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Abstract—A previously established inner bound on the capacity Wy encopery | W2)
region of two-sender, two-receiver interference channelsvhere
one transmitter knows both messages is evaluated for Gausasi

channels. The inner bound is based on strategies that gendize

prior work, and include rate-splitting, Gel'fand-Pinsker coding

and cooperative transmission. The bound is shown to outpesfm

existing schemes. In this context, coding against the intlrence / .
known at the transmitter is also discussed. It is shown that, w enconera |2 M2) "2

DECODER2 |—>

when the interference is a codebook, superposition codingan
outperform Gel'fand-Pinsker binning.

Fig. 1. Interference channel with cooperating encoder.
I. INTRODUCTION AND RELATED WORK

Two-sender, two-receiver channel models allow for variou.bs d 1131, Results d rat . ¢ d
forms of transmitter cooperation. This paper considers und, [13]. Resuits demonstrate an improvement compare
to;, the general scheme of [7].

channel model in which one user knows the full message 8f|n this context. we also discuss coding against the inter-
the other encoder, as shown in Fig. 1. The transmitter WiFQrence known a,t the transmitter. We sr?owgthat when the
extra knowledge is referred to as being cognitive. This oleén . : L .

model was dubbed theognitive radio channednd achievable |nterfere|;10e IS a codeb_ook, superposmo_n codlng can o_utpe
rates were presented in [1], [2]. The capacity region for tjgrm Gelfgnd Pinsker b'”?".”g- Superposmon c_:odlng_aql_am
Gaussian case ofeakinterference was determined in [3] an € <_:apaC|ty of the cognitive radio channel if recenleis

[4]. This result was extended to the Gaussian MIMO cogniti\)’gStrICted to decode both messages, [14], [15].

radio channel and shown to achieve the sum-capacity in [5]. [I. OVERVIEW OF THE ENCODING STRATEGY

The capacity region irstronginterference was determined in The considered channel model has elements of both the

[6]. The above two solved regimes do not exhaust all cas@gerference channel (IC) and the broadcast channel (BC).

and the capacity is in general unknown. A general encodigg,coding techniques developed for either of them are thegef

scheme was proposed more recently in [7]. Related Wogtentially useful. If the messagd of encoder2 was not

can be found in [8], [9]. In [10], we proposed a schemgnqyn at the cognitive encoder, the considered channeldvoul

that generalizes those in [3] and [4]. In the scheme, as gy, ce 1o the IC. The best achievable rate region for the IC,

[7] and [1], an encoder usemte-splitting [11] to enable 116] is achieved by rate-splitting [11]: each encoder di

the other receiver to decode part of the interference; th@ message into two parts and encodes each of them with a

cognitive transmitter cooperates in sending the other'sisefenarate codebook. This allows receivers to decode oneof th

message to its intended receivers and uses Gel'fand-Finske, sub-messages of the other user's and cancel a part of the

(GP) binning [12] to reduce interference to its own receivefierference that it would otherwise create. Rate-splittin

The key difference of our contribution to the prior work is in,q cognitive radio channel model was applied in [1], [7]. In

the way the binning is performed. An overview of the encoding,ig paper, rate-splitting is performed at the cognitivecefer.

scheme is given in the next section and stated precisely inaqgitional knowledge allows the cognitive encoder to em-

Sec. IV. In Sec. V, this scheme is specialized to the Gauss By a number of techniques in addition to rate-splitting. T

channels, compared to the scheme of [7], and to the ouigfyrove the rate for the noncognitive communicating pair,
1The work by I. Maric and A. Goldsmith was supported in panir the COgnltlve encoder carooperateby encodingiv’, to help.

the DARPA ITMANET program under grant 1105741-1-TFIND, Stad's  CONVeY it to the other decoder. On the other hand, any signal

Clean Slate Design for the Internet Program and the ARO ulMéRI award ~ carrying information aboutV, creates interference to receiver

WO11NF-05-1-0246. The work of G. Kramer was partially suped by the | Thijs interference is known at the cognitive transmitted an
Board of Trustees of the University of lllinois Subaward N#-217 under

NSF Grant No.CCR-0325673 The work of S. Shamai was supported by thethe .precoding, i'e'_ GP binr_1ing and, specifically, dirty'@ap
ISF-Israel Science Foundation. coding (DPC) [17] in Gaussian channels, can be employed. In
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Fig. 3. Binning against a codebook.

Fig. 2. Communication from the cognitive transmitter to ttweresponding
receiver. . . . . . . .
interference. The situation is depicted in Fig 2, whefe

plays the role of the codebook of rafe, interfering with

fact, GP binning is crucial for the cognitive radio channethe communication of messag& at rate R. While in the
together with cooperation, it leads to capacity in certai@P problem the interferencé is generated by a discrete
scenarios, [3], [4], [5]. It is not surprising that DPC bring memoryless source (DMS), the interference in the cognitive
gains in the Gaussian case: if the non-cognitive encodersitting is acodebookof some rate,R,. The next lemma
silent, we have the broadcast channel from the cognitiveflects the fact that wheR, is small, this can be exploited
encoder to two receivers, for which DPC is optimal [18], [19]or potential rate gains.

In general, however, there are two differences at the cog-Lemma 1:In the communication setting of Fig. 3, the rate
nitive encoder from the classical GP setting. First, therint )
ference carries useful information for receii&rSecond, the R< Pﬁ%}((.)mm{f(x Y1),
interference is ecodebookof some rate and can thus have
lower entropy than in the GP setting. As shown in Sec. II-B, max{I(U,S;Y) = R, I(U;Y) = I(U; S)}} (1)
the latter can be exploited to achieve a higher rate. is achievable.

For I(S;U,Y) < Ry < H(S), binning achieves the GP
rate given by the second term in (1). FA, < I(S;U,Y),

Although the interference channel with one cooperating eggperposition coding achieves the rate of the first term )n (1
coder can easily be visualized as an extension of the c#ssigne two cases are shown in Fig. 3.

IC, a number of techniques become potentially relevant due p.yof gee [20]. -
to additional knowledge of the cognitive encoder:

« Rate splitting at encodet: Improves rateR, through

A. Summary of Techniques and Special Cases

Remark 1:Rate (1) can be written as

interference cancelation at decoder R< max {I(X,S;Y)
o GP binning and binning against a codebook: Improves Pois:f()
rate R, by precoding against interference. It also allows —max{I(S;Y), min{R;, I(U,Y;9)}}.  (2)
decoderl to decode messadé&s (or part of it) whenR,
is small, as will be shown in Sec. II-B. From (1) and (2), we observe thatS;U,Y) < R, < H(S),

« Carbon-copying onto dirty paper: further improves theorresponds to the classical GP setting. Potential ratecivep
rate of the common message sent at the cognitive encogeent comes foRR, < I1(S;U,Y). Interestingly, in this case the
« Cooperation: Encoder improvesR, by encodingiW,.  receiver decodes both indexgs, j), wherew = 1,...,2NE
A general encoding scheme that brings these techniquesapd j = 1,...,2Y%: (see Fig. 2), thus learning both its
gether is described in Section IV. There will be number dhessage and the interference. A related setting in which bot
special cases for which a subset of techniques will suffice:data and the channel state information is communicatedeto th

1) Strong interference: Both decoders can decode bégfeiver was analyzed in [21], [22]. _
messages with no rate penalty, so there is no needn the setting of Fig. 1, indey carries information about
for either rate-splitting or binning. Superposition caglin Ws. The implication is that, whe®, is small, r_ece|vet‘1 will
achieves capacity, [6]. decode_a part (or the whole) &F; wnhput having encode2

2) Cognitive encoder decodes both messages: Again, thE¢ Split to send common message in the sense of [11], [16].
is no need for binning. Rate-splitting and superposition Recall that, due to rate-splitting, encodeuses two code-
coding achieve capacity, [15], [14]. books to send a common and a private index, respectively

3) Weak interference at receiver There is no need for denoted(U{y, U{;). We distinguish four cases depending on
rate-splitting. DPC and cooperation achieve capacity Whether they are generated using binning or superposition:
Gaussian channel, [3], [4], [5]. 1) Binning: Both (U, U) are binned against the code-
book of the non-cognitive encodex;.

2) Superposition codingU{Y, U{¥) superimposed oiX2".
For the communication between the cognitive transmitter 3) Binning then superposition codingy}, is binned against

and its corresponding receiver, a codebook carryihgcreates XN, andUY is superimposed otX ¥, UYY).

B. Rate Improvement due to Binning Against Codebook



4) Superposition coding then binningiY superimposed

on XJ¥; UY on U{ and binned againsx2’. ENCODER 1
In the last two cases, decodér can decodelW, due to w. [ . E— —
s . . Ve 1le
superposition coding ot/{Y or U} on X', as shown in y, || rate H - o
Lemma 1. The setting thus corresponds todhgnitive radio spuT [Wie X5 X5 Poaon(June) | Fes Ta o (L

with the degraded message sftswhich superposition coding - @M XX
achieves the capacity [15], [14]. The two last cases can —
therefore bring no improvement; the achievable region és th
union of two rate regions, achieved by binning or superpmsit

ENCODER 2

coding. We state these regions after formally defining the Waa X o
. . . ; N yN hesl
problem in the next section. We remark that in the abov#: .| *°™ |, Prwn, (s 200 X0 | |12
scheme,U?Y is superimposed oi/{Y. The other encoding
choice would be to use binning féf¥ against the codebook — —
Ui,
As the final point, we note that encod®ralso uses rate- Fig. 4. Encoding structure.

splitting and forms two codebooksY{¥, X4/) using super-
position coding. When encoder is binning against both
codebooks, it is not decoding a part @f;. An interesting
next step would be to choose respective railes and Ry,

following Lemma 1 such thatU{},U{Y) are binned against
one of the two codebooks, but superimposed on the other. That

1) Binning againstX), XV is used to create a codebook
U of common rateR,.

2) Binning againstX4), X2 conditioned orn/;. is used to

create a codebook;¥ with private rateR;,,.

would facilitate decoding a part d¥, at receiverl. The encoding structure is shown in Fig. 4. We have the
following result, [10].
I1l. CHANNEL MODEL Theorem 1: (joint decodindRates (4)-(5) are achievable if

Consider a channel with finite input and output alphabets R,, < I(Uy,; V1|Use, Q) — I(Ua; X2a, Xob|Ute, Q) (6)

Xy, X, V1, Y2, and a probability distributiop(y1, y2|z1, 2), Ri < I(Ur.. U YO — I(Ur Us s X X 7
where (z1,22) € X x X, are channel inputs an@;,y2) € 1= U, U103 Y1|Q) = 1 (U, Utas Xoa, Xeol@) - (7)

V1 x ), are channel outputs. Each encoder = 1, 2, wishes Ry < I(X2;Y2,Us|Q) (8)
to send a messag¥; € {1,...,M,} to decodert in N Ry + R. < I(X2,Ui; Y2|Q) 9)
channel uses. Messagd#, is also known at encoder (see Rop < I(Xap; Yo, Ue| Xaa, Q) (10)
Fig. 1). The channel is memoryless and time-invariant. Roy 4+ Re < I(Xop, Ure; Y2 | X24, Q) (11)

An (My,M,,N,P.) code has two encoding functions
XY = f1(W1,W2), X3 = f2(W>), two decoding functions for some joint distribution that factors as
W, = ¢:.(Y;V), and an error probability’, = max{P, 1, P,
wrieregtf(ortb‘il 9 we havep 4 {Per, Pez) P(@)p(T2a, T2, Ute, Uia, T1, T2|q)P(Y1, Y2lo1, 2)  (12)

and for which all the right-hand sides are nonnegative.

Pey = WP [9:(YN) # wi|(wr,wz) sent . (3) Proof: See [20]. m
(wiw) 7 Remark 2: Thm. 1 includes the following schemes:
A rate pair (Ry, R») is achievable if, for any > 0, there ¢ Thescheme of [3, Thi.1]for Xo, = 0, Ure = 0, Xap =
is an (M, Ms, N, P.) code such that\/, > 2NB: ¢ — (X2,U) andUy, = V.
1,2, and P, < . The capacity region is the closure of the set * The scheme of [4, Lemma&2] for X, =0, Xo, = X5,
of all achievable pair§R;, Ry). Uia =0, andRy = R, Ry = Ry andp(x2)p(u1c). The
scheme in [4] assumegU;.; Y1) < I(Uy.; Ya).
IV. ACHIEVABLE RATE REGION « Carbon-copy on dirty paper [23] faKy, = 0, Ui, = 0.

To obtain an inner bound, we employ rate splitting. We 140" X2« = 0, our scheme closely resembles the scheme in [7].
The first difference in our scheme is that two binning steps ar

Ry =Ry, + R, (4) not done independently which brings potential improversent
Ry = Ry + Rop (5) The second difference is in the evaluation of error events.
The scheme in [1] performs rate splitting at both users,
for nonnegativeR,,, R., Raq, Ro, Which we now specify. and two-step binning at the cognitive user. Each user sends
In the encoding scheme, encodeuses superposition cod-a private index decoded by its receiver, and a common index
ing with two codebooks(2¥, X2. Encoderl repeats the stepsdecoded by both. Again, one difference in our scheme is that
of encoder2 and adds binning: it encodes the split messageo binning steps are not independent. The other is thatin ou
Wy with two codebooks which are Gel'fand-Pinsker precodestheme the cognitive encoder cooperates by encdding
againstX2), X2V In particular: The next rate region is obtained by exploiting Lemma 1.



A. An Achievable Rate Region with Superposition Coding
Consider a joint distribution (12) and rafé, that satisfy

Ry < I1(X2;Use, Y1) (13)

Ry < I1(X2;Utq, Y1|Usc). (14)
From Lemma 1, we know that under respective conditions (13)
and (14), superposition df{¥ and U with X2 should be
used instead of binning. The encoding scheme of the cognitiv
encoder reduces to rate-splitting and superposition ¢godine

scheme and the rates reduce to that of [7, HinWe restate
the result for completeness. Achievable rat&s, R.) satisfy

Ry, < I(X1;Y1| X2, Use)
Ry < I(X1;Y1|X5)
Ri+ R < I(X4,X2; Y1)
Re + Ry < I(Uye, X2:Yo) (15)
for some joint input distributiom(z2, u1., 1)

Remark 3:The above region can further be simplified using
Fourier-Motzkin elimination [24] as in [15]. This regionike

capacity region for the cognitive radio with degraded mgesa a— D
e 2
sets: the converse follows from [14] where a more general Bl ki
case of confidential messages is analyzed. The result fellow
by considering the special case of no security. _ P.=6 |
V. GAUSSIAN CHANNEL é Zz'g's
To illustrate the obtained results more concretely, we next§
consider the Gaussian interference channel described by 2 BCfrom
2, the cooperating
~ encoder
}/1 :X1 +CLX2+Z1 (16) @ 05y il
Yo =0X1+ Xo+ 25 a7
whereZ; ~ N[0,1] and E[X?] < P, t = 1,2. Forb < 1, the
capacity region was determined in [3], [4]. ‘ ‘ ‘ y ‘
O0 0.5 1 15 2 25 3

We next evaluate the rates of Thm. 1 for the special case
Xoq = 0, Q = (. To simplify them, we express the conditional
entropies in terms of joint entropies, recall that = R.+ R1,,
and apply Fourier-Motzkin elimination to obtain

Ry < I(Uie, Ura; Y1) = I(Ute, Ura; Xo)
Ry < I(X2;Y2,Us)
Ry < I(X2,Uie;Y2)
Ry + Ry < I(X3,Use;Y2) + I(Ura; Y1, Use)
— I(Ula;XQ,Ulc). (18)

We evaluated region (18) for

R [bits/channel use]

We compared the achievable region (18) to the outer bound
of [13, Thm.2] which in Gaussian channels evaluates to:
Corollary 1: When b > 1, any achievable rate pair

(R1, Ry) satisfies

Achievable rate region and outer bound
T T T

15

I
3
T

Fig. 5.

15

P,=P,=6
a?=0.3
b2=2

Rates of Thm. 1 and [7, Thi}.and outer bound of Cor. 1. Also
shown is the capacity region of BC from the cooperative eatath = 0.

I
15 2
FZ2 [bits/channel use]

Achievable rate region (Thm.1)
T T

3 35

R, [bits/channel use]

Ry <C((1-p*)P1)

Rl + R2 S C(b2P1 + P2 + 2p\/ b2P1P2)

Fig. 6. Achievable rates for different values B%.

Xo ~ N[0, B, Xie ~ N[0,0BP1), Xig ~ N[0, 03P1] for somep, 0 < p < 1, whereC(x) = log(1 + z)/2.

(20)

Uie = Xic + M X,

X1 =X+ X1+

Uia = X1a + 22X5
abPy

—X

p, 7

(19)

Fig. 5 shows the rate region (18) and the outer bound (20)
for a2 = 0.3, ¥ = 2 and equal power?, = P, = 6.

We observe higher rates of Thm. 1 compared to that of [7,
Thm. 5], which uses the same Gaussian distributions as given

where0 < «o,8 < 1 and0 < Aj, A\o. Parametersx and 8 by (19). When the encodérdoes not transmit (i.eP = 0),
determine the amount of power that the cognitive user usb® channel reduces to the BC in which only the cooperating
respectively for cooperation and for the common message.encoder transmits to two receivers. The rates achievedein th



s Achievable rate region and outer bound achieving for certain special cases related to the channel o

= jiij‘j specific encoding/decoding constraints. Finding suchiapec
' cases is a topic of ongoing investigation.
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