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Abstract

This paper studies the two-user Causal Cognitive Interference Channel (CCIC), where two trans-
mitters aim to communicate independent messages to two different receivers via a common channel.
One source, referred to as the cognitive, is capable of overhearing the other source, referred to as the
primary, through a noisy in-band link and thus can assist in sending the primary’s data. Two novel outer
bounds of the type 2R, + R. and R, + 2R, are derived for the class of injective semi-deterministic
CCICs where the noises at the different source-destination pairs are independent. An achievable rate
region is derived based on Gelfand-Pinsker binning, superposition coding and simultaneous decoding
at the receivers.

The lower and outer bounds are then specialized to the practically relevant Gaussian noise case.
The authors of this paper recently characterized to within a constant gap the capacity of the symmetric
Gaussian CCIC in (a) the strong interference regime, and (b) for a subset of the weak interference

regime when the cooperation link is larger than a given threshold. This work characterizes to within
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a constant gap the capacity for the symmetric Gaussian CCIC in the regime that was still open. In
particular, it is shown that the novel outer bounds are necessary to characterize the capacity to within a
constant gap when the cooperation link is weaker than the direct links, that is, in this regime unilateral

cooperation leaves some system resources underutilized.

Index Terms

Achievable rate region, causal cooperation, channel capacity, cognitive radio, constant gap, inter-

ference channel, outer bound region, unilateral source cooperation.

I. INTRODUCTION

This work considers the two-user Causal Cognitive Interference Channel (CCIC), a wireless
network where one primary source PTx and one cognitive / capable source CTx aim to reliably
communicate with two different receivers, namely the PRx and the CRx, via a common channel.
Differently from the classical non-cooperative IC, in the CCIC the CTx operates in full-duplex
mode and is able to overhear the PTx through a noisy in-band link; the CTx can thus exploit
this side information to boost the performance of the two (primary and cognitive) systems.

The major feature of the CCIC is the concept of causal cognition | source cooperation,
which represents both an interference management tool and a practical model for the cognitive
radio technology. Actually, unilateral source cooperation offers a way to smartly cope with
interference. In today’s wireless systems, the general approach to deal with interference is either
to avoid it, by trying to orthogonalize (in time / frequency / space) users’ transmission, or to
treat it as noise. However, these approaches may severely limit the system capacity since perfect
user orthogonalization is not possible in practice. In contrast, in the CCIC the CTx, which can
causally learn the primary’s data through a noisy link, may protect both its own (by precoding
against some known interference) and the primary’s (by allocating some of its transmission
resources to assist the PTx to convey data to the PRx) information from interference. Thus, the
transmission techniques designed for the CCIC aim to leverage the structure of the interference,
instead of just simply disregarding it and treating it as noise. The CCIC also represents a more
practically relevant model for the cognitive overlay paradigm, compared to the case where the
CTx is assumed to a priori (before the transmission begins) know the message of the PTx [3],
which may be granted only in limited scenarios. In contrast, in the CCIC the CTx causally learns

the PTx’s data through a noisy link. Thus, the transmission techniques designed for the CCIC
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account for the time the CTx needs for decoding and for the (possible) further rate losses that

may incur in decoding the PTx’s message through a noisy link of limited capacity.

A. Related past work

The CCIC studied in this work models an IC with unilateral source cooperation and represents
a practical scenario for cognitive radios, where one source has superior capabilities with respect
to the other source. Moreover, closely related to the IC with unilateral source cooperation is the
IC with perfect output feedback model, where the received signal is fed back through a perfect
channel from one receiver to the corresponding transmitter. Lately, these scenarios have received
significant attention, as summarized next.

1) IC with source cooperation: The CCIC is a particular case of the IC with bilateral source
cooperation, where one of the cooperation link (in our case the one from the CTx to the PTx) is
absent. For the IC with bilateral source cooperation several outer bounds on the capacity region
were derived in [4], [5], [6], [7] and a number of transmission strategies were designed in [8].

In [4], the author firstly derived inner and outer bounds on the capacity for the IC with bilateral
source cooperation and for the IC with bilateral destination cooperation. The outer bound region
was obtained from the max-flow-min-cut theorem, by further strengthening the sum-rate bound
Ry + R (where R, respectively R, is the transmission rate for the PRx, respectively the CRXx)
as proposed in [9], while the lower bound region was derived by designing a scheme based on
Gelfand-Pinsker’s binning [10] (i.e., dirty-paper-coding in Gaussian noise [11]) and superposition
encoding, decode-and-forward relaying and simultaneous decoding.

In [5], the author derived a novel general outer bound for the IC with bilateral source
cooperation that applies to any channel, i.e., the noises can be arbitrarily correlated. The outer
bound rate region in [5, Theorem II.1] has constraints on the single rates 12, and R. and on
the sum-rate R, + Ii.. In particular, the constraints on the sum-rate were obtained by extending
the idea of Kramer in [12, Theorem 1], beyond the Gaussian noise case. Moreover, the outer
bounds in [5, Theorem II.1] were recently shown to hold for the case of bilateral destination
cooperation as well [13]. When evaluated for the symmetric Gaussian noise case, the derived
region is achievable to within 2 bits in the strong cooperation regime [14].

In [6], the authors derived a novel sum-rate outer bound for a class of Injective Semi-

Deterministic (ISD) ICs with bilateral source cooperation and with independent noises at all
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terminals; when evaluated for the Gaussian noise case with symmetric cooperation links, the
derived region is achievable to within 19 bits.

In [7], the authors derived a novel outer bound on the capacity region of the Gaussian IC
with bilateral source cooperation that are based on the idea of ‘dependence balance’ proposed
in [15]. In [7] it was proved that the novel bound region may be tighter than the cut-set bound.

In [8] two transmission strategies for the IC with bilateral source cooperation were designed.
The two schemes employ partial-decode-and-forward relaying, rate splitting and simultaneous
decoding. While the first strategy (see [8, Section IV]) uses only superposition coding, the second
scheme (see [8, Section V]) also employs Gelfand-Pinsker’s binning in the encoding phase.

The CCIC was specifically studied in [16], where novel outer and inner bounds were derived.
Although, to the best of our knowledge, the work in [16] gives the best known bounds for this
channel, their evaluation is not straightforward. For example, the outer bound involves several
auxiliary random variables that are jointly distributed with the inputs and for which no cardinality
bounds on the corresponding alphabets are known; the inner bound is characterized by many
constraints and auxiliary random variables whose optimization is not immediate.

In [17], the capacity of the Gaussian CCIC (GCCIC) was characterized to within a constant
gap for a set of channel parameters that, roughly speaking, excludes the case of weak interference
at both receivers. For the symmetric case (i.e., the two direct links and the two interfering links
are of the same strength) a constant gap result of 1 bit was proved in strong interference and
in weak interference when the cooperation link is ‘sufficiently strong’. Moreover, in [17], the
capacity of the GCCIC was characterized to within 2 bits for two special cases: the Z-channel,
where the CRx does not experience interference from the PTx, and the S-channel, where the
PRx does not experience interference from the CTx. These constant gap results were obtained
by using known outer bounds on the single rates R, and R. and on the sum-rate R, + R..

In [17] we pointed out that in weak interference the capacity region of the GCCIC should also
have outer bounds of the type 2R, + R. and R, + 2R, similarly to the classical non-cooperative
IC [18]. To the best of our knowledge, these bounds are not available in the existing literature of
cooperative ICs and their derivation represents the main contribution of this work. These novel
bounds are proved to be active for the symmetric GCCIC in weak interference and when the
cooperation link is weaker than the direct link, thus closing a problem left open in [17].

2) IC with output feedback: In [19], the authors studied the Gaussian IC where each source

has a perfect output feedback from the intended destination and characterized the capacity to
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within 2 bits. In [19, Theorems 2-3], the capacity region has constraints on the single rates R,
and R. and on the sum-rate I, + R., but not bounds of the type 2R, + R. and R, + 2R, which
appear in the capacity region of the classical Gaussian IC in weak interference [18]. The authors
interpreted the bounds on 2R, + R. and R, + 2. in the capacity region of the classical IC as
a measure of the amount of ‘resource holes’, or system under utilizations, due to the distributed
nature of the non-cooperative IC. The authors thus concluded that output feedback eliminates
these ‘resource holes’, i.e., the system resources are fully utilized.

In [20], the symmetric Gaussian IC with all 9 possible output feedback configurations was
analyzed. The authors proved that the bounds derived in [19] suffice to approximately characterize
the capacity of all the 9 configurations except for the case where only one source receives
feedback from the corresponding destination, i.e., the ‘single direct-link feedback model’, or the
feedback-model-(1000). For the feedback-model-(1000), it was shown that an outer bound of
the type 2R, + R. is needed to capture the fact that the second source (whose transmission rate
is R.) does not receive feedback. In the language of [19] we thus have that a ‘single direct-link
feedback’ does not suffice to cover all the ‘resource holes’ whose presence is captured by the
bound on 2R, + .. Such a bound was shown to be active for the feedback-model-(1000) in the
Gaussian noise case.

In [21], the authors characterized the capacity of the two-user symmetric linear deterministic
approximation of the Gaussian IC with bilateral noisy feedback, i.e., where only some of the
received bits are fed back to the corresponding transmitter. In [22], the same authors evaluated
the bounds for the symmetric Gaussian noise channel and proved that they are at most 11.7 bits
far from one another, universally over all channel parameters. The capacity characterization was
accomplished by proving novel outer bounds on 2R, + R. and R, + 2R, that rely on carefully
chosen side information random variables tailored to the symmetric Gaussian setting and whose
generalization to non-symmetric or non-Gaussian scenarios does not appear straightforward.

In this work we first provide a general framework to derive outer bounds of the type 2R, + R.
and R, + 2R, for the ISD CCIC, which recover as special cases those derived in [20], [21].
We then show that these novel outer bounds are active for the symmetric GCCIC in weak
interference when the cooperation link is weaker than the direct link, i.e., in this regime unilateral
cooperation does not enable sufficient coordination among the sources for full utilization of the

channel resources.
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3) Non-causal CIC: In the original cognitive radio overlay paradigm, first introduced in [3],
the superior capabilities of the CTx were modeled by assuming that the CTx a priori knows the
PTx’s message. The largest known achievable rate region for the general memoryless non-causal
CIC is [23, Theorem 7], which in [24] was evaluated for the Gaussian noise case and shown to be
at most 1 bit apart (see [24, Theorem VI.1]) from an outer bound region, which is characterized
by constraints on the single rates 7, and . and on the sum-rate 17, + R.. In other words, the
capacity region of the non-causal CIC does not have bounds on 2R, + R. and R, +2R,, i.e., the
assumption of full a priori knowledge of the PTx’s message at the CTx allows to fully exploit
the available system resources.

In [17], we removed the ideal non-causal message knowledge assumption by considering the
CCIC and we identified the set of parameters where unilateral cooperation attains the ultimate
performance limits (i.e., generalized Degrees of Freedom (gDoF)) predicted by the non-causal
model. In this work we show that the capacity of the CCIC differs in general from that of the
ideal non-causal CIC since its capacity region has bounds of the type 212, + R. and R, + 2R,
i.e., in general removing the ideal full a priori message knowledge at the CTx leaves some

‘resource holes’ in the system.

B. Contributions

Our main contributions can be summarized as follows:

1) We develop a general framework to derive outer bounds of the type 2R, + R. and R, +2R.
on the capacity of the general ISD CCIC when the noises at the different source-destination
pairs are independent; this framework includes for example feedback from the intended
destination. As a special case, we recover and strengthen the bounds derived in [6], [20],
[21]. The key technical ingredient is the proof of two novel Markov chains.

2) We design a transmission strategy for the general memoryless CCIC and we derive its
achievable rate region. The proposed scheme uses superposition and binning encoding,
partial-decode-and-forward relaying and simultaneous decoding at the receivers. Since the
CCIC shares common features with the classical non-cooperative IC [25], both common
(decoded also at the non-intended receiver) and private (treated as noise at the non-intended
receiver) messages are used. Moreover, we use both cooperative (first partially decoded, then
re-encoded and finally forwarded by the CTx) and non-cooperative (sent without the help of

the CTx) messages for the PTx, while the messages of the CTx are only non-cooperative.
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3) We evaluate the outer bound and the achievable rate regions for the practically relevant
Gaussian noise channel. We prove that for the symmetric case, i.e., when the two direct
links and the two cross / interfering links are of the same strength, the achievable region is a
constant (uniformly over all channel gains) number of bits apart from the outer bound region
in the regimes that were left open in [17], i.e., weak interference and weak cooperation.
This result, jointly with [17, Theorem 1], fully characterizes the capacity of the symmetric
GCCIC to within a constant gap. Moreover, this result sheds light on the regimes where

unilateral cooperation is too weak and leaves some system resources underutilized.

C. Paper organization

The rest of the paper is organized as follows. Section II describes the general memoryless
CCIC, the ISD CCIC and the Gaussian CCIC, for which the concepts of capacity to within a
constant gap and gDoF are defined. Section III is dedicated to the outer bounds. In Section III-A
we first summarize known outer bounds and then generalize and tighten the sum-rate bound
in [6, bound u;] by proving two novel Markov chains for the involved random variables. Then,
Section III-B derives outer bounds of the type 2R, + R. and R, + 2R for the ISD CCIC with
independent noises at the different source-destination pairs. Section IV focuses on the Gaussian
noise CCIC and shows that the two novel outer bounds suffice to prove a constant gap result
for the symmetric case in weak interference when the cooperation link is not ‘strong enough’,
1.e., the regime which was left open in [17]. In particular, in Section IV-A the outer bounds
are evaluated for the GCCIC, in Section IV-B a novel transmission strategy is designed and its
achievable rate region is derived and finally in Section IV-C the achievable rate region is shown
to be a constant number of bits apart from the outer bound region. Section V concludes the
paper. Some proofs may be found in Appendix.

Although this paper considers only the symmetric Gaussian noise CCIC, we believe that the
results can be extended to the general non-symmetric case albeit with more tedious and involved

computations, especially for the achievable region, than those reported here.

D. Notation

Throughout the paper we adopt the following notation convention. The subscript ¢ (in sans
serif font) is used for quantities related to the cognitive pair, while the subscript p (in sans serif

font) for those related to the primary pair. The subscript f or F (in sans serif font) is used to refer
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Fig. 1. The general memoryless CCIC.
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to generalized feedback information received at the CTx. The subscript ¢ (in roman font) is used
to denote both common and cooperative messages, the subscript p (in roman font) to denote
private messages and the subscript n (in roman font) to denote non-cooperative messages. With
[n1 : no] we denote the set of integers from n; to ny > ny and [z]T := max{0,z} for = € R;
Y7 is a vector of length j with components (Y3, ...,Y;) and E[-] indicates the expected value;
a* denotes the complex conjugate of a and |a| is the absolute value of a; ) is the empty set.

The notation eq(n) is used to indicate the rightmost side of the equation number n.

II. SYSTEM MODEL
A. The general memoryless channel

A general memoryless CCIC, shown in Fig. 1, consists of two input alphabets (X}, X.), three
output alphabets (Vrc, ), ).) and a memoryless transition probability Py; v, v, x, x.. The PTx
has a message W, € [1 : 2Vf] for the PRx and the CTx has a message W, € [1 : 2VF¢] for the
CRx, where N € N denotes the codeword length and R, € R, and R. € R, the transmission
rates for the PTx and the CTx, respectively, in bits per channel use (logarithms are in base 2).
The messages W, and W, are independent and uniformly distributed on their respective domains.
At time 4, i € [1 : N], the PTx maps its message I/, into a channel input symbol X;(W,) and
the CTx maps its message W, and its past channel observations into a channel input symbol
X (W, YF’: 1). At time N, the PRx outputs an estimate of its intended message based on all its

channel observations as /V[Z,(YPN ), and similarly the CRx outputs WC(YCN ). The capacity region is
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Fig. 2. The ISD CCIC.

the convex closure of all non-negative rate pairs (Rp, R.) such that max,ccp} ]P’[/Wu #W,] =0

as N — +oo.

B. The ISD channel

The ISD model, shown in Fig. 2 and first introduced in [26] for the classical IC, assumes that
the input X, respectively X, before reaching the destinations, is passed through a memoryless

channel to obtain 7}, respectively 7. The channel outputs are therefore given by
Yp = fp (Xp7 Tc) ) (Ta)
}/C = fC (XO Tp) I (1b)

where f,, u € {p,c}, is a deterministic function that is invertible given X, or in other words,
Ty, respectively T, is a deterministic function of (Y, X.), respectively (Y, X,).

In the CCIC, the generalized feedback signal at the CTx satisfies

YFC = ff (XC7 Tf) ) (10)

for some deterministic function f; that is invertible given X, i.e., Tt is a deterministic function
of (Yg, Xc), where T} is obtained by passing X, through a noisy channel [6].
In this work we assume that the noises seen by the different source-destination pairs are

independent, that is,

Pyeevove 3o, xXe = Prpx, x Prie,ve 6, xc - 2)
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Fig. 3. The GCCIC.

In other words, we assume that the noises at the PRx and at the CRx are independent, but we do
not impose any constraint on the noises at the CTx and CRx. For example, the case of output
feedback in [20, model-(1000)] is obtained by setting 7¢ = 7},, which would not have been

possible within the ‘all noises are independent’ setting studied in [6].

C. The Gaussian noise channel

A single-antenna GCCIC, shown in Fig. 3, is a special case of the ISD model described in

(1) and it is defined by the input / output relationship

T, = /1,6% X, + Z, (3a)
T, := /1% X, + Z,, (3b)
Ty = VCX, + Z, (3¢)
Yy = /Sp X, + T, (3d)
Yo =T, + /S X, (3¢)
Ye. = T, (31)

where 77 = Yg. in (3f) is without loss of generality since the CTx can remove the contribution

of its transmit signal X, from its received signal Yg.. The channel gains are assumed to be
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constant for the whole transmission duration, and hence known to all nodes. Without loss of
generality, certain channel gains can be taken to be real-valued and non-negative since a node
can compensate for the phase of one of its channel gains. The channel inputs are subject to a
unitary average power constraint, i.e., E [|X;|?] < 1,7 € {p,c}. This assumption is without loss
of generality, since non-unitary power constraints can be incorporated into the channel gains.
The noises are circularly symmetric Gaussian random variables with, without loss of generality,
zero mean and unitary variance. We assume that the noise Z, is independent of (Z., Z¢), while
(Z., Zf) can be arbitrarily correlated.

For the Gaussian noise case, it is customary to approximate the channel capacity as follows.

Definition 1 (Capacity region to within a constant gap) The capacity region of the GCCIC
is said to be known to within GAP bits if one can show an inner bound region T and an outer

bound region O such that
(Rp, R.) € O = (|[R, — GAP]",[R. — GAP]") € T.

For the two particular cases of C = 0 (i.e., non-cooperative IC) and of C — 400 (non-causal
CIC), the capacity is known to within 1 bit [18], [24].

The approximate (i.e., to within a constant gap) characterization of the capacity region implies
the exact knowledge of its gDoF region. The gDoF metric, first introduced in [18] for the non-
cooperative IC, captures the high-SNR behavior of the capacity as a function of the relative
strengths of the direct, cooperation and interfering links. The gDoF represents a more refined
characterization of the capacity in the high-SNR regime compared to the classical DoF since
it captures the fact that, in wireless networks, the channel gains can differ by several orders of

magnitude. In this work, we consider the symmetric case parameterized as

S, =S.:=S", S >0, direct links, (4a)
l, = Ic :=S% « >0, interfering links, (4b)
C:=SP >0, cooperation link, (4¢)

where o measures the strength of the interference links compared to the direct link, while

the strength of the cooperation link compared to the direct link. Thus, the symmetric GCCIC is
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parameterized by the triplet (S, «, 3), where S is referred to as the (direct link) SNR, « as the

interference exponent and /3 as the cooperation exponent.!

Definition 2 (gDoF) Given the parameterization in (4), the gDoF is defined as

. max{R,+ R.}
d =1 P
(e, ) S0 2 log(1+5)

; (%)
where the maximization is intended over all possible achievable rate pairs (R, R.).

The gDoF of the classical IC (C = 0) is the “W-curve” first characterized in [18] and given
by d(a, 0). The gDoF of the non-causal CIC (C — oo) is the “V-curve”, which can be evaluated
from the capacity characterization to within 1 bit of [24], and is given by d(«a, 00). An interesting
question this work answers is whether there are values of 5 > 0 such that d(«, 5) = d(«,0)
— in which case unilateral causal cooperation is not helpful in terms of gDoF — or values of
B < oo such that d(«, 3) = d(«, 00) — in which case unilateral causal cooperation is equivalent
to non-causal message knowledge in terms of gDoF.

Following the naming convention of the non-cooperative IC [18], we say that the symmetric
GCCIC has strong interference if S < I, that is 1 < «, and weak interference otherwise. Similarly,
we say that the symmetric GCCIC has strong cooperation if S < C, that is 1 < [, and weak

cooperation otherwise.

III. OUTER BOUNDS ON THE CAPACITY REGION FOR THE CCIC

This section is dedicated to the study of outer bounds on the capacity region for the CCIC.
First, in Section III-A, some known outer bounds are summarized. Moreover, the outer bound
originally derived in [6] for the ISD CCIC with independent noises at all terminals, is generalized
to the case where only the noises at the different source-destination pairs are independent as
in (2). Then, in Section III-B, two novel outer bounds of the type R, + 2R. and 2R, + R. are
derived for the ISD CCIC with independent noises at the different source-destination pairs as
in (2). As we shall see in Section IV, these novel outer bounds allow to characterize the capacity

to within a constant gap for the symmetric GCCIC in the regimes that were left open in [17].

'In principle the system performance also depends on the phases of the interfering links (6., 6, ). However, as far as gDoF and

/S Vel
capacity to within a constant gap are concerned, the phases (6., 6,) only matter if the IC channel matrix \/» '_00 ¢
el /S
P C

is rank deficient [19], in which case one received signal is a noisier version of the other. In this work, we assume that the phases

are such that the IC channel matrix is full rank as in [19].
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A. Known outer bounds and some generalizations

In the literature, several outer bounds are known for the IC with bilateral source coopera-

tion [5], [6], which we specialize here to the CCIC. In particular, for a joint input distribution

Px, x., we have:

1)

2)

For the general memoryless CCIC, described in Section II-A, the cut-set upper bound [27]

gives
R, < I(X,;Y,, Y| Xo) s (6a)
R, <I(X,, XY,), (6b)
Re < 1(Xe;YelXy), (6¢)
and from [5] we have
R, + R < I (X Yy, Yec|Ye, Xo) + 1 (X,, X3 Yo), (6d)
Ry, + R < I(X¢;Ye|Yy, Xp) + 1 (X, Xo; Ys) . (6e)

Notice that in the bounds in (6a)-(6e), Yr. always appears conditioned on X.. This implies
that, for the ISD channel described in Section II-B, Y. can be replaced with 7} without
loss of generality.

For the memoryless ISD CCIC, described in Section II-B, with independent noises at the

different source-destination pairs as in (2), we have
Rp + R, <I (Yp§ Xpa Xc|Tp> Tf) +1 (Y;a T%; Xpa Xc|Tc) . (61)

The details of the proof of the bound in (6f) can be found in Appendix B.
We note that a bound as the one in (6f) was originally derived in [6, Appendix IV pages
177-179] for the ISD IC with bilateral source cooperation when all noises are independent;

for the case of unilateral source cooperation, this follows from the following Markov chain
Wy, Xp1) — (T — (W, X, T, Vi€ [l: N, (7a)
(We, X&) = (T71) = (W, X', 1)), Vie [1:N]. (7b)
A careful analysis of the bounding steps in [6, Appendix IV pages 177-179] shows that
the derivation of the bound in (6f) is valid even when Py, _y, v, x, x. factors as in (2), i.e.,

the independent noises assumption at all terminals captured by the product distribution

Pyi v volxoxe = Pyix, x Pyx,,x. Py, |x,x. 18 not necessary for the bound to hold by
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suitably modifying the Markov chains in (7) — see Lemma 1. Among the advantages
of the bound in (6f) is that the case of output feedback from the intended destination is a
special case of the more general framework and can be obtained by Yg. = Y..

We note that our bound in (6f) is not only more general but also tighter than the one in [6,
Appendix IV pages 177-179] since [ (Tt; X,, Xc|To) < I (T;X,) and H (Y,|1,,TF) <
H (Y,|T,).

The key step of the proof for the bound in (6f) is the following Lemma:

Lemma 1 For the ISD CCIC with the noise structure in (2), the following Markov chains
hold for all i € [1 : NJ:

(vaTpi_1>Xpi) - (Tci_lani_1> —(T¢;), (8a)

(Wm Tci717XCi> - (Tpi717Tfi71> - ( pPi ﬂz) (8b)

Proof: The proof is based on the Functional Dependence Graph (FDG) [28] and can be
found in Appendix A. [ ]
3) For the memoryless ISD IC with output feedback Yg. = Y in (2), from [20, model-(1000)]

we have
Ry +2R. <I (Yo XP,XC) + 7 (YC;XC\YP,XP) + 17 (Yp; XP,XC\TP) . 9

To the best of our knowledge, the bound in (9) is the only upper bound of the type R, +2R.
available in the literature for the cooperative IC (which includes feedback models as a special
case), but it is only valid for the case of output feedback. Our goal in the next section is
to derive bounds of the type of (9) for the class of ISD CCICs described in Section II-B

with independent noises at the different source-destination pairs as in (2).

B. Novel outer bounds

In this section we derive two novel outer bounds of the type R, + 2R. and 2R, + R. on
the capacity region for the ISD CCIC described in Section II-B with independent noises at the
different source-destination pairs as in (2). These two outer bounds generalize to the CCIC those
of the same type in [26, Theorem 1], derived for the classical non-cooperative IC.

Our main result in this section is as follows.
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Theorem 1 For the ISD CCIC satisfying the condition in (2), the capacity region is outer
bounded by

2Rp +R.<1I (Yp; Xanc) +1 (Yp; Xp|Tf> Y:an) +1 (}/;7Tf; Xpch|Tc) ) (10)
Ry, +2R. < I (Ye; Xp, Xo) + 1 (Yo Xc|T5, Yy, Xp) + 1 (Yo, T5; Xp, Xc|Ty) - (11)
for some joint input distribution Py, x..

Note that, when evaluated for the case of output feedback with independent noises, i.e., Tt =
T,, the outer bound in (11) reduces to the one in (9).
Proof: By Fano’s inequality, by considering that the messages W, and W, are independent

and by giving side information similarly to [6], we have
N(QRP + RC - 36]\[)
<21 (Wp5 YPN) +1 (WC;YCN)

ST (Wi Vo) + 1 (W YLV, TN, TV IWe) + 1 (W YN, T, TiY)

=H (Y,N) — H (YN, TN, TV |W,, W) (12a)
+ H (Y, LY TV We) — H (Y, TN, TV (W) (12b)
+H (YN, TN, TN) — H (YN W) (12c)

We now analyze and bound each pair of terms.

Pair in (12a): We have
H (YY) — H (YN, TN, TV W, We)

(a) Z Yi|YPi71) ‘[—‘[(sz7 PZ7sz|Wp7WC7Yl ! TZ ! ,_Tfl ! Xpi,Xci)

€[1:N

(b) ' ‘
Z (sz’ pz’,‘rfl“/vp’VVC?YVZ ! TZ ! ﬂz ! XplaXCz)
i€[1:N

()

- Z H(Ypl) - (YP'L’ Pz’ﬂl|XPz7XCz)a
1€[1:N]

where: the equality in (a) follows by applying the chain rule of the entropy and since, for the
ISD CCIC, the encoding function X;(W, YZ. ') is equivalent to X;(W,, Ty'"") and since, given
W,, X, is uniquely determined; the inequality in (b) is due to the conditioning reduces entropy
principle; the equality in (c) follows because of the ISD property of the channel and since the

channel is memoryless.
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Pair in (12b): We have
H (YN,T NN W) = H (Y, TN, T W)

(d) Z pl’ pZ,ﬂi‘Ypii%Tpiil,Tfiil,Wc,Xci) _ H (}/cinciyﬂiD/cii%Tciil;ﬂiilychXci)
€[1:N
o Z H (Yo Tpp Tl Yo' Ty L T Wy Xo) — H (T, Tog, Tl Ty T8 T W, X

i€[l:N

< Z H (Tp,, Tt T, T W, XCF) — H(Tpi,Y}i|Tpi_1,TCi_1,Tfi_1,WC,XCi)/

€[N =0 because of (8b)
-+ Z pza ﬂz’v Xcz) - H (Tcz’|Tpi7 Tci_la ﬂia Wc; Xci> Xpl)
N]
(g) Z pzuﬂiaXCi) (Y | PﬂﬂhXCi)Xpi) )
€[1:N

where: the equality in (d) follows by applying the chain rule of the entropy and since, for the
ISD CCIC, the encoding function X, (W, Y,:i; 1) is equivalent to X;(W,, Tt''); the equality in
(e) is due to the fact that Y. is a deterministic function of (X, T,), which is invertible given
X¢; the inequality in (f) is due to the conditioning reduces entropy principle; the equality in (g)
follows because of the ISD property of the channel and since the channel is memoryless.

Pair in (12¢): We have
H (Y, W)

(h) Z Yi’YPi_lawanPi)

i€[l:N

25 i ()

1€[1:N]

6) i i i
é Z H(Tci‘TcZ_lwa)’XPZ?ﬂl_l)

1€[1:N]
(k) Z Tci‘Tciil’ Tfiil) - '[ (TCZ7 Wp’ Xpi|Tci717 Y"fi71>7
e =0 bec;ge of (8a)

where: the equality in (h) follows by applying the chain rule of the entropy and since, given W,
X, is uniquely determined; the equality in (i) is due to the fact that Y, is a deterministic function
of (X,,T¢), which is invertible given X,; the inequality in (j) follows since conditioning reduces

the entropy; the equality in (k) follows from the definition of mutual information. Therefore,

1 (VY TV TY) — H (%,17,)
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&N H (Yoo T TV T ) — H (T 1)

i€[1:N]

(2) Z I (Tci|Tci_17Tfi_1> _ g (Tci’Tci_lani_l) T H (Yci,Tfi\Yci_l,Tci,Tfi_l)
1€[1:N]

S 04 H (Ve T 1),
i€[1:N]
where the inequality in (1) is a consequence of the inequality in (k) above and the inequalities
in (m) and (n) are due to the conditioning reduces entropy principle.

Final step: By combining everything together, by introducing the time sharing random
variable uniformly distributed over [1 : N] and independent of everything else, by dividing both
sides by N and taking the limit for N — oo we get the bound in (10). We finally notice that by
dropping the time sharing we do not decrease the bound. Note also that, since for the ISD model
defined in (1) T, respectively T, is a deterministic function of (Y, X.), respectively (Y,, X,),
we have H (T,,T¢|Y,, X, Xo) = H (Yo, T T, Xp, Xo).

By following similar steps as in the derivation of (10) and by using the Markov chains in (8a)
and (8b), one can derive the upper bound in (11). For completeness, we report the proof of (11)
in Appendix C. [ ]

In the next section we will evaluate the outer bounds in (6) and those in Theorem 1 for the
Gaussian noise channel described in Section II-C and show that they allow to characterize the

capacity to within a constant gap in the regimes which were left open in [17].

IV. THE CAPACITY REGION TO WITHIN A CONSTANT GAP FOR THE SYMMETRIC GCCIC

In this section we analyze the practically relevant Gaussian noise channel described in Section
II-C. In particular, we focus on the symmetric case defined in (4). For such a scenario, in [17,
Theorem 1], we proved a constant gap of 1 bit in the strong interference regime, i.e., | > S
(equivalent to o > 1), and in the weak interference regime, i.e., | < S (equivalent to a < 1)

when the cooperation link is ‘sufficiently strong’ as quantified by C > Ay, with

JAVREE <S +1+24/1S %_H) (141), (equivalent to 5 > o + 1). (13)

The regimes for which we proved the constant gap result of 1 bit in [17, Theorem 1] are depicted
in blue in Fig. 4, where the whole set of parameters has been partitioned into multiple sub-regions

depending upon different levels of cooperation () and interference («) strengths.
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GAP <1 bit

blue

2

Fig. 4. Gap for different parameter regimes for the symmetric GCCIC.

Therefore, the case of weak interference (o« < 1) and weak cooperation (8 < « + 1) (i.e.,
yellow, red and green regions in Fig. 4) was left open in [17], where we speculated that for
this regime, novel outer bounds of the type 21, + R. and I, + 2R. would be needed since,
when the cooperation link is not ‘sufficiently strong’, the performance of the GCCIC should
reduce to the classical non-cooperative IC, whose capacity has bounds of the type 2R, + R. and
R, + 2R [18]. With the two novel outer bounds in Theorem 1 we can prove the main result of

this section:

Theorem 2 The capacity region outer bound for the symmetric GCCIC in weak interference,
i.e., | <S, is achievable to within a constant gap. In particular:
1) C< S (ie, B < 1), which corresponds to the green and red regions in Fig. 4: GAP < 5 bits.
2) S<C< Ay (e, 1 <pB <1+ a)for Ay in (13), which corresponds to the yellow region
in Fig. 4: GAP < 2 bits.
3) For the remaining parameter regimes, which correspond to the blue region in Fig. 4: GAP <

1 bits [17].

Theorem 2 and [17, Theorem 1] characterize the whole capacity region for the symmetric
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GCCIC to within 5 bits. The rest of this section is dedicated to the proof of Theorem 2. In
particular, in Section IV-A we evaluate the outer bounds in (6) and those in Theorem 1 for
the symmetric GCCIC, in Section IV-B we derive a novel achievable rate region and finally in
Section IV-C we show that the achievable rate region is a constant number of bits apart from

the outer bound region.

A. Outer bound region

We evaluate the bounds in (6), (10) and (11) for the Gaussian noise channel in (3). We
define E [X,X.*] := p : |p| € [0,1]. We also assume that all the noises are independent, which
represents a particular case for which our outer bounds hold. By the ‘Gaussian maximizes
entropy’ principle, jointly Gaussian inputs exhaust the outer bounds in (6), (10) and (11). Thus,
we start by evaluating each mutual information term in (6), (10) and (11) by using jointly
Gaussian inputs. Then, we further upper bound each mutual information term over the input

correlation coefficient p : |p| € [0, 1]. By doing so we obtain:

Lemma 2 The capacity region of the symmetric GCCIC is contained into
R, <log(1+C+5), (14a)
R<log<+<\/_+\/>> (14b)
R. <log(1+59), (14c)

1+ >+1og<1+<f+f)) (14d)

R, + Re <log<
R, + R. <log<1+ C)+log(1+<\/_+\/>> (14e)
(

J/

>eq( 14d)

1+C

R, + R. < log 1+C+I+—)+10g(1+|+5 I)+2log(2), (14f)

I 1+C+

-~
for C>lI
> log (1421437 ) +Hog (14143 ) Zeq(14d)—2log(2)

S
2R, + R, < log (1 + (fS+ \/|> > +log (1 + 1—+|> +A(14g) + log(2), (14g)

N

~
sum-rate bound in (14d)

C 14+C \ for >l S
A =1 1+— | 141 _ > ] 1+14 = 14h
(14g) 0g(+1+|+5>+0g(++51+|+c> > og<+—|—2),( )
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2 S
R, +2R. <log (1 + <\/§ + \/i> ) + log (1 + 1—+|) +A 45 + log(2), (141)

J

~
sum-rate bound in (14d)

S for C>S .
Agapy =log [ 1+ C+ 1+ 1 > log(1+5S). (14))

Proof: The outer bound region for the general GCCIC is given in (25) in Appendix D that,
specialized to the symmetric case, gives the region in (14).

We note that the outer bound expressions in (14) are slightly different from those reported in
[1, eq.(1)] and [2, eq.(6)] because of different bounding steps over the input correlation factor
o, |p| € [0,1]; the form presented in (14), although not being the tightest, is in our opinion the
most amenable for easy closed-form gap computations. [ ]

The following discussion applies ‘up to a constant gap’, that is, by excluding terms that are
not a function of the channel gains. In weak interference the bound in (14a) can be dropped
since the condition | < S in (14b) implies R, < log (1 + S) + 2log(2). The bound in (14e) can
also be dropped because it is looser than the one in (14d). These observations imply that in the
weak interference regime only the ‘ISD bounds’ in (14f)-(14i) depend on the strength of the
cooperation link C. The channel conditions for which the whole outer bound in (14) does not
depend on C can be characterized as follows:

1) C > max{S, I}: when the outer bound in (14) is an outer bound for the non-causal Gaussian

CIC. The bounds in (14g) and (14i) are redundant when C > max{S, |}. Moreover, for
C > | the sum-rate in (14f) is looser than the one in (14d). We therefore conclude that for

C > max{S, 1} the outer bound in (14) does not depend on C and reduces to the region
2
R, < log (1 + (\/§+ \/I> ) , (15a)
R. <log(1+5S), (15b)

R, + R. < log (1 + i) +log (1 + (¢§+ \/T>2) , (15¢)

141
which is an outer bound on the capacity region of the non-causal Gaussian CIC (see [24,
Theorem III.1]). Thus, our outer bound predicts that, when C > max{S, |} (yellow and part
of the blue regions in Fig. 4), the symmetric GCCIC should behave, up to constant gap, as

the symmetric non-causal Gaussian CIC; in Section IV-C3, we will formally prove this for
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the yellow regime in Fig. 4, i.e., for | < S < C < Ay, with Ay, defined in (13) (the blue

regimes in Fig. 4, i.e., S <l and S > | with C > Ay, were proved in [17]).

2) C < min {S, |(11:sl) }: when the outer bound in (14) is an outer bound for the classical

Gaussian IC. In [17], we proved this behavior in strong interference (i.e., S < I), in

I(1+1)
S

= S. On the other hand, in weak interference we
1(1+1)

which case we have min {S

have min{S [R5V G (¢ ET)

' 918 } = 15 in which case the condition C <

implies C < | and

1+S
Slfgil < l%l + |; thus, the outer bound in (14) reduces to the region
R, <log(1+9S) + 2log(2), (16a)
R. <log(1+9), (16b)
R, + R. <log(1+S)+ log (1 + 1i+|> + 21log(2), (16¢)
R, + R. <log (1+|+i) + log (1+|+i) + 41og(2), (16d)
141 141

1+S S
2R, + R. <log(1+S+1)+log (%) + log <1 + 1+ 1—+|> +5log(2),  (16e)

1+S S
R, +2R. <log(1+S+1)+log (%—l—l) + log (1 + 14 1—+|> +4log(2), (16f)

which is an outer bound on the capacity region of the classical Gaussian IC (see [18,

I(141)
SRS

Theorem 3]). Thus, our outer bound predicts that, when C < min {S }, the symmetric

GCCIC should behave, up to constant gap, as the non-cooperative Gaussian 1C; we will
I(1+1)

formally prove this for the weak interference regime C < 15 | <SS in Section IV-C1 (the

strong interference regime C < S <'| was proved in [17]).

B. Transmission strategy and achievable rate region

We next design a transmission strategy for the CCIC. In particular, since we aim to derive
a scheme that is approximately optimal in weak interference, we consider both private and
common messages for the PTx and the CTX, in the spirit of [18] for the classical IC. Moreover,
depending on the strength of the cooperation link, the PTx might take advantage of the help
of the CTx in transmitting its message, i.e., the messages of the PTx are both cooperative and
non-cooperative.

In order to enable cooperation, a block Markov coding scheme is used as follows. Transmission

is over a frame of B > 1 slots. In slot ¢ € [1 : BJ, the PTx sends its old (cooperative common and

March 17, 2015 DRAFT



22

private) messages (Wyeei—1, Wope—1) and superposes to them the new (cooperative common and
private) messages (Wpeet, Wypet) and the new non-cooperative common and private messages
(Woents Wopnt). At the end of slot ¢, the CTx jointly decodes the new cooperative messages
(Weocets Wopet) after subtracting the contribution of the old messages (Wyee,i—1, Wope—1). At
the beginning of slot ¢t € [1 : B], the CTx knows the PTx’s old private cooperative message
Wopet—1 and, depending on the strength of the cooperation link compared to the interference link,
the CTx might precode both its private and common non-cooperative messages (Ween.t, Wepn,t)
against the known interference, in such a way that the CRx does not experience interference
from the codewords conveying these messages. The destinations wait until the whole frame has
been received and then proceed to simultaneous backward decode all messages.

The detailed derivation of the achievable rate region can be found in Appendix E. The achiev-
able rate region in compact form can be obtained by applying the Fourier-Motzkin Elimination
(FME) procedure on the rate constraints in (27). Since the rate region in (27) is specified by 8
auxiliary random variables and by 20 rate constraints, the FME turns out to be quite involved.
However, depending on the strength of the cooperation link compared to the direct and interfering
links, the PTx might not use some of the messages, i.e., the corresponding auxiliary random
variables are set to a deterministic constant. In particular:

1) When § < max{a,1 — «a} (green region in Fig. 4), the cooperation link is quite weak;
we therefore expect the CCIC to ‘behave’ as the classical non-cooperative IC [18] for
which both private and common non-cooperative messages are approximately optimal.
Differently from the classical IC, the PTx also conveys part of its message through the
CTx. This cooperative message is common, and thus also decoded at the CRx. Actually,
since the cooperation link is weak, the amount of information that can be decoded, and
hence delivered, by the CTx is limited. Thus, there is no need to employ binning, i.e.,
the scheme is based on superposition only. In other words, for this regime, the PTx does
not make use of the private cooperative message, i.e., with reference to the transmission
strategy in Appendix E, we set S = Z; = (.

2) When max {«, 1 — a} < <1 (red region in Fig. 4), the cooperation link is stronger than
the interfering link, but weaker than the direct link. Thus, on the one hand the PTx takes
advantage of these channel conditions by using cooperative messages; on the other hand,
the cooperation link is not strong enough (i.e., weaker than the direct link) to allow the

CTx to fully decode the PTx’s message, and hence the PTx also uses a non-cooperative
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message. In particular, the non-cooperative message of the PTx is private; this is because
the interference is too weak and forcing the CRx to fully decode the PTx’s message would
constrain the rate too much. At the same time, the CTx can also benefit from the strength
of the cooperation link and boost its rate performance by precoding its message against
the private cooperative message of the PTX, i.e., the scheme is based both on superposition
and binning. In other words, for this regime, the PTx does not make use of the common
non-cooperative message, i.e., with reference to the transmission strategy in Appendix E,
we set U; = 0.

3) When 1 < 8 < a+1 (yellow region in Fig. 4), the cooperation link is stronger than both the
interfering and the direct links. Thus, the PTx takes advantage of the strong cooperation link
and sends its message to the PRx with the help of the CTx, i.e., the messages of the PTx are
only cooperative. Moreover, since the interference is weak, the messages of the CTx and of
the PTx are both common and private. Also for this regime we use binning at the CTx. In
other words, for this regime, the PTx does not make use of the non-cooperative messages,
i.e., with reference to the transmission strategy in Appendix E, we set U; = T} = ().

As per our discussion above, depending on the strength of the cooperation link compared to the
direct and interfering links, some types of messages are not needed to achieve the outer bound
to within a constant gap. Thus, instead of performing the FME directly on the rate constraints
in (27), we apply the FME for two special cases: when S; = Z; = () (to obtain a scheme for the
green region in Fig. 4) and when U; = () (to obtain a scheme for the red and yellow regions in
Fig. 4; for the yellow region we then further set 77 = (). The details can be found in Appendix
E-A and Appendix E-B, respectively. In the next section, we will show that the two achievable

rate regions achieve the outer bound in (14) to within a constant gap.

Remark 1 Although in this work we focus on the symmetric GCCIC, i.e., the two direct and
the two interfering links are of the same strength, the derived outer bound and the designed
transmission strategy are valid for a general GCCIC, which is described by 5 different channel

gains. Extensions to the general case are part of future work.

Remark 2 The novelty of the transmission strategy designed in Section IV-B compared to those
proposed in [17] lies in the fact that the PTx uses cooperative and non-cooperative messages
together. In particular: (i) the scheme based on superposition coding in [17, Appendix B] used

Uy, =0, i.e., the PTx does not use a non-cooperative common message, while the superposition

March 17, 2015 DRAFT



24

based scheme here proposed has U, # (; (ii) the scheme based on binning and superposition
coding in [17, Appendix C] used Uy = Ty = (), i.e., the PTx does not use non-cooperative

common and private messages, while the scheme here proposed has Uy # ) and Ty # ().

C. Constant gap characterization

In the following we analyze the green, red and yellow regions in Fig. 4 separately.

1) Regime C < max{l, l%l} I <'S (green region in Fig. 4): As remarked in item 1 in
Section IV-B, for this region we set S; = Z; = () in the transmission strategy in Appendix E,
i.e., the PTx does not use private cooperative messages. With this choice and after performing
the FME, we obtain the rate region in (28) in Appendix E-A, which evaluated for the Gaussian
noise case gives the region in (29). In (29), we set |, = 1. =1, S, = Sc = S (i.e., we consider
the symmetric case) and |bs]? = 1 — |ag|* = 1%' so that the private message of CTx (conveyed
by 73) is received below the noise level at the PRx in the spirit of [18]. Regarding the choice
of the power splits for the PTx, we further split the green region into two subregions: subregion

(i) for which C < U (e, B < [2a — 1]*) and subregion (ii) for which C > ‘U0 (ie,,

S > [2a — 1]7). We now analyze these two subregions separately.

Subregion (i): when 3 < [2« — 1]T, the cooperation link is very weak and thus we expect the
GCCIC to behave as the non-cooperative Gaussian IC [18]. Therefore, we set the power of the
cooperative common message (carried by V1) to [by[* = 0 in (29) and |¢,* = 1 — |a1* = 15 so
that the private message of PTx (conveyed by 71) is received below the noise level at the CRx
in the spirit of [18]. With these choices and by removing the redundant constraints in (29) (i.e.,

eq(29a), eq(29e), eq(29f), eq(29g), eq(29j) and eq(29k)), we get that the achievable rate region

in (29) is contained into

e R <log (14 S) — log(2), (17a)
R. <log(1+S) —log(2), (17b)
S
R,+ R. <log(1+S+1)+log (1—1—1—+|> —2log(2), (17¢)
Ryt R <log (1414 ——) +1og (1414 ——) — 210g(2) (17d)
P c > 1og 111 g 111 glz);

S S
2R, + R. < log (1 + 1—+|> +log(1+S+1)+log (1 + 1+ 1——|—|) —3log(2), (17e)
_l’_

i) + log (1 + i) +log(14+S+1)—3log(2). (17f)

R.+2R. <log(1+1
Pt C—Og(+ 1+ 1+

March 17, 2015 DRAFT



25

Notice that the rate region in (17) is the achievable region for the classical symmetric non-
cooperative IC in weak interference, which is optimal up to a gap of 1 bit/user [18].
For this regime, the outer bound in (14) can be further upper bounded (by removing the

constraints in (14b) and (14e)) as

orreer® . RO <log (1+S) + log(2), (18a)
R.<log(1+5), (18b)
R, + R. <log (1 + 1i+|) +log (1 +S+1) +log(2), (18¢)

o<c<l S 1+C

< N I

R, +R. < log(l—l—l—i- 1+|) +10g(1+|+51+|)+310g(2)

CSE:SD 1 1+ > 1 1+ > 4log(2 18d
< log ++1—+| + log ++1—+| + 41og(2), (18d)

1+C

1+

0<c<l S
2R, + R. < 10g(1+S+|)+10g(1+1—+|) +10g(1+|+5

) +3log(2)

C§|<11_,J_rsl) S S
< log(1 ) +1 14+ — 1 1+1+— 4log(2
< log( +S~|—)+og(+1+l)+og(+—|—1+l)+ 0g(2),

(18e)

o<c<I S S
R,+2R. < log(1+S+1)+log|1+-—)+log(1+1+-—)+3log(2).
1+ 1+1
(18f)

It is easy to see that the outer bound region in (18) and the achievable rate region in (17) are
to within 3 bits/user of one another. Notice that in order to prove a constant gap we compared:
eq(17a) with eq(18a), eq(17b) with eq(18b), eq(17c) with eq(18c), eq(17d) with eq(18d), eq(17¢e)
with eq(18e), and eq(17f) with eq(18f).

Subregion (ii): when 3 > [2a — 1], the GCCIC starts to benefit from cooperation and indeed
the outer bound region depends on C. Therefore the cooperative common message carried by
V) can boost the rate performance of the system. In (29), we set the power of the common

non-cooperative message (carried by U) to |a;|* = x

m This choice is motivated by

the fact that, in order to approximately match the outer bound, the single rate constraint on R,
in (29b) must approximately behave as an interference-free point-to-point channel. Therefore,
the fact that the CTx can now decode part of the message of the PTx (carried by V;) must not

limit (up to a constant gap) the performance of the PTx. In other words, since C is ‘quite large’
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but not ‘huge’, the rate of 1} cannot be too large. Moreover, we set |cl|2 = m so that the

private message of PTx (conveyed by 7)) is received below the noise level at the CRx in the

spirit of [18]. Thus, if | < C we have |b|*> = while if | > C we have |bi|* = 55 68Ty

With these choices and by removing the redundant constraints in (29) (i.e., eq(29a), eq(29d),

1+I ’

eq(291), eq(29g), and eq(291)), we get that the achievable rate region in (29) is contained into

zeeen . R <log (1 +S) —4log(2), (19a)
R. <log(1+S) —log(2), (19b)
R,+ R.<log(1+S+1)+log (1—1—%) — 3log(2), (19¢)

S S
RP+RC§10g(1—|—I+—I)+10g(1+ )

1+ 1+

+ log (1 —i—mln{l C}) —5log(2), (19d)
2RP+RC§2log<1 )—i—log( +S+1)

+log (1 + min{l C}) —6log(2), (19e)

S
< e

2RP+RC_210g<1 )+10g<1+|+1+min{l,(:})

+ 2log (1 + min{l, C}) — 9log(2), (191)

S S
< N -
Rp+2Rc_10g(1+l+1+l)+10g(1+1+|)

+log (1 +S+1) — 4log(2). (19g)

For this regime, the outer bound in (14) can be further upper bounded (by removing the

constraints in (14b) and (14e)) as

ogeeni) . R <log(1+S)+log(2), (20a)
R.<log(1+5S), (20b)
S
R,+ R. <log(1+S+1)+log (1 + 1—_|_|) + log(2), (20c)
0<C<max{| T S
R, + R. < 10g(1+|+1 )
(14+C)
1 1+14 2

+ log ( + 1 +| ) (20d)

0<C<S S
2R, + R. < log (1—1—1—_H) +log(1+S+1)
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S(1+0C)
+ log (1 + 1+ m) + 3log(2), (20e)
0<C<max{l,%;} S S
< R -
Ry, + 2R, < log<1+l+1+l)+log(1+1+l)
+log (1+S+1)+ 3log(2). (20f)

It is easy to see that the outer bound region in (20) and the achievable rate region in (19) are
to within 5 bits/user of one another. Notice that in order to prove a constant gap we compared:
eq(19a) with eq(20a), eq(19b) with eq(20b), eq(19¢) with eq(20c), eq(19d) with eq(20d), eq(19e)
with eq(20e), eq(19f) with eq(20e), and eq(19g) with eq(20f).

2) Regime max {I, 1%'} < C < S (red region in Fig. 4): As remarked in item 2 in Section
IV-B, for this region we set U; = () in the transmission strategy in Appendix E, i.e., the PTx
does not use a common non-cooperative message. With this choice and after performing the
FME, we obtain the rate region in (30) in Appendix E-B, which evaluated for the Gaussian
noise case gives the region in (31). For I, = lc. =l and S, = S. = S, we set |as| = 0, and
lco]? =1 — |by)? = 1+L| in the region in (31). With this choice the private message of the CTx
(conveyed by T5) is received below the noise level at the PRx in the spirit of [18]. Note also that
the CTx does not cooperate with the PTx in conveying information to the PRx, but it just exploits
the information it learns through the cooperation link to smartly pre-encode its messages. For
the PTx we let |a,|> = |b1]? = %,
of the power splits and since we are in the regime C > |, the two private messages of the PTx

cl? = m and |d,|? = ﬁ; with this choice
(i.e., the cooperative one carried by Z; and the non-cooperative one carried by 7}) are received
at most at the level of the noise at the CRx. Moreover, the non-cooperative private message
(carried by T7) is received at the level of the noise at the CTx.

With these choices we get that the achievable rate region in (31) is contained into (by

considering min {kq, ko} > 0 in (31))

7. R, <log(1+C+S)—>5log(2), (21a)
R, <log(1+S+1)—1log(2), (21b)
R. <log(1+S)—log(3), (2lc)

S
< -
Rp+Rc_log(1+C)+10g(1+1+C+I)
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+ log (1 + i) — 5log(2) — log(3), (21d)

141
R,+ R.<log(1+S+1)+log (1+1i_i_l)—log(2)—log(3), (2le)
R,+ R. <1 1+L +1 1+i +log (1+4S) —4log(2) — log(3), (21f)
P c > 108 1t 0g 11C 0g 0g 0g(9),
S S
< - 4= ) _
RP+RC_1og(1+S)+log(1—l—1+|+1+C) 2log(2) — log(3), (21g)

R, +2R. <log(1+S+1)+log (1 + %) +log (1 +S) —3log(2) — 2log(3), (21h)

S S
< N R
Rp+2Rc_log(1+S)+log(1+1+|>+10g<1+|+1+c>

C .
+ log (1 + 1—+|) — 4log(2) — 21log(3), (211)

S S
< - -
Rp—i-SRC_10g(1+5+|)+210g(1+1+|>+10g(1+|+1+c>

log (14 S) — 5log(2) — 31log(3). 21))

For this regime, the outer bound in (14) can be further upper bounded (by considering the
constraints in (14a), (14b), (14c), (14d) and (141))

O R,<log(1+C+59), (22a)
R, <log(1+S+1)+log(2), (22b)
R.<log(1+5), (22c¢)

R, + R. <log (1 + %) +log (1 +S +1) +log(2), (22d)

R, +2R. <log(1+S+1)+log <1 + 1i—|—|) +log (14 C) +2log(2) +1log(3), (22e)

where the inequality in (22e) follows since | + 12 < 2max {I, %5} < 2C.

It is easy to see that the outer bound region in (22) and the achievable rate region in (21) are
to within 5 bits/user of one another. Notice that in order to prove a constant gap we compared:
eq(21a) with eq(22a), eq(21b) with eq(22b), eq(21c) with eq(22c), eq(21d) with eq(22d), eq(21e)
with eq(22d), eq(21f) with eq(22d), eq(21g) with eq(22d), eq(21h) with eq(22c)+eq(22d), eq(211)
with eq(22e), and eq(21j) with eq(22c)+eq(22e).

3) Regime | < S < C < Ay, with Ay, defined in (13) (yellow region in Fig. 4): As remarked

in item 3 in Section IV-B, for this region we set U; = 77 = () in the transmission strategy in
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Appendix E, i.e., the PTx uses only cooperative messages. With this choice and after performing
the FME, we obtain the rate region in (30) in Appendix E-B, which evaluated for the Gaussian
noise case gives the region in (31). In (31), for I, = l. =l and S, = S. = S, we set |a;|* =
b1]? = m, |bo|* = 15 and |e1]* = |eof* = 155. Notice that with this choice of the power
splits, we have |d;| = 0, i.e., the power allocated for 77 is zero. With these choices, we get that

the achievable rate region in (31) can be further lower bounded (by considering min {k;, k2} > 0

and that the constraint in (31e) is redundant in (31)) as

vV R, <log (14 C) — log(2), (23a)
R, <log(1+S+1)—1log(2), (23b)

R. <log(1+S) —log(2), (23c¢)

R,+ R. <log(1+C)+1log(1+S+1)—3log(2), (23d)

R, + R. <log (1 + 1L+|> +log (1+S) —log(2), (23e)

R, + R. <log (1 + 1i+|> +log (1+45S) —2log(2), (23f)

R, +2R. <log(1+S)+ log (1 + %) +log (1 +S+1) —4log(2), (23g)

R, +2R. <log (1 + 1L—l—|) +log (1+S+1)+1log(1+S)—3log(2), (23h)

R, +3R. <2log(1+S+1)+1log(1+S)+log (1 + 1i+|) — 61log(2). (231)

For this regime, the outer bound in (14) can be further upper bounded (by considering the
constraints in (14a), (14b), (14c¢), and (14d))

ovellew . R, <log (1 + C) + log(2), (24a)
R, <log(1+S+1)+log(2), (24b)

R. <log(1+5), (24c)

R, + R. <log (1 + %) +log (1 +S +1) +log(2). (244d)

It is easy to see that the outer bound region in (24) and the achievable rate region in (23)
are to within 2 bits/user of one another. Notice that in order to prove a constant gap we

compared: eq(23a) with eq(24a), eq(23b) with eq(24b), eq(23c) with eq(24c), eq(23d) with
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eq(24a)+eq(24c), eq(23e) with eq(24d), eq(23f) with eq(24d), eq(23g) with eq(24c)+eq(24d),
eq(23h) with eq(24c)+eq(24d), and eq(23i) with 2eq(24c)+eq(24d).

D. Discussion

The two novel outer bounds 2R, + R. in (14g) and R, + 2R. in (14i) are active when
S > max{C, |} (weak interference and weak cooperation, which corresponds to the red and
green regions in Fig. 4). In [19], the authors interpreted the need of this type of bounds as a
measure of the amount of the ‘resource holes’, or inefficiency, due to the distributed nature of
the non-cooperative classical IC [18]. Thus, in line with the work in [19], we conclude that when
S > max {C, |} unilateral cooperation is too weak to allow for a full utilization of the channel

resources, i.e., it leaves some system resources underutilized. In particular:

« Strong interference (i.e., | > S): in this regime neither the capacity region of the non-
cooperative Gaussian IC [18] nor the capacity region of the non-causal Gaussian CIC [24],
have bounds of the type 2R, + R. and R, + 2R.. It turns out that these types of bounds
are not necessary for the GCCIC either.

« Weak interference and strong cooperation (i.e., | < S < C): for this regime the outer
bound in (14) equals (to within a constant gap) the outer bound on the capacity region for
the non-causal Gaussian CIC [24, Theorem III.1], which does not have bounds of the type
2R, + R and Ry, + 2R, (see discussion in item 1 in Section IV-A). In other words, in this
regime the ideal non-causal cognition assumption at the CTx just provides a bounded rate
increase compared to the more practical case of causal learning for the CTx through a noisy
link. It hence follows that for this regime unilateral cooperation allows to fully utilize the
channel resources [19], i.e., the bounds of the type 2R, + R. and I?, + 2R, are not active.

« Weak interference and weak cooperation (i.e., S > max{C,1}): for this regime the
capacity region of the non-cooperative Gaussian IC has bounds of the type 2R, + R. and
R, + 2R, [18], while the one of the non-causal Gaussian CIC does not [24]. From our
constant gap result in this region, it follows that 21, + R. in (14g) and R, + 2R, in
(141) are both active. In other words, in this regime unilateral cooperation does not allow
enough coordination among the sources which results in some ‘resource holes’ as in the

non-cooperative Gaussian IC.
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V. CONCLUSIONS

In this work we studied the two-user CCIC, an interference channel where one capable
full-duplex source, i.e., the cognitive CTx, cooperates with / assists the other source, i.e., the
primary PTX, to convey information. In contrast to the original overlay cognitive paradigm,
where the CTx a priori knows the message of the PTx, in the CCIC the CTx causally learns the
primary’s data through a noisy in-band link. We first derived two novel outer bounds of the type
2R, + R. and R, + 2R, on the capacity region of the injective semi-deterministic channel with
independent noises at the two pairs. We then designed a transmission strategy based on binning
and superposition encoding, partial-decode-and-forward relaying and simultaneous decoding and
we derived its achievable rate region. We finally evaluated the outer and lower bounds on the
capacity for the practically relevant Gaussian noise case and we proved that our bounds are a
constant number of bits apart from one another for the symmetric case (i.e., the two direct links
and the two interfering links are of the same strength) in weak interference when the cooperation
link is weaker than a given threshold. We showed that the two novel outer bounds of the type
2R, + R. and R, + 2R, are active in weak interference when the cooperation link is weaker
than the direct link, i.e., in this regime unilateral cooperation is too weak to allow for a full

utilization of the channel resources.

APPENDIX A

PROOF OF THE MARKOV CHAINS IN (8a) AND (8b)
We start by proving the two Markov chains in (8a)-(8b) by using the FDG [28]. Fig. 5 proves

the Markov chain in (8a), while Fig. 6 the one in (8b). The two proofs, without loss of generality,

consider the time instant : = 3. According to [28], we proceed through the following steps.
1) Draw the directed graph G;, which takes into consideration the dependence between the
different random variables involved in the ISD CCIC considered. In particular, we define
Zg;
Ze

*x
Zfi_

to consider the fact that the noises at the CTx and at the CRx can be arbitrarily correlated
and we have
Xpi = f(Wp)7 sz‘ = f(Xpi7Tci)7 Tci = f(XCZ'7 Zpi)u Tfi = f(Xpiu Z;;),

Xci = f(WDTfiil)’ }/Cz = f(XCi7 Tpi)a Tpi = f(Xpiv ZF@)?
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Fig. 5. Proof of the Markov chain in (8a) using the FDG.

2)

3)

4)

where with f we indicate that the left-hand side of the equality is a function of the random
variables into the bracket.

In G, highlight all the different nodes / random variables involved in the two Markov chains
in (8a)-(8b) we aim to prove. In particular, the random variables circled in magenta, given
those circled in green, should be proved to be independent of those circled in grey.

From the graph G;, consider the subgraph G, which contains those edges and vertices
encountered when moving backwards one or more edges starting from the colored (magenta,
green and grey) random variables. The edges of the subgraph G, are depicted with dashed
black lines in Fig. 5 and Fig. 6 and the vertices in G, are all those touched by a dashed
black line.

From the graph G,, remove all the edges coming out from the random variables in green
(those which are supposed to d-separate the random variables colored in magenta and grey).
In Fig. 5 and Fig. 6, this step is highlighted with red crosses on the edges which are removed.

We let G5 be the subgraph obtained from G, by removing all the edges with red crosses.
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Fig. 6. Proof of the Markov chain in (8b) using the FDG.

5) From @3, remove all the arrows on the edges, and obtain the undirected subgraph G4. In
G, it is easy to see that, by starting from any grey node, it is not possible to reach any

magenta node. This concludes the proof of the two Markov chains in (8a)-(8b).

APPENDIX B

PROOF OF THE SUM-RATE OUTER BOUND IN (6f)

By using the two Markov chains in (8a)-(8b) we can now derive the sum-rate outer bound
in (6f). This bound was originally derived in [6] for the case of independent noises; here we
extend it to the case when only the noises at the different source-destination pairs are independent,
Le., Py._ v, x,,x. in (2) is not a product distribution. By using Fano’s inequality and by providing

the same genie side information as in [6], we have
N(Rp + RC - 261\7)

< T (Wes V) + 1 (W YY)
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<T(Wy YN, TN, TN) + T (W, YN, .Y, T7Y)
=H (YN, T,N, T:") — H (YN, TN, TV |We)
+H (YN, TN TN) — H (LN, TN, TV (W) -
We now analyze and bound the two pairs of terms. First pair:

H (YN, TN, V) — H (YN, TN, TN W)

(a) Z pz, pz’ﬂl‘yz 1 T’L 1 sz 1) _H(KmTciaﬂiD/::i_laTci_l;T’fi_l;WcaXci)
i€[1:N

(b) Z p7,7 piaﬂi‘ypi_lani_l7Tfi_l) —H(T czaﬂz|TZ 1 Tz 1 Tz 1 WC,X )
zG[IN
Z (Toip Tl T, T 1) — H ( pZ,anTZ DLW T X))
i€[l:N] — 0 because of (8b)
+ Z pzani) -H (TCi|TpianivWC7Tci717XciaXpi)

(d) Z ppﬂi) (Y | PzanthiaXCi)?
i€[l:N

where: the equahty in (a) follows by applying the chain rule of the entropy and since, for the
ISD CCIC, the encoding function X;(W-, Y,:ic_ 1) is equivalent to X;(W,, Tt'1); the equality in
(b) is due to the fact that Y. is a deterministic function of (X, 7},), which is invertible given
X,; the inequality in (c) is due to the conditioning reduces entropy principle; the equality in
(d) follows because of the ISD property of the channel and since the channel is memoryless.

Second pair:

H (YN, TN, V) — H (YN, T,N, TN |W,)

DN H (Yoo, T, TV T T = H (Yo T Tl Yo Ty T W, X))
1€[1:N]

(;) Z H (Ku TCZ? Tfi|}/::i_17 Tci_lv Tfi_l) —H (Tcu szv ﬂi|Tci_1a Tpi_la ﬂi_lv Wpa Xpl)
1€[1:N]

(&) . , . . . ,

SN H(TIT T ) — H (LT T W, 1, X))
1€[1:N]

~
= 0 because of (8a)

+ Z H(ﬂz‘Tcz) - H (Tfi|TCi7Tfi_l7Wp7Tpi_l7Xpi7Xci)

1€[1:N]
+ Z YCZ‘TCZ77}Z) - H (Tpi|TCi7Tfi7Wp7Tpi717XpiaXCi)

1€[1:N]
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i) Z H(szchz) —H (sz|TC17XPz7X )

1€[1:N]

+ 3 H(YulTu To) — H (YalTer, Tris Xpy, Xei)

i€[1:N]

where: the equality in (e) follows by applying the chain rule of the entropy and since, given
W,, X, is uniquely determined; the equality in (f) is due to the fact that Y}, is a deterministic
function of (X, T¢), which is invertible given X,; the inequality in (g) is due to the conditioning
reduces entropy principle; the equality in (h) follows because of the ISD property of the channel
and since the channel is memoryless.

By combining all the terms together, by introducing the time sharing random variable uni-
formly distributed over [1 : N| and independent of everything else, by dividing both sides by N
and taking the limit for N — oo we get the bound in (6f). We finally notice that by dropping

the time sharing we do not decrease the bound.

APPENDIX C

PROOF OF THE OUTER BOUND IN (11)

By Fano’s inequality, by considering that the messages W, and W, are independent and by

giving side information similarly to [6], we have
N(R, + 2R. — 3en)
< T (W Y) + 21 (We; YN)
< T (W YN Y TY) + 1 (We YY) + 1T (We YoV, T, TV (W)
< H (YN) — H (YN, TN, TV Wy, We)
+ H (YN, TN, TN W) — H (YN, TN, TV (W)
+H (YN, TN, TY) — H (Y VW) .
We now analyze each pair of terms. In particular, we proceed similarly as we did to prove
the outer bound 2R, + R, in (10).
First pair:
H (YY) — H (YN, TN, TN Wy, We)

= Y H(YalYe™) = H (Yei, Tei, Tro W, We, Y IO T X X

1€[1:N]
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<Y H H (Yo, Tei, Tai| W, We, YO L TN T X X
1€[1:N]

= > H(Yy)— H (Yo, T, Tri| X, Xoi)
1€[1:N]

Second pair:
H (YN, TN, TN W,) — H (V.Y TN, T W,

— Z H (Yo, Tei, T |V T T W, X)) — H (Yo, Top Tl Ve T T W, X0
1€[1:N]

- Z H (}/C’M Tcia ﬂi|)/ci717 Tciila ,-Tfiila Wp7 Xpl) - H (Tci7 Tpia jjfichi717 Tpiil’ Tfi717 Wp7 sz)

i€[1:N]

< D H(TWTN T — H(TG|TE T T W, X))
iE[LN] g

~
= 0 because of (8a)

+ Z sz’ ciy ) - H (Tfi’Tci7Tpi_17Tfi_17Wp7Xpi)
1€[1:N]

+ Z H (Yci|TCivai>XPi) - H (Tpi’Tcaniil?TfiaWmXpivXci)
1€[1:N]
= (sz|Tcz‘7XPi) - H (Tfi|Tci7Xpi)
i€[l:N

+ Z chz| Czanthz‘) - (}/;z| C’L?TmeCZ?X )

1€[1:N]
= Z (}/cz| maﬂivXp) (Y;:z| Cl?ﬂl?XC’HX )
1€[1:N]

Third pair: since
H (Y1)
= Y H (Yolyd ™, wo)
1€[1:N]

> N H (YalYe L We T LX)
1€[1:N]

- Z H(Tpi‘Tpi_lawcaﬂi_l7Xci)
1€[1:N]

- @ T,
i€[1:N]

where the last equality follows because of (8b), then

H (YN, T,N, i) — H (YN |We)
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< S H (Y T Tl ™ T Y — H (T T )

1€[1:N]

< Y H(Y.ThlTy,) -

1€[1:N]
By combining everything together, by introducing the time sharing random variable uniformly
distributed over [1 : N] and independent of everything else, by dividing both sides by N and
taking the limit for N — oo we get the bound in (11). We finally notice that by dropping the

time sharing we do not decrease the bound.

APPENDIX D

EVALUATION OF THE OUTER BOUNDS IN (6), (10) AND (11) FOR THE GCCIC

By defining E [X, X "] := p: |p| € [0, 1] we obtain: from the cut-set bounds in (6a)-(6¢c)

R, <log (1 +(C+Sp) (1 - ’PF))

Ipl=0
"< log (1+C+Sp), (25a)
R, <log (1 +Sp + I + 2¢/SplR {peﬂ'@c})
p=el®

< log (1 + (\/S_p+ \/l_)2> , (25b)
Re <log (1+ (1—pl*) Sc)
" log (145.). (25¢)

From the bounds in (6d)-(6e) we get

_ 2 .
R, + R. < log (1 L 5t Ol )> +1log (1 +Sc+ |p+2\/sc|pm{peﬂp})

1+| (1—1pl?)
(a)
<10g(

)+log(1+(\/_+\/_)) (25d)
— log (1+
(

)+10g(1+(\/_+\/_>>

as no cooperanon /C=0

+log 1+

1+| +S)

mcreasmg in C

and

_ 2 ‘
Rp+Rc§10g<1+ > (1 "")))+log(1+5p+lc+2@%{peJ9°})

T+ 1(1— |pf?
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(E)mg( 1S|)+log<1+(¢_+f)) (25¢)

as no cooperatlon /C=0

where the inequality in (a) follows by evaluating the first logarithm in |p| = 0 and the second
logarithm in p = e ™% and the inequality in (b) follows by evaluating the first logarithm in

|p| = 0 and the second logarithm in p = e/%. Finally, from the bound in (6f) we obtain

Sp+1c+2 SR el 4 (1 — 1. + Cl.
Rp+Rc§10g< e+ 2/S0R {pe )+ (1 o) (e + >>

1+CH+1,

1+ C+lc+1.C(1—p]2)

141

Sp + lc + 24/SplcR { pei} + (1 — |p|?) +C|c)>

Sc + I + 24/Sclp, R { peie (1-— lolc + CSc
+1og<1 1o+ 20/SR {pel® } + (1 [oP) (ke + >>

1+C+]1,

(1 LSty 42y /SR {p®} + (1 = |p[?) (Ile + CSc + ICC))

1+ 1c

(c) S Sc(1+C)
<1 1l +— | 1+C—+1 —_ 2log(2 25
_Og(—l— +1+C+|p)+og<—|— + 1, + 1L )+ 0g(2), (25f)

1+C
log [ 141+ Se———— ) +210g(2),
)+og(+ +51+C—|—Ip>+ 0g(2)

Vv
increasing in C

=1 1+C+I P
og(—i- +p—|—1+lc

where the inequality in (c) follows by: (i) evaluating the first term of the first logarithm in
p = % and the second term of the first logarithm in |p| = 0; (ii) evaluating the first term of
the second logarithm in p = e 3% and the second term of the second logarithm in |p| = 0; (iii)
since log (1 + ( lal? + ]b|2>2) <log (1 + |a|* + |b]*) + log(2).

We now evaluate the new outer bounds in Theorem 1 and we get

~ Se(1—1pl)
< jOc P
2R, + R. < log <1+Sp+ lc + 2+ Splcm{pe }) + log (1+ 14+ (C+1p) (1 —[p?)

. C+S—H +2/Sc,R {pei® } + (1 — |p|?) (Iplc + CSc + 1.C)
o8 1+l
(d) S
< I
_log<1—|- ))+log(1+1+lp+c>
14+C
+ log (1 +C+1p 1<++| >> + log(2), (25g)
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:10g< 1SI)+log(1+<\/_+\/—>>

as no cooperdtlon /C=0

141+ C 14C
log (220} oo (14— ) blog (141 +Se—T" ) +log(2).
+Og(1+|c+sc)+0g( +1+|p+sp)+og( tlet 1+|p+c)+°g()

TV
increasing in C

where the inequality in (d) follows by (i) evaluating the first logarithm in p = &%, (ii) evaluating
the second logarithm in |p| = 0, (iii) evaluating the first term of the third logarithm in p = e~
and the second term of the third logarithm in |p| = 0 and (iv) since log (1 + ( la|? + ]b|2)2) <
log (1 + |a|* + |b]?) + log(2). Similarly,
Ry + 2R < log (1 +Sc+ 1, + 2\/§Ipiﬁ {pejep}> + log <1 + 1 icl(cl(l_—|p||22))
Sp + lc + 24/SplcR { pe¥%} + (1 — |p|?) (Iplc + Clc)

log [ 1
+°g(+ 1+C+1, )

1 1

+ log +1+|)

(¢) Sc

Slog(l ))+log( = I)

1 1 1 1 25h
+Og(+ 1+C+I)+Og< 1+|p>+Og (25h)

)+log(1+ \/_+ )2)

log (1 +
as no COOpCI‘dthH /C=0

+ e +Sc Sp
( I +S)+log(1+C+|p+1+IC>+log(2),

VvV
increasing in C

where the inequality in (e) follows by: (i) evaluating the first logarithm in p = e %, (ii)
evaluating the second logarithm in |p| = 0 and (iii) evaluating the first term of the third

logarithm in p = e/ and the second term of the third logarithm in |p| = 0 and again (iv)

2
since log (1 + < la]? + |b|2> ) <log(1+ |a]*+ |b]?) + log(2).

APPENDIX E

ACHIEVABLE SCHEME BASED ON SUPERPOSITION CODING AND BINNING

We specialize the ‘binning+superposition’ achievable scheme in [8, Section V]. In [8, Thereom

V.1] the network comprises four nodes numbered from 1 to 4; nodes 1 and 2 are sources and
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‘/1 (chc,t—la chc,t)"Ul (chc,t—la chc,h chn,t)"Tl (chc,t—h ch(:,h WlCﬂ,tv Wlpn,t)
Q(chc,tfl)—' Sl (chc,tfh Wlpc,tfl)\"zl (chc,tflv chcﬁta Wlpc,tfla Wlpc,t)
v —»

UZ(chc.,tfh Wan,ta blc)"T2(chc,t717 W2cn,t7 b2(:7 WQpn,ta pr)

Fig. 7. Achievable scheme based on binning and superposition coding.

nodes 3 and 4 are destinations; source node j € [1 : 2|, with input to the channel X; and output
from the channel Y, has a message WW; for node j + 2; destination node j € [3 : 4] has channel
output Y; from which it decodes the message IW;_,. Both users use rate splitting, where the
messages of user 1 / primary are both non-cooperative and cooperative, while the messages of
user 2 / cognitive are non-cooperative. In [8, Section V], we set Y1 = Sy = Vo = Z, = (), i.e,
then Ry = Ry1. + Rioc + Rion + Ri1n, Ro = Rao, + Raon, to obtain a scheme that comprises: a
cooperative common message (carried by the pair (Q), V7) at rate Ryo.) for user 1, a cooperative
private message (carried by the pair (S, Z;) at rate Ry;.) for user 1, a non-cooperative common
message (carried by U; at rate Rig,) for user 1, a non-cooperative private message (carried
by 77 at rate Ry;,) for user 1, a non-cooperative common message (carried by U, at rate
Ryp,,) for user 2 and a non-cooperative private message (carried by 75 at rate RRyy,) for user
2. Here the pair (@, S;) carries the ‘past cooperative messages’, and the pair (V;, Z;) the ‘new
cooperative messages’ in a block Markov encoding scheme. The channel inputs are functions
of the auxiliary random variables, where X is a function of (Q, Sy, Z;,Vi,U;,T1) and X, is a
function of (Q, S1, Us, Ts).

a) Input distributions: The set of possible input distributions is

PQ,81,4,21,00,11,X1,U2,T5, X
= PQPV1\QPU17T1|Q7V1P51|QPZ1|Q7517V1PU2,T2|517QPX1|Q,517ZLV17U17T1PX2|Q751,U2,T2‘ (26)

A schematic representation of the achievable scheme is given in Fig. 7, where a black arrow
indicates superposition coding and a red arrow indicates binning. Note that the difference between
Fig. 7 and [17, Fig. 10] is that in the achievable scheme in [17, Fig. 10] we set X; =T, Xy =T
and U; = S = Z; =, i.e., user 1 / primary only used a common cooperative message and a
private non-cooperative message, while here also private cooperative as well as common non-
cooperative messages are used. Similarly, the difference between Fig. 7 and [17, Fig. 11] is that

in the achievable scheme in [17, Fig. 11] we set U; = T} = (), i.e., the messages of user 1 /
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primary were only cooperative, while here we consider also non-cooperative (both private and
common) messages for user 1 / primary.

b) Encoding: The codebooks are generated as follows: first the codebook () is generated;
then the codebook V] is superposed to (), after the codebook U; is superposed to (@), V;) and
finally the codebook 7 is superposed to (@, V1, U;); independently of (V;, Uy, T}), the codebook
S is superposed to () and then the codebook Z; is superposed to (@, S1, V1 ); independently of
(S1, Z1, Vi, Uy, T1), the codebook Us is superposed to () and then the codebook T is superposed
to (@, Us). With this random coding codebook generation, the pair (Us,T3) is independent of
S, conditioned on (). [8, Theorem V.1] involves several binning steps to allow for a large set
of input distributions. Here the only binning steps are for (Us, T,) against .S;.

We use a block Markov coding scheme to convey the message of user 1 to user 2. In
particular, at the end of any given time slot in a block Markov coding scheme, encoder 2 knows
(Q, S1,Us, Ty) and decodes (V;, Z;) from its channel output; the decoded pair (V7, Z;) becomes
the pair (@, S;) of the next time slot; then, at the beginning of each time slot, encoder 2, by
binning, finds the new pair (Us, T5) that is jointly typical with (@, S;); for this to be possible, we
must generate several (Us, T5) sequences for each message of user 2 so as to be able to find one
pair to send with the correct joint distribution with (@, S); this entails the rate penalties in [8,
€q(20)] for user 1 and then again [8, eq(20)] for user 2 by swapping the role of the subscripts 1
and 2, with Sy = Zo, =V, =0, i.e.,

Ry, + Ry, > 1(Us, T 511Q), (27a)
Ry, > 1(Us; S1/Q). (27b)
¢) Decoding: The cooperative source uses the partial-decode-and-forward strategy and the

destinations backward decoding. There are three decoding nodes in the network and therefore

three groups of rate constraints. These are:

« Node2 / CTx jointly decodes (V;, Z;) from its channel output with knowledge of the indices
in (Q, S1,Us, Ty, X5). Successful decoding is possible if (use [8, eq(21)] by swapping the
role of the subscripts 1 and 2, with Sy, = Z, = V, = () and with V; independent of S;)

Ryoe + Ri1e < 1(Ya; Z1, Vi |Us, T, X5, 51, Q), (27¢)

Ryie < I(Ya; Z4|Us, T, Xo, S1,Q, VA). (27d)
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« Node3 / PRx jointly decodes (@, Sy, Us, Uy, T7) from its channel output, with knowledge of
some message indices in (1}, Z), by treating T5 as noise. Successful decoding is possible

if (see [8, eq(22)] with Sy = Z, = V5 =)

Rioc + Rion + Rin + Roon + Riie < 1(Y3;Q, V1, Uy, 11, 51, Z1,Us)

— (R, — 1(Us; 511Q)), (27e)
Rion + Ri1n + Roon + Ri1e < I(Y3; Uy, 11, S1, Z1, Us|Q, V1)

— (R, — 1(Us; 51]Q)), (27f)
Rign + Ritn + Rie < 1(Ys; Uy, T, S1, Z4|Q, VA4, Us), (27g)

Ri1n + Roop + Ruie < 1(Y5;Th, S, 21, Us|Q, Vi, Uy) — (Rlzon —1(Uy;5411Q)),  (27h)

Rion + Ritn + Roon < I(Ys; Uy, Ty, Us|Q, Sy, Z1, Vi) — (Ryg, — L(Ua; $11Q)),  (270)

Rip + Rue < 1(Y3;Th, 51, 21|Q, Vi, U, Ua), (27))
Roon + Ruze < 1(Ys; 81, 21, U2|Q, Vi, Ut Ty) — (Ryg,, — 1(Us; S1|Q)), (27k)
Rion + Ruin < 1(Y3; U, Th|Q, Sy, Z1, Vi, Us), (271)
Ritn + Roon < I(Y3; 11, Us|@Q, S, Z1, V1, Uy ) — (Rl20n — I(Us; 511Q)), (27m)
Riie < 1(Y3;.51, 21|1Q, V1, Ui, Th, Us), (27n)
Ry, < 1(Y3;,Th|Q, Sh, Z1, Vi, Uy, Us). (270)

« Node4 / CRx jointly decodes (@, Uy, Us, T5) from its channel output, with knowledge of
some message index in Vi, by treating Z; and 7T; as noise (recall that the pair (Us, T3)
has been precoded/binned against S;). Successful decoding is possible if (see [8, eq(22)],
with the role of the users swapped, where only the bounds in [8, eq(22a)], [8, eq(22h)],
[8, eq(221)], [8, eq(22j)], and [8, eq(22k)] remain after setting several auxiliary random

variables to zero and removing the redundant constraints)

Rige + Raon + Razn + Rion < 1(Yi;Q, Us, Ty, Vi, Ur) — (Rig, + Ry, (27p)
Roon + Roon + Rion < 1(Yy; U, To, U|Q, V1) — (R;On + R/22n)7 (27q)
Roon + Rozy < 1(Yy; Uz, To|Q, Vi, Us) — (Rig,, + Riy,), (27r)
Ry + Rion < I(Ya; To, U1|Q, U, Vi) — Ri,.. (27s)
Rosn < I(Yi; T1|Q, Us, Vi, Ur) — R, (270)
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d) Compact region: Instead of applying the Fourier-Motzkin Elimination (FME) directly
on the general achievable rate region, in the following we apply the FME on two particular
cases, namely the case when S; = Z; = (), i.e., no private cooperative messages for the PTx
and the case U; = (), i.e., no common non-cooperative message for the PTx. The first case is
analyzed in Section E-A, while the second case is analyzed in Section E-B. For both cases we
take the constraints in (27a) and (27b) to hold with equality (i.e., Ry, = I(Uz; S1|Q), Ry, =
I(S1;T5|Q, Uy)).

A. FME on the achievable rate region when S; = Z, = ()

We set S; = Z; = () in the achievable rate region. After FME of the achievable region in (27)
with S; = Z; = () (see also [8, eq(8)]), we get

R, < eq(27e), (28a)
Ry < eq(27¢c) + eq(27g), (28b)
Ry < eq(27r), (28¢)
Ry + Ry < eq(27e) 4 eq(271), (28d)
Ry + Ry < eq(27)) + eq(27p), (28e)
Ry + Ry < eq(27¢) + eq(271) + eq(271), (28f)
Ry + Ry < eq(27¢) + eq(27)) + eq(27q), (28g)
Ry + Ry < eq(27¢) + eq(27m) + eq(27s), (28h)
2R, + Ry < eq(27c¢) + eq(27)) 4+ eq(27e) 4 eq(27s), (281)
2Ry + Ry < 2-eq(27¢c) + eq(27)) + eq(271) + eq(27s), (28j)
Ry + 2Ry < eq(27m) + eq(27s) + eq(27p), (28k)
Ry + 2Ry < eq(27¢) + eq(27m) + eq(27t) + eq(27q), (281)

for all distributions that factor as (26) and by setting S; = Z; = () in all the mutual information
terms.

We identify Nodel with the PTx (i.e., X, = X;), Node2 with the CTx (i.e., X. = X, Tf = Y3),
Node3 with the PRx (i.e., Y, = Y3) and Node4 with the CRx (i.e., Y. = Y,). For the Gaussian
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noise channel, in the achievable region in (28), we choose Q = (), we let Vi, Uy, Ty, Uy, Ty be

i.id. M(0,1), and
Xp=a U+ Vi + Ty - |a1|2+|b1|2+|61|2: L,
X = axUy + b T5 : lag|? + |[be]? = 1.
With these choices, the channel outputs are
Ti = VC(aUy + Vi + e Th) + Z,
Yy = /Sp (a1 Uy + b1 Vi + &1 Ty) + V1€ (agUs + by To) + Zo,

Y. = \/Eejgr’ (a1Uy + 01V + e1Th) + /Sc (aUs + b Ts) + Ze,

and the achievable region in (28) becomes

R, <log (%) , (29a)
o108 (o ram) o (0 TR %)
R. <log (1 + %:MP) , (29¢)
Ry, + R. <log (%) + log (1 + %) , (29d)
Ry, + R. <log (1 + %) + log <%:|:1\I2p) , (29%)
s e <toe (o) e (N R

+log (1 + %) , (29¢)
ot R on (e )+ (e e (1 o)

(292)

fp+ e < log (1 T rc1|2>> *log (1 ﬁip‘.jl;? lc)

+ log (1 n I"'?'j T;’i;‘lfﬂg) (29h)
2Hp + fle < log <1 g b rcl|2>) *log (1 y %) *los (11++S|—|b+rl)

+1og (1 v 'P'?ﬁi,ﬁjﬁz'z) , (29i)
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14+C 2
2Ry, + R < 2-10g( L ) + log <1+—SP|CI‘ )

1+ C(Ja|? + |e1]?) 1+ 1|bo|?
©log (1 + S, (lai|2lc"22||021|2) + |c) +log (1 N Ip’?iti:"fﬁ) | 090
a5 (2SR o (2558)
(29k)
v 2me<ton (o o)t (S )t (1 )
+log (1 n iill—gtﬁf) . (291)

B. FME on the achievable rate region when U, = ()

We set U; = () in the achievable rate region. After FME of the achievable region in (27) with

Uy =0, we get

R <eq(27¢) + eq(270), (30a)

Ry < eq(27e), (30b)

Ry < eq(27r), (30¢)

Ry + Ry < eq(27¢) + eq(271) + eq(271), (30d)
Ry + Ry < eq(27e) + eq(271), (30e)
Ry + Ry < eq(27d) + eq(270) + eq(27p), (30f)
Ry + Ry < eq(27g) + eq(27p), (30g)
Ry + 2Ry < eq(271) + eq(27p) + eq(271), (30h)
R1 4+ 2R, < eq(27d) + eq(27i) + eq(27p) + eq(27t), (301)
Ri + 3Ry < eq(27k) + eq(271) + eq(27p) + 2 - eq(271), (30j)

for all distributions that factor as (26) and by setting U; = () in all the mutual information

terms.

Remark 3 After FME, the following rate constraints (with U, = () also appear

Ry < eq(27m) + eq(271),
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Ry < eq(27k) + eq(271).

By following similar steps as in [29, Lemma 2] and [8, Appendix A], it is possible to show
that these constraints are redundant. In other words, if these constraints are active a larger rate

region is attained by not sending any common message, i.e., by setting Uy = ().

We identify Nodel with the PTx (i.e., X, = X;), Node2 with the CTx (i.e., X. = X, T; = Y3),
Node3 with the PRx (i.e., Y, = Y3) and Node4 with the CRx (i.e., Y. = Y4). For the Gaussian
noise channel, in the achievable region in (30), we choose @ = 0, we let Sy, V1, Ty, Zy,Us, T
be i.i.d. M(0,1), and

Xp = \allewcSl + bl‘/l + 61Z1 + d1T1 . ’CL1|2 + ‘b1|2 + ‘Cl|2 + |d1‘2 = 1,

Xe = |ag]S1 4 boUsy + Ty |ao]? + |bo]* + |eaof* =1,

Uy, =U.+ XSy -\ = Sc|bs? Vb el |a| 4+ 1/Sclas|
2T AU TG (b2 4 Selel® + LA Tp([er 2+ [da?) V/Sebs !
Scleal? VIpe®el%|ar| 4+ 1/Sclas| — /Scba Ay

To =Ty + St : Ap =
2T R AT T S R (e ) VSces ’

where the choice of Ay is so as to “pre-cancel” S; from Y. in decoding U, i.e., so as to
have I(Yg; Us|V1, Q) — I(S1; U2|Q) = I(Ye; Us|Vi, @, S1) and the choice of Ay is so as to “pre-
cancel” S; from Y. in decoding T, i.e., so as to have I(Y.; T3|Vi, Q,Us) — I1(S1;13|Q,Us) =
I(Y,; To|Vh, Q, Uy, S1). With these choices, the channel outputs are

Tr =VC (|G1’ejecsl +0Vi+aZ + lel) + Zs,

Yy = (/Splaa] + Veaz])e Sy + /Sy (1 Vi + 1. Z1 + diTh) + V/1ee% (boUy + c5T3) + Zp,

Y;: = (\/Eeje"ej9°|a1| + VvV SC|CL2|)51 + \/Eeje" (bﬂ/l + 61Z1 + lel) + \/ Sc (szé + CQTQ/) + Zc,

and the achievable region in (30) becomes

b2 + |ea?) Soldy |

<1 1 1 14+ — 31

Hp = Og( i qar ) T T T el ) (312)
1+S +Ic+2 S Ic\a1]2|a2\2
<1 P P 1b
R, < og( R (31b)
Se([baf? + |ea]?) )

R.<log 1+ , Glc
8 ( T+ (el + [da ) )

C(|b1]* + |ca[?) Soldi[* + Ic|ba?
R+ R. <log (1 log (1
plle= °g< T qar )T T T ep

March 17, 2015 DRAFT



47

+log (1 n Seleal” ) , (31d)
L+ p(Jer ] + [da]?)
el (1 e |6112|C|cj|glcmll2|a2|2> s (L4 ) O
R, + R. <log (1+%> + log <1+%)
+log (1 . iﬂ?ﬂ]?:'cfcl;l)\?)) Ch 31D

S (|61|2+|d1|2)> < Sc(]b2]? 4 |e2l?) )
R, + R. <1 1+ =2 +1 1+ + ki + ko, 31
P = Og( 11 I|co]? 8 1+ L(Jer] + [da]?) L (3lg)

So(le1 |2 + |di]?) + (v/Splar| + vViclas|)” + uw)

1+|C|62|2

Ry + 2R, < log <1+

Sc(Jb2]? + |ea|?) ) ( Scleal? >
tlog 1+ Tlog [ 1+ + ko, 31h
g( T+ (el +dp) T Tt ) T (1)

Cley|? Spldi|* + Ic|ba?
2R <log |1+ ——+— | +log |1
R, + 2R, < og( +1+C|d1|2 +log | 1+ FRNPAE

Se(lbal? + leal?) ) ( Sclcaf? ) |
+log 1+ Tk, 31
(el r1a®) T\ T T e rap) T G1)

Spler]? + (/S Llaz])? + Ic|bo|? 2 2
R, +3R. < log <1+ olcr]* + (v/Splar| + Vielas|)™ + 1c|by| )—Hog (1+spyd1| + 1| b )

+ log (1+

1+ Ic|ca? L+ Iefeo|?

Se(lbal? + leal?) ) ( Sclcaf? ) |
tlog (14 +2log (14 + ke, 31
g( T o(er? £ [ ]?) st T e @) T GL)

where we defined ky := I (Y.;V3) and ks := I (Y,; S1|V1, Us) without evaluating them for the

Gaussian noise case. Actually, further lower bounding k; and ky by zero suffices to prove a

constant gap for the yellow and red regions in Fig. 4.
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