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Capacity of Interference Channels With Partial
Transmitter Cooperation

Ivana Marié, Member, IEEE, Roy D. Yates, Member, IEEE, and Gerhard Kramer, Member, IEEE

Abstract—Capacity regions are established for several two-
sender, two-receiver channels with partial transmitter cooperation.
First, the capacity regions are determined for compound multiple-
access channels (MACs) with common information and compound
MAC:s with conferencing. Next, two interference channel models
are considered: an interference channel with common information
(ICCI) and an interference channel with unidirectional coopera-
tion (ICUC) in which the message sent by one of the encoders is
known to the other encoder. The capacity regions of both of these
channels are determined when there is strong interference, i.e., the
interference is such that both receivers can decode all messages
with no rate penalty. The resulting capacity regions coincide
with the capacity region of the compound MAC with common
information.

Index Terms—Capacity region, cooperation, strong interference.

1. INTRODUCTION

ISCRETE memoryless channels with two senders and
tho receivers permit various forms of sender coopera-
tion. In the most restrictive circumstance when cooperation is
precluded, we have the interference channel [1], [2]. However,
cooperation among encoders can improve the achievable rates,
as shown for Gaussian networks in [3]-[7] and multiple-access
channels (MACs) with conferencing in [8]. In this paper, we
examine two-sender, two-receiver communication systems that
allow partial cooperation among the encoders by conferencing
and signaling with common messages.

For a single receiver, the MAC with conferencing encoders
has two communication links with finite capacities between the
two encoders over which the encoders obtain partial information
about each other’s messages. This information is referred to as
a common message as it is known to both encoders after con-
ferencing. In addition, each encoder will still have independent
information referred to as a private message, unknown to the
other encoder. Consequently, the capacity region of the MAC
with partially cooperating encoders is related to the capacity re-
gion of the MAC with common information. The capacity re-
gion of this latter channel was determined by Slepian and Wolf
[9] (see also [10]).

Manuscript received September 2, 2006; revised February 19, 2007.

I. Mari¢ is with the Department of Electrical Engineering, Stanford Univer-
sity, Stanford, CA 94305 USA (e-mail: ivanam @wsl.stanford.edu).

R. D. Yates is with WINLAB/Technology Center of New Jersey, Rutgers
University, New Brunswick, NJ 08902-3390 USA (e-mail: ryates@winlab.
rutgers.edu).

G. Kramer is with Bell Labs, Alcatel-Lucent, Murray Hill, NJ 07974-0636
USA (e-mail: gkr@bell-labs.com).

Communicated by A. El Gamal, Guest Editor for the Special Issue on Re-
laying and Cooperation.

Digital Object Identifier 10.1109/TIT.2007.904792

We use the approach of [9], [10] in Section II to establish the
capacity region Ccyac of the compound MAC with common
information (CMAC) that has two receivers decoding messages
sent from both encoders. We then use this result in Section III to
determine the capacity region of the compound MAC with con-
ferencing encoders where the encoders communicate over sepa-
rate links with finite capacities, as in [8]. In subsequent sections,
two interference channel models with partial transmitter coop-
eration are considered. Specifically, in Section IV we relax the
decoding constraint and assume that each decoder is interested
only in a private message. In this case, the channel becomes an
interference channel with common information (ICCI). We de-
termine the capacity region of this channel for the special case of
strong interference [11]-[13], i.e., the interference is such that
both receivers can decode all messages. In Section V, we con-
sider the interference channel with unidirectional cooperation
(ICUC) in which the message at one of the encoders is made
available to the other encoder. For the Gaussian case of weak
interference, the capacity region of this channel was recently
determined in [14], [15]. We derive capacity results for strong
interference. For the interference channel, the capacity region
in strong interference was determined in [13] and was shown
to coincide with the capacity region of the two-sender, two-re-
ceiver compound MAC in which both messages are decoded at
both receivers [16].

The four channel models considered here and the relation-
ships between their capacity regions are shown in Fig. 1. In order
to clarify these relationships, we introduce an indicator function

py_ J 1. ReComac
comac(f) = {0./ otherwise. M
We similarly define the indicator functions ¢(-), croci(-) and
crcuc(-) for the respective capacity regions of the compound
MAC with conferencing, the ICCI and the ICUC. The results
in this paper were presented in part in the conference papers
[17]-[19].

II. THE CoMPOUND MAC WITH COMMON INFORMATION

Consider a channel with finite-input alphabets X7, A5, finite-
output alphabets )1, Vs, and a conditional probability distribu-
tion p(y1, yo2|z1,x2), Where (21, z2) € Xy X X; are channel in-
puts and (y1,y2) € V1 X Vs are channel outputs. Each encoder
t,t = 1,2, wishes to send a private message W; € {1,..., M;}
to decoders in IV channel uses. In addition, a common message
Wy € {1,..., My} is communicated from the encoders to both
receivers. The channel is memoryless and time-invariant in the
sense that

P (yl,'rm y?,n |~T711>97721>y111_1 ’ yg_lv ’LD)
=Py ve X1, X (YL, V2,0l T1ns T2m)  (2)
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Compound MAC with Conferencing Encoders
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Fig. 1. Considered channel models with limited transmitter cooperation and the relationship between their capacity regions.

for all n, where X7, X» and Y7, Y5 are random variables rep-
resenting the respective inputs and outputs, W = [wp, w1, wa]
denotes the messages to be sent, and &} = [Z11, ..., Ttn ]
We will follow the convention of dropping subscripts of proba-
bility distributions if the arguments of the distributions are lower
case versions of the corresponding random variables. To sim-
plify notation, we also drop superscripts when n = N.

The messages Wy, W1, and W5 are independently generated
at the beginning of each block of N channel uses. Encoder ¢, ¢ =
1, 2, maps the common message Wy, and the private message W,
into a codeword

X = fir( Wo, Wh). 3

Decoder t,t = 1, 2, estimates W and W, based on the received
N-sequence Y, as

(Wo(t), Wi (), Wa(t) = g:(Y). )

An (My, My, Ms, N, P.) code has two encoding functions fi,
f2, two decoding functions g1, g2, and an error probability

Po= Y s P o) £ o)
’ U{g2(Y2) # @} |w sent]. (5)

Wi X1(Wo, Wh)

ENCODER 1 —\

P(yelz1, 22)

W

| Wogo), W0, Wa(e)

DECODER

W,
ENCODER 2

Fig. 2. MAC with common information.

A rate triple (Ry, R1, R2) is achievable if, for any € > 0, there
is an (Mo, M1, M5, N, P.) code such that

M, > 2N t=0,1,2, and P, < e.

The capacity region Ccyvac of the compound MAC with
common information is the closure of the set of all achievable
rate triples (Ro, Ry, R2). We next determine Coyac using a
result of Slepian and Wolf [9].

The above channel becomes the MAC with Common Informa-
tion if there is only one receiver (see Fig. 2). Consider the channel
output Y;. A code for this channel has two encoding functions (3),
one decoding function (4), and an error probability

1 )
Pe,t = 2@: mp [gt(Yt) # w|'LU Sent] . (6)
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To express the capacity region of the MAC with common infor-
mation, we define

Ruac,:(p(u), p(z1|u), p(x2|u))
= {(R07R17R2) Ry >0,R; >20,Ry >0,

Ry < I(X1;Y:|X2,U)
Ry < I(X92;Y3|X1,U)
Ry 4+ Ry < I(X1, X2:Y3|U)

Ry + Ry +R2§I(X17X2;Yt)}- @)

The capacity region of the MAC with common information is

Cuvact = | JRuac, (p(u), p(a1|u), p(walu)) — (®)
where the union is over all joint distributions that factor as

p(u, 71,2, y) = p(u)p(z1|u)p(z2|u)p(ye|zs, 2).  (9)

We remark that the convex hull used in [9] was shown to be
unnecessary in [10].

We use (8) to determine the capacity region of the compound
MAC with common information. Observe that this channel
(X1 x Xo, p(y1, 2|21, 22), Y1 X Vo) defines two MACs

p(yilwe, w2) = Z p(y1, Y221, 22) (10)
Yy2€)>2

p(y2lz1,22) = Z p(y1, y2lz1, 22). an
Yy1€M

We adapt the coding strategy of Willems in [10] to prove the
following result.

Theorem 1: The capacity region of the compound MAC with
common information is

Ccmac

= U {RMAC,I ﬂ Rumac,2 }

= J{(Ro, Ry, Ry) : Ry > 0, Ry >0, Ry >0,
Ry < min{I(X1;Y1|X5,U), [(X1; Y| X5, U)}
Ry < min{l(Xo;Y1|X1,U),I(Xo; Y| X1,U)}
Ry + Ry < min{I(Xy1, Xo; Y1|U), (X1, X2; Y2|U)}

Ro+Ri+ Ry < min{I(XlaX%Yl)zl(XlzX%Y?)}

(12)
where the union is over all joint distributions that factor as (9)
fort = 1,2.
Proof: For the converse, consider an (Mo, My, My, N, P,)
code for a CMAC. From [10, Sec. 3.4] it follows that for ¢t =
1,2, (R, R1, R2) belongs to

R = {(Rle,Rz) :Ro>0,R; >0, Ry >0,

N
1
Ry <2 D T(Xun: Yo | Xow, Wo) +€(Pe.r)

n=1
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N
1
Ry<+ ;HX%MXWWo)+e(Pe,t)
1
Ri+Ry < ;I(Xln,in;m|wo)+e(Pe,t)
1
R0+R1+R2§N I(X1n7X2n;Y;fn>+€(Pe,t>}-
n=1
(13)
where
P($1n7$2n|w0) = p($1n|w0)p($2n|w0) (14)
and
€(Pet) — 0, as P, — 0. (15)

Continuing as in [10, Sec. 3.4], the region Riv satisfies
Ri\r g {(R07R17R2> . RO Z 07R1 Z 07R2 Z 07

Ry < I(X1;Y3| X2, U) + €(Pe 1)
Ry < I(X2; Y31 X1,U) + €(Per)
Ri+ Ry < I(X1, Xo; Y3 |U) + €(Pe )

Ro+ Ri + Ry < I(X1, X9;Y3) + E(Pe,t)} (16)

where U = W, and, using U,, = W, we have

Pux,x,v,(a,b,c,d)

N
1
=5 > Py, (a)Px,, v, (bla)Px,, v, (c|a) Py, x, x, (d]b, ¢).
n=1
(17)

From (13), (15)—(17), and by comparing (16) with (7), we ob-
serve that

(Ro, R1, R2) € Rumac,1 (p(u), p(w1|u), p(z2|u))
ﬂ Raac,2 (p(u), p(z1|u), p(za|u))

where p(u, 21,22, y:) is computed via (17). This completes the
converse.

For achievability, we adapt the encoding and decoding
strategy proposed by Willems in [10] to achieve the rates (12).
Specifically, we use the codebook in [10, Sec. 3] constructed
as follows.

1) Fix the distribution p(u, x1,z2) = p(uw)p(z1|u)p(z2|u).

2) Generate M sequences u each with probability

p(u) = [ pu(un)-

Label these sequences u(wyp), wo € {1,..., Mp}.
3) Foreachu(wy), generate M, sequences &; with probability

N
P(zilu) = [] px,jv(wenlun)
n=1
wheret = 1, 2. Label them &, (wo, wt), w; € {1,..., M;}.
Encoding: To send acommon message wy and a private mes-
sage w; encoder ¢ sends the codeword z;(wq, w;).
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W, Wi(1), Wa(1)
—1 | ENCODER1 DECODER 1
Crz Ca (Y1, yolw1, T2)
W Wi (2), Wa(2
—2_ .| ENCODER2 DECODER 2 _1£) 22)

Fig. 3. Compound MAC with conferencing encoders.

Decoding: At each decoder, we use the decoding scheme of
[10]. After receiving y,, decoder ¢ tries to find a (1, w1, W)
such that

(w(to), 21 (o, 1 ), Z2 (o, W2),yr) € Ac(Pux,x,v,)

where A.(Pyx,x,v,) is the set of e-typical N-sequences
(u, 21, 22,y,) with respect to the distribution (9), as defined in
[20, Sec. 14.2].

Error Probability: We apply the union bound to (5) to obtain

PeSPe,l_i'Pe,Z (18)

where P, 1 and P, are given by (6). It was shown in [10] that
P.1 and P, > can be made arbitrarily close to zero when the
rates satisfy (12). From (18) it then follows that P, can be made
arbitrarily close to zero. O

Observe from (12) that Ccyac depends only on the marginal
distributions p(y¢|x1, x2). Further, one can show that Ccyac is
convex by using the proof technique of [10, Appendix A].

III. THE CAPACITY REGION OF THE COMPOUND MAC
WITH CONFERENCING

Suppose there are two links with finite capacities C12 and Csq
between the two encoders, as shown in Fig. 3. We refer to this
channel as a compound MAC with conferencing encoders. The
model is the same as in Section II except that the encoders use
their communication links in the form of a conference [8]. A
conference has two sets of K functions {h;1,...,ht k}, t =
1, 2. Each function h; j, maps the message W, and the sequence
of previously received symbols from the other encoder into the
kth symbol V; 1, where V; ;. has the finite alphabet V; 1, k =
1,..., K. We write this as

hig Wi x V5t = Vi, Vig=hg (W1>V§71) (19)
B Wa x VETH = Vo, Vo = o (W, ViTH)(20)

and limit the conference rates with the bounds

K
Z log(|V1,k]) < NCi2

(1)
k=1
K
> log([Vak]) < NCo (22)
k=1

where |V, | is the cardinality of V; j.

The encoding function f; of user ¢ maps W, and what was
learned from the conference into a codeword z;. A code has
two sets of K functions (19)-(20), two encoding functions

fiowr x vE - &l (23)
f2 : Wo x VE = &N (24)
that generate codewords
X1 = fi (W1, VE) ©5)
Xo=/o (W27V{(> (26)
and two decoding functions
(Wi (1), Wa(t) = oY), t=1,2 27

such that the error probability is

1
Z M1M2P

(w1, w2) EW1 X Wo

P. =

{1 (Y1) # (w1, w2)}

@] {QQ(YQ) ;é (w17w2)}|(w17w2) sent] . (28)

A rate pair (R, R») is achievable if, for any € > 0, there exists
an (My, Ms, N, K, P.) code such that

M, > 2N t=1,2, and P, < e. (29)

The capacity region of the compound MAC with conferencing
encoders is the closure of the set of all achievable rate pairs
(R1, R2).

Theorem 2: The capacity region of the compound MAC with
conferencing links with capacities C75 and C; is

C(Cr2,Coa1)
= U{(R1;R2) R >0,Ry >0,

Rl S min{I(Xl;Y1|X27 U) I(Xl;Y2|X27 U)} + 012,

?

R2 S Inin{I(Xg;Y1|X1, U)/I(Xz, Y2|X1, U)} + 0217

Rl + R2 S min{I(Xl,Xz;Y1|U),I(X1,X2;Y2|U)}
+ Ci2 + Coy,

R1—|—R2 Smin{I(Xl,XQ;Y1)7I(X1,X2;Y2)} (30)
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where the union is over all joint distributions that factor as

p(u, z1, 72, y¢) = p(w)p(a1|u)p(z2|u)p(ye|z1, 72),
t=1,2. (31)
Proof: For the converse, the same reasoning as in the proof
of the converse in Theorem 1 applies.

For achievability, we use the strategy proposed by Willems
in [8, Sec. IV]. Specifically, we partition the set {1,...,M;}
into 2VFiz cells that we label as s; € {1,...,2NF2},
Each cell has 2N(F1i—Fi2) elements that we label as
t€{1,...,2NE1-R12)} Define ¢y (w;) = sy, if wy is in cell
$1. The same type of partitioning is done for {1, 2, ... Ms}. De-
fine Ry =min{R1,C12} < Ci2, Ro1 =min{ Ry, Co1} < Co1,
and

wy = (why, woa) = (e1(w1), e2(w2)). (32)
We refer to W[ as a common message. Note that ¢ and o are
unknown to encoders 2 and 1, respectively.

For a single receiver, the MAC after the conference thus re-
duces to a MAC with common and private messages at the en-
coders [8]. The achievability of Ryrac,: in (7) then guarantees
that the rates for the MAC with conferencing in [8, Sec. II] are
achievable. Similarly, the compound MAC with conferencing
after the conference is identical to the compound MAC with
common information with Wy, Wy, W replaced by (s1, s2),
t1, to, respectively. The common rate is thus Rqi2 + Ro; and
the private rates are R; — R12 and Ry — Ro;. It follows from
Theorem 1 that (R, R») is achievable for the compound MAC
with conferencing if (R12 + Ro1, R1 — R12, Ro — Ro1) belongs
to Ccmac in (12). O

We have the following relationship between the region (30)
and the CMAC capacity region (12):

¢(R1, R2) = ccmac(Ri2 + Ra1, R1 — Ri2, Ro — Ra1) (33)

where R12 = Hlin{Clg,Rl}, R21 = min{0217 RQ}, and the
functions comac(-) and ¢(-) are defined in (1).

A. Discussion

Observe that C(C1o = 0,0y = 0) is the capacity region of
the two-sender, two-receiver channel with noncooperating en-
coders established by Ahlswede [16]. The rates (30) quantify
the improvement due to transmitter cooperation over the con-
ference links. We can further apply Theorem 2 to a Gaussian
channel in the standard form [2], [21]

Yi=X1+haXo+ 73
Yo =h12Xi + Xo+ 25

(34)
(35)

where the Z; are independent, zero-mean, unit-variance
Gaussian random variables and hio and hoq are real numbers.
We further add the power constraints
N
1 2
v E[XE] <P
i=1
The power expended for the conference is not considered. We
have the following result.

t=1,2. (36)
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Corollary 1: The capacity region of the Gaussian compound
MAC with conferencing encoders is

Cq(Cr2,Co1) = U{(R17R2) :Ry >0,Re >0,

Ry <min {C(aP,),C (h%Q&Pﬂ} + C1a, (37)

Ry <min {C(bP,),C (h3,6P2)} + Coa1, (38)

Ry + Ry <min {C (aPy + h3,bP5) ,C (hi,aPy + bPs)}
+ C12 + Coy, (39)

Ri+ Ry < min{C (P1 h2, P+ 2sh21\/aP1bP2) :

C (}L%Q.Pl + Py + 2shia/ aPleQ) }} (40)

where the urlion isoveralla, b, s, where0 < a <1,0<b<1,
a=1—-a,b=1—-b,s==+1, and

C(z) = élog(l + ).

Proof: All the mutual information expressions in (30) can
be written as

I(Xs; V4| Xse, V) = H(Y4|Xs-, V) = H(Zy) (41)
for some V and set S, where S¢ denotes the complement of S in
{1, 2}. The maximum entropy theorem [20, Theorem 9.6.5] thus

implies that Gaussian inputs maximize (41). Evaluating (30) for
Gaussian inputs yields (37)—-(40). O

Fig. 4 shows the capacity region for a symmetric channel
WhGI'CClQ:CQl:C:0.5,P1:P2:P:10,
h12 = hy; = h = 0.89. Due to the symmetry, we can choose
a = b. Fig. 4 shows that cooperation gives substantial gains
over no cooperation (¢ = 0). Note that the bounds (37)—(39)
are loosest for a = 0. As a increases, these bounds become
more restrictive, but the bound (40) becomes looser. The sum
rate is maximized when a is chosen such that (39) and (40) are
the same. The capacity region is the union of all the pentagons
obtained for different values of a.

IV. THE CAPACITY REGION OF THE STRONG INTERFERENCE
CHANNEL WITH COMMON INFORMATION

Suppose we relax the constraints of Section II, where both re-
ceivers decode both private messages. Instead, suppose decoder
t is interested in only the common message and the private mes-
sage of encoder ¢ (see Fig. 5). We refer to this channel as an
ICCI. We determine the capacity region of ICCIs if

I(X1;:Y1|Xo,U) < I(X3;Ya| X5, U)
I(X2;Y5|X1,U) < I(Xp; V1| X1, U)

(42)
(43)

for all joint distributions p(u,x1,x2,y1,y2) that factor as
p(u)p(z1|u)p(za|w)p(y1, y2 |21, 22). We further show that this
class of interference channels is same as those determined by
(48) and (49) below with independent X; and Xs.

The encoding is done as in Section II. However, each decoder
t now estimates the common message W), and the private mes-
sage W, based on the received N-sequence Y, as

(Wo(1), W) = g:1(Y) (44)
(Wo(2), W2) = go(Y2). (45)
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——L1 = ENCODER1 1(Wo, W) DECODER 1
Wo
(Y1, Yol1, T2)
W2 WO(Z) ) W2
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Fig. 5. Interference channel with common information.
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P (no cooperation)
£
= 1k 4
o~
0.5_ . -
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0 0.5 1 2 25

R, [bits / channel use]

Fig. 4. The Gaussian compound MAC with conferencing encoders capacity region with parameters k1o = ho1 = 0.89, Py = P, = P = 10, and C12 =

Cyy = ¢ = 0.5.

An (My, My, Ms, N, P,) code for the channel has two encoding
functions f1, fo, two decoding functions gi, g2, and an error
probability

P. £ max{P.1,P.»} (46)
where

1
Per = ( Z )mp[gt(Yt) # (wo, wy)
W ,W1,W2
|(wo, wr, ws) sent]. 47)

We remark that we could alternatively define P. by using a
union of events as in (5). A rate triple (Ro, Ry, R2) is achiev-
able if, for any € > 0, there is an (Mo, My, Ms, N, P.) code
such that

M, > 2NEe t=0,1,2, and P, < e.
The capacity region of the ICCI is the closure of the set of all

achievable rate triples (R, Ry, R2). We have the following re-
sult.

Theorem 3: An ICCI satisfying the strong interference con-
ditions [13]
T(X1; V1| X2) < T(X1; V2| Xs)

<T (48)
I(X2; Yo Xq) < I(X2; Y1|X4)

(49)

for all joint distributions p(xy,z2,y1,y2) that factor as
p(z1)p(22)p(y1, y2]21, T2) has the capacity region

Ciccr = U{(R07R17R2) Ry >0,Ry >0,Ry >0}

Ry < I(X1; V1| X2, U) (50)
Ry < I(X2;Y2|X1,U) (51
R1—|—R2 Smln{I(Xl,Xz,Y1|U)/I(X17X2,Y2|U)} (52)

RO + Rl + R2 S min{I(Xl, Xz; Yl), I(Xl, Xz; YQ)} (53)
where the union is over all joint distributions that factor as

p(u, x1,m2,91,92) = p(u)p(zi|w)p(walu)p(ys, yo|r1, z2).
(54)
When the constraints (48) and (49) are satisfied, we refer to the
channel as an ICCI with strong interference. Furthemore, we
have

cicci(Ro, R, R2) = cemac(Ro, Ri, R2).

Proof: From Theorem 1, the rates (12) are achievable if
both private messages are decoded at the receivers. These rates
are clearly also achieved if only a single private message must
be decoded, and are hence achievable in the ICCI. The converse
is more involved and is given in Section IV-A.
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A. Converse: Strong Interference Conditions

We will need the data processing inequality in the following
form.

Lemma 1: For a Markov chain W — (U, X) — Y, we have

IW:Y|U) < I(X;Y|U). (55)
Proof: We have
H(Y|U,X) = H(Y|W,U, X)
<O H(Y|W,U) (56)

where (a) holds because of the Markov property and (b) since
conditioning cannot increase entropy. Subtracting both sides
from H(Y'|U) gives the desired result. O

To obtain per-letter conditions (48)—(49) in Theorem 3 we
will need the following Lemmas.

Lemma 2: If

I(X1: 1| X0,U) < I(X1;Y5|X5,U) (57)
for all probability distributions on U4 x X; x X5 such that
p(u, v1,22) = p(u)p(w1|u)p(w2|u), then

I(XI;Y1|X27

U)<I(X.:Y:|X,,U). (58)

We note that by symmetry, it follows from Lemma 2 that

I(X2;Y5|X1,U) < I(X9;Y1|X1,0) (59

implies I(XQ,Y2|X1,U) S I(XQ,Y1|X17U)

Proof: The proof follows the same approach as that in the
proof of [22, Proposition 1] and that in [13, Lemma]. Further-
more, the proof is very similar to the proof of Lemma 5 pre-
sented in the Appendix and is therefore omitted. O

We will also need the following Lemma.

Lemma 3: The class of interference channels p(y1, y2|x1, x2)
for which (57) and (59) are valid for all distributions
p(u, 1,%2,y1,y2) that factor as in (54) is the same as the
class of p(y1,y2|z1,22) for which (48) and (49) are valid for
all product input distributions p(z1,z2) = p(z1)p(z2).

Proof: We use the following result from [13, Lemma]:
If I(X1;Y1]X2) < I(X;;Y2|Xs) for all product proba-
bility distributions on X; x X, then I(X1;Y1|X2,U) <
I(Xl;Y2|X2,U) where U — (Xl,XQ) — (Yl,Yg) and
X7 — U — Xs. The strong interference conditions (48) and
(49) thus imply the conditions (57) and (59).

To prove the converse, we observe that since (57) and (59)
are satisfied for all distributions of the form (54), the conditions
(57) and (59) must also hold for U being independent of X; and
Xo. For such distributions p(u, 1, x2), conditions (57) and (59)
reduce to (48) and (49). O

Lemmas 2 and 3 together imply the following statement.
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Lemma 4: If
I(X1;Y11X2) < I(X1; V2| X2) (60)
for all product input distributions p(z1, x2) = p(z1)p(z2), then
I(X1;Y1|X:,U) < I(X1;Y2| X5, U). (61)

We next prove the converse in Theorem 3.
Proof: Consider an (My, M1, Ms, N, P.) code for the

ICCI. Applying Fano’s inequality gives

H(W(), Wy |Y1) < Pe,l 10g(MOM1 — ].) + }L(Peyl)

}I(I/VO7 W2|Y2) S P572 IOg(MoMz — 1) + h(Pe72)

£ Néyn
£ Néa .

where 6; y — 0as P,y — 0 (or as P. — 0). It follows that

H(W(), W1|Y1) :H(W0|Y1) + H(Wl |Y1, W()) < lel,N
(62)

HWy, Ws|Yo) = HWy|Y ) + HW,|Y 2, W) < Néo n.
(63)

Since conditioning cannot increase entropy, from (63) it follows
that
HW3|Y o, Wo, W) < HW3|Y 2, Wy) < Néa . (64)

From the problem definition, we have the following Markov
chains for the ICCI:

W1 — (X17W0) g Y2 (65)
Wy — (X2, Wy, W1) = Y, (66)
(W07Wt) - (Xt7W0) - Yt7 t= 172 (67)

Applying Lemma 1 to the Markov Chains (66)—(67) yields

I(WQ;Y2|W0,W1) SI(XQ;Y2|WO,W1) (68)
Using (67) with ¢ = 1 yields
I(WQ,W1;Y1) S I(Wo,Xl;Yl). (70)

We first consider the bound (53) at decoder 1. Inequalities
(62) and (64) imply that for reliable communication we require

N(Ry + R1 + R»)

<@ T(Wo, Wi; Y1) + T(Wa; Yo |[Wo, Wh)

<) T(Wo, X1;Y 1) + I(X 2, Y 5| Wo, W1)

<O I(Wy, X1;Y 1) + I(Xo; Y o|[Wo, Wy, X1 (W, W1))
<D [(Wo, X1; Y1) + (X 2; Yo Wo, X1) (71)

where (a) follows from the independence of Wy, Wy, Wa; (b)
by (68) and (70); (c) by (3); and (d) by (65). If
I(X2;Y|Wo, Xy

) SI(XQ;Y1|W07X1) (72)
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Wi T (1)

ENCODER 2

Fig. 6. Interference channel with unidirectional cooperation.

then it follows by (71) that
N(Ro+ R1 + Ry) <I(Wo,X1:Y 1) + I(X2;Y 1| X1, W)

=1 Xl ) X27 Yl)
N
<Y I(Xin, Xon; Yin) (73)
n=1
We define
U, =Wy, n=1....,N (74)
so that condition (72) becomes
I(X2,Y2|X1/U)SI(X27Y1|X17U) (75)

We next prove the bound (52). Fano’s inequality implies

N(Ry + Ry)
< I(W Y1) + I(Wa Ys)
<O I(Wy; Y1 [ W) + T(Wo; Y o[ Wo, Wh)
S<b) [(Xl;Y1|W0)+I(X2§Y2|W07W1)
=) I(X1; Y 1[Wo) + I(X2; Y 2| Wo, Wi, X1(Wo, W1))
= (XY |U) + [(X5:Y 5| X 1, U) (76)

where again (a) follows from the independence of Wy, Wy, Wa;
(b) by (68) and (69); (c) by (3); (d) by (65) and (74). Again, if
(72) holds, then (76) becomes

N(R1 +R2) S I(X17Y1|U> +I(X2,Y1|X1/U)

(77)

The same approach can be used to show that the bounds (52)
and (53) are satisfied at decoder 2 under a condition similar to
(75), namely

I(Xl,Y1|X2/U) SI(Xl,Y2|X2,U) (78)

From Lemma 4, it follows that the per-letter conditions (48) and
(49) imply (75) and (78). The bounds (50) and (51) follow by
standard methods as in [10, Sec. I11.4]. Finally, we observe from
(73) and (77) that (Rg, Ry, R2) € co(Ciccr)- Since the region
Ciccr is already convex, we have (R, R1, R2) € Crccr. O

p(y1, yolz1, T2)
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DECODER 1

DECODER 2

B. Gaussian Channel

Theorem 4: For the Gaussian ICCI (34)—(35) with the power
constraints (36) that satisfy h3, > 1, h3; > 1, the capacity
region is

CG = U{(R07R17R2) : ROZO7R1207R2207

Ry SC(@P1)7
Ry <C (sz) ,
Ri + Ry <min {C (aP1 +}L%15P2) ,C (h%Q(_l.Pl-i-l_)Pg)} ,

Ro+Ri+Ry < min {C (P1 + h§1P2+23h21\/aP1bP2),

C (h%m +P2+2sh12\/aP1bP2) }}

where the unionis overall a, b, s, where 0 < a < 1,0 < b <1,
a=1—a,b=1—b,and s = +1.

Proof: We can use similar reasoning as in [12] to show that
both users can decode all three messages. Suppose (Ro, Ry, R2)
is inside the capacity region and the transmitters use codes that
reliably achieve these rates. Receiver 1 can then generate xq
since it must decode both wq and w; . Similarly, receiver 2 can
generate o, and receivers 1 and 2 can generate the respective

(79)

Y] = h1o X1 + Xo + Z1 /b
Yy = X1+ ho1 Xo + Z/hao.

(80)
(81)

But observe that (80) and (81) are less noisy versions of (35)
and (34), respectively. Hence both receivers can decode all three
messages and the channel becomes a compound MAC. From the
maximum-entropy theorem [20, Theorem 9.6.5], the compound
MAC region (12) is largest for Gaussian inputs. Evaluating (12)
for Gaussian inputs and h3, > 1, h3, > 1 yields (79). O

V. THE CAPACITY REGION OF THE STRONG INTERFERENCE
CHANNEL WITH UNIDIRECTIONAL COOPERATION

We now consider an interference channel where the message
sent at one encoder is available to the other encoder, but not vice
versa. Achievable rates for this channel model have been pre-
sented in [23]. The channel was referred to as a cognitive radio
channel because of its relation to cognitive radio applications.
Furthermore, for the case of weak interference, i.e., ho; < 1, the
capacity region was determined in [14] and [15]. The communi-
cation system is shown in Fig. 6, and we describe the encoders,
decoders, and error probability next.
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Each encoder ¢ wishes to send an independent message W; €
{1,..., M,} to receiver ¢t in N channel uses. Message W is
also known at encoder 2, thus allowing for unidirectional coop-
eration. The channel is memoryless and time-invariant as given
by (2). An (My, My, N, P.) code for the channel has two en-
coding functions generating codewords

X1 = (W) (82)
Xo = fo(W1, W2) (83)

two decoding functions
W, =g(Y,) t=1,2 (84)

and an error probability
P, =max{P.1,P.2} (85)

where, for ¢ = 1, 2, we have

1
Pae= 3 g0 () ) s

(86)
A rate pair (R, R») is achievable if, for any € > 0, there is an
(My, Ms, N, P.) code such that

M, > 2Nt t=1,2, and P, < e.

The capacity region of the ICUC is the closure of the set of all
achievable rate pairs (R1, Ra).

Theorem 5: An ICUC that satisfies the strong interference
conditions

I(X2; Y5 Xq) < I(Xo; Y1|X4)
I(X1,X9: Y1) < I(X1,X2;Y2)

87)
(88)

for all input distributions p(x1, x2) has the capacity region
Cicuc = U{(RlaRZ) :R1 > 0,Ry >0,

Ri + Ry SI(X17X2;Y1)} (90)

where the union is over all input distributions p(z1, z2).

We prove Theorem 5 in Sections V-A and -B. In Section V-A,
we indicate how the achievability of Cicyc follows from the
compound MAC with common information. In Section V-B,
we prove the converse and determine the strong interference
conditions. From Theorems 1 and 5, we further have

cicuc(R1, R2) = comac(R1,0, Ry). o1

A. Achievability

We apply the same reasoning as in Section IV. The rates
(12) of Theorem 1 are achievable when the decoders decode
the common message and both private messages. Encoder 2
knows W7, so we can view R; as the common rate. For the
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same reason, W7 in the corresponding CMAC has zero rate for
the private message, also reflected in (91). We choose U = X;
and the region (12) becomes

Comac = U{(Rlsz) Ry >0,Ry >0,

Ry < mtinI(X2;Yt|X1)

Ri+ Ry < mgnI(Xl,XQ;Yt)} 92)

where the union is over all p(z1,z2,y1,y2). When conditions
(87)—(88) are satisfied, the region (92) reduces to the region
(89)-(90) in Theorem 5.

B. Converse: Strong Interference Conditions

To prove the converse, we will need the following lemma.

Lemma 5: 1If

holds for all joint distributions p(x1, z2), then
I(X2;Y|X1,U) < I(X2;Y1|X1,U). 94

By symmetry, we have that 1(X1;Y7|X2) < I(X7;Ys|X5) im-
plies I(Xl;Y1|X27U) < I(Xl;Y2|X2,U).
Proof: See the Appendix.

Lemma 5 is similar to a Lemma by Costa and El Gamal [13],
as further explained in the Appendix. We point out that the only
difference between Lemmas 4 and 5 is the constraint on the
probability distributions. The direct proof of Lemma 4 follows
exactly the same steps as the proof of Lemma 5 presented in the
Appendix.

We next prove the converse in Theorem 5.

Proof: Consider an (M;, M5, N, P.) code for the ICUC.
Applying Fano’s inequality gives

H(W1|Y1) S Pe,l IOg(Ml - 1) + }L(Pe’l) é N(Sl,N
H(W,|Y3) < P glog(My — 1) + h(P.2) & Néy n

>

(95)
(96)

where 6; v — 0 as P.; — 0 (or as P. — 0). We now derive
the bound (90) for receiver t = 1.

The inequalities (95) and (96) imply that for reliable commu-
nication we require

N(Ry + Ro) < I(W1; Y1) + I(Wa; Y5)
@) T(W1; Y1) + I(Wa; Y o [W7)

®) [(W1;Y 1) + I(Wa, Xo; Yo | X1, W1)

© [(Wy, X ;Y1) + I(Xo; Y| X1, Wh) (97)

IA |

IN

where (a) follows by the independence of Wi and Wy; (b)
by (82) and (83); (c¢) by the Markov chain (W1, W) —
(X1,X5) — Y,. But, from Lemma 5 we have

I(X2;Y2|X1,W1)SI(XQ;Y1|X17W1) (98)
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and it follows from (97) that

N(Ry+ Ry) <I(W1, X1;Y 1)+ 1(Xo;Y 1| Xy, Wh)
I(Xl Xz;Yl)

?

IN

N
ZI(XlrnXQn;Yln)- (99)
n=1

The bound (89) follows by standard methods

(100)

and now we convert (100) to the single-letter bound (89) as in
[10, Sec. I11.4]. This concludes the proof of Theorem 5. O

We remark that if (88) does not hold, showing that (89)—(90)
is the capacity region would require proving an outer bound of
the form Ry + Re < I(X1, X5;Y3). Due to the asymmetry of
the problem, the approach of (97)—(99) does not apply.

C. Gaussian Channel

Theorem 6: For the Gaussian ICUC (34)—(35) with the power
constraints (36) that satisfy the Gaussian strong interference
(GSI-UC) conditions

h3 > 1 (101)
|hiza + 1| > | + hot | (102)
|h120¢—1| Z |Oé—h21| (103)
where oo = /Py / P», the capacity region is
ca=J {(Rl,RZ):Rlzo,Rzzo,
lpl<1
Ry<C((1-p")P2), (104)

Ri+Ry<C (P1+}L51P2+2ph21 \/ P1P2>}

(105)

where p is the correlation coefficient for X7, Xs.

Proof: For achievability, we observe from the maximum-
entropy theorem [20, Theorem 9.6.5] that the compound MAC
region (92) is largest with Gaussian inputs. Under conditions

h3, > 1
1+ h%2a2 + 2hiap > a? + h%l + 2hs1ap

(106)
(107)

the region (92) reduces to (104)—(105). For the inequality (107)
to hold for all Gaussian inputs X7, X, it must hold for all values
of p. However, as (107) is linear in p, it is necessary and suffi-
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cient to enforce the constraint at p = =£1. This yields the condi-
tions (102)—(103).

For the converse, following the same reasoning as in The-
orem 4, we observe that under condition (101), decoder 1 can
decode both messages (w1, ws). Hence, the sum rate is bounded
by the cut-set bound [20, p. 445]

Ry + Ry < I(X1, X2; Y1) (108)

which is maximized for Gaussian inputs and evaluates to (105).
The bound (104) follows by standard methods as in (100). [

The constraints (102) and (103) are perhaps difficult to in-
terpret directly as strong interference conditions. To simplify
these constraints, we first note a sign reversal symmetry: with
the substitutions A1 = —}NL12 and hy; = —7121, we obtain, not
surprisingly, the same strong interference conditions in the pa-
rameters }NL12 and 7L21. From this symmetry, we can conclude it
is sufficient to consider only the “same-sign” case with ho; > 0
and hi2 > 0 and the “opposite-sign” case with hs; > 0 and
h12 < 0. This facilitates the following claims.

Theorem 7: Let |hoy| > 1.
(a) For hiaho1 > 0, the GSI-UC conditions (102) and (103)
hold if and only if

|hi2] >

-1 h
o

«
(b) For hishs1 < 0, the GSI-UC conditions (102) and (103)
hold if and only if

|ha2] >

1 i
atl  |haf (110)
(0%

[0}

A proof of Theorem 7 appears in the Appendix; the key is
that the GSI-UC conditions always require |hq12|a > 1. Note
that the theorem imposes the strict inequality |ho1| > 1, only
because ho; = 1 admits the possibility that h1o = ho; = 1 and
in this case, the GSI-UC conditions (102) and (103) are satisfied
for all a.

We observe from Theorem 7 that in all cases we have a strong
interference condition in that |h12| > 1. We also note that these
conditions are more demanding, particularly on h2, than those
of (48)-(49), which in the Gaussian case reduce to ho; > 1,
h1o > 1.In the limit of large o, the minimum h15 is a decreasing
function of «. Still, there will always be some set of values hoj,
h12 that satisfy the conditions of Theorem 7 as long as o > 0.
Note that & = 0 corresponds to P; = 0 for which the channel
reduces to the broadcast channel from encoder 2. As the channel
is degraded, there can be no strong interference conditions.

Fig. 7 shows the capacity region for P, = P, = P = 10 and
ho1 = 1.5. Note that P, = P, implies a = 1 so that condition
(109) of Theorem 7 reduces to k12 > hoy. Alternatively, in the
opposite case, the GSI-UC conditions are satisfied if —hiy >
1+ hgl.

VI. CONCLUSION

We presented three channel models that incorporate partial
transmitter cooperation. For two interference channels pre-
sented in Sections IV and V, we determined the capacity region
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Fig. 7. Gaussian ICUC capacity region if hyo > hoy or hyo < —ho; — 1.

under strong interference where the decoders can decode all
messages with no rate penalty. For the channel with unidirec-
tional cooperation, it is possible that weaker conditions exist
for which the capacity region can be found. Determining the
strong interference conditions for more general channel models
such as interference channels with correlated sources is an open
problem.

APPENDIX

Proof of Lemma 5: We will need a result similar to the
ones in [22, Proposition 1] and [13, Lemma]. In fact, the only
difference from the Proposition in [13] will be in the probability
distributions for which the proposition holds.

Proposition 1: If

for all probability distributions on X7 x &5 then
I(X2; Y| X1, V) < I(X2; V1| X4, V) (112)

for all probability distributions on V x X; x Xj.
Proof of Proposition 1: We write the right-hand side in
(112) as

I(X9;Y1]X1,V)
=Y P)I(Xy; V1| X1,V =)

>3 " P(0)I(X2; Yol X1,V =)

v

where the inequality follows by (111). O

1.5
RJ [bits / channel use]

We follow the approach as in [22, Proposition 1] and [13,
Lemma] to obtain

I(X2:Y1|X1,U) - I(X2:Y5|X1,U)
= I(Xon; Vin| X1, U YY)
— I(Xon; Yon | X1, U, YY)
+I(XYHY Y X, UL Yay)

— (X)L YYTNX, U, Yan). (114)
We write (114) in a slightly different form

I(X2;Y1|X1,U) - I(X2:Y2|X1,U)
=1 (X2N;Y1N|X1N,U7X¥717Y?T71)

— 1 (Xon: Yox | Xan U XY V)
(XYY TXY UL Xy, Yan)
iy (ng‘l;Yﬁ‘HX{V‘l, U, XIN,YQN) . (115)
By letting V = (U, X{V_I,Yiv_l) , we observe that Proposi-
tion 1 yields
I (Xon: Vin|Xan U XY YY)
> T (XZN;Y2N|X1N7U,X§V—17Y{V—1) . (116)

We proceed by induction. For N = 1, the inequality (94) re-

duces to (112) and is thus satisfied by Proposition 1. We next

assume that (94) holds for N — 1

T(XY LYY XY L) > (XYL yE XY L),
117
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From (117) and Proposition 1 it follows that
(XY 5y XY U, X, Yoy )
> 1(XLYY XY LU X Yor ) (118)

where we let V = (X1x, Yan ). The proof of Lemma 5 follows
from (115), (116), and (118).

If the inputs X; and X, are independent, then the same steps
as above apply, as long as X3 — V — X, forms a Markov
chain in Proposition 1 as in [13]. O

Proof of Theorem 7 (a): By sign reversal symmetry, it suf-
fices to consider only the case ho; > 1 and h1s > 0. First we
show that the GSI-UC conditions (102) and (103) imply (109).
With nonnegativity of hoy and hqo, (102) directly implies

04—1_1_@ h21—

his >

=1+ (119)

«
Since ho1 > 1, it follows that h1s > 1. We now show that
hioae > 1. Fora > 1, hys > 1 implies hjsax > 1. Fora < 1,
we suppose for the purpose of contradiction that hioa < 1. In
this case, ho; > « and (103) implies 1 — hiox > ho; — «, or
equivalently

1
+a——2h12-
a a

(120)

Applying the upper bound in (120) to the lower bound in (119)
yields the contradiction hy; < 1. It follows that hioa > 1 for
all a.

To complete the forward proof, we observe that if a > 1,
then (109) follows directly from (119). On the other hand, if
a < 1, then @ < hop and since hioa > 1, (103) implies
hisa — 1 > ho1 — «, or equivalently
1-« n @ .

o'
Since a < 1, (121) implies (109), completing the proof that the
GSI-UC conditions imply (109).

For the reverse direction, we now show that (109) implies
(102). We consider the cases @ > 1 and o < 1 separately. For
a > 1, (109) implies

hia >

(121)

hioaa > a— 1+ hoy. (122)

From nonnegativity of his, o, and ho1, (102) follows. For o <
1, (109) implies

h12a Z 1—a+ h21. (123)
Since 1 > «, it follows that
hioao +1> 14 hoy > a+ hay. (124)

From nonnegativity of k13, «, and ha1, (102) follows.
Now we show (109) also implies (103). If &« > ho; > 1 then
(109) implies

hisoao > a— 1+ hoy > 1. (125)
Since 0 > 2 — 2hy1, we have
hisoa > a— 14 hoy + (2 — 2}L21) =a+1—hy. (126)

Since hioae > 1 and v > hsaq, (103) follows.
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Next we assume that ho; > « > 1. In this case, we observe
that (109) still implies (125). Since 0 > 2 — 2« (125) implies

hlza204—1+h21+(2—2oz):1+h21—a. (127)

Since hioa > 1 and hoy > «, (103) follows.
Finally, we assume that « < 1. In this case, (109) implies
hisa > 1 — a + hai, or equivalently

h12a -1 Z h21 — . (128)

As both the left and right side are nonnegative, (103) follows.
O
Proof of Theorem 7 (b): By sign reversal symmetry, it suf-
fices to consider only the opposite-sign case ho; > 1 and hio =
—hy2 > 0. We will show that the GSI-UC conditions (102) and
(103), restated here in terms of hio as

|[hiser — 1| > |a + hoy | (129)

|higa 4+ 1| > | — hot (130)
hold if and only if

i > O L han (131)

o4
To show that the GSI-UC conditions imply (131) requires the
following lemma.

Lemma 6: If }Lgl > 1 and the GSI-UC conditions (129)
and (130) hold, then A12a > 1.

A propf of Lemma 6 follows below. From Lemma 6, (129)
implies hiocx — 1 > « + hoy, which is equivalent to (131).

For the reverse direction, we assume (131) is satisfied, im-
plying

}AL12Oé -1 Z o+ h21. (132)

Since ho1 > 1, both sides of (11}2) are nonnegative, and thus
(129) holds. Furthermore, since hisax + 1 > hioa — 1, (132)
and the nonnegativity of o and ho; imply

E12a+12a+h21:|a+h21|Z|oz—h21|. (133)

Thus, the GSI-UC condition (130) holds. O

Proof of Lemma 6: For the purpose of contradiction, we
assume hisa < 1. Thus, by (129), we have 1 —hisa > a+ho1,
or equivalently

1 —a— hat > hiso. (134)
Now we must consider the cases o > ho; and o < hg sepa-
rately. If &« > ho, then (130) implies
(135)
Applying the upper bound in (134) to the lower bound in (135)
yields a < 1. In this case, this implies 21 < o < 1, which is a
contradiction. If & < ho1, then (130) implies

hisa > hoy — a — 1. (136)
Applying the upper bound in (134) to the lower bound in (136)
yields ho; < 1, which is a contradiction. O

}AL12Oé Z a—1-— h21.

ACKNOWLEDGMENT

The authors would like to thank Prof. Michael Gastpar of
the University of California at Berkeley for a useful discussion
regarding the proofs of Theorems 4 and 6.



3548

REFERENCES

[1] H. Sato, “Two user communication channels,” IEEE Trans. Inf. Theory,
vol. IT-23, no. 3, pp. 295-304, May 1977.

[2] A. B. Carleial, “Interference channels,” IEEE Trans. Inf. Theory, vol.
IT-24, no. 1, pp. 60-70, Jan. 1978.

[3] N.Jindal, U. Mitra, and A. Goldsmith, “Capacity of ad-hoc networks
with node cooperation,” in Proc. IEEE Int. Symp. Information Theory,
Chicago, IL, Jun./Jul. 2004, pp. 271-271.

[4] A. Hgst-Madsen, “A new achievable rate for cooperative diversity
based on generalized writing on dirty paper,” in Proc. IEEE Int. Symp.
Information Theory, Yokohama, Japan, Jun./Jul 2003, p. 317.

[5] A. Hgst-Madsen, “On the achievable rate for receiver cooperation
in ad-hoc networks,” in Proc. IEEE Int. Symp. Information Theory,
Chicago, IL, Jun./Jul. 2004, p. 272.

[6] A. Hgst-Madsen, “Capacity bounds for cooperative diversity,” IEEE
Trans. Inf. Theory, vol. 52, no. 4, pp. 1522-1544, Apr. 2006.

[7] C. Ng and A. Goldsmith, “Transmitter cooperation in ad-hoc wireless
networks: Does dirty-paper coding beat relaying?,” in Proc. IEEE Inf.
Theory Workshop, San Antonio, TX, Oct. 2004, pp. 277-282.

[8] F.M.J. Willems, “The discrete memoryless multiple channel with par-
tially cooperating encoders,” IEEE Trans. Inf. Theory, vol. 29, no. 3, pp.
441-445, May 1983.

[9] D. Slepian and J. K. Wolf, “A coding theorem for multiple access
channels with correlated sources,” Bell Syst. Tech. J., vol. 52, pp.
1037-1076, 1973.

[10] F. M. J. Willems, “Information-Theoretical Results for the Discrete
Memoryless Multiple Access Channel,” Ph.D. dissertation, Katholieke
Universiteit Leuven, Haverlee, Belgium, 1982.

[11] H. Sato, “On the capacity region of a discrete two-user channel for
strong interference,” IEEE Trans. Inf. Theory, vol. IT-24, no. 3, pp.
377-379, May 1978.

[12] H. Sato, “The capacity of the Gaussian interference channel under
strong interference,” IEEE Trans. Inf. Theory, vol. IT-27, no. 6, pp.
786-788, Nov. 1981.

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 53, NO. 10, OCTOBER 2007

[13] M. H. M. Costa and A. El Gamal, “The capacity region of the dis-
crete memoryless interference channel with strong interference,” IEEE
Trans. Inf. Theory, vol. IT-33, no. 5, pp. 710-711, Sep. 1987.

[14] W. Wu, S. Vishwanath, and A. Arapostathis, “On the capacity of
Gaussian weak interference channels with degraded message sets,”
in Proc. Conf. Inf. Sciences and Systems (CISS), Princeton, NJ, Mar.
2006, pp. 1703-1708.

[15] A. Jovi¢i¢ and P. Viswanath, “Cognitive radio: An information-the-
oretic perspective,” in Proc. IEEE Int. Symp. Information Theory,
Seattle, WA, Jul. 2006, pp. 2413-2417.

[16] R. Ahlswede, “The capacity region of a channel with two senders and
two receivers,” Ann. Probab., vol. 2, no. 5, pp. 805-814, 1974.

[17] 1. Mari¢, R. D. Yates, and G. Kramer, “The discrete memoryless com-
pound multiple access channel with conferencing encoders,” in Proc.
IEEE Int. Symp. Information Theory, Adelaide, Australia, Sep. 2005,
pp. 407-410.

[18] 1. Marié, R. D. Yates, and G. Kramer, “The strong interference channel
with common information,” in Proc. Allerton Conf. Communications,
Control and Computing, Monticello, IL, Sep. 2005.

[19] 1. Marié, R. D. Yates, and G. Kramer, “The strong interference channel
with unidirectional cooperation,” presented at the Information Theory
and Applications (ITA) Inaugural Workshop, Feb. 2006.

[20] T. Cover and J. Thomas, Elements of Information Theory. New York:
Wiley, 1991.

[21] G. Kramer, “Outer bounds on the capacity of Gaussian interference
channels,” IEEE Trans. Inf. Theory, vol. 50, no. 3, pp. 581-586, Mar.
2004.

[22] J. Korner and K. Marton, Comparison of Two Noisy Channels, 1.
Csiszdr and P. Elias, Eds., Topics in Information Theory ed. Am-
sterdam, The Netherlands: North Holland, 1977, vol. Colloquia
Mathematica Societatis Janos Bolyai.

[23] N. Devroye, P. Mitran, and V. Tarokh, “Achievable rates in cognitive
radio channels,” IEEE Trans. Inf. Theory, vol. 52,no. 5, pp. 1813-1827,
May 2006.



