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Abstract— Motivated by cognitive radio applications, we
consider mitigating the effect of interference by exploithg
known properties about its signal structure. Specifically, we
analyze communication between a source and destination wit
an interferer that induces random variations in the source-
destination channel. The interferer transmits a sequencelmsen
uniformly from a randomly generated codebook, which has
an i.i.d. structure, or a superposition structure. It is assaimed
that both the encoder and decoder know the interferer’s
codebook. We first provide a definition of capacity for these
settings. When the encoder knows the interferer's message
noncausally, it can use Gel'fand-Pinsker (GP) encoding to
precode against interference. Alternatively, it can encod by
taking into account that the interference is a codeword, to
enable the decoder to decode both messages. It is demonsaet
by an example that the latter can outperform GP encoding.
Two upper bounds to the performance of this channel are
then presented. Next, a more realistic scenario is consided
in which the interference is learned at the cognitive encode
causally through a noisy channel. It is shown that for the cas
of i.i.d. generated interference, this information has no alue.
In contrast, when the interference is a codeword from an i.d.
generated codebook, this fact can be exploited to obtain higer
rates between the cognitive pair.

I. INTRODUCTION

setting, the state can be any typical realization of an.i.i.d
process while in the former setting, the state is a codeword
uniformly drawn from the interferer's codebook. Therefore
the number of possible states (i.e. codewords) dependseon th
interferer’s rate and can be much smaller than the number
of typical i.i.d. states. As analyzed in [3], this fact can be
exploited to obtain higher rates between the cognitive. pair

In cognitive radio literature, it is often assumed that the
interferer, i.e., the non-cognitive encoder, is willingdesign
its codebook jointly with the cognitive encoder (see [3], [4
[5], [6])- In reality, this is not always the case. In this \Wwor
we focus on the scenario where the interferer is using an
i.i.d. generated codebook or a codebook randomly generated
using superposition coding. An i.i.d. generated codebsok i
beneficial for the interferer to use if it is facing a single-
user channel to its decoder, while a superposition codebook
is beneficial for the interferer when it is performing rate-
splitting or broadcasting information to two receivers of
different channel quality.

For different realizations of codebooks used by the inter-
ferer, different performance can be achieved by the (cogni-
tive) transmitter-receiver pair. Since the interferedslebook

In wireless networks, source-destination pairs communis random, this performance is also random. In order to

cating simultaneously introduce interference to eachrothaise one deterministic number to characterize the system
This interference can be treated as noise, avoided by qrerformance, a new definition of capacity is needed. We first
thogonalizing transmissions, or handled by partial or fulprovide two operational definitions of capacity, and show
cancellation. Each of these approaches leads to a reduchdt they are in fact equivalent, yielding the same number
performance; the interference can be fully cancelled witho for capacity.

rate penalty only in the very strong interference regime [1] When the cognitive encoder knows the other message
Another way to manage interference opened up with theoncausally, it may use Gel'fand-Pinsker encoding to pre-
introduction of cognitive radio technology. Cognitive i@sl code against interference, or it can take into account that
have the ability to obtain and exploit information abouthe interference is a codeword, to enable its decoder to
communications in their neighborhood. For example, thidecode the interferer's codeword as well [3]. We show that
enables a cognitive encoder to decode messages transmitiesl rates achievable with the scheme of [3] are achievable
in its vicinity. Information-theoretic approaches modets$e under the capacity definition presented in this paper. It is
capabilities by assuming side information about the othd€urther demonstrated by an example that this scheme can
user's message at the cognitive encoder. The simplegtgettoutperform GP encoding. Two upper bounds on capacity are
is shown in Fig. 1 where the (cognitive) transmitter-reeeiv also presented.

pair communicates in the presence of a single interferex. Th Next, we consider a more realistic scenario, shown in
interfering codeword is assumed to be known non-causallsig. 4, where the cognitive encoder, rather than obtaining
without noise at the cognitive encoder. The scenario gosethe interferer's codeword noncausally without noise, near
resembles the Gel'fand-Pinsker (GP) problem of codingymbols of the interferer's codeword causally through @yoi
for channels with random parameters (state) known at thghannel. For the two-sender, two-receiver cognitive radio
transmitter [2]. The crucial difference is that in the latte channel, the causal scenario was considered in [4]. In this
paper, it is shown that for the case of i.i.d. interferenheés t
delayed information has no value, even if obtained without
noise. In contrast, when the interference is a codeword, the

1This work by was supported in part from the DARPA ITMANET
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the Internet Program and the ARO under MURI award W911NR-@246.



We define the capacity of such a communication scenario
in two different ways.

Definition 1 A (2%, n) code for the channel consists of:
an index set{1,2,---,2"%}; encoding functionsf”(S") :
{1,2,---, 2"} x {1,2,---,2"f} — X"; and decoding
functions:g"(S") : Y — {1,2,--- ,2"E},

Note that while the encoding and decoding functions
depend on the realization of the interferer's codebook, the
size of the index set does not.

Fig. 1. Channel with an interfering codeword known at thegraitter. The probability of error is calculated as

1
Pe(S™, ["(8"),9"(8") = srmgmr;

encoder can potentially use this side information to decode o
the interferer's message and apply the same approach as in > P (Y #w[W = w, W =w]. (2)
the noncausal case, for a fraction of time. In this paper, we W=w,W;=w,

demonstrate gains of this approach. In the next section wWeRrate R is achievable if there exists a sequenceéilij,n)

define the system model considered in this paper. Sectiopgdes such that for any > 0, for sufficiently largen, we
[l and IV present our results for the scenarios in which the ;e

encoder knows the interference non-causally. The causal ca
is considered in Sec. V. This is followed by conclusions in PriS™ : Pe(S", f"(S"),9"(8")) <€ >1—e  (3)

Section VI. Due to space limitations, most of the proofs are The capacity of the channel, denoted@s is defined as

omitted. the supremum of all achievable rates.
Il SYSTEM MODEL Definition 2 A (27R(S™) 'n) code for the channel con-
sists of: an index sef1,2,---,2"%(S")1; encoding func-
The discrete channel studied in this paper consists of tWyns: fm(57) : {1,2,--- 278} x {1,2,--. 278} —
finite input alphabetst’, S, a finite output alphabey, and  x»: and decoding functions:g™(S") : YY" —

a probability distributionpy|xs(y|z,s). The channel state {1,2,--. ,2nREM}

S™ is not iid., as in the GP problem. Instead, it takes Note that in this definition, not only the encoding and
the value of a row, in a uniform fashion, of a randomlygecoding functions, but also the size of the index set depend
generated codebook. In most of the paper, the randomiy, the realization of the interferer's codebook, i.e., weval

generated codebook is assumed to be i.i.d. generated Wilfg rate of the communication to change based on the
27%% rows andn columns, usings(s). However, in Section reajization of the interferer's codebook.

IV, the randomly generated codebook takes on a superposi-The probability of error is calculated as
tion structure. In that case, the interferer rate-splitssage

1
W, = (Wlsv WQS) for someW;; € {17 SR 2ans}a Was € Pe(Snv fn(sn)vgn(sn)) = onR(S™)9nR,
{1,...,2"R2:} where Rys + Ras = Rs. More specifically, 2 2t
the encoding scheme at the interferer consists of: > P (Y #w[W = w, W, =w]. (4)
« Choose a distributiop(v)p(zs|v). W=w,We=ws
o Generate 2"f:  codewords v"(wis), wis = A rate R(S™) is achievable if, for any > 0, for suffi-
1,...,2"%s independently according t&y (). ciently largen, there exists a sequence of cod@s?(5™) n)
« For eachw;,: Generat@m2: codewordse™ (wqs,ws2s)  such thatP.(S", f*(S"),¢"(S")) < e. For eachS", let
using[T"; Px, v (-|vi(wis)), was = 1,..., 2752, C(8™) be the supremum of all achievable raf@6S™). The
In the settings considered in the paper, an encoder wishgaPacity of the channel, denoted @s, is defined as
to send information to a decoder, in the presence of an B n n »
. X ! 3 R:PS":C(S")>R—¢€>1—¢;. 5
interferer (see Fig. 1). Both the encoder and the decoder Slép{ [ (57) E] E} ®)

know the codebook of the interfere$™. The channel is

S L We now explain the operational meaning of both defini-
memoryless and time-invariant in the sense that

tions of capacity. It is clear that the interference degtiada
(1) to the source-destination channel depends on the realizati
of the interferer's codebook.
We will follow the convention of dropping subscripts of In Definition 1, the rate of communication is the same
probability distributions if the arguments of the distriioms  for any realization of the interferer’s codebook, however,
are lower case versions of the corresponding random vathe probability of error is not. For some realizations of
ables. the interferer’'s codebook, the communication r&ean be
In Sections Ill and IV, we assume that at the beginning cdupported, and therefore, the average probability of exaar
a block, the encoder knows non-causally the codewsstd be driven to zero. For others, ralkcannot be supported and,
i.e., the interferer's messagd€,, W, = {1,...,2"f:}, therefore, the average probability of error cannot be drive

p(yilz’,s', y" ") = pyxs (Wil mi, s).



to zero. We want to find the supremum over all ratethat Lemma 2:For the channel of Fig. 1, the rate
can be supported by the “majority” of possible interference ]

codebooks, where majority here is in terms of a set with 2% Sp(ﬁi’}(,)mm{l(&y's)’

probability that is larger tham — e. i i )

Since the encoder knows which of the interferer’s code- max{[(U:Y) = I(U; 5), I(X, 5:Y) = Re}} - (8)
books is in use, in Definition 2 we allow the encoder'ss achievable. Forl(S;U,Y) < R, < H(S), binning
communication rate to vary based on this known codebookchieves the GP rate given bYU;Y) — I(U;S) in (8).

In fact, the encoder may adjust its rate up to the capacityor R, < I(S;U,Y), superposition coding achieves the rate
of the channel, i.e.C(S™). For different realizations of given by the minimization term in (8).

interference codebook, i.&5!, the performance, i.e(;(S™), Proof: It was shown in [3] that for the rate (8),
is different. We take as capacity the rate that can be suggortthe average error probability can be made arbitrarily small
by the “majority” of possible interference codebooks, wherLemma 1 then implies that rate (8) is also achievable under
majority here again is in terms of a set with probability thaDefinition 1. [ ]

is larger thanl — . Remark 1:For the distributionp(ul|s), f(-) of Lemma 2,

In Section V, we take a more realistic approach as conit holds that/(X,S;Y) = I(U, S;Y).
pared with Sections Ill and IV, and assume that the encoden Lemma 2, when the rate of the interferer's codebook is
rather than knowing the interferer’s codeword noncausallymall, i.e., R, < I(S;U,Y), it does not place too much
without noise, learns the interferer's codeword causallgurden on the system to decod&,. When R, is large,
through an orthogonal, noisy DMC channg(z|s). The treating it as an i.i.d. sequence and using the GP scheme
capacity definitions remain the same as in Definitions @ better than requiring the receiver to decdie.
and 2, with the exception that the encoding functions may
only depend on messagd and the previously received B. Example

signals from the interferer, i.e(Z1, 22, -+, Zi-1). More We next provide an example to demonstrate that taking
specifically, encoding at timeis into account that the state is a codebook helps, i.e., we show
Xi= fi(W, 20, ..., Zi_1). ©6) that the achievable rate of Lemma 2 can improve the GP rate,

unlike in the case of i.i.dS™ sequences. We consider the
The problem studied in this paper is to characterize angchannel that models computer memory with random defects
bound the capacity of the (cognitive) transmitter-recepar and noise, first proposed by Kuznetsov and Tsybakov and

as a function of the rate of the interferer’'s codeboBk, analyzed in [2].

The next theorem proves that the two capacity definitions The channel has a binary input and a binary output, i.e.,
are equivalent. X =Y ={0,1}, and the channel state takes three possible
Theorem 1: values,S = {0,1,2}. The channel is specified by three

Cr=Cy 20 (7) parameters),p,q which are all betweerd and 1/2. The
Proof: The proof is given in Appendix A. m channel transition probability(y|z, s) is given by

From (7) we see that' is the appropriate capacity metric
for this system.

The following lemma shows that if a code of rafe _
is good on average, i.e., that the error probability of thg(y | s =1) = { q if (,y) = (0,0), (z,9) = (1,0)
code averaged over all interferer’s codebooks can be made 1—gq otherwise
arbitrarily small, thenR is achievable by Definition 1. (yle,s = 2) = D if (z,y)=1(0,1),(z,y)=1(1,0)

Lemma 1:Consider a2"#, R) code that satisfies PUIT, 1—-p otherwise

1= if (z,y)=1(0,0),(z,y)=(1,0)
p(ylz, s =0) = { q ! other\?vise !

E[P.(S™)] < e In other words, in states= 0 ands = 1, the channel output
o ) does not depend on the channel input, and in state 2,
asn — oo, for somee > 0. Then, R satisfies (3) and is thus the channel is a binary symmetric channel with crossover

achievable under Definition 1. probability p. The distribution of the staté' is
In the rest of the paper, we use Definition 1 and Lemma 1 p(s) = { A if s = () ors=1 )
to lower bound the capacity, and Definition 2 to upper bound 1—2X otherwise

the capacity. The rate achievable in (8) may be written as

I1l. RESULTS FOR THEGP FROBLEM WITH THE R< max max{min{I(X;Y|S),I(X,S;Y) - R,},
CODEBOOK p(uls),f(-)

A. Achievable Rates (U;Y) - 1(U;5)} (10)

We restate the achievability result from [3, Lemnhp  since the GP raté(U;Y) — I(U; S) is always less than the

Using Lemma 1, it will then be easy to show that this rateate achievable where the receiver also knows the reaizati
is achievable also under the capacity definition of Sec. II. of the channel state perfectly, i.d.(X;YS).



The upper bound provided in Lemma 3 is the same as the

0.24

1(X;YIS) capacity of a system wherg" is i.i.d. with p(s), and the
—e— I(S,X;Y)-Rs . .
o2zl - ——GPrate || receiver, as well as the transmitter, kno#/s.
Remark 3:We note that whenR, < min, 5 I(S;Y),

the achievable rate given by (8) is equal to
max,,s) 1(X;Y]S), the same as the converse in (13),

0.2 | |

2 ois | yielding the capacity.
= To obtain a general upper bound, we modify the GP
016k : ] converse to take into account that the states are conglraine
: to be one of the interferer's codewords. As in GP case, we
014l 1 : i bound the rate by Fano’s inequality as
”””””””””””” nR(S™) < I(W;Y™)
0'120 0‘5 ) 1 15 n ) .
e = Y IW. SR YY) = 1(Ss Y W, S2)]
Fig. 2. An achievable rate in the example with=1/4,p = 1/8,q = T
1/5. For smaller values oRs, decoding the interferer's message achieves _ yvi—1y 7T,
a higher rate than GP encoding. - Z[H(YZ|Y ) H(YZ|UZ)]
1=1
— [H(Si|5%) — H(Si|Us)] (14)
From (10), to find the achievable rate, all we need t@vhere we defined/; = [nggrlyi*l], As in [9], we next
characterize are let
max min{/l(X;Y|S),I(X,S;Y) — R, 11 no_ N ny — N
max {1(X;Y19), I( ) %) n 2H(Sl) H(S™) 2H(Sl) nR,  (15)
and and similarly
max I(U;Y) — I(U;S). 12 R 0
mwwo( ) - 1U:5) (12) v=Y H(Y;)-HY™)
=1

The term in (12) is the GP rate given by [2, Proposition 4]5,4 use it in (14) to obtain
Based on the symmetry of the channel, it is straightforward n
to show that the optimab(z|s) that maximizes the term in nR(S") < Z[H(Yi) —HY|UY)| — [H(S:) — H(Si|U,)]
(11) is p(x|s = 2) being Bernoulli1/2 and p(x|s = 0,1) =
being Bernoulli with any arbitrary parameter. FAT AT
We plot the achievable rate, i.e., the maximum of (11)
and (12) in Fig. 2. The parameters of the channel)are < nmax[H(Y;) = HY;|U:)] = [H(S:) = H(S:[Us)]
1/4,p =1/8,q = 1/5. We observe from Fig. 2 that in this + A% — AL
example, even though™ is i.i.d. generated, treating it as < nR*+ AL — AL (16)
i.i.d. and using GP encoding is not optimal when the ite -
is small. Rather, it is better for the receiver to fully deeod Where R* denotes the GP rate in the case wihis i.i.d.

the channel state. Since anyR(S™) satisfies (16), we conclude th&t(S™)
Remark 2:For some channels, such as the example in thi§ @lso bounded as in (16). Following the definition of the

section withg = 0 [7], and the Gaussian channel with statec@pacityCs, we obtain an upper bound

(8], the GP rate is equal tanax, s /(X;Y]S). In such L 1 " n

channelsS™ belonging to an i.i.d. generated codebook with C<R+ n I%%X{AS - Ak (17)

rate R, < H(S) does not offer any performance gains, as Remark 4:The obtained upper bound gives only an

compared to the case where the stsfeis i.i.d. letter characterization and is thus not computable. Thetou
can further be loosened to obtain a single-letter chariacter
C. Converse zation. One way to do so, for example, is to use the fact that
In this subsection, we provide two upper bounds on théy = 0 and from boundAg in (15) as
capacity. First, we prove a tight converse in the case where A%
R, < minpms) I(S; Y) n < mlaXH(Sl) - R (18)
Lemma 3:The achievable rate has to satisfy We obtain
C<R+ H(S) — R;. 19
R < max 1(X:Y]5) (13) S B maxH(S) 19)
p(x|s

Then, evaluation of the tightness of this or similar bounds
with p(s, z,y) = p(s)p(z|s)p(y|z, s). can be performed.



S"(wg), w = 1,..., 2"

channel

Prs(|s)

) ) ) ) Fig. 4. Channel with an interfering codeword observed thioa noisy
Fig. 3. Channel with random states known with delay at thestmétter.  channel at the cognitive encoder.

IV. IMPROVEMENT WHEN THEINTERFERERUSES A For channels with random states, non-causal and causal
SUPERPOSITIONCODE but instantaneous knowledge of the channel state can be

In this section, we examine the performance when th@xploited for higher rates [2], [11]. But what happens if
code of the interferer in Fig. 1 is more 'structured’. Hencethe random state is learned noiselessly, causally, but not
rather than assuming the codebook is i.i.d. generated, Westantaneously? More specifically, we consider an engpdin
assume that it is randomly generated by superposition #fnction:
two codebooks with rate®;,, Ros, and Rys + Ros = Ry,

defined in Sec. II. Xi=fi(W,51,..., 8i-1) (22)
Lemma 4:For the encoder and the decoder of Fig. 1, theyther than the channel with causal and instantaneous knowl
rate R is achievable if it satisfies edge,X; = fi(W,S1,...,S;), considered by Shannon [11].
R<IU;YV) — I(U; X,|V) (20) For a discrete memoryless channe_l and i.i.d. states,. this
knowledge cannot help, as formalized by the following
R+ R <IV,U;Y) - I(U; X,|V) 21 lemma.
for a joint distribution that factors ag(u|v, z,)p(y|z, z,), Lemma 5:For the DMC channel with a delayed knowl-
andz is chosen to be a deterministic function @f x., u). edge of an i.i.d. state shown in Fig. 3, the capacity is given
R1s andp(v)p(zs|v) are determined by the interferer. by
R=maxI(X;Y). (23)
Remark 5:Rates of Lemma 2 are a special case of (20)- Proof: The proof ispgi\)/en in Appendix B -

(21): for V.= 0 in (20)-(21), the GP rate given by the
term I(U;Y) — I(U; S) in (8) is obtained. In this case, the Lemma 5 implies that the rate equals the rate achieved
cognitive encoder does not partially decodé. We have with no side information at the encoder.

the opposite scenario fak, = V: the cognitive encoder  When the channel fron$ to Z is noisy, the capacity of
fully decodesW; and we obtain the minimization term in the (cognitive) transmitter-receiver pair is upper bouhtg

(8). Thus, rates (8) are obtained for two different choices ahe result of Lemma 5, and hence we may conclude that,
V. again, receiving the pasf;s does not increase capacity and

it is optimal to ignore them.
V. RESULTS FORGP RROBLEM WITH THE CODEBOOK,

DELAY AND NOISE B. Interferer Codeword with Delay and Noise

We next consider a more realistic 'scenario where the \we next focus on the case where the interferer's sequence
cognitive encoder learns the interferer's sequence dgusalomes from a codebook. In the cognitive network scenarios,
through an orthogonal, noisy DMC channez|s). En- 5 state is a noisy observation of a symbol from the inter-
coding at timei can only depend on messag€ and ferers codeword (see Fig. 4). For that reason, observing a
past received symbol&Z,, Zs, - -+, Z;—1). Similarly to the  gequence of states may allow the cognitive radio to decode
definition of the relay channel [10], the encoder cannQfiessagav,. Delay introduced at the cognitive encoder when
instantaneously use the knowledgeffat timei. In Sec. V- gecodingiv, will drastically impact the rate performance, as
A, we study the case where the interfering sequence {fiscussed next.

Li.d. with p(s). In Sec. V-B, we focus on the case where pjqt \ve show that the cognitive encoder should not
the interferer’'s sequence is uniformly chosen from an.i.i.d,5it until the end of the block to decod&.. Denote the
. S
generated codebook with(s). interferer's message sent in block 1 asWW, (b—1). Consider
the scenario in which the cognitive encoder is able to decode

i . . ] W,(b—1) at the end of block—1. It can then uséV,(b—1)
We first consider a noiseless channel fréitto Z, i.e.,  for encoding in the next block:

Z = S, as shown in Fig. 3. The obtained results serve as an
upper bound on the case of the noisy channel. X"(0) = fir(W(b), Ws(1),...,Ws(b=1)). (24)

A. L1.D. Interference Sequence with Delay and Noise



,I:K”(’w(l)) A
- W, | NON-COGNITIVE | S ) Y ['Non-coaNTIvE | Ws
Ul s w,(1)) 5" (wa(2)) 5" (w, () ‘ ENCODER Pr.zis(1s) DECODER

nI bits

DECODER 2
. . " COGNITIVE ENCODER)
Fig. 5. Encoding overK blocks at the cognitive encoder.

Fig. 6. Channel from the interferer to its receiver and to tognitive
encoder (labeled decodgy.

Similar encoding is, for example, encountered at a relay per

forming the decode-and-forward cooperative strategy.[12]

Since messagé¥(1),..., W,(b—1) sentin differentblocks ~ We use (28) to define: as the fraction of symbols after
are i.i.d, encoding (24) can be cast into encoding given byhich decode2 can decodéV:
(22), by viewing each block as a one channel usen (22). n1 R,

Then, Lemma 5 implies that knowing/, of the previous : (29)
block cannot improve the rate. This is in sharp contrast to ) ) ) )
the case without delay discussed in Sec. IlI-A, where GP Before we proceed with the main result of this subsection,

encoding can improve the performance. More specifically/® Prove a lemma which provides an achievable rate when

n o I(S;2)

Lemma 5 implies the encodelr is not cognitive (sge Fig. 7), i.e., _it dpes not
know anything aboutV,, though it knows the realization of
nR < n?a>§ I(X™Y"). (25) the i.i.d. codeboolS™. Related scenarios have been studied
Pt in [13].
However, this rate can be achieved even if Lemma 7:For the channel of Fig. 7, the rate
X"(b) = fo(W(b)). (26) R< In(a:;(max{min{I(X;Y|S),I(X,S;Y) — R,},
p(x

To achieve (26), the encoder uses a random ¢p8€”, R), I(X,Y)} (30)

as shown in Fig. 5. Thus, the encoder encodes avbtocks
of lengthn. As K — oo, the average error probability

becomes small and (25) is achieved. Thus, knowing the | emma 7 states that when the transmitter does not know

interferer's message sent in the previous block, does M@ br {he interferer's i.i.d. generated codeword, it can either- p

rate gains. o o form like a transmitter in a multiple access channel, and
In general, since the encoding in Fig. 4 is given by (6)gjiow the receiver to decode bot and W,, or it could

it is not necessary for the cognitive encoder to decode aftghsmit at a rate which allows the receiver to tré4t as

receiving the whole blockz™. If decoding of W, can be ;4 noise.

done within a block, delayed employment of the encoding applying the rateless property of Lemma 6 to the cognitive

schemes of Sec. lll-A is possible. Next, we present a simplg,coder, we propose the following achievable scheme: the

encoding scheme that exploits delayed knowledge of the,coder splits its messagje into two independent messages,

interferer’s codeword. A similar approach was consideogd f W, andWs. For the firsta; symbols, it send&/; as if it does

the two-sender, two-receiver cognitive radio network ih [4 ot know anything about the channel states. In this case, the

The achievable scheme applies to the case when the channgh of the state codebook isR, /n, = R,/a. From (30)
from the interferer to the cognitive encoder is better thaghe rate achievable is

the channel to its receiver. Then, the cognitive encoder can 1
decodelV; beforethe intended receiver and have non-causalR; = max { max min {I(X; Y|S),I(S,X;Y) — —RS},
[

is achievable.

knowledge of the interferer's codeword for the rest of the p(w)
block. This scheme depends on the rateless property of the max I(X; Y)}
random code, formalized next. p(z) ’
Lemma 6:Consider a transmitter and a receiver commu-
nicating in the presence of another receiver, as shown in — maX{R”’RU} (31)

Fig. 6. The discrete, memoryless channel is described b
p(ys, z|s). The communicating pair is oblivious of the secon
receiver and communicates at rate

here we denote the first and the second term in the
maximization asR;; and asR;», respectively.
Based on Lemma 6, the transmitter is able to decode the

Ry = max I(S;Y). (27) state sequence after the first symbols. Thus, starting from
p(s) symboln; + 1, the transmitter knows?? ;. If Ryy > Ria,
Assume that there exisis; < n such that then, afterm; symbols, not only the transmitter, but also the
receiver knows the codeword of the interferer, il&,,. Thus,
nRs <ni1(S;Z) (28)  for the remaining: — n; symbols, the rate achievable is
Then, decode® can decodéV, with arbitrarily small error Ry = max I(X;Y|S) (32)

probability aftern; channel uses. p(zls)
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Fig. 7. Channel with an interfering codeword not known attta@smitter.

Fig. 8. Performance when the cognitive encoder learns ttefémer’s
sequence causally with noise in the Gaussian channel withaasstan

On the other hand, if2;2 > R;1, then only the transmitter codebook at the interferer.
knowsW;, or in other wordsS;; ., and from symboh; +

1, the problem becomes the same as in Sec. lll, since the staHe trated by the circle line. A b ; the fi
Sy, 41 1s uniformly picked from an i.i.d. generated codebook!"UStrated by the circle iné. As can be seen from he ngure,

HTénce from symbat, +1 to n, we use the encoding scheme!n contrast to the case when the state is i.i.d., when the stat
’ ' l§ a codeword from an i.i.d. generated codebook, delayed

of Sec. llI-A, and achieve the rate of Lemma 2. Note thﬁ( ledae d ) h ‘ £ th
the block length is: — ny, and the rate of the state codeboo nowledge does Improve the performance o the system.
Finally, we illustrate the difference in the performance

is —»— R, = —R,. The rate achievable is X X
nm I-a for the case of delayed knowledge of the interferer’s signal

B , _ and the case of the noncausal knowledge of the interferer's
R T s ) { min {I(X’Y|S)’ signal at the cognitive encoder, studied in Sec. Ill. We use
1 the example of Sec. IlI-B, where in the delayed case, we

I(X,8Y) = 7= aRs}aI(U§Y) - I(U; S)}- (33) assume the interferer's signal is received noiselessiyat t

) ) _ cognitive encoder, i.eZ = S. The comparison is shown in
Hence, the rate achievable by this two stage scheme isfijg. 9. The solid line shows the performance of noncausal
po_ [ aRu+ (1—a)Ry if Riy > Rio (34) knowledge of the interferer’s signal at the cognitive ererod
37\ aRiz+(1—a)Ry if Ri1 < Rip i.e., the rates of Lemma 2, while the dash line shows the

) ) - ~performance with the delayed knowledge of the interferer’s
On the other hand, one simple achievability scheme is f%’ignal at the cognitive encoder, i.gelay. In this particular

transmitter 1 not to use the delayed knowledge about ﬂ@(ample, when the interferer's rat&®,, is small enough
state sequence. In this case, the rate achievable by Lemmegyy the receiver to decode, it makes no difference whether
is (30), which is denoted a&,. Hence, the achievable rate the transmitter knows the interferer’s signal. Howeverewh
with delayed knowledge of interferer's codewordfigeiay= R, is large, noncausal knowledge of the interferer’s signal
max{Rs, Ra}. provides the Gel'fand-Pinsker rate while delayed knowéedg

We illustrate the rate improvement for the transmitter withyf the interferer’s signal provides the GP rate only a fiacti
delayed knowledge, over the transmitter with no knowledgegy the time, i.e., the last — n; symbols.

with an example in Fig. 8. We assume a Gaussian channel
from the transmitter to the receiver in the presence of VI. CONCLUSION

interferenceS as Motivated by cognitive radio networks, a problem of

Y=X+S+27 (35) communication over a channel with random parameters
is formulated. The randomness is introduced by a nearby
and the channel from the interferer to the receiver of thgyterferer communicating to its receiver. In the classical
cognitive encoder as setting, the state is any typical realization of an i.i.coqass
Z—S4+7 (36) causally or noncausally known at the encoder. In contrast,
- 2 .. .
the distinct features of the considered problem are that the
whereZ; andZ, are Gaussian with zero mean and variancestate of the channel is a codeword uniformly drawn from
Ny =1 andN, = 0.5, respectively. The power constraint of the interferer's codebook, and that the state knowledge may
the transmitter isP = 5 and the distribution for generating be available after an additional delay. We initially assume
the i.i.d. codebook at the interferer is zero-mean Gaussiancausal knowledge of the state (interferer's codewatd) a
with variance@ = 3. the cognitive encoder. We present an example demonstrating
The star line illustrates the capacity in the case wherhat there are benefits from taking into account that the
the transmitter has no knowledge of the channel state, i.énterference is a codeword, and give two upper bounds to the
R4 [13]. The solid line illustrates the achievable rate of ouperformance. The impact of the delay in learning the state
two-stage proposed scheme, i.RB;,. By taking the larger of at the cognitive encoder is then investigated. In partigula
R3 and R4, we obtain the performance when the transmittewe consider a scenario where the cognitive encoder learns
has a delayed noisy version of the interference, Feeiay,  the interferer's codeword causally through a noisy channel



1, since (37) implies that B8] > 1 — ¢, (3) is satisfied, i.e.,
R is achievable in Definition 1. Hence, we hatlk < (.
1 Therefore, the two different capacity definitions yield the

same numbe€, i.e., C; = Cy = C.
APPENDIX B:
PROOF OFLEMMA 5

1 From the independence «f; and (W, S*~! Yi~1), and
the Markov chain W, Si=1,Yi=1) — 5, X; —Y;, it follows

0.24

noncausal
— — — delay
0.22

0.2

0.18

R (bits)

0.16

0.14

that } }
012} B SRR 1 W,y - X; - Y. (38)
o1 ‘ LT Fano’s inequality implies that for reliable communicaton
° ks e we require
nR < I(W;Y™)

Fig. 9. Rate comparison for cases of the delayed and norideusaledge
of the interferer’s signal at the cognitive encoder.

While in the case of i.i.d. interference this informatiors me
value, we present a simple encoding scheme for the cognitive
radio settings that brings rate gains. We illustrate theaichp

of delay with two examples.

APPENDIXA:
PROOF OFTHEOREM 1

We will first show thatC; < C,. To show this, it is
equivalent to show that any rat&, achievable by the first
definition is a valid candidate foR, see (5), in the second
definition. Then, by taking the supremum of bathand R,
we getC; < Cs. Fix ane > 0. Let R be achievable in the
first definition, i.e., there exists a sequencé®t, n) codes
such that for the fixed and sufficiently large:, we have (3).
Let the set ofS™ that satisfiesP.(S™, f(S™), g"(S™)) < €
for this sequence of codes be callddForS™ € A, because
for this sequence of codeB.(S", f*(S™), ¢"(S™)) < e
in Definition 2, R is an achievable rate fof", i.e., by
Definition 2, C(8™) > R. Since (3) implies that PA] >
1 — ¢, we notice thatR is a valid candidate foR in (5).
Hence,C; < Cs.

To show thatC, < (4, it is equivalent to show that for
any R in (5) that satisfies F[’$" :O(8") > R—¢]>1—c¢,
there exists a sequence ,n) codebooks, as given by ]
Definition 1, that satisfies (3). Then by taking the supremum
over R, we getC, < (4. Fix ane > 0. For any R which
satisfies

(2]

(3]

(4]

(5]

PiS" :C(S")>R—¢>1—¢ (37)

define the set o6 that satisfies (37) for thi®2 asB. For
anyS™ € B, C(8™) > R — ¢, which means that there exists
a sequence of codebook¥C(S™), for this particularS™,
such that for sufficiently large:, P.(S™, f*(S™),¢"™(S™))
as defined in (4) wit?(S™) = R, is less thare. Hence, we [11]
form a sequence of 2", n ) codebooks in Definiton 1 as ;5
follows: for S™ € B, let the codebook b€X(S™), and for
S™ ¢ B, let the sequence of codebooks be arbitrary with ra
R. For this sequence 062”3,71) codebooks in Definition

(8]
El

[10]

H(Y;|W, Y1)

Mﬁ

IN

H(Y;) -

-
Il

<Y HY;) - HY; W,y s
=1
=@N"HY;) - HY;[Y'™ W, 871 X;)
=1
=® ZH H(Y;|X;)
< max I(Xl-; Y:) (39)
where(a) follows by (6) and(b) follows by (38).
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