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In this paper, a class of state-dependent relay channel with orthogonal channels from the source to the relay and
from the source and the relay to the destination is studied. The two orthogonal channels are corrupted by two
independent channel states Sg and Sp, respectively, which are known to both the source and the relay. The lower
bounds on the capacity are established for the channel either with non-causal channel state information or with
causal channel state information. Further, we show that the lower bound with non-causal channel state information
is tight if the receiver output Y is a deterministic function of the relay input X,, the channel state Sp, and one of the
source inputs Xp, i.e, Y=1fXp, X, Sp), and the relay output Y, is restricted to be controlled by only the source input
Xg and the channel state Sg, i.e, the channel from the source to the relay is governed by the conditional probability
distribution Py, |, s,. The capacity for this class of semi-deterministic orthogonal relay channel is characterized
exactly. The results are then extended to the Gaussian cases, modeling the channel states as additive Gaussian
interferences. The capacity is characterized for the channel when the channel state information is known non-
causally. However, when the channel state information is known causally, the capacity cannot be characterized in
general. In this case, the lower bound on the capacity is established, and the capacity is characterized when the
power of the relay is sufficiently large. Some numerical examples of the causal state information case are provided
to illustrate the impact of the channel state and the role of the relay in information transmission and in cleaning

Keywords: State-dependent relay channel with orthogonal components; Non-causal channel state information;

1 Introduction

We consider a state-dependent relay channel with or-
thogonal components as shown in Figure 1. The channel
from the source to the relay and the channel from the
source and the relay to the destination are assumed or-
thogonal. The source wants to send a message W to the
destination with the help of the relay in # channel uses.
Through a given memoryless probability law Py, x, x, s,
Pyx, x,.s,» the channel outputs Y] for the relay is con-
trolled by the source inputs Xj, the relay inputs X! and
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the channel state Si, while the channel outputs Y” for the
destination is controlled by the source input X}, the relay
inputs X!, and the channel state S{. The state sequences

1’% = (SRJ, SR,Z, ceny SR_,,) and S = (SDJ, SD‘27 ceey SD‘n)
are independent and identically distributed (i.i.d.) with
Sr,i ~ Qs (sR,i) and Sp;~Qg, (sD,,'), respectively. We as-
sume Sg and Sp are independent. The channel state in-
formation about Si and Sp is known to the source and
the relay causally (that is, only Sy and S}, are known be-
fore transmission i takes place) or non-causally (that is,
entire S; and S}, are known before communication com-
mences). The destination estimates the message sent by
the source from its received channel output Y”. In this
paper, we study the capacity of this model.

© 2014 Deng et al, licensee Springer. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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Figure 1 Orthogonal relay channel with state information available at both the source and the relay.
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1.1 Background

In many communication models, the communicating
parties typically have some knowledge on the communi-
cating channel or attempt to learn about the channel.
State-dependent channels have brought wide attention
in recent years [1]. Shannon first considered a single-
user channel, wherein the channel state information was
causally known to the transmitter [2]; the capacity of
this channel was characterized. Gel'fand and Pinsker [3]
derived a method to determine the capacity of a channel
when the channel state information was non-causally
known to the transmitter; this method was later called
the Gel'fand-Pinsker (GP) coding scheme. In [4], Costa
studied a Gaussian channel with additive white Gaussian
noise (AWGN) and additive Gaussian interference known
non-causally to the transmitter; it was demonstrated that
with dirty paper coding (DPC), capacity can be achieved
as if no interference existed in the channel.

Extensions to multiple user channels were performed
by Gel'fand and Pinsker in [5], where it was shown that
interference cancellation was possible in the Gaussian
broadcast channel (BC) and Gaussian multiple-access
channel (MAC). In multiple-user state-dependent chan-
nels, the channel state information may be known to all
the users or only some of them. In [6], Sigurjonsson and
Kim characterized the capacity of a degraded broadcast
channel and the capacity of a physically degraded relay
channel where the channel state information was caus-
ally known to the transmitters. Inner bounds for the
two-user BC with non-causal side information at the
transmitter were derived by extending Marto's achiev-
able scheme to the state-dependent channels in [7]. In
[8], Steinberg derived the inner and outer bounds for a
degraded BC with non-causal side information and char-
acterized the capacity region when the side information
was provided to the transmitter in a causal manner. In
[9], information theoretic performance limits for three
classes of two-user state-dependent discrete memoryless
BCs with non-causal side information at the encoder
were derived.

The state-dependent two-user MAC with state infor-
mation non-causally known to one of the encoders was
considered in [10] and [11]. For the MAC with asym-
metric channel state information at the transmitters and
full channel state information at the decoder, a single-
letter capacity region was characterized when the chan-
nel state available at one of the encoders was a subset of
the channel state available at the other encoder [12].
However, for the general case, only the inner and outer
bonds were derived. It is not easy to characterize the ex-
plicit capacity region for general state-dependent MACs
even when the channel state information is known to all
transmitters. Capacity regions are only characterized in
some special cases, e.g., Gaussian MAC with additive
interference known to both encoders [13]. In some cases
where the cooperation between the transmitters is
allowed, capacity regions are also characterized, e.g., in
[14], explicit capacity region was characterized for the
MAC with one informed encoder which transmitted a
common message and a private message, while the unin-
formed encoder only transmitted a common message; in
[15], the capacity region was derived for a two-user dirty
paper Gaussian MAC with conferencing encoders.

The relay channels capture both the MAC and BC
characteristics. The state-dependent relay channels were
studied in [16-21]. Zaidi et al. [16] studied the relay
channel with non-causal channel state information
known to only the relay. The lower and upper bounds
were derived by a coding scheme at the relay that used a
combination of codeword splitting, Gel'f and-Pinsker
binning, and decode-and-forward (DF) relaying. When
the channel state information was known only at the
source node, the lower and upper bounds were obtained
in [17-20]. In [17], the coding scheme for the lower
bound used techniques of rate splitting at the source,
partial decode-and-forward (PDF) relaying, and a GP-
like binning scheme. In order to derive the lower bound
of the capacity, [18] proposed two achievable schemes:
(i) state description by which the source described the
channel state to the relay and the destination and (ii)
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analog input description by which the source firstly
computed the appropriate input that the relay would
send had the relay known the channel state and then
transmitted this appropriate input to the relay. With the
same achievable schemes proposed in [18], the authors
[19] obtained two corresponding lower bounds for the
state-dependent relay channel with orthogonal compo-
nents and channel state information known non-causally
to the source. A similar orthogonal relay channel that
was corrupted by an interference which was known non-
causally to the source was considered in [20], in which
several transmission strategies were proposed, assuming
the interference had structure. Akhbari et al. [21] con-
sidered a state-dependent relay channel in three different
cases: only the relay or only the source or both the
source and the relay knew the channel state information
non-causally. Lower bounds of the capacity were estab-
lished based on using GP coding and compress-and-
forward (CF) relaying for the three cases.

1.2 Motivation

State-dependent channels with state information avail-
able at the encoders can be used to model many sys-
tems, such as information embedding [22-24] which
enables encoding a message into a host signal, computer
memories with defective cells [25], communication sys-
tems with cognitive radios, etc. For the above examples,
we are more interested in the communication systems
with cognitive radios. In order to improve the frequency
spectrum efficiency in wireless systems, some secondary
users which are capable of acquiring some knowledge
about the primary communication are introduced into
an existing primary communication system [26]. Obtain-
ing the knowledge of the primary communication, the
secondary users can adapt their coding schemes to miti-
gate the interference caused by the primary communica-
tion. In such models, the channel state can be viewed as
the signals of the primary communication and the in-
formed encoders can be viewed as cognitive users [11].

For the state-dependent relay channel with orthogonal
components considered in this paper, the channel states
Sk and Sp, are viewed as the signals of corresponding pri-
mary communication; the source and the relay are
viewed as the secondary users which are capable of ac-
quiring the channel state information. Thus, the model
studied in this paper can be viewed as a secondary relay
communication with cognitive source and cognitive
relay. We are interested in studying the capacity of this
model.

However, it is tedious to characterize the explicit cap-
acity of the relay channels even if the channel is state-
independent. The capacity for the state-independent
relay channel is only characterized in some special chan-
nels, e.g., physically degraded/reversely degraded relay
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channel [27], a class of deterministic relay channels [28]
and a class of relay channels with orthogonal compo-
nents [29]. To the best of our knowledge, explicit cap-
acity results for the state-dependent relay channels with
channel state information known to a part of the trans-
mitters or all the transmitters were derived mainly in
two cases: (i) physically degraded relay channels with
state information causally known to both the source and
the relay and (ii) Gaussian physically degraded relay
channels with the channel state information non-caus-
ally known to the source and the relay. However, when
the relay channel is corrupted by the channel state, ex-
plicit capacity has not been characterized yet, even if the
channel state has structure and the structure is known
to the source. In this paper, we try to find some capacity
results of the state-dependent relay channel with orthog-
onal components.

1.3 Main contributions and organization of the paper

We investigate a state-dependent relay channel with or-
thogonal components, where the source communicates
with the relay through a channel (say channel 1) orthog-
onal to another channel (say channel 2) through which
the source and the relay communicate with the destin-
ation. We assume that channel 1 and channel 2 are af-
fected by two independent channel states Sz and Sp,
respectively. The channel state information about Sy and
Sp is known to both the source and the relay non-
causally or causally. In this setup, the main results of this
paper are summarized as follows:

(1) A lower bound on the capacity of the channel is
established when the channel state information is
known to the source and the relay non-causally. The
achievability is based on superposition coding at the
source, PDF relaying at the relay, and cooperative
GP coding at the source and the relay.

(2) When the channel state information is known to
the source and the relay causally, an achievable rate
of this channel is derived in a similar way as in the
non-causal channel state information case, except
that the auxiliary random variables U/ and U, are
independent of the channel state Sy and Sp.

(3) We show that the exact capacity for the channel
with non-causal channel state information at the
source and the relay can be characterized if the
receiver output Y is a deterministic function of
the relay input X,, the channel state Sp, and one
of the source inputs Xp, i.e., Y=AXp, X, S), and
the relay output Y, is restricted to be controlled
by only the source input Xy and the channel state
Sk, i.e.,, the channel from the source to the relay
is governed by the conditional probability
distribution Py, |x, s-
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(4) Explicit capacity is also characterized for the
Gaussian orthogonal relay channel with additive
Gaussian interferences known to the source and the
relay non-causally.

(5) For the Gaussian orthogonal relay channel with
additive interferences known to the source and the
relay causally, the capacity is derived when the
power of the relay is sufficiently large.

The rest of the paper is organized as follows. In
Section 2, we present the system model and some defini-
tions as well as notations that will be used throughout
the paper. Section 3 is devoted to establishing single-
letter expressions for the lower bounds on the capacity
of the discrete memoryless state-dependent orthogonal
relay channel with channel state information known to
the source and the relay either non-causally or causally.
In Section 4, we show that when the channel state infor-
mation is known non-causally, Y= fiXp, X, Sp) and the
channel from the source to the relay is governed by the
conditional probability distribution Py |y, s,, the lower
bound derived in Section 3 is tight; thus, the capacity is
characterized exactly. In Section 5, the results are ex-
tended to the Gaussian cases. In Section 6, some numer-
ical results are provided to illustrate the impact of the
additive interferences and the role of the relay in infor-
mation transmission and in cleaning the interference. In
Section 7, we conclude this paper.

2 Notations and problem setup

Throughout this paper, random variables will be denoted
by capital letters, while deterministic realizations thereof
will be denoted by lower case letters. Vectors will be de-
noted by the boldface letters. The shorthand notation X/
is used to abbreviate (x; x; , 1, ..., %)), x' is used to abbre-
viate (x1, X9, ..., X;), and «; is used to denote the ith elem-
ent of x”, where 1<i<j<n. The probability law of a
random variable X will be denoted by Py, and the condi-
tional probability distribution of Y given X will be de-
noted by Py|x. The alphabet of a scalar random variable
X will be designated by the corresponding calligraphic
letter X'. The cardinality of a set J will be denoted by
|7]. T%(X) denotes a set of strongly e-typical sequences
x" € X, while A7(X) denotes a set of weakly e-typical
sequences x"eX”, where ¢ > 0. E(*) denotes expectation; [
(*;¢) denotes the mutual information between two random
variables. N'(0,02) denotes a Gaussian distribution with
zero mean and variance o”.

As shown in Figure 1, we consider the state-dependent
relay channel with orthogonal components denoted by
Py y,[Xx Xp.X,.5p,5.» Where Y €Y and Y; €)); are the chan-
nel outputs from the destination and the relay, respect-
ively. Xgre X and Xp e A are the orthogonal channel
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inputs from the source, while X, € X is the channel input
from the relay. Sg e Sg and Sp €Sp denote the random
channel states that corrupt channel 1 and channel 2, re-
spectively. The channel states Sg; and Sp; at time instant i
are independently drawn from the distribution Qg, and
Qs,, respectively. The channel state information Sk and Sp,
is known to both the source and the relay non-causally or
causally.

The message W is uniformly distributed over the set
W ={1,2,...,M}. The source transmits a message W to
the destination with the help of a relay in # channel uses.
Let X3 = (XR1, ..., Xz )> Xpp = (Xp1, .., XD ), and XI' =
(X s X ”,) be the channel inputs of the source and the
relay, respectively. The relay channel is said to be memory-
less and to have orthogonal components if

/R I R Y Y|
P(y oY |xRaxD7xrasD7sR)
n

= | |POril e xR s SR.2)P(;] %1y %045 D0

_ W

A (M, n) code for the state-dependent relay channel
with channel state information non-causally known to
the source and the relay consists of an encoding func-
tion at the source

" {1,2,..., M} x S} x Sg = X} x X} (2)

a sequence of encoding functions at the relay
Pt VX Shx S X, (3)
fori=1,2, ..., n,and a decoding function at the destination

" YV'—{1,2,....M}.

The information rate R is defined as

R =1 log,M bits per transmission

An (g,, n, R) code for the state-dependent relay chan-
nel with orthogonal components and non-causal state
information is a code having average probability of error
smaller than ¢, i.e.,

Pr(W;tgb”(y")) <g,

The rate R is said to be achievable if there exists a se-
quence of (g,, n, R) codes with lim,, _, ..g, =0. The cap-
acity of the channel is defined as the supremum of the
set of achievable rates.

The definition of an (g,, n, R) code for the state-
dependent relay channel with orthogonal components



Deng et al. EURASIP Journal on Wireless Communications and Networking 2014, 2014:59

http://jwcn.eurasipjournals.com/content/2014/1/59

and causal channel state information at the source and
the relay is similar to that of the state-dependent relay
channel with non-causal state information, except that
the encoder consists of a sequence of maps {¢p;}i~;, and
{q)r,i}:’:l, where i means the time index. Thus, the en-
coder mappings in (2) to (3) are replaced by

@i {1,2,..., M} x Sh x Sk — Xp x Xy (4)
Opi: yi'l X Sf) X S{{—MX}, (5)
respectively, where, i=1, 2, ..., n. The definitions of

achievable rate and capacity remain the same as in the
non-causal state information case.

3 Discrete memoryless case

In this section, it is assumed that the alphabets X, Az,
X, Ve, YV, Sp, and Sy are finite. Lower bounds on the
capacity of the channel with non-causal channel state in-
formation or causal channel state information are estab-
lished, respectively. In the proofs of the lower bounds in
the discrete memoryless case, strong typicality is used.

3.1 Non-causal channel state information
The following theorem provides a lower bound on the
capacity of the state-dependent orthogonal relay channel
with channel state information non-causally known to
the source and the relay.

Theorem 1 For the orthogonal relay channel with
channel state information non-causally known to both
the source and the relay, the following rate is achievable

R< max min{/(Xg; Y. |U;, X;, Sr) + [(U; Y|U,)
=I(U; Sp|U.), I(U, Uy Y)-I(U, Uy; Sp) },
(6)
where the maximization is over all measures on SpXx
Sg X Xy x Uy X Xr, xXp X V. x Y of the form
Pgy s x, 1 Xp Xp, Y,y = Qs Qs Pu o P, S50
X Pxyu, SePu x|S0
X Py |xe X052 PY X0 X050

(7)

U, €U, and U €U are auxiliary random variables with

|Us|<[Spl|Sr|| Xp[| X + 1 (8)

4|<|Sp|Sr|X: || X |(|Spl|Sr || X[ Xp| +1) +1  (9)
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Remark 1 Since the source and the relay know the
channel state information non-causally, with PDF relay-
ing, they can transmit the messages to the destination co-
operatively with GP coding, namely, cooperative GP
coding. The source communicates with the relay treating
Sy as a time-sharing sequence for the same reason that
the channel state information is known to both the source
and the relay non-causally.

3.1.1 Outline of the proof of Theorem 1

We now give a description of the coding scheme to derive
the lower bound in Theorem 1. Detailed error analysis of
Theorem 1 is given in Appendix 1. The achievable scheme
is based on the combination of superposition coding at
the source, PDF relaying at the relay, and cooperative GP
coding at the source and the relay.

The message W is divided into two parts Wp e [1, 2”RD]
and Wpe [1, Z”RD]. Consider B + 1 blocks, each of n sym-
bols. Let s},(k) and sp;(k) be the state sequences in block
k, k=1,2, ..., B+1. A sequence of B messages w(k) € [1,
2], with w(k) = (wp(k), wr(k)), wp(k)e [1, 2”RD}, wr(k)e
[1, Z”RR] , and R = Rp + Ry, are sent over the channel in #
(B +1) transmissions. During each of the first B blocks,
the source encodes wp (k) e [1, 2”RD] and sends it over the
channel. Since both the source and the relay know the
channel state sequence sj(k), the source encodes wg (k) €
[1,2"R%] by treating s} (k) as a time-sharing sequence [30].
The message wg(k) is expressed as a unique set
{mg, (k): sp € Sg} with |Sg| sub-messages. For each sg € Sy,
every sub-message 1, (k) in the set is associated with a
codeword x}; (s, (k)) from a corresponding sub-codebook
Cs,- The set of codewords {x}(my, (k)): sp €S} are sent
over the channel multiplexed according to the state se-
quence s}(k). The relay demultiplexes the received se-
quence y”(k) into sub-sequences according to the state
sequence sj(k) and decode each sub-message iy, (k).
Consequently, wr(k) is decoded at the relay. The coding
scheme is illustrated in Figure 2. With PDF relaying, the
relay re-encodes wg(k) and sends it to the destination co-
operatively with the source. In the last block B + 1, no new
message is sent and let w(B + 1) = (wp(B + 1), wr(B + 1)) =
(1, 1). The average information rate R(B/(B+ 1)) of the
message over B + 1 blocks approaches R as B — .

3.1.2 Codebook generation
Fix a measure Ps, s x, 1,1 xz.x, Of the form (7).

(i) Generate on(RetRes) i d. codewords {u;’ (Wr, jr)}
indexed by W = 1,2,..., 2% j = 1,2 ... 2",
each with ii.d. components drawn according to Py,

(ii) For each u”(wr,},), generate 2(RotRas) i d.
codewords {u"(wp, j;|Wr.j,)} indexed by

e
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Figure 2 Multiplexed coding and decoding at the source and the relay [30].

wp =1,2,..,2", j, =1,2,...,2"%%, each with iid.
components drawn according to Py,
(iif) For each u’(wyg,j,) and for each sg € Sg, randomly
and independently generate 2"~ sequences
{x (mg,|sr, Wr.j,)} indexed by my, €[1,2"% ],
each with ii.d. components according to Py, s,
These sequences constitute the sub-codebook
Cs, (sr € Sr). There are |Sg| such sub-codebooks
for each u’(wg,/,). Set Rg = s, Row
3.1.3 Encoding
We pick up the story in block k. Let w(k) = (wp(k), wg
(k) € 11,2, ..., 2"}, where wp (k) € {1,2, ..., 2%}, wy (k)
IS {1,2,...,2”RR}, be the new message to be sent from
the source node at the beginning of block k. The encoding
at the beginning of block & is as follows.

(i) The relay knows wg(k—1) (this will be justified
below) and searches the smallest j (k) €
{1,2,...,27%}, such that uf(wg(k-1),j,(k)) is
jointly typical with s (k). If no such j.(k) exists,

probability tends to O as n approaches infinity, if
Rqs satisfies

Rd,s > I(U;SD|Ur) (11)

Given u"(wp(k), ja(k) [wr(k - 1), j.(k)), u!
(wr(k-1),j,.(k)), and s} (k), the source then sends a
vector x},(k) with ii.d. components drawn according
to the marginal Py, i, 115, -

(i) Meanwhile, to send a message wr(k) € [1, 21K,

express it as a unique set of messages

{mg (k) : speSr}. The source, knowing the
codeword u? (wr (k- 1) j.(k)), considers the set of
codewords {XR Mg, (k ‘SR, wr(k-1),j.(k)) : sReSr}.
Store each codeword in a first-in-first-out (FIFO)
buffer of length #. A multiplexer is used to choose

a symbol at each transmission time i €

[1, 1] from one of the FIFO buffers according to

the state sg (k). Then, the chosen symbol is
transmitted.

an error is declared and j.(k) is set to 1. By the 3.1.4 Decoding

covering lemma [31], this error probability At the end of block k, the relay and the destination ob-
tends to 0 as n approaches infinity, if R, serve y” (k) and y"(k), respectively.

satisfies

Res = I(Uy;Sp) (10)

Given u/(wr(k-1),j,(k)), sg(k), and sp(k),

the relay sends a vector x/'(k) with i.id.
components drawn according to the marginal

Px.ju, 0.5

(ii) The source also knows wg(k - 1) and s} (k),

thereby knows u(wr(k-1),j,(k)). Then, the
source searches j,;(k)€{1,2,...,2"%:}, such that
W' (wp(R), jal)|wlk - 1), ji(k)) is jointly typical
with s} (k) given u’(wr(k-1),j,.(k)). If no such jq
(k) exists, an error is declared and jq(k) is set
to 1. By the covering lemma [31], this error

(i) Having successfully decoded wr(k —1) in block k-1

and knowing u”(wg(k-1),j,(k)), x(k) and sg(k),
the relay node estimates g (k) from y”(k).
According to the state sequence sj(k), the relay
demultiplexes y(k), u”(wr(k-1),j.(k)) and x” (k)
into subsequences {yffs‘;k (k), sreSr}, {ur®
(wr(k=1),j,(k)), sre Sz} and {x/2" (k), sxe S},
respectively, where Z s (k) = n. Assuming s
(k)eT?(Sr), and thus rzsR( )2n(1-¢)p(sr) for all sge
Sg, it finds for each sre Sy a umque ms ( ) such
that the codeword sub-sequence XR 1-lplse)

(mng 2}SR, wr(k-1), ]r(k)) is jointly typical with
YO8 (), given w8 (wg (k-1), 7, (K)) and
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xﬁ(st_s)p (sr) (k). By the law of large numbers (LLN)
and the packing lemma [31], the probability error of
each decoding step approaches 0 as n —  if R, <p
(sR)I(Xgr; Yi|Uy, Xy, Sk = sr). Therefore, the total
probability error in decoding wg (k) approaches 0 for
sufficiently large # if the following condition is

satisfied:
Re= 3 Ry,
SRESR

< I(XRa Yr|ur7Xr7$R)
(12)

(ii) Observing y"(k), the destination finds a pair
(Wr(k-1),wp(k)) such that

(un(VAVD(k)ajd(k)|wR(k_1)7;r(/() 7u? (WR(k_l)vjr(k))’
y'(k) e TL(U,ULLY)

for some j4(k)e{1,2,...,2"%} and j (k)€{1,2,...,2"R=}.
If there is no such pair or it is not unique, an error is
declared. By the packing lemma [31], it can be shown
that for sufficiently large n, decoding is correct with high
probability if

Rp + Rys < I(U; Y|U,) (13)

RD +Rd.s +RR +Rr,s < [(Ua Ur; Y)
Combining (11) to (13), w(k — 1) = (wp(k - 1), wr(k - 1))
is decoded correctly with high probability at the end
of block £, if

R < I(Xg; Yo |Ur, Xy, Sp) + 1(U; Y|UL)-I(U; Sp UL
R < I(ua ur; Y)_[(u7 ur; SD)
(14)

The detailed analysis of error probability is shown in
Appendix 1.

3.2 Causal channel state information
In many practical communication systems, the state se-
quences are not known to the encoders in advance. For
the case that the channel state information is provided
to the source and the relay causally, the capacity is lower
bounded as the following theorem.

Theorem 2 The capacity of the orthogonal relay chan-
nel with channel state information causally known to
both the source and relay is lower bounded by

Ccs = max
p(sp)p(sr)p(ur) par|ur, sv) p(ulur, sp)
xr :fr(ur:SD7sR)7xD :fD(u7SD)

min{I(Xg; Y, |U., X;,Sr) + I(U; Y|U,), (U, U;Y)},
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where U,€U, and U<l are auxiliary random vari-
ables with

[Us]<|Spl|Sr|| o[ X + 1 (16)

[U|<|Sp||Sr[|X: | XD (|Sp[Sk||Xr][Xp] 4 1) + 1
(17)

Remark 2 The achievable rate region in Theorem 2 is
obtained by specializing the expression for the region in
Theorem 1 to the case where the auxiliary random vari-
ables U and U, are independent of Sp and Sg. This is
similar to the relation between the expression for the cap-
acity of the state-dependent channel with causal channel
state information introduced by Shannon [2] and its
non-causal counterpart, the Gelfand-Pinsker channel [3].

Proof The achievability poof is derived in a similar way
as in the non-causal channel state information case ex-
cept that the auxiliary random variables U and U, are in-
dependent of the channel states Sp and Sy, and the
channel inputs of the source and the relay are restricted
to the mappings xp =fp(u, sp) and x, =f.(u, sp, sg), re-
spectively, where f5(-) and f,(:) are deterministic func-
tions. The details are omitted for brevity.

4 Semi-deterministic orthogonal relay channel
with non-causal channel state information

In this section, we show that the lower bound derived in
Theorem 1 is tight for a class of semi-deterministic or-
thogonal relay channel, where, the output Y of the des-
tination is a deterministic function of Xp, X, and Sp, i.e.,
Y =fXp, X, Sp), and the output Y, of the relay node is
controlled only by Xz and Sy, i.e., the channel from the
source to the relay is governed by the conditional distri-
bution Py |x,s,. This assumption is reasonable in many
cases, e.g., when the two orthogonal channels use two
different frequency bands, the received signal Y, at the
relay node will not be affected by its input signal X,. The
channel can be expressed as

P(ymy|xR:xD’xnsD75R) = P(J’r|xR75R)1{y :f(xD,anD)}
(18)

where, fl-) is a deterministic function and 1{-} denotes
the indicator function. The channel state information on
Sk and Sp is known to both the source and the relay non-
causally. The capacity of this class of semi-deterministic
orthogonal relay channel is characterized as shown in the
following theorem.

(15)
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Theorem 3 The capacity of the channel (18) with the
channel state information known non-causally to the
source and the relay is characterized as

C = maxmin {I(Xg; Y,|Sr) + H(Y|U,,Sp),H(Y)-I(U,,Y;Sp)},

(19)

where the maximization is over all measures on SpXx
Sp X Xy X Uy x X x Xp x Y, x Y of the form

P(sp, SR, Xry Ups KR, XD Vys V)
= Q(sp)Q(sr)P(xr|sr)P(ur, %1, xp|sD)
XP(y, |xr, sr)I{y = f (xp, %, 5D) }
(20)

U, € U, is an auxiliary random variables with

|Ur|<|Spl|Sr||Xp[| X + 1 (21)
and 1{-} denotes the indicator function.
Proof The achievability follows from Theorem 1. First
note that the joint distribution of (20) can also be writ-
ten as

P(Sp, SR, Xr, Up, KR, XD, Vs ))
= Q(sp)Q(sr)P(xr|sr)P(ttr, ¥|sD)
X P (%, %p|SD, Ur, ¥)P(y,|%R, SR)
(22)

with additional requirement that

J :f(xD7xrasD)' (23)

Note that, when Py, y s, (ur,,sp) is fixed, all the items
on the right-hand side (RHS) of (19) are fixed except for I
(Xg; Y;[Sr), which is independent of Py, x, | s,y (x5 sp.10.9)-
Therefore, the maximization over all joint distributions of
the form (20) can be replaced by the maximization only
over those distributions, where x, and xp, are two determin-
istic functions of (sp, u, y), i.e., of the form

P(SD7SR7xr7thvaDaymy)
= Q(sp) Q(sr)P(xrsr)P(t4s, ¥|sp) I {x; = g, (tts,sD) }
XI{xD :gd(yv uraSD)}P(yr|xR>SR)
(24)

for some mappings g: (4, Sp) — *» ga: () Uy Sp) — xp
and subject to (23). Thus, we only have to prove the
achievability of the rate that satisfies (19) for some distri-
bution of the form (24).

The achievability follows directly from Theorem 1 by
taking U=Y since Y=fXp, X, Sp), letting Xp be
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independent of U, and X, considering the fact that Y, is
only determined by X and Sy, and by setting x, = g.(u,,
Sp), ¥p = ga(9, Uy sp). Note that with these choices of the
random variables, if we chose stochastic kernels Px,s,
and Py, ys,, two deterministic mappings g:(u,, sp) — x;
and gq:(y, 4y Sp) — xp, combined with Qg Qg, and the
channel law, the joint distribution (24) for which (23) is
satisfied will be determined.

The proof of the converse is as follows.

Consider an (g, n, R) code with an average error prob-
ability P” < ¢,. By Fano's inequality, we have

H(W|Y") < nRP\" 4+ 1 = nd, (25)
where §,,— 0 as # — + . Thus,
nR = H(W) < I(W;Y") + nd, (26)

Defining the auxiliary random variable /,; = (Y™,

Sp:41), we have

I(W;Y") < I(W; Y, Y!)
< I(W;Y", Y|SB, Sh)
= I(W; Y., Yo YO Y 8B S7)

2
=D I(W; Yo YL Y SE Sp)
i
Y I(Ws Y YL YE Y Sh, Sh),
i
(27)
where the second inequality follows from the fact that
Sf, and Sy are independent of W.
Calculate the two terms in (27) separately as follows:
S IW; Yo YL YS! S SE)
i
= Z H(Yr,i| YFlv Yffla Sga Sﬁ)
i . ,
“H(Y .| YL YO SE SR, W)
© S H(Y | Y7L Y S8, S7)
i . .
®) _H(Yr,i| Yl717 Yiila Sga S?{v W7XR,i)
<> H(Yri| Sri)-H(Y il Sris Xr.i)

l
= ZI(XR"i; Yr7i| SR,!’)7
i

(28)

where (a) holds since Xg; is a function of (W, Sg,Sﬁ);
(b) follows from the fact that conditioning reduces
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entropy and the Markov chain (Y™',Y!™! Sf SH! s SRit1s
W) (Xri, Sri) Y

S I(Ws Y YL Y Yo, S, Sh)
:ZH(Yi|Yi VYRl y, SEosh)

i .
-H(Y{| YL Y Y., Sh, SR, W)
:ZH(Yi|Yl LYSL Y, S SE)

CH(YS YL YL Y S SE W, Xp i, Xe )
(;)ZH(YAYZ ! Yl ! leasn Sn)
(b) .
= ZH(YA Y 17Sg,i+1’SD7i)
= ZH(YA Ui, Spi),
(29)

where (a) holds since X}, is a function of (Yi‘l7 SE, Sﬁ) ; (b)
follows from the fact that conditioning reduces entropy.
From (26) to (29), we have

1
Rs— (21X Yool Sws) + H(Yi Uris Sra) ) + 8,
(30)

The proof of the bound I(W; Y”) given in the second
term in (19) is as follows:

[(W;Y") ZIW Y| Y
sz (W, Y Y;)
:Z[( w,Y"! ,Sh Y ) I(Sh ;Y [W, Yl
(i)z (W Yl ! S]’;’)L+l7
ZH
_I(W Y SD;+1§5D:‘>
= D HOG)-H(YW. Y $h,10)
_Z( ( YE 1756,#17 Yi;SD,i)
~1(Y 55 Spl W, Y, Sh )
(2 ZH(Y _1<W7Yiilvs]n)_i+1a Yi§SD,i>
D _H(Y,
= ZH

)10 S (WS 1)

H(YIW, Y5 )

(Y"*h i1 Yii o)
ur i) Yn SD L)
(31)

where (a) holds due to Csiszar and Korner's sum iden-
tity; (b) follows since Sp, is independent of (W, Sy ; ),
and (c) follows from the fact that H(Y,;|W,Y"! »Sp.i +1)
I(YHSD1|W Yl ! S%Hrl)
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By (26) and (31),

. ]
Rs—> (H(Y:) ~I(Uss, Y5 5p.)) + O

From the above, we have
1 _
RSZ (Z I(Xri; Yy ilSri) + ZH(YA Ur,iaSD,i))+6n
1
RSZZ( H(Y))

i

-I(U.,Y:;Sp,)) + 6n
(33)

Introduce a time-sharing random variable 7, which is
uniformly distributed over {1, 2, ..., n} and denote the
collection of random variables

(Xp, X:, Yy, Y, Uy, Sp,S) = (Xps Xer, Yer, Y, Uer, So.7, S 1)

Considering the first bound in (33), we have

% (Z I(Xg; YeilSry) + ZH(Yz’| Ij[rA,hSD,i))

:I(XR, lesR,T)+H(Y| Hr7SD7T) B
= H(Yr|SR7 T)_H(Yr|XR7§R7 T) +H(Y| UHSD7 T)
< I(XR; Yr|Xr,SR) —|—H(Y| u,,Sp, T),

(34)

where the last step follows from the fact that T is inde-
pendent of all the other variables and the Markov chain
T < (Xg, Sg) < Y;.

Similarly, considering the second bound in (33), we
have

_Z ) UrthSDl))
= H(Y|T)-I(U,,Y;Sp|T) (35)
< H(Y)-I(U,,T,Y;Sp) +I(T; Sp)
=H(Y)-I(U,,T,Y;Sp)
Defining U, = (U,, T), we get
R< (XR, Y, ‘SR) +H(Y| L[r,SD) 6 (36)

R<H(Y)-I(U,,Y;Sp) + 6,

Therefore, for a given sequence of (g, #, R) code with ¢,
going to zero as # goes to infinity, there exists a measure
of the form Pg s, x, Xz Xp = Qs, Qs Px,[Sp5x L X e Xp| X015k »
such that the rate R essentially satisfies (19).

Considering the facts that I(Xp; Y;|Sr) is determined
by the joint distribution Py, s,y, and the other three
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items on the RHS of (19) is independent of Py, s, v,, the
maximum in (19) taken over all joint probability mass
functions Ps, s, x, 1, xz.Xp.Y,y 1S equivalent to that taken
over all joint probability mass functions of the form

p(SDaSR)xUuﬁxRaxD)yr?y)
= Q(sp)Q(sr)P(xr|sr) P(the, %, XD |SD)
XP(y, |xr, sr)I{y = f (xp, %, 5D) }

The bound of the cardinality of U/, can be proven in a
similar way as that proven in Theorem 1. It is omitted
here for brevity.

This concludes the proof.

5 Memoryless Gaussian case

In this section, we study a state-dependent Gaussian
relay channel with orthogonal components in which the
channel states and the noise are additive and Gaussian.
As shown in Figure 3, we consider the state-dependent
Gaussian orthogonal relay channel, where channel 1
(dashed line) uses a different frequency band as com-
pared to that used by channel 2 (solid line). The two
orthogonal channels, channel 1 and channel 2, are cor-
rupted by two independent additive Gaussian interfer-
ences S and Sp, respectively, which are known to the
source and the relay. The channel can be described as

Y, =Xg +Sr+Z; (37)

Y =Xp +X: + Sp + Z4 (38)
where Y; and Y are the channel outputs of the relay and
the destination, respectively; the Gaussian ii.d. random
variables (X, Xp) and X, are channel inputs from the
source and the relay with the average power constraints
E(X}) + E(X},)<P and E(X})<yP. The additive interfer-
ences Sp, Sp and the noises Z,, Zyq are assumed to be
zero-mean Gaussian i.i.d. with E(Sf{) = Qp, E(SZD) =Qp
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and E (Zf) =E (Zﬁ) = N. Further, we assume that Sy,
Sp» Z, and Z4 are independent mutually. As in the
discrete memoryless case, we will discuss the capacity of
the channel when the additive interference sequences
are known to the source and the relay non-causally and
causally, respectively.

5.1 Channel state information non-causally known to the
source and the relay

For the channel shown in Figure 3, when the channel
state information is known non-causally to the source
and the relay, using cooperative DPC, the capacity is
characterized as in the following theorem.

Theorem 4 The capacity of the Gaussian orthogonal
relay channel with the channel state information non-
causally known to both the source and the relay is given
by

C(P,yP) = max min

) el o)

(39)

where C(x) = 1 log,(1 + x) and B = 1-.

Remark 3 As in many other dirty paper channels with
channel state information known non-causally at the
encoders, with dirty paper coding, the capacity of the
channel considered here is as same as that of the state-
independent relay channel with orthogonal components.
In fact, (39) also characterizes the capacity of the state-
independent Gaussian orthogonal relay channel. There-
fore, no matter the channel state information is either
causally or non-causally known to the source and the
relay, (39) serves as an upper bound on the capacity of
the channel shown in Figure 3.

Proof We only need to prove the achievability of (39)
since the expression in (39) characterizes the capacity of
the state-independent orthogonal relay channel [29]
which obviously serves as an upper bound of the chan-
nel in this paper.

Sk

w ’73
ource f
f Xp

Figure 3 Gaussian orthogonal relay channel with channel state known at the source and the relay.

A

T /an\ R Y o
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For the channel given by (37) and (38), we evaluate
the achievable rate in (6) with the choice of the jointly
Gaussian random variables U, U,, Sg, Sp, Xz, Xp, and Xy
given by

Uy = Xpo + a(1-a;)Sp (40)
U, = (1 +p\/,8/_y)Xr +a:Sp (41)
U=Uy+ (1:1,)7[\%//])3//—;/) U, (42)
X = Xpo +pVB/yX:, (43)

where E(X3) = P, E(X}) = BP, E(X}) = yP, E(X:Xp) =
p+/ByP and Xpo~N(0,(1-p*)BP) is independent of X..
The parameter f is the ratio of the source power allocated
to Xp, while B = 1-8 is the ratio of the source power allo-
cated to Xr. The parameter p is the correlation coefficient
between X, and Xp. With the above definitions of the ran-
dom variables, it is straightforward to show the achievable
rate in (39). The calculation is straightforward, thus omitted
for brevity.

However, the calculation above is somewhat algebraic.
Proceeding similarly to Costa's dirty paper coding, we
extend the result in Theorem 1 for the discrete memory-
less (DM) case to memoryless channels with discrete
time and continuous alphabets by standard arguments
[32]. An alternative proof is outlined in Appendix 2.

5.2 Channel state information known at the source and
the relay causally
When the channel state information is known to the
source and the relay causally, the capacity is not charac-
terized in general. The following theorem gives a lower
bound on the capacity.

Theorem 5 For the Gaussian orthogonal relay channel
with the channel state information causally known to the
source and the relay, the following rate is achievable:

R(P,yP) < max
0<p<1

_lgpd,wpr,s’pd,rgl

Page 11 of 19

where C(x) =1 log,(1 + x) and p = 1-p.

Remark 4 Since the interference Sy is additive and
known to both the source and the relay, the relay can re-
move Sy completely before decoding the message from the
source. Actually, the interference Sy does not affect the
achievable rate.

Remark 5 The source and the relay expend parts pj
BP and pf’syP of their power respectively to clean Sy, from
the channel and use the remaining power for cooperative
information transmission. It is different from many other
dirty paper channels with non-causal channel state infor-
mation at the transmitters where the channel states can
be completely cleaned by choosing appropriate auxiliary
random variables, e.g., by dirty paper coding. If Qp =0,
the entire power of the source and the relay will be used
for information transmission, i.e., p.s=pqs=0. This re-
duces to the capacity of the state-independent relay
channel with orthogonal components as shown in [29]
since Sy does not affect the achievable rate.

Proof The result in Theorem 2 for the discrete mem-
oryless case can be extended to memoryless channels
with discrete time and continuous alphabets using
standard techniques [32]. The proof follows through
evaluation of the lower bound of Theorem 2 using the
following jointly Gaussian input distribution. Fix 0 < <
1, - 1<pgg Prs Par<1and p = 1-B. Let Xg~N(0,8P),
LN (0, (1-p2,)yP) U ~ N0, (1-3,)(1-p3,)BP), where

(l—piis) BP
(1-p2,)yP
U,+U . We define X,=1U, +p.sVyP/QpSp and
Xp = U+ pysv/BP/QpSp. With these definitions, it can
be easily verified that U/~N(0, (1-p3,)BP), X,~N (0, yP),
and Xp~N (0, BP). Note that U, U,, and U’ are independ-
ent of Sp. Obviously, from these definitions, it is evident
that E(X}) + E(X},)<P and E(X2)<yP. Through straight-
forward algebra, it can be shown that the evaluation of the
lower bound in Theorem 2 using the above choices gives
the lower bound in Theorem 5. The computation details
are omitted here for brevity.

We next characterize the capacity of the state-
dependent Gaussian orthogonal relay channel with causal

U, and U’ are independent. Let U =p,,

(1-p3) (1-p3.)8P

min /))— ,
{C<N) +C< (V5 + pas/BP + pro/7P) +N>

<l—pﬁ,s) P+ (1—p?,s)yP+2pd,r (l—pﬁ,s) (1—p%’,s) yP
(R )

(V@ +pac /BB + pyo/7P) 4N
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channel state information when the power of the relay is
sufficiently large. As shown in Theorem 5, a part of the
relay's power is used to clean the interference Sp. When
the power of the relay is sufficiently large, the interference
Sp can be cleaned completely and the capacity of the
channel can be determined as shown in the following
theorem.

Theorem 6 For the Gaussian orthogonal relay channel
with the additive interference sequences known at the
source and the relay causally, when the power of the
relay satisfies

P N
+ N Dy

yb= <4N PP >P (45)
the capacity can be characterized as
B BP
C(P,yP) = 0mﬁax C(N +C N (46)

Remark 6 When the power of the relay is sufficiently
large such that the interference Sp is completely cleaned
by the relay using part of its power and its remaining
power is sufficiently large such that the relay-destination
link does not constrain the achievable rate, the message
sent from the source is split into two parts: one part is
sent directly to the destination through a point-to-point
source-destination channel and the other is sent to the
destination through a two-hop source-relay-destination
channel with DF relaying. The two parts are sent inde-
pendently, and the rate can be expressed as the sum of
the rates of the source-destination channel and the two-
hop source-relay-destination channel (the rate of the
later is constrained by the source-relay link).

Proof Define p=(pqs Pap Prs)- We denote the two
terms on the RHS in (44) as

Ri(B,p) = (ﬁ—) +C (1_p§~s> (1‘/’3;)/51’ 2
. (\/Q_Derd.s\/—PﬂLPrs yP) N
(47)

(1-02.)BP + (1-2,) 7P + 294, (1 i) 1 ~p2,)BrP

Rz(ﬁv P) =C
(VQo + pas/BP +pys /7P VP
(48)
Let R(ﬁr P) = min{Rl(ﬁr P)’ RZ(ﬁ’ P)} Then, R(P7 YP)S
max 0<p<1 R(B, p) is achievable.

_lgpd.s’pr,s’ :Dd,rSl
It is easy to verify that if yP > Qp, for any fixed S, R,(5,

p) is the maximal when p=pj = (0,0,—\/QD/()/P)) .
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Denote the maximum of R(f5, p) as Ri(/)’). Therefore, we
have

Ri(B) = Ri(B.p}) = (ﬁ;) *C@))

Ry(B,p}) = (L * K[P QD>

Next, we will show the condition under which R,
(ﬂ, pf) is always larger than R;(B) for any j3. Let

BP + yP-Qp pP BP
1+—————21+—|(1+— 51
+ N 2( 1+ tN (51)
The inequality in (51) is equivalent to
P*’B*~(P*>-PN)B + yPN-QpN-PN>0 (52)
It is easy to show that if
P QD 1
y2 aN + @ +—+ 5 (53)

the inequality in (52) holds for any . Thus, if y> £ + X+
QD + 3, the following inequality is always satisfied for any B

R (B, p7) =R} (B) (54)
For any /5, we have
R(B.p1) = min{Ri(B,p1), Ra(B.P1)} = Ri(B)  (55)

Therefore,

BP BP
R(P,yP)< mﬁz?I(R 18) = Or?ﬁzi)I(C<N) +C<N) (56)
is achievable.

As mentioned in Remark 3, (39) serves as an upper
bound on the capacity of the channel considered here.
The converse proof follows by proving that (46) matches
the upper bound in (39) if the condition in (45) is satis-
fied. We denote the two terms on the RHS in (39) as

Ci(B,p) = c(ﬁﬁp) + c(ﬁ—(lg\’; )P> (57)
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Let C(B, p) =min {Ci(B, p), Co(f5, p)}. Similar to steps
from (47) to (55), it is easy to prove that for any S if
y2igtirta

C(B,0) = min{Cy(B,0), C2(B,0)} = C1(B,0)
o) el

Next, we have to prove that for any f3, under the con-
dition y=% +25+13, C(B, p) is maximized when p =0.
Denote the maximal of C(8, p) as C*(8), ie., C*(B) =
max_i<p<1 C(B, p). This can be proven by contradiction.
Assume that C(f5, p) is maximized when p =p’ (p’ = 0).

By (59), we get

(59)

C(B,p))2C(B,0) = C1(B,0) (60)
However, we have
C(B,p) = min{Ci(8,), C2(B.p") }<C1(B.P)
(61)

From (57), it is easy to verify that for any g, C1(5, p) is
maximized when p =0. Thus, (60) and (61) are contra-

dictory. This proves that for any 5, C*(8) = C1(,0) =C
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(/}WP) +C (ﬁﬁp) Thus, the maximization problem in (39)

is equivalent to the following maximization problem

C(P, yP)< max c(ﬁﬁp) N c</3_[’>

62
0<p<1 N (62)

This completes the proof.

6 Numerical examples

In this section, we provide some numerical examples for
the achievable rate in Theorem 5. With these examples,
we will show the impact of the channel state and the
role of the relay in information transmission and in
cleaning the channel state.

For y =1, Figure 4 shows a comparison of the capacity
of the state-independent (Qgr=Qp=0) relay channel
with orthogonal components and the achievable rate de-
rived in Theorem 5. Obviously, the larger the power of
the additive interference, more power of the source and
the relay will be used to clean the interference; this re-
sults in a lower achievable rate. As the power values (P)
of the source and relay increase, a larger amount of
interference can be cleaned, leaving more power for in-
formation transmission. Consequently, the achievable
rate will approach the capacity of the state-independent
relay channel with orthogonal components as P in-
creases. This can also be verified from (44) such that if

35

n
o
T

Rates (bits per trans.)
N
T

15F
— QD=0 (state—independent)
e —— Q=20
—e— Q=40
— QD=60
0.5
1 1 1 1 L i
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Figure 4 Achievable rates vs. SNR under different power values of the interference.
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P> Qp, the impact of the additive interference Sp will
be negligible with respect to P. The maximization
problem of (44) is approximate to that of (39) by tak-
ing p.s— 0 and pgs— 0.

For P/N =30, Figure 5 shows the role of the relay in
cleaning the channel state. As the power of the relay in-
creases, the achievable rate increases. In particular, when
the power of the relay is sufficiently large such that the
channel state can be cleaned completely and the relay-
destination link does not become the bottleneck for the
achievable rate, the achievable rate matches the upper
bound. This has been proven in Theorem 6. Figure 5
vividly illustrates this result.

7 Conclusions

In this paper, we consider a state-dependent relay chan-
nel with orthogonal channels from the source to the
relay and from the source and the relay to the destin-
ation. The orthogonal channels are affected by two inde-
pendent channel states, respectively, and the channel
state information is known to both the source and the
relay either non-causally or causally. In the non-causal
state information case, the lower bound on the capacity
of the channel is established with superposition coding
at the source, PDF relaying at the relay and cooperative
GP coding at the source and the relay. We further show
that if the output of the destination Y is a deterministic
function of the relay input X,, the channel state Sp and
one of the source inputs Xp, i.e., Y= filXp, X, Sp) and the
relay output Y, is restricted to be controlled by only the
source input Xp and the channel state Sy, the lower
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bound is tight, and the capacity can be characterized
exactly. As for the causal channel state information case,
the lower bound on the capacity is also derived. The ex-
pression for the achievable rate in the causal state infor-
mation case can be interpreted as a special case of that
for the achievable rate in the non-causal state informa-
tion case, where the auxiliary random variables U and U,
are independent of Sy and Sp. This is similar to the rela-
tion between the expression for the capacity of the state-
dependent channel with causal channel state information
introduced by Shannon [2] and its non-causal counter-
part, the Gel'fand-Pinsker channel [3].

Further, we investigate the Gaussian state-dependent
relay channel with orthogonal components, modeling
the channel states as additive Gaussian interferences.
Capacity is characterized when the additive interference
sequences are known non-causally. The expression for
the capacity is the same as that for the capacity of the
state-independent relay channel with orthogonal compo-
nents. This observation is similar to the results for the
multiple user state-dependent channels shown in [6].
When the state information is known causally, however,
the capacity is not characterized in general. In this case,
with carefully chosen auxiliary random variables, achiev-
able rate is derived. It is shown that when the power of
the relay is sufficiently large, the capacity can be charac-
terized exactly. Finally, two numerical examples are
given to illustrate the impact of the channel state and
the role of the relay in information transmission and in
cleaning the state. The simulation results show that the
larger the power of the additive interference, the more

A
C
g
9]
o
f2]
3
3
§ 15 — QD=O (state—independent)
T QD=30
1 — — QD=50
057 —6— Q=90
o 1 1 1 1 1 J
0 2.5 5 7.5 10 12.5 15
v

Figure 5 Achievable rates vs. y under different power values of the interference.




Deng et al. EURASIP Journal on Wireless Communications and Networking 2014, 2014:59

http://jwcn.eurasipjournals.com/content/2014/1/59

power of the source and the relay will be spent to clean
the interference; this results in a lower achievable rate.
However, as the power P increases, the impact of the
interference will be negligible if P> Qp and the achiev-
able rate will approach the capacity of the state-
independent relay channel with orthogonal components.
The simulation results also illustrate that when the
power of the relay satisfies yP> (& + X+ % + %)P, the
capacity of the channel can be characterized.

Appendices

Appendix 1

Proof of Theorem 1: Analysis of probability of error
The average probability of error is given by

S pe(s) eesl)
s1eT(Sp)
§1¢T" (Sx)
+ Z Pr(sp) Pr(sy) Pr(error|sf, sg)  (63)
speT 2 (Sp)
spe7 ¢ (Sk)

P,<

By the AED, the first term Pr(sp,¢7 % (Sp)) Pr(sk¢7 7 (Sr))
on the RHS of (63) goes to 0 as n— oo. It is sufficient to
upper bound the second term of the RHS of (63). We now
examine the probabilities of the error events associated
with the encoding and decoding steps. The error event is
contained in the union of the following error events, where
Eqx and Ey; correspond to the encoding steps in block k,
Esg i and Eygy correspond to decoding the message 71,
(k) at the relay in block k given Sy = s, the events Es; and
Eg correspond to decoding wp(k) at the destination in
block k. The probability of error Pr (error‘sﬁ, si) is upper
bounded as

Pr(error | D7 s%) < Pr(E1x) + Pr(Eax)
+ ) P(Sr = sp)Pr(Esqk|ES E5)

SRESR
+ ) P(Sk = sr)Pr(Easek | ES, S ESoi)
SRESR

+Pr(Esk|ESyESy) + Pr(Eek|ESE ESx)

where E;(m=1,2,3s,5) denotes the corresponding
event complement of E,, .

Let Ej; be the event that there is no sequence u!
(wr(k-1),j.(k)) jointly typical with s}, (k), i.e.,

Eye = {#,(k)e{1,2,...,2"% } s.t.(u (wr(k-1),
Je(k)), 85 (k) € T (U, Sp)}

For w/(wr(k-1),j.(k)) and s (k) generated independ-
ently with i.i.d. components according to Py, and Qg , re-
spectively, the probability that there exits at least one
jo(k)e{1,2,...,2"%} such that w(wg(k-1),j,(k)) is
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jointly typical with
9-n(I(Uy:Sp)+6(e))

sp (k) (1-¢)
for n sufficiently large. There are 2R
such u! s in each bin. Therefore, the probability of event
E;x is bounded by

is greater than

2V1Rr)s

(1—8) 2—n(1(U,;SD)+6(s))

Pr(Ey)<|1- (64)

Taking the logarithm on both sides of (64) and follow-
ing from the inequality In(x) < x — 1, we have In( Pr(Ex))

< (1-g)2"(Res(UsS0)3) Thys, if R, > I(Uy; Sp) + 8(e),
Pr(Elk) — 0 as n — oo, where d(¢) — 0 as ¢ — 0.

Let Eo; be the event that there is no sequence u”(wp
(k), ja(k)|wr(k - 1), j.(k)) jointly typical with s}(k), given
W (w(k-1),7,(6)), i,

Exc = {Bjg(k)e{1,2, ..., 2R} 5.1}
(w*(wp (k). jq (k)| wr (k=1), /. (k)),
w; (wr(k-1),j,(k)), sp (k)T (U, Uy, Sp)}

Similar to the analysis on the probability of the event
Eq if Ry > I(U; Sp|U,) + 3(e), Pr(Ey) — 0 as n— .

For each sgeSy, let Esg i be the event that xﬁu_s)p (sr)
(my, (k) |sr, wr(k-1),j,(k)) is not jointly typical with
Ve 7 (k) given wi ) (w(k=1). (K)), i
(k ) and Sg = sp, i.e,

Esgre = {00 (g (k) Is, wr (k=1),, (K)),
ulSh P (i (k-1),, (k) xE5 70 (k),
AR (9)

¢7 7 (Xr, Uy, Xy, S, Yy) given Sg = sg}

By the LLN, for all sgeSr, Pr(Esuk|ESES)—0 as
n — oo. Consequently, Z P(Sg = sp)Pr(Esgk|E{ Es)—0
SRESR
as 71 — oo,

For each speSy, let Eyqy be the event that xj ' 97t

(g (k) |sr, wr(k-1),j,(K)) is

yis P (), given wEn® v (k-1),7,(8), <27 (k)
and Sy = sy for some 7 (k)zms, (k), ie.,

jointly typical with

Eugie = {Tmg (k)€{1,2,...,2""= } s.t.55, (k) 2mg, (),
O g (K) s, we (1), (K)).
uﬁ‘””““”( R(=1). e (R)) x5 (K),
Yr,sR o) (k))
€T?(Xr, Uy, Xy, Sk, Yy) given Sg = sg}

Conditioned on the events Ef, E5; and E5 ., for all

SrE Sg, by the joint typicality lemma [31], the probabil-

ity that (3"~ (g, (k) |sr, wr(k-1),j, (k) wisy 970
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(w (k=1 (k) xi ) (K), yri 7 ()) e T2
(Xg, Up, X, S, Yy)  given ur,g W) (e (k-1),].(K)),
n(l-e)p( )(k) and S =sg for g, (k)=mg, (k) is less than

erR
27 (1=ep(sw) IXwsY i Us XeSe=s2)=3(€))  for sufficiently large 7.

There are 2"%x (exactly 2"®=-1) such x§<1_E)P “r) g Thus,
the conditional probability of event Ey given Ei, E5; and
E3,. is upper bounded by

Pr (E45Rk|E1kE kEBSRk)
<0~ 1((1=e)p(sr)I(Xi; Y| U, XSk =r)- (1-2)p(sr)3(¢)-Rix)
(65)

From (65), Pr(Eask|ETE5;E5 ) —0 as 11— oo if

Ry, < (1-€)p(s)(I(Xg; Y |Uy, Xy, Sk = sr)-0(€))

Since Ry = > Ry, P(Sg = sv)Pr(Eask| EStESESs)—0

SRESR SRESR

as 1 — oo if
Rp < (1-e)(I(Xy; YUy, Xy, Sr)-6(€)),

where 6(¢) — 0 as £ — 0.

Let Es; be the event that u”(wp(k), ja(k)|wr(k - 1), j
(k)), u’(wr(k-1),j.(k)) and y"(k) are not jointly typical,
ie.,

Esp = {(0"(wp(k), jg (k) [wr (k-1),j,(k)),
Je(k)), Y (k) eT (U, Uy, Y)}

u:’(WR(k—l),

Conditioned on the events Ej; and E5;, we have Pr
(Esk|E1xEs) — 0 as n — oo by the Markov Lemma.

Let Eg be the event that w”(wp(k),jy(k)|wr(k-1),],
(k)) and u’ (WR(/<—1),jr(k)) are jointly typical with y"(k)
(wp(k), wr(k-1))e{1,2,..., 2%} x {1,2, ...,
e{1,2,...,2"%} and j (k)€{1,2,...,2"R=},

for some
27}, g (k)

with (Wp (k), wr(k-1))#(wp(k), wr(k-1)), i.e.,
Egi = { 3 (wp(k), wr(k—1))E{1,2, -, 2"}
x{1,2, -..,2nRR}’;d(k)e{1,2’...72an,5}’
(k)E{l 2 2nRLs}

s.t.(wp k), wr (k—1)) # (wp (), we (k—1)),
(W (wp (), jg (k) wr(k—1),/,(K)),
)

(e (k-1),7,(K) ) y" (k) ST Uy, V)

We split the potential event Eg; into three disjoint
parts: first, wp(k) =wp(k) and wg(k-1)=zwgr(k-1) ;
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second, Wwp(k)=zwp(k) and wr(k-1) = wr(k-1); third,
wp(k)zwp (k) and wg(k-1)=wg(k-1), ie.,

Eot, = { Fwr(k—1)E{1,2,-, 2%} j (k
s.t.wg(k=1)zwr(k-1), R
(w(wp (k), ja (k) [wr (k=1), ) (K)),
“;1(WR(k_l)vjr(k))7yn(k))€T:(uv Ur, Y)}

)6{1727 ...72nR,,5}

Eet, = { 3wp(k)E{1,2,-, 2%} j, (k
S.t.wD(k)IWD(k), R
(W (iWp(k),jq(k)|wr(k-1),j,(k)),
w (wr(k-1),/.(k)),y" (k)T (U, U, Y)}

)6{1727 '”72an'5}7

Egt, = {3 (wp(k), wr(k—1)) & {1,2, -, 2"}
><{1’27 ...72”RD}7]'d(k)E{1727 ...72an,s}7
k)e{1,2,...,2"=} s.tavp(k)=wp(k),
Wwr(k-1)=wg(k-1),
(W (p (k). (k) v (k=1 (k).
w! (vr(k=1),7,(K)). y" (k)T 2(U, Uy, Y)}

Conditioned on the events Ef;, E5 and Ef;, by the
joint typicality lemma, the probability of the above three
events are bounded by

Pr(Egk, | E5Esy Egy ) <2700 ke) (66)
Pr(Eei, |ES ES ESx )<2—"(1(U;Y\Ur)-5(8)—RD) (67)
Pr(Egi, |E5 sy Egy) <27 )20l (Roth)) - (68)

FrOm (66) to (68) Pr E6k llE kEZkESk)_)O Pr E6/< 2|
EkE5iEs ) — 0 and Pr (Ee s|E{xE5kEsi) — 0 as 11— oo,
if

Rp + Rqs < I(U; Y|U,)-6(g)
Rp + Rqs + Rp + Reg < I(U, U, Y)-6(e),

where 8(¢) >0 as €— 0. Note that (68) makes (66)
unnecessary. Therefore, Pr (Egi|E{xEorEsk) < Pr (Eex 1]
E1kE5Esi) + Pr (Eei_o| ENkE5rESy) + Pr (Eex 3| E1xEaxEsi) ap-
proaches 0 as n — co.

It remains to show that the alphabet sizes of the ran-
dom variables U, and U can be limited without loss of
generality as stated in (8) and (9), respectively. This is
done by the support lemma [33]. Fix a distribution y# of
(Spy Sr» U U, X, Xz, Xp» Y Yp) on the Borel o-algebra
of P(Sp, Sk, Uy, U, Xy, XR, Xp,V;, Vp) that has the
form (7).
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To bound (8) on |U,|, note that we have

L (X Yo [ Ur, X, SR) + L (U3 Y |U ) =1, (U Sp| UL
= H,(Xr, Xy, SR |Uy ) + Hu(X,, S, Yo |U, )
~H (X, SR)U)~Hu(Xr, Xr, Sk, Y| U
+H,(Y|U,)-H,(U,Y|U,) + H,(U,Sp|U,
_H/t(SD|Ur
(69)

L(U, Uy Y)-1,(U, Uy; Sp)
= H,(Y)-H,(Sp)-H,(U,Y|U,) + H,(U, Sp|U,)
(70)

Hence, it suffices to show that the following func-
tionals of u(Sp, Sg, U, U, X, Xz, Xp, Yy Yp):

fSD;SRA,XnXD = /’l(stsvaraxD) V(SD7SR7xr7xD)€SD
X SR X Xr X XD

(71)

S0l = [ i) (1, X Xes L) -+ H, X0, S0, Yol )
g H,(Xe, SglUs)~H,,(Xe, Xo, S, Yl ULY)
H (¥ ) ~H (U, Y |uy)
+H, (U, Sp|ue)-H,(Sp|u:))
(72)

S10) = [ ) (1 (U Soe)-H (02, YIw)) - (73)
u

can be preserved with another measure g’ that has the
form (7). This condition can be satisfied by the support
lemma. Observing that there are |Sp||Sr||X:||Xp|+ 1
functionals (in (71), there are |Sp||Sr||X:||XDp|-1 de-
grees of freedom) in (71) to (73), according to the sup-
port lemma, the cardinality of the alphabet of the
auxiliary random variable U, can be taken to |Sp||Sg|
|X||Xp| + 1 without altering I(Xg; Y;|U, X, Sgr)+ I(U;
Y|U,) - (U; Sp|U,) and (U, U,; Y) - I(U, U,; Sp).

Once the alphabet of U, is fixed, the alphabet of U
is bounded in a similar way. |Spl||Sr||X:||XDp]| %
(ISp||Sr||X:||Xp| +1) +1 functionals must be satis-
fied to preserve the joint distribution of U, Sp, Sg,
X, Xp and two more functionals to preserve

Iﬂ(”? Y|Ur)—1,,(L[; SD|Ur)
= H,(Y|U,)-H,(Sp|U,)-H,(U,,Y|U) + H,(Sp, U.|U)
(74)
L(U,u,Y)-1,(U,U,;Sp)
= H,(Y)-H,(Sp)-H,(U,,Y|U) + H,(U,,Sp|U)
(75)

yielding the bound indicated in (9).
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This completes the proof.

Appendix 2

Outline of the proof of Theorem 4

With the random variables defined in (40) to (43), we re-
write (37) and (38) as follows:

Y, =Xgr+ S+ Z, (76)

Y=Xp+X:+Sp+2Zq

= Xpo + (1 +p\/,3/)’)Xr +Sp + Z4 (77)

With these definitions, it is easy to verify that I = Xp+

ap\/Bly s
<a(1 +a)+ 4(1+P\/M)>SD’ Uy and U, are conditionally

independent, given Sp, and « and a, will be clear in the
sequel.

Use the two random variables U, and U to generate
the auxiliary codewords u and #”. Under these choices
of the random variables, codebook generation, encoding
and decoding are the same as that in the DM case ex-
cept that successive decoding is used to decode the
quadruple (VT/R(k—l),fr(/<),vDD(/(),jd(/()) instead of joint
decoding in the DM case.

Observing y"(k), the destination firstly find a pair

(Wr(k-1),j,(k)) such that

(! (r(k-1).7,(k)), " (k) €A (U, Y)

If there is no such pair or it is not unique, an error is
declared. By the packing lemma [31], it can be shown
that for sufficiently large n, decoding is correct with high
probability if

Ry + Re<I(U; Y) (78)

From (10) and (78), Ry < I(U; Y) - I(U,; Sp).

Treating Xpo in (77) as noise, we define the auxiliary
random variable U, as

U, = (1 er\//)’/y)Xr + a:Sp (79)
By Costa's dirty paper coding, let
2
__ (WrtevB)P
@ = (80)
(y +B+2p\/By)P+N
then

Re<I(Uy; Y)~I(Uy; Sp)

(81)

:C<(\/7+P\/B)2P>

(1-p*)BP + N

is achievable.
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Since the destination has successfully decoded u

(WR(k—l),;r(/()), the destination can peel off U, to make
the channel to the destination equivalent to

Y =Y-U,

= Xpo + (1 +p\/§>Xr+SD +Z,,,—[<1 er\/§>xr + a,Sp

= Xpo + (1 4+ a;)Sp + Z4
(82)

The destination finds a unique pair (vi/D(k),}d(l<))
such that

(W (p (k). ja (k)R (k=1), j, (k). (iR (k-1)./, (k) y " (K))
xeA! (U, U,,Y")

If there is no such pair or it is not unique, an error is
declared. By the packing lemma [31], it can be shown
that for sufficiently large n, decoding is correct with high
probability if

Rp + Ra<I(U; Y'|U,) (83)

From (11) and (83), Rp <I(U; Y'|U,) - I(U; Sp|U,) is
achievable. The proof will continue after the following
lemma.

Lemma 1 For the considered channel here, if Rp < I(U;
Y'|\U,) - [(U; Sp|U,) is achievable, Ry <I(Uy; Y') - I(Uy;
Sp) is achievable.

Proof We only have to verify I(U; Y'|U,) - I(U; Sp|
Uu,) > I(Uy Y') - [Uop; Sp).

(U; Y |Uy)-1(U; SplUy)
=H(U|U,)-H(U|U,, Y )-H(U|U,) + H{U|U,, Sp)
=H(U|U,,Sp)-H(U|U,,Y")

= H(Uo +Mur|urvsl3)
(1+pvBDY)
—H<Uo +ﬂur|urv YV)
(1 +p\/ﬁw/?>

= H(U0|Ur,SD)—H(UO|ur7 Y')
2H(Uo|Sp)-H (Uo|Y ")

=1(Uy; Y )-I(Up; Sp),

(84)

where the inequality holds due to the facts that U/, and
U, are conditionally independent given Sp and condi-
tioning reduces entropy.
Thus, if Rp < (U; Y'|U,) - [(U; Sp|U,) is achievable, we
have
Rp<I(Up; Y )-I(Uo; Sp) (85)

is achievable.
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This completes the proof of Lemma 1.
By (82), we define

Uy = XD,O + a(l—ar)SD (86)

With Costa's dirty paper coding, let
1-p?)BP
P ) (87)
(1-p)BP+ N

Then by Lemma 1, we have

Rp<I(Uo; Y )-1(Uo; Sp)

(88)

i

is achievable.

The decoding at the relay is the same as that in the
DM case except that the interference sequence sj(k)
can be subtracted before decoding wy(k) since sj(k) is
additive and known to the relay. This makes the channel
from the source to the relay equivalent to

Y. =Xg +Z; (89)
Therefore,
BP

Re<C </jv> (90)

is achievable.
Combining (81), (88) and (90), we show that R =Ry +
Rp is achievable when the following condition is satisfied

C(P,yP) = Ogrﬁr}a/z(S . min

o) o) )

This completes the proof.
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