
)
|
('h\
—
5’
A
Val
&

5=1
k k
= Zw(g)Rc(é) —€ ZRC@), (A4)

where (a) is from |i From l) and ti it is easy to see that R} tends to be R, while € = 0.
« Divide the private message W,, into k sub-messages W, 1,...,WW, 1, and each sub-message W, ; (1 < 5 < k)
takes values in the set W, ; = {1,2, ...,2N§RP(§)}. Similar to I) the actual transmission rate R of the

private message W), tends to be 12, while € —0.
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B. Construction of the code-books
Fix the joint probability mass function P,y ¢syy (U, v, 8, 3, ,y, 2) satisfying (2.11).
o Construction of U”: Construct k code-books U° of U for all § € S. In each code-book U*, randomly

generate 2V:7<(5) jj.d. sequences u™

* according to the probability mass function P 5(u|$), and index these
sequences as u/V?(7), where 1 < 4 < 2NV&fe(5),

o Construction of V: Construct k code-books V? of V' for all 5 € S. In each code-book V¥, randomly gen-

erate 2NV:(I(V3Y|U,S,5=3) N

+Ee(5)) ji.d. sequences vV according to the probability mass function Py, s(v|u, 8).
Index these sequences of the code-book V¥ as vVé(iz, as,bs), where 1 < iz < oNsRe(3) g € A; =
{1, 2, ...,Ag}, b; € B; = {].7 2, Bg},

A; = 2N;(I(V;Y|U7S,S:§)71(V;Z\U,S7§:§))’ (A5)

and
B; = 2N;I(V;Z\U75‘,S‘:§). (A6)

N3z

o Construction of X”: For each 3, the sequence V% is i.i.d. generated according to a new discrete memoryless

channel (DMC) with transition probability Py ;. 5(2|u, v, 5). The inputs of this new DMC are u™* and v,

while the output is V5.

C. Encoding scheme

For a fixed length N, let L; be the number of times during the N symbols for which the delayed feedback
state at the transmitter is S = 3. Every time that the corresponding delayed state is S = 3, the transmitter
chooses the next symbols of u/V and vV from the component code-books 2/ and V?, respectively. Since L; is
not necessarily equivalent to Nz, an error is declared if Lz < Nj, and the codes are filled with zero if Lz > N;.
Therefore, we can send a total of 22X =1 Ni(Re(D)+R;()) messages. Since the state process is stationary and ergodic

limy—s o0 LW = Pr{§ = §} in probability. Thus, we have
PT‘{L§<N§}—>O, as N — oo. (A7)

Foreach 5 € S, define W, ; = A;xJs, where J; = {1,2,..., Js} and J; = N5 (Rp(3)—1(V3Y |U,S,5=5)+1(V;Z|U,8,5=3))
Furthermore, we define the mapping ¢; : B: — Js, and partition B; into J; subsets with nearly equal size. Here

the “nearly equal size” means

gz Gl < 2llg5  (G2)ll, Vi1, d2 € Ts. (A8)

The transmitted codewords u¥ and 'V are obtained by multiplexing the different component codewords. Specifically,
first, suppose that a message w = (we, Wp) = (We 1, +v, We ki, Wp,1, ..., Wp k) 18 transmitted, and here we denote w, 5
(1 <8< k) by (as,js), where az € Az and j; € J5. Second, in each component code-book U (1 <5<k, the
transmitter chooses u¥é(w, 3) as the 5-th component codeword of the transmitted «'¥. Third, in each component
code-book V?* (1 < § < k), the transmitter chooses vV (1%, a%, bg‘;) as the s-th component codeword of the transmitted

vV, where i3 = We 3, af = as, and b is randomly chosen from the sub-set j; of B;.
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D. Decoding scheme

o (Decoding scheme for the receiver:)

— (Decoding the common message w.:) The delayed feedback state S at the transmitter, which is used
to multiplex the component codewords, is also available at the receiver. Thus once the receiver receives
y™ and the state sequence sV, he first demultiplexes them into outputs corresponding to the component
code-books and separately decodes each component codeword. To be specific, in each code-book 1/*, the

Vs

receiver has (y and tries to search a unique u™* such that (u™s,y™?, s™Vs) are strongly jointly

typical sequences [4], i.e.,

(ulVe, yNe M) € ng7y|s(e). (A9)

If there exists such a unique u”*, put out the corresponding index 1. ;. Otherwise, i.e., if no such
sequence exists or multiple sequences have different message indices, declare a decoding error. If for
all 1 < § < k, there exist unique sequences uN# such that li is satisfied, the receiver declares that
We = (We,1,We,2, .-, We k) is sent. Based on the AEP, the error probability Pr{w. s # wc s} (1 <5 <k)

goes to 0 if
R.(3) < I(U;Y|S,8 = 3). (A10)

- (Decoding the private message w,:) After decoding uVs (1. z) and .z for all 1 < § < k, in each

component code-book V?, the receiver tries to find a unique sequence v such that

5 B 5 5 Nz
(Ve uNe yNe sNe) € TUy,S,Y\S(e)' (A11)

If there exists such a unique vV, put out the corresponding indexes is, as and bz. Otherwise, i.e., if
no such sequence exists or multiple sequences have different message indices, declare a decoding error.
After the receiver obtains the index Bg he also knows jg since it is the index of the sub-set which 35
belongs to. Thus, for 1 < 5 < k, the receiver has an estimation w, ; of the private message w,, ; by
letting w5 = (dg,j'g). If for all 1 < § < k, there exist unique sequences 5 such that is satisfied,
the receiver declares that w, = (Wp,1,Wp,2,...,Wp k) is sent. Based on the AEP, the error probability

Pr{y, s # wp s} (1 <5< k) goes to 0 if
R,(3) < I(V;Y|U, 8,8 = 3). (A12)

o (Decoding scheme for the eavesdropper:)
— (Decoding the common message w.:) The delayed feedback state S at the transmitter, is also available at
the eavesdropper. Thus once the eavesdropper receives 2 and the state sequence s”, he first demultiplexes

them into outputs corresponding to the component code-books and separately decodes each component

codeword. To be specific, in each code-book U, the eavesdropper has (2™, s™%) and tries to search a

unique uV* such that (u™s, 25, sV5) are strongly jointly typical sequences [4], i.e.,

(e, 2, M) e T o(6). (A13)
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If there exists such a unique u”*, put out the corresponding index W, 3. Otherwise, i.e., if no such
sequence exists or multiple sequences have different message indices, declare a decoding error. If for all
1 < § < k, there exist unique sequences u™* such that is satisfied, the eavesdropper declares that
We = (We,1,We,2, -+, We k) 18 sent. Based on the AEP, the error probability Pr{w. s # wc s} (1 <5 <k)

goes to 0 if
R.(3) < I(U;Z|S,S = 3). (A14)

(Given w. and w,,, decoding oV :) In each component code-book V31 <3<k, given S = 3, M=

bl

u™? (we5) and wy 5 = (az, js), the eavesdropper tries to find a unique bs such that
s 5 5 N
(VN5 (we 5, az, bs), u¥e (we 5), 2N, s7VF) € TUVS le(e) (A15)

Since the index b% of the transmitted v™* is randomly chosen from the sub-set j; of Bs and there are
oNs(I(VY|U,S,5=5)—Ry (3)) sequences of v in the sub-set js, based on the AEP, the error probability

Pr{bs # bt} (1 <5 < k) goes to 0 if

I(V;Y|U,S,S =5) — R,(3) < I(V; Z|U, S, S = 3). (A16)

Combining (A2) with (AT0) and (AT4), we have

R, = 7r(§)RC(§)

™=

IN

k
Zﬂ' ymin{I(U;Y|S,8 = 3),1(U; Z|S,5 = 5)}
5=1

= min{I(U;Y]S,9),1(U; Z|S,9)}, (A17)

and combining (A3) with (A12), we have

R, = Y n(3)R,(3)

M=

5=1

®
Il

©(3)I(V;Y|U,S, S5 = 3)

M=

W
I
—

/\

I(V;Y|U, 8, S). (A18)

It remains to show that R, < I(V;Y|U, S, S) — I(V; Z|U, S,S) and R, < R,, see the followings.

E. Equivocation analysis:

A

Since the eavesdropper also knows the state S™ and the delayed time d, the equivocation A is bounded by

1 1
—HW|ZN. 8N = —H(W, N gN
N (W1[z™,8%) N (We, Wp|Z7, ST)

1, 1
ZN N > f N gN R
1 1
~HW, |ZN SN UN) = NH(W,,J,WM,...,Wp,k\zN,SN,UN)



Y

A
Ve

k
1
N ZH(WP,§|ZN7 SNa UN7 Wp,la reey Wp,§—1)

—ZH sl ZN SN UN W, Ws 1, S = 3)

k

NZH (W, 52N, §N: UM | § = 3)
s=1
1< B
N (H(W, 5,2z, 5N UN: | § = 5) — H(ZN:, 5N UN: S = 3))

—Z (W5, 2, 58, UM, VA, § = 5) = H(VY W5, 27, 5%, U, 5 = 5)

k
1 ~ -
~ D H(ZY SN UM VI § = 5) + H SV, UM VL S = 5)
5=1

25

—H(ZNe|§Ns UNe | § = 3) — H(SN:,UN:, § = 5) — H(VNe|W,, 5, 2N, SN UN: | § = 5))

k
1 ~ ~ -
— N:H(Z|S,U,V,S=35)— H s UNs S =38)+ H(SN:, UNs vNs §=3) —
N
5=1
—H(VNe|W,, 5, Z2Ne SN UV G = )
k
1 ~ ~ -
— N:H(Z|S,U,V,S =3) — N;H(Z|S,U,S = 3)+ H(SNs,UN:, vNe §=3) —
N
5=1
—~H(VN:|W, 5, 2N 5N UN: S = 3))
1 <& — .
N > (N:H(Z|S,U,V,8 = 3) — N;H(Z|S,U, S = 3)
5=1

+H(VNs|gNs UNs S =35) — H(

55N UNs S = §))

D,

k
% > (N:H(Z|S,U,V,8) - N;H(Z|S,U, S = 3)

+N;I(V:Y|U,S,5=5)—1— H( s, 2N SN: N S = 3))

k
1 . 3
¥ > (N:H(Z|S,U,V,8 = §) — N;H(Z|8,U, 8 = 8) + N:I(V; Y|U, S, §) — 1 — Nzey)

s=1
kN ) ) 1
; N (I(V;Y|U,S,8 =35)—I(V; Z|U,S,S = 3) — N €1)
b - . 1
> (w(3) — ) I(V;Y|U, 8,8 =38) — I(V; Z|U,S, S = 3) — N )
=1 s

3 b 1
I(V;Y|U, S, 8) = I(V; Z|U, S, 8) = Y (n( )
s=1 S

k
— > (v Y|U.S,8) - I(V; Z|U, 8. 8)),
s=1

H(SN:,UNs, S = 3)

(A19)

H(SN:,UNs, S = 3)
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where (a) is from the fact that H(W,|U™) = 0, (b) is from the the Markov chain (Z™1, ..., ZNs-1 ZNs+1 7Nk,
UNi, L UNe UNsv Nk N §Nso GNseGNE) Ly (ZNs gNs N G = 5) Wp.5, which
implies that given the 5-th component of the sequences Z, UY and S¥, W, ; is independent of the other parts of
ZN, UN and SV, (c) is from the fact that H(W,, 5|V V%) = 0, (d) is from the fact that the channel is a DMC with
transition probability Py, 7| x s(y,z|z,s), and for each 5, X Ns is i.i.d. generated according to a new DMC with
transition probability Py, g(#[u, v, 8), thus we have H(ZNe|SNe UN:, Ve § = §) = N;H(Z|S,U,V, S = 5),

N,

(e) is from the fact that for given 5, u™V and s™Vs, VN5 has A; - Bs possible values, and the encoding mapping

function gz partitions B; into j; subsets with “nearly equal size” (see @), using a similar lemma in [16], we

have
! H(VNs|gNs UNe S =3) > L og Az + - log By — — (A20)
~ o o =S 0g Az T - 108 b5 — -,
N; 7 =N ¢ N; 8 Ns

(f) is from the fact that given S = 5, sN¢, u™Ne (we5) and wy s = (as,7js), the eavesdropper’s decoding error

probability of v™s tends to zero if (A16)) is satisfied, and thus, by using Fano’s inequality, we have

1
N

H(VNs|\W, 5, 2N, SN UNe 5 = 5) < ey, (A21)
where ¢; — 0 as N3 — oo, and (g) is from (AT).
From (AT9), we have
A>I(V;Y|U,S, S) = I(V; Z|U, S, 5) — e, (A22)
where €, is small for sufficiently large N. By the definition of R., we can conclude that R, < I(V;Y|U, S, S) —
I(V; Z|U, S, S).
In addition, we know that (A2) holds if (AT6) is satisfied, and this implies that

k
R, = Y 7(3)Ry(3)

5=1

r(5)(I(V;Y|U,S,8 =3)—I(V; Z|U, 8,8 = 3))

M=

1
= I(V;Y|U,S,5)—I(V;Z|U,S,S) > R.. (A23)

W
I

Thus, R, < I(V;Y|U,S,S) — I(V; Z|U, S, S) and R. < R, are proved, and the achievability proof of the region
‘R1 is completed. Finally, using Fourier-Motzkin elimination (see e.g., [43]) to eliminate 2. and R, from R, the

proof of Theorem [I]is completed.

APPENDIX B
PROOF OF THEOREM 2]
In this section, we will prove Theorem [2} all the achievable (R, R,) pairs are contained in the set R°“!. Since R, <
R is obvious, we only need to prove the inequalities R < I(V;Y|S,S) and R, < I(V;Y|U,S,S)—1(V; Z|U, S, S)

of Theorem [2l in the remainder of this section.
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First, define the following auxiliary random variables,
Uz’ =Yz SN, D), VA UW),S2S8;,52 8, 4,Y 2Y;,Z2 7, (A24)

where J is a random variable uniformly distributed over {1,2,,..., N}, and it is independent of YV, Z¥, W and
SN,
Proof of R < I(V;Y|S,S): Note that

_ <
R—e < SH(W)
® 1 N
= SHW|SY)
1
= SIS+ HWYY, s
(©)
< LWy NISY) 4 5(R))
1 & 5(P,)
_ |yvi—1 Ny 1yvi—1 N e
= N;(H(E\Y SN) = HYY'T SN W) 4+ =
1 < . 5(P,)
< 3 2 HMS: Sima) — HYY' Z),, 8N W) + =
i=1
@ 1y 5(P.)
i—1 N N e
= N;H(msi,si_d)—ff(my 2N SV WS Sima) +
(e 1 o i 6(Fe)
= N;(H(nwsi,si_d,J:i)—H(m|¥’*1,zii1,SN,W,Si,sq-,_d,J:i))+ N
o(Pe
D B8, 8500 d) ~ HY2[Sy, S50 WY 25,0 8V )+ O
J—=1 N N 6(P6)
< H(Y;S;,85-a) —HY;|Ss,S5—a, WY, Z5 1,87, J) + N
5 5 0P
9 H(Y|S,8) - H(Y|S.5,V) + (N )
) ~
< I(V;Y\S,SH@ (A25)

N
where (a) is from , (b) is from the fact that W is independent of SV, (c) is from the Fano’s inequality, (d)
is from the fact that S; and S;_4 (here S;_4; = const when i < d) are included in SV, and thus there exists a
Markov chain (S;,S;_4) — (Y71, Z{YH, SN W) —Y;, (e) is from the fact that .J is a random variable (uniformly
distributed over {1,2, ..., N}), and it is independent of YN, ZN W and SV, (f) is from J is uniformly distributed
over {1,2,..., N}, (g) is from the definitions in (A24), and (h) is from &§(P,) is increasing while P, is increasing,
and P, < e. Then, letting ¢ — 0, we have R < I(V;Y|S, 5’)
Proof of R, < I(V;Y|U,S,S)— I(V;Z|U,S,S): By using and (2.10), we have

L 1

R.—e¢ < —HW|ZN, SN
N
1

~ HW|SY) = 1(W; 2¥|S™))
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1
W(H(WISN) — HWI[SY, YY)+ HWI[SY, YY) — 1(W; ZN|SY))
2 1
< U YNISY) = 1(W; ZY|SY) + 6(Pe))
I v i1 o N anyy . O(P)
= NZ(I(W;mY (SN = I(W5 23| 251, 7)) + =7 (A26)
=1
where (1) from (2.10), and (2) is from the Fano’s inequality.
The character I(W;Y;|Y*~1 S™) in (A26) can be processed as
IW; Y|Vt SNy = H(y;|Y =L, SN) — H(Y; YL, 8N, W)
=HY,|Y"L SN — HY Y=L SN W) — HY, Y=Lz SNy + Hy; |y =z, s™)
+HY|Y " ZN SN W) — H(Y; )Y ZN SN W)
= I(Y; Z Y SY) = 1Y Z0 YL SN W) + I3 Y|y, Z7, s7), (A27)
and the character I(W; Z;|ZN |, S™) in (A26) can be processed as
I(W3 2|28, SY) = H(Zi| 27}, SY) — H(Zi| 2], SV, W)
=H(Z|ZN,,8N) — H(Z|ZN, SN W) — H(Z,|)Y* Y, ZN,, SN + H(Z, )Y, ZY,, sN)
+H(ZY' T 2N SN W) — H(Zi Y 20 SN W)
=1(Z; Y MZN L SN) = 1(Z Y ZN | SN W) + I(Ws Z,| Y ZY L S™). (A28)
Substituting (A27) and (A28) into (A26), and using the properties
N N
S IV ZN YT SN = 1(Z Y ZN,, SN) (A29)
=1 =1
and
S IV ZN YL SN W) =Y (2 Y 2N, SN W), (A30)
=1 =1
we have
@ 1 i-1 >N N i-1 >N oN 5(F)
R.—e < N;(I(W7YZ|Y 7Zi+1=S ) = I(W; Z,|Y 7Zi+17S ) + N
® 1 al I(Pe)
vIvi-l N goN o <o\ _ 7(W/. 7.1vi-1 N oN o Q. e
- N;(I(Wv}/lpf 7Zi+1aS asl—dasl) I(W5Z1|Y aZiJ,-le 7Sz—d751)) + N
© 1y - - o
= UMWY Lzl Y S0, 85 0 = i) = IWL ZiY' Z SN Sia S = ) +
=1
§(P.
@ IW; Y|y Z8 SN S 4, Sy, J) — I(W; 2|4 25 SN, S 4, Sy, J) + (N )
i N . §(P,
Y [viv|v,8,8) - I(V: Z|U, 5, 8) + (N )
() - ~ oe
< I(V;Y|U,8,8) —1(V;Z|U,S,S) + —= (A31)

N )

N
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where (a) is from (A29) and (A30) (b) is from the fact that S; and S;_4 (here S;_4 = const when i < d) are

included in SV, (c) is from the fact that J is a random variable (uniformly distributed over {1,2, ...,

N1}), and it

is independent of YV, ZN_ W and SV, (d) is from J is uniformly distributed over {1,2,..., N'}, (e) is from the

definitions in (A24), and (f) is from §(P.) is increasing while P. is increasing, and P, < €. Letting ¢ — 0, we
have R, < I(V;Y|U,S,S) — I(V; Z|U, S, S). Now it remains to prove the equalities (A29) and (A30), see the

followings.
Proof:

Using the chain rule, the left parts of (A29) and @) can be re-written as
iI(Y;;ZﬁﬂY“HsN Z Z I(Yi; Z; [y =1 SN, ZN),
i=1 i=1 j=it+1

and

N

i=1 =1 j=i+1

The right parts of (A29) and (A30) can be re-written as

N i—1
ZI (Zs Y HZN, SN =D Y 1y ziyI T SN,z )
i=1 j=1
N j—1
:ZZI Yi; Z;| Y SN, 20N )
Jj=11i=1
N N
= > S aaz s,z
j=i+1i=1
and
N N i—1
ZI(Zi§Yi71|Zi]Yi-1’SNaW):ZZI(YBQZi|Yj71>SN’Z{YHaW)
i=1 =1 j=1
N j—1
=33 IV Z Y SN, 2N W)
j=1i=1
N N
= > > IV Z[Yy T SN, 2N, W),
j=i+1li=1

By checking (A32)-(A33), it is easy to see that (A29) and (A30) hold, and the proof is completed.

The proof of Theorem [2] is completed.

APPENDIX C

PROOF OF (2:13)

N N
ZI(Y Z-&-I‘Yi_laSNaW) :Z Z I Y;’Z |YZ ! SN 7+17W)'

(A32)

(A33)

(A34)

(A35)

Replacing VY by X, and letting W., UY be constants, the achievability of (2.15) is along the lines of the

direct proof of Theorem [I] (see Appendix [A), and thus we only need to show the converse proof of (Z.I3). Since
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R. < R is obvious, it remains to show that R < I(X;YS,S) and R, < I(X;Y|S,5) — I(X; Z|S, S), see the

followings.

Note that

IN

—~
o
=

—~
3]
~

1
NI YSY) +6(P))
1

I(XNYN|ISY) 4+ 6(Pe))

2= =
e

(H(}/;;|Yi_1,SN> _ H(}/ilyi_l,SN,XN)) + 6(]56)
=1

ii(H(wS» Si—a) — HY;|Y"1, SN, XN)) + OF)

N . |91y Pi—d [ 5 5 N

iZN:(Jar(Y-w- Si—a) — H(Yi|S:, X;)) + OF)

N s P[Py Pi—d 1|7y <Xg N

L S;, S S S )

N;<H(YZ| iy Si—a) — H(Yi|Si, Xi, Si—a)) + N

6(P,

H(Y;|S7,87-a,J) — H(Y;|S7,587-a, X75,J) + (N )
o(P,

H(Y;|Sy,S5-a) — H(Y;|Ss,S7-a,X7) + (N )

I(X;Y]9,8) + ﬁ, (A36)

where (a) is from H(W|XY) = 0, (b) is from the Markov chain (Y1, §*=1 SN, X=1 XN ) — (S;, X;) = Y,

i+1

(c) is from the Markov chain S;_4 — (S;, X;) — Y;, (d) is from the fact that J is a random variable (uniformly

distributed over {1,2,...,N}), and it is independent of YV, ZN¥ W and SV, (e) is from the Markov chains
(J,87_4q) = (S7,X5) = Yyand S;_4 — (S;,X) — Yy, and (f) is from the definitions in (A24), X £ X ; and
the fact that §(P.) < &(¢). Then, letting € — 0, we have R < I(X;YS, S).

Similarly, note that

R, — €

L HW|ZN,SN)
N

= SHWI[ZY,S8Y) - HW[ZN, s%, YY)+ HW|ZN, 8V, YY)

e L] L] L L L e

IW;YN|ZN, SN) +5(P.))

(HYNZN, SN) -~ H(YN|ZN, SN, W, XN) + §(P.))

HYNZN,SN) -~ H(YN|ZN, SN, XN) +6(P.))

(XN YN ZY, SN) + 6(P))

(H(XNZN, 8Ny — H(XN|Y N, SN) + H(XN|SN) — H(XN|SN) + 6(P.))

(I(XN Yy N|SVy — (XN, ZN|SN) + 6(P.))
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(5)
S UM YNSY) - 13N 2VISY) + 6(e), (A37)

where (1) is from l) (2) is from Fano’s inequality, (3) is from the fact that H(W|X N ) =0, (4) is from the
Markov chain XV — (YN, SV) — Z¥_ and (5) is from the fact that P, < € and §(P,) is increasing while P, is
increasing.

The character I(X~;YN|SN) — I(XY; ZN|SN) in (A81) can be further bounded by
1
NI(XN; YNISNY — (XN, ZN|8N)

(HY:|Y*™1,8Y) = H(Yi|X;, 8;) — H(Zi| 271, SY) + H(Zi| X3, S7))

Iz
2| =
M-

«
Il
—

(H(Y;|Y*=1, 8N, zi=Y) — H(Y;|X;, S;) — H(Zi| 2771, SN) + H(Zi| X3, S:))

=
=z~
'MZ

—
o
&
-
I
—

(H(Y;|Si, Si—a, SN, Z'7Y) — H(Y;| Xi, Siy Sica) — H(Zi|Z71, Si, Siza, SN) + H(Zi| Xi, Siy Si—a))

IN
=]~

s
Il
i

—
SH
=

IA
==
M-

ﬁ
Il
—

(H(Y;|Si, Si—a) — H(Y;| X, 84, Si—a) — H(Zi|Ss, Si—a) + H(Zi| X4, S, Si—a))

(I(X3; YilSi, Si—a) — I(X4; ZilSi, Si—a))

I
2| =
M-

@
Il
A

9 1(X5;Y51S5,S-a,0) — I(Xs5 25|87, 87-a,7)

()
< I(X5; Y585, 85-a) — 1(Xy5 25187, 55-4)

2 I(xX:Y|5.5) - I(X; 218, 5). (A38)

where (a) is from the Markov chains (Y1, 541 SN, X=1 XN ) — (S;, X;) — Y and (271,571, SN | X1,
XN,) = (Si, Xi) — Zi, (b) is from the Markov chain Y; — (Y=, SV) — Z~1, (¢) is from the Markov chains

Si—q — (X;,8;) = Yiand S;_q — (X;,S;) = Z;, and the fact that S; and S;_4 are a part of SV (here note that

Si_q = const if 1 < d), (d) is from

H(Y;|S;,Si—q, SN, Z071) — H(Z,| 2", S, Si—q, SN) < H(Y;|S;, Si—a) — H(Zi|S;, Si—a), (A39)

(e) is from the fact that J is a random variable (uniformly distributed over {1,2,..., N}), and it is independent of
YN, ZN, W and S¥, () is from the Markov chains (J,S;_q) — (S;,Xs) — Y, S;_a — (S5, X;5) — Y5,
(J, SJ_d) — (SJ,XJ) — 25, Sj_q— (SJ,XJ) — Zj and the fact that

H(Y;\S5,85-a,J) — H(Z;|S1,55-a,J) < H(Y;|Ss,S5-a) — H(Z;|S1,55-a), (A40)

and (g) is from the definitions in (A24) and X £ X ;. Here note that the proof of (A40) is analogous to that of
(A39), and thus we only need to prove the above (A39), see the followings.

Proof of (A39):
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Proof: Note that (A39) is equivalent to

I(Z;; 2071, SN|S;, Si_q) < I(Yi; SN, Z17YS;, Si_q). (A41)
Since
I(Z; 271, 8N|8;, Simq) = H(Z7Y,8N|S;, Siiq) — H(Z7Y, SN|Sy, Si_a, Zi)
< H(Z7YS8NS, Siia) — H(Z7Y, SN|S,, Sia, Zi, )

—~
—

= H(Z"', SN|S;, Si—a) — H(ZY, SN(S;, 84, i)

= I(Vi; S, 27185, Siva), (A42)
where (1) is from the Markov chain (Z=1, SN) — (S;,S;_4,Y:) — Z;. Then it is easy to see that (A41) is proved,
and thus the proof of (A39) is completed. [

Substituting (A38) into (A81), and letting e — 0, R, < I(X;Y|S,S5) — I(X; Z|S, S) is proved. The converse
and entire proof of (2.13) is completed.

APPENDIX D
PROOF OF THEOREM[3]

Rate splitting, block Markov coding, multiplexing random binning, and the idea of using the delayed receiver’s
channel output feedback as a secret key [42] are combined to show the achievability of Rf? in Theorem [3| The
outline of the proof is as follows. Notations and definitions are given in Subsection the construction of
the code-books are shown in Subsection the encoding and decoding schemes are respectively introduced in

Subsection [D-C| and Subsection [D-D] and the equivocation analysis is shown in Subsection [D-E|

A. Definitions

 The state takes values in S = {1,2,...,k} and the steady state probability w(I) > 0 for all I € S. Let N;
(1 < 5 < k) be the number satisfying

’

N; = N(w(8) —€), (A43)
where 0 < ¢ < min{n(5);5 € {1,2,...,k}} and € — 0 as N — oo.

o The message W = (W7, ..., W,,) is transmitted through n blocks, and similar to the definitions in Appendix
the uniformly distributed message W is divided into a common message W, and a private message W, (W =
(We, W), and W, W, and W, take values in the sets {1,2,...,2"N7} {1 2 .. 27NEe} and {1,2, ..., 2"V}
respectively. Here R = R, + R,. In the remainder of this section, we first prove

RT = {(Rc,Rp,Re) : 0 < Re < Ry,
R, < I(V;Y|U,S,5),

R. < [I(V;Y|U,S,8)—1(V;:Z|U,S, 8" +H(Y|V,Z,5,85)}, (A44)
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is achievable. Then, using Fourier-Motzkin elimination to eliminate . and R, from RIt RI s directly
obtained.
¢ In order to prove RS is achievable, it is sufficient to show the following two cases are achievable.
— (Case 1:) for the case that I(V;Y|U, S, S) > I(V;Z|U, S, S), we only need to show that (R. =
min{I(U;YS,S),1(U; Z|S,5)}, R, = [(V;Y|U,S,S),R. = [(V;Y|U,S,S) — [(V; Z|U, S,S) + Ry)

is achievable, where
Ry =min{H(Y|V,Z,85,5),1(V;Z|U,S,S)}. (A45)

— (Case 2:) for the case that I(V;Y|U, S, 5) < I(V;Z|U, S, S), we only need to show that (R, =
min{I(U;YS,S),1(U; Z|S,5)}, R, = [(V;Y|U,S,S), R. = R}) is achievable, where

R} =min{H(Y|V, Z,8,5),I(V;Y|U,S,8S)}. (A46)
e Define
R,1 = [I(V;Y|U,S,S) - I(V;Z|U, S, S)| T, (A47)
and
Ry =Rp1+ Rpo. (A43)

e In block i (1 < i < n), the message W; is divided into k sub-messages, i.e., W; = (W;1,.... Wi ),
where Wz,; = (Wi,g,c,Wi,§,p,17Wi,§,p,2) 1 <5<k, WL,;,C, Wi,?;,p,l and WL‘“:,.,p,g take values in the sets
{1,2,...,2N: BN 112 2NeFea(9)) and {1,2, ...,2V:Fr.2(9)} | respectively, and N; satisfies (A43). Here

R.(3) = min{I(U;Y]S,S = 3),I(U; Z|S, S = 3)}, (A49)
Ry (5) = [I(V;Y|U, 8,8 =3) - I(V; 2|U, 5,5 = 3)] 7, (A50)
Rp,2(§) = Rp(g) - Rp,l(g)

I(V;Y|U,S, S =35)— [I(V;Y|U,S,8 =35)—1(V; Z|U, S, S = 5)|*

= min{I(V;Y|U,S,S =3),1(V;Z|U,S,S = 3)}. (AS1)
Note that R.(5), Ry 1(5) and Ry 2(3) are the transmission rates R., R, 1 and R, » for a given §, respectively.
Furthermore, it is easy to see that

k
Z W(g)Rc(g) = R,

s5=1 5
From the above definitions, it is easy to see that W = (Wi 1.¢, ..., W1 ko, Wotcr ooos Wakiey coos Wit s oo, W keoc)
and Wp = (val, Wpyz), where Wp)l = (W171,p,1, veey Wl,k,p,la W271,p71, veey W27k,p71, veey Wn717p71, veey Wn,k,p,l)
and Wp,g = (WLLP’Q, ceey lek’p,g, Wg’l’p’g, ceey WQJC’;D’Q, ceey Wn’l’p’g, ceey Wn’k’p’g).

k k
m(3)Rp1(5) = Rp1, Y _m(5)Rp2(3) = Rya. (A52)
=1 s§=1
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The transmission rate R} of the common message W, is denoted by

o HOVo) XL S HWise) | 3 Sy NaRe(5)
¢ nN nN nN
@ iy Yo N(@(E) = €)R(3)
niN
k /7
= (3~ )R(3)
e b
= > m(HR(3) —€ > Re(3), (A53)
s=1 5=1

where (a) is from || From 1} and li it is easy to see that R} tends to be R, while € — 0.

Similarly, the transmission rate R, of the private message W), tends to be R, while € —0.
Let U; (1 < i < n) be the random vector with length N for block i and U" = ((71, ,(}n) Similarly,

5" = (81,..,8,), V"t = (Vi, ..., Vp), X" = (X1,..,X,), Y™ = (V1,...,Y,) and Z" = (Zy, ..., Zy,). The

specific values of the above random vectors are denoted by lower case letters.

B. Construction of the code-books

Fix the joint probability mass function Py, o5y (4, v, 5,8, 2,y, 2) satisfying (2.19).

Construction of U”: Construct k code-books U of U for all § € S. In each code-book U3, randomly

generate 2Vs7<(5) jj.d. sequences u'Vs

according to the probability mass function /7, 5(u|3), and index these
sequences as uV%(7), where 1 < 7 < 2NV&Fe(5),
Construction of V": Construct k code-books V¥ of V¥ for all § € S. In each code-book V?*, randomly

generate 27V: (Fr(9)+Ee(5)) § i d. sequences vV

# according to the probability mass function Py, ;; 5(v|u, $). Index
these sequences of the code-book V° as v* (iz, az, bs), where 1 < iz < 2Nefe(®) qz € Az = {1,2,..., A5},

bs € B; = {1,2, ...,Bg},

A = 2N;[I(V;Y\U,S,S’:g)7I(V;Z|U,S,§:§)]+’ (A54)

and
B, = 9NsI1(V;Z|U,S,5=5) (AS5)

From (A51) and (A55), it is easy to see that 2V:/%».2() < B;. Thus we partition B; into 2V5%».2(5) bins, and

each bin has 2V:(I(ViZ|U,S,5=5)=Ry2(3)) elements.

N

Construction of X" : For each 3, the sequence x'¥* is i.i.d. generated according to a new discrete memoryless

channel (DMC) with transition probability Py,;; 1 5(2|u, v, 5). The inputs of this new DMC are u* and v*7,

while the output is V5.
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C. Encoding scheme

The codeword in each block has length N. Let L; be the number of times during the N symbols for which
the delayed feedback state at the transmitter is S =3. Every time that the corresponding delayed state is S =3,
the transmitter chooses the next symbols of u” and v from the component code-books I/ and V?, respectively.
Since L3 is not necessarily equivalent to Ng, an error is declared if Ly < Njg, and the codes are filled with zero
if Ly > Nj. Since the state process is stationary and ergodic limy_, % = Pr{S’ = 5} in probability. Thus, we

have
PT{L§ < Ng} — 0, as N — oo. (A56)

For the i-th block (1 <4 < n), the transmitted message is w; = (w; 1 ¢, Wi 1,p,15 Wi 1,p,25 > Wi k> Wi k,p, 15 wiykypyz).
The encoding scheme is considered into two steps. First, for block 1 < ¢ < 2d, the encoding scheme is as follows.

o (Choosing w;:) In each component code-book U® (1 < 5 < k), the transmitter chooses Efv (wzgc) as the
5-th component codeword of the transmitted u;. The transmitted codeword w; is obtained by multiplexing the
different component codewords.

e (Choosing v;:) In each component code-book V? (1 < § < k), the transmitter chooses DA (i%,a%, bt) as the

[ 5775178

§-th component codeword of the transmitted v;, where i = w; ¢, af = w; 5.1, and b} is randomly chosen
from the bin w; 5,2 of Bs. The transmitted codeword v; is obtained by multiplexing the different component

codewords.
Second, for block 2d + 1 < ¢ < n, the encoding scheme is as follows.

e The choosing of u; for block 2d + 1 < ¢ < n is the same as that in block 1 < i < 2d.
o (Generation of the key:) In block 2d+1 < i < n, the transmitter has already known s;_o4, and it is used to mul-

tiplex the component codewords u;_ 4, U; 4 and vectors $; g, Z;_q ¥i—q and z;_4. Once the transmitter receives

the delayed feedback y;_4 and s;_4, he first demultiplexes them into @N_ld, ﬂfvfd,..., gjv_ *, and '§£V_1d, '§£V_2d,...,’§£v_’°d.
~N

Then, when the transmitter receives @VTN_’d (1 <5 < k), he gives up if ﬂ;v_jd ¢ T;,V"Vvysyg(vi_’d,giv_jd, §=4). 1t

is easy to see that for 5§ = j, the probability for giving up at the 7 — d-th block tends to 0 as N — oo (here

Nj = N(x(j) — €)). In the case ., € T;,\["V7S7S(5£de,§£\ijd, § = j), generate a mapping
gij U, = {1,2,..., 2N’ ()} (A57)
for case 1, and
gij U = {1,2, ..., 2N Br )y (AS8)
for case 2. Here note that
Rs(j) =min{H(Y|V, Z, S,S = 79),I(V; Z|U, S, S =7} (A59)

R}(j) = min{H(Y|V, Z,8,8 = j),I(V;Y|U,S,S = j)}. (A60)
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Define a random variable K ; = g;, ]( ) (2d + 1 < i < n), which is uniformly distributed over {1, 2, .
oNiBs ()} or {1,2,...,2N70)1 and K}, is independent of U, Vi, Si, X; Y, Z; and W;. Here note that
K7 ; is used as a secret key shared by the transmitter and the receiver, and £} ; is a specific value of K7 ;.
Reveal the mapping g; ; to the transmitter, receiver and the eavesdropper.

o (Choosing ©;:) From (A5I), and (A60), it is easy to see that R, 2(j) > Ry(j) for case 1, and
R,2(j) > R*(j) for case 2. Thus, for block 2d +1 < ¢ < mand § = 57 (1 < j < k), divide the
component message wj j,p,2 into w; ;o and w;

{1,2,... QNRf(J)} w*

_ * ok *

ie., Wijp2 = (w'yjp’Qawi,j,p,Q)’ where Wijp2 ©
N; R} (5

, € {1,2,...,2NiR )y,

WG Lo € {1,2,...72N1( P2 (j)’R;‘(j))} for case 2. For both cases, in each component code-book V* (1 <

zJpQ’

, € {1,2,...,2Ni(Fp2()=Fs (DY for case 1, and w}

’LJP 4,J,P,

§ < k), the transmitter chooses UN (1%, a%, b%) as the 5-th component codeword of the transmitted v;, where

R
i§ = Wj 3¢, AF = Wj3,p,1, and bF is randomly chosen from the bin (wj ; , , ® k] ;, w;% , 5) of Bz, where & is
the modulo addition over {1,2, ..., 2N} for case 1 and {1,2, ..., 2™ 87 ()1 for case 2. Here note that since

K7, and W/, 5 are independent and uniformly distributed over the same alphabet, K", & W},

independent of K7'; and W}

5 1s also
+j.p,2» and it is also uniformly distributed over the same alphabet as that of K,

and W, 5. The transmitted codeword v; is obtained by multiplexing the different component codewords.

D. Decoding scheme
o (Decoding scheme for the receiver:)
— (Decoding the common message w; . for block 1 < i < n:) The delayed feedback state S at the
transmitter, which is used to multiplex the component codewords, is also available at the receiver. For
block 1 < i < n, once the receiver receives y; and the state sequence s;, he first demultiplexes them into

outputs corresponding to the component code-books and separately decodes each component codeword.
~N§

? 7,

N5

To be specific, in each code-book 2/°, the receiver has (yz ) and tries to search a unique @, ° such

that

(@757 577) € T g 5(6)- (A61)

If there exists such a unique u *, put out the corresponding index ;s .. Otherwise, i.e., if no such
sequence exists or multiple sequences have different message indices, declare a decoding error. If for
all 1 < s < k, there exist unique sequences ﬂfv satisfying , the receiver declares that w; . =
(Wi1,e0Wi2.¢y .-y Wi k,c) is sent in block i. Based on the AEP and , it is easy to see that the error
probability Pr{w; ;. # w; s} (1 <§<k) goes to 0.

— (Decoding the private message w; , for block 1 < ¢ < 2d:) After decoding ﬂN Sforall1 <5<k, in

each component code-book V¥, the receiver tries to find a unique sequence ¥; N5 such that

(@5 5) € Ty 65(0)- (A62)

If there exists such a unique ¥}'%, put out the corresponding indexes 7%, a% and IA); Otherwise, i.e., if no

such sequence exists or multiple sequences have different message indices, declare a decoding error. For
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block 1 < ¢ < 2d, after the receiver obtains the index B; he also knows ;3,2 since it is the index of the
bin which 13’55 belongs to. Thus, for 1 < § < k, the receiver has an estimation ; 5 , of the private message
w; 5. by letting w; s, = (4%, 10; 5.,.2). If for all 1 < 5 < k, there exist unique sequences v, * such that
is satisfied, the receiver declares that w; , = (Wi 1,p, Wi, 2,p; .-, Wi k.p) i sent for block 7. Based on
the AEP and R,(5) = I(V;Y|U, S, S = ), it is easy to see that the error probability Pr{i; s, # wi s}
(1 <5< k) goes to 0.

— (Decoding the private message w;, for block 2d + 1 < ¢ < n:) For block 2d +1 < i < n and
1 < § < k, after decoding u, u , first, the receiver tries to find a unique sequence UN § satisfying .
If there exists such a unique v °, put out the corresponding indexes i I, a% and b*sf. Otherwise, i.e., if

no such sequence exists or multiple sequences have different message indices, declare a decoding error.

Wt

After the receiver obtains the index b* he also knows (] o @k ;W% o

) since it is the index of the
bin which bz belongs to. Then, note that the receiver knows the secret key k; ., and thus he can directly

o @ k5 W%, o) and the key k; ;. Thus for 1 < 5 <k,

. ~ _ Nk
obtain W; 5 p 0 = ) from (W} Tipe

(wz s,p,2’ 1,8 p 2 %,5,D,

the receiver has an estimation w; 5, of the private message w; s, by letting w; 5, = (4%, W;5p2). If
for all 1 < § < k, there exist unique sequences 'ﬁlN % such that is satisfied, the receiver declares
that w; , = (Wi,1,p, Wi, 2,p, -, Wi k,p) is sent for block 2d + 1 < i < n. Based on the AEP and R,(3) =
I(V;Y|U,S,S = 5), it is easy to see that the error probability Pr{w; s, # w;s,} (1 <3 < k) goes to
0.

o (Decoding scheme for the eavesdropper:)

— (Decoding the common message w; . for block 1 < ¢ < n:) The delayed feedback state S at the
transmitter, which is used to multiplex the component codewords, is also available at the eavesdropper.
For block 1 <4 < n, once the eavesdropper receives z; and the state sequence s;, he first demultiplexes
them into outputs corresponding to the component code-books and separately decodes each component

N; ~N;

codeword. To be specific, in each code-book U/*, the eavesdropper has (Z;'°,3;°) and tries to search a

7 ? %

unique u; N5 uch that

(@ 5" 57) € T g 5(e). (A63)

If there exists such a unique u , put out the corresponding index ;s .. Otherwise, i.e., if no such
sequence exists or multiple sequences have different message indices, declare a decoding error. If for
all 1 < s < k, there exist unique sequences ﬂfvS satisfying , the receiver declares that w; . =
(Wi,eoWi2.c, .-y Wi k,c) 1S sent in block i. Based on the AEP and , it is easy to see that the error
probability Pr{w; ;. # w; .} (1 <§ <k) goes to 0.

— (For block 1 < i < n, given Zz;, u;, 5; and w; 1, decoding v;:) In each component code-book Vs

(1 <5<k, given 3%, U (w; 5.0), 27* and w; 5 .1, the eavesdropper tries to find a unique b% such that

(07 (Wi5.00Wi 5.1, 03), 7 (Wi5,0), 27, 50) € Ty g5 (€). (A64)
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Since there are 2Va/(V:Z|U.5.5=3) possible values of b% (see ), based on the AEP, the error probability
Pr{b; # b5} — 0. (A65)

(For block 2d + 1 < i < n, given v;_g4, z;_q and s;_4, the eavesdropper’s equivocation about the

secret key:) For block 2d +1 < ¢ < n and S = 3, even the eavesdropper knows ﬁN

, without the
secret key kfg he still can not obtain w; 3 p 2, and this is because w; 5 p 2 = (W} w5 ,0® kl HWis p 5). The
eavesdropper can guess k; ; from oM, ZNs and 30, and his equivocation about the secret key k; s can
be bounded by the following balanced coloring lemma introduced by Ahlswede and Cai [42].

Lemma 1: (Balanced coloring lemma) Given S = 3, for any ¢, > 0, sufficiently large Nj, all N;-
type Pygay (v,5,5,y) and all o7, 307, € T‘J/VS|S

N; GNs N o N; GNe N & .
c : TYlVSS(v St 8) = {1,2,.,7} of TYlVSS(v ., 8;°4,8) such that for all joint Nj-type

2d +1 < ¢ < n), there exists a - coloring

Nz _N: ~Nz . ~Nz
T CAL A EALR]

N_;E
5 > 21Vs€,

P, g5y 4 (v, s,3,y, z) with marginal distribution P, 45, (v, 5, §, z) and

~Ns ~Nz =N; Ns
Vi—d>Si—d> %i—d € Tvsz‘s

‘TN'S & (@Ndvgfvmsazz d)|(1+§)
e (k)| < S22 : (A66)

v

for k = 1,2,...,7, where ¢! is the inverse image of c.

Proof: See [42, p. 260]. |

: G _—z if7Ns TNs ~Ns N5 i : : ~Ns =Ns
Lemma (1| shows that given S = 5, if v,°,, 5,°°,, y;'°, and z;'°, are jointly typical, for given v, °,, 5;°°,

~N3 ~Nz Nz ~N; ~Ns =~ ~N; . B
and z; %, the number of y; 7% € Ty|vssz(vi,d,si,d,s,zi ;) for a certain color k (k = 1,2,...,7),
Nz ~N5 =Nz - =Nj
| y\v,s,é,z( 5008 0082, S (146)

5 . By using Lemma

it is easy to see that the typical set TY|§V s.8, Z('ﬁfvjd, 3Ne,5,2N5)) maps into at least
N3 ~Nz ~Nz =~ =Ns
‘TY|vsA§ 20550 8,54:5, 2.5 v
Nz ~Nj3 N; -
ITy|vSsz( S a$7; ) (149) 1+6
B

which is denoted as ¢~ (k)]

(A67)

colors. On the other hand, the typical set TY|SV $.8. Z(EZN b §fv It va ¢,) maps into at most y colors. Thus,

given S = 3, VNd, ZlNd, Ssz, the eavesdropper’s equivocation H (K ; VN SZNd, 7N 5) about the

secret key K7 ; is lower bounded by

H(K; 5|V 550, 2] 8 = 8) 2 log . (A68)

Here note that in our encoding scheme, v = 2N:%7(3) for case 1, and v = oNs 15 (5) for case 2, see |i

and (A38). Then, it is easy to see that (A68) can be re-written as follows. For case 1,
H(K; VN3, SN, ZN3, S = 8) > NsRy(3) — log(1 +6), (A69)
and for case 2,

H(K; 5|V, SN ZNe 8 = 3) > N3R3(3) — log(1 + 4). (A70)
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Now it remains to show that R, = I(V;Y|U, S,S) — I(V; Z|U, S, S) + Ry) for case 1 and R, = R} for case

2, see the followings.

E. Equivocation analysis:

Equivocation analysis for case 1: For all blocks, the equivocation A is bounded by

1
L H(W| 2,8 = W W2, 5
1 1
> W,lzZ™, 8" W) > —H(W,|Zz", 5", W,,U"
> L HWIZ 8w > L, )
(a) 1 n o Qn yrn 1 n Qn n
- WH(WP|Z ,S 7[] ):mH(Wl,p7...,W7hpZ ,S ,U )
1 . n n n
= n—NZH(Wi,MZ ST U™ Wiy e, Wii1p)
1 2d
- an(ZH(WLp\Z”,S”,U”,WL,,,...,Wi_Lp)
1=1
n
+ > H(Wip|2", 8" U™ Wi p, ... Wi1,))
i=2d+1
1 2d
(:) N ZH ’Lp‘ZmSlaU’L Z H zp‘szquuZz dasz d7U2 d))
n i=2d+1
@ 1 ~ e e~~~
> — Z H(W;,|Zi, Si, Ui, Zi—q, Si—a, Ui—a)
n i=2d+1
1 -~
- 7]\] Z ZH 1GP|W11P""7 i,5— 1,paZuSuUzaZz d7Sz d7U1 d)
n 1=2d+1 s=1
1 < ~
(i) nN Z ZH(W%§7P|Z¢N SN UN Zsz7Ssz7UiIX§d)
n i=2d+1 5=1
1 n k " » " » » "
= TLiN Z ZH(Wi,§,p,17Wi,§,p,2|ZiN§7SIZV§7Ui]vngiJigd,Sﬁgdanzgd)
i=2d+1 §=1
e 1
¢ 5 Z Z Wispal 2, 810 U1
n i=2d+1 §=1
+H(Wi7§7p72|W¢,§7p71,ZiNg,§iNg,ﬁZNé,Zﬁéd,gﬁgd,ﬁijigd)), (A71)

where (a) is from the definition W; , = (W; 1,p, Wi p, ..., Wikp) (1 < i < n), (b) is from the Markov chains

Wip = (Ziy S5, Ui) = (Wi ey Wity 2074, 22, UL, U2y, S8, 87 ) for block 1 < 4 < 2d, and W, —
(Zi7Si;UiaZi—dvsi—d7Ui—d) - (Wl,pa"'awi—l,pazl =1 ZZ’L é+17 7,+1aU,L a-t UZZ ;4»17[];;1752 -1 Slz ;+1aS7?1+1)
for block 2d + 1 < i < n, (c) is from the fact that when n and N tend to infinity, W Zi:l H(W¢7p|Zl-, SZ—, Ul-)

tends to zero, and thus we can drop it, (d) is from the Markov chain W; 5, — (ZN s §ZN s, ﬁZ-N s, Z;de? §fv_5d, ﬁﬁd) —
(Wi71,p7...’Wi7§_17p72i1\/'17...7Z;V§—1,ZZV§+1’.“"ZV’L_]Vk,ﬁ;V17“.,ﬁiNg—17(7i1Vs'+17...7(72Nk7§£V1 §Z-N§71,§N§+l,...,§iNk,
Z»J\fd,...,Z;Vle,ZAfjl, ...,Zﬁkd,ﬁﬁld,...,ﬁN_Z‘l,UJXZ“, ...,ﬁﬁ’ji,gf\fd, ...,§N§Jl,§?\ijl gz %), which implies

7 K2 7 3 11— K2
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the 5-th component of the private message W; , is only related with the 5-th component of U} S’; Z l_'Nfi_d, Si_d
and Z;_g, and (e) is from the Markov chain W; 5,1 — (Z¢, SNe UN®) — (ZNs, SN UN:).

Now it remains for us to bound the conditional entropies H (W; s 5.1|2%, SN*,UN*) and H(Wi 5p2|Wispa1, 2,
§ZV§,(~]ZN5, Zﬁgd,gﬁgd, ﬁﬁgd) in , see the followings.

The conditional entropy H(Wiyg,p,l\ZZNi gst, (NIZV) can be bounded by

H(Wi,é',z?,llgz‘lvg?gi]vi leN;) > H(Wiﬁgypyllgilvg?givi ﬁzNgv‘SN’ = §)
= HWisp1, 20,88, 0,8 = 5) = H(Z), 5}, 0], S = )
= HVN Wisp1, 2N, SN UNe | § = 5) — HV}:

Lz

WiygaPJ’FZviNgagiNiﬁiNiS: §) _H(FZVZNEagzNiﬁZNiS: §)

VN N TN § = 8) 4 H(VN Wi, 5,00, 6 = 5)

_H(%N§|Wi757p7172iN§’§iN§7[71’]\[555: §) _H(Zz‘]\fgﬁgz‘]vg?ﬁi]vgvg: §)

W N.H(Z|V,U,S, 8 = §) + HVN SN 0N, § = 5) — H(ZN7|SN, 0+, § = 3)

*H(‘Z‘Nﬂwﬁinlv ZzNS’ §1N57 ﬁiNga S = ,§)

> N:H(Z|V,U,S, 8 = 5)+ H(V,"?|SN, U, § = 5) - N:H(Z|U, S, S = 5)

_H(‘Z‘NﬂWi,iP»l? ZzNgv §ZNg7 ﬁz'Ng’ S= 3)

@ . . . e
> N:I(V;Y|U,S, S =3)—1— N:I(V; Z|U, S, 8 = 8) — HV N |Wi 551, 27, 8N UN= 5§ = 3)

@ 3 B
> N:I(V:Y|U,S,8=3)—1— N;I(V; Z|U, S, S = §) — Nse, (A72)

where (f) is from the fact that H(V[/vgplﬂzN) =0, (g) is also from H(Wi“g’p’lHZNg) = 0 and the fact that the
channel is a DMC with transition probability Py, 7 x s(v, z|z, s), and for each 5, X N5 is i.i.d. generated according
to a new DMC with transition probability Py ;1 5(z|u,v,5), thus we have H(ZN:|VN: §Ne gNs G = 5) =

N;H(Z|V,U,S,S = 3), (h) is from the fact that for given 3, u"* and ’sva, XZN has Aj - B possible values, using

i

a similar lemma in [16], we have

@

H(VN?|SNe UNe | § = 5) > log As +log Bs — 1 = N;I(V;Y|U,S,S =3) —1, (A73)

where (1) is from (A54) and (A55)), and (i) is from the fact that given , w; s 5.1, 2. *, 3 ° and %.'*, the eavesdropper’s
decoding error probability of Efv ¢ tends to zero (see ), then, by using Fano’s inequality, we have

1 ~ 7. o ~nr o~
N H VN Wi, 27,87, U, 8 = 5) <1, (A74)

S
where ¢; — 0 as N5 — oo.

The conditional entropy H(W; 5 p2|Wisp1, ZN, §ZN5, [ZN, Zvﬁgd, S’vﬁgd, ﬁﬁgd) can be bounded by

SN: GN: 77Ns 7Ns; &Ns 77Ns
HWisp2Wisp1,Z; %8 U, 2750, 8,75, UlSy)

> HW,; 5p2
)

7Nz QNs 77Ns >N; GNs 77Ns * *
Wispa, Z; 5,8 U 2,50, 8,50 U 25 Wis p o @ K

1,5,P; 2,87

S =35 VN Ve

H(Wiyg,pﬂ‘zﬁgdv ‘§iN—§d7 ﬁﬁgdv Wisp2 @ KS S = 5, ‘ZJ_VZ)

2,5,P, 1,87
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w H(Wispo|ZN,, SN Wisp2®Kl58=5, VYY)

—H(K* |Zszvssz> Zs,p, Kz*saS: 5»‘71-11[})

Q H (k7|28 VY. 5 = 3)

C NaRs(5) — log(1 + 9), (A75)

where (j) is from the Markov chain W; 5 , o — (Z ik SlNd, U;Vd, Wiz, 0®K] s, S =3, XN/]X) — (Wispa, ZNe, SNe
UN§ V.NS) (k) is from the fact that H( P 73) = 0, () is from the Markov chain W; », & K;; —
(ZszszNde % d,S =3) — K} ;, and (m) is from li

Substituting (A72) and (A73) into (A7I), we have

R ~ .
A > — N N INJI(V;Y|ULS, S =58) = 1= N:I(V; Z|U, S, S = ) — Naey + NsRy () — log(1 + 0)]

nN 1=2d+1 s§=1
_ LN Z Z (I(V;Y|U, 8,8 = 5) — I(V; Z|U, 5,8 = 8) + R;(3) — e1) — 1 — log(1 + 0)]
n i=2d+1 5=1
@ 1 Z Z (I(V;Y|U, 5,8 = §) — I(V; Z|U, 5,5 = 3) + Ry (5) — 1) — 1 — log(1 + 8)]
1=2d+1 5=1
n—2d & - -
= IS INR GV YU S5 = 8) — IV 21U, 8,8 = 8) + By(5)) ~ Nx(d)en

5=1

—Ne (I(V; YU, 8,8 = 8) — I(V; Z|U, S, S = 3) + Ry (3)) + Ne e, — 1 —log(1 + 6)]

k
o ~ ~ 2 ~ — 2
Y viY|U, s, §) - I(V: Z|U, S, §) + Ry — g(I(V;Y\U, S,8) — I(V; Z|U,S,S) + Ry) — = del Z

k
—2d Z (V:Y|U, 8,5 =3) — I(V; Z|U,S, 8 = 3) + Ry (3))

_ 2dk(€,€1 _ 1 +10%\(]1 +5))’

where (n) is from |i and (o) is from 1l Thus, choosing sufficiently large n and N (here note that ¢ and
e; tend to zero while N — o0), A > I(V;Y|U,S,S) — I(V; Z|U, S, S) + Ry — € is proved.

+

Equivocation analysis for case 2: For the case 2, (A47) implies that the private message W; , 1 = (Wi1p.1, -, Wikp,1)
Nl 5,§1N5,(71NS) of (A71) satisfies

H(Wis 1|2, 8N, UN) = 0. (A77)

of block 4 is a constant, and thus the conditional entropy H (W, 5,1

Moreover, using (A70), the last step of can be re-written by
HWispelWisp1, 25U 250, 8,5, Ui D)

> N3 R}(8) — log(1 +0). (A78)

(A76)
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Substituting (A77) and (A78) into (A7I), we have
>
Az niN | Z

—_

(NsR}(3) — log(1 +9))

(N(7(3) — € )R}(3) — log(1 + 4))

n — 2d k ’ k
— (NZw(é)R’}@) — Ne ZR;(@) — klog(1+9))

S
|

Do

ISH

k
7 n—2d/ZR*(E)_n—2dlog(1+5)k, (A79)

B P ‘ f n N
where (1) is from 1i Thus, choosing sufficiently large n and N (here note that ¢ tends to zero while N — ),
A> R} — € is proved.

Thus, the achievability proof of R/* for both cases are completed. Finally, using Fourier-Motzkin elimination

to eliminate R, and R, from RF®, R/ is obtained. The proof of Theorem [3|is completed.

APPENDIX E
PROOF OF THEOREM 4]
Since R. < R is obvious, we only need to prove the inequalities R < I(V;Y|S, g) and R, < H(Y|Z,U, S, S)
Define the auxiliary random variables U, V, X, S, 5’, Y and Z the same as those in . Then it is easy to see that
the proof of R < I(V;YS, S) is exactly the same as that in . Now it remains to show R, < H(Y|Z,U, S, S),

see the followings.

By using (2.9) and (2.10), we have

S 1 N N
R.—e < —HW|zN,sV)
N
1
= N(H(WIZN,SN)*H(WIZNvSNXN)+H(W|ZN,SN,YN))
@ 1 5(P.)
< —I(W;YN|ZN SN -
1
S 7H(YN|2N75N)_~_5(P9)
N
1 & 5(P,)
_ 1vi—1 >N oN e
= N;Hle 2N 5N+ =
QLSS iyl Y SN 7. 58 oF)
= NZZ:; (l| s Hi41> 5 Lgy DIy i—d)+ N
- P,
D Hyp.z.s.9) + U
(5) )
< H({YI|UZS,S)+ ](;), (A80)

where (1) from (2.10), and (2) is from the Fano’s inequality, (3) is from the fact that S; and S;_g (here S;_q = const
when i < d) are included in S, (4) is from the definitions in (A24) and the fact that J is a random variable
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(uniformly distributed over {1,2,..., N}), and it is independent of YV, ZN, W and S¥, and (5) is from §(P.) is
increasing while P, is increasing, and P, < e.

Letting € — 0, R, < H(Y|Z,U, S, S) is proved, and the proof of Theorem Ié—_l| is completed.

APPENDIX F

PROOF OF (2.21))
A. Achievability proof of (2.21))

Replacing VN by X%, and letting W,, U be constants, the achievability of R/%* is along the lines of the proof

of Theorem [3] for case 1, where
R ={(R,R.): 0< R. <R,
R<I(X;Y]S,8),
R, < I(X;Y|S,S) - I(X;Z|S,8)+ HY|X, Z,8,9)}.
Here note that since Z is a degraded version of Y,
I(X;Y|S,8)—I(X;Z|S,8)+ H(Y|X, Z,8,5)
= H(X|S,S) — H(X|S,S,Y) — H(X|S,S) + H(X|S,S,Z)+ H(Y|X, Z,S,5)
Y m(x|s,5,7) — H(X|S,3,Y,Z) + HY|X, Z, 5, 5)
=1(X;Y|S,5,2)+ HY|X, Z,5,5)
= H(Y|S,S, 2),
where (1) is from the Markov chain X — (S,5,Y) — Z. Thus, it is easy to see that R/"* = RS*, and the
achievability of (2:21) is completed.

B. Converse proof of (2.21)

Since R, < R is obvious and the proof of R < I(X;Y|S, S ) is exactly the same as that in Appendix [C| (see
), it remains to show that R. < H(Y'|S, 5', Z), see the followings.

Note that

—
=
—

H(W|ZN, sN)

N
SHW(ZY,8Y) — HOW|ZY, 8N, Y V) ¢ HOW| 2V, 5V, 7))
) 1 N |7 N N
< UV YN|ZY 5Y) 4 6(R)
1
SHEVIZY SY) 4 5(R)

1 N

= NZH<E|Yi_1vasz7Siasi7d)+
i=1

R, — ¢

IN

IN

6(Fe)
N

—
=
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N
1 (Pe)
< L AN
< N;H(mzl,sl,sz_dh N
N
(_) i . ) ) ) . 5(Pe)
2 N;H(mZ“S“SH,J—ZH N
5(P,
@ H(Y}|Z(],S,],S.]7d7J)+ (N)
(6) (e
O H(Y\Z,S,S)Jr@ (A81)

N )

where (1) is from (2.10), (2) is from Fano’s inequality, (3) is from the fact that S; and S;_q (here S;_q = const

when i < d) are included in S%, (4) and (5) are from the fact that .J is a random variable (uniformly distributed
over {1,2, ..., N'}), and it is independent of YV, ZN_ W and SV, (6) is from P, < € and 6(P,) is increasing while
P, is increasing, and (7) is from the definitions in @

Letting ¢ — 0, R, < H(Y|Z, S, S) is proved. The converse and entire proof of is completed.
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