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SUMMARY

This doctoral thesis studies the effect of cognition in wireless networks from an information
theoretic perspective. In a communication network, cognition is the ability of a device to
sense the transmissions of neighboring nodes and adapt its own transmissions to the sensed
environment: the concept is intrinsically linked to the wireless environment, where devices can
overhear each others’ transmissions. Although of crucial interest in the development of future
technologies, cognition is still only starting to be studied and understood. In this thesis, we seek
to understand cognition from a theoretical perspective, and to do so utilize statistical models
of the wireless medium and consider a limited, and tractable, number of devices. We study the
effect of cognition by characterizing the transmission rates that may be achieved with the use of
cognitive devices. In some scenarios, we determine the optimal transmission strategies, which
point at the relevance and improvements of cooperation among devices. This is of particular
contemporary relevance, as spectrum availability and interference among devices are the two
crucial factors in limiting the transmission rates in modern wireless networks. We show that
cognition is able to effectively remove such hindrances by effectively managing and controlling

the interference at the cost of an increase in the device’s processing complexity.

We focus one a specific models of transmission channel: the cognitive interference channel.
In the cognitive interference channel two transmitter/receiver pairs exchange messages over
a common channel, and thus interfere with one another. Each transmitter wishes to send a

message to its intended receiver. One of the transmitters, referred to as the cognitive user,

ix



SUMMARY (Continued)

in addition to its own message, has knowledge of the message of the other transmitter, the
primary user. This assumption idealizes the case where one of the transmitters has the ability
to sense the communication environment and smartly adapt to it. This channel could also model
scenarios where a lower priority user and a higher priority user coexist on the same channel.
For example, the low priority user would help the high priority user to transmit its message
in exchange for the opportunity to use the channel when the higher priority user vacates it.
This scenario arises in practical communication channels, especially wireless networks, when
considering devices with the capability of understanding the surrounding environment.

We investigate the capacity regions of such networks — the largest transmission rates that
may be achieved with arbitrarily low probability of error. To de so we derive outer bounds
to the maximum attainable transmission rates and propose transmission schemes to approach
these bounds. When it is possible prove that an outer bound may be achieved with a particular
transmission scheme, it is said that capacity has been determined. Capacity therefore quantifies
the maximum amount of information that can be conveyed reliably through the channel, and
acts as a benchmark for the performance evaluation of practical codes and and transmission
protocols.

We focus on two classes of channels: a) deterministic channels, and b) additive Gaussian
channels. In a deterministic channels the channel outputs are a deterministic function of the
input and no randomness is introduced by the channel. In additive Gaussian channels the
channel outputs are obtained as linear combinations of the channel inputs plus an additive

noise term. The channel inputs are subject to an average power constraint and the noise term



SUMMARY (Continued)

is a random variable with a Gaussian distribution. While additive Gaussian channels constitute
a relatively accurate model of a transmission channel, determining capacity of such channels is
at times a complicated task. Deterministic channels, on the other hand, are more simplistic,
but it is often easier to prove capacity under the deterministic channel assumption. This thesis’

contributions are as follows:

e We propose a new outer bound and a new achievable scheme for the cognitive interference

channel, improving on the previously known results.

e We derive a set of new capacity results, both in the deterministic and in the additive

Gaussian noise channel model.

e We provide important insights on the new capacity results and stress their implications

in the design of practical systems.

e When it not possible to prove exact capacity, we prove that our achievable rate regions
lie at a bounded distance from our outer bounds regardless of channel conditions, thereby
providing performance guarantees. This result can be thought of as an approximate
solution to the problem of determining the capacity of a channel and for this reason is

termed approrimate capacity.

The rest of the thesis is structured as follows: Chapter 1 provides an introduction to the
study of wireless networks. Chapter 2 presents a cognitive interference channel with discrete
inputs and the deterministic cognitive interference channel. In Chapter 3 we study the additive

Gaussian cognitive interference channel. Chapter 4 concludes the thesis.
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CHAPTER 1

INTRODUCTION

Recent advancements in communication technology, particularly in wireless communica-
tions, has increased the availability of smart devices with enhanced communication and com-
putational capabilities. A large number of nowadays communication systems comprise devices
that are able to transmit and receive signals over a large spectrum and perform complex compu-
tational operations. The demand for high rate data services has also witnessed an exponential
increase: it has been reported that the mobile data traffic is doubling every nine months (see
(1)

The frequency spectrum is a limited natural resource and currently the access to this trans-
mission media is regulated by governmental agencies. In the United States the Federal Commu-
nications Commission (FCC) has the jurisdiction over radio licensing. The current legislation
of the FCC assigns a considerable part of the frequency spectrum to different services in an
exclusive fashion. Similar regulations are adopted in most countries. The inefficiency of such a
strategy has become apparent when it was realized that the spectrum is under-utilized most of
the time (see (2))

A more efficient use of the spectrum has been advocating by many. It has been sug-
gested that cooperation among devices would be able to increase spectrum utilization (see (3)).
Cooperation can be obtained by having the devices in the network overhear the neighboring

transmission. The term cognitive radio is used to define this new generation of smart devices.
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The term cognition was initially coined by Mitola (4) who described it as:

The point in which wireless personal digital assistants (PDAs) and the related net-
works are sufficiently computationally intelligent about radio resources and related
computer-to-computer communications to detect user communications needs as a
function of use context, and to provide radio resources and wireless services most

appropriate to those needs.

Mitola’s original definition of cognitive radio is fairly broad and it envisions a fully reconfig-
urable wireless black-box that automatically changes its communication strategies in response
to network topology and user demands.

Different research communities have dealt with specifics aspects of this broad concept.

In the networking community, the research on cognitive radio considers devices that are able
to sense utilization of the spectrum at a network level and dynamically schedule their packet
transmissions based on the available resources.

The theoretical framework used is often game theoretical where cognition is modeled as the
knowledge at a node of the transmission strategies of the surrounding nodes and where the
game objective is the successfully transmission of packets (see (5; 6; 7)).

In the field of wireless communication, research focuses mainly on the opportunistic use of
the spectrum. Here cognitive devices continuously monitor the frequency spectrum and initiate

a transmission in the available frequency-time slots. The starting moment and the duration of a



transmission are random and thus a device has to be able to quickly detect both the beginning
and the end of the transmission from neighboring user (see (8; 9; 10)).

For computer scientists the issue in cognitive devices is the design of an adaptable physical
layer that is able to implement different transmission modes depending an the channel state
and interference level at the different points of the spectrum (see (11; 12)).

This concept is an important paradigm also in military communications where cognition
allows reliable communication between entities in case of natural disaster (see (13)), when
communication links in the network fail randomly.

From an information theoretical prospective, the problem is to determine the capacity region
of cognitive channels, i.e. the set of rates that can be simultaneously sustained by all users in
the network with arbitrarily low probability of error .

The primary motivations of such study are two folded. Firstly, information theory provides
theoretical tools to measure the advantages in spectral efficiency when allowing cooperation
between users on a licensed frequency band. Secondly , it provides practical guidelines on
which strategies are able to approach the theoretical limits.

The first information theoretic model of a cognitive radio channel is due to Devroye, Mitran
and Tarok (14). In they seminal work in 2006, Devroye et al. proposed to model cognition
as follows. Two pairs of transmitter/receiver share a common communication channel, as in
the classical interference channel (15). In the classical interference channel, the two pairs are
uncoordinated and do not have knowledge of the messages the interfering transmitter /receiver

pair exchanges. In a cognitive channel, one of the transmitter (the cognitive one) has non-



causal knowledge of the message sent by the transmitter (the primary one). The primary pair
is supposed to be licensed users, while the cognitive pair is assumed to be smart devices who
"profits” of the licensed spectrum without harming the legitimate/licensed users. This fairly
simple model captures the basic trade-offs involved in cognitive communications: the cognitive
user can use the knowledge of the primary user’s message to help its own receiver and/or to
cooperate with it. In exchange for this the cognitive user is allowed access the channel as long
as it does not interfere with the transmission of the primary user.

The the capacity of the classical (non cognitive) interference channel has been an open
problem for almost thirty years (see (16)), and much progress has been made in the last couple
of years (see (17)). Upper ((18)) and lower (19; 20; 21)

bounds for the (non cognitive) interference channel are available, but they do not coincide in
general. Similarly the capacity of the cognitive interference channel has been an open problem
since its introduction. Partial results for the capacity region were due to Marié¢, Goldsmith ,
Kramer , Shamai and Yates in (22; 23; 24; 25) , to Wu, Vishwanath, and Arapostathis (26),
and Jovich and Viswanath (27) . These results cover the special cases where either one or both
transmitter do not incur any rate penalty in decoding both messages (see (7)), or when it is
optimal for the primary receiver to treat the message from the cognitive transmitter as noise (
see (26)).

The largest known achievable region is probably the one proposed in (25). However, the
region derived in (25) cannot be directly compared with original scheme proposed in (14)

because of large number of variable involved in the computation of those achievable regions.



The tightest outer bound was proposed in (25) and included the bounds of (26; 22) as special
cases.

Variations of the cognitive radio channel have been proposed. A setting where the cognitive
decoder is required to decode both messages but the message of the cognitive user has to be kept
secrete at the primary decoder was solved in (28). using an achievable scheme proposed in (29).
A setting where both decoders need to decode both messages, known as compound multiple
access channel, was solved in (24). An extension to the case where receivers and transmitters
have multiple antennas was studied in (30). For this MIMO cognitive channel the sum-rate
capacity and part of the capacity region was determined.

Unfortunately the combination of multiple transmitting strategy such as binning and su-
perposition coding in one transmission scheme introduces multiple parameters to be optimized.
This makes it difficult to compare inner and outer bounds. Probably the most general achiev-
able scheme available up to date is (25, Th. 1) the rate region is expressed by six equations to

be optimized over the distribution of six random variables.

In general the task of determining the assignments that could show capacity is a difficult
and time consuming. In the last couple of years a new, powerful alternative to this task has
arose for Gaussian channels. When the energy of the transmitter is far greater then amplitude
of the noise, the channel can be approximated by a deterministic channel, neglecting the effect
of the noise.

This consideration suggested an alternative to the task of determining the capacity region

of a multi user communication networks. Rather than proving an equality between inner and



outer bounds, the authors (31) advocate a powerful new method for obtaining achievable rate
regions that lie within a constant number of bits from capacity region outer bounds, thereby
determining the capacity region to “within a constant number of bits”. This constant gap is
independent in the channel parameters. In a series of papers, and inspired by (32), Avestimehr
and Tse introduced the linear deterministic approximation of wireless networks (33; 34; 35).

A linear deterministic network approximates a linear Gaussian network at high SNR by
capturing the dynamic range of the desired and interference signals, but neglecting additive
noise. At high SNR, this is a valid approximation, and is able to effectively separate the role
of interference and noise in a wireless network, allowing one to focus on the signal interaction.
The linear model is often easier to analyze (capacity can often be determined exactly), and
insights gained from it may be used to guide coding schemes for inner bounds and receiver
side-information in outer bounds for the practically motivated Gaussian noise channel, which
are then ideally shown to lie within a constant gap from each other. Proving a constant gap
result is in general easier then proving capacity, but yields similar insight on the strategies that
perform well in practical applications. The approach has allowed, for example, to solve within
a constant gap the capacity regions of channels that have been long standing open problems,
such as Gaussian interference channels (36; 17) and Gaussian relay channels (37).

Determining the capacity for a channel is crucial to understand what is the nature of the
communication strategy that can efficiently guarantee reliable transmissions.

When capacity is known it is possible measure of the distance between capacity and the

rate achieved by a given code. In proving capacity a theoretical code with infinite block-length



is constructed and shown reliable. This passage gives an insight on the nature of a practical
code that performs well over the channel. When considering channel with only one message set,
this constrictive part of the prove guides in designing how the message is handled. When there
are more then two messages and interaction between encoders, this actually indicate which
forms of collaboration between encoders perform the best. Such a result, therefore, not only
is of interest in the code design, but also in the networking part. Unfortunately determining
capacity is a arduous task may require several years to be solved. An constant gap result is a
very promising alternative to this task that provide just the same insight on policies at physical
and network layer alike.

This is particularly important when considering networks with a multiple numbers of re-
ceivers and transmitters. Given that the capacity of that two transmitter/receiver pair cognitive
channel is still open, it comes to no surprise that very few results are available for more than
two pairs.

Some results are available for an deterministic interference channel with three transmitters
and receivers in (38) and for particular topologies of the general case (see (39)). also, in (40) the
maximum sum rate of a multiple access channel with cognition is determined. For the general
multiuser setting some results are available for the relay channel with one transmitter and one
receiver and k relays in (35) where a constant gap result is proven where the gap is a function
of the number of relays in the network. The sum capacity is known for the Gaussian vector

broadcasts channel: this result was proved in (41). Scaling laws for cognitive networks where



determined in (42) and (43). In general cognitive network are still an open field of research
given the general complexity of the transmission scheme to be employed.

The main research objective for general networks is to understand the scaling of the achiev-
able rates in a cognition network in the number of user. This line of research is studied in (44)

and (45) where some preliminary results are derived.



1.1

Notation

We use the following convention:

e The symbol XV indicates a vector of size N. The symbol Xg indicates the subset of the

original vector between the index ¢ and the index j.

The symbol X ~ N¢(u,0?) indicates that the random variable (RV) X is a complex-

valued proper Gaussian RV with mean p and covariance 2.

We define C(z) := log(1 + x) for x € RT.
We define 7 := 1 — z for = € [0, 1].

For any two RVs X and Y, the symbol X|y denotes the conditional distribution of X
given Y.

We use [1 : n] to denote the set of natural numbers from 1 to n.

The notation A @ B to indicate that the expression B is obtained from A with the
assignment given in equation number n.

For an integer N, the symbol X ¥ indicates the length-N vector (X1, ..., Xn).

For the plots, the logarithms are in base 2, i.e., rates are expressed in bits/s/Hz.

C(a, |b], P1, P») indicates the capacity of a Gaussian cognitive interference channel with

channel parameters a and |b| and powers P; and P.

X* denotes the complex conjugate of the complex number (or vector) X.



CHAPTER 2

THE DISCRETE MEMORYLESS COGNITIVE INTERFERENCE

CHANNEL

The content of this chapter appears in the Proceedings of ITW2009 in Taormina,
1Z52010, ICC2011 and is submitted to the IEEE Transaction of Information The-

ory

2.1 Main contributions

In this chapter we establish a series of new results for the discrete memoryless cognitive

interference channel.

1. We derive a new outer bound to the capacity region of the discrete memoryless cognitive
interference channel. This outer bound is looser than previously derived outer bounds
but it does not include auxiliary random variables and thus it can be evaluated for given
channels. The outer bound is derived using an idea originally introduced by Sato for the

broadcast channel.

2. We present a new inner bound that encompasses all known achievable regions. This
inner bound is shown to include all the previously presented regions and provides new

and interesting features.

10
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3. We show capacity in the “better cognitive decoding” regime This regime includes the
“very weak interference” and the “very strong interference” regimes and is thus the largest

set of channels for which capacity is known.

4. We determine capacity for the semi-deterministic cognitive interference channel. In this
particular channel model the output at the cognitive receiver is a deterministic function
of the channel inputs. We determine capacity for this channel model by showing the

achievability of a the outer bound in (26).

2.2  Organization

The rest of the chapter is organized as follows. Section 2.3 introduces the basic definitions
and notation. Section 2.4 summarizes the all the known results for the discrete memoryless
cognitive interference channel. The new outer bound is presented in Section 3.5. In Section 3.6
we present the new inner bound. We show the inclusion in the previously presented regions in
Section 2.7. We show capacity in the “better cognitive decoding” regime in Section 2.8. Section
2.9 focuses on the semi-deterministic cognitive interference channel. In Section 2.10 we consider
the deterministic cognitive interference channel. The chapter concludes with some examples in

Section 2.11 which provide insight on the role of cognition.

2.3 Channel model, notation and definitions

A two user InterFerence Channel (IFC) is a multi-terminal network with two senders and
two receivers. Each transmitter ¢ wishes to communicate a message W to receiver i , i = {1, 2}.

In the classical IFC the two transmitters operate independently having no knowledge of each



12

others messages. Here we consider a variation of this set up assuming that transmitter 1
(also called cognitive transmitter) in addition to its own message, Wi, also knows the message
Wy of transmitter 2 (also called primary transmitter). We refer to transmitter/receiver 1 as
the cognitive pair and to transmitter/receiver 2 as the primary pair This model is commonly
known as Cognitive InterFerence Channel (CIFC) and it is an idealized model for the unilateral
cooperation at the encoder side. A graphical representation of this model can be seen in
Figure 6.

A Discrete Memoryless CIFC (DM-CIFC) is a CIFC with finite cardinality input and output
alphabets. The channel is memoryless with transition probability py; v, x, x, (21, 22).

Transmitter ¢« = {1,2} wishes to communicate a message W; uniformly distributed on
[1,...,2N%] to receiver i in N channel uses at rate R;. The two messages are independent.
Transmitter 1 knows both messages and transmitter 2 knows only Ws. A rate pair (Rj, Ro) is

achievable if there exists a sequence of encoding functions

X1 = XN (W, Wy)

X3 = X3 (W),

and a sequence of decoding functions

mzwl(Y;N)v ZI{LQ}



such that

Cognitive user

Wi XiV (W, Wa) Y W
—Tx 1 I >[Rx 1 —
Py, Y2 X1,Xo
Tx 2 ? |—> Rx 2
W X3 (Wy) VY Wa

Primary user

Figure 1. The CIFC model.

dim, meg P |We 2 W] ~ 0
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The capacity region is defined as the closure of the region of all achievable (Ry, R2) pairs (46).

2.4  Available results for the DM-CIFC

We now present the outer bounds and the capacity results available for the DM-CIFC. The

first outer bound for the CIFC was obtained in (26, Thm 3.2) by the introduction of an auxiliary

Random Variable (RV).



Theorem 2.4.1. One auziliary RV outer bound of (26, Thm 3.2):

R1 S I(Xl;Y1|X2)
Ry < I(X3,U;Y3)

Ri+Ry < I(X2,U;Ys)+I(X1;Y1]|Xo,U),

union over the distributions that factors as

PUX1,X2PY1,Ys| X1, X2

14

(2.1a)
(2.1b)

(2.1c)

Another general outer bound for the capacity region of the CIFC is provided in (25, Thm

4). This outer bound is derived using an argument originally devised in (47) for the Broadcast

Channel (BC). The expression of the outer bound is identical to the outer bound in (47) but

for the factorization of the auxiliary RV’s differs.

Theorem 2.4.2. BC inspired outer bound of (25, Thm. j ):

Ry < I(V,U; 1)

Ry < I(V,UyY3)
Ri+ Ry < I(V,U; Y1)+ 1(Up; Ya|UL, V)
Ri+ Ry < I(V,U;Ya) + I(Uy; Y1|Ua, V),

(2.2a)
(2.2b)
(2.2¢)

(2.2d)
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union over the distribution that factors as

PUPUPV U1, U2P X5 U2, VP X1 U1, U2,V PY1,Ys| X1,Xo

It is not possible to show in general the containment of the outer bound of Theorem
2.4.1,“one auxiliary RV outer bound”, into the region of Theorem 2.4.2, “BC inspired outer
bound”.

The expression of the outer bound of Theorem 2.4.1,“one auxiliary RV outer bound”, can

be simplified in two instances called weak and strong interference.

Corollary 2.4.3. Weak interference outer bound of (26, Thm 3.4):

When the condition

I(U; Y| X2) < I(U; Y1|X2)  Vpu,xy,Xa (2.3)

is verified, the outer bound of Theorem 2.4.1 , “one auxiliary RV outer bound”, can be equiva-

lently expressed as

R1 S I(Yl;Xl‘U, X2> (24&)

Ry < I(U, X2 Ya), (2.4b)

unton over all distributions py, x, x,-
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¢

We refer to the condition in Equation 3.2 as “weak interference condition”.

Corollary 2.4.4. Strong interference outer bound of (20, Thm 5):

When the condition

I(X1;Y1|1X) < I(X1;Y2|X2)  Vpx, Xox (2.5)

is verified, the outer bound of Theorem 2.4.1 , “one auxiliary RV outer bound”, can be equiva-

lently expressed as

Rl S I(}/l;X1|X2) (2.6&)

Ry + Ry < I(Y2; X1, X>) (2.6b)

union over all distributions px, x,.

We refer to the condition in Equation 3.4 as “strong interference condition”.
The outer bound of Theorem 2.4.1 ,“one auxiliary RV outer bound”, can be shown to be

[43

achievable in a subset of the “weak interference” Equation 3.2 and of the “strong interference”
Equation 3.4 conditions. We refer to such subsets as “very strong interference” and “very weak

interference” regimes.

Theorem 2.4.5. Very weak interference capacity of (26, Thm. 3.4) and (27, Thm. 4.1).
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The outer bound of Corollary 2.4.3, “weak interference outer bound”, is the capacity region

if the following holds

I(U;Ys| X2) < I(U; Y1|X2)

I(X9;Ys) < I(Xo; Y1), VDU, X1, Xo- (2.7)

We refer to the condition in Equation 2.7 as “very weak interference”. In this regime capacity
is achieved by having encoder 2 transmitting as in a point-to-point channel and encoder 1

performing Gelf‘and-Pinsker binning against the interference created by transmitter 2.

Theorem 2.4.6. Very strong interference capacity of (20, Thm. 5). The outer bound of

Corollary 3.4.2, “strong interference outer bound”, is the capacity region if the following holds

I(X1;Y1|X2) < I(Xq;Ya|Xo)

I(Yy; X1, Xo) < I(Y1;X1,X2),  Vpx, X (2.8)

We refer to the condition in Equation 3.6 as “very strong interference”. In this regime,
capacity is achieved by having both receivers decoding both messages.
The outer bounds presented in Theorem 2.4.1, “one auxiliary RV outer bound” and 2.4.2 ,

“BC inspired outer bound”, cannot be evaluated in general since they include auxiliary RV’s



18

whose cardinality has yet not being bounded. In the following we propose a now outer bound,
looser in general that the outer bound of Theorem 2.4.1 without auxiliary RV’s. This bound is
looser than the outer bound of Theorem 2.4.1,“one auxiliary RV outer bound”, in the general

case, but it is tight is the “very strong interference” regime.

2.5 A new outer bound

Theorem 2.5.1. The capacity region of the CIFC is contained into the set

R < I(Y1;X1\X2), (2.93,)
R2 S I(Xl,XQ;YQ), (29b)
Ri+ Ry < I(X1, Xo;Yo) + I(Y1; X1|Y3, Xa), (2.9¢)

union over all distributions px, x, where Yy has the same marginal distribution of Ya, i.e.,

PYJ|1X1,Xs = PYa| X1, Xs> but otherwise any joint distribution PY:,YJ|X1, Xz

The idea behind this outer bound is to exploit the fact that the capacity region only depends

on the marginal distributions Py, x, x, and Py, x, x, because the receivers do not cooperate.
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Proof. By Fano's inequality we have that H(W;|Y;") < Ney, for some ey such that ey — 0 as

N — 0 for i € {1,2}. The rate of user 1 can be bounded as

N(Ry —en) < I(Wy; V1Y)
< I(Wy; YV W)
= I(W1, X7V (W, Wa); YV [Wa, X3¥ (Wa))
< HYN |Wa, XY — HYY |Wa, Wi, XN, X
< H(YNX3') — HY,Y [Wo, Wi, XTY, X3Y)

= H(Y{[x3) — HOV| X, X7)

N
> H(YulXy, (V)i — Hvul X5, X5, ()i
=1

H(Y1i| Xoi) — H(YN | X1, Xo;)

-

s
I
—

= NI(Yi7: X17|Xor, T)

= N(H(Yir|Xor, T) — H(Y17| X171, Xor, T))
= N(H Y17 Xor,T) — HY 17| X171, Xor))

< N(H(Yir|Xor) — H(Yi7| X117, Xar))

< I(Yir; Xar|Xor), (2.10a)

where T is the time sharing RV, informally distributed over the set {1...N}.
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The rate of user 2 can be bounded as
N(Ry —en) < I(Y5; Wh)

< 1YY ; Wa, Wh)

= H(YY) — H(YF Wy, Wa, X3¥ (Wa), X1 (W7, W)

H(Y3") = H(Y5" X3, X{')

N
ST H Y| (Ya)i7Y) — H(Yail XV, XY, (v2)17h)
=1

-

s
Il
N

H(Ys;) — H(Y2;i| X4, X2i)

< NI(Yor; X117, Xor|T)
= N(H(Yar|T) — H(Yar| X117, Xor, T))
< N(H(Yor) — H(Yor| X7, Xor))

< I(Yor; Xir, Xor). (2.10b)
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Next let Y be any RV such that Pyyx, x, = Pyyx,,x, but with any joint distribution

Py, vyix1,x, The sum-rate can then be bounded as

N(Ri+ Ry —2Ney) < I(Wh; Y1) + 1(Ws; Y3)
< T(Wi; YN [Wa) + T(Wa; YY)
< I(Wys YV, YN [Wa) + T(Wa; YY)
= I(Wo; Y3¥) + I(Wi; Y3V [Wa) + T(W1; YV V3N, W)
= H(YY) + (= H|Wo) + H(Y3N [W2) )
— H(Y3N Wi, Wa) + H(YN YN, Wa) — H(YM YN, Wy, Wh)
= HYSY) + HY N Wy, X5, Y5N)
— HYN Wy, Wo, X{¥, X8) — HOYN YN, W, Wa, X1, X3Y)
= H(Y3") + H(Y{|Wa, X3, V3N)
— H(YS X1, X5') — HYV YN, X7, X5)
<HY,") + HY X5, Y5N)

- H(Y2N|X{V7 Xév) - H(YIN|Y2/N7 X{V7 XQN)

N

< I(YQN;vavXéV) + ZH(YI’L’XéVv Yé/Nv (Yl)il_l) - H(Yli‘X{V7XéV7 Y2,N7 (Yl)il_l)
i=1
N
ST XY, X90) + ) H(Yiil X, Ya;) — H(Yi| X4, Xoi, Y3;)
i=1
N
< TV XY, X9+ H (Yl X, Vay) — H(Yiil Xi, Xai, Y3))
i=1

= N (I(Yor; X117, Xor) + H(Yi7| Xop, Yop, T) — H(Yi7| X170, Xop, Yar))

< N (I(Yor; Xa7, Xor) + I(Yir; Xar| Xor, Yar)) - (2.10c)
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O

Remark 2.5.2. The outer bound of Theorem 2.5.1 contains the outer bound of Theorem 2.4.1,“one

auxiliary RV outer bound”,. Indeed, for a fixed distribution px, x, Fquation 2.1a = Equation 2.9a

and FEquation 2.1b < Equation 2.9b since

Equation 2.1b = 1(Ys; X5,U)

(a)

< I(Yo; Xo, U) + 1(Yo; X1|U, X3)
= 1(Y2; X1, X5,U)

= I(Y2; X1, Xo) = Equation 2.9b,

where the last equality follows from the Markov chain U — X1, X3 — Y7, Y.

Consider Y; such that PYJ|UX1, Xz = PYa|U,X1, X0 which also implies PYJIU,X,

1

Pyyu,x, Zpixl i)
2

PY}|UX1,X2PU, X1, X2 A X1

- px, | |pY2|U,X1,X2pU,X1,X2dX1
Ys

= PY»|U,X2>»

= DY3|U, X since
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then:

Equation 2.1c = I(Yo; X2, U) + I(X1; Y1|U, X2)
= H(Y2) + H(Y2| X1, Xo,U) — H(Y2|U, X1, X2) — H(Y2|U, X2) + I(X1; 1|U, X2)
=1(Yy; X1, X0, U) + H(YS|U, X1, Xo) — H(YS|U, X2) + I(X1; Y1|U, X2)
< I(Ye; X1, Xo) — 1(Yy; Xa|U, Xo) + I(X1; Y1|U, Xo) + 1(Yy; Y1|U, X1, Xo)
= I1(Ya; X1, Xo) — I(Y3; X1|U, Xo) + 1(Yy, X1; Y1|U, X3)
= I(Y2; X1, Xo) + I(Y1; Xu|Y3, U, Xo)
= 1(Y2; X1, Xo) + HY11Y3,U, Xo) — H(Y11Y3,U, X1, X)
(b)

< I(Ye; X1, X2) + HW1|Yy, X2) — HY1|Yy, X1, Xo)

= I1(Ya; X1, Xo) + I(Y1; X1|Yy, Xo) = Equation 2.9c.

Now the RV U does not appear in the outer bound expression Equation 2.9¢ and thus we can
consider simply the RV’s with DYy x1, X, = PYalX1,Xo which corresponds to the definition of Yy
in Theorem Equation 2.9.

Equality of the outer bounds is verified when conditions (a) and (b) hold: with equality,

that is when

1(Yy; X4|U, X2) =0

I(Y1; X1|Ya, U, Xo) = I(Y1; X1 |Ya, Xo)  Vpu,

and a given Ys. The first conditions implies the MC

Yo -U, X0 — X3
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and the second condition the MC

Vi, X1 —YoXo —U

We currently cannot relate these conditions to any specific class of DM-CIFC or provide an

intuition on their role in the outer bound expression.

Remark 2.5.3. The outer bound of Theorem 2.5.1 reduces to the strong interference outer bound

in Equation 3.5, in fact

I(Y1; X1]|Xo) < I(Y2; X1|X2)  Ypx,.x,

implies

I(Y1; X1[Ys, X2) < I(Yo; Xa|Y3, X2)  Vpx, x0vy

Now let Yj = Y3 to obtain that I(Y7; X1|Y2, X2) = 0 yielding Equation 2.9¢ = Equation 2.9b

so that the two outer bounds coincide.

2.6 A new inner bound

As the DM-CIFC encompasses classical interference, multiple-access and broadcast channels,
we expect to see a combination of their achievability proving techniques surface in any unified

scheme for the CIFC:

e Rate-splitting. As in Han and Kobayashi (18) for the interference-channel and in the DM-

CIFC regions of (25; 14; 29), rate-splitting is not necessary in the very weak (26) and very
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strong (22) interference regimes of Equation 2.7 and Equation 3.6.
e Superposition-coding. Useful in multiple-access and broadcast channels (46), in the CIFC the
superposition of private messages on top of common ones proposed in (25; 29) and is known to
be capacity achieving in very strong interference (22).
¢ Binning. Gel’fand-Pinsker coding (48), often simply referred to as binning, allows a transmit-
ter to “cancel” (portions of) the interference known to be experienced at a receiver. Binning is
also used by Marton in deriving the largest known channel achievable rate region (49) for the
broadcast channel.

We now present a new achievable region for the DM-CIFC which generalizes all the known

achievable rate regions presented in (25; 26; 29; 14; 50) and (51).

Theorem 2.6.1. The Rrrp region Region Rrrp. A rate pair (Ry, Re) such that

Rl = R10+R1pb7

Ry = Ro.+ Rgpa + Rgpb. (2.11)
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is achievable for a general DM-CIFC if (R, Ry, Ryyps Ric, Ripbs Roc, Ropa, Ropp) € R® satis-

fies:

/
lc

/ /
lc + Rlpb

llc + Rllpb + R,Zpb

Ry + R2pa + (Rlc + Rllc) + (R2pb + R/Qpb)

Rgpa + (Rlc + Rllc) + (R2pb + R/2pb)

R2pa + (R2pb + Rl2pb)

(Ric + Ri.) + (Ropy + Rbyp)

(RQPb + RIQpb)

Roc + (Ric + Ry.) + (Rups + Ripp)

(RlC + Rllc) + (Rlpb + Rllpb)

(Rlpb + Rllpb)

v

v

IN

IN

IN

IN

IN

IN

IN

IN

I(Uie; X2|Use)
I(Urpb; X2|Uie, Uac)
+1(Uie; X2|Use)
I(Urpb; X2, Uapp|Uie, Uae)
+1(Ure; X2|Use)
I(Yo; Ugppy, Ui, X2, Uae)
+1(Use; Xa|Uze)
I(Y2; Ugppy, Uie, X2|Use)
+1(Use; X2|Use)
I(Ya; Uapp, Xo|Use, Use)
+1(Use; X2|Use)
I(Y2; Uapp, Ure| X2, Use)
+1(Ute; X2|Use)
I(Y2; Uapp| Ui, X2, Uae)
I(Y1; Urpp, Ure, Uze),
I(Y1; Urpp, Ure|Uze),

I(Yl, Ulpb|Ulca UZC)a

(2.12a)

(2.12b)

(2.12¢)

(2.12d)

(2.12¢)

(2.12f)

(2.12g)

(2.12h)

(2.12i)

(2.12))

(2.12k)
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for some input distribution

Py1,Y2,X1,X2,U1c,U2¢,U2pa,Utpb,U2p - — PUrc,Uze,Uzpa,Utpb,U2pb, X1,X2PY1,Y2| X1, X2+

Remark 2.6.2. Moreover:

Equation 3.36d can be dropped when Ra. = Rop, = Rop, = R/Qpb = 0;

Equation 3.36e can be dropped when Rg,, = Rop, = RIZpb =0;

Equation 3.36g can be dropped when Ry, = Rj ), = 0;

Equation 3.36i can be dropped when Ri. = R, = Ripp = R’lpb =0,

since they correspond to the event that a common message from the non intended user is
incorrectly decoded. This event is not an error event if no other intended message is incorrectly

decoded.

Proof. The meaning of the RV’s in Theorem 2.6.1 is as follows. Both transmitters perform
superposition of two codewords: a common one (to be decoded at both decoders) and a private

one (to be decoded at the intended decoder only). In particular:
e Rate R is split into Ri. and Ryy, and conveyed through the RV’s Uy, and Uy, respec-
tively.

e Rate Ry is split into Ry, Rap, and Rapp, and conveyed through the RV’s Us,, Xo and Usy,

respectively.

e Uy, is the common message of transmitter 2. The subscript “c” stands for “common”.
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e X, is the private message of transmitter 2 to be sent by transmitter 2 only. It superim-
(1))

posed to Us.. The subscript “p” stands for “private” and the subscript “a” stands for

“alone”.

e ;. is the common message of transmitter 1. It is superimposed to Us. and—conditioned

on Us.—is binned against Xo.

o Uiy, and Uy, are the private messages of transmitter 1 and transmitter 2, respectively,
and are sent by transmitter 1 only. They are binned against one another conditioned
on Up, as in Marton’s achievable region for broadcast channels (49). The subscript “b”

stands for “broadcast”.

e X is finally superimposed to all the previous RV’s and transmitted over the channel.

A graphical representation of the encoding scheme of Theorem 2.6.1 can be found in Figure 2.

The formal description of the proposed encoding scheme is as follows:

2.6.1 Rate splitting

Let W7 and Ws be two independent RV’s uniformly distributed on [1...2NF1] and [1...2V 2]

respectively. Consider splitting the messages as follows:

Wi = (Wie, Wip),

W2 = (W207 W2pba W2pa)7
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Wl = Wl(W1C7 Wlpb) I—T/I/lc kpUlc\UQC) Ulc {

Ry = Ric+ Rip I/leb_|_i_r pU2pr1c,U2mX2]
' —

]
VV2pb_,_E_k DU, b U1, Une
L
s o A -
]
Ry = Rac + Rapa + Ropp WQ”a_(p_XQ_UJI? Xo

Figure 2. The achievable encoding scheme of Thm. 2.6.1. The ordering from left to right and
the distributions demonstrate the codebook generation process. The dotted lines indicate
binning. We see rate splits are used at both users, private messages Wiy, Wopa, Wopy, are

superimposed on common messages Wi, Wa. and Uy, is binned against (Uspq, X2)
conditioned on Us., while Uyp, and Uspy, are binned against each and X3 other in a Marton-like
fashion (conditioned on other subsets of RV’s). Uy, is binned against Usp,, as well.

Px1|Uze,X2,Ure,Uips Xl

Uipb, Uapy

where the messages W;, i € {1¢, 2¢, 1pb, 2pb, 2pa}, are all independent and uniformly distributed

2N

on [1 , so that the rate are

Ri = Ric + Ripp,

R2 = R2c + R2pa + R2pb-

as specified in Equation 3.35b.

2.6.2 Codebook generation

Consider a distribution py,. v, Xs,U1,,U16,X1,X,- The codebooks are generated as follows:

e Select uniformly at random 2Vf2¢ length-N sequences U (wa.), wa. € [1...2NF2¢] from

the typical set T (py,, )
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2NR2pa

e for every wa. € [1...2V2¢]  select uniformly at random length-N sequences X2 (w2, Wapa),

Wapq € [1...2N 2] from the typical set TN (px, v, [Usy (wac)).
o for every wy. € [1...2N52] select uniformly at random 2N (Fie+Fic) length-N sequences
UN (wae, wie, bo), wie € [1...2N8F1e] and by € [1...2NF1e], from the typical set TN (pu, ., |UAY (wae))

o for every wy. € [1...2NF2] g, € [1..2NF2pa] apy, € [1...2NF1e] and by € [1...2NVF1e], select

R2Pb+R/2pb)

uniformly at random oM length-N sequences Ugb(w%,wgpa,wlc,bo,wgpb,bg),

Wapp, € [1...2NF2m] and by € [1...2NR,2P’3], from the typical set
TeN(pUzpb,Uzc,U1c7X2’UQJX(U}QC)vXév(wQva?pa)a Ulj}:](w%awlc, bO))'

o for every wo. € [1..2NF2] wy, € [1..2NF1] and by € [1...2NF5], select uniformly at
random 27V (FarbtFi,,) length-N sequences Uﬁb(wgc,wlc,bo,wlpb,bl), Wipy € [1...2NFpb]

and b € [1...2NR,1Pb], from the typical set TeN(pUlpb,UQC,Ulc|Ué]\c[(w20)7 U (wae, wie, bo))-

o for every wa. € [1..2NF2¢] gy, € [1..2NF2a] qpy, € [1..2NF1e] by € [1: 2VFie], wyy €
[1..2NFw] ) € 1 : 2NRl1pb], wapp € [1..2NF2m0] by € [1 : 2NR/2Pb], let the channel input

X{V(wzpa, Wace, Wie, by, Wiph, b1, Wapp, b2) be any length-N sequence from the typical set

TGJV<pX17U2CaUIC7X27U2pb7U1pb’U2]\C[(w20)’Xév(w2c7w2pa)7 Uf}:](w?&wlc? bO)?

N N
Uzpb(wQCa W2pa, Wic, b07 W2pb, b2)a Ulpb(w207 Wic, b07 W1pb, bl))

2.6.3 Encoding

Given the message wy = (Wac, Wapp, Wapa), encoder 2 sends the codeword X (wae, Wapa)-
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Given the message wo = (wac, Wapp, W2pe) and the message w1 = (w1, wipy), encoder 1 looks

for a triplet (bg, b1, ba) such that:

(Use(w3e), X3 (wae, wapa), Uty (Wae, wie, bo), Uty (Wae, wie, bo, Wipy, b1), Usyy(Wae, Wi, bo, Wapp, b2))

N
S (pU287X27U187U1pb7U2pb)'

If not such a triplet exists, it sets (bg, b1,b2) = (1,1,1). If more than one such a triplet exists,
it picks one uniformly at random from the found ones. For the selected (bo, b1, b2), encoder 1
sends X{V(praa Woe, Wie, bo, W1pb, b1, W2pb, b2)

Since the codebooks are generated iid according to

(codebook) __
b = PUszc PX5|Uze PU1c|Use PUspp|Use,Ute, X2 PU1pp|Use,Ure (2‘13)

but the encoding forces the actual transmitted codewords to look as if they were generated iid

according to

encoding) __
p( ) = DUz PX3|Use PU1c|Use, X2 PUspp|Use,Ure, X2 PU1py |Usc,Ure,X2,Uzpp» (2.14)

We expect the probability of encoding error to depends on

(encoding) DU |Use, X2 PULp|Use,Ute, Xa,U
[p ] — [ 16‘ 2¢yN2 1Pb| 2¢,V1ce,A2,U2ph :I(Ulc;X2’U20>+I(U1pb;X2,ngb’UQC,Ulc).

p(wdebwk) PUL|Uze PU1pb | Uze, Ute
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2.6.4 Decoding

Decoder 2 looks for a unique tuple (wac, Wapa, wapy) and some (wic, by, ba) such that

(UQTLC(U}?C)v Xg(wQCv w2pa), U{Lc(w%v Wic, bO)v Uanb(wQCv Wie, va W2pb, b2)7 an) € Ten (pU267X2:UIC:U2pb’Y2)'

Depending on which messages are wrongly decoded at decoder 2, the transmitted sequences

and the received Y;5" are generated iid according to

D2[x = PUse PX3|Use PUse|Use PUspy|Use,Use, X2 PYalks (2.15)

where “x” indicates the messages decoded correctly. However, the actual transmitted sequences

and the received Y5" considered at decoder 2 look as if they were generated iid according to

D2 = PUs. PX;3|Use PUc|Usze, X2 PUspp | Uz, Ute, X2 PY2|Use, U, X2,Uzpp - (2‘16)

Hence we expect the probability of error at decoder 2 to depend on terms of the type

= I(Uie; X2|Uae) + 1(Ya; Use, Ure, Xo, Ugpp|%).

PU,|Use, X2 PY3|Use,Ure, Xo2,U.
12‘* - E [log D2 :| - B |:10g 1¢|U2¢,X2 PY2|Uze,U1e,X2,Uspy

P2« PUL . |Us. PYa|x

(2.17)

Decoder 1 looks for a unique pair (w1, wip,) and some (wae, by, b1) such that

(Uge(w2e), Ul (wae, wic, bo), Ulpy(Wae, Wie, bo, Wipp, b1), Y1") € T (DU U1 o Uy, Y1 )-
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Depending on which messages are wrongly decoded at decoder 1, the transmitted sequences

and the received Y* are generated iid according to

P1jx = PUszc PU;c|Uze PU1 | Uze,Ure PY1 |55 (2.18)

where “x” indicates the messages decoded correctly. However, the actual transmitted sequences

and the received Y| considered at decoder 1 look as if they were generated iid according to

pl = pU2c pU1c|U2c pUlpb|U2c’U1c le‘UQ(ile(HUlpb. (219)

Hence we expect the probability of error at decoder 1 to depend on terms of the type

p C» Cy
L, =E [log P1 } —E [log 2Nl et | 1(Y1 Use, Use, Unpl#). (2.20)
D1« Py |«

2.6.5 Error analysis

Without loss of generality assume that the message (wic, Wac, Wapa, Wips, wopy) = (1,1,1,1,1)

was sent and let (b, by, b2) be the tuple (bg, by, b2) chosen at encoder 1. Let (1, Wae, Wapa, Waph, 130, 132)

be the estimate at the decoder 2 and (5510, 1//1\726, 7511,;,, I;o, 31) be the estimate at the decoder 1.

The probability of error at decoder u, u € {1,2}, is bounded by

Plerror u] < Plerror ulencoding success ful] + Plencoding NOT success ful].
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An encoding error occurs if encoder 1 is not able to find a tuple (bg, b1, bs) that guarantees
typicality. A decoding error is committed at decoder 1 when (1%10, z%lpb) # (1,1). A decoding

error is committed at decoder 2 when (Wac, Wapa, Waps) 7 (1,1,1).

2.6.6 Encoding Error

The probability that the encoding fails can be bounded as:

, / /
oNRy, NERipy 9N Eapp

Plencoding NOT successful] = P |[,,— ml%l:l Mh,=1

(UQJ\cr(l)vXéV(la1)7U1]\57(1>1>60)7U1]¥)b(131ab0a15b1)aUé]Zb(1717bOa17b2)> g Tejv(pUQC,XQ,Ulc,Ulpb,ngb)i|

= PIK = 0] < ]

where
QNRllc QNRllpb QNRIQpb
K = E E E Kb(),bl,bz
bop=1 b1=1 bo=1
and

K =1
borbubz = LU (1), (1,0), U (1,1,00), U1, (11,50, 1b1). UL, (1,1b0,1,62) ) €T (DU 0,01 0.01  Ugpy) |

where 17,c4y = 1if 2 € A and zero otherwise.
The mean value of K (neglecting all terms that depend on € and that eventually go to zero)
is:
QNRllc 2NR’1pb 2NR’2pb

BlK] = Z Z Z P[Kpypy b, = 1] = A e
bo=1 bi=1 ba=1
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with

27N = P[Ky by b, = 1] = B[Kg 0]
= P[(U (1), X' (1,1), UL (1, 1,b0), Uipy (1 1, b0, 1, b1), Usgy (1,1, b0, 1,52)) € TN (e, Xa, 010,01, Vs )]
= Z pUlc‘U2c pU2pb|U2cyU167X2 pUlelUQC’Ulc

N , N N N N ..N
(U1C’U1pb»ugpb)€Te (pU201X27UlcﬁUlpb’U2pb‘u2c7x2 )

> 2_N[I(U10;X2|U20)+I(U1pb;X27U2pb|U167U26)] .

The variance of K (neglecting all terms that depend on € and that eventually go to zero) is:

Var[K]

, / / , / /
oNRy. QNRlpb 2NR2pb oNER. QNRlpb 2NR2pb

= Z Z Z Z Z Z (P[Kbo,bhbz = 17Kb6,b’1,b’2 = 1] - P[Kbo,b1,b2 = 1]P[Kb’0,b’1,b‘2 = 1])

bo=1 bi=1 bo=1 bj=1 b=1 bj=1

= > (P[Kpg,br,be = 1, Kb by bos = 1] = P[Kbg by by = 1P [Kpg o = 1])
bo‘=bo,(b1,b2,b1°,b2°)

IN

Z P[Kbo,b1,b2 =1, Ky by byt = 1]
bo,(b1,b2,b1¢,b2°)



36

because when by # by‘, that is, U (...,by) and U{Y(..., b)) are independent, the RV’s Ko 1.5
and Kpy, b, b, are independent and they do not contribute to the summation. We thus can

focus only on the case by = by‘. We can write:

Var[K] < Z P[Kbo,bLbQ = 1]
bo, b1=b1*, ba=bs*

—E[K]

+ > P[Kyg 1,60 = P[Kbg by byt = 1Ky 1,5, = 1]
bo, b1=b1°, ba#bo

2N(R B)

=E[K] 20~
+ Z P[Kpg by by = P[Kpg by by = 1Ko by by = 1]

bo, b17#b1°, ba=ba°

A
=g[Kk] 2" P~

+ Z P[Kbol’l,bz = 1]P[Kb0,b1‘,b2‘ = I‘Kbo,blbe = 1]
bo, b17#b1’, baFba

’ r
=E[K] N Fipp t N oy = D)
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and

2—NB

= P[Kbo,bhbz‘ = HKbo,bl,bz = 1]
= P[(UQJ\CZ(l)v Xév(lv 1), Ui]\c[(L 1, bo), Uljgb(lv 1,bo, 1,b1), UQJZb(l’ 1, bo, 1, b2‘)) S TEJV(pUQC7X27U1ch1pb7U2pb)|
(UZJX(l)v XéV(L 1)a Ulj\cf(L 1, bO), Uljgb(l’ 1, bo, 1, bl)v Ugb(la 1, bo, 1, b2)) S TGN(pU201X21U101U1pb7U2pb)]

- Z DU | Uze,Ute, X2

N N N N N . N
Uy €T¢ (pU257X27UlcaU1pbaU2pb|u20’x2 UTerUepp)

— 2—NI(U2pb;U1pb|U2caUICaX2)
)



and

2—NC = P[Kbo,bl‘,bQ = 1|Kb07b1,b2 = 1]
= P[(Usl (1), X3' (1,1), UfY(1,1,b0), Uy (1, 1, bo, 1, b1°), Uy, (1,1, bo, 1, ba) )

N
S (pU2ch27Ulch1pb7U2pb) |

(Uge(1), X5 (1,1), Uiy (1,1,bo), Ui)y(1, 1,0, 1,b1), Usyy (1,1, bo, 1, b2))

N
eT; (pU2ch27UlcyU1pb7U2pb)]

= Z PU; | Uze,Use

N N N _ N, N _ N
uy, €Te (pUZCaX27Ulc’U1pb*U2pb|u20’x2 7ulc’u2pb)

— 2_NI(U1pb;X27U2pb‘UIC)UQC)
b}

38
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and

27 VP = P[Kbo,bl‘,bz‘ = 1|Kb07b17b2 = 1]
= P[(Ué]\cf(l)aXéV<171)7U1]\£(1717b0)7U1]¥)b(171760717b1‘)7U2]\;b(1717b0)17b2‘))
€ TeN(pUQC»X27Ulc»U1pb7U2pb)|
(Use (1), X357 (1,1), Uit (1,1, bo), Ui (1,1,b0, 1, b1), Usyy (1, 1, bo, 1, b))
€ TN (PUse, Xo U Vs Unps)]
€ 2¢;22,U1e,Vipb,YV2pb

= E : PU,Lu|Use,Ute, X2 PU1pp |Use,Ute

N N N N , N
(ulpb’U'Qpb)ETéN(pUQCVX21Ulch1pb’U2pb|u2c’1.2 i)
— 2—NI(U1pb;X2,U2pb|U1C,U26) — 2—NC
Hence, we can bound P[K = 0] as:

14 oN(R=C) | oN(Ryy,—B) | oN(Ri,,+Ry,,—C)
N (Ry 4Ry + Ry —1(Ure; Xa|Uze) =C)

0<PK=0] <

and P[K = 0] — 0 if

te + Ripp + Ry — I(Ure; Xa|Uze) = C >0
e T Ripp + Ropp — I(Ure; X2|Uze) — C — (Ryy, — B) > 0
T+ Ripy + Ry — I(Use; Xo|Uze) — C — (Ry, — C) >0

llc + Rllpb + R/2pb - I(Ulc;X2|U20) -C- ( llpb + R/2pb - C) >0



TABLE I

ERROR EVENTS AT DECODER 2.
Event | wg. (wlca bl) Wapa | W2pb | Pys|x
FEyy | X e PY,
E272a 1 X X pY2|U2c
FEoop |1 1 X PYs|Use,Uie
E5 34 1 X 1 X DY, |Use, X2
Eys |1 1 1 X Py Uy U0,

that is, if

e + Ry + Ry > I(Uie; Xo|Use) + I(Urpy; X2, Usps|Ute, Uae)
= I(Uic, Urpp; X2|Uae) + I(Uipp; Ugpp|Uic, Uae, X2)
le + Ripy > 1(Uie; Xo|Use) + I(Urpp; Xa|Uie, Use)
= I(Uie, Urpp; X2|Use)
te T Rapy > 1(Use; Xo|Use),

e > I(Uie; Xo|Use)

as in Equation 2.12a-Equation 2.12c, because the second to last equation is redundant.
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2.6.7 Decoding Errors at decoder 2

If decoder 2 decodes (Wac, Wapq, Wapy) 7# (1,1, 1), then an error is committed. The probability

of error at decoder 2 is bounded as:

Plerror 2|lencoding success ful] < Z P[E3,],
1€{1,2a,2b,3a,3b}

where Ey;, i € {1,2a,2b,3a,3b}, are the error event defined in Table I. In Table I, an “X”
means that the corresponding message is in error (when the header of the column contains
two indices, an “X” indicates that at least one of the two indexes is wrong), a “1” means that

“...” indicates that “it does not matter

the corresponding message is correct, while the dots
whether the corresponding message is correct or not; in this case the most restrictive case is
when the message is actually wrong.” The last column of Table I specifies the py,|, to be used

in Equation 2.15.

We have that Plerror 2|encoding successful] — 0 when N — oo if:

e When the event Ey; occurs we have Wy, # 1. In this case the received Y2N is independent
of the transmitted sequences. This follows from the fact that the codewords Uj are

generated in an iid fashion and all the other codewords are generated independently
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conditioned on U4 . Hence, when decoder 2 finds a wrong UZY, all the decoded codewords

are independent of the transmitted ones. We can bound the error probability of Fs 1 as:

P[Ey)] =P U

w2C3é1»1T72pa7@1@w2pb7607b2
(Y2N7 UQJ\CI(@QC% Ulj\cf(ﬂ]/107 ’&7287 b0)7 Xév (ﬁ}/QCv pra% Ug)b(ﬂ)/267 prm @1C7 b07 ’[‘DQpbu b2)>

€ TeN (pYQ,UQC7U167X27U2pb)}

N(Rac+Rapa+Ric+R] .+ Ropp+ R, E
<2 (Rac pa cthvy. P 2pb) p2|*|*:(?)

N,N,N N,N N
(Y3 Upe UTes T 7u2pb)€Te (ng,Ugc,Ulsz,ngb)

< 2N(R2C+R2pa +R1C+R/16+R2pb+R/2pb_12|* lx=0)

for poj, given in Equation 2.16 and Iy, given in Equation 2.17. Hence P[F2:] — 0 as

N — oo if Equation 3.36d is satisfied.

e When the event Eso occurs, i.e., either F9, or E3 9y, we have Wa. = 1 but wWap, # 1.
Whether w1, is correct or not, it does not matter since decoder 2 is not interested in w1,
However we need to consider whether the pair (@16,30) is equal to the transmitted one or
not because this affect the way the joint probability among all involved RV’s factorizes.

‘We have:

— Case E99,: either wi. # 1 or 30 # bg. In this case, conditioned on the (correct)
decoded sequence UQJX , the output Y3V is independent of the (wrong) decoded se-

N 77N N N : :
quences Ui, Uy, and also of Uspb (because Uspp 18 superimposed to the wrong pair
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(U, Uzjga)). It is easy to see that the most stringent error event is when both w;. # 1

and 30 # bg. Thus we have

P[Eys4) = P U
ﬁ2pa¢17@167£11b07£50 ’E2pb ,b2

(YQNa U2]\c[(]-)7 Ulj\c[(]-a wl& bO)a Xév(17 r&)JQpa)a UQJZb(la Uj?paa U’jlca b07 ﬂj?pba b2))

N
ETe (pY2uU201U107X21U2pb):|

N(Ropa+Ric+R, +Ropp+RY § :
S 2 ( 2p 1 le 2pb gpb) p2|*|*:U2C

N N N ,.N N N
(y2 yUe U er T ’u2pb)ETe (pY25U2c7Ulch2aU2pb>

< 2N(R2pa+Rlc+Rllc+R2pb+R/2pb712\* |*=U26)

for py|, given in Equation 2.16 and Iy, given in Equation 2.17. Hence P[E324] — 0

as N — oo if Equation 3.36e is satisfied.

— Case Ej9p: both Wi, = 1 and /b\o = by. In this case, conditioned on the (correct)
decoded (UL, U{), the output Y3V is independent of the (wrong) decoded sequences

Xy, UQJ\;IJ). Thus we have

P[Eg ) = P U

mea#lvapbvbQ
(Ysz UQJ\cf(l)v Ulj\c[(la 1, BO)? Xév(lv @21)0)’ UQJXb(L QZ21007 17507 7522717’ b2)) € TE]V (pY27U267U107X27U2pb):|

N(R2pa+Raopp+ R
S 9 ( D 2p 2pb) Z p2|*|*:(U267U16)

N, ,N_ N _ N, N N
(y2 sUn s Ut s Ty 7u2pb)ETe (pY2,U26,Ulc,X2,U2pb>

S 2N(R2PG+R2Pb+R/2pb7[2\*|*:(U2c,Ulc))
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for py), given in Equation 2.16 and I, given in Equation 2.17. Hence P[Es 9] — 0

as N — oo if Equation 3.36f is satisfied.

e When the event FEj3 occurs, i.e., either Eo3, or Ey 3, we have Wy, = 1,Wapq = 1 but
Wapy # 1. Again, whether wi. is correct or not, it does not matter since decoder 2 is
not interested in wi.. However we need to consider whether the pair (@10,30) is equal
to the transmitted one or not because this affect the way the joint probability among all

involved RV’s factorizes. The analysis proceeds similarly as for the even Es .

We hayve:

— Case FEy3,: either wi. # 1 or 30 # by. In this case, conditioned on the (correct)
decoded sequences (U4, X2), the output Y3 is independent of the (wrong) decoded
sequences (U{Y, UanUégb)- It is easy to see that the most stringent error event is when

both w1, # 1 and /b\o # bg. Thus we have

P[Ey34 = P U
W1c#1,b07bo , Waph,ba

(Y3, Use (1), UL (1, Wi, bo), X3 (1,1), Uy (1, 1, Wi, bo, Wapp, b2)) € T2 (Pya,Use U1e,Xo:Usps ) )
< 2N(RIC+R16+R2pb+R2pb) Z p2|*|*=(U2c,X2)

N N N _ N _ N N
(y2 YU U T 7u2pb)€Te (pY27U2c,U1(;7X2«U2pb)

< 2N(R2pa+R10+R/1c+R2pb+Rl2pb*IQ|* ‘*:(UQC,XQ) )
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for py), given in Equation 2.16 and Iy, given in Equation 2.17. Hence P[E33,] — 0
as N — oo if Equation 3.36g is satisfied.

— Case Fs3p: both Wi, = 1 and 30 = bg. In this case, conditioned on the (correct)
decoded sequences (U, X3 UN), the output Y3 is independent of the (wrong)
decoded sequence Uzjyjb. However, since (Ui, X3, UY) is the triplet that passed
the encoding binning step, they are jointly typical. Hence, in this case we cannot
use the factorization in p|, given in Equation 2.16, but we need to replace py, v,

in Equation 2.16 with py, |17, x,- Thus we have

PEyyl =P | |

Wapy,b2

(YQNv UQJ\c[(l)v U{X(lv 1750)a XéV(L 1)a UZJXb(L L, 17507 iEZpbv b2)) € TeN (py27U2C7Ulc:X27U2pb)]

< 2N(R2pb+R/2pb) Z

N,N, N _ N,N N
(2 e ute,®3 ugy,, ) ETY (pY21U2c7U1ch27U2pb)

PU>. PX3|Use PULc|Use, X2 PUspy |Use,Ute, X2 PYa2|Ute,Use, Xo

< 2N(R2pb+R/2pb7[(Y2;U2pb|U167U267X2))

Hence P[E; 3] — 0 as N — oo if Equation 3.36h is satisfied.
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TABLE II

ERROR EVENTS AT DECODER 1.

Event | wae | (wie,01) | Wipp | Py«

Fii | X |- |y

ELQ 1 X T Pyy|Us,
Ei3 1 1 X PYllUgc,Ulc

2.6.8 Decoding Errors at Decoder 1

The probability of error at decoder 1 is bounded as:
3
Plerror 1lencoding success ful] < Z PE, ],
i=1

where P[E ;] is the error event defined in Table II. The meaning of the symbols in Table II

is as for Table I. We have that Plerror 1lencoding successful] — 0 when N — oo if:

e When the event E; ; occurs we have Wy, # 1. In this case the received YlN is independent

of the transmitted sequences. We can bound the error probability of Ey ; as:

P[E1 ] =P U

WaeF£L,W1e,W1ph,b0,b1
(Y1N7 UQJ\cf (&726)7 U{X(wlc, ’[17267 b0)7 U{Zb(,&cha /&721)047 {ElCa b07 ’&72}767 bl)) S TgN (le,UQC,Ulc,Ulpb)]

N(Rgc+Ric+Ry +Ripp+R]
<2 ( 1ot Ry +Ripp+1,) Z Pijslep

N N, N 2N N
(yl 77"’2c7ulc7“‘1101)) ETE (le ,Uge 7U1caU1pb)

< 2N(R20+R2pa +1%1C+Rllc‘i’]:i2pb‘i'Filgpb*Il|* I*:@)
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for py|, given in Equation 2.16 and Iy}, given in Equation 2.20. Hence P[Fj;] — 0 as

N — oo if Equation 3.36i is satisfied.

When the event E; 9 occurs, either wi. # 1, /b\o # by or both. In this case, conditioned
on the (correct) decoded sequence UL, the output YV is independent of the (wrong)
decoded sequences U7\ and U{Zb . It is easy to see that the most stringent error event is

when both w. # 1 and Bo # by. Thus we have

P[Ei15) =P U

W1c7£1,b07£b0,W1pb,b1
(Y1N> UQJ\c[(l)a Ull\c[(L 7:ch7 bo), U{Zb(la ’wlm bo, wlpbv bl)) € TeN (pYIaUQC7UIC7U1pb):|

N(Ric+Ry +Ripp+ R,
<2 (Rict+Ry +Ripp+ R ,,) Z pll*’*=U2c

N. N _ N _ N N
(y1 7u267ulc7u1pb)eT€ (pYIvUQC*Ulchlpb)

< 2N(R16+Ric+Rlpb+R/1pb*11\*|*=U26)

for py|, given in Equation 2.19 and I, given in Equation 2.20. Hence P[E;2] — 0 as

N — o if Equation 3.36j is satisfied.

When the event E 3 occurs, either Wiy, # 1, /b\l # by or both. In this case, conditioned

on the (correct) decoded sequence Ué\cf and Uf\cf), the output YlN is independent of the
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(wrong) decoded sequences Ufzb. It is easy to see that the most stringent error event is

when both @, # 1 and 31 # by. Thus we have

P[Ei3) =P U
W1pp#1,b17b1

(YIN’ Ué\c[(l)v Ui]\g(lv 1’Bﬂ)v Uljgb(lv 1750a wlpb, b1)) € TeN (pyl,UZC,UlmUlpb)]

N(Ry,p,+R"
<2 (Raipb 1pb) Z p1|*|*:U267Ulc

N, N _ N _ N N
(yl :ugcaulc:ulpb)ETg (le,Uzc,Ulc,Ulpb>

< 2N(R1C+R/16+R1pb+R,1pb_Il\*|*:UQC,UIC)

for py|, given in Equation 2.19 and I;), given in Equation 2.20. Hence P[Fj3] — 0 as

N — oo if Equation 3.36k is satisfied.

2.6.9 Two step binning

It is also possible to perform binning in a sequential manner. First, Uy, is binned against X1,
and then Uy, and Usyy, are binned against each other conditioned on (Usc, Uy.) and (Usze, X2, Ue)
respectively.

With respect to the encoding operation of the previous section, this affects Section 2.6.3 as

follows.
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Given the message wo = (wac, Wapp, W2pe) and the message w1 = (w1, wipy), encoder 1 looks

for by such that

(U (wae), X3 (w2, Wapa ), Ut (wae, wie, bo),

€ TeN (pUzc,Xz,Uu)'

If not such a by exists, it sets bg = 1. If more than one such by exists, it picks one uniformly
at random.

For the selected by, encoder 1 looks for (b1,b2) such that:

(UQJX(MQC)a Xév(w207 w?pa)u Ulj\c](wQCa w167 b0)7 Ulzzb(w2cu wlC7 b07 wlpb7 b1)7 UQJXb(wQCa wlC) b07 w?pba b?))

N
€ Te (pU267X27UlczUlpbuU2pb)'

If not such a (b1, be) exists, it sets (b1,b2) = (1,1). If more than one such a (by,bs) exists, it
picks one uniformly at random from the found ones.

For the selected (bo, by, b2), encoder 1 sends X" (wapa, Wac, Wic, bos Wiph, b1, Wap, b2).

The next theorem states the condition under which this two step encoding procedure is

successful with high probability.



Theorem 2.6.3. The encoding procedure of Section 2.6.9 is successful if

/
lc

v

I(Ure; X2|Use),

/
1pb

v

I(Ulpb; X2 ’UQCv Ulc)v

o+ Ropp = T(Uiph; Uzpas Xa, Uspp|Use, Ute)
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(2.21a)
(2.21b)

(2.21¢)

Proof. An encoding error is committed if we cannot find a bg in the first step or if, upon finding

the correct by in the first encoding step, we cannot find the correct (b, b2) in the second step.

Let E. o the probability of the first event and E 12 of the latter, than:

Plencoding NOT success ful] < P[Ee | + P[Ee12|E¢ ]

where

’
2NR1C

P[Ee,o] = P[ﬂbozl (UQJX(l)VXéV(L1)7U1Acf(1¢17b0)) ¢T€N(pU201X27Ulc)]

= (1 - P[(U%(l)vXév(L 1)7 Ulj\c[(L 1, bo)) ¢ TeN(pU2c,X2,U1c)])

Using standard typicality arguments we have

P[(UQJX(l)vXéV(L 1)7 Ulj\(,((la 1,b0)) §é TeN(pU2c,X2,U1c)]

— _ N(I(UlC;X2|UQC)+(S)
B ZUICETEN(PU2C,X2,U16\Uzc,XQ) > (1—-¢)2 .

!
oN R,



o1

Now we can write

/
2NR1c

P[Ee 0} <(1-(1- 6)2N(I(U10?X2|U20)+5))

< exp (1 -(1- e)2N(R’1H(U1c;X2|U2c)+5))>

so that P[E. o] — 1 when N — 0 if Equation 2.21a is satisfied.

Now the error event F, 12 can be divided in three distinct error events:

e E.21 o it is not possible to find by such that (U, XV, UN, Uljgb) € Tgv(pUQC,Xszlc,Ulpb),

e E.o1p: it is not possible to find by such that (U, X2, UN, Ugb) € TeN(pU2C7X27U1c7U2pb).

c)
e FE,21 . Given that we can find b; and by satisfy the first two equations, we cannot find a

couple (by, by) such that (UN, X, UN, Uljgb, Ugjb) € TeN(PUQC,Xz,Ulc,Ulpb,UQPb).

We now establish the rate bounds that guarantee that the probability of error of each of these
events goes to zero.

For Fc 21 o we have:

!
NR},

PlEearal = (1= PI(UR1), X5 (1,1), U (1,1,00), UN, (1,150, 1,61) ) & T2 (b, o, 0010.0,)])°
where

P[<U21X(1)’Xév(1v1)7U1Ac[(1717b0)7U1]Zb(1717b0717b1)) ¢ TEN(pUQC7X2aUlc7U1pb)

] > (1 — €)2- NUX2U1pp|Uze,U1c)+6)

As for E. , this implies that P[E¢ 21 o] — 1 when N — 0 if Equation 2.21b is satisfied.
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For E. 91 1, we have that the probability of this event goes to one for large N given that
(Use, X2,Uy.) appear to be generated according to the distribution py,, x,.0,. and Uy is gen-
erated according to py, ,|Us0, X, U1, -

For 21 . we have:

P[Ee,Zl c] = (1 _P[<U2]Z(1)7Xév(1v1)7U1Ac](171>b0)7U1]\£b(1717b0717b1)7Uﬁ;b<171760717b2)>

N(R: +RL )
géTfN(pU%X?:Ulc,Ulpb,UQpb)])2 1o o)

where
PI(U(1), X3 (1,1), U (1, 1,bo), URy(1,1, 0, 1,b1), Uy (1,1, b0, 1,b2)
¢ Tejv(pU2mX27Ulch1pb7U2pb)]) < 270+0
this implies that P[E,21 o] — 1 when N — 0 if Equation 2.21c is satisfied. O

Remark 2.6.4. Since the binning rate Equation 2.12a of Theorem 2.6.1 can be taken with
equality, the two step binning has the same performance of the joint binning. In fact by
setting Fquation 2.21a to hold with equality, we obtain the equality between the binning rate

expression of the joint binning and the two step binning.

A plot of the permissable binning rates Ry,, and Ry, is depicted in Figure 3
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\\\WW///////////////////&

/2pb ﬁpb+Rgpb > [(Urpb; Xo, Uapp| U, Uae )~
/ 7
Riyy = I(Uipy; Xo|Uie, Use),
/
1pb

Figure 3. The region of the admissible binning rates R,, and Ry, in Theorem 2.6.1.

2.7 Comparison with existing achievable regions

We now show that the region of Theorem 2.6.1 contains all other known achievable rate
regions for the DM-CIFC. Showing inclusion of the rate regions (50, Thm. 2) , (52, Thm. 1)
and (51, Thm. 4.1) is sufficient to demonstrate the largest known DM-CIFC region, since the

region of (50) is shown to contain those of (25, Thm. 1) and (29).

2.7.1 Containment of region of Devroye et al. in Rrrp

We refer to the region in (52, Thm. 1) as Rppp for brevity. We show this inclusion of
Rpuyr in Rgrp with the following steps:
e We enlarge the region Rpp/r by removing some rate constraints.

e We further enlarge the region by enlarging the set of possible input distributions. This allows
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us to remove the Vi1 and @Q from the inner bound. We refer to this region as R¥4 . since is

enlarges the original achievable region.

e We make a correspondence between the RV’s and corresponding rates of R%4 .~ and Rprp.
e We choose a particular subset of Rrrp, R?T p, for which we can more easily show Rpyr C
R C Ré’gT » € Rerp, since R% . and R?T p have identical input distribution decomposi-
tions and similar rate bound equations.

Enlarge the region Rpyr

We first enlarge the rate region of (52, Thm. 1), Rpasr by removing a number of constraints
(specifically, we remove equations (2.6, 2.8, 2.10, 2.13, 2.14, 2.16 2.17) of (52, Thm. 1)) to

obtain the region R%} . defined as the set of all rate pairs satisfying:

Ry, = I(Var;Vag, Vig|[W) (2.22a)

Ryy = I(Vaz; Vir, Via|W) (2.22b)

Ru < I(Y1,Viz, Var; Vin[W) (2.22¢)

Ror + Ry < I(Y1, Vi1, Vig; Var|[W) (2.22d)

Rit+ Ry + Ry < I(Y1, Vig; Vix, Var[W) + I(Viy; Var [W) (2.22e)

Ri1+ Roi + Ry + Rig < I(Y1; Vin, Vo, Vig|[W) + I(Vig, Vig; Van [W) - (2.22f)

Ryo + Ry < I(Y2,Vig, Vai; Vao| W) (2.22¢)

Rog + Ry + Ro1 + Ry < I(Ya, Vig; Vag, Var [W) + I (Vag; Var [W) (2.22h)

Ros + Ry + Ro1 + Ry + Ria < I(Ya; Vag, Vor, Vig|W) + I(Vag, Var; Via|[W).  (2.22i)



taken over the union of distributions

PwWPVI1PVIaPX1|Vi1,ViaPVay Vi1 V12 PVas| Vi1, ViaP X |Va1,V12, Va1, Vas -
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(2.23)

Following the line of thoughts in (53, Appendix D) it is possible to show that without loss

of generality we can set X7 to be a deterministic function of Vi; and Vis, allowing us insert Xy

next to V41, Vio as follows:

/
21

2

Ry

Ro1 + Rb,

Ri1 + Ro1 + Ry,

Ry1 + Roy + Rhy + Rio

R22 + RIQQ
Ros + Ry + Ro1 + Ry

Roo + R/22 + Ro1 + Rél + Rio

IN

IN

IN

IN

IN

IN

IN

I(Var; X1, Vi1, Via|[W)

I(Vag; X1, Vi, Vi| W)

I(Y1, Vi, Var; Via | W)

I(Y1, X1, Vi1, Vig; Va1 |[W)

I(Y1, Vig; Vin, Var (W) + I(Viy; Var [WV)
I(Y1; X1, Var, Vig, Var [ W)

+1(X1, Vi1, Vig; Var [W)
I(Yz2, Vig, Var; Voo [W)
I(Ya, Vig; Vag, Vo1 [W) + I(Vag; Va1 [ W)

I(Ya; Vag, Vor, Vig|W) + I(Vag, Var; Vig|W)

(2.24a)
(2.24b)
(2.24¢)
(2.24d)

(2.24e)

(2.24f)
(2.24g)
(2.24h)

(2.24i)

Using the factorization of the auxiliary RV’s in (52, Thm. 1), we may insert X; next to Vi

in Equation 2.24f.



For Equation 2.24c:

Ry < I(Y7,Vig, Var; Vi |[W)

= I(Y1, Vor; Vi1 [Vig, W) + I (Vig; Vi1 |[W)

= I(Y7,Vo1; Vi1 |Vig, W)

= I(Y1,Var; X1, Via|Vig, W)

= I1(Y1; X1, Via[Vag, Vor, W) + I(Var; Xu, Via[Vag, W).

For Equation 2.24e we have:

Ri1 + Roy + Rél <

I(Y1, Vig; Vig, Var [W) + I(Vix; Var [W)

I(Y1; Vir, Va1 [Vig, W) + I(Vag; Vir, Var [W) + 1 (Vin; Va1 [W)
I(Y1; Vi, Vo1 |[Vig, W) + I(Vag; Va1 [Vir, W) + 1(Vi1; Vaa [W)
I(Y1; Vi1, Va1 [ Vig, W) + I (Vi1 Vig; Vi [W)

I(Y1; X1, Vin, Vor [Vig, W) + I( X1, Vix, Vig; Va1 [W)

56
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The original region is thus equivalent to

Ry,

Ry

Ry

Ro1 + Ry,
Ri1+ Ry + Ry,

Ry + Roy + Ry + Ry

Rog + Rl22
Ros + Rhy + Ro1 + Ry,

Ray + Ry, + Ro1 + Ry, + Rio

IN

IN

IN

IN

IN

IN

IN

I(Va1; X1, Vin, Vag|W) (2.25a)
I(Vag; X1, Vi, Vig|W) (2.25b)
I(Y1; X1, Vi1 |Vig, Var [W) 4 I(Var; X1|Viz, W) (2.25¢)
I(Y1, X1, Vi1, Vig; Var [W) (2.25d)
I(Y1; X1, Vi, Var [Vig, W) + I(X1; Va[W) - (2.25e)

I(Y1; X1, Vi1, Var, Vig|W)

+1(X1, Vi, Vaz; Vaa [ W) (2.25f)
I(Ya, Vig, Va1; Vao[W) (2.25g)
I(Ya, Vig; Vag, Vo [W) + I(Vag; Va1 [W) (2.25h)

I(Ya; Vag, Vor, Vig|W) + I(Vag, Var; Vie|[W)  (2.251)

union over all distributions that factor as in Equation 2.23.

Enlarge the class of input distribution and eliminate V1 and W

Now increase the set of possible input distribution of Equation 2.23 by letting V11 to have any
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joint distribution with Vj2. This is done by substituting py;, with py, |1;, in the expression of

the input distribution. With this substitution we have:

PWPVy1 V1o PVia P Xy Vi1, ViaPVor | X1, Vi1 ViaPVas | X1,Vi1,Vi2P X | X1, Vi1, V12, Va1, Voo
= PWPVi2aPVi1,X1|ViePVoy | X1, Vi1 V12 PVao| X1,V11,Vi2 P X2 | X1,Vi1,Vi2, Va1, Vas

= PWPVi2PX! V1o PVor | X V12 PVas | X ViaP X2 | X Va2, Va1, Vao

with X{ = (X1, Vi1). Since Vig is decoded at both decoders, the time sharing random W may be
incorporated with Vio without loss of generality and thus can be dropped. The region described
in (Equation 2.25) is convex and thus time sharing is not needed. With these simplifications,

the region R% . is now defined as

5 = 1(Var; X1, Vi2) (2.26a)

he = 1(Va2; X7, Via) (2.26b)

Rin < I(Yy; X1[Vig, Var) + I(Var; X1[Vig) (2.26¢)

Ro1+ Ry, < I(Y1, X7, Vig; Var) (2.26d)

Ri1 4 Ro1 + Ry < I(Yy; X1, Va1|Via) + 1(X1; V) (2.26e)

Ri1+ Ro1 + Ry + Rz < I(Y1; X1, Var, Viz) + 1(X7, Via; Var) (2.26f)

Ry + Ryy < 1(Ya, Vig, Var; Vag) (2.26g)

Ros + Rhy + Roy + Rhyy < 1(Ya, Via; Vo, Var) + I(Vag; Var) (2.26h)

Ry + Ry + Ro1 + Ry + Ria < I(Ya; Vay, Var, Via) + 1(Vag, Var; Vio) (2.26i)
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RV, rate of Theorem 2.6.1 RV, rate of (52, Thm. 1) Comments

Use, Roc Vi, Ri2 TX 2 — RX 1, RX 2
Ute, Ric Va1, Roa TX 1 — RX 1, RX 2
Uipbs Ripb Voo, Roo TX 1 — RX 1

X2, Rapa X{, R TX 2 — RX 2

Uzph = 0, Ry, = 0 — TX 1 — RX 2

Ry = I(Ure; X2|Use) Loy — Roy = I(Va1; V11, Vi2) Binning rate

Ry, = I(Unpb; X2|Ute, Uze) Loz — Roa = I(Vag; Vi, Viz)  Binning rates

Xl X2

union over all the distributions

PviaPX! V1o PVar | X V1o PVas | X Via P X5 | X Va2, Va1, Vas

Correspondence between the random variables and rates. When referring to (52) please
note that the index of the primary and cognitive user are reversed with respect to our notation
(i.e 1 — 2 and vice-versa). Consider the correspondences between the variables of (52, Thm.
1) and those of Theorem 2.6.1 in 2.7.1 to obtain the region R . defined as the set of rate

pairs satisfying
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e = (Ui X2, Use) (2.27a)

= T(Urph; X2, Use) (2.27b)

Ropa + Ric+ Ry, + Rae < I(Ya;Use, Use, Xa) + I( X2, Use; Uy (2.27¢c)

Ropa + Ric+ R}, < I(Ya; Xo,Uic|Use) + I(Xo; Uie) (2.27d)

Ric+ R}, < 1(Ya, X2, Us;Ulc) (2.27¢)

Ropa < I(Y2; Xo|Use, Ure) + I(Ure; X2|Uae) (2.27f)

Ripy + Ripy, + Ric + Ri. + Roe < I(Y1;Unps, Ute, Uze) + I(Urpp, Ure; Use)  (2.27g)
Ric+ Rupp+ Bio + Ry, < I(Vi, Use; Urppy Ure) + T(Usy; Une) (2.27h)

Ripp + Ry, < I(Y1, Use, Ure; Uipp) (2.27i)

taken over the union of all distributions

PUs P X3 | Uz PULe| X2 PUL | X2 P X1 | X2 Ur e Usps - (2.28)
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Next, we using the correspondences of the table and restrict the fully general input distribu-

tion of Theorem 2.6.1 to match the more constrained factorization of (Equation 2.28), obtaining

a region R%LT p € Rerrp defined as the set of rate tuples satisfying

e = I(Uic; X2|Use)

llc + Rllpb = I(Xy; Uy, Ulpb‘U%)

Roc + Ric + Ropa + Ry, < I(Ya;Use, Ure, X2) + I(Use; Xo|Use)
Ropa + Ric+ R, < 1(Ya;Ure, Xo|Use) + I(Uie; Xo|Use)
Ric+ Ry, < I(Yz; Ure|Use, Xa) + I(Ure; X2|Use)
Ropa < I(Y2; Xo|Use, Uie) + I(Ure; X2|Uze)
Ripy + Ry + Ric + Ry + Roe < I(Y1; Use, Ure, Urpp)
Ric+ Ripy + Ry + Ry, < 1(Y1;Ute, Uigp|Uae)
Ripy + Ry, < I(Y1; Uy |Use, Use)

union of all distributions that factor as

PUse, X2 PU1o| X2 PULpp | X2 P X1 | X2, U, U ps -

(2.29a)
(2.29D)
(2.29¢)
(2.29d)
(2.29€)
(2.29f)
(2.29g)
(2.29h)

(2.29i)

Equation-by-equation comparison. We now show that R@? . C R%TD by fixing an input

distribution (which are the same for these two regions) and comparing the rate regions equation



62

by equation. We refer to the equation numbers directly, and look at the difference between the

corresponding equations in the two new regions.

e Equation 2.29c-Equation 2.29a vs Equation 2.27c-Equation 2.27a: Noting the cancelation

/ interplay between the binning rates, we see that

(Equation 2.29¢ — Equation 2.29a) — (Equation 2.27d — Equation 2.27a) = 0.

e Equation 2.29d-Equation 2.29a vs. Equation 2.27d-Equation 2.27a:

(Equation 2.29d — Equation 2.29a) — (Equation 2.27d — Equation 2.27a)
= —1(X2;Urc) + I(Ure; X2, Uze)
= I(UQC; Ulc‘XQ)

=0

e Equation 2.29e-Equation 2.29a vs. Equation 2.27e-Equation 2.27a: again noting the

cancelations,

(Equation 2.29¢ — Equation 2.29a) — (Equation 2.27e — Equation 2.27a) = 0

e Equation 2.29f vs. Equation 2.27f:

Equation 2.29f — Equation 2.27f =0
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e Equation 2.29g-Equation 2.29b vs. Equation 2.27g-Equation 2.27b-Equation 2.27a

(Equation 2.29g — Equation 2.29b) — (Equation 2.27g — Equation 2.27b — Equation 2.27a)
= —1(X2; Ute, Uipp|Uae)
—I(Upy, Uie; Uae) + 1(Uie; Uae, X2) + I(Urpy; Uze, X2)
= —I(Uipp, Urc; X2, Use) + I(Uice; Uae, Xo) + I(Uipp; Uae, X2)
= —I(Uipp; X2, Use) — I(Ure; Xo, Uae|Urpy) + 1(Uie; Uae, X2) + I(Uipy; Uze, X2)
= —1(Ure; X2, Uze|Urpp) + I(Ute; Uze, X2)
= —H(Uic|Uipy) + H(Uic| X2, Use, Urpy) + H(Uie) — H(Uie| X2, Uae)

= I(Ulc; Ulpb) >0

where we have used the fact that Uj;. and Uiy, are conditionally independent given

(Uae, X2).

e Fquation 2.29h — Equation 2.29b vs. Equation 2.27h — Equation 2.27b— Equation 2.27a:

(Equation 2.29h — Equation 2.29b) — (Equation 2.27h — Equation 2.27b — Equation 2.27a)
= —I(X2; Uie, Uipp|Uac) — I(Use; Uie, Urpp) + I (Unpp; Uze, X2) — I(Urpp; Uie) + I(Ure; Xa, Uae)
= —1(X2,Use; Ure, Urpy) + 1(Uipp; Uze, X2) — I(Urpy; Ure) + I(Ure; X2, Uae)
= —1(X2,Use; Urpy) — I(Ure; X2, Uze|Urppy) + I(Urpp; Uze, X2) — I(Urpp; Ure) + 1(Ure; X2, Uae)
= —I(Uie; X2, Use, Urpp) + 1(Ure; X2, Uac)
= —1(Uie; X2, Use) — I(Uie; Urpp| X2, Uae) + I(Uice; X2, Usae)

=0
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where we have used the fact that Uj. and Ujy, are conditionally independent given

(Uae, X2).

e Fquation 2.291 — Equation 2.29b 4+ Equation 2.29a vs. Equation 2.27i — Equation 2.27b:

(Equation 2.29i — Equation 2.29b + Equation 2.29a) — (Equation 2.27i — Equation 2.27b)
= —I(Uipp; X2|Use, Ure) = I(Unpb; Use, Ure) + I (Uipp; X2, Use)
= —I(Upy; X2, Uze, Ure) + 1(Urpp; Uze, X2)
= —I(Uipp; Urc|Use, X2)

=0

2.7.2 Containment of the region of Biao et al. in Rgrp

The independently derived region in (50, Thm. 2) uses a similar encoding structure as that
of Rrrp with two exceptions: a) the binning is done sequentially rather than jointly as in
Rprrp leading to binning constraints (43)—(45) in (50, Thm. 2) as opposed to Equation 2.12a—
Equation 2.12¢ in Thm.2.6.1. Notable is that both schemes have adopted a Marton-like binning
scheme at the cognitive transmitter, as first introduced in the context of the CIFC in (50). b)
While the cognitive messages are rate-split in identical fashions, the primary message is split
into 2 parts in (50, Thm. 2) (R; = R11 + Rio, note the reversal of indices) while we explicitly
split the primary message into three parts Ry = Ra. + Rapq + Ropp. We show that the region of
(50, Thm.2), denoted as Rec € Rrrp in two steps:

e We first show that we may WLOG set U1 = ) in (50, Thm.2), creating a new region Ry
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e We next make a correspondence between our RV’s and those of (50, Thm.2) and obtain
identical regions.

We note that the primary and cognitive indices are permuted in (50).

We first show that Uy; in (50, Thm. 2) may be dropped WLOG. Consider the region Ree
of (50, Thm. 2), defined as the union over all distributions py, o v11,vi1,Va0,Va2,X1,X2PY1 ,¥a| X1,Xo

of all rate tuples satisfying:

Ry < I(Y1; Vi1, Ur, Vao, Uo) (2.30a)
Ry < I(Y2; Vo, Va2|Uro) — I(Vaz, Vao; Ur1|Uro) (2.30b)
Ri+ Ry < I(Y1; Vi1, Un1|Vao, Uro) + I1(Ya; Vaz, Vao, Uto)
—I(Vag; Ur1, Vi1|Vao, Uto) (2.30c)
Ri+ Ry < I(Y1;Vi1,Ur, Vao, Uro) + 1(Ya; Vaa|Vag, Uo)
—1(Vaz; Ur1, Vi1 | Vo, Uno) (2.30d)
2Ry + Ry < I(Y1;Var, Unn, VaolUo) + 1(Y2; Vaz|Vao, Uro) + 1(Y2; Vao, Vg, Uto)

—I(Vag; Ur1, Vi1|Vao, Uio) — 1(Vaz, Vao; U11|Uno) (2.30e)
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Now let R{, be the region obtained by setting U, = () and V{; = (V11, U11) while keeping all
remaining RV’s identical. Then R¢. is the union over all distributions DUy, V{; Va0, Va2, X1,X2PY1 Y2 | X1, X5

with V{; = (Vi1,U11) in Ree, of all rate tuples satisfying:

Ry < I(Y1; Vi1, U, Vao, Uro) (2.31a)
Ry < I(Y2; Vag, Va2|Uso) (2.31b)
Ri+ Ry < I(Y1;Vi1,Un1|Vao, Uro) + 1(Y2; Vaz, Vao, Uio)
—I(Vag; U, Vi1|Vao, Uto) (2.31c)
Ri+ Ry < I(Y1; Vi1, Ur, Vao, Uro) + 1(Y2; Vaa|Vag, Uto)
—I(Vag; Ur1, Vi1|Vao, Uto) (2.31d)
2Ry + Ry < I(Y1; Va1, Unn, VaolUno) + 1(Yz; Vaz|Vao, Uro) + 1(Y2; Vao, Vag, Uto)

—1I(Vaz; U1, Va1|Vao, Uto) (2.31e)

Comparing the two regions equation by equation, we see that

e Equation 2.30a= Equation 2.31a

e Equation 2.30b < Equation 2.31b as this choice of RV’s sets the generally positive mutual

information to 0
e Equation 2.30c=Equation 2.31c

e Equation 2.30d=Equation 2.31d
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RV, rate of Theorem 2.6.1 RV, rate of (52, Thm. 1) Comments
Uae, Rac Uio, R10 TX2 —->RX 1, RX 2
X2:U207 R2pa:O Ullz(b, R11:0 TX 2 - RX 2
UlaRlc Vzo,RQO TX 1 — RX 1, RX 2
Uipb, Ripb Vaz, Rag TX 1 — RX 1
Uspp, Ropy Vi1 TX 1 — RX 2
le Lo — Rao
R, Loy — Rao
Ry, Ly — R
X1 X5
X2 X1

e Equation 2.30e < Equation 2.31e as this choice of RV’s sets the generally positive mutual

information to 0

From the previous, we may set Uy = () in the region Ree of (50, Thm. 2) without loss of
generality, obtaining the region R}, defined in Equation 2.31a — Equation 2.31e. We show that
R may be obtained from the region Rrrp with the assignment of RV’s, rates and binning

rates in 2.7.2 .
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Evaluating Rf- defined by Equation 2.31a — Equation 2.31le with the above assignment,

translating all RV’s into the notation used here, we obtain the region:

le > 0
Ripp + Ry, > I(Usp; Uzpp|Use, Utc)
Ropy + Ry, < I(Ya; Ugp|Use, Ure)
Ropp + Ry, + Rac + Ry, < I(Ye; Uie, Ugpp|Use)
Ropy + Ry, + Ric + Ry + Roe < 1(Y2;Ute, Uze, Ugyo)
Ripy + Ry, < I(Y1; Uipp|Use, Uie)
Ripp + Ry, + Ric + 1Y, < I(Y1; Ui, Uie|Use)
Riph + Ry + Ric + Ry + Roe < I(Y1; Urpp, Ute, Uae)
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Note that we may take binning rate equations R}, > 0 and R’lpb +R’2pb > I(Uipp; Uapp|Use, Ure)

/ /

to be equality without loss of generality - the largest region will take R, 1pb? R,2pb as small as

possible. The region Rrrp with Rapq =0

e z 0
Ilc + Rllpb > 0
Ilc + Rllpb + R/2pb > I(Ulpb§ U2pb’U207 Ulc)

Ropp + Ry, < I(Ya; Ugpy|Uze, Ute)
Ropp + Ry, + Ric + Ry, < I(Y2; Use, Ugpp|Uae)
Ropy + Ry, + Ric + Ry + Roe < 1(Y2;Ute, Uze, Ugyo)
Ripy + Ry < I(Y1;Uiph|Use, Uie)
Ripy + Ry, + Rae + By, < I(Y1; Urph, Ure|Use)
Ripy + Ry, + Ric + Rio + Roe < 1(Y1; Uiy, Ute, Uae)

For R). = 0 these two regions are identical, showing that Rrrp is surely no smaller than Rec.
For R|. > 0, Rrrp , the binning rates of the region Rrrp are looser than the ones in Rec.
This is probably due to the fact that the first one uses joint binning and latter one sequential
binning. Therefore Rrrp may produce rates larger than Roo. However, in general, no strict

inclusion of R in Rrrp has been shown.

2.7.3 Containment of the region of Jiang et al. in Rrrp:

In this scheme the common messages are created independently instead of having the com-

mon message from transmitter 1 being superposed to the common message from transmitter 2.
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The former choice introduces more rate constraints than the latter and allows us to show in-
clusion in :RRTD'

The region of (51) is expressed as the set of all rate tuples satisfying

Ry > I(Wo;V1|Ur, Ua) (2.32a)

11+ Ry > I(Wo Wi, Vi|Uy, Us) (2.32b)

Ry + Ry, < I(Vi,Wy; Y1|Uy, Us) (2.32c)

Rio+ Ry + Ry, < I(U, Vi, Wy Y1|Uo) (2.32d)

Ro1 + Ry + Ry, < I(Up, Vi, Wi Y1|UY) (2.32¢)
Ris+ Ro1 + Ry + Ry < I(Uy, Vi, Wy, Us; Y1) (2.32f)
Roy 4+ Ryy < I(Wo; Ya|Uy, Un) (2.32g)

Ro1 + Ros + Ry < I(Uz, Wa; Ya|Uy) (2.32h)

Ris + Rog + Ry < I(Uy, Wa; Ya|Us) (2.32i)
Ris + Ro1 + Ras + Ry < I(Ur, Uz, Wo; Y5) (2.32j)

union over all the distributions

PUL PV, U1 P XA | V1, UL PU2PW W |V, U1 U2 P X o | W1 ,Wa, Vi, U1, U2PY1, Yo | X1, X0

for (Ry, Rhy, Ri1, Ri2, Ro1, Rao) € RY.
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Following the argument of (53, Appendix D) we can show that WLG we can take X; and

X5 to be deterministic functions, so that we can write

Ry, > I(Wy; Vi, X1|Uy, Ua) (2.33a)

Riy + Ry > I(Wy; Wi, Vi, X1|Uy, Us) (2.33b)

Riy+ Ry < I(Vi, X1, Wi Y1|Us, Us) (2.33¢)

Rio+ R+ Ry, < I(Uy, Vi, X1, Wq; Y1|Us) (2.33d)

Ro1 + Ri1 + Ry < I(Ug, Vi, Xy, Wy; Y1|Uy) (2.33¢)

Rios+ Ro1 + Ry + Ry < I(U, Vi, XuWq,Us; Y1) (2.33f)
Ros + Rhy < I(Wa; Ya|Ur, Us) (2.33g)

Ro1 + Ros + Rhy < I(Uz, Wa; Ya|Uy) (2.33h)

Riz 4+ Roo + Ryy < I(Up, Wy; Ya|Us) (2.330)

Rig + Ro1 + Rog + Ryy < I(Uy, Uz, Wo; Ya). (2.33))

We can now eliminate one RV by noticing that

PUL Py UL PX1 |V UL PURPW L W |V, UL U2 P X |[We ,Wa, Vi, UL U2 PY1 Y2 | X1, X0

- pU1pV1,X1|U1pU2pW1,W2|V1,Ul,Xl,U2pX0|W1,W27V1,U1»X17U2pY17Y2‘X1:X0’

and setting V] = [V1, X;], to obtain the region
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Ry > I(Wy; V] |UL, Uy) (2.34a)

11+ Ry > I(Woy Wi, V] |UL, Uy) (2.34D)

R+ Ry, < I(V/,Wy;Y1|UL, Us) (2.34c)

Rio+ Ry + Ry, < I(U, V], Wy; Y1|Us) (2.34d)
Ro1+ Ry + R}y, < I(Uy, V|, Wy; Y1|Uh) (2.34e)
Ris+ Roy + Ry + Ry, < I(U, V{Wy,Us; Y1) (2.34f)
Ros + Ryy < I(Wa; Ya|Uy, Un) (2.34g)

Ro1 + Rog + Ry < I(Uz, Wa; Ya|Uy) (2.34h)
Ris+ Rog + Rhy < I(Uy, Wa; Ya|Us) (2.34i)
Rio+ Ro1 + Roa + Ryy < I(U, Uz, Wo; Y5) (2.34j)

taken over the union of all distributions of the form

PuL PV UL PULPWy W |V] Ur Ua PX o | W1 ,Wa V] U1, U2 PY1, Y2 |V, X

We equate the RV’s in the region of (51) with the RV’s in Theorem 2.6.1 as in 2.7.3.



RV, rate of Theorem 2.6.1 RV, rate of (52, Thm. 1) Comments
Uae, Rac Ui, Ri2 TX2 —->RX 1, RX 2
X2, Ropq v/, Ry, TX 2 — RX 2
Ute, Ric Us, Ro1 TX 1 — RX 1, RX 2
Uipb, Ripp Wa, Rag TX 1 —- RX1
Uspp, Ropp = 0 Wi TX 1 — RX 2
le Lo — Rao
R, L1 — R
Ry, Loz — R
X1 Xo
X2 X1
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With the substitution in the achievable rate region of Equation 2.34, we obtain the region

v

/
1pb

Y

/ /
1pb + R2pb

IN

RQPG + R/2pb

IN

R2c + R2pa + Rl2pb

Ric + Ropa + Rl2pb

IN

IN

Rlpb + Rllpb

IN

Rlc + Rlpb -+ R/lpb

IN

Roc + Rypp + R/lpb

IN

IN

Ry + Ry + Rlpb + Rllpb

I(Uspb; X2|Use, Uie)
I(Uipp; Uapy, X2|Use, Ure)
I( X2, Ugpp; Y2|Use, Ure)
I(Use, Xo, Ugpy; Ya|Use)
I(Uie, X2, Ugpp; Yo|Uac)
I(Uze, X2, Ure, Uipp; Y2)
I(Urp; Y1|Uze, Ute)
I(Uie, Urpp; Y1|Uac)
I(Uze, Uipy; Y1|Uie)

I(Uae, Ute, Urpp; Y1)

(2.35a)
(2.35b)
(2.35¢)
(2.35d)
(2.35¢)
(2.35f)
(2.35)
(2.35h)
(2.351)

(2.35))
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taken over the union of all distributions of the form

PUPU2P X3 U2 PUL iy Uapb | Ure,Uze, X2 PX1|Uze,Ure,Urpp Uaps *

Set Ropp, = 0 and R}, = I(Uie; X2|Use) in the achievable scheme of Theorem 2.6.1 and consider

the factorization of the remaining RV’s as in the scheme of Equation 2.35, that is, according to

PULPU2P X5 U2 PUL iy Uapp | Ure,Uze, X2 PX1|Uze, X2,Ute, Ut po, Uaph *

With this factorization of the distributions, we obtain the achievable region

le = I(Ue; X2|Us) (2.36a)

o = I(Uip; Xo|Use, Ure) (2.36b)

1o T Ropy > T(Uipp; Xo, Unpp|Use, Ue) (2.36¢)

Ropa + Ry, < 1(Ya; Xo, Unpp|Use, Ure) + I(Use; Xa|Use) (2.36d)

Ric+ Ropa + Ry < 1(Y2; Use, Xo, Ugpp|Uae) (2.36e)

Roc + Ric + Ropa + Rayy < 1(Ya; Uspiy Ure, Use, Xo) (2.36f)
Ripy + Ry, < I(Yy; Urpy|Use, Use) (2.36g)

Ric+ Ripp + Ry, < I(Y1;Ute, Urpp|Use) (2.36h)

Roc+ Ric + Ry + Ry, < I(Y1;Use, Ure, Urpp) (2.36i)
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Note that with this particular factorization we have that I(Ujc; X2|Us:) = 0, since Xo is
conditionally independent on Uy, given Us,.
We now compare the region of Equation 2.35 and Equation 2.36 for a fixed input distribution,

equation by equation:

FEquation 2.36b = Equation 2.35a
FEquation 2.36c = Equation 2.35b

FEquation 2.36d = Equation 2.35¢
FEquation 2.36e = Equation 2.3be
FEquation 2.36f = Equation 2.35f
FEquation 2.36g = Fquation 2.35¢
FEquation 2.36h = Equation 2.35h
Equation 2.361 = Equation 2.35j

clearly Equation 2.35d and Equation 2.35i are extra bounds that further restrict the region

in (51) to be smaller than the region of Theorem 2.6.1.

2.8 New capacity results for the DM-CIFC

We now look at the expression of the outer bound (26, Thm. 3.1) to gain an insight on the
achievable scheme that is potentially capacity achieving. In particular we look at the expression
of the corner points of the outer bound region for a fixed py x, x, and try to interpret the RV’s
as private and common messages to be decoded at the transmitter side. We then consider
an achievable scheme inspired by these observation and we show that such scheme achieves

capacity for a particular class of channels. This class of channels contains the 'very strong’ and
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the ’very weak’ interference regime and thus it is the largest region where capacity is currently

known.

The outer bound region of (26, Thm. 3.1) has at most two corner points where both R;

and Ry are non zero:

(RS @ RS™ @y = (1(Yy; X1|U, X»), I(Ya; U, X3))
(R ) R Oy — (1(V1; X, |U, X2) + I(Ya; U, Xo) — A, A)

A =[I(Ya;U, Xo) — I(Y1; U|X2)] ™,

since

RS = min{I(Ya; U, X3), I(Ya; U, Xo) + I(Y1; X1|U, X2)} = I(Ya; U, Xa),

R = min{I(Yy; X1|U, Xa), I(Y1; X1|X2)} = I(Y1; X1|U, X3),
and

RS = min{1(Ya: U, Xa), 1(Yas U, Xa) + 10V X1[U. Xo) = I(¥i: X[ Xa)}
= (Y23 U, X3) +min{0, I(Y1; X3 |U, Xa) — I(Y1; X1, U X2) }]*
= [I(Ya;U, X2) — I(Y1;U|X2)]* £ A,

RO < min{I(Vi; X1|Xa), I(Ya; U, Xa) + I(Y1; X1|U, X2)}

= I(V1; X1|U, Xo) + 1(Ya; U, X3) — max{I(Ya; U, X2) — I(Y1;U|X2),0}

=1(Y1; Xa|U, X2) + I(Y2; U, X3) — A

(2.37)

(2.38)
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Proving the achievability of both these corner points for any py x, x, shows capacity by a
simple time sharing argument.

We can now look at the corner point expression and try to draw some intuition on the
achievable schemes that can possibly achieve these rates.

For the corner point (Rga), R;a)) we can interpret (U, X2) as a common message from trans-
mitter 2 to receiver 2 that is also decoded at receiver 1. X is superposed to (U, X3) since the
decoding of X follows the one of (U, X2) at decoder 2.

out (b)

The corner point (R(lmt (b), R, ) has two possible expressions.

If I(Y1;U|X2) < I(Y2; U, X2) we have that

(RO O Rout Oy — (1(V1; X1, U|X2), I(Ya; U, Xa) — I(Y1:U|X3)) (2.39)

which suggests the that X5 is again the common primary message and the cognitive message
is divided a in public and private part, U and X; respectively.

If I(Y1;U|X2) > I(Ys; U, X2) we have

” ”

(R O RSO = (1(Ya: U, Xa) + 1(Y15 X1, U|X2),0). (2.40)

In this case outer bound has only one corner point where both rates are non zero. Note that

we can always achieve the point

(RI™ O ROy — (1(v3; X1, U] X2), 0)
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by having transmitter 2 sending a known signal. In this case we have Rgm 7 Rén ® and

R‘lmt ® < Rin ®)" since

I(Y1; X1,U|X32) > I(Ya; U, Xo) + 1(Y1; X1, U| X2)

I(Y1;U[X2) > I(Yy; U, Xa).

So in this case showing the achievability of the point in Equation 2.38 is sufficient to show
capacity.

Guided by these considerations, we consider a scheme that has only the components Us., Uy,
and Uypp, that is the primary message wo is common and the cognitive message wy is split in
private and public part. With this scheme we are able to extend the capacity results in the
“very weak interference” of Theorem 2.4.5 and the “very strong interference” of Theorem 3.4.3.
This scheme coincides with the one in (54) which achieves capacity if cognitive receiver has to

decode both messages (even with secrecy constraint).

Theorem 2.8.1. Capacity in the “better cognitive decoding” regime.

When the following condition holds

I(Y17X27U) Z I(Yé7X27U) val,Xz,U (241)

the capacity of the DM-CIFC is given by region in Equation 2.1



Proof. Consider the achievable region of Theorem 2.6.1 when setting

Xl = Ulpb
Xo = Uze = Uy
so that
Ry = Ry
R2pa = R2pb =0

/ / _ / —
le — Rlpb - R2pb = 0.
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In the resulting scheme, the message from transmitter 2 to receiver 2 is all common while

the message from transmitter 1 to receiver 1 is split between common and private part. The

achievable region of this sub-scheme is:

Ry+ Ri. < I(Ya;Ure, Xo)
Ry + Ric + Ry < I(Y1;Use, Xo)
Ric+Ripy < I(Y1;Ure, X1|Uze)

=
2
A

I(Yi, X1|X27 Ulc):

(2.42a)
(2.42D)
(2.42¢)

(2.42d)



by applying the Fourier-Motzkin elimination (55) we obtain the following region

R1+ Ry

Ri 4+ Ry

IN

IN

IN

IN

I(Y1; Ui, X1]X2)
I(Ya; Uye, X2)
I(Ye; Uie, Xo) + 1(Y1; X1] X2, Use)

I(Yla X27 Ulle)
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(2.43a)
(2.43b)
(2.43c)

(2.43d)

When letting U;. = U we have that, Equation 2.1a matches Equation 2.43a , Equation 2.1b

matches Equation 2.43b and Equation 2.1c matches Equation 2.43c and Equation 2.43d is

redundant when

I(}/la X27X17 U) Z I(}/Qa U7 XQ) + I(Yla XI‘X27 U)

or equivalently

I<Y1;Ua X2) Z I(}/27U7X2)

(2.44)

O]

We term the condition Equation 2.44 “better cognitive decoding” since decoder 1 has a

higher mutual information among the receiver channel output and the RV’s U and X5 than the

primary receiver.
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Remark 2.8.2. The “better cognitive decoding” in Equation 2.44 is looser than both the “very
weak interference” condition of Equation 2.7 and the “very strong interference” condition of

Equation 3.6 In fact summing the two equations of the condition in Equation 2.7 we have

I(U; Y1 X2) + 1(Xo; Y1) > I(U; Ya| Xo) + I(X2; Y2)I(Y1; U, X2) > I(Y2; U, X2)

which corresponds to condition Equation 2.44. Similarly by summing the two equation of the

condition in Equation 3.6 we obtain

I(Y1; X1, X2) + I(X1; Ya| X2) > I(Y2; X1, Xo) + I[(X1; V1] X2) <=

v

I(Y1; X1, Xo) — I(X1; 1| X2) I(Ye; X1, Xo) — I(X1: V2| X) <=

v

I(Y1; X1, X0,U) — I(X1;Y1]|X2) I(Yo; X1, X0, U) — I(X1;Y2]| X2) <=

Y

which again corresponds to condition Equation 2.44.

Since both Equation 2.7 and Equation 3.6 imply the Equation 2.44, we conclude that Equa-
tion 2.44 is more general than the previous two.

The scheme that achieves capacity in very weak interference is obtained by setting Uj, = Xo
so that all the cognitive message is private and the primary message is common. The scheme
that achieves capacity in very strong interference is obtained by setting Ui, = X3 so that both
transmitters send only public messages. The scheme that we use to show the achievability in the

“strong cognitive decoding” regime mixes these two schemes by splitting the cognitive message
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in a public and a private part. This relaxes the strong interference achievability conditions as
now the cognitive encoder needs to decode only part of the cognitive message. The scheme also
relaxes the very weak achievability condition since it allows the cognitive encoder to decode
part of the cognitive message and remove its unwanted effects. For this reason, the resulting

achievability conditions are looser than both cases.

2.9 Capacity for the semi-deterministic CIFC

Consider the specific class of DM-CIFC for which the signal received at receiver 1 is a

deterministic function of the channel inputs, that is

Y1 = f1(Xy, X2). (2.45)

This class of channels is termed semi-deterministic CIFC and it was first introduced in (56).
In (56) capacity is derived for the case I(Y7; X2) > I(Y2; X2), we extend this result by showing
the capacity in the general case. Note that the authors of (56) consider the case where f; is

invertible. We consider a more general case where such condition is not required.

Theorem 2.9.1. The capacity of the semi-deterministic cognitive interference channel in Equa-

tion 2.45 1s

R1 < H(Yi’XQ) (2463)
Ry < I(Ya;U, X3) (2.46b)

Ri+ Ry < I(Yo;U,X5)+ H(Y1|U, Xo) (2.46¢)
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unton over all the distributions py x, x,-

Proof. Outer bound

The outer bound is obtained from Theorem 2.4.1 , “one auxiliary RV outer bound” , by
using the deterministic condition in Equation 2.45.

Achievability

Consider the scheme with only the RV’s X5, Uy, and Uspy, obtained by setting Us. = Uy =

(). The achievable region of Theorem 2.6.1 becomes:

e = (U X2) (2.47a)

o + Ropy = T(Uipp; Uzpp, X2) (2.47b)

Ropa + Ropy + Ry, < 1(Ya; Uspp, X2) (2.47¢)
Ropy + Ry, < I(Ya; Ugpp| Xo) (2.47d)
Ripp+ Ry, < I(Y1;Unp), (2.47¢)

union over all the input distributions py, , ,.,,X1,X2Pv; 2| X1, X2
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From the Fourier Motzkin elimination of this sub-scheme, we have that we can set Rgp, = 0

without loss of generality and that the region can be rewritten as

A
Ro(Uiph, Ugps, X2) = { Ry < I(Y1;Urpy) — I(Uspy; X2)

(2.48a)

Ry < I(Ya; Ugpp| X2) — I(Uips; Uapp| X2) + 1(Y1; Uips)

—I(Uypp; X2)
Ry < I(Ya; Ugpy, X2)
Ri+ Ry < I(Yo; Ugpp, Xo) + I(Y1; Urps)

—I(Uipy; Ugpy, X2)}

union over all the distributions that factor as

PU1 b, Uspp, X1,X2PY1,Y2| X1, X2

Let now

A
R1(Uipy, Ugp, X2) = { Ry < I(Y1;Urpy) — I(Uipy; X2)
Ry < 1(Ya; Uy, X2)
Ry + Ry < I(Yo; Ugpp, Xo) + 1(Y1; Urpe)

—I(Uipy; Ugpy, X2)}

(2.48D)

(2.48¢)

(2.48)

(2.49)

(2.50a)

(2.50b)

(2.50¢)
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and

Ro(Uipy, X2) 2{ Ry < I(Y1;Urpy) — I(Uipp: X2) (2.51a)

Ry < I(Yy:Xo)}. (2.51b)

Notice that

Ra(Uipy, X2) € R1(Uipps Uap, X2) € Ro(Uips, Uapp, X2),

since

Ra(Uips, X2) = R1(Uipp, Ugpy = X2, X2) = Ro(Uipp, Uzpp = X2, X2),

and Ro(Uipp, Uaps, X2) has one less constraint than Rq(Uipp, Uzpp, X2).

We now want to show that

UpX2lepb>U2pb RO = U 1

PXo,Uipp:Uapp

that is, Equation 2.48b can be removed from the Fourier Motzkin eliminated region of Equa-
tion 2.47.
The proof of this equivalence follows the same line as (57, Lemma 2).

For those P(Uipp, Uzpp, X2) such that

I(Ya; Ugpp| X2) — I(Uspp; Uapp| X2) > 0
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we have

R1(Utpy, Uapp, X2) = Ro(Urpp, Uzpp, X2).

For those P(Uipp, Uspp, X2) such that

I(Y2; Uapp| X2) — I(Usp; Ugpp| X2) <0

we have that the point

(R, R1) = (I1(Y1: Uy, — I(Urpp; X2)), 1(Y2; X2))

is achievable in Ry. Such point lies inside Ry and Ry and satisfies all the rate constraints in

Equation 2.48 but Equation 2.48b. In particular the sum rate Equation 2.48d given by

Ry + Ry < I(Yo; Ugpy, Xo) + 1(Y1; Uipy) — I (Urpp; Uapy, X2),

which implies

Ry < I(Y2; X2)

since

Ry < I(Y2; Uapp, Xo) + I(Y1; Urps) — L(Usps; Ugpy, X2) — Ry
= I(Yo; Xo) + I(Yo; Ugpy| X2) I (Urpp; Uapp| X2)

< I(Ye; X2).
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Using time sharing we can show the achievability of all the region Ry N Ry. This means that
these rate points are are not in Ro(Uipp, Ugpy, X2) are in Ro(Urpy, X2). But since Ro(Uipp, X2)

is special case of Ro(Uipy, Uaps, X2), we conclude that

92l(Ulpba U2pb7 XQ) = iRD(Ulplh UQpba XQ),

This means is that decoder 2 must not decode Uy, if that imposes a more stringent rate
constraint than the decoding of Uy, at the intended decoder 1. For this reason Us,, can be
chosen so that Uy, = X3 without loss of generality in such case.

This shows that Ry is achievable and thus concludes the achievability proof

O

Remark 2.9.2. The achievable scheme of Equation 2.47 cannot be obtained as a special case
of any previously known achievable scheme but (51). The RV Uy, as a broadcasted private
primary message from transmitter 1, appears in (50) as well. In this case in is possible to
reobtain the scheme of Equation 2.47 with a specific choice of the RV’s. Here the same message
is embedded in Usp, and the private primary message, this perform strictly worse than using

only Uszpp,.



88

2.10 Capacity for the deterministic CIFC

In the deterministic CIFC both outputs are deterministic functions of the channel inputs,

that is

Y1 =Y1(Xq, Xo)

Ys = Ya(X1, Xo) (2.52)

This class of channels is a subclass of the semi-deterministic CIFC of Section 2.9, so we already
have capacity for this case. Here we now show the achievability of the outer bound of Theorem
2.5.1 when letting Y, = Y2, instead of the outer bound of Theorem 2.4.1 , “one auxiliary RV
outer bound”. The achievability also differs since only one scheme is needed to achieve the

outer bound.

Theorem 2.10.1. The capacity of the deterministic cognitive interference channel is

R1 S H(Yl‘XQ) (253&)
Ry < H(Y2) (2.53b)
Ri+ Ry < H(Y2)+ H(Y1|Yz, X2) (2.53¢)

union over all the distributions px, x,-

Proof. Outer bound
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The outer bound is obtained from Theorem 2.5.1 by the deterministic conditions in Equa-

tion 2.52.
Achievability

Consider the scheme in Equation 2.50 and let Uy, = Y7 , Ugpp = Y2 to

Rl < H(Yi|X»)
R, < H(Y)

Ri+ Ry < H(Y2; U, Xo)+ H(Y1]Y2, X2)

which corresponds to the outer bound in Equation 2.53.

2.11 Examples

achieve the region

(2.54a)
(2.54D)

(2.54c)

The scheme that achieve capacity in the deterministic and semi-deterministic CIFC uses

the RV Uy, to perform Gel’an Pinsker binning to achieve the most general distribution among

(X2, Uipp, Ugpy), but it carries no message. This feature of the capacity achieving scheme does

not provide a clear intuition on the role of this RV. For this reason we present two examples

of deterministic channels where the encoders can choose their respective codebooks in a way

that allows binning of the interference without rate splitting. To make these examples more
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X, € {0,1,2,3} Y1 € {0,1,2,3}

Tx 1 + Rx 1
12,3}

Tx 2 (4 {Rx 2

X,€{0..7} Y, e {0.. 7}

Figure 4. The “asymmetric clipper” of Section 2.11.1.

interesting we choose them so that they do not fall into the category of the “very strong

interference regime” of Theorem 3.4.3 that in deterministic case reduces to

H(Y1|X2)

IN

H(Y2|Xs)

H(Y2) < H()/l) Vle,Xz (255)

Unfortunately, checking for the “very weak interference condition” of Theorem 2.4.5 is not

possible as no cardinality bound on U are available.



91

2.11.1 Example I: the “Asymmetric Clipper”

Consider the channel in Figure 4. The input and output alphabets are X1 = Y; = {0, 1,2, 3}

and Xo = Y9 ={0,1,2,3,4,5,6,7} and the input/output relationships are

Y1 = X1 @©4 Xo, (2.56)

Yy = 1q931(X1) s +Xo, (2.57)

where 14(x) = 1 if x € A and zero otherwise and @y is the addition operation over the ring
{1...N}. Also let U(8) be the uniform distribution over the set 8.

First we show that the channel in Equation 2.57 does not fall in the “very strong interference”
class.

Consider the input distribution:

XQNU(l) — P[Xlz()]:l,

X~ U(Xa).

For this input distribution, we have Y7 ~ U(Y1) and Y2 ~ U(Y2), so that

H(Y2) = log([42]) = 3 > 2 =log(|¥1]) = H(V1).

which contradicts the condition in Equation 2.55 for the “very strong interference” condition

to hold.
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For this channel we have:

H(Y1|X2) < H(Y1) < log(|41]) =2
H(Yz) <log(|d2]) =3

H(Y1|X2,Y2) < H(X1[1g33(X1)) < 1.

where the last bound follows from the multiplicity of the solutions of an addition in a Galois

field. This shows that the outer bound in Theorem 2.10.1 is included in

R <2 (2.584)
Ry <3 (2.58b)
Ri+ Ry <4 (2.58¢)

We now show that the region in Equation 2.58 indeed corresponds to the Theorem 2.10.1
when considering the union over all input distributions. The corner point (Ry, R2) = (1,3)

in Equation 2.58 is obtained in Theorem 2.10.1 with the input distribution:

Xl ~ U({O, 1})

X ~ U(Xa).
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The corner point (Ry, R2) = (2,2) in Equation 2.58 is obtained in Theorem 2.10.1 considering

the input distribution:
X1~ U(Xy)

Xo ~ U(Xg).
Time sharing shows that the region of Equation 2.58 and the region Theorem 2.10.1 indeed
coincide.
We next show the achievability of the corner point (R;, R2) = (1,3): consider the following

strategy:

e transmitter 2 sends symbols from X9 = {0...7} with uniform probability,

e transmitter 1 transmits [x; — x2], (where the inverse of the difference operation is taken

over the ring G2);

e receiver 1 decodes w1 = |3 ];

e receiver 2 decodes Wy = ys.

It can be verified by the inspection of Table III that the rate pair (R1, R2) = (1,3) is indeed
achievable.

Now we show the achievability of the corner point (R;, R2) = (2,2): consider the following
strategy:

e transmitter 2 sends symbols from xy € {0,2,4,6} with uniform probability;

e transmitter 1 transmits [x; — x2], (where the inverse of the difference operation is taken

over the ring Gy);
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TABLE III

(1,3) IN EXAMPLE I.

U1

ACHIEVABILITY FOR (Ri, Ry)

~

~

w1 W2

Y2

w2 X i)

w1

10
11
12

13
14
15
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e receiver 1 decodes Wy = yq;
e receiver 2 decodes wy = |4 ].

It can be verified by the inspection of Table IV that the rate pair (R;, R2) = (2,2) is indeed

achievable.

TABLE 1V

ACHIEVABILITY TABLE FOR THE RATE POINT (R;, R2) = (2,2) IN EXAMPLE 1.

Wi w2 Tl T2 Y1 Y2 W1 W
0 0 0 0 0 0O 0 O 0
1 0 1 2 2 0 3 0 1
2 0 2 0 4 0 4 0 2
3 0 3 2 6 0o 7 O 3
4 1 0 1 0 1 0 1 0
5 1 1 3 2 1 3 1 1
6 1 2 1 4 1 4 1 2
7 1 3 3 6 1 7 1 3
8 |2 0 2 0 2 0 2 0
9 2 1 0 2 2 2 2 1
10 | 2 2 2 4 2 5 2 2
11| 2 3 0 6 2 6 2 3
12 | 3 0 3 0 3 1 3 0
1313 1 1 2 3 2 3 1
14 | 3 2 3 4 3 5 3 2
1513 3 1 6 3 6 3 3
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In this example we see how the two senders jointly design the codebook to achieve the outer
bound and in particular how the cognitive transmitter 1 adapts its strategy to the transmissions
from the primary pair so avoid interfering with it .

In achieving the point (R;, R2) = (1, 3), transmitter 2 sends as in a point to point channel to
achieve its maximum rate over the primary link. Transmitter 1 chooses its codewords so not to
interfere with the primary transmission. Only two codewords do not interfere: it alternatively
pick one of the two codewords to produce the desired channel output. For example when the
primary message is sending wy = 0 (line 0 and 8 in Table III) transmitter 1 can send either 1
or 2 without creating interference at receiver 2. On the other hand, these two values produce
a different output at receiver 1, allowing the transmission of 1 bit.

In achieving the point (R1, R2) = (2,2), the primary receiver picks its codewords so as to
tolerate 1 unit of interference. Transmitter 1 again chooses its input codewords in order to
create at most 1 unit of interference at the primary decoder. By adapting its transmission
to the primary symbol, the cognitive transmitter is able to always find four such codewords.
It interesting to notice the tension at transmitter 1 between the interference it creates at the
primary decoder and its own rate. There is an optimal trade off between these two quantities
that is achieved by carefully picking the codewords at the primary transmitter. For example
when the primary receiver is sending ws = 0, lines 0,4,8 and 12, transmitter 1 can send
x1 € {0,1,2,3} and create at most 1 bit of interference at receiver 2. Each of these for values

produces a different output at receiver 1], thus allowing the transmission of 2 bits.



X; € {0,1,2,3}
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Y1 € {0,1}

Rx 1

Tx 1
Lo,13
(1{1,2}

Tx 2
Xy € {0,1,2}

Rx 2
Yo € {0,1,2,3}

Figure 5. The “symmetric clipper” of Section 2.11.2

2.11.2 Example II: the “Symmetric Clipper”

Consider the now channel in Figure 5. The channel input and output alphabets are

X1 =40,1,2,3} =Y, Xy € {0,1,2}, and Yy = {0,1}. The input/output relationships are:

Y1 = 14123 (X1) @2 1gp 93 (X2)

Yo = 140,13(X1) © X2
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TABLE V

THE INPUT DISTRIBUTION FOR EXAMPLE II
Xo X1 |1 2 3 4

0 1/8]1/8[1/8]1/8 [1/2
1 1/8]1/8[0 |0 |1/4
2 1/8]1/8[0 |0 |1/4

3/8 3/8 1/8 1/8

Consider the input distribution: Consider the input distribution:

PlX; =3 =1,

Xo ~U{1,2}),

in this case H(Y;) = 0 and H(Y2) = 1.This shows that there exists at least one input distri-
bution for which H(Y2) > H (Y1) and thus this channel is not is the “very strong interference”
regime. The outer bound of Theorem 2.10.1 is achieved here by a single input distribution
Px,,X,: consider the distribution in Table V. This distribution produce H (Y1) = 1 = logy(|Y1])
and H(Y2) = 2 = log(|Y2|) and clearly no possible larger outer bound can exists given the
output cardinality. We therefore conclude that the region of Theorem 2.10.1 can be rewritten

as:
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TABLE VI
ACHIEVABILITY TABLE FOR THE RATE POINT (R;, R2) = (1,2) IN EXAMPLE II.

Wi we T Tz V1 V2 Y1 Y2
oo o 3 O O 0 0 O
10 1 0 O 1 0 0 1
210 2 1 1 1 1 0 2
310 3 1 2 1 1 0 3
411 0 2 O O 0 1 0
511 1 1 0 1 0 1 1
6/1 2 0 1 1 1 1 2
711 3 0o 2 1 1 1 3

This region can be shown achievable using the transmission scheme described in Table VI.
The decoding is simply w; = Y;, 4 € {1,2}. This transmission scheme achieves the proposed

outer bound, thus showing capacity. The transmission scheme can be described as follows

e encoder 2 transmits [zg — 1],

e encoder 1 transmits the value X; that simultaneously makes Y7 = wy and Yo = wo. For

each wy and wy such value always exists because X5 has only three possible values,

e receivers 1 and 2 decode @1 = Y7 and @y = Y5.

This example is particularly interesting since both decoders obtain the transmitted symbol
without suffering any interference from the other user. Here cognition allows the simultaneous
cancelation of the interference at both decoders. Encoder 2 has only three codewords and
relies on transmitter 1 to achieve its full rate of Ry = 2. In fact encoder 1 is able to design is

codebooks to transmit two codewords for its decoder and still contribute to the rate of primary
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user by making the codewords corresponding to we = {2, 3} distinguishable at the cognitive
decoder.

This feature of the capacity achieving scheme is really intriguing. The primary transmitter
needs the support of the cognitive transmitter to achieve Ry = 2 since its input alphabet has
cardinality three. The transmitters optimally design their codebooks so to make the effect X
on both outputs the desired one.

For example consider the transmission of wo = 2 or 3, lines 2,3,6 and 7. In this case
transmitter 1 sends x1 = 0 or x1 = 1 to simultaneously influence both channel output so that
both decoders receive the desired symbol. This simultaneous cancelation can be implemental

given the channel deterministic nature and the extra knowledge at the cognitive transmitter.



CHAPTER 3

THE GAUSSIAN COGNITIVE INTERFERENCE CHANNEL

The content of this chapter appears in the Proceedings of ITW2010 in Cairo,
Allerton conference 2010, ICC2011 and is submitted to the IEEE Transaction of

Information Theory

3.1 Main Contributions

In this chapter we focus on the Gaussian cognitive interference channel in a comprehensive

and comparative manner. In particular, our main contributions are:

1. We evaluate the outer bound of Th. 2.5.1 for the Gaussian cognitive interference channel.
We show that it unifies the previously proposed outer bounds for the “weak interference”

and the “strong interference” regimes of (26) and (25), respectively.

2. We derive a new outer bound based on the broadcast channel and inspired by (14). The
capacity region of the Gaussian MIMO (multi input multi output antenna) broadcast
channel with degraded message sets is an outer bound for a channel in “strong interfer-
ence”. Interestingly, we show that the new bound may be strictly tighter than the “strong

interference” outer bound of (25).

3. Derive new outer bounds by transformation / inclusion into channels with known capacity.

We determine the conditions under which the capacity region of a Gaussian channel is

101
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contained in that of a channel with known capacity. The capacity of the latter channel

thus provides an outer bound for the former.

. We specialize the largest known inner bound of Th. 2.6.1 to the Gaussian channel. We
utilize it as a unified framework to derive and compare various achievable schemes in this

and prior work.

. We prove a new capacity result for the “primary decodes cognitive” regime. This regime
is a subset of the “strong interference” regime that is not included in the “very strong
interference” regime for which capacity was known (24). In this regime capacity is achieved
by having the primary receiver decode the message of the cognitive user in addition to its

owIn message.

. We prove a new capacity result for the S-channel, a channel in which the primary trans-
mission does not interfere with the cognitive receiver. For this channel we show the
achievability of the outer bound based on the capacity of the broadcast channel with

degraded message sets.

. We show capacity to within half a bit/s/Hz per real dimension and to within a factor
two regardless of channel parameters. These two results characterize the capacity region
of the Gaussian channel both at high and low SNR, respectively. To this end, we use a
transmission scheme inspired by the capacity achieving scheme for the semi-deterministic
cognitive interference channel of Th. 2.9.1 where capacity is achieved by having the

cognitive transmitter perform partial interference pre-coding for both decoders. The
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multiplicative gap is shown by using a simple time sharing argument between achievable

points.

8. We provide insights on the capacity region of the Gaussian channel for the regimes in
which capacity is still unknown. We do so by showing that very simple transmission
strategies can achieve capacity to within a constant gap for large sets of parameters. We
conclude by showing that a constant gap result may alternatively be proved by trading off
interference pre-coding at the cognitive encoder and interference decoding at the primary

receiver.

3.2  Organization

The rest of the chapter is organized as follows. Section 3.3 formally defines the cognitive
interference channel model and summarizes known results for the Gaussian channel. Section 3.5
presents new outer bounds for the Gaussian channel. Section 3.6 lists the achievable schemes
used in the rest of the chapter and shows how they may be obtained from the largest known inner
bound of Chapter 2. Section 3.7 proves the two new capacity results. Section 3.8 characterizes
the capacity of the Gaussian channel to within half a bit/s/Hz per real dimension and to within

a factor two. Section 3.9 shows some relevant numerical results.
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3.3 Gaussian channel model and known results

3.3.1 Gaussian CIFC

A Gaussian CIFC (G-CIFC) in standard form is described by the input/output relationship

Y1 =X1+aXo+ 74,

Yo = |b| X1 + Xo + Zo,

where the channel gains a and b are complex-valued, constant, and known to all terminals, the

channel inputs are subject to the power constraint

EHX7,|2] S Pi7 Pl € R+7 (&S {172}7

and the channel noise Z; ~ N¢(0,1), ¢ € {1,2}. Since the capacity only depends on the
output conditional marginals, the correlation coefficient of Z; and Zs is irrelevant. A graphical
representation of a G-CIFC is found in Figure 6.

A G-CIFC is said to be a:

e Z-channel if |b| = 0; we refer to it as a Z-G-CIFC. In this case the primary decoder does

not experience interference from the cognitive transmitter. Capacity is trivially given by

Ry < €(Py), Ry <C(Py).
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e S-channel if a = 0; we refer to it as a S-G-CIFC. In this channel the cognitive decoder
does not experience interference from the primary transmitter. For this channel capacity

is only known for |b| <1 (26).

e Degraded channel if a|b| = 1. In this case one channel output is a degraded version of

the other. In particular, for [b| > 1, Y7 is a degraded version of Y> since

1 1
i=X14++—-Xo0+21 ~ —

YQ + ZOv
Id Id

for Zy ~ Nc¢(0, |b]? — 1) independent of everything else. Similarly, when [b| < 1, Y is a

degraded version of Y;. Capacity is known in the case |b| <1 (26).

3.4 The G-CIFC in standard form

A general G-CIFC has outputs

Vi = hin X1+ hieXo + 24

Ya = hor X1 + hos Xo + Zs

where
Zi ~Ne(0,02),  02>0, ie{l,2},

(2

and the inputs are subject to the power constraint

E|X?) <P, F>0, ie{1,2}.
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Cognitive User
XN = XMWy, Wo)

Wl I
~ Enc 1
nc 1
b]
a
Wo ~Enc 2 ! »(+)—>Dec 2— W5
XQNZXzN(W2) Zév YQN

Primary User

Figure 6. The Gaussian cognitive interference channel (G-CIFC).

When hi1 # 0 and hoo # 0 , we may scale each channel output by the standard deviation

(assumed strictly positive) of the corresponding additive Gaussian noise and change the phase

as

v, £ 1
1 o
YQ é éej(éhll_ZhJZ)
02
Y, & hug 9 2 lh? 5
1 = —Xi suchthat E[Xi]*]<P=—5-P
o1 0%
a hao j(£h11—Zh12) ¥ 2 A |h22‘2~
Xy & Z2i(hn-dma Ry guch that E[|X,|%) < Py 2 “2L P,
g2 5
o & 202 Gesmiiong o
o1 hao
h
Y MLER-F’ (3.1)

oy |hi1]
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to obtain the equivalent channel outputs have additive noise of unit variance, unit gain on the
direct link, as claimed in Section 3.3.1. To remind the reader that b is always real-valued and
non-negative we use the notation |b|.

When hyo = 0, transmitter 2 can only create interference at receiver 1 and thus the channel
reduces to a BC where the cognitive transmitter is sending both messages to both receivers.
When hos = 0 in Equation 3.1, we have a = oo and P, = 0 corresponds to the scenario above;
the same in not true when hy; = 0.

If h11 = 0, the channel reduces to a MISO, point-to-point channel since decoder 1 can only
receive interference from transmitter 2. For h1; = 0 the transformation in Equation 3.1 does
not yield a MISO channel, since in this case P} = 0 and b = oo. In (58, Sec. II.B), this fact is
overlooked and the transformation in Equation 3.1 is considered to be without loss of generality.

Note that the equivalent transformation in standard form for a classical interference channel

does not require hi; > 0, since the transmitters cannot cooperate.

3.4.1 Known results for the G-CIFC

The capacity of the G-IFC is not known in general. However several capacity results exist,

as summarized next.

Theorem 3.4.1. “Weak interference” capacity of (26, Lemma 3.6) and (27, Th.

4.1). If

|b| <1, (the “weak interference” regime/condition) (3.2)
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the capacity of the G-CIFC is:

R1 S G(Oépl), (3.3&)

R <@ <\b\2P1 + Pyt 2\/541)\2131132) —e(p2apy), (3.3b)

taken over the union of all a € [0, 1].

Theorem 3.4.2. “Strong interference” outer bound of (25, Th. 4). When
|b| > 1, (the “strong interference” regime/condition) (3.4)
the capacity region of the G-CIFC is included in the region RED defined as:

Ry < ClaPy), (3.5a)

Ri+Ry<C (|b|2P1 Y Pt 2«/d|b|2P1P2) , (3.5b)

taken over the union of all o € [0, 1].

Theorem 3.4.3. “Very strong interference” capacity of (24, Th. 6) extended to

complex-valued channels. When

(lal* = 1)Py — (|b]* = )P — 2]a — [b||/P1 P> > 0,

and |b| > 1 (“very strong interference” regime/condition) (3.6)
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the outer bound RS of Th. 3.4.2 is tight.

Proof. For a complex-valued G-CIFC with [b| > 1, the outer bound of Th. 3.4.2 is achievable
by the superposition-only (scheme (D) of Section 3.6.4) if I(Y7; X1, Xo) > I(Ys; X1, X3) for all

input distributions (24), that is, if

E[[V1]’] - E[|Y2]] = (la]® = 1)P2 — (]b]* —= 1) P+

+2v/ P Py(Re{a"p} — [b|Re{p}) >0, V|p| <1. (3.7)

Let p = |ple!® and a = |a|e)?s. We have

Re{a®p} — [b[Re{p} = |pllal cos(¢p — da) — |pl|] cos(¢,)

= ol lal cos(é) — 18] cos(éy) + Il |l sin(s) | sin(s,)

- |p|\/ ([Jal cos(éa) — ]2 + [Jal sin(éa)] " cos(o)

= |a—[bl] - |pl cos(g),

for some angle ¢. The condition in Equation 3.7 is thus verified for all |p|cos(¢) € [—1,+1] if

it is verified for |p|cos(¢) = —1. O

A plot of the capacity results of Th. 3.4.1 and Th. 3.4.3 for a € R and P; = P, is depicted
in Figure 7. The channel gains a and |b| for which capacity is known are shaded, while those

for which capacity is unknown are white.
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4 E5 3 | Very strong interference
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Figure 7. A representation of the capacity results Th. 3.4.1 and Th. 3.4.3 for P, = P, and
(a,|b]) € [-5,5] x [0,5]. The regions for which capacity is known are shaded, while those for
which capacity is unknown are white.

3.5 Outer bounds

In this section we prove several outer bounds:

1. First we evaluate the outer bound of Th. 2.5.1 for the Gaussian channel and show that
it coincides with the outer bounds of Th. 3.4.1 and Th. 3.4.2 in “weak” and “strong

interference” respectively.

2. Then we tighten it by using the observation of (14) that the capacity region of a G-CIFC
is included into the capacity region of the Gaussian MIMO BC obtained by allowing

full cooperation among the transmitters. We further tighten the outer bound in “strong
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interference”, where we show that the capacity region of a Gaussian broadcast channel

with degraded message sets forms an outer bound to the capacity of the G-CIFC.

3. Finally, we propose outer bounds based on enhancing the original channel so as to trans-

form it into a channel for which capacity is known.

3.5.1 A unifying framework for Th. 3.4.1 and Th. 3.4.2

Our objective is to obtain an outer bound for the G-CIFC with |b| > 1 that improves on
the “strong interference” outer bound of Th. 3.4.2. Although the following theorem does not
result in such a bound, it is of interest because it provides a simple unifying framework for
Th. 3.4.1 and Th. 3.4.2. The proof of Th. 3.4.1 and the proof of Th. 3.4.2 use very different
techniques. On the one hand, the bound in Th. 3.4.1 is valid for a general channel under the
“weak interference” condition in (26, Th. 3.7) and is inspired by the converse for “less noisy
BC”. On the other hand, the bound in Th. 3.4.2 is valid for Gaussian channels with “strong
interference” only and is inspired by the converse of “strong interference IFC”. We will show
next that both results may be derived within the framework proposed in Chapter 2. The proof
of Th. 2.5.1 uses the argument originally devised by Sato for the BC (59) that, for channels

without receiver cooperation, the capacity only depends on the output conditional marginals.



112

Theorem 3.5.1. Unifying outer bound. The capacity region of the G-CIFC is contained in

the region

R1 S G (OéPl) s (3.8&)
R, <@ <\b[2P1 Y Pyt 2 &\b\2P1P2> , (3.8)
(\bP@Pl Pyt 2\/a\b]2P1P2)

+[C(aPy) — € (bfaPr)]t (3.8¢)

Ri+Ry<C

taken over the union of all a € [0,1]. In “strong interference” (|b| > 1) the region in Equa-

tion 3.8 reduces to Th. 3.4.2, and in “weak interference” (|b| < 1) to Th. 3.4.1.

Proof. In Th. 2.5.1, we showed that the capacity of a general CIFC is contained in the region

Ry < I(Yq; X1|Xa), (3.9a)
R2 S I(Xl,XQ;YQ), (39b)
R+ Ry < I(Xl,XQ; YQ) + I(}/l, Xl‘YIQ,XQ), (39(3)

taken over the union of all joint distributions Py, x, and where Y’ has the same conditional

marginal distribution as Y2, i.e., Pyr,x, x, = Pyy|x, x,- The result in Equation 3.9 specialized
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to the G-CIFC amounts to optimizing the correlation coefficient over the Gaussian additive

noises, that is, optimizing with respect to y: |y| <1 in

First we show that a proper-complex Gaussian input exhausts the region in Equation 3.9.
For any o € [0, 1], let S be a covariance matrix defined as

P pvV PP .
sS4 c p=V1—ad’ #eR, (3.10)

pP'VPL Py P
and let (Xa, Xog) ~ Nc (0,S). By using the “Gaussian maximizes entropy” principle (see also
(60, Eq.(3.29))), we conclude that for a given input covariance constraint S in Equation 3.10

for Px, x,, the regime in Equation 3.9c is upper bounded by

Equation 3.9a < I(Y1; X1¢|X2a) = Equation 3.8a, (3.11)
Equation 3.9b < I(Y2; X1, Xog)
= log(1+ P + |b]>Py + 2|b|Re{p}\/P1 P») < Equation 3.8b, (3.12)

Equation 3.9¢ < I(Yy; X1¢, Xog) + I(Y1; X16|Y2, Xog)
|b]? + 1 — 2|b|Re{y}

1—|v[?
. (3.13)
1+ [b](1 = |p]*) Py

1+ (1= [p]) Py

< Equation 3.8b + log
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Since the bound in Equation 3.13 is valid for any |y| < 1, the minimizing = is

b2 +1—2[pR 1
argmin b + | L bl = min{|b|, } . (3.14)
i yI<1 1—- ’7‘ ’b|

After substituting the optimal value of v given by Equation 3.14 in Equation 3.13 we obtain
that the sum-rate in Equation 3.9c is bounded by Equation 3.8c. This shows that a Gaussian
input is optimal in Equation 3.9 and that the worst conditional marginal is such that one of
Yi|x, and Ya|x, is the degraded version of the other.

Finally, in “strong interference” the region in Equation 3.8 reduces to Th. 3.4.2 because
the bound in Equation 3.8b is redundant due to Equation 3.8c, while in “weak interference”
it reduces to Th. 3.4.1 because the closure of the region is determined by the rates pairs for

which Equation 3.8a and Equation 3.8c are met with equality as argued in (61, Ex. 4.3). O

3.5.2 BC- based outer bounds

In this subsection we propose an outer bound that is tighter than the “strong interference”
outer bound of Th. 3.4.2 in the “strong interference” regime. The following observation is
key: if we provide the primary transmitter with the cognitive message, the G-CIFC becomes a
Gaussian MIMO BC (with two antennas at the transmitter and one antenna at each receiver)
where the input is subject to a per-antenna power constraint, as originally used in (14, page

1819). Thus, our proposed outer bound, valid for a fully general C-IFC is:
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Theorem 3.5.2. BC-based outer bound. The capacity of a general CIFC is contained in

the following region

where RBC=PR) s the capacity region (or an outer bound) for the BC with private rates only
obtained by allowing the transmitters to fully cooperate is the outer bound in Th. 2.5.1 given in

FEquation 3.9.

Proof. The theorem follows from the fact that allowing transmitter cooperation enlarges the
capacity region of the CIFC and results in a BC.

The closed form expression of R(BC—FR)

was obtained in (62) and is presented here for
completeness.
Consider an input covariance matrix defined as follows

P, pV P Py .
o c p=vV1i—ad’ AR, ac01] (3.16)

pPNVPL P P

The capacity region of a Gaussian MIMO BC with private rates only with a per-antenna

power constraint is given by (62)

R(BC—PR) — CH U:R(BC—PR) (S)
S
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where CH denotes the convex-hull operation, | Jg denotes the union over all input covariance

matrices S that satisfy the per-antenna power constraint, and where

:R(BC—PR)(S): U R(DPC u)(s)
ue{l,2}

where R(PFPC “)(S) is the DPC region for the encoding order where user u is pre-coded against

the interference created by the other user at its intended receiver, which is given by

RIPC u)(Q) = U ROPC (B By), wue{l,2},
0=<B;, 0<Bs2, B1+B2=S

and where, for

B a1 Py p1vorProas Py B a1 Py p2v/ a1 Py a Py
1= ) 2 = 3

pivorPrasPy asP psv o PLasPy asP

with

(a1, 9, 1], [p2]) € (0,10 pry/ar g + pov/as as = p,

the region R(PPC (B, By) is given by

R < G(a1P1 + ’a‘QOéQPQ + 2Re{a*p1}\/ alagPng), (3.17&)

a1 |b|2 P + ae Py + 2R /a1 as|b|2 P P
Ry <@ a1|b|* Py + aaPo + 2Re{p2}\/aran|b|? P P, ’ (3.17D)
14+ |b|2a1P1 + o Py + 2R€{p1}\/041042|b|2P1P2
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and R(PPC 2)(By, By) is given by

P 29 Py + 2Re{a*p1 }v/ PP
R1§G< a1 1+]a\ Qs + 6{& pl} (055 Y %V w) )’ (3.18&)

1+ a1 P+ |a|?as Py 4+ 2Re{a*pa }v/ar1ao P Py

Ry < C(ay|b]* P + o Py + 2Re{pa} /a1 aa|b|2P1 Py). (3.18b)

The quantity «,, u € {1,2}, represents the fraction of power P, used to send the cognitive
message Wi on antenna u. The requirement (a1, o) € [0,1]? guarantees that the per-antenna

power constraints are verified. O

Consider the G-CIFC with “strong interference” |b| > 1 and where the primary user is
silent, i.e., P, = 0. This channel is equivalent to a (degraded) BC with input X; whose

capacity C(a, |b|, P1,0) is given by (63)
Ckpl
R <C|—-
b= <C_kP1 + 1) ’
Ry < C(alb*Py),

taken over the union of all a € [0, 1]. For P, = 0, the “strong interference” outer bound of Th.

3.4.2 reduces to

Ry < C(P),

Ry + Ry < C(]p)*Py).
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Strong interference
outer bound

NN

Figure 8. The “strong interference” outer bound of Th. 3.4.2 and the capacity region of the
G-CIFC with P, =0 and |b] > 1 (when the channel reduces to degraded BC).

These two regions are shown in Figure 8 where it is clear that the “strong interference” outer
bound of Th. 3.4.2 fully contains the outer bound of the BC of Lemma 3.8.2. The two regions
only coincide at the two Pareto optimal points A and B in Equation 3.56.

Th. 3.5.2 is valid for a general channel. It may be further tightened for the Gaussian channel
in the “strong interference” regime. As previously noted in (25, Sec. 6.1), in the “strong
interference” regime there is no loss of optimality in having the primary receiver decode the
cognitive message in addition to its own message. Indeed, after decoding W5, receiver 2 can

reconstruct X2' (W) and compute the following estimate of the receiver 1 output

- YN - xN 1
YlNé%—i-aXév—ﬂ/l—WZévalN, (3.19)
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where Zév ~ N¢(0,I) and independent of everything else. Hence, if receiver 1 can decode Wj
from Y;, so can receiver 2 from 571N . For this reason the capacity region of the G-CIFC for
|b| > 1 is unchanged if receiver 2 is required to decoded both messages. If we further allow
the two transmitters to fully cooperate, the resulting channel is a Gaussian MIMO BC with
degraded message sets, with per-antenna power constraint, where message W5 is to be decoded
at receiver 2 only and message W7 at both receivers. This implies that the bound in Th. 3.5.2
may be tightened for G-CIFC with |b] > 1 by using the capacity of the Gaussian MIMO BC
with degraded message sets (BC-DMS) instead of the capacity of the Gaussian MIMO BC with

private rates only (BC-PR):

Theorem 3.5.3. BC-DMS-based outer bound. The capacity of a G-CIFC in “strong in-

terference” (|b| > 1) satisfies

C(a, |b|, P, Py) C RBE=DMS) A R(SD), (3.20)

where RBC—DMS) s the capacity of the MIMO BC with degraded message sets determined in

(64; 62) and RS s the “strong interference” outer bound of Th. 3.4.2.

Remark 3.5.4. The capacity of the of the general BC-DMS is derived in (64) and it is an outer
bound for a general CIFC in “strong interference”. This observation was also pointed out in
the independent work of (65). It is possible to obtain the same outer bound by loosening the
outer bound in (25, Th. 4), in particular by dropping (25, eq. (33)) and letting U = [V, U;].

Our contribution is to determine a simpler expression for the capacity region of the Gaussian
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MIMO BC-DMS, in particular by proving the optimality of Gaussian inputs in the region of

(64).

The analytical evaluation of the outer bound region in Equation 3.15 of Th. 3.5.2 (or
in Equation 3.20 of Th. 3.5.3) is quite involved in general. For the special cases of degraded

G-CIFC and of S-G-CIFC a closed form expression may be obtained as follows.

Corollary 3.5.5. BC-based outer bound for the degraded G-CIFC. For a degraded G-

CIFC with 1/a = |b| > 1, Th. 3.5.2 and Th. 3.5.3 coincide and reduce to

R1 S C (aP1) y (3.21&)
P a|b|2 Py + 24/ |b]2 P, P
RQSG( » + a|bl* P + 24/1b] 12)7 (3.21b)
1 +OZP1
Ri+Ry<e@ <P2 F 2P+ 2\/64|b|2P1P2> . (3.21¢)

Moreover, the Ry-bound from the MIMO BC' capacity region (in Equation 3.21b) is more
stringent than the Ra-bound from the “strong interference” outer bound (from the difference

of Equation 3.21c and Equation 3.21a) if

[Py [ P
bl > /== 1+ ==,
|b| > P, + + P,
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Proof. When allowing full transmitter cooperation for a channel with a|b| = 1 and |b| > 1, we

obtain an equivalent degraded BC with input X, = || X; + X2 and outputs

Yo = (|b| X1 + X2) + Zo = Xeg + Zo,

’b’Yl = (’b’Xl + XQ) + ‘b‘Zl ~ Y9+ +/ ‘b‘2 — 17,

with Zg ~ N¢(0,1) and independent of everything else. The input of the equivalent BC is

subject to the power constraint

E[[Xeql’] < (VIDPPL+ V/P2)* £ Peg.

For this order of degradedness among the users, the capacity region of the degraded BC with pri-

vate rates equals the capacity with degraded message sets. In general RIBC—DMS) c RIBC-PR)

but since here Y7 is a degraded version of Ys, decoder 2 can decode the message of decoder 1

R(BC—PR) i

without imposing any rate penalty to user 1, thus achievable. This implies

R(BC-DMS) _ R(BC—PR)

The capacity region of the equivalent BC is (63)

(BC—deg) ; 1 O/Peq
< = .
o= e ) G((l—a’)Peq+|bl2>’ (3:220)
Ry < RPNy =¢((1-a')Py), (3.22b)
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taken over the union of all o € [0,1], i.e., that is p1 = p2 =1, a1 = az = ' and R(BC-PR) —
RPPC 2) in Equation 3.18.

To intersect the region in Equation 3.22 with the “strong interference” outer bound of Th.

3.4.2 we equate the Ri-bounds in Equation 3.22a and Equation 3.5a to obtain

o — abPy n b (3.23)
1+aP (VPP + V)2 ) '

Notice that o/ in Equation 3.23 satisfies o/ < 1 (the maximum value of 1 is obtained for P, =0
and a = 1). By substituting o/ from Equation 3.23 in Equation 3.22b, we obtain the bound

in Equation 3.21b.

The BC-based outer bound is more stringent than the “strong interference” outer bound if

RBCTD (0) + BP9 (o) < RED(a) Va € [0,1]

sum

— aP,+ P+ (1 —)|b]>Py + 2V/|b|2P.Py < Py + |b]>P, + 2\/alb|2P.P, Va €0,1]

— 2V/|b2PPy(1 —Va) < aPy(Jb]* —1) Va €[0,1]
/0|2 P, P.
ALK L PSR Va € [0,1]

— m (sinceoz:(l—\/a)(l-l—\/a))
B S

P(bZ —1) ~ acloy

as claimed.
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Remark 3.5.6. The capacity of the equivalent degraded BC may be achieved both by using
superposition coding and binning. An achievable scheme inspired by the degraded BC and
employing superposition coding is scheme (E) with A = 0. An achievable scheme inspired by
the degraded BC and employing binnig coding is scheme (B). Both schemes achieve the outer
bound only in point A in Equation 3.56a. The capacity region of the degraded CIFC in therefore

unknown in general it remains an interesting open problem.

O

Corollary 3.5.7. BC-DMS-based outer bound for the S-G-CIFC. For a S-G-CIFC with

a =0 and |b| > 1 the outer bound of Th. 3.5.3 is contained in the region

Rl S G (Oépl) s (3.24&)

|b|2P15£ O_é|b|2P1P2
<C|P 24— .24b
fy < 2+1+O£P1+ 1+abP; ’ (3 )

Ri+Ry<C (P2 + 2P+ 2\/64b|2P1P2> . (3.24c)

Moreover, the Ry-bound from the MIMO BC' capacity region (from Equation 3.24b) is more
stringent than the Ra-bound from the “strong interference” outer bound (from the difference

of Equation 3.24c and Equation 3.24a) if

‘b| >/ Py+1.
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Proof. To establish the result in Corollary 3.5.7 we proceed as follows: first we prove that the
capacity region of the Gaussian BC-DMS may be obtained form the region in (64) by considering
Gaussian inputs and auxiliary RV. Successively we perform a partial optimization of the region
in (64) in the Gaussian case and obtain a looser outer bound that may be expressed as a function
of a single parameter. Finally we intersect this outer bound with the “strong interference” outer
bound of Equation 3.5 to obtain the expression in Equation 3.24.

The capacity region of the general BC-DMS is found in (64) and is expressed as the union
over all possible distributions of the input and one auxiliary RV. A closed form expression of the
capacity region of the Gaussian BC-DMS is derived in (66) and is expressed as the intersection
of the capacity region of a general BC and an additional sum rate constraint. We derive another
simpler expression of the capacity region of the Gaussian BC-DMS and we do so by showing

that we may restrict the union in (64) over all Gaussian inputs and auxiliary RV.

Consider the BC-DMS defined as:

Yi=H,X+2Z Viell,2] (3.25)

where:

e X is a real valued input vector of size n x 1 subject to the second moment constraint

Cov[X] = Kx = S for some S > 0,

e Y; is a real valued output vector of size m; x 1 received by user i € [1,2],
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e H, is a fixed real valued gain matrix imposed on user ¢ € [1,2]. This is a matrix of size
m; Xn,
e 7, is areal valued Gaussian random vector with zero mean and covariance matrix Cov[Z;] =

Kz - 0.

As for the BC of (66), we consider real valued channels; the extension to complex valued
channels is easily obtained by doubling the real dimensions. We first derive the capacity of a
Gaussian BC-DMS for the case where H; is square and invertible, we than argue that the case
for a general H; may be obtained by series of channel transformations originally devised for

the BC in (62).

Theorem 3.5.8. The capacity region of the Gaussian BC-DMS in Equation 3.25 is

R1 S I(U; Yl), (3.26&)
Ry < I(X;Ya|U), (3.26b)
R+ Ry < I(X;Y3). (3.26¢)

taken over the union of all Gaussian U and X wvectors of size n such that Kx =< S.

Proof. The region in Equation 3.26 was originally obtained in (64) for a general BC-DMS but
considering the union over any distribution Py x. To prove the theorem we need to show that

only Gaussian U and X need to be considered.
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First, we notice that Equation 3.26¢ is always maximized by having X Gaussian by the
“Gaussian maximizes entropy” of (67). Since Equation 3.26¢ is maximized by Gaussian inputs,
we have to show that the region obtained by considering Equation 3.26a and Equation 3.26b only
is optimized by Gaussian inputs as well. To this end we write the region with Equation 3.26a
and Equation 3.26b as

Equation 3.26a + (1 — p) Equation 3.26b = PX‘U:I(I/‘lij}EX]jS wl(U; Y1) 4+ (1 — p)I(X;Ys|U)
< ph(H \ Xe + Z1) — (1 — p)h(Z2)+

(1 —p) max <h(H1X + Z1|U) —

h(H2X + ZQ|U)> . (3.27)
Pxy: Cov[X|U]=S

Bk
(1—p)

for any p € [1/2,1] and where X¢ is a Gaussian vector with Kx < S.
We need not consider p € [0,1/2] because the region in Equation 3.26 is convex and con-

tained in the triangular region

Ri, Ry

v

0, (3.28a)

Ri+ Ry < I(HyX¢g+ Zo;Xq), (3.28b)

see (64).
For these reasons, the region in Equation 3.26 cannot contain any rate point with tangent
greater than —1 and thus there is no loss of generality in restricting p in Equation 3.31 to the

interval [1/2,1].
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We now show that solution of the optimization problem

maxp, .: Cov[X|U]<8, pel1/2,1]  MH1X + Z1|U) — {2 h(H2 X + Z5|U).

must be Gaussian by using the extremal inequality of (68). We first focus on channels where
H,;, i € [1,2] is square and invertible, then show how this result may be used to establish a
general channel using the perturbation techniques of (62).

If H;, i €[1,2], are square we may write

max h(HlX—i—Zl\U)_Lh(HZX_i_ZQ’U)
Pxy: Cov[X|UJ=S (1 — :U’)
lu’ —1 -1
= log |H — (log |H
s (s | Hl) ™ = (log | )
_ 1 .
WX +H; 2, |U) — h(X + H, Z|U). 3.29
Py CoulX|U]<S (X+H 4|U) (1—M)( +H, Z|U) (3.29)

Th. 8 in (68) grants that the solution of the optimization problem in Equation 3.32 is Gaussian
since /(1 — p) > 1 for pu € [0,1/2]. Since we have established that both Equation 3.31 and
Equation 3.26¢ are maximized by Gaussian X and U, we conclude that Equation 3.26 is also
maximized by Gaussian X and U as well.

Finally the perturbation technique in (62, Section V.B) allows us to extend this result to
a general channel where H; in not necessarily square and invertible. The derivation in (62,

Section V.B) was originally devised for the general BC but it extends in a straight-forward
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manner to the BC-DMS, since it solely relies on the channel matrix and the covariance of the
noise and not on the message set.

O]

The region in Equation 3.26 was originally obtained in (64) for a general BC-DMS but
considering the union over any distribution Pyx. To prove the theorem we need to show that
only Gaussian U and X need to be considered.

First, we notice that Equation 3.26c¢ is always maximized by having X Gaussian by the
“Gaussian maximizes entropy” of (67). Since Equation 3.26¢ is maximized by Gaussian inputs,
we have to show that the region obtained by considering Equation 3.26a and Equation 3.26b only
is optimized by Gaussian inputs as well. To this end we write the region with Equation 3.26a
and Equation 3.26b as

Equation 3.26a + (1 — p) Equation 3.26b = PX‘U:%‘lg;)EX]jS pl(U; Y1) 4+ (1 — p)I(X;Y2|U)
< ph(H X+ Z1) — (1 — p)h(Z2)+

"
1- hH X + Z1|U) — ——h(HX + Zo|U
W, e (WX 200) - o 2)).

for any p € [1/2,1] and where X is a Gaussian vector with Kx < S.
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We need not consider p € [0,1/2] because the region in Equation 3.26 is convex and con-

tained in the triangular region

v

Rl, R2 0, (3.30&)

Ri+Ry < I(HQXG + Zo; Xg), (3.30b)

see (64).

For these reasons, the region in Equation 3.26 cannot contain any rate point with tangent
greater than —1 and thus there is no loss of generality in restricting p in Equation 3.31 to the
interval [1/2,1].

We now show that solution of the optimization problem

maxp, . CooX|U]<8, pefi/21] PH1X + Z1|U) — (£ h(H2 X + Z3|U).

must be Gaussian by using the extremal inequality of (68). We first focus on channels where
H;, i € [1,2] is square and invertible, then show how this result may be used to establish a

general channel using the perturbation techniques of (62).
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If H;, i € [1,2], are square we may write

I

hH\X + Z1|U) — ———h(HX + Z5|U -
Px|u: CO%[)E(‘U}ﬁs ( 1A+ 1| ) (1_[u) ( 2X + 2| ) ( )
p » »
= log |Ha|) ™! — (1
(1_M)(Og| 2|) (log |H1|)
o WX + H{' Z,|U) — WX + Hy ' Z|U).  (3.32
P CoulX|U]=8 X+ HAU) (l—u)( +H; 25|U) (3.32)

Th. 8 in (68) grants that the solution of the optimization problem in Equation 3.32 is Gaussian
since p/(1 — p) > 1 for p € [0,1/2]. Since we have established that both Equation 3.31 and
Equation 3.26¢ are maximized by Gaussian X and U, we conclude that Equation 3.26 is also
maximized by Gaussian X and U as well.

Finally the perturbation technique in (62, Section V.B) allows us to extend this result to
a general channel where H; in not necessarily square and invertible. The derivation in (62,
Section V.B) was originally devised for the general BC but it extends in a straight-forward
manner to the BC-DMS, since it solely relies on the channel matrix and the covariance of the

noise and not on the message set.

3.5.3 Outer bounds by transformation

Further outer bounds for the G-CIFC may be obtained by transforming the original G-
CIFC into a different channel for which capacity is known. In the transformed channel the

transmitters can reproduce the channel outputs of the original channel: this ensures that the
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transformation enlarges the capacity region thus providing an outer bound for the original

channel.

Theorem 3.5.9. Outer bound by channel transformations. For the capacity region C(a, |b|, Py, P3)

we have

aA—B CJb

C(CL, b7 P17P2) - ﬂ C < C " _|B|’b’7(\/’A‘2P1+ \/’B|2P2)27|C‘2P2> :
A,B,C :|A|21,|1_L3|b||21

Proof. Let X{¥ (W1, W), XN (W5) be a good code for the channel (a, |b], Py, P»). Consider now

the inputs
X = AX; + BXo,

X} = CXo,

on a channel with parameters (a/, [b'|, P{, Pj) resulting in the outputs

B+a’C Z1
_—

Y =X +d X5+ 71 o< X1 + Ax, yi

and

V| Z
Vi = WIX) 4 Xt Zooe Ay i Xy D
2= MK Xt 2o o m Nt e
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If

_ B+dC
_Brde
_

M=vpre

a

A2 > 1,

||b'|B+C)? >1,

P> (VIARPL + V|BPPR)?,

Py > |CPPy, (3.33)

the output of the channel (a, b, Py, P») may be reconstructed in the channel (a/, b, P{, P3). This

implies
A-B CJb
Cla.bPi, P2) C N ¢ (5 T IAPR + IBERRCR R ).
A,B,C:|AI>1,C/(1—BIb))|>1
S-G-CIFC.

By considering the transformation in (Equation 3.34) with
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we see that the capacity of a general G-CIFC C/(a, |b|, P, P») is contained in the capacity
region of S-G-CIFC C(0, |b], |v/P1 + av/Pa|%, |1 — a|b||* P2).
G-CIFC in “weak interference”.

By considering the transformation in (Equation 3.34) with

A=y
a(l—|b

B — aU=b)

o albl=1)

we have that the capacity of a general G-CIFC C(a, |b|, P1, P») is contained in the capacity

e 1‘ P2>

2
PP+ VT

region of G-CIFC in “weak interference” C (a, 1,
G-CIFC in “very strong interference”.

By considering the transformation in (Equation 3.34) with

|b]
1—aldb
B =y |b|;_|1| a
_ 1-aly|
C=pra

we have that the capacity of a G-CIFC C(a, |b|, P, P) is contained in the capacity region of

G-CIFC C (b, [b], P, P'), P' = s max{[[b]” — 1+ [b| — af?, |1 — alb]|?}.
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Corollary 3.5.10. Special cases of Th. 3.5.9. The capacity of the G-CIFC, C(a, |b|, P1, P») is

contained in the capacity region of the following channels:

o S-G-CIFC:
Cla,|b, P, P) C C (o, b, [v/Pr + ay/Pe?, |1 — a\bH2P2> ,

e G-CIFC in “weak interference”:

2 lalp| —1

a—1

VIR + L=,

a—1 ’

C(a, |b], P, ) € C <a,1,

2
P2>a

o G-CIFC in “very strong interference”:

Cla, bl P.P) C C (. ). /. P'), P' = 5 mac{] b2 — 1+ [b] — af?, 1 alb[*}

£
(16> — 1)

Proof. Let XN (Wq,Wa), X2V (W5) be a good code for the channel (a, |b|, P, P;). Consider now

the inputs
X{ = AX; + BXo,

X = CXo,

on a channel with parameters (a’, |b'|, P, P}) resulting in the outputs

B+a’C Z1
Y{:Xi—i_a/Xé_}_ZlO(Xl—’_Tng—’_Z’



and
V| Zn
Y WX Xt Zoo — L x i xy e D
2 = VX + 2t g et et e
If
0 B+dC
-2
b = 7]
VB+C’
A > 1,
|[b'|B+C]?>1,

P{ > (VAP + \/|B2Py)?,

Py > |C|*Ps,
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(3.34)

the output of the channel (a, b, Py, P») may be reconstructed in the channel (a/, b, P{, P3). This

implies

A—B Clb
Clab PPy C N c ( b (JTARP; + /IBERY. |02P2) .

C 1-DB’
A,B,C:|A[>1,/C/(1-BJb)|>1

S-G-CIFC.
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By considering the transformation in Equation 3.34 with

A=1
B=a
C=1-alb|

we see that the capacity of a general G-CIFC C/(a, |b|, P1, P») is contained in the capacity
region of S-G-CIFC C(0, b, |v/Py + av/Pz|?, |1 — a|b||*>P,).
G-CIFC in “weak interference”.

By considering the transformation in Equation 3.34 with

A=y
a(l—1|b

B — A=)
alb|—1

o=

we have that the capacity of a general G-CIFC C/(a, |b|, Pi, P») is contained in the capacity

o 2 112
o+ P [ ).

region of G-CIFC in “weak interference” C (a, 1,
G-CIFC in “very strong interference”.

By considering the transformation in Equation 3.34 with
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we have that the capacity of a G-CIFC C(a, |b|, P, P) is contained in the capacity region of
G-CIFC C (|b|, ||, P, P"), P' = ﬁ max{|[b> — 1 + |b] — a|?,|1 — a|b||?}.

O
Remark 3.5.11. The G-IFC with conferencing encoders of (69) encompasses the G-CIFC as a
special case when Cj2 = 0 and C9; = co. The outer bound in (69, Lemma 4.1) with C13 = 0
and Cy; = oo is an outer bound for the G-CIFC. This outer bound reduces to the “strong
interference” outer bound of Th. 3.4.2 when the channel is a G-CIFC. In particular we notice
that for a CIFC, unlike for a classical IFC and the IFC with conferencing encoders, no bounds
of the form 2R; + Ry are known. In (69) the authors provide an interesting interpretation of
this type of bound for a channel with and without conferencing transmitters. With regard to
this interpretation we point out that, with full a priori knowledge of the primary message, the

cognitive transmitter can always pre-code its message against the interference from the primary

user and thus the strategy of the primary encoder never limits the rate of the cognitive receiver.

3.6 Inner bounds

In Chapter 2 we introduce a new inner bound for the Discrete Memoryless CIFC (DM-
CIFC) and show that this scheme encompasses all previously proposed achievable schemes as
special cases; it is thus the largest known achievable rate region to date. This achievable scheme
also introduces new transmission features that were crucial in proving capacity for the semi-
deterministic DM-CIFC of Th. 2.9.1. Here we use the inner bound of Th. 2.6.1 as a unified
framework to present the achievable schemes used in the remainder of the chapter. In this

section we introduce the general achievable scheme in Th. 2.6.1 and use it to obtain six simple
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sub-schemes that will be used in the following sections to prove capacity and constant gap
results.

As the Gaussian CIFC encompasses classical interference, multiple-access and broadcast
channels, the achievable rate region of Th. 2.6.1 incorporates a combination of the transmission

techniques devised for these channels.

e Rate-splitting. Both the primary and the cognitive message are split into private and
common parts, as in the Han and Kobayashi scheme (18) for the IFC. Although rate-
splitting was shown to be unnecessary in the “weak interference” (26) and “very strong
interference” (22) regimes of Equation 3.2 and Equation 3.6, respectively, it allows signif-

icant rate improvement in the “strong interference” regime.

e Superposition-coding. The cognitive common message is superposed to the primary com-
mon message and parts of the cognitive message are superposed to parts of the primary
message. Useful in multiple-access and broadcast channels (46), a simple superposition
of the primary and cognitive messages (all common) is capacity achieving in the “very

strong interference” regime (22).

e Pre-coding. Gel'fand-Pinsker coding (48), often referred to as binning or Dirty Paper
Coding (DPC), allows a transmitter to pre-code (portions of) the interference known to
be experienced at the receiver. Binning is also used by Marton in (49) to derive the largest
known achievable rate region for the BC. In the scheme of Th. 2.6.1, binning is performed
at the cognitive encoder for both the common and the private message and it allows for

the cancellation of interference from the primary transmitter.



139

e Broadcasting. In Chapter 2 we introduced the idea of having the cognitive encoder trans-
mit part of the primary message. This is made possible by the perfect knowledge of the
primary message at the cognitive transmitter, which is specific to this channel model. The
additional primary message is superposed to the cognitive common message and also pre-
coded against the cognitive private message. The incorporation of the broadcast feature
at the cognitive transmitter was initially motivated by the fact that in certain regimes,
this strategy was shown to be capacity achieving for the high-SNR linear deterministic

approximation of the CIFC (70).
The achievable scheme may be described as follows:

e Rate-splitting. The independent messages W1 and W5, uniformly distributed on M; =
[1:2"%1]) and My = [1 : 2™%] respectively, are rate split into the messages W;, i €
{1c,2c, 1pb, 2pb, 2pa}, all independent and uniformly distributed on [1 : 2*%%], each en-
coded using the RV U;.

e Primary encoder. Transmitter 2 sends X5 that carries the private message Wa,, (“p” for
private, “a” for alone) superposed to the common message Wo. carried by Us. (“c” for

common).

e Cognitive encoder. The common message of transmitter 1, encoded by Ui, is binned
against X conditioned on Us.. The private message of transmitter 2, Wy, encoded by
Uapp (“b” for broadcast) and a portion of the private message of transmitter 1, Wiy,
encoded as Uy, are binned against each other as in Marton’s region (49) conditioned on

Uic, Use, Xo. Transmitter 1 sends X7, which is a function of all the RVs.
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e Primary decoder. Receiver 2 jointly decodes Us. (carrying Ws..), Ui, (carrying Wi.), Uy
Yy J Yy ymng ymg » U2p

(carrying Wayy,), and Xo (carrying Wap,).

e Cognitive decoder. Receiver 1 jointly decodes Uy, (carrying Wi.), Uspy (carrying Wap),
and Uypp (carrying Wipp).
e Analysis. The codebook generation, encoding, decoding and the error analysis are pro-

vided Chapter 2.

Corollary 3.6.1. Achievable region RUFTD) in Th. 2.9.1.

A rate pair (Ry, Ra) such that

R, = R10+R1pb7 (3.35&)

Ry = Ra.+ Ropq + Ropp (3.35b)
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is achievable for a general DM-CIFC if (R, Ry, Ryyps Ric, Ripbs Roc, Ropa, Ropp) € R® satis-

fies:

Rie > I(Uie; Xo|Use) (3.362)
Ric+ Ry > I(Upp; Xa|Uie, Uae) + I(Ure; X2|Use)  (3.36b)

R'ic+ Rapp + Ropy > I(Uips; X2, Usps|Uic, Uae)
+1(Ure; X2|Uze) (3.36¢)

Roc+ Ropa + (Ric + R'1e) + (Ropy + R'opp) < I(Ya; Uspy, Uiy X2, Uae)

+I(Ure; X2|Use) (3.36d)
Ropa + (Ric + R'1c) + (Ropy + R'opp) < I(Ya; Uspyy, Ure, X2|Use) + I(Une; Xo|Us)(3.36€)
Ropa + (Ropy + R'opp) < I(Ya; Uspp, X2|Uie, Uae) + I(Use; X2|Usc)(3.36f)
(Ric+ R'1c) + (Ropp + RIQpb) < I(Ya; Ugpp, Ure| X2, Use) + I(Uic; X2|Uac)(3.36g)
(Ropp + R'opp) < I(Ya; Ugpp|Ute, Xo, Use) (3.36h)
Roc + (Ric+ R'ie) + (Ripy + Rlipy) < I(Y1; Uips, Ute, Uae), (3.361)
(Ric+ R'1c) + (Ripy + R'ipp) < I(Y1;Urpp, Urc|Use), (3.36j)
(Ripp + R'1pp) < I(Y1;Urpp|Ure, Use), (3.36k)

for some input distribution

PYI7Y27X1,X27U16aU2cyU2pa7U1pb7U2pb = PU107U267U2pa7U1pb7U2pb7X17X2PY17Y2|X17X2‘
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Figure 9. The achievable schemes of Section 3.6.

We now present six different sub-schemes obtained from the achievable scheme of Corollary
3.6.1 by reducing the number of rate splits to at most three rather than five. By setting some
rates to zero we may drop the corresponding RVs and simplify the region in Equation 3.36. The
resulting transmission schemes are used in the rest of the chapter for achievability proofs (for
capacity and constant gap results) and numerical evaluations. Figure 9 and 3.6 help illustrate
the different schemes: Figure 9 shows, for each scheme, which rate splits in the RETD) are get
to zero (the corresponding RV is in gray) and which ones are not (the corresponding RV is in

black), while 3.6 indicates which result will be proved with the corresponding scheme.
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UQC Ulc X2 Ulpb ngb Role Where

(A) ° ° constant gap in a subspace Th. 3.8.4

(B) . capacity in “weak interference” Th. 3.4.1, 3.8.1, 3.8.3

(©) . . constant gap in the whole parameter region | Th. 3.8.1

(D) | o . capacity in “very strong strong interference” | Th. 3.4.3
constant gap in a subspace Th. 3.8.4

(E) ° . capacity for the “primary decodes cognitive” | Th. 3.7.1, 3.7.3
constant gap in a subspace Th. 3.8.3, 3.8.4

(F) | o . . numerical results Sec. 3.9

Figure 10. The role of the different achievable schemes in the following Sections

3.6.1  Achievable scheme with Uy, and Uj,: capacity achieving for the degraded

broadcast channel.

Motivation: Achieve the capacity to within a finite gap in some parameter regime by having trans-

mitter 2 silent.

Consider the case where transmitter 2 is silent and transmitter 1 transmits to both decoders.

In this case, the G-CIFC with P, = 0 reduces to a degraded BC with input X; (71). When |b| <

1, Y5 is a degraded version of Y7 and the maximum achievable rate region when transmitter 2

is silent is

Ry < I(Y1;Urpy) — L(Uips; Uzpe),

Ry < I(Ya;Upp)

(3.37a)

(3.37b)

taken over the union over of all & € [0,1]. When [b| > 1, Y7 is a degraded version of Y2 and the

maximum achievable rate region when transmitter 2 is silent is
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R1 § I(Yl;Ulpb), (3.38&)

R2 S I(YQ;UQpb’Ulpb) (338b)

taken over the union of all a € [0, 1].

3.6.2 Achievable scheme with X, and Uj,;: capacity achieving in the “weak interference”

regime.
Motivation: Completeness.
In this scheme both messages are private and receiver 2 treats the interference from trans-

mitter 1 as noise while transmitter 1 performs perfect DPC against the interference from trans-

mitter 2. This scheme achieves capacity in the “weak interference regime” of Th. 3.4.1 (26).

3.6.3 Achievable scheme with X5, Uy, and Uy,,: capacity achieving in the semi-determinist;

DM-CIFC.

Motivation: Achieve the “strong interference” outer bound to within a constant gap in the whole

parameter regime.

This achievable strategy is obtained by combining the previous two transmission schemes,
scheme (A) and (B), and it corresponds to the capacity achieving scheme for the semi-deterministic
G-CIFC in Th. 2.9.1. The broadcasting RV Uy, appears only in the RETD) region and in

(51; 50). The achievable rate region is



Ry <

Equation 3.40

Ry <

Equation 3.40

Ri+ Ry <

Equation 3.40
<

where

and

2 2 2
Z1pb T1pb Ppbr[ T1pbT 2pb
~Ne | o,
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I(Y1; Urpy) — 1(Urpp; X2)

Var[X; + aXs]
) - 9 3.39a
log(o7,, + afy) —log (Ulpb 1 + Var[X1 +aXo] )’ ( |
I(Y2; U2pb7 XZ)

2

a2prar[|b\X1\X2]
log(1 + Var([b| X1 + X2]) —log [ 1+ ’ >3]
og(1 + Var([[b| X, 2]) g( o5, + Var[|b| Xi|x,] (

I(Y2; Uappy, Xo) + 1(Y1; Urpy) — I (Urpp; Uapp, X2)

2
. . -
Equation 3.39a + Equation 3.39b + log | 1 — (b2 Pro + ngb)(Pla \—F’Ty

leb ~ N(c(o, O[Pl)

Xy ~ Nc(0,P»), independent of X,

aP
X1 = Xyt —1X,
Py

Up = Xi+aXo+ Ziy

Uy = 0| X1+ Xo + Zopp, (3.40)

C

* 2 2 2
Zoph PpbA/ 91pb%2pb  T2pb
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for |pps| < 1. The assignment in Equation 3.40 is inspired by the capacity achieving scheme
for the semi-deterministic CIFC of Th. 2.9.1where Uyp, and Uy, are set to be equal to Y7 and
Ys respectively. The inequality in Equation 3.39c is obtained by optimizing p,, as detailed in

Th. 3.8.1.

3.6.4 Achievable scheme with U;. and Us.: capacity achieving in “very strong interference”

regime.
Motivation: Completeness.

This scheme achieves the “strong interference” outer bound of Th. 3.4.2 under the “very

strong interference” conditions of Th. 3.4.3 (24). The achievable rate region is

Equation 3.42

Ry <I(Y1;X1|X») C((1—|p)Py), (3.41a)

Equation 3.42

Ry < I(Ya; Xi1|Xo) e((1— PP Py). (3.41b)

Equation 3.42

Ri+ Ry < I(Y1;X1,Xo) C(Py + |a]?Py + 2Re{a*p}\/P1P,), (3.41c)

Equation 3.42

Ri+ Ry < I(lfl, Xl,XQ) @(’b|2P1 + P+ 2|b|R6{p}\/ P1P2>, (3.41(1)

where the RHS of Equation 3.41 is achieved with the assignment

Xie ~ N(C(Ov(l_|p|2)P1)

Xy ~ N¢(0,P,), independent of X,

X1 = X10+p1/ XQ, (3.42)
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for some |p| < 1. This scheme was originally proposed for real-valued channels in (24). Here

we consider its extension to complex-valued valued channels.

3.6.5 Achievable scheme with X5, Uj.: capacity achieving in the primary decodes

cognitive regime.

Motivation: Achieve capacity in the “primary decodes cognitive” regime.

In this scheme the primary message is private while the cognitive message is public and
binned against the interference created by the primary user at the cognitive decoder. This
scheme can also be obtained as a special case of the scheme in (25) and (51). The achievable

rate region is

R < I(Yl, Ulc) - I(Uld XQ)

wation 3. o P;
Bauatio 345f<a+1/a1,1;)\>, (3.43a)
Py

Ry < I(Y2; Ure, X2) — (1(Y2; Ure) — I(Use; X2))
uation 3. 1 0 1
Pauation 39 6(p) 4 b2 Py + 2 a|b|2P1P2)—f<|b‘+ O}f,W;A>, (3.43D)
2

Ry + Ry < I(Y2;Uie, X2)

Equati:on 3.45 G(P2 + ’b|2P1 +92 O_é|b|2P1P2), (3430)
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for
F(h, 0% 0) £ I(X1e + hXo + 0215 Use) — I(Ure; Xo)
Equation 3.45 0'2 + CYPl
= log Py B2 P N 2 )
1 2
0-2 + 04P1+|h|2P2+0'2 /\Costa(hz‘72) N 1
with

)\Costa(h70 ) = aP + 2 h (344)
and where the RHS of Equation 3.43 is achieved with the assignment
ch ~ N@(0,0[Pl)
Xy ~ Ne(0, )
abP;
X ~ X —X
1 1c + P2 2
Ui = X+ AXo, (3.45&)
2 P, 2
for some « € [0,1] and A € C. Note that f(h,o?;\) > 0 if m -1 <1+ W.
osta ) 2

3.6.6 Achievable scheme with U,., Xo and Uj..

Motivation: Achieve capacity in the largest subset of the “strong interference” regime.
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As for scheme (C), this scheme is obtained by combining the previous two schemes, scheme

(D) and (E). The achievable rate region is

Ry <

Ry <

R+ Ry <
Ri+Ry <
2R1+ Ry <

I(Y1; Ure|Usze) — I(Xa; Ute|Use),
I(Y2; Ure, X2|Use),

1(Y2; Uge, X2, X1c),

I(Ya; Xo|Use, Uae) + I(Y1; Use, Uae),

I(Y2; Ure, X2|Use) + 1(Y1; Uie, Uae) — I(Uie; X2|Use).

In particular, we consider the choice of RVs

Xoe, Xopa, Xic
Xo
X1
Uic

U2c

iid Ne(0,1)

VBPXoe + 1/ BP2Xopa

VaP X1+ vaPy (yvAXae + Vi Xopa)
Xie + A Xopa

Xoc.

(3.462)
(3.46D)
(3.46¢)
(3.46d)

(3.46e)

(3.47a)
(3.47D)
(3.47¢)
(3.47d)

(3.47e)

This scheme unifies the two schemes that achieve capacity in two different parameter regimes

of of |b] > 1 and hence is the scheme that achieves capacity in the largest subset of the “strong

interference” regime.
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3.7 New capacity results

We now present two new capacity results for the G-CIFC. The first capacity result uses
scheme (E) to achieve the “strong interference” outer bound in what we term the “primary
decodes cognitive” regime, a subset of the “strong interference” regime that is not included in
the “very strong interference” regime of Th. 3.4.3, for which capacity is already known. The
second capacity result focuses on the S-G-CIFC where we show that the BC-DMS-based outer
bound of Th. 3.5.2 is achieved by scheme (E) for a large set of parameters where capacity
was previously unknown. Although the two results involve the same achievable scheme (E), in
the first result the cognitive receiver performs Costa’s “interference pre-cancellation” (or pre-
coding) of the interference from the primary receiver while, in the second result, no pre-coding
in necessary. In scheme (E) the pre-coding operation has an interesting effect on the rate region
that we investigate in detail in Remark 3.7.2.

Before presenting the new results, we describe scheme (E) in more detail. The achievable
rate region is expressed in two parameters: « and A. The parameter a denotes the fraction of
power that encoder 1 employs to transmit its own message versus the power to broadcast Xs.
For a = 0, transmitter 1 uses all its power to broadcast Xs as in a virtual Multiple Input Single
Output (MISO) channel. When o = 1, transmitter 1 utilizes all its power to transmit X;.. The

parameter A controls the amount of interference (created by Xs at receiver 1) “pre-cancellation”
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achievable using DPC at transmitter 1. With A = 0, no DPC is performed at transmitter 1 and

the interference due to X5 is treated as noise. On the other hand, with A = Agestq for

aP,
ACosta (CL + ?1’ 1) £ ACosta 1,
2

with Acosta (-, -) defined in Equation 3.44, the interference due to X at receiver 1 is completely
“pre-canceled”, thus achieving the maximum possible rate R;. Different values of \ are not
usually investigated because, as long as the interference is a nuisance (i.e., no node in the
network has information to extract from the interference), the best is to completely “pre-cancel”
it by using A = Acosta(h, 72).

However, A influences not only the rate R; in Equation 3.43a, but also the rate Ry in
Equation 3.43b. An interesting question is whether A\ £ Acosta 1, although it does not achieve
the largest possible Rj, would improve the achievable rate region by sufficiently boosting the
rate Ro. We comment on this question later on in Section ?7. At this point we make the
following observation: R is a concave function in A, symmetric around A = Acestq 1 and with
a global maximum at A\ = Acoesta 1, While Ro is a convex function in A, symmetric around
A = ACoste 2 and with a global minimum at A = Acystq 2, Where

1 aPy 1 A
A — — —= | = A .
Costa <|b| + P, ) |b|2> Costa 2

Figure 11 shows R; in Equation 3.43a and Ry in Equation 3.43b as a function of A € R, for

P =P =6,b=+2 a =03, and @ = 0.5. For the chosen parameters, we observe a
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A=0 | |)\ = >\Costa 2| |>\ — 2ACosta 2.

0 05 g 15 | 2 2

A=0 | | )\ - ACosta 1| |A I: 2)\Costa 1|

Figure 11. The bound for R; in Equation 3.43a (bottom) and the bound for Ry
in Equation 3.43b (top) as a function of A € R, for Py = P, =6, b = /2, a = /0.3, a = 0.5.

trade-off among the rates: A = Acostq 1 achieves the maximum for Ry, but it achieves close to
the minimum for Ry. This observation will help in understanding why scheme (E) does not

perform well in certain parameter regimes as will be pointed out in Remark 3.7.2.
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3.7.1 New capacity results for the C-CIFC.

Theorem 3.7.1. Capacity in the “primary decodes cognitive” regime. When |b| > 1

and

Po[1 —alb|[> > (|b? = 1)1 + Py + |a*Py) — PLPo|1 — alp||, (3.48a)
Py|1 —alb||? > (]b]*> = 1)(1 + Py + |a|* P, + 2Re{a}\/ P P,), (3.48b)

the “strong interference” outer bound of Th. 3.4.2 is tight and achieved by scheme (E).

The “primary decodes cognitive” regime, illustrated in Figure 12 in the (a, |b|)-plane for
a € Rand P, = P, = 10, covers parts of the “strong interference” regime |b| > 1 where capacity
was not known. It also shows that the scheme in Equation 3.43 (i.e., scheme (E)) is capacity
achieving for part of the “very strong interference” region in Equation 3.6, thus providing an

alternative capacity achieving scheme to superposition coding (24) (i.e., scheme (D)).

Proof. We compare the achievable scheme (E) in Section 3.6.5 with the “strong interference”
outer bound of Th. 3.4.2. Scheme (E) for [b] > 1, A\ = Acosta 1 and the assignment in Equa-

tion 3.43. This achieves Equation 3.8a=Equation 3.43a and Equation 3.8c=Equation 3.43c
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4 Very strong =
interference
3 -
2
1 R
28
T~
a @
>
Q
-1 ® Tt
. Primary decodes P
cognitive
3
-4
-5
0 05 1

Figure 12. A representation of the capacity result of Th. 3.7.1 for a G-CIFC with a € R,
P, = P, =10 and (a, |b|) € [-5,5] x [0, 5].

(and Equation 3.8b is redundant). Therefore the “strong interference” outer bound is achiev-
able when (Equation 3.43a+Equation 3.43b)>Equation 3.8b, i.e. when

e(apl) = f (a+ d]flal;ACosta 1) 2 f (ﬁ + %F;l) ﬁ;)\COSta 1) ) Vo S [07 1]7

B
2
’meY+A05+ awPHf@‘ P,

— aP+|l al’Py — > , Vo € |0, 1],
e P a1 APt 0,1]
(“H f Qla) >0, Ya €[0,1] (3.49a)
aPi+1) 14b2P, 4+ Py + 2 /ap|?PP, ~ ’
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where

Qa) £ Py|1 - ayby|2(aP1 +1) = (|p]* = 1) (P1 + |a]? Py + 2Re{a}vaP Py + 1).

Clearly the condition in Equation 3.49a is verified if for all o € [0, 1] we have Q(«) > 0. Q(«)
is a quadratic function in x = /1 — « of the form ¢;2? +coz +c3 with ¢; = —Py Ps|1—alb||> <0,
which implies that Q(«) is concave in «. Hence, the inequality in Equation 3.49a is verified
for every a € [0,1] if it is verified for « = 1 and @ = 0. The condition Q(0) > 0 corresponds

to Equation 3.48b while the condition Q(1) > 0 corresponds to Equation 3.48a. O

Remark 3.7.2. Previous capacity results for the G-CIFC imposed conditions on the channel pa-
rameters that lent themselves well to “natural” interpretations. For example, the “weak inter-
ference” condition I(Y7; X1|X2) > I(Y2; X1|X2) of (26) in Equation 3.2 suggests that decoding
X1 at receiver 2, even after having decoded the intended message in X5, would constrain the
rate R too much, thus preventing it from achieving the interference-free rate in Equation 3.8a.
The “very strong interference” condition I(Y1; X7, X2) > I(Y2; X1, X2) of (24) in Equation 3.4
suggests that requiring receiver 1 to decode both messages should not prevent achieving the
maximum sum-rate at receiver 2 given by Equation 3.8c. A similar intuition about the new
“primary decodes cognitive” capacity condition in Equation 3.48 unfortunately does not emerge
from the proof of Th. 3.7.1.

To provide some insight on the achievability conditions of Th. 3.7.1, we focus on the

condition in Equation 3.48a. When Equation 3.48a is verified, scheme (E) in Section 3.6.5
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achieves the “strong interference outer” bound point for a = 0 in Equation 3.5: to achieve more
points on the “strong interference” outer bound Th. 3.4.2 stricter conditions are necessary; to
achieve all the points on the outer bound, both conditions Equation 3.48a and Equation 3.48b
must be verified.

A representation of the region where the condition in Equation 3.48a holds is depicted in
Figure 13 for the case a € R and P; = P, = P with increasing P, in which case Equation 3.48a

becomes

PP +1)|1—alp|?> (|b]* —1)(P + 1+ |a?P). (3.50)

We observe that, as P increases, the region where the condition in Equation 3.50 is not verified
shrinks. Indeed, as P — oo, the condition in Equation 3.50 is always verified unless the channel
is degraded (i.e., a|b] = 1). For a degraded channel with “strong interference”, the primary
receiver is able to reconstruct Y7 from Y, once Wy has been decoded, as seen in Equation 3.19.
This means that U;. may be decoded at the primary receiver with no rate penalty for the
cognitive user. Under this condition, the scheme with a common cognitive message and a
private primary one seems a natural choice, reminiscent of the capacity achieving scheme in
the degraded BC. Despite this intuition, in a degraded channel with large power P, Acosta 1
approaches A\cpstq 2 (similarly to the case depicted in Figure 11) and thus the maximum of the

rate R; in Equation 3.43a approaches the minimum of the rate Ry in Equation 3.43b. This
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P1=P2=10

P1=P2=20

Degraded G-CIFC

Figure 13. Condition Equation 3.50 for different values of P, = P, = P for a G-CIFC with
a € R and (a,|b]) € [-0.5,1,5] x [1,5].

rate penalty for the Rs-bound prevents us from achieving the “strong interference” outer bound
point for a = 0 in Equation 3.5 when a|b| = 1.
Another consideration provides further insight on the condition in Equation 3.48a: take a

channel where

1 Py

1_ . 51
b~ P 1 (3:51)
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Then, as P, — oo in Equation 3.51 and for a = 0, this condition approaches the degraded
condition a|b| = 1. For this choice of a, Y5 may be rewritten as Y, = |[b|U. + Z2, so that the

Ry-bound of Equation 3.43b for a = 0 becomes

P
Ro < I(Ys,Uye; Xo) = I(Ure; Xo) =€ .
y < I(Ya,Ures Xa) = I(Ue: Xo) <|b|2pl>

This observation reveals an interesting aspect of the RV Uj.. Uy, is DPC coded against Xo with
the objective to remove (some of) the interference created by Xy at Y;. However, decoder 2 is
not interested in removing X9 from Y5 (it must decode Xs!). Hence, for decoder 2, Uj. acts as
“side information” when decoding X5. Now, both Uj. and Ys contain Xs, but for this specific
choice of parameters Y3 is a noisy version of Uj.. This shows why the scheme performs poorly
close to the degraded line: there is no gain for receiver 2 from having two observations (i.e., Y2

and Uj.) of the intended message X3 as they are noisy versions of each other.

3.7.2 New capacity results for the S-G-CIFC.

Theorem 3.7.3. Capacity for S-G-CIFC. For an S-G-CIFC (i.e., a =0) with

P
< 1+P(1-— .52
b < ¢-+2< H+1> (3.52)

or with

b > /PP + Py +1+ /PPy (3.53)
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Th. 3.5.7 is tight.

Proof. When |b| < 1, capacity is known so we focus only on the case |b| > 1. By setting a =0

in Th. 3.7.1 we obtain that scheme (E) with A = Acgstq 1 achieves the “strong interference

outer bound for

(1> = 1)(1 + P1) < min{P,, Po(1 + P,)} = P,

which is equivalent to Equation 3.52.

Scheme (E) with A = 0 achieves

Ry 101 Ure) = 1l X2) = 1(Yi;Use) = € (122,

IN

I(Ys,Uie; Xo) = I(Ya; Xo|Ure) = € <(\/P2 + 07|b\2p1)2) ;

IN

Ry

Ri+ Ry < I(Ye;X,Upo) =0 (ayb|2P1 + (VP + a\b\2P1)2) .

In this case the MIMO-BC outer bound may be achieved when the sum rate outer bound

Equation 3.24c is redundant, that is, if

P
L4 Py + |o2P1 + 2, /GIPPR > —— 11 1+ Pyt PP~ ol P+ 2V/abPAP) Vo€ 0.1

= pEP>1+P+ 2\/o7|b|2P1P2 Va € [0,1]
= [B2>1+P+2/p2PP P

which corresponds to Equation 3.53.
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O <1 | <VI+ P |b|=>+/P(P+1)+1+ PP
/_)% N

Weak

b — interference
capacity

MIMO BC outer bound dominates

strong interference outer bound domi | ‘ ’ i i ‘

Capacity Th. V.1 ’ Capacity Th. V.3 ‘

>

bl < J1+ P (1- 525)

Figure 14. A schematic representation of the capacity results for the S-G-CIFC in Th. 3.7.3.

A representation of the region where capacity is known for the S-G CIFC is depicted in

Figure 14. Capacity remains unknown for

P
\/1+P2 <1—P jq) <|p| <1+ P+ PP+ /PP
1

3.8 Capacity to within a constant gap

In the last couple of years a novel approach to the difficult task of determining the capacity
region of a multi-user Gaussian network has been suggested. Rather than proving an equality
between inner and outer bounds, the authors of (35) (and references therein) advocate a pow-
erful new method for obtaining achievable rate regions that lie within a bounded distance from
capacity region outer bounds, thereby determining the capacity region to within a constant gap
for any channel configuration. Two measures are used to determine the distance between inner

and outer bounds: the additive gap and the multiplicative gap. An additive gap corresponds
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to a finite difference between inner and outer bound, while a multiplicative gap corresponds to
a finite ratio. The additive gap is useful at high SNR, where the difference between inner and
outer bound is small in comparison to the magnitude of the capacity region, while the multi-
plicative gap is useful at low SNR, where the ratio between inner and outer bounds is a more
indicative measure of their distance. In this section we show the capacity to within an additive
gap of half a bit/s/Hz per real dimension and to within a multiplicative gap of a factor two.
We also determine additional constant gap results that suggest which strategies approach the
“strong interference” outer bound in different parameter regimes. Since the expressions of the
BC-based outer bound of Th. 3.5.2 and of the BC-DMS-based outer bound of Th. 3.5.3 involve
many parameters over which to optimize, it is not analytically straightforward to determine
conditions for achievability; for this reason we restrict our attention to the “strong interference”
outer bound of Th. 3.4.2. These results are derived for the complex-valued channel and rather

than for the real-valued channel as done in (72).

Theorem 3.8.1. Additive gap. Capacity is known to within half a bit/s/Hz per real dimen-

sion.

Proof. The capacity for weak interference (|b| < 1) was determined in (26), so we only need
to concentrate on the strong interference regime (|b| > 1). We show the achievability of the
“strong interference” outer bound in Equation 3.5 to within a constant additive gap using the
scheme (E) of Section 3.6.3 with the assignment in Equation 3.40. The assignment proposed

in Equation 3.40 is inspired by the capacity achieving scheme for deterministic channels in Th.
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2.10.1, where we showed that setting U, = Y., ¢ € {1,2}, is optimal. In a noisy channel, it is

not possible to choose U, = Y,; we mimic this by setting U, ~ Y¢, ¢ € {1,2}.

Consider the achievable rate region in Equation 3.39 and note that

Var[X1 4+ aXs] = Py + |a|*Ps 4+ 2Re{a}/aP, P,

Var[|b| X1 + Xo] = |b]>Py + P2 + 2\/a|b|2P, Ps.
The inequality in Equation 3.39c¢ follows by choosing

ppb = arg mgnI(UU Us| X2)
= argmin [E[U,Us| X,]|*
P

2
— 3 2 2
= argmin ’]b]Pla + Py /Ulpbo-Zpb’

|b‘P104
[ 2 2
T1pb%2pb

With ngb =0 and a%pb = 1 in Equation 3.39 we have

= —min< 1,

R; <log(l+ aP;) — GAP(a),

Ry + Ry < log(1 + Var[|b| X1 + Xa]) — GAP(a),

(3.54a)

(3.54b)
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with GAP(«) bounded as

Var[ X1 + aXo]
1+ Var[X; + aXy]

GAP () = log <1 + > <log(2) =1,

as claimed. Notice that with Jgpb = 0, the Rs-bound in Equation 3.39b is equivalent to the

sum-rate outer bound in Equation 3.5b and it is thus redundant. ]

To prove the multiplicative gap result, we utilize a looser version of Th. 3.5.1 that we present

in the next lemma.

Lemma 3.8.2. “Piecewise linear strong interference” outer bound. The outer bound

of Th. 3.5.1 for |b| > 1 is contained in the region RL=5D defined as:

R1 S G(Pl), (3.55&)

Ry + Ro

IN

e (( 2P, + \/F2)2> . (3.55b)

Proof. The bound in Equation 3.55a (respectively Equation 3.55b) is obtained by considering

the maximum value of Equation 3.8a (respectively Equation 3.8¢c) over « € [0, 1]. O

(PL—SI)

The region R in Equation 3.55 has two Pareto optimal points:

a = (0.e((VIPP +VB)?))., (3.562)
B = (e(P),e((vBPP + VP)?) - €(P)). (3.56D)
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The point A is on the boundary of the “strong interference” outer bound region R(°D of Th.

3.4.2 while Point B has the same R;-coordinate as the point for a = 0 in R, given by
C = (C(P),C(bJ*P + P2) — C(Py)), (3.57)

but lies outside R(°D. However the two points are no more than one bit away, i.e., RéB) <

log(2) + Réc), as we will show later.

Theorem 3.8.3. Multiplicative gap. For a Gaussian C-IFC, the capacity is known to within

a factor two.

Proof. The capacity for weak interference (|b| < 1) was determined in (26), thus we only need
to concentrate on the strong interference regime (|b| > 1).

Outer bound:

We use the “piecewise linear strong interference” outer bound of Lemma 3.8.2, in particular

we rewrite the outer bound as

Ry, < log (1 +b2Py + Py + 2\/\b\2P1P2> - R

R0 (Ry), (3.58)

>

for Ry € [0,log(1 + P)].

Achievability to within a factor two: Consider the following TDMA strategy. The rate-point

(R1, R2) = (log(1+ P1),0),
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is achievable by silencing the primary transmitter, while the rate-point A in Equation 3.56a is

achievable by beamforming. Hence, the following region is achievable by time sharing

Ry

IN

R
(1 — lmg(1> log(1+ (v/]bPPL + /P2)?)

1+ P)

lI>

R (Ry). (3.59)

The multiplicative gap is given by the smallest M > 1 for which

MRY™ (R /M) > RS D (Ry), (3.60)

that is

Ry

(1 - Mlog(1+Pl)> Mlog(1 + (V/o[PPr + V/P2)?) ~ log (14 (v/oPPr + VP2)?) + Ry = 03.61)

The LHS of Equation 3.61 is a linear function of R; and thus has at most one zero. From this,
it follows that the inequality in Equation 3.61 is verified for every Ry € [0,log(1 + Py)] if it is
verified at the boundary points of the interval. For Ry = 0, the inequality is verified for M > 1
while for Ry = log(1 + Py) it is verified if M > 2; thus the smallest M for which Equation 3.61

is verified for all channels is M = 2. O

We remark here that we consider the multiplicative gap as the ratio of the outer bound over
the inner bound; as originally introduced in (36) the multiplicative gap is defined as the ratio

between the inner bound over the outer bound.
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What Scheme | Regime gap
. . Py(1 + |a]? — 2Ref{a}|b]) >

perfect interference cancelation (E) (12— 1)(PL+1) — PP — |alb? 5

non perfect interference cancelation | (E) b > 1 and |b]?P; < P 1.87

cognitive (A) b] <1 and |b]*P, > P, 1

broadcasting (A) [b] > 1 and [b]?P, > P, 1.5

interference stripping (D) la] > 1, [b| > 1 and [b]*P; < P, 1.5

A schematic plot of the proofs of Th. 3.8.1, Th. 3.8.3 and Lemma 3.8.2 is provided in ?77.
The green hatched area represents the achievable rate region with scheme (E) in Equation 3.39
which lies to within half a bit/s/Hz per real dimension from the “strong interference” outer
bound of Equation 3.5, illustrated by a solid blue line. The green cross-hatched area represents
the achievable rate region with time sharing in Equation 3.59 while the green dashed line is the
region in Equation 3.59 multiplied by a factor two, which contains the “piecewise linear strong

interference outer bound” in Equation 3.55, illustrated by a dotted blue line.

3.8.1 Additional constant gap results

In this section we provide additional additive gap results for specific subsets of the parameter
region. Our aim is to provide insights on the relationship between inner and outer bounds for

the region where capacity is still unknown.

Corollary 3.8.4. The additive gaps between inner and outer bound in 3.8.1 are achievable

under the prescribed conditions.

Proof. The proof is detailed in the following sections. O
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Figure 15. A graphical representation of Th. 3.8.1 and Th. 3.8.3.
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In particular we consider four transmission strategies and show where they achieve capacity

to within a constant gap:

e Perfect interference cancelation. By using the scheme (E) with Costa’s DPC we can
achieve the “strong interference” outer bound to within a constant gap in a larger pa-
rameter region than the “primary decodes cognitive” regime, where it achieves capacity.
Scheme (E) with Costa’s DPC achieves the “strong interference” outer bound to within a
constant gap in a larger parameter region than the “primary decodes cognitive” regime,
where it achieves capacity. In this region, both the additive and the multiplicative gaps

are smaller than that of Th. 3.8.1 respectively.

e Non perfect interference cancelation. The scheme (E) with a specific DPC strategy
achieves the “strong interference” outer bound to within a constant gap when the SNR is
larger the INR at the primary receiver. The choice of DPC differs from Costa’s and it fa-
vors the decoding of the common cognitive message at the primary decoder and enhances

the performance for channel parameters close to the degraded G-CIFC.

e Cognitive broadcasting. When the INR is larger that the SNR the primary receiver,
scheme (A) achieves a constant gap from the outer bound in both the “weak” and the
“strong interference” regime. In this scheme the primary transmitter is silent and the

cognitive transmitter acts as a broadcast trasmitter.

e Interference stripping. Scheme (D) achieves the “strong interference” outer bound to

within a constant gap in a larger parameter region than the “very strong interference”
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regime, where it achieves capacity. In this scheme both decoders decode both messages

as in a compound MAC.

In the following we use the fact that point B in Equation 3.56b is to within one bits/s/Hz
and a factor two from point C in Equation 3.57. This is the case as, for the additive gap,

R = R'Y) and

(B)_ (C) . 2\/|b‘2P1P2 < P2 < o
Rs Ry’ =¢C <1 o C \/7132 1] = log(2) =1, (3.62)

where we use the fact that RéB) — Rgc) has a maximum in |b]?P; = P, + 1.

A representation of “strong interference” outer bound and the “piecewise linear strong in-
terference” outer bound is shown in Figure 15. The “strong interference” outer bound coincides
with the “piecewise linear strong interference” outer bound at point A and the largest distance
between the two outer bounds is attained between points B and C. This figure also introduces
a new corner point of the inner bound: point D, the inner bound point with the largest Ry rate
when R; = C(Py) — Ay.

3.8.1.1 Perfect interference cancellation

In the proof of Th. 3.7.1 we have seen that under condition Equation 3.48a it is possible
achieve point C in Equation 3.57 with scheme (E) with Costa’s DPC. This result may be used
to show achievability of the “strong interference” outer bound to within half a bit/s/Hz per

real dimension.
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Theorem 3.8.5. If condition in Equation 3.48a holds, the “strong interference” outer bound

of Th. 8.4.2 is achievable to within half a bit/s/Hz per real dimension.

Proof. Under the condition in Equation 3.48a, point C is achievable. This point lies to within

half a bit/s/Hz per real dimension from the outer bound. t

3.8.1.2 Non perfect interference cancellation

Although it is not possible to achieve point C using scheme (E) and perfect interference
cancellation, it is possible to achieve this point to within a bounded distance using non perfect
interference cancellation in the strong interference (|b| > 1) and strong signal (P, > |b]*P)

regimes.

Theorem 3.8.6. When |b| > 1 and P, > |b|>Py, the outer bound of Th. 3.4.2 may be achieved

to within 1.87 bits/s/Hz per real dimension.

Proof. To prove this theorem we show the achievability of a point D in Figure 15 which lies
at a bounded distance from point C using scheme (E) in Equation 3.43 for « = 0. Figure 15
shows the different additive gaps between inner and outer bound points in the following proof.
If equation Equation 3.43a is tight there are two possible scenarios: the corner point D is
determined by 1) the intersection between Equation 3.43c and Equation 3.43a or by 2) the
intersection of Equation 3.43b and Equation 3.43a. We choose A so that both Equation 3.43a

and Equation 3.43b lie within a finite distance from RgB) and RgB) respectively. The sum rate

bound Equation 3.43c does not depend on the choice of A and is always equal to Rgc) + Rg()).

We divide the proof in two subcases Re{a} = [b|~L.
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Sub-case Re{a} < |b|~': When P; < 1 a gap of 1 bit per dimension is achievable by having

both transmitters transmit to receiver 2 at rate Rgc). In this case the distance along the rate

R is zero and on the rate Ry is REC) —0<log(l1+1) <2 For P, >1let A\ = PIPZ}F/IECL, in

Equation 3.43. The distance between inner and outer bound for R; is

A p(0) (D) 1+P;1+2a)?P:
Ar=Ry7 - Ry =log ( 1+1;1+|a|2P22) <1

where we have used the inequality P, > |b|>P;. Similarly letting Equation 3.43b hold with

equality, we obtain

C D
Ay 2R - R

142Py
1+P,

| (P1=y/PD)alo

1+P1

< MaXyRefa}<|p|-1 108 >

1+ P>

(1+P1)(1+2P2)
< log ((1+P1)(1+P2+P1)+2P2\/E )

€

- The largest gap

where we have used that the expression has a global maximum in a* >
between the inner bound and B is thus bounded by max {1+ Aj, A; + Ay} = 2, and so the

overall gap between the specified achievable scheme of Equation 3.43 and the outer bound is

within 1 + 2 = 3 bits/s/Hz for a complex valued channel.
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Sub-case Re{a} > |b|~': When P; < 3 a gap of 1 bit per dimension is achievable by having
transmitter 1 remain silent (rate R; = 0) since in this case REB) —0<log(3+1). When P; >3

let A= L 1;52!1?1 in Equation 3.43. The gap for R; may be bounded as

D 1—|—P1+5|a]2P2
A 2 (@ (D) =1 <1
1= Ry R, =log 1 S+ a?P ) og(5),

while that for the rate Ro of transmitter 2 may be bounded as

A, 2 R —RP (3.63a)
1+ 2P
< max  log o - (3.63b)
< log < (1+ P)(1+2P,) ) (3.630)
Py — 4Py/Py + 4Py Py + (1 + Py)?
(1+P)(1+2P) >
< 3.63d
- <2P1P2+ (1+ Pp)? ( )
P +1
< log ( 1];; ) (3.63¢)
4
< log <3) (3.63f)

where Equation 3.63c follows since the expression has a global maximum for alort) < ﬁ and
Equation 3.63d follows since 4P; — 4y/P; +1 > 2P; for P > 3. Finally Equation 3.63e and
Equation 3.63f follow since the expression is monotonically increasing in P» and decreasing in P;.
As in the sub-case Re{a} < |b|~!, the maximum distance between points C and D is bounded
by max {1 + A1, A1 + Az} < log (§0) so that the overall gap is bounded by log (§0) ~ 3.74

bits/s/Hz for a complex valued channel.
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O

We note that in the proof of Th. 3.8.6, non perfect interference cancellation in crucial.
The choice A = Acosta 1 + €, With € an appropriate decreasing function of the transmit powers,
yields a finite gap to capacity although in general this choice does not allow the achievability
of point C. This choice of A can be interpreted as follows. From Equation 3.43b, we see that
Ui plays the role of side information at receiver 2 when decoding X5. The DPC coefficient
A = Acosta 1+€ favors the decoding of Uj, at receiver 2 while slightly degrading the rate of user 1
in Equation 3.43a. In particular, the achievable scheme in Section 3.6.5 for A = Agosta 1 + €

achieves:

P 4+ 1)?P.
R < Equation 3.43a =log (1 + aPy) — log (1 (aPy +1)°F )\e\2> ,

4
OéPl(l + P+ ‘CLPPQ + ZRG{CL}\/ abP Py

Ry < Equation 3.43b = log (1 +b2Py + Py + 2\/d\b\2P1P2> v

+ log L + (alp*Pr +1)P le + Ay 2
L+albPP1  aPi(1+4 |b]2P, + Py + 2\/a|b2P P,)) ’

where Ay = ACosta 1 — ACosta 2- Let € be small and with the same phase as Ay. From the above
expressions, we see that the decrease of Rj is of the order O(|e|?), while the increase of Ry is
of the order O(|e|). This demonstrates how one can trade residual interference at the cognitive
recetver for rate improvement at the primary receiver, which makes use of Uy, to decode its own

message.
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A natural question at this point is whether it is possible to achieve capacity by using the
strategy in Section 3.6.5 with some choice of A = Acgstq 1 + €. Unfortunately, the answer is

negative:

Lemma 3.8.7. The “strong interference” outer bound of Th. 3.4.2 can be achieved by scheme

(E) in Equation 3.43 only in the “primary decodes cognitive” regime of Th. 3.7.1.

Proof. This result is shown by observing that only one choice of a and A in Equation 3.43
achieves both the sum rate bound in Equation 3.5b and the R; bound in Equation 3.5a—the
choice which corresponds to the “primary decodes cognitive” regime of Th. 3.7.1. To distinguish
the parameters « in the inner and outer bound, let a(°?) be the o parameter in the outer bound
in Equation 3.5 and o™ be the o parameter in Equation 3.43.

Consider the region Equation 3.5 for a fixed a(°). We first notice that to achieve the
sum rate outer bound in Equation 3.5b we have to pick the a(™ in Equation 3.43 such that
o) < (o) (because the expressions are monotonically decreasing in ). On the other hand,
the maximum rate Ry in Equation 3.43a for o™ < o(94) is always smaller than the outer bound
for Ry in Equation 3.5, with equality only if o™ = ) and X\ = Acpsta 1. SO to achieve
both the sum rate outer bound and the R; rate outer bound we must have alin) = qlout) and

A = AQosta 1, Which are the specific assignments considered in Th. 3.7.1. ]
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3.8.2 Further considerations on the utility of partial interference “pre-cancellation”

In spite of the result of Lemma 3.8.7, in the following lemma we show that the largest inner
bound region with the scheme of Section 3.6.5 is achieved by A\ # Acestq 1- Finding the A that
minimizes the distance between the inner and outer bounds is analytically involved. Instead,

we consider the simpler problem of determining the value of A that maximizes the sum rate.

Lemma 3.8.8. When |b| > 1 and the “very strong interference” condition is not satisfied,

setting A to a solution of

Hy'—H?
aPy

2 (\/dP1P2(|b|2H2*1 — HY) + Py(b|Hy Y - Re{a}Hfl)) Re{A}+

= Py(oPHy' — Hi' + )P+

Py (|0*Hy ' — HY) = 0. (3.64)

Hy = E[[Y1]?] = 1 + |a]*Py + P; + 2Re{a}\/aP, Py,

Hy =E[|Y2’] =1+ Py + |b*P1 + 2V/alb|2 Py P,

yields the largest achievable sum rate in the scheme of Section 3.6.5 for a given « € [0, 1].
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Proof. This result is established by observing that Equation 3.43c is the maximum achievable
sum rate for a fixed . Then, the A that maximizes the sum rate must satisfy Equation 3.43a+
Equation 3.43b = Equation 3.43c, that is,

f(a+ 5}2,1; A) :f(|l1)|+ O_gl,“)l'f )\>. (3.65)

After some algebra, we rewrite the condition in Equation 3.65 as in Equation 3.64.

Notice that there always exist real-valued solutions (i.e., A € R) for in Equation 3.64.
Indeed, when the “very strong interference” condition is not verified, and |b| > 1, we have
Hy < Hy for all a € [0,1], and thus it follows that: the coefficient of |A|? is negative, the
coefficient of Re{\} is positive, and the constant term is positive. By choosing Im{A} = 0, the
equation Equation 3.64 reduces to the quadratic function in Re{A}, which has positive definite

determinant and thus has at least one real-valued solution. O

3.8.2.1 Cognitive broadcasting

The outer bound Thm 3.4.1 is achievable in “weak interference”: the capacity achieving
scheme in this regime is scheme (B) in Section 3.6.2 and it employs Costa’s DPC at the cognitive
transmitter to “pre-cancel” the known interference generated by the primary user. While
capacity is known in this regime, we show that the very simple broadcast strategy of scheme
(A) in Section 3.6.1 achieves capacity to within a constant gap from the outer bound when
the INR is larger than the SNR at the primary receiver ( i.e [b|?P, > P,). When the INR

is larger than the SNR at the primary receiver, scheme (A) achieves a constant gap from the
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outer bound in “strong interference” as well. Although the resulting gap does not improve on
the result of Th. 3.8.1, this result suggests that, in a general scheme, rate improvement may

be obtained by having the cognitive transmitter send part of the primary message.

Theorem 3.8.9. When |b| < 1 and |b|> P, > P,, the outer bound of Th. 8.4.1 may be achicved

within 1 bit/s/Hz per real dimension.

Consider the strategy (A) in Section 3.6.1 for |b| < 1. Then since Equation 3.3a and Equa-
tion 3.37a are the same for every « there is zero gap for the rate Ry. By considering the

difference between Equation 3.3b and Equation 3.37b, the gap for the rate Ry is bounded as

Equation 3.3b — Equation 3.37h < € (|b|2P1 Y+ Pt 2\/o7|b|2P1P2) — e (jp)2p)
0 <P2+2\/b2P1P2>

IN

1+|b‘2P1
e 3|b|2P1
1+[b]2 Py

<log(4) = 2.

IN

Theorem 3.8.10. When |b| > 1 and |b|> Py > P», the outer bound of Th. 3.4.2 may be achieved

within 1.5 bits/s/Hz per real dimension.

Proof. Consider scheme (A) in Section 3.6.1 for [b| > 1 and o = min{1,1/P;} in Equation 3.38:

the gap for user 1 is

A2 RP — R = e(min{1, P1}) < log(2) = 1,
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while the gap for user 2 (using Py < [b|2P; and |b|2 > 1) is

AQéRﬁtJ#”§e<

14 2[p)?P; >
(1+P1)(1+ [b? min{1, P })

< max « lo pr lo 2

<log(2) =1.

As shown in Figure 15, the achievable point C in Equation 3.57 is at most at 1+A1+ Ay < 3 bits
from the outer bound. By time sharing between points A and C, we have an achievable rate
region that is at most at max{1,3} = 3 bits/Hz/s from the outer bound for complex valued

channel.

3.8.2.2 Interference stripping

Theorem 3.8.11. When |a| > 1, |b| > 1 and |b|*P, < P», the outer bound of Th. 3.4.2 may

be achieved within 1.5 bits/s/Hz per real dimension.

Proof. We consider scheme (D)’s performance in the “strong interference” regime when |b?| >

1,|al? > 1. When we set a = 1, it achieves the rate

Ry <C(P)

Ry + Ry < C(min{|a|*P, + P1, P> + |b*|P1}) .
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Figure 16. G-CIFC with “strong interference”: the “strong interference” outer bound, the
piecewise linear “strong interference” outer bound and the achievable region by time sharing
among points A and C;



Referring again to Figure 15, the gap between points B and C may be bounded as

A2 RP) _ R <log(2) =1,

and

1+ |b2|P1 + P
1 + min{|a|2P, + Py, P> + |b]?P1 }

max {1 L+ bl*Py + Py })
"1 =+ \a|2P2 + P1

1 1425, })
"1 + |a|2P2 + P1

1425,
max 4 1,
1+ |CL|2P2 + P

—_
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We thus achieve a rate pair that lies within 1 4+ Ay + Ay = 3 bits/s/Hz of the outer bound for

complex valued channel .

3.9 Numerical results

We now revisit each of the previous sections and provide numerical examples of the results

therein. In the following we restrict ourselves to real-valued input/output G-CIFC so as to

reduce the dimensionality of the search space for the optimal parameter values.
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3.9.1 Numerical Results for Section 3.5: Outer bounds

In Section 3.5 we introduced the tightest outer bound for a GCIFC in “strong intereference”,
obtained as the intersection of the “strong interference” outer bound of Th. 3.4.2 and the BC
based outer bound of Th. 3.5.2. This outer bound has a simple closed form expression for the
degraded G-CIFC and the S-G-CIFC: Figure 17 and Figure 18 present the result of Corollaries
3.5.5 and 3.5.7 respectively, where the intersection of the “strong interference” outer bound and
the BC-based outer bound for the degraded G-CIFC and the S-G-CIFC is derived. Note that we
chose two channels where the two bounds intersect for some Ry € (0, C(P;)] and neither bound
strictly includes the other. The two outer bounds coincide at the point A in Equation 3.56a.
The maximum rate R; in the “strong interference” outer bound and the BC-based outer bound
for the S-G-CIFC are the same: in this channel transmitter 2 does not influence the output at

receiver 1 and hence full receiver cooperation does not increase the maximum attainable rate

R;.

For a general G-CIFC the intersection between the “strong interference” and the BC-based
outer bound has no simple closed form expression. Consequently, it is difficult to determine
where one dominates and find their intersection analytically. In Figure 19 we show that the

two bounds can intersect up to two times.
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Figure 17. The “strong interference” outer bound and the BC-based outer bound for the
degraded G-CIFC.

The outer bounds of Th. 3.5.9 are presented in Figure 20 which shows that these outer
bounds may be tighter than either the “strong interference” or the BC-based outer bounds.
Unfortunately, in the examples we considered, we did not find an instance where the outer
bounds of Th. 3.5.9 were tighter than the intersection of the “strong interference” and the
BC-based outer bound. Despite this, we believe that our approach in transforming the channel

provides a general, useful tool to derive outer bounds for channels with cognition.
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Figure 18. The “strong interference” outer bound and the BC-based outer bound for the
S-G-CIFC (right).

3.9.2 Numerical Results for Section 3.6: Inner bounds

In Section 3.6 we introduced the RUITP) achievable rate region and derived six sub-schemes
from this general inner bound: in the following we plot these sub-schemes for the degraded
channel, the S channel and a general G-CIFC. The “strong interference” and the “weak inter-
ference” outer bounds are provided for reference. Note that both the achievable rate regions
and the outer bounds are expressed as a function of one parameter only, a € [0, 1], that controls

the amount of cooperation between the cognitive and the primary transmitters.



RQ 2.2 4
47
BC-based

2 / outer bound

1.8+
Strong interference
161 outer bound
1.4
1.2 Intersection
points

1 Ly
08k i i | |

0.6 0.7 0.8 0.8 1 1.1 1.2 13

G-CIFC

P1=5,P2=5, b=2,a=0.25

184

Figure 19. The “strong interference” outer bound and the MIMO BC outer bound for a

general G-CIFC in proximity to point C.

We begin by considering the degraded G-CIFC in Figure 21. The scheme that yields the

largest achievable rate region in scheme (E) with the choice A = Acostq 1. Despite its superior

performance (to other presented schemes) we may analytically show that this scheme cannot

achieve either the “strong interference” or the BC-based outer bound.

Both schemes (A) and (B) treat the interference at noise at receiver 1 and thus the maximum

R; may be achieved only by silencing transmitter 2. For this reason Ry — 0 as Ry — C(P;) for

these two schemes.
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Figure 20. The outer bounds of Lemma 3.5.9 alongside the “strong interference” outer bound

and the BC-based outer bound.

The channels parameters are chosen to show how scheme (E) with the choice A = Acosta 1

achieves the “strong interference” outer bound for a subset of Ry € (0,C(P;)] where the in-

equality in Equation 3.49a holds. The figure also shows how, in the S channel, it is possible

to achieve the outer bound for Ry = C(P;) with scheme (E) without DPC. This is possible

only in this channel, since Xs does not influence Y7 and no rate loss occurs at the cognitive

receiver by treating the interference as noise. Note that scheme (D) performs the worst among

all the achievable schemes: in this scheme the cognitive receiver is required to decode both

messages — a very stringent constraint since Y; does not contain Xs. In particular, Ry — 0
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Figure 21. The different schemes of Section 3.6 for the degraded G-CIFC.

when Ry — C(P;) as in schemes (A) and (B): this is so because R; = C(P;) may be achieved

with scheme (D) only for Y7 independent of Xs.

A general G-CIFC in Figure 23. In this example, scheme (E) with A = 0 performs better
than the scheme with A = Acostq 1 for small Ry while the opposite is true for large R;. This
is the first instance in which we see that a single choice of A does not yield the largest inner
bound: for small INR, is better for the cognitive user to treat the interference as noise, while
for large INR it is more advantageous to perform Costa’s DPC.

From Section 3.5.2 we know that, for |b| > 1, the cognitive receiver can decode the primary
message with no additional rate penalties; this may be observed by comparing scheme (E)

with Costa’s DPC and scheme (B). The primary message is private in both schemes while
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Figure 22. The achievable schemes of Section 3.6 for the S-G-CIFC.

the cognitive message is common in scheme (E) and private in scheme (B). Since the primary
receiver can decode the cognitive message at no cost, scheme (E) with Costa’s DPC achieves
larger rates than scheme (B). When no DPC is used (A = 0) in scheme (E), the cognitive
receiver observes an equivalent additive Gaussian noise noise of variance 1 + |a|?>Py: for this
region rate Ry is always bounded by Ry < €(P;/(1+ |a|?P)) and thus scheme (B) outperforms
scheme (E) with no DPC in the interval Ry € [C(Py/(1 + |a|*>Ps), C(Py)].

The scheme (F) in Section 3.6.6 unifies capacity achieving schemes in the “very strong
interference” and the “primary decodes cognitive” regimes. It is possible that by unifying the
two schemes, we may show achievability in a larger region than the union of the two regimes.
Unfortunately determining the achievability conditions in closed form is not straightforward as

it requires the optimization of the four parameters in Equation 3.47. In Figure 24 we show
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Figure 23. The achievable schemes of Section 3.6 for a general G-CIFC.

through numerical evaluation that scheme (F) indeed achieves a larger region of than the union
of the schemes (E) and (D). Whether this scheme achieves capacity for a larger parameter
region remains an open question.

3.9.3 Numerical Results for Section 3.7: New capacity results

In Section 3.7 we determine new capacity results for the “primary decodes cognitive” regime
both for a general G-CIFC and the S-G-CIFC. In Figure 25 we plot the “primary decodes
cognitive” regime in Equation 3.48 for different transmitter powers P; = P, = P. Note that
the “weak interference” and the “very strong interference” regimes do not depend on P so
their plot does not vary. As the power P increases, the “primary decodes cognitive” region

expands from the line |b| = 1 to cover a larger region around the degraded line. Interestingly
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Figure 24. The achievable region of schemes (D), (E) and (F) for a general G-CIFC.

the “primary decodes cognitive” regime intersects with the “very strong interference” regime,
thus showing that the “strong interference” outer bound may be achieved with two different

transmission schemes for some channels.

In a similar fashion, Figure 26 shows the capacity results of Th. 3.7.3 for the case P =
P, = P on the plane P x |b|. For equal transmitter powers, the conditions in Equation 3.52

and in Equation 3.53 become

2P+1
= P+1

B> > P+VP24+P+1~2P (3.66b)

(3.66a)
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and these two asymptotic behaviors are clearly visible in Figure 26.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

In this thesis we studied the cognitive interference channel: a transmission channel model
that captures the ability of wireless devices to overhear the transmission taking place over the
medium.

In chapter one we focused on the discrete memoryless cognitive interference channel and
derived new inner and outer bounds, derived the capacity region for a class of “better cognitive
decoding” channels, and obtained the capacity region for the semi-deterministic cognitive in-
terference channel. quantify the rate improvements that can be attained when one transmitter
knows the message of another transmitter non-causally. Capacity for this channel was known

3

in the “very weak interference regime” of (26) and in the “very strong interference regime” of
(20). General outer bounds were presented in (26) and (25). These outer bounds are expressed
as the union over the distribution of different auxiliary RVs for which no cardinality bounds
are available. General inner bounds were presented in (25) and (50) to include and generalize
the different achievable region proposed in literature. We proposed a new outer bound using
an idea originally devised for the broadcast channel in (59). This outer bound does not in-
volve auxiliary RVs and is thus more easily computable. evaluate for a specific channel. This
(26) and they coincide We also proposed a new inner bound that generalizes all other known

achievable rate regions. for this channel model and it is not clear what relationship exists be-

tween them. We propose a scheme that generalizes all the previously known scheme and, in
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Section 2.7, (43; 52); it was previously unclear how the performance of the scheme in (43; 52)
compared with that of other achievable rate regions. the structure of the outer bound of (26)
We determined capacity for a class of channels that we term the “better cognitive decoding”
regime. The conditions defining this regime are looser than the “very weak interference condi-
tion” of (26) and the “very strong interference condition” of (24) and is the largest region where
capacity is known. We also determined the capacity region for the class of semi-deterministic
cognitive interference channels. at the cognitive receiver result of Section 2.8 to the all class
of channels. in (26) in two different conditions using two different achievable schemes. where
capacity was determined in a subclass of the semi-deterministic cognitive interference channel.
determine capacity in a specific class of the semi-deterministic cognitive interference channel:
the deterministic cognitive interference channel. In this channel model Furthermore, for chan-
nels where both outputs are deterministic functions of the inputs, we showed the achievability
of our new outer bound. outer bound in (26), is tight for certain channels. The scheme that
achieves capacity in the deterministic cognitive interference channel uses Gelf’and-Pinsker bin-
ning against the interference created at the primary receiver. This binning is performed by
the cognitive encoder for the primary decoder. This feature of the transmission scheme was
never known before to be capacity achieving. interesting features of the capacity achieving
scheme in the deterministic cognitive interference channel. For this reason in Section 2.11 we
present two examples of deterministic cognitive interference channels to provide some insight
on the capacity achieving scheme. allowing the coordination of the transmission of primary and

cognitive encoders, so to control the interference and take advantage of the extra knowledge
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at the cognitive transmitter. modern day communication systems is potentially crucial. Only
with the understanding of which forms of collaboration are most efficient and beneficial for the
users, we can design systems and protocols that perform close to optimal. our understanding of
the role of cognition in dealing with interference and cooperation in communication networks.
Extensions of the results presented here to Gaussian channels will be presented in (73).

In Chapter 2 we presented outer bounds, inner bounds, and new capacity results for the
Gaussian cognitive interference channel. We derived the tightest known outer bound for the
cognitive interference channel in “strong interference”, which is based on the capacity of the
MIMO BC with degraded message sets. We showed the achievability of this outer bound in the
subset of the channel parameter space which we term the “primary decodes cognitive” regime.
We also proved capacity to within both an additive and a multiplicative gap, thus providing a

characterization of the capacity region in both high and low SNR.

Despite the new results presented, the capacity of th cognitive interference channel remains
unknown in general. The achievable we presented provides a comprehensive inner bound that
may yield new capacity results: only some specific choices of parameters for this region have
been considered so far and we expect that new results may be derived from this region. We
have shown that the tightest outer bound for the Gaussian cognitive interference channel in
“strong interference” is obtained as the intersection of different bounds. The expression of this
outer bound does not have a simple closed form expression except in some special cases like the
S and the degraded channels. Even in these two subcases, capacity is not known in general.

Another interesting open question is how much rate improvement is attainable with binning at
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the cognitive encoder: we have shown how dirty paper coding may be used to boost the rate of
both the primary and the cognitive user; whether non perfect interference cancellation achieves
capacity is still unknown.

Although we have established many significative results for the cognitive interference chan-
nel, many interesting problems remain open. We hope that further research in this area will
mature into a widely deployed technology that will make a difference in the future development

of wireless communication networks.

Acknowledgment The authors would like to thank Prof. Shlomo Shamai and Prof. Ger-
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