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Capacity of a Class of State-Dependent
Orthogonal Relay Channels

Inaki Estella Aguerri and Deniz Giindiiz, Senior Member, IEEE

Abstract—The class of orthogonal relay channels in which
the orthogonal channels connecting the source terminal to the
relay and the destination, and the relay to the destination,
depend on a state sequence, is considered. It is assumed that
the state sequence is fully known at the destination, while
it is not known at the source or the relay. The capacity of
this class of relay channels is characterized, and shown to be
achieved by the partial decode-compress-and-forward (pDCF)
scheme. Then, the capacity of certain binary and Gaussian state-
dependent orthogonal relay channels are studied in detail, and
it is shown that the compress-and-forward (CF) and partial-
decode-and-forward (pDF) schemes are suboptimal in general.
To the best of our knowledge, this is the first single relay
channel model for which the capacity is achieved by pDCF, while
pDF and CF schemes are both suboptimal. Furthermore, it is
shown that the capacity of the considered class of state-dependent
orthogonal relay channels is in general below the cut-set bound.
The conditions under which pDF or CF suffices to meet the
cut-set bound, and hence, achieve the capacity, are also derived.

Index  Terms— Capacity,
channel, decode-and-forward,
decode-compress-and forward.

channels with state, relay
compress-and-forward, partial

I. INTRODUCTION

E CONSIDER a state-dependent orthogonal relay

channel, in which the channels connecting the source
to the relay, and the source and the relay to the destination
are orthogonal, and are governed by a state sequence, which
is assumed to be known only at the destination. We call this
model the state-dependent orthogonal relay channel with state
information available at the destination, and refer to it as the
ORC-D model. See Figure 1 for an illustration of the ORC-D
channel model.

Many practical communication scenarios can be modelled
by the ORC-D model. For example, consider a cognitive
network with a relay, in which the transmit signal of the
secondary user interferes simultaneously with the received
primary user signals at both the relay and the destination.
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Fig. 1. Orthogonal state-dependent relay channel with channel state infor-
mation available at the destination, called the ORC-D model.

After decoding the secondary user’s message, the destination
obtains information about the interference affecting the source-
relay channel, which can be exploited to decode the primary
transmitter’s message. Note that the relay may be oblivious
to the presence of the secondary user, and hence, may not
have access to the side information. Similarly, consider a
mobile network with a relay (e.g., a femtostation), in which
the base station (BS) operates in the full-duplex mode, and
transmits on the downlink channel to a user, in parallel to the
uplink transmission of a femtocell user, causing interference
for the uplink transmission at the femtostation. While the
femtostation, i.e., the relay, has no prior information about this
interfering signal, the BS knows it perfectly and can exploit
this knowledge to decode the uplink user’s message forwarded
by the femtostation.

The best known transmission strategies for the three
terminal relay channel are the decode-and-forward (DF),
compress-and-forward (CF) and partial decode-compress-and-
forward (pDCF) schemes, which were all introduced by Cover
and El Gamal in [2]. In DF, the relay decodes the source
message and forwards it to the destination together with the
source terminal. DF is generalized by the partial decode-
and-forward (pDF) scheme in which the relay decodes and
forwards only a part of the message. In the ORC-D model,
pDF would be optimal when the channel state information
is not available at the destination [3]; however, when the
state information is known at the destination, fully decoding
and re-encoding the message transmitted on the source-relay
link renders the channel state information at the destination
useless. Hence, we expect that pDF is suboptimal for ORC-D
in general.

In CF, the relay does not decode any part of the message,
and simply compresses the received signal and forwards the
compressed bits to the destination using Wyner-Ziv cod-
ing followed by separate channel coding. Using CF in the
ORC-D model allows the destination to exploit its knowledge
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of the state sequence; and hence, it can decode messages that
may not be decodable by the relay. However, CF also forwards
some noise to the destination, and therefore, may be subop-
timal in certain scenarios. For example, as the dependence
of the source-relay channel on the state sequence weakens,
i.e., when the state information becomes less informative,
CF performance is expected to degrade.

pDCF combines both schemes: part of the source message
is decoded by the relay, and forwarded, while the remaining
signal is compressed and forwarded to the destination. Hence,
pDCEF can optimally adapt its transmission to the dependence
of the orthogonal channels on the state sequence. Indeed, we
show that pDCF achieves the capacity in the ORC-D channel
model, while pure DF and CF are in general suboptimal. The
main results of the paper are summarized as follows:

o We derive an upper bound on the capacity of the
ORC-D model, and show that it is achievable by the
pDCF scheme. This characterizes the capacity of this
class of relay channels.

o Focusing on the multi-hop binary and Gaussian models,
we show that applying either only the CF or only the DF
scheme is in general suboptimal.

o We show that the capacity of the ORC-D model is
in general below the cut-set bound. We identify the
conditions under which pure DF or pure CF meet the cut-
set bound. Under these conditions the cut-set bounds is
tight, and either DF or CF scheme is sufficient to achieve
the capacity.

While the capacity of the general relay channel is still an
open problem, there have been significant achievements within
the last decade in understanding the capabilities of various
transmission schemes, and the capacity of some classes of
relay channels has been characterized. For example, DF is
shown to be optimal for physically degraded relay channels
and inversely degraded relay channels in [2]. In [3], the
capacity of the orthogonal relay channel is characterized, and
shown to be achieved by the pDF scheme. It is shown in [4]
that pDF achieves the capacity of semi-deterministic relay
channels as well. CF is shown to achieve the capacity in
deterministic primitive relay channels in [5]. While all of these
capacity results are obtained by using the cut-set bound for
the converse proof [6], the capacity of a class of modulo-sum
relay channels is characterized in [7], and it is shown that the
capacity, achievable by the CF scheme, can be below the cut-
set bound. The pDCF scheme is shown to achieve the capacity
of a class of diamond relay channels in [8].

The state-dependent relay channel has also attracted con-
siderable attention in the literature. Key to the investigation
of the state-dependent relay channel model is whether the
state sequence controlling the channel is known at the nodes
of the network, the source, relay or the destination in a
causal or non-causal manner. The relay channel in which
the state information is non-causally available only at the
source is considered in [9] and [10], and both causally and
non-causally available state information is considered in [11].
The model in which the state is non-causally known only
at the relay is studied in [12] while causal and non-causal
knowledge is considered in [13]. Similarly, the relay channel
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with state causally known at the source and relay is considered
in [14], and state non-causally known at the source, relay
and destination in [15]. Recently a generalization of pDF,
called the cooperative-bin-forward scheme, has been shown
to achieve the capacity of state-dependent semi-deterministic
relay channels with causal state information at the source and
destination [16]. The compound relay channel with informed
relay and destination are discussed in [17] and [18]. The
state-dependent relay channel with structured state has been
considered in [19] and [20]. To the best of our knowledge,
this is the first work that focuses on the state-dependent relay
channel in which the state information is available only at the
destination.

The rest of the paper is organized as follows. In Section II
we provide the system model and our main result. Section III
is devoted to the proofs of the achievability and converse
for the main result. In Section IV, we provide two examples
demonstrating the suboptimality of pDF and CF schemes on
their own, and in Section V we show that the capacity is in
general below the cut-set bound, and we provide conditions
under which pure DF and CF schemes meet the cut-set bound.
Finally, Section VI concludes the paper.

We use the following notation in the rest of the paper:
X! & (Xi, Xis1,..., X)) fori < j, X" £ (X1,..., Xn)
for the complete sequence, X7, , £ ¢, and AU
Z\,....Zi—1,Zix1, ..., Zy).

II. SYSTEM MODEL AND MAIN RESULT

We consider the class of orthogonal relay channels depicted
in Figure 1. The source and the relay are connected through a
memoryless channel characterized by p(ygl|xi, z), the source
and the destination are connected through an orthogonal mem-
oryless channel characterized by p(yz|xz, z), while the relay
and the destination are connected by a memoryless channel
p(y1lxg,z). The three memoryless channels depend on an
independent and identically distributed (i.i.d.) state sequence
{Z}?_,, which is available at the destination. The input and
output alphabets are denoted by X, X2, Xr, Vi, Vs and Vg,
and the state alphabet is denoted by Z.

Let W be the message to be transmitted to the destination
with the assistance of the relay. The message W is assumed
to be uniformly distributed over the set W = {1,..., M}.
An (M, n,v,) code for this channel consists of an encoding
function at the source:

foAL ..., M} = &7 x &Y, (1)

a set of encoding functions {f,;}?_, at the relay, whose
output at time i depends on the symbols it has received up to
time i — 1:

Xgri = fril¥r1,..., YRi-1)), i=1,...,n, (2)
and a decoding function at the destination
gV x Yy xZ" = {1,...,M}. 3)
The probability of error, v, is defined as
| M
vn 2 D Pr{g(VL V3L Z) #wlW =wh @)
w=1
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Fig. 3. The ORC-D is a particular case of the state dependent orthogonal
relay channel with orthogonal components.

The joint probability mass function (pmf) of the involved
random variables over the set W x Z" x &' x &} x &} x
Vi x Y x V4 is given by

n
p(w, 2", X7, x5, xk, Vi, Y, ) =p(w) [ | pGi) pGrii, x2ilw)
i=1

~(vrilzi, x1) P (il Y D pOiilxris 20) p (i %2, 20).-

A rate R is said to be achievable if there exists a sequence of
(2R, n,v,) codes such that lim,_, s v, = 0. The capacity, C,
of this class of state-dependent orthogonal relay channels,
denoted as ORC-D, is defined as the supremum of the set
of all achievable rates.

We define R; and R, as follows, which can be thought as
the capacities of the individual links from the relay to the des-
tination, and from the source to the destination, respectively,
when the channel state sequence is available at the destination:

Ri £ max I (Xg:; Y11Z), R» £ max [(X2; Y>|Z). (5)
p(xR) px2)

Let p*(xg) and p*(x2) be the channel input distributions
achieving R; and R», respectively.
Let us define P as the set of all joint pmf’s given by

P £ {p(u,x1,2, Yr, Ir) : p(u, X1, 2, YR, IR)

= p(u,x1)p@)pOrlx1, ) pOrlyR, W)}, (6)
where U and Yy are auxiliary random variables defined over
the alphabets &/ and Vg, respectively.

The main result of this work, provided in the next theorem,
is the capacity of the class of relay channels described above.

Theorem 1: The capacity of the ORC-D relay channel is
given by

C=sup Ry+I(U;Ygr)+ I(X1; YRIUZ),
P
s.t. Ri = (U Y) + I (Yg; YRIUZ), @)
where |U| < |X1| + 3 and |Vr| < [U||Vr| + 1.
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Proof: The achievability part of the theorem is proven
in Section III-A, while the converse proof can be found
in Section III-B. g

In the next section, we show that the capacity of this class
of state-dependent relay channels is achieved by the pDCF
scheme. To the best of our knowledge, this is the first single-
relay channel model for which the capacity is achieved by
pDCF, while the pDF and CF schemes are both suboptimal
in general. In addition, the capacity of this relay channel is in
general below the cut-set bound [6]. These issues are discussed
in more detail in Sections IV and V.

It follows from Theorem 1 that the transmission over the
relay-destination and source-destination links can be indepen-
dently optimized to operate at the corresponding capacities,
and these links in principle act as error-free channels of capac-
ity Ry and Rj, respectively. We also note that the relay can
acquire some knowledge about the channel state sequence Z”
from its channel output Y7, and could use it in the trans-
mission over the relay-destination link, which depends on the
same state information sequence. In general, non-causal state
information available at the relay can be exploited to increase
the achievable throughput in multi-user setups [21], [22].
However, it follows from Theorem 1 that this knowledge is
useless. This is because the channel state information acquired
from Yy can be seen as delayed feedback to the relay, which
does not increase the capacity in point-to-point channels.

A. Comparison With Previous Relay Channel Models

Here, we compare ORC-D with other relay channel mod-
els in the literature, and discuss the differences and simi-
larities. The discrete memoryless relay channel consists of
four finite sets X, Xr, )V and Vg, and a probability dis-
tribution p(y, yrlx, xg). In this setup, X corresponds to
the source input to the channel, Y to the channel output
available at the destination, while Yy is the channel output
available at the relay, and Xy is the channel input sym-
bol chosen by the relay. We note that the three-terminal
relay channel model in [2] reduces to ORC-D by setting
X" = (Xn’Xg)» Y" = (Yn,anjzn)’ and p(ya yRI-xlxR) =
p(yi, y2, ¥R, 2lx1, x2,xr) = p@)pOrIx1, 2)p(1lxr, 2)

p(y2lx2, 2).
By considering the channel from the relay to the destination

as an error-free link with finite capacity, the ORC-D is
included in the class of primitive relay channels proposed
in [5] and [23] as seen in Figure 2, for which the channel
distribution satisfies p(y, yrlx,xg) = p(y, yglx). Although
the capacity of this channel remains unknown in general,
it has been characterized for certain special cases. CF has
been shown to achieve the cut-set bound, i.e., to be optimal,
in [5], if the relay output, Yk, is a deterministic function of the
source input and output at the destination, i.e., Yz = f(X, Y).
The capacity of a class of primitive relay channels under a
particular modulo sum structure is shown to be achievable
by CF in [7], and to be below the cut-set bound. Theorem 1
provides the optimality of pDCF for a class of primitive relay
channels, not included in any of the previous relay models for
which the capacity is known. It is discussed in [23] that for
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the primitive relay channel, CF and DF do not outperform one
another in general. It is also noted that their combination in the
form of pDCF might not be sufficient to achieve the capacity
in general. We will see in Section IV that both DF and CF
are in general suboptimal, and that pDCF is necessary and
sufficient to achieve the capacity for the class of primitive
relay channels considered in this paper.

It is also interesting to compare the ORC-D model with
the orthogonal relay channel proposed in [3], in which
the source-relay link is orthogonal to the multiple-access
channel from the source and relay to the destination,
ie., p(yv, yrlx,xr) = p(y|x2, xg) p(yrlx1, xg). The capacity
for this model is shown to be achievable by pDF, and
coincides with the cut-set bound. For the ORC-D, we have
p(y, yrIx, xg) = p@)p(2lx2, 2) p(yilxr, 2) p(yRIX1, xR, 2),
i.e., given the channel inputs, the orthogonal channel outputs
at the relay and the destination are still dependent due to Z.
Therefore, the ORC-D does not fall within the class of orthog-
onal channels considered in [3]. We can consider the class of
state dependent relay channel with orthogonal components sat-
isfying p(y, z, yrlx, xg) = p(2) p(ylx2, Xr, 2) p(YRIX1, XR, 2)
as shown in Figure 3. This class includes the orthogonal relay
channel in [3] and the ORC-D as a particular cases. However,
the capacity for this class of state dependent relay channel
remains open in general.

III. PROOF OF THEOREM 1

We first show in Section III-A that the capacity claimed
in Theorem 1 is achievable by pDCF. Then, we derive the
converse result for Theorem 1 in Section III-B.

A. Achievability

We derive the rate achievable by the pDCF scheme for
ORC-D using the achievable rate expression for the pDCF
scheme proposed in [2] for the general relay channel. Note that
the three-terminal relay channel in [2] reduces to ORC-D by
setting X" = (X, X7) and Y" = (Y}, Y5, Z"), as discussed
in Section II-A.

In pDCF for the general relay channel, the source applies
message splitting, and the relay decodes only a part of the
message. The part to be decoded by the relay is transmitted
through the auxiliary random variable U”, while the rest of
the message is superposed onto this through channel input X".
Block Markov encoding is used for transmission. The relay
receives Y and decodes only the part of the message that
is conveyed by U". The remaining signal Yy is compressed
into I}I’g. The decoded message is forwarded through V", which
is correlated with U", and the compressed signal is superposed
onto V" through the relay channel input X’. At the destination
the received signal Y" is used to recover the message. See [2]
for details. The achievable rate of the pDCF scheme is given
below.

Theorem 2 [2, Th. 7]: The capacity of a relay channel
p(y, yrlx, xR) is lower bounded by the following rate:

Rypcr = supmin{l(X; Y, Yr|Xg, U) + I (U; Yg|Xg, V),
I(X,Xg; Y) — I(Yg; YRIX, Xg, U, Y)},
s.t. I(Yg; YR|Y, Xg, U) < I(Xg; Y|V), (8)
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where the supremum is taken over all joint pmf’s of the form

p@)pulv)p(xlu) p(xrlv) p(y, yrIX, XR) P(FRIXR, YR, 1).

Since ORC-D is a special case of the general relay channel
model, the rate Rppcr is achievable in an ORC-D as well.
The capacity achieving pDCF scheme for ORC-D is obtained
from (8) by setting V = #, and generating X% and X7
independent of the rest of the variables with distribution
p*(xg) and p*(xy), respectively, as given in the next lemma.

Lemma 1: For the class of relay channels characterized by
the ORC-D model, the capacity expression C defined in (7) is
achievable by the pDCF scheme.

Proof: See Appendix A. 0

The optimal pDCF scheme for ORC-D applies indepen-
dent coding over the source-destination and the source-relay-
destination branches. The source applies message splitting.
Part of the message is transmitted over the source-destination
branch and decoded at the destination using Y;' and Z".
In the relay branch, the part of the message to be decoded
at the relay is transmitted through U”, while the rest of the
message is superposed onto this through the channel input X7.
At the relay the part conveyed by U" is decoded from Y, and
the remaining signal Y is compressed into I?I’é using binning
and assuming that Z" is available at the decoder. Both U”"
and the bin index corresponding to Y » are transmitted over
the relay-destination channel using X’%. At the destination,
X% is decoded from Y|, and U" and the bin index are
recovered. Then, the decoder looks for the part of message
transmitted over the relay branch jointly typical with )?I’g within
the corresponding bin and Z".

B. Converse

The proof of the converse consists of two parts. First we
derive a single-letter upper bound on the capacity, and then,
we provide an alternative expression for this bound, which
coincides with the rate achievable by pDCF.

Lemma 2: The capacity of the class of relay channels
characterized by the ORC-D model is upper bounded by

Ryp = supmin{Ry + I (U; Yg) + I (X1; IA/RlUZ), 9)
P

Ri+ Ry — I(Yg: YRIX1UZ)).  (10)

Proof: See Appendix B. 0

As stated in the next lemma, the upper bound Ry, given in
Lemma 2, is equivalent to the capacity expression C given in
Theorem 1. Since the achievable rate meets the upper bound,
this concludes the proof of Theorem 1.

Lemma 3: The upper bound on the achievable rate Ry
given in Lemma 2 is equivalent to the capacity expression C
in Theorem 1.

Proof: See Appendix C. 0

IV. THE MULTIHOP RELAY CHANNEL WITH STATE:
SUBOPTIMALITY OF PURE pDF AND CF SCHEMES

We have seen in Section III that the pDCF scheme is
capacity-achieving for the class of relay channels characterized
by the ORC-D model. In order to prove the suboptimality
of the pure DF and CF schemes for this class of relay
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channels, we consider a simplified system model, called the
multihop relay channel with state information available at the
destination (MRC-D), which is obtained by simply remov-
ing the direct channel from the source to the destination,
ie., R, =0.

The capacity of this multihop relay channel model and
the optimality of pDCF follows directly from Theorem 1.
However, the single-letter capacity expression depends on the
joint pmf of X, Yr, Xr and Y] together with the auxiliary
random variables U and Y, r. Unfortunately, the numerical
characterization of the optimal joint pmf of these random
variables is very complicated for most channels. A simple
and computable upper bound on the capacity can be obtained
from the cut-set bound [24]. For MRC-D, the cut-set bound
is given by

Rcs = min{R|, max I (X1; Ygr|Z)}. (11)
p(x1)

Next, we characterize the rates achievable by the DF and
CF schemes for MRC-D. Since they are special cases of
the pDCF scheme, their achievable rates can be obtained by
particularizing the achievable rate of pDCF for this setup.

1) DF Scheme: If we consider a pDCF scheme that does
not perform any compression at the relay, i.e., Yr = 0, we
obtain the rate achievable by the pDF scheme. Note that the
optimal distribution of X is given by p*(x,). Then, we have

Rppr = min{Ry, sup I(U;Yg)}. (12)

plx1,u)
From the Markov chain U — X| — Yg, we have I (U; Yg) <
I(X1; Yr), where the equality is achieved by U = Xj.
That is, the performance of pDF is maximized by letting the
relay decode the whole message. Therefore, the maximum
rate achievable by pDF and DF for MRC-D coincide, and
is given by

Rpr = RypF = min{Ry, Hza); I1(X1; YR)} (13)
plxl

We note that considering more advanced DF strategies based
on list decoding as in [23] does not increase the achievable
rate in the MRC-D, since there is no direct link.

2) CF Scheme: If the pDCF scheme does not perform any
decoding at the relay, i.e., U = V = {4, pDCF reduces to CF.
Then, the achievable rate for the CF scheme in MRC-D is
given by

Rcr = sup I(X1; YR|Z)
s.t. Ry > I(Yg; Yr|Z),

over p(x))p(@)p(yrIx1,2)p(rlyr).  (14)

A. Multihop Parallel Binary Symmetric Channel

In this section we consider a special MRC-D as shown in
Figure 4, which we call the parallel binary symmetric MRC-D.
For this setup, we characterize the optimal performance of
the DF and CF schemes, and show that in general pDCF
outperforms both, and that in some cases the cut-set bound
is tight and coincides with the channel capacity. This example
proves the suboptimality of both DF and CF on their own
for ORC-D.
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Fig. 4. The parallel binary symmetric MRC-D with parallel source-relay

links. The destination has side information about only one of the source-relay
links.

In this scenario, the source-relay channel consists of two
parallel binary symmetric channels. We have X| = (X!, X %),

Yr = (Y, YR) and pOrlxr.2) = p(plxl,2)p(glxD)
characterized by

Yr=Xl®N®Z and Yi=X:®N,,

where N; and N, are i.i.d. Bernoulli random variables with
Pr{N; = 1} = Pr{N, = 1} = 0, i.e.,, N ~ Ber(d) and
N> ~ Ber(d). We consider a Bernoulli distributed state Z,
Z ~ Ber(p;), which affects one of the two parallel channels,
and is available at the destination. We have Xll = Xlz = y}e =
V=N =N =Z={0,1}
From (11), the cut-set bound is given by
Rcs = min{Ry, max I(X|X?};YAY2|Z))
plxixd)

= min{Ry, 2(1 — h2(d))}, (15)

where h>(-) is the binary entropy function defined as
ha(p) = —plogp — (1 — p)log(l — p).
The maximum DF rate is achieved by X 11 ~ Ber(1/2) and
X% ~ Ber(1/2), and is found to be
Rpr = min{R, max I(X|X};YiY3))
paixd)
= min{Ry,2 — h2(d* p;) — h2(d)},

where o« f £ a(l — )+ (1 —a)p.
Following (14), the rate achievable by the CF scheme in the
parallel binary symmetric MRC-D is given by

(16)

Rcr = max I (X! X3, Yr|2),
st. Ry = I(YLYE; YR|Z)

over p(2)p(xixD)p(yhlz, xHp (YR pGrIYRYE).
17

Let us define /5 ! (¢) as the inverse of the entropy function
ha(p) for g > 0. For ¢ < 0, we define hz_l(q) =0.

As we show in the next lemma, the achievable CF rate
in (17) is maximized by transmitting independent channel
inputs over the two parallel links to the relay by setting
X! ~ Ber(1/2), X? ~ Ber(1/2), and by independently
compressing each of the channel outputs Y 11e and YI% as
f’}e = Yy ® Q) and )?I% = Y2 @ Qo, respectively, where
Q1 ~ Ber(h; ' (1 — R1/2)) and Q> ~ Ber(h; ' (1 — R1/2)).
Note that for Ry > 2, the channel outputs can be compressed
errorlessly. The maximum achievable CF rate is given in the
following lemma.
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Lemma 4: The maximum rate achievable by CF over the
parallel binary symmetric MRC-D is given by

o2 (o (- 2)

Proof: See Appendix D. U
Now, we consider the pDCF scheme for the parallel binary
symmetric MRC-D. Although we have not been able to
characterize the optimal choice of (U, Y R, X { , X %) in general,
we provide an achievable scheme that outperforms both DF
and CF schemes and meets the cut-set bound in some regimes.
Let X| ~ Ber(1/2) and X? ~ Ber(1/2) and U = X2, i.e., the
relay decodes the channel input X2, while Y 11e is compressed
using Yr = Ylle + Q, where Q ~ Ber(h;l(Z — h2(0) — Ry)).
The rate achievable by this scheme is given in the following
lemma.
Lemma 5: A lower bound on the achievable pDCF' rate
over the parallel binary symmetric MRC-D is given by

(18)

Ropcr > min{Ry, 2 — hy(9)—hy (mhgl Q- hz(é)—Rl))}.

Proof: See Appendix E. (]
We notice that for p, < hz_l (2 — h2(0) — Ry), or equiv-
alently, 0 < hz_1 (2 — ha(p;) — Ry), the proposed pDCF is
outperformed by DF. In this regime, pDCF can achieve the
same performance by decoding both channel inputs, reducing
to DF.

Comparing the cut-set bound expression in (15) with Rpg
in (16) and Rcp in (18), we observe that DF achieves the cut-
set bound if Ry < 2 — h(d* p;) — h(d) while Rcr coincides
with the cut-set bound if Ry > 2. On the other hand, the
proposed suboptimal pDCF scheme achieves the cut-set bound
if Ry > 2—h;(9),i.e., ford > h2_1(2—R1). Hence, the capacity
of the parallel binary symmetric MRC-D in this regime is
achieved by pDCF, while both DF and CF are suboptimal, as
stated in the next lemma.

Lemma 6: If Ry <2 and 6 > h;l (2= Ry), pDCF achieves
the capacity of the parallel binary symmetric MRC-D, while
pure CF and DF are both suboptimal under these constraints.
For Ry > 2, both CF and pDCF achieve the capacity.

The achievable rates of DF, CF and pDCEF, together with
the cut-set bound are shown in Figure 5 with respect to ¢
for Ry = 1.2 and p, = 0.15. We observe that in this setup,
DF outperforms CF in general, while for 6 < A, 1(2 — Ry —
ha(p;)) = 0.0463, DF outperforms the proposed suboptimal
pDCF scheme as well. We also observe that pDCF meets the
cut-set bound for J > h; "2 = Ry) = 0.2430, characterizing
the capacity in this regime, and proving the suboptimality of
both the DF and CF schemes when they are used on their own.

B. Multihop Binary Symmetric Channel

In order to gain further insights into the proposed pDCF
scheme, we look into the binary symmetric MRC-D, in which,
there is only a single channel connecting the source to the

relay, given by
YR=X1®N®Z, 19)

where N ~ Ber(d) and Z ~ Ber(p;).
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Fig. 5. Achievable rates and the cut-set upper bound for the parallel binary
symmetric MRC-D with respect to the binary noise parameter J, for Ry = 1.2
and p; = 0.15.

Similarly to Section IV-A, the cut-set bound and the maxi-
mum achievable rates for DF and CF are found as

Rcs = min{Ry, 1 — hy ()}, (20)
Rpr = min{Ry, 1 — ha(5 % p)}, 1)
Rep = 1 —ha(6%hy (1 = R))), (22)

where Rpr is achieved by X; ~ Ber(1/2), and Rcp can be
shown to be maximized by X ~ Ber(1/2) and I?R =Yr®O0,
where Q ~ Ber(h; "a=Rry) similarly to Lemma 4. Note that,
for Yg independent of Z, i.e., p, = 0, DF achieves the cut-set
bound while CF is suboptimal. However, CF outperforms DF
whenever p, > h;l(l — Ry).

For the pDCF scheme, we consider binary (U, X1, I}R),
with U ~ Ber(p), a superposition codebook X1 = U & W,
where W ~ Ber(g), and Yr = Yr® Q with O ~ Ber(a).
As stated in the next lemma, the maximum achievable rate
of this pDCF scheme is obtained by reducing it to either
DF or CF, depending on the values of p, and R;.

Lemma 7: For the binary symmetric MRC-D, pDCF with
binary (U, X1, I?R) achieves the following rate.

Rppcr = max{Rpr, Rcr}

_ | min{Ri, 1= ha(@x p2)} if pz < hy' (1= Ry),
|1 - he@xhy A= R) if pr = hy (1= Ry).
(23)
This result justifies the pDCF scheme proposed in
Section IV-A for the parallel binary symmetric MRC-D.
Since the channel p(y12|xz) is independent of the channel
state Z, the largest rate is are achieved if the relay decodes
X? from Y3. However, for channel p(y}|x, z), which depends
on Z, the relay either decodes X!, or compress Ylle, depending
on p;.

C. Multihop Gaussian Channel With State

Next, we consider an AWGN multihop channel, called
Gaussian MRC-D, in which the source-relay link is charac-
terized by Yr = X1 + V., while the destination has access to
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Fig. 6. The multihop Gaussian relay channel with source-relay channel state
information available at the destination.

correlated state information Z. We assume that V and Z are
zero-mean jointly Gaussian random variables with a covari-

ance matrix
L op
cw=[! 1]

The channel input at the source has to satisfy the power con-
straint £ [|X’11|2] < nP. Finally, the relay and the destination
are connected by a noiseless link of rate R; (see Figure 6 for
the channel model).

In this case, the cut-set bound is given by

R in{R ! 1 1+ P

= min ,=lo .
Cs 1, 5108 1— )2
It easy to characterize the optimal DF rate, achieved by a
Gaussian input, as follows:

(24)

(25)

Rpr :min[Rl, %log(l—f- P)] (26)

For CF and pDCF, we consider the achievable rate when
the random variables (X, U, Y ) are constrained to be jointly
Gaussian, which is a common assumption in evaluating achiev-
able rates, yet potentially suboptimal. For CF, we generate
the compression codebook using Yr = Yr + 0, where
0 ~ N(0, ¢?). Optimizing over o2, the maximum achievable
rate is given by

1 P +22Ri(1—p?)
Rcg =Ry — =1 . 27
cF =R 20g( s 27)
For pDCF, we let U ~ N(0,aP;), and X; = U + T

to be a superposition codebook where 7' is independent of
U and distributed as T ~ N(0,aP;), where a = 1 — a.
We generate a quantization codebook using the test channel
Yr = Ygp + QO as in CE Next lemma shows that with
this choice of random variables, pDCF reduces either to
pure DF or pure CF, similarly to the multihop binary model
in Section I'V-B.
Lemma 8: The optimal achievable rate for pDCF with
jointly Gaussian (X1, U, YR) is given by
Rypcr = max{RpF, Rcr}
min (R, 1/2log(1 + P)} if p* <272Ri(1+P),
= P422R1 (1—p? . -
Ri—tlog (P250500) if p? > 272R1(14-P).
(28)
Proof: See Appendix F. U
In Figure 7 the achievable rates are compared with the cut-
set bound. It is shown that DF achieves the best rate when

the correlation coefficient p is low, i.e., when the destination
has low quality channel state information, while CF achieves
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Fig. 7. Achievable rates and the cut-set upper bound for the multihop AWGN
relay channel with source-relay channel state information at the destination
for Ry =1 and P =0.3.

higher rates for higher values of p. It is seen that pDCF
achieves the best of the two transmission schemes. Note also
that for p = 0 DF meets the cut-set bound, while for p = 1
CF meets the cut-set bound.

Although this example proves the suboptimality of the DF
scheme for the channel model under consideration, it does
not necessarily lead to the suboptimality of the CF scheme
as we have constrained the auxiliary random variables to be
Gaussian.

V. COMPARISON WITH THE CUT-SET BOUND

In the examples considered in Section IV, we have seen that
for certain conditions, the choice of certain random variables
allows us to show that the cut-set bound and the capacity
coincide. For example, we have seen that for the parallel binary
symmetric MRC-D the proposed pDCF scheme achieves the
cut-set bound for 6 > h, 1(2 — Ry), or Gaussian random
variables meet the cut-set bound for p = 0 or p = 1 in
the Gaussian MRC-D. An interesting question is whether the
capacity expression in Theorem 1 always coincides with the
cut-set bound or not; that is, whether the cut-set bound is tight
for the relay channel model under consideration.

To address this question, we consider the multihop binary
channel in (19) for Z ~ Ber(1/2). The capacity C of this
channel is given in the following lemma.

Lemma 9: The capacity of the binary symmetric MRC-D
with Y = X1 ®N®Z, where N ~ Ber(0) and Z ~ Ber(1/2),
is achieved by CF and pDCF, and is given by

C=1—hadxh5'(1—Ry)). (29)

Proof: See Appendix G. 0

From (20), the cut-set bound is given by Rcs = 1 — h(9).
It then follows that in general the capacity is below the cut-set
bound. Note that for this setup, Rpr = 0 and pDCF reduces
to CF, i.e., Rppcr = RcF. See Figure 8 for comparison of the
capacity with the cut-set bound for varying ¢ values.

CF suffices to achieve the capacity of the binary symmetric
MRC-D for Z ~ Ber(1/2). While in general pDCF outper-
forms DF and CF, in certain cases these two schemes are
sufficient to achieve the cut-set bound, and hence, the capacity.
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Fig. 8. Achievable rates, capacity and cut-set upper bound for the multihop

binary relay channel with respect to 6 for Ry = 0.25 and p; = 0.5.

For the ORC-D model introduced in Section II, the cut-set
bound is given by

Rcs = Rz—i-min{Rl,rrza);I(Xl; Yr|Z)}. (30)
p(x

Next, we present four cases for which the cut-set bound is
achievable, and hence, is the capacity:
Case 1) If I1(Z; Yg) = 0, the setup reduces to the class of
orthogonal relay channels studied in [3], for which
the capacity is known to be achieved by pDF.
If H(YrIX1Z) = 0, ie., Ygp is a deterministic
function of X and Z, the capacity, given by

Ry + min{R, max I (X1; Yr|Z)},
px1)

Case 2)

is achievable by CF.

If max,(y;) I(X1; Ygr) = Ry, the capacity, given by

C = Ry + Ry, is achievable by pDF.

Let argmax, !/ (X1; Yr|Z) = p(x1). If Ry >

H(YR|Z) for Yg induced by p(x1), the capacity,

given by Ry + I(X1; Yg|Z), is achievable by CE.
Proof: See Appendix H. U

These cases can be observed in the examples from
Section IV. For example, in the Gaussian MRC-D with p = 0,
Yr is independent of Z, and thus, DF meets the cut-set bound
as stated in Case 1. Similarly, for p = 1 CF meets the cut-
set bound since Yy is a deterministic function of X and Z,
which corresponds to Case 2.

For the parallel binary symmetric MRC-D in Section IV-A,
pDCF achieves the cut-set bound if § > A5 1(2 — R;) due
to the following reasoning. Since Y [1? is independent of X {
from Case 1, DF should achieve the cut-set bound. Once X }
is decoded, the available rate to compress Y is given by
Ry — I(X1;Y1) = Ry — 1 + h2(9), and the entropy of Y>
conditioned on the channel state at the destination is given
by H(Y2|Z) = 1 — hy(d). For 6 > h2_1(2 — Rj) we have
Ri—1(X1; Y1) > H(Y2|Z). Therefore the relay can compress
Y> losslessly, and transmit to the destination. This corresponds
to Case 4. Thus, the capacity characterization in the parallel
binary symmetric MRC-D is due to a combination of Case 1
and Case 4.

Case 3)

Case 4)
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VI. CONCLUSION

We have considered a class of orthogonal relay channels, in
which the channels connecting the source to the relay and the
destination, and the relay to the destination, depend on a state
sequence, known at the destination. We have characterized
the capacity of this class of relay channels, and shown that
it is achieved by the partial decode-compress-and-forward
(pDCF) scheme. This is the first three-terminal relay channel
model for which the pDCF is shown to be capacity achieving
while partial decode-and-forward (pDF) and compress-and-
forward (CF) schemes are both suboptimal in general. We have
also shown that, in general, the capacity of this channel is
below the cut-set bound.

APPENDIX A
PROOF OF LEMMA 1

In the rate expression and joint pmf in Theorem 2, we set
X" = (X{,X5), Y" = (Y], Y}, Z"), V = {J, and generate
X% and X5 independent of the rest of the random variables
with distributions p*(xg) and p*(x2), which maximize the
mutual information terms in (5), respectively. Under this set
of distributions we have

I[(X; YYR|XRU) = 1(X1X2; Y1Y2YRZ|XRr, U)

2 1(X1X2; Y2YR|IXRUZ)

= 1(X2: Y2|Z2) + 1(X1: YR|UZ)
= Ry +1(X1; YrIUZ),

1(U: YrIXp) € 1(U: Yp),

I(X1X2Xg; Y112 Z)

I(U; YRIXRV) =
I(XXg; Y) =

= 1(X2Xg; V112|2)

I(Xg; Y1)+ [(X2; Y21Z2) = R1+R2,

I(Yg: YRIXXRUY) = I(Yg; YR|Xg X1 X2UY Y2 2Z)

= I (Vg YRIXRX1X2UY22)

1(Yg; YRIX1U 2),

I(Y; YRIYXRU) = I(Yg: Yg|Y1Y2ZXRU)

= I(Yg; YRIUZ),

I(Xg:Y|V) = I(Xg; Y1V2Z) = I(Xg: Y1) = Ry,

where (a) is due to the Markov chain (X1X;) — Xg — Y7,
(b), (c), (e), (f), (g), (h) are due to the independence of
(U, X1) and X, and (d) is due to the Markov chain (Y1Y>) —
(X2XRrZ2) — X1.

Then, (8) reduces to the following rate

R = supmin{I(U; Yg) + Ro + I (X1;: YRIUZ), (31
P

Ry + Ry — I (Yg; YRIX U 2)},
st. Ry > I(Yg; YrIUZ). (32)

Focusing on the joint distributions in P such that the minimum
in R is achieved for the first argument, i.e.,

Ri — I(Yg; YRIX1UZ) > [(U; Yg) + I(X1; YRIUZ),
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and using the chain rule for the mutual information, the rate
achievable by pDCF is lower bounded by

R >sup Ry + I(U; Yg) + I(X1; YR|UZ)
P

st Ry > I(U; Yg) + (X1 Yg; YRIUZ), (33)
Ry = I(Yr; YRIUZ). (34)
From (33), we have
Ri > I(U;YR) + I(X1Yg; YRIUZ)
@D [ YR) + 1(Fk: YRIUZ)
> I(Yg; YRIUZ), (35)

where (a) is due to the Markov chain )?R —(UYR) — (X12).
Hence, (33) implies (34), i.e., the latter condition is redundant,
and R > C. Therefore the capacity expression C in (7) is
achievable by pDCF. This concludes the proof.

APPENDIX B
PROOF OF LEMMA 2

Consider any sequence of (2"% n,v,) codes such that
lim; 00 v, — 0. We need_ to show that R < Ry.

Let us (}eﬁne U, & (Y,’Q_IIX{’I.HZ”V) and Yg; £ Y-
For such Yg; and U;, the following Markov chain holds

Yri — (Ui, Yri) — (X1i, Xoi, Zi, Vi, Yoi, Xgi). - (36)
From Fano’s inequality, we have
HWI|Y['YSZ"™) < ney, 37

such that ¢, — 0 as n — oo.
First, we derive the following set of inequalities related to
the capacity of the source-destination channel.

nR = H(W)
@ (W yrYRZTy + HOW| YYD Z")

(b)
< I(XY X5, YIY3|Z™) + nen, (38)

where (a) follows from the independence of Z" and W; and
(b) follows from Fano’s inequality in (37).
We also have the following inequalities:

n
[(X5; Y3127 = D H(Y5l 2"V ) — H(Yail 2" Y3, X5)

i=1

@) —
< Z H(Y2i|Zi) — H(Y2i|Zi X2i)
i—1

n
= > 1(Xai; Y2l Zi)
i=1
b
=) nI(XzQ/; YQQ/|ZQ’Q/)
()
< nl(X201; Yao'|Zg')

@

< nRy, (39)

where (a) follows since conditioning reduces entropy, (b)
follows by defining Q' as a uniformly distributed random
variable over {1,...,n} and (X»¢9/, Y29/, Zgp/) as a pair of
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random variables satisfying Pr{X»; = x2, Y2; =y, Z; =z} =
Pr{X,p = x2, Y20 = y2,,Zgr =z|Q =i} fori=1,...,n,
(c) follows from the Markov chain relation Q' — X,o/ — Y2
and (d) follows from the definition of R, in (5). Following
the same steps, we obtain

I(X'%: Y'1Z") < nRy. (40)

Then, we can bound the achievable rate as,

nR = [(W; Y]'Y2Z") + H(W|Y]'Y}Z")

(
D WYY Z + ne

Q1w Y32 + 1W; Y] 1Y3 2" + ney

©

< I(XE YN ZT) + (W YMYEZ™) + ney
@
S nRy+ HYMYIZ"Y — H(YPWZ™) + ney
©
< nRy+ HYMZY) — HYMWX'Z") + ne,

L 1Ry + 1(XT; YIZ") + ney

(8)
S nRy+ H(XY) — H(XYIZ") + ney
n
= nRy + Z H(X1i1X}: ) — HXTY]Z") + ney
i=1
(h) “ ; -
< nRy+ > [I(Y;glz"\l; Yri)
i=1

+ H(Xl,-|X?i+1)} — H(XMY!Z") + ne,
n . .
= nRy+ > [I(Y;H‘ Z"™N XY YRi)
i=1
— (XT3 YRil Y 2 + H(Xuil Vi 27V X )

+1(Xy;; Y;'H‘z"\ﬂx?m)] — HX"|Y!'Z") + ne,

—

n
= nRy+ Y [I(Yglz"\ix’fm; Yri)
i=1
+ H(X1i|Y;glz”\ixg’i+1)} — H(X"|Y!'Z") + ney

n
= nRy+ Y [I(Ui§ Yri) + H(X1i|Ui)i|
i=1

— H(XT\YI'Z") + ney

A
NS

n
nRy+ Y [I(Ui§ Yri) + H(X1i|U;)

i=1

- H(X1i|UiZi?Ri):| + ney

n
© Ry + > [I(Ui§ Yri) + 1 (Xui; YRi|UiZi):| + nén,
i=1
where (a) is due to Fano’s inequality; () is due to the chain
rule and the independence of Z" from W; (c) is due to the
data processing inequality; (d) is due to the Markov chain
relation Y3' — (W, Z") =Y} and (39); (e) is due to the fact that
conditioning reduces entropy, and that X is a deterministic
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function of W; (f) is due to the Markov chain relation
Y!' — X1 —W; (g) is due to the independence of Z" and X7;
(i) follows because

0} 1
ZI(XU,YI 'ZNIX L) = R X4 2

ZI(XIM

(’n) ZI(X11+1, YRl Yl;lzn\l)’

where (/) is due to the independence of Z" and X7}; and
(m) is the conditional version of Csiszar’s equality [24].
Inequality (j) is due to the following bound,

HXMYIZ") = ZH(X1,|X1,+1Z”Y1”)
i=1

n
> > HXulYg' X}, 2"

n
(n) j—
= Z H(XliIY;ellx?iJrlZnYlniJrl)

n
= > HXulUiZiYri),
i=1

(41)

where (n) is follows from the Markov chain rela-
tion Xi; — (Yp;' X", Z2"Y

lit1 1lJrl) 11, and noticing that
Xpi = fr,,(YR1 ). Finally, (k) is due to the fact that Z;
independent of (Xy;, U;).

We can also obtain the following sequence of inequalities

nR; +nky

@

S I YPZM) + T(XD; Y2 Z7)

(

2 B2 - HY2IXZ")

+HYMYEZ") — H(YP|XLZ")

= HYIYNZ") — H(Y2|X2Z") — H(YP|XSZ")
9D H(YPYZ") — H (Y IXIXEYRZ")
— HYP|XL X XYY Z")
HOYIZY — B YEIXIXAYRZ")
= I(YIYD; XPXEYR|ZM)
= I(XTXT YTV ZY) + LYY YR X XD Z
S R+ T(YYE; YRIXXEZ") — ney
nR+ I(Y"; YEIX"Z") — ney

n
= nR+ D I YRi| X[ Y, Z") — ney
i=1

v

n
nR+ > IV YRl X1 Y ' Z") — ney

(€9) . i
> nR+ > I YRiIX YR Z") — new
i=1

n
= nR+ > I(Ygi: Yril X1 Ui Zi) — néy,
i=1
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where (a) follows from (39) and (40); (b) is due to the fact that
conditioning reduces entropy; (c) is due to the Markov chains
—(X53Z") — (X1Yg) and Y| — (XK Z") — (X{XSYRYS);
(d) follows since conditioning reduces entropy; (e) is due
to the expression in (38); (f) is due to the Markov chain
(YRY!) — (X1Z") — (X3Y3) and; (g) is due to the Markov
chain (Y], ) — (X1,Yg,' 2" — X7
A single letter expression can be obtained by using the usual
time-sharing random variable arguments. Let Q be a time
sharing random variable uniformly distributed over {1, ..., n},
independent of all the other random variables. Also, define a
set of random variables (X190, Yro, Ug, lA/RQ, Z ) satisfying

Pr{X1p=x1,Yro=yr, Up=u, Yro = $r, Zo = 2|0 = i}
=Pr{Xy; =x1,Yri = yr, Ui =u,Yg; = ¥p, Zi = 2}

fori=1,...,n. 42)

Define U £ (Ug, Q), Yr 2 Yro, X1 2 X190, Yro £ Yg and
zZ4 Z . We note that the pmf of the tuple (X1, Yr, U, Yr, Z)
belongs to P in (6) as follows:

p(u, x1, YR, 2, JR)
= p(q,u0,X10,YRQ>205 YRQ)
= p(q,ug,x10)p(ZoYROIRQIG, U0X10)
= p(q,ug,x10)p(zolq,ug, x10)
x p(YrQ,> YROIq, 10, X10,20)
@ b, ug,x10)p(@)p(yrolq,ug,x10,20)
-p(Vrolq, 10, X10,20, YROQ)
@ p(q,ug,x10)p(@)p(yrixi, 2)
x p(Yrolq,uQ, x10,20, YRQ)
© p(q,ug,x10)p@)pOrIx1, 2)p(FrolG, U0, YRQ)
= p(u,x1)p(2)p(yrlx1, 2) p(Yrlu, YR),
where (a) follows since the channel state Z” is i.i.d; and
thus p(zplg,ug,x10) = p(zplq) = p(z); (b) follows since
POROIG, U0, x10,20) = p(YrOIq, X10,20) = p(YRIX1,2);

(c) follows from the Markov chain in (36).
Then, we get the single letter expression,

R

IA

1 — .
Ry+ = > 11 (Ui Yri) +1(Xui: Yril Ui Zi)] + e

n i=1
R2+I(UQ; YRQ|Q)+1(X1Q; ?RQ|UQZQQ)+E,Z
Ry +1(UgQ:Yro) +1(X10; YroQlUpZp) + €,
= Ry+ 1(U: Yr) + I(X1; YRIUZ) + €,

IA

and

Ri+ Ry

v

A
R+~ Z}; 1(Vri; YrilX1iUi Zi) — ney
1=
=R+ 1(?RQ§ YrolX10UpZp Q) — ney,
= R+ 1(Yg; YrIX\UZ) — ney,.
The cardinality of the bounds on the alphabets of U and Yr

can be found using the usual techniques [24]. This completes
the proof.
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APPENDIX C
PROOF OF LEMMA 3

Now, we will show that the expression of R,, in (9) is
equivalent to the expression C in (7). First we will show that
C < Ry). Consider the subset of pmf’s in P such that

Ri + Ry — I(Yg; YRIX1UZ) 43)
> Ry + 1(U; Yg) + I(X1; YR|UZ), (44)

holds. Then, similarly to (35) in Appendix A this condition is
equivalent to

Ry > I(U; Yg) + [ (Yg; YRIUZ). (45)

Hence, we have C < Ry,,.

Then, it remains to show that C > R,,. As R, can be
extracted from the supremum, it is enough to show that,
for each (X1, U, Z, Yk, )?R) tuple with a joint pmf p, € P
satisfying

R(pe) < 1(U; YR) + I(X1; YRIUZ),

where R(pe) £ Ry — I(Yg; Yr|X1U Z), (46)

there exist random variables (X}, U*, Z, Y’§, l?;) with joint
pmf p} € P that satisfy

R(pe) = I(U*: Yg) + I(X}: Y;|U*Z) and

R(p.) < Ri — I(Y};; YRIX{U*Z). (47)

This argument is proven next.

Let B denote a Bernoulli random variable with parameter
A € [0, 1], i.e., B = 1 with probability 1, and B = 0 with
probability 1 — 1. We define the triplets of random variables:

D U,X1,Yg) if B=1,
W X ¥ = |G X (48)
(X1, X1,9) if B=0,
and
" " Al X X (/) fB:l
W' X7 = (X1, X1,9) 1 , 49)
@, 9,9) if B =0.

We first consider the case R(p.) > I(X1;Yg). Let U* =

(U, B), Xt =X, Y} = (Y, B). For =1,

LU YR) + I(XT; YEU*Z) = [(U; YR) + I (X1; YRIUZ)
> R(pe), (50)

and for 1 =0,
[(U*; YR) + 1(X7: Y5IU*Z) = I(X1: Yg)
< R(pe).
As I(U*; YR)+1(XT; )?;;|U*Z) is a continuous function of 4,
by the intermediate value theqrem, there exists a 4 € [0, 1]
such that I(U*; Yg) + I(X7; YFIU*Z) = R(p.). We denote

the corresponding joint distribution by pJ.
We have

&1V

I(V5: YRIXTU*Z) = I(Yg; YRIX U ZB)
= M (Pr: YRIX1 U Z)

< I(Yg; YRIX1UZ), (52)
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which implies that p} satisfies (47) since

R(pe) = Ry — I(Yg: Yg|X1U Z)
< Ry — I(Y}; YRIXTU*2). (53)

Next we consider the case R(p.) < I(Xg;Y1). We define

Al

U* = (UN, B), X¥ = Xll/ and l?; = (Y, B). Then, for A =1,
I(U*; YR) + I(XT: Y3|IU*Z) = I(X,: Yg)

> R(pe),
and for 1 =0,
LU YR) + [(XT; Y5 U*Z) = 0
< R(pe)- (54)

Once again, as I(U*; Yr)+1(X7; IA/;lU*Z) is a continuous
function of 4, by the intermediate value thgorem, there exists
a A € [0, 1] such that I(U*; Yg) + I(X]; YR|U*Z) = R(pe).
Again, we denote this joint distribution by p¥. On the other
hand, we have I (Yy; Yr|X7U*Z) = 0, which implies that

R(pe) = Ri — I(Yg: Yg|X1UZ)
Ry
= Ry — [(Y}; YRIXTU*2Z).

IA

(55)

That is, p) also satisfies (47).

We have shown that for any joint pmf p, € P satisfy-
ing (46), there exist another joint pmf, p}, that satisfies (47).
For a distribution satisfying (47) we can write

Ry > I(U* YR) + I(X§; YU Z) + I(Y: YRIXTU*Z)
= I(U*; Yg) + [(YRX}: Y;U*Z)
W s vR) + 1% YRIU*Z)

where (a) is due to Markov chain X7 — (YRZU*) — l?;‘g This
concludes the proof.

APPENDIX D
PROOF OF LEMMA 4

Before deriving the maximum achievable rate by CF in
Lemma 4, we provide some definitions that will be used in
the proof.

Let X and Y be a pair of discrete random variables, where
X ={1,2,....,n}and Y ={1,2,...,m}, forn,m < oo. Let
Py € A, denote the distribution of Y, where Ay denotes
the (k — 1)-dimensional simplex of probability k-vectors.
We define Txy as the n x m stochastic matrix with entries
Txy(j,i) = Pr{X = j|Y = i}. Note that the joint distribution
p(x,y) is characterized by Txy and py.

Next, we define the conditional entropy bound from [25],
which lower bounds the conditional entropy between two
variables. Note the relabeling of the variables in [25] to fit
our model.

Definition 1 (Conditional Entropy Bound): Let py € Ap
be the distribution of Y and Txy denote the channel matrix
relating X and Y. Then, for q € Ay, and 0 < s < H(Y),
define the function

F £ inf H(X|W). 56
@) =il AW (56)

H(Y[W)=s, pr=q.
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That is, Fry,(q,s) is the infimum of H(X|W) given a
specified distribution q and the value of H (Y |W). Many prop-
erties of Fry,(q,s) are derived in [25], such as its convexity
on (q,s) [25, Th. 2.3] and its non-decreasing monotonicity
in s [25, Th. 2.5].

Consider a sequence of N random variables
Y = (Yi,...,Yy) and denote by q; the distribution
of ¥;, for i = 1,...,N, by q¥) the joint distribution
of Y and by q £ % vazl q; the average distribution. Note
that Yi,...,Yny can have arbitrary correlation. Define the
sequence X = (Xq,..., Xn), in which X;,i = 1,..., N, is
jointly distributed with each Y; through the stochastic matrix
Txy and denote by T)w) the Kronecker product of N copies
of the stochastic matrix Txy.

Then, the theorem given in [25, Th. 2.4] can be straight-
forwardly generalized to non i.i.d. sequences as given in the
following lemma.

Lemma 10: For N € Z+, and 0 < Ns < H(Y), we have
Fron @™, Ns) = NFry, (@, 5), (57)

where equality holds for i.i.d. Y; components following q.
Proof: Let W,X,Y be a Markov chain, such that
H(Y|W) = Ns. Then, using the standard identity we have

N
HYIW) = > HXIY|™, W),

(58)
k=1
N
HX|W) = > HXiX]™", W), (59)
k=1
Letting sx = H(Yk|Y]1‘_1, W), we have
1 N
~ D si=s. (60)
k=1

Also, from the Markov chain Xj — (Y]f1 , W) — Xll‘fl, we
have
HX XL W) = HOGIY L XL W)
= H(X Y, w).

(61)
(62)

Applying the conditional entropy bound in (56) we have

HX Y, W) > Fryy (qe, se)- (63)

Combining (59), (61) and (63) we have

N
HX|W) = > Fry, (@ sx) = NFry, (@, ),
k=1
where the last inequality follows from the convexity of
Fr(q,s) in q and s and (60).

If we let W,X, Y be N independent copies of the
random variables W, X, Y, that achieve Fr,,(q,s), we have
H(Y|W) = Ns and H(X|W) = Fyo0(@") = NFry, (g, ).
Therefore, FTg) (@) < NFry,(q,s), and the equality holds
for i.i.d. components of Y. U

Now, we look into the binary symmetric channel Y = X®N
where N ~ Ber(d). Due to the binary modulo-sum operation,
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we have X = Y @ N, and we can characterize the channel
Txy of this model as

1—-0 0
Ty —[ P 1—5]
When Y and X are related through channel Txy in (64),
Fryy (q, s) is characterized as follows [25].

Lemma 11: Let Y ~ Ber(q), i.e., q=[q,1 —q], and Txy
be given as in (64). Then the conditional entropy bound is

Fryy (q,5) = ha(6% hy ' (5)), for 0 <s < ha(q).

In the following, we use the properties of Fry,(q,s) to
derive the maximum rate achievable by CF in the parallel
binary symmetric MRC-D. From (17), we have

(64)

(Y}, Y2 YR1Z) = I(X! @ N1 & Z, X7 & Na; Yr|Z)
= I(X] ® N1, X ® Ny; Yr|2).

Let us define f}(, £ X{ ® N; and Yr £ (Y}, YI%), and the
channel input X £ (X!, X?). Note that the distribution of Y,
given by q(z), determines the distribution of X via Tf}?, the
Kronecker product of Txy in (64). Then, we can rewrite the
achievable rate for CF in (17) as follows

= max I1(X, ?R|Z)
pX)p@)pFRIX) PRIV R,Z)

s.t. Ri > I(Yg; Yr|2). (65)

Next, we derive a closed form expression for Rcp. First,
we note that if Ry > 2, we have H(S_(R) < R; and
Rcr = 2(1 — h(0)), i.e., CF meets the cut-set bound.

For fixed q@, if H(Yg) < R < 2, the constraint in (65)
is satisfied by any IA’R, and can be ignored. Then, due to
the Markov chain X — Yg — YzZ, and the data processing
inequality, the achievable rate is upper bounded by

Rer < 1(X, Yg) = H(YR) — 2h(6) < Ri — 2h(5).  (66)

For Ry < H (YR) < 2, the achievable rate by CF is upper
bounded as follows.

(@)

= max
pX)p@)pFRIX) PRIV R,Z)

s.t. H(YR|ZYg) > H(YR) — R

H(X)— H(X|ZYg)

b
5) max HX)—- HX|W)
P pFRIX)p(w[YR)
st. HYRIW) = H(YR) — Ry
= max [HX)— min HX|W)]
p(x)p(YrIx) p(wlyr)
st. HYR|W) > H(YR) — R;
© max  [HX)— F0(q?, )]
p(x)p(YrIX),0<s<H(YR) Xy
S.t. s > H(YR) - R
@ @ Hy
= max [H(X)—-F.o(Q"”, H(YR) — Ri)]
p(x)p(YrIx) Xy
(e) _
< max [H(X)—2Fr,(q,(H(YR) — R1)/2)],

p(X)p(¥rIx)

where (a) follows from the independence of Z from
X and Yg; (b) follows since optimizing over W can only
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increase the value compared to optimizing over (Z, I}R);
(c) follows from the definition of the conditional entropy
bound in (56); (d) follows from the nondecreasing monotonic-
ity of FT)((ZY) (q@, s) in s; and () follows from Lemma 10, and

q2g,1—¢ql= %(ql + q2) is the average distribution of Y.

Now, we lower bound H (Yg). Since conditioning reduces
entropy, we have H(Yg) > H(Yg|NiN2) = H(X), and then
we can lower bound H (YR) as follows:

max{H (X), Ri} < H(Yg) <2. (67)

Let v £ (max{H (X), R1} — R1)/2. Then, we have

(a)
Rcr < max

pX)p(YrIX)

max [H(X) — 2hy(0x hy ' (v))]
pX)p(YrIX)
s.t. 0 <v < hy(g)

[H(X) - ZFTXY (q5 V)],

®

< max(H (X) ~ 2020 7 (0)
s.t. Ry <max{H(X), R} <2+ Ry

< maxH (X) 220+ by (max(H (X), Ri) ~R1)/2)]
s.t. max{H(X), R} <2

9 max [2a — 2hy( % hy ' (max{2a, Ri} — R1)/2))]

0<ac<l
s.t. max{Ry,2a} <2, (68)

where (a) follows from (67) and Fry,(q,s) being non-
decreasing in s; equality (b) follows from the definition of
Fry, (q, s) for the binary symmetric channel; (c) follows since
ha(g) < 1, and we are enlarging the optimization domain;
(d) follows since there is no loss in generality by reducing the
optimization set, since max{H (X), Ri} > R; and from (67),
any (X, Yg) following p(x, ¥g) satisfy max{H (X), R} < 2;
and (e) follows from defining H (X) = 2a, for 0 < a < 1.
Then, for 2a < Ry, we have

Rcr < max  [2a —2h2(9)] = Ry — 2h2(6),  (69)
0<a<R;/2
and for 2o > R, we have
— 71 J—
Rcg < Rl/rgliléil[Za 2h2(0*x hy (@ — R1/2))].  (70)

Now, we solve (70). Let us define f(u) = hz(é*hz_l(u))
for 0 < u < 1. Then, we have the following lemma from [26].
Lemma 12 [26]: Function f(u) is convex for 0 <u < 1.

We define g(a) £ a — ha(6 x hy ' (&« — R1/2)), such that
Rcr < maxg, 2<q<12g(a). We have that g(a) is concave
in a, since is a shifted version by a, which is linear, of the
composition of the concave function — f (1) and the affine
function oo — Ry /2.

Proposition 1: g(o) s
Ri/2<a <1+ Ry/2

Proof: Using the chain rule for composite functions, we
have

monotonically increasing for

d2
= @ e R,

where 7 (u) £ d? f/du®(u).

(71)
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Since g(a) is convex, and is defined over a convex region,
it follows that its unique maximum is achieved either for
f"(e — R1/2) = 0, or at the boundaries of the region.
It is shown in [26, Lemma 2] that f”(«) > 0 for 0 < u < 1.
Therefore, the maximum is achieved either at u = 0 or at
u = 1, or equivalently, for « = R1/2 or @ = 1+ R;/2.
Since g(R1/2) = R1/2 — h2(d) and g(1 + R;/2) = Ry/2,
ie., g(R1/2) < g(1+ Ry/2), it follows that g(a) is monoton-
ically increasing in o for R1/2 <a <14 Ry/2. OJ

From Proposition 1 if follows that for R;/2 < a <1, g(a)
achieves its maximum at ¢ = 1. Then, for 2a > R;, we have

Rer <2(1 = ha(0x hy ' (1 = R1/2))). (72)

Thus, from (69) and (72), for Ry < H(Yg) we have

Rer < 2max{R;/2 — h2(9), 1 — ha(6 % hy ' (1 — R1/2))}
=2(1 —ha(6%hy ' (1 — R1/2))), (73)

where the equality follows from Proposition 1 by noting that
the first element in the maximum coincides with g(R;/2) =
R1/2 — h3(9), and the second one coincides with g(1).

Finally, Rcf is upper bounded by the maximum over the
joint distributions satisfying H(Yg) < R; given in (66),
and the upper bound for the joint distributions satisfying
Ry < H(Yg) given in (73). Since (66) coincides with
g(R1/2), (73) serves as an upper bound on Rcp when
Ry < H(YR).

Next, we show that the upper bound in (73) is achievable
by considering the following variables

X{ ~ Ber(1/2),
Y=Y 01,
Ye =Yz ® Qa,

X2~ Ber(1/2), Yx = (P}, P2)
Q1 ~ Ber(hy ' (1 - R1/2)).
0> ~ Ber(h, ' (1 — R1/2)).

Let Q; ~ Ber(v) for i = 1,2. Then from the constraint
in (17) we have

(Y}, Y3 YR|Z)
= H(Yg|Z) — H(YR|YRYRZ)
= HX|®N © 01, X]® N ® Q2) — H(Q1, 02)
@2 2w,

where (a) follows since X! ~ Ber(1/2), i = 1,2 and from
the independence of Q1 and Q». We have 2h,(v) > 2 — Ry,
and thus, v > hz_l(l — R1/2).

Then, the achievable rate in (17) is given by

I(X; Yr|Z) = H(Yg|Z) — H(Yr|XZ)
—HX|®N ®01,X] &N ® Q)
—H(N1 ® Q1, N> @ 02)
=2—2h(0*v)
<22 (dxh5 ' (1 — Ry /2)),

where the last inequality follows from the bound on v. This
completes the proof.
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APPENDIX E
PROOF OF LEMMA 5

From (7), the achievable rate for the proposed pDCF scheme
is given by

Ropce = I(X1: Yg) + 1(XT; Yr|2)
st Ry > I(X1; YY)+ I(YZ: YR|Z).

First, we note that the constraint is always satisfied for the
choice of variables:

(X1 YD)+ 1(YE: Pr|Z)

= H(Yp) — H(N) + H(X] & N2 ® Q) — H(Q)
= 1= 1200 + 1 —ha(h; ' (2 = h(d) — R))
= R, (74)

where H(Y,%) = 1 since Xl1 ~ Ber(1/2) and H(Xl2 &)
No @ Q) = 1 since X% ~ Ber(1/2). Then, similarly the
achievable rate is given by
Ropcr = 1(X{; Yg) + I (X7; Y|Z)
=H(Yg) —HN)+HX] @ N & Q) -
=1—12(0) +1—ha(6xhy' 2 —h(d) —

H(V®Q)
Ry)),

which completes the proof.

APPENDIX F
PROOF OF LEMMA 8

By evaluating (7) with the considered Gaussian random
variables, we get

Dog (14 =22 V(14 —2F
= — 10 _—
2 %8 aP+1 (I—p))+a2
1 aP aP + (1 —p?
LR >-log(1 LIS |
° 1—2°g( +'P+1)( * o2

We can rewrite the constraint on R; as,

o2 = fla) & (P—i—_l)(o_cP—i—l—pz) .

22Ri(gP +1)—(P+1)
Since R is increasing in aqz,
mal ¢2 is obtained by qu =
sen such that f(a) > 0.
f(a) = 0 for

o € |:0,minI(1 — 27 2Rny (1 + %), IH

Now, we substitute qu = f(a) in (75), and write the

achievable rate as a function of a as

(75)

it is clear that the opti-
f(a), where a is cho-
It is easy to check that

(76)

R(a) = - S log Gla), (77)

where

G(a)é(1+_ap )(1+L)
aP +1 (1—p3)+ f(@)

B 22Ri(1 4+ PY(1 — p2 +aP) -
(1 =p)H22Ri (1 +aP)+aP(1+P) (78)
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We take the derivative of G(a) with respect to a:

22Rp(1+ P) (1—p2) (P +1—22R1p2)
[P(1+ P)a+22Ri(1+aP) (1-p2)]"

We note that if p> > 2R (P 41), then G'(a) < 0, and hence,
G () is monotonically decreasing. Achievable rate R is max-

imized by setting a* = 0. When p? < 2=R1(P 4+ 1), we have
G'(a) > 0, and hence a* = min {(1 —27R1) (1 + %), 1}=1,

2Ry (14 4) =0+ > 1,

G'(a) &

since we have (1 —

APPENDIX G
PROOF OF LEMMA 9

In order to characterize the capacity of the binary symmetric
MRC-D, we find the optimal distribution of (U, X1, Yg) in
Theorem 1 for Z ~ Ber(1/2). First, we note that U is

independent of Yy since
I(U; YR) < I(X1;Yg) =0, (79)

where the inequality follows from the Markov chain
U — X — YR, and the equality follows since for Z ~ Ber(1/2)
the channel output of the binary channel Yg = X1 &N D Z is
independent of the channel input X; [6]. Then, the capacity
region in (7) is given by

= sup{I(X1: YRIUZ) : Ry = 1(Yr: YRIUZ)),
where the supremum is taken over the set of pmf’s in the form

p(u, x1)p(2)p(yrIx1, 2) prIYR, 1).

Let us define ¥ £ X| @ N. The capacity is equivalent to

C=sup{I(X1: Yr|UZ) : HY|YUZ) > H(Y|U) — Ry},
over the joint pmf’s of the form
pQu, x1)p(2)p(y1x1) p(OrlY, u, 2), (80)

where we have used the fact that Y is independent from Z.
For any joint distribution for which 0 < H(Y|U) < Ry,
the constraint in (80) 1s also satisfied. It follows from the
Markov chain X; —Y — YR given U, Z, and the data processing
inequality, that
C < r(nax (I(X1;Y|ZU) : HY|U) < Ry}
pu

= r(naX){H(YIU) — ha(6) : H(Y|U) < R1}
plu,xy

< R1 — h2(9). (81)

We next consider the joint distributions for which
Ry < H(Y|U). Let p(u) = Pr[lU = u] for u = 1, .., |U|,
and we can write

1(X1: YRIUZ) = HXW|U) = D" p)H (X1 |YRZu),  (82)
and
1(Vk: TR1UZ) € 1(F: Vr|UZ)
©HTI) - pa)H(F|VrZu), (83)

u
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where (a) follows from the definition of ¥, and (b) follows
from the independence of Z from Y and U.

For each u, the channel input X corresponds to a binary
random variable X, ~ Ber(v,), where v, £ prX, =
U = u] = p(1ju) for u = 1, ..., |U|. The channel output
for each X, is given by ¥, = X, & N. We denote by
qu £ Pr[Y, = 1] = Pr[Yg = 1|U = u]. Similarly, we define
lA/u as ?R for each u value. Note that for each u, X, — Y, — l?u
form a Markov chain.

Then, we have H(X, lu) = ha(v,) and H (Y |u) = ha(9xvy).
We define s, = H(Y|YRZu) such that 0 < 5, < H(Y,).
Substituting (82) and (83) in (80) we have

C= [H(X1|U) = D" p)H(X1|YrZu)]

u

st Ry = H(Y|U) = > p)H(Y|YrZu)

u

Z p(M)FTXY (Qu» Su)]

man
p@,x1)p(YRIYR,U)

9D max [HX|U) -

pu,x1),

st Ri = HV|U) = D p(u)su, 0 < s < H(Ta)

u

® max [H (X, |U) - ZP(u)h2(5*h Hsu))]

st Ry > H(Y|U) - Zp(u)su, 0 <su < H(Y,),

u

—hy (5*h2_1 (Z p(u)su))

st > pwsy = HY|U) — Ry,

(0)
< max)H(XllU)

p(u,xy

where (a) follows from the definition of Fry, (g, s) for channel
Y, = X, ® N, which for each u« has a matrix Txy as
in (64), (b) follows from the expression of Fry, (g, s) for the
binary channel Txy in Lemma 11, (¢) follows from noting
that —h(0 * hz_l(su)) is concave on s, from Lemma 12
and applying Jensen’s inequality. We also drop the conditions
on s,, which can only increase C.

Then, similarly to the proof of Lemma 4, we have
H(Y|U) > H(Y|UV) = H(X;|U), and we can upper bound
the capacity as follows

) [H(XllU) ~h2 ((mz‘ (Z p(u)su))]

s.t. Zp(u)su > max{H (X|U), R} — R;

u
< max o — ha (6% hy Y(max{a, R1} — R1)),
0<a<
where we have defined a £ H (X|U).
The optimization problem can be solved similarly to the
proof in Appendix D as follows. If 0 < a < Rj, we have
s >0 and

C < max
p(xi,u

(84)

C < OmaXR a —hy(0) = Ry — h2(9). (85)
For Ri < a <1, we have
C< max a— hz(é*hz (a — Ry)). (86)

Ri<a<l
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Then, it follows from a scaled version of Proposition 1 that
the upper bound is maximized for « = 1. Then, by noticing
that (85) corresponds to the value of the bound in (86) for
o = Ry, it follows that

C<1—hydxhy'(1—Ry)). (87)

This bound is achievable by CF. This completes the proof.

APPENDIX H
PROOF OF THE CUT-SET BOUND
OPTIMALITY CONDITIONS

Cases 1 and 2 are straightforward since under these assump-
tions, the ORC-D studied here becomes a particular case of
the channel models in [3] and [5], respectively.

To prove Case 3 we use the following arguments. For any
channel input distribution to the ORC-D, we have

I1(X1:YRr|Z) = H(X1|Z) — H(X1|YR, Z)
> H(X1) — H(X1|YR)

= I1(X1; Yg), (88)

where we have used the independence of X and Z, and
the fact that conditioning reduces entropy. Then, the con-
dition max,(y) /(X1;Yg) > Rj, implies max, )/ (X1;
Yr|Z) > Rj; and hence, the cut-set bound is given by
Rcs = Ry + Rp, which is achievable by DF scheme.

In Case 4, the cutset bound is given by
Ry + min{Ry, I(X1: Yg|Z)} = Ry + I(X1:Yg|Z) since
Ry > H(YR|Z). CF achieves the capacity by letting X be
distributed with p(x;), and choosing YR = Yg. This choice
is always possible as the CF constraint

Ri > I(Yg; Yg|Z) = H(YR|Z) — H(YRIZ, YR) = H(YR|Z),

alw_ays holds. Then, the a_chie_vable rate for CF is Rcp = Ry +
I(X1; YR|Z) = Ry + 1(X1; Yg|Z), which is the capacity.
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