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Abstract

Spectrum sharing is known as a key solution to accommodate the increasing number of
users and the growing demand for throughput in wireless networks. While spectrum shar-
ing improves the data rate in sparse networks, it suffers from interference of concurrent
links in dense networks. In fact, interference is the primary barrier to enhance the overall
throughput of the network, especially in the medium and high signal-to-noise ratios (SNRs).
Managing interference to overcome this barrier has emerged as a crucial step in developing
efficient wireless networks. This thesis deals with optimum and sub-optimum interference
management-cancelation in non-cooperative networks.

Several techniques for interference management including novel strategies such as inter-
ference alignment and structural coding are investigated. These methods are applied to
obtain optimum and sub-optimum coding strategies in such networks. It is shown that a
single strategy is not able to achieve the maximum throughput in all possible scenarios and
in fact a careful design is required to fully exploit all available resources in each realization
of the system.

This thesis begins with a complete investigation of the capacity region of the two-user
Gaussian interference channel. This channel models the basic interaction between two users
sharing the same spectrum for data communication. New outer bounds outperforming known
bounds are derived using Genie-aided techniques. It is proved that these outer bounds meet
the known inner bounds in some special cases, revealing the sum capacity of this channel
over a certain range of parameters which has not been known in the past.

A novel coding scheme applicable in networks with single antenna nodes is proposed next.
This scheme converts a single antenna system to an equivalent Multiple Input Multiple Out-
put (MIMO) system with fractional dimensions. Interference can be aligned along these
dimensions and higher multiplexing gains can be achieved. Tools from the field of Diophan-
tine approximation in number theory are used to show that the proposed coding scheme in
fact mimics the traditional schemes used in MIMO systems where each data stream is sent
along a direction and alignment happens when several streams are received along the same

direction. Two types of constellation are proposed for the encoding part, namely the single
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layer constellation and the multi-layer constellation. Using single layer constellations, the
coding scheme is applied to the two-user X channel. It is proved that the total Degrees-of-
Freedom (DOF), i.e. %, of the channel is achievable almost surely. This is the first example in
which it is shown that a time invariant single antenna system does not fall short of achieving
this known upper bound on the DOF. Using multi-layer constellations, the coding scheme is
applied to the symmetric three-user GIC. Achievable DOFs are derived for all channel gains.
It is observed that the DOF is everywhere discontinuous (as a function of the channel gain).
In particular, it is proved that for the irrational channel gains the achievable DOF meets
the upper bound of % For the rational gains, the achievable DOF has a gap to the known
upper bounds. By allowing carry over from multiple layers, however, it is shown that higher
DOFs can be achieved for the latter.

The K-user single-antenna Gaussian Interference Channel (GIC) is considered, where the
channel coefficients are NOT necessarily time-variant or frequency selective. It is proved that
the total DOF of this channel is % almost surely, i.e. each user enjoys half of its maximum
DOF. Indeed, we prove that the static time-invariant interference channels are rich enough
to allow simultaneous interference alignment at all receivers. To derive this result, we show
that single-antenna interference channels can be treated as pseudo multiple-antenna systems
with infinitely-many antennas. Such machinery enables us to prove that the real or complex
M x M MIMO GIC achieves its total DOF, i.e., %, M > 1. The pseudo multiple-antenna
systems are developed based on a recent result in the field of Diophantine approximation
which states that the convergence part of the Khintchine-Groshev theorem holds for points
on non-degenerate manifolds. As a byproduct of the scheme, the total DOFs of the K x M
X channel and the uplink of cellular systems are derived.

Interference alignment requires perfect knowledge of channel state information at all
nodes. This requirement is sometimes infeasible and users invoke random coding to commu-
nicate with their corresponding receivers. Alternative interference management needs to be
implemented and this problem is addressed in the last part of the thesis. A coding scheme
for a single user communicating in a shared medium is proposed. Moreover, polynomial
time algorithms are proposed to obtain best achievable rates in the system. Successive rate

allocation for a K-user interference channel is performed using polynomial time algorithms.
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Chapter 1
Introduction

Interference management plays a crucial role in future wireless systems as the number of
users sharing the same spectrum is growing rapidly. In fact, an increase in the number of
users results in an increase in the amount of interference in the system. This interference
may cause a severe degradation in the system’s performance.

The study of interaction between non-cooperative users sharing the same channel goes
back to Shannon’s work on the two-way channel in [1]. His work was followed by several re-
searchers and the two-user interference channel emerged as a fundamental problem regarding
interaction between users causing interference in the networks. In this channel, two senders
transmit independent messages to their corresponding receivers via a common channel. The
characterization of the channel’s capacity region which reveals the acceptable rates in the
system has been an open problem for more than 40 years.

There are some special cases where the exact capacity region has been characterized.
These cases include the strong and very strong interference channels and a class of determin-
istic interference channels [2, 3, 4]. These examples revealed that the coding scheme achieving
the capacity region of each case differs from other schemes and there is no universal coding
applicable to all cases.

A limiting expression for the capacity region was obtained in [5] (see also [6]). Due
to excessive computational complexity, this expression can not be used directly to fully
characterize the capacity region. To show this, Cheng and Verdu proved that for the Gaussian
Multiple Access Channel (MAC), which can be considered as a special case of the GIC,*

the limiting expression fails to fully characterize the capacity region by relying only on

In a special case of the Gaussian IC, the received signals at both receivers are statistically equivalent.
The capacity region of this channel is equivalent to that of the Gaussian MAC observed from one of the

receivers.
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the Gaussian distributions [7]. There are, however, some special cases where the limiting
expressions can be optimized. For example, the sum capacity of the Gaussian MAC can
be achieved by relying on the simple scheme of Frequency/Time Division Multiple Access
(FDMA/TDMA) [8].

The achievablity of rates in the limiting expression comes from simple encoding and de-
coding strategies. Each sender encodes data by using a random codebook, and each receiver
decodes data by treating the interference as noise. In contrast, using more sophisticated
encoders and decoders may result in collapsing the limiting expression into a single letter
formula.

The idea of superposition coding originally developed by Cover in [9] was first applied
to the IC by Carleial [10]. He used superposition coding to split data at the senders and
successive decoding to decode data at the receivers. Incorporating joint typical decoding in
the receivers, Han and Kobayashi (HK) proposed an achievable rate region which is still the
best inner bound for the capacity region [11].

The HK scheme can be directly applied to the Gaussian IC. Nonetheless, there are two
sources of difficulties in characterizing the full HK achievable rate region. First, the optimal
distributions are unknown. Second, even if we confine the distributions to be Gaussian,
computation of the full HK region under the Gaussian distribution is still difficult due to
numerous degrees of freedom involved in the problem formulation. The main cause of this
complexity is the cardinality of the time-sharing parameter. Recently, Chong et al. [12] pre-
sented a simpler expression with less inequalities for the HK achievable region. Although the
new expression reduces the cardinality of the time-sharing parameter, it is still prohibitively
complex to find the full HK achievable region.

Among all interference channels, the two-user GIC is the most applicable and important
one. In fact, the capacity region of this channel has been open for several decades and still
researchers are trying to close the gap between the inner bounds and outer bounds known for
this channel. Although, the HK achievable scheme is still the best for this special case, many
outer bounds are derived based on some characteristics of Gaussian distributions. Among
numerous outer bounds, three of them are of special interest.

The first one obtained by Sato [13] was originally derived for the degraded Gaussian
IC. Sato showed that the capacity region of the degraded Gaussian IC is outer bounded
by a certain degraded broadcast channel whose capacity region is fully characterized. In
[14], Costa proved that the capacity region of the degraded Gaussian broadcast channel is
equivalent to that of the one-sided weak Gaussian IC. Hence, Sato outer bound can be used
for the one-sided Gaussian IC as well.

The second outer bound obtained for the weak Gaussian IC is due to Kramer [15].
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Kramer’s outer bound is based on the fact that removing one of the interfering links enlarges
the capacity region. Therefore, the capacity region of the two-user Gaussian IC is inside the
intersection of the capacity regions of the underlying one-sided Gaussian I1Cs. For the case
of weak Gaussian IC, the underlying one-sided IC is weak, for which the capacity region
is unknown. However, Kramer used the outer bound obtained by Sato to derive an outer
bound for the weak Gaussian IC.

The third outer bound due to Etkin, Tse, and Wang (ETW) is based on the Genie
aided technique [16]. A genie that provides some extra information to the receivers can only
enlarge the capacity region. The genie in the ETW scheme provides information about the
intended signal to the receiver. They showed that the proposed outer bound outperforms
other bounds over certain ranges of parameters. Moreover, using a similar method, they
presented an outer bound for the mixed Gaussian IC. Using these new outer bounds and
simple HK achievable scheme, they characterized the capacity region of this channel within
1 bit.

1.1 Interference Alignment

In contrary to the major research activities on the interference channels, c.f. [16, 17, 18, 19],
the problem of characterizing the capacity region of Gaussian Interference Channels (GIC) is
still open. As a major step, in [20], it is shown that in the two-user GIC, the Han-Kobayashi
(HK) scheme [11] achieves within one bit of the capacity region, as long as the interference
from the private message in the HK scheme is designed to be below the noise level.

The result of [16] has provided a clear understanding about the behavior of the two-user
GIC. However, it turns out that moving from the two-user scenario to a larger number of
users is a challenging task. Indeed, for K-user GIC (K > 2), the Han-Kobayashi approach
of managing the interference is not enough and we need to incorporate a new approach of
interference management known as Interference Alignment.

Interference Alignment is a solution for making the interference less severe at receivers by
merging the communication dimensions occupied by the interfering signal. In [21], Maddah-
Ali, Motahari, and Khandani introduced the concept of Interference Alignment and showed
its capability in achieving the full Degrees-Of-Freedom (DOF) for certain classes of two-user
X channels. Being simple and at the same time powerful, interference alignment provided
the spur for further research. Interference alignment is not only usable for lowering the
harmful effect of the interference, but it can also be applied to provide security in networks
as proposed in [22].

Interference Alignment in n-dimensional Euclidean spaces for n > 2 is studied by several
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researchers, c.f. [21, 23, 24, 25]. In this method, at each receiver a subspace is dedicated to
interference, then the signaling is designed such that all the interfering signals are squeezed
in the interference sub-space. Such an approach saves some dimensions for communicating
desired signals, rather than wasting it due to the interference. Using this method, Cadambe
and Jafar showed that, contrary to the popular belief, a K-user Gaussian interference channel
with varying channel gains can achieve its total DOF which is % Later, in [26], it is shown
that the same result can be achieved using a simple approach based on a particular pairing
of the channel matrices. The assumption of varying channel gains, particularly noting that
all the gains should be known at the transmitters’ sides, is unrealistic which limits the
application of these important theoretical results in practice.

In [27], followed by [28, 29], the application of Interference Alignment is extended from
two or more spatial/temporal/frequency dimensions to one dimension, but at the signal
level. In [27], it is shown that lattice codes, rather than random Gaussian codes, are essential
parts of signaling for three-user time-invariant GICs. In [28], after aligning interference using
lattice codes the aggregated signal is decoded and its effect is subtracted from the received
signal. In fact, [28] shows that the very-strong interference region of the K-user GIC is
strictly larger than the corresponding region when alignment is not applied. In their scheme,
to make the interference less severe, transmitters use lattice codes to reduce the code-rate
of the interference which guarantees decodability of the interference at the receiver. In [29],
Sridharan et al. showed that the DOF of a class of 3-user GICs with fixed channel gains
can be greater than one. This result was obtained using layered lattice codes along with
successive decoding at the receiver.

In [30] and [31], the results from the field of Diophantine approximation in Number
Theory are used to show that interference can be aligned using properties of rational and
irrational numbers and their relations. They showed that the total DOF of some classes
of time-invariant single antenna interference channels can be achieved. In particular, Etkin
and Ordentlich in [30] proposed an upper bound on the total DOF which maintains the
properties of channel gains with respect to being rational or irrational. Using this upper
bound, surprisingly, they proved that the DOF is everywhere discontinuous for the class of

channels under investigation.

1.2 Summary of Dissertation and Main Contributions

This dissertation is about optimal/suboptimal coding designs for non-cooperative networks
in order to increase the system’s throughput. Four problems are considered. First, the

capacity region of the classic two-user Gaussian interference channel is studied. Second,
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interference alignment in one-dimensional spaces is investigated. Third, the DOF of the
K-user GIC is considered. Fourth, random coding schemes for non-cooperative network is
analyzed. A chapter is dedicated to each of these problems. In what follows, the main

contributions of this dissertation is presented.

Chapter 2: Two-user Gaussian Interference Channel

Chapter two is dedicated to characterization of the capacity region of the two-user Gaussian
IC. Tt also includes a comprehensive survey of known results for this channel. By introducing
the notion of admissible ICs, a new outer bounding technique for the two-user Gaussian 1C
is proposed. The proposed technique relies on an extremal inequality recently proved by Liu
and Viswanath [32]. It is shown that by using this scheme, one can obtain tighter outer
bounds for both weak and mixed Gaussian ICs. More importantly, the sum capacity of the
Gaussian weak IC for a certain range of the channel parameters is derived. The summary of

results presented in this chapter is as follows.

o Weak Gaussian IC

1. The sum capacity of this channel is derived for a certain range of parameters (it
is called very weak interference regime). This is the first result obtained for the

Weak Gaussian IC in more than 30 years.

2. A new outer bound on the capacity region is obtained. It is proved that this

bound is tighter than previously known outer bounds.

3. It is proved that enlarging the simple HK achievable region using either FD/TD
or the time-sharing parameter results in the same region. This fact considerably

reduces the number of free parameters in the HK region.
e One-sided Weak Gaussian IC

1. A new proof for Sato’s outer bound on the capacity region is presented.

2. Tt is shown that similar to the weak Gaussian IC, enlarging by FD/TD or time-
sharing results in the same region. Hence, an explicit formula for the HK region

is obtained in this case.
e Mixed Gaussian IC

1. The sum capacity of the mixed Gaussian IC is derived for all ranges of channel

parameters.
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2. A new outer bound on the capacity region is obtained. This bound outperforms

other existing bounds over all ranges of underlying parameters.

3. It is shown that FD/TD and time-sharing may result in different enlargement for
the HK region. Moreover, an explicit expression for the simple HK achievable

rate region is derived.

Chapter 3: Interference Alignment in One Dimension

Chapter 3 studies interference alignment in real line by using structural codes. Several
important results are obtained by proposing a novel coding scheme. The main tool in
proving these results comes from the filed of Diophantine approximation in number theory.

The summary of the results presented in Chapter 3 is as follows.

e A Novel Coding Scheme
1. The scheme converts a single antenna system to an equivalent MIMO system with
fractional dimensions.
2. Two types of constellation are proposed for the encoding part, namely the single
layer constellation and the multi-layer constellation.
e The Two-user X Channel
4

3
words, the set of channel parameters that this DOF may not be feasible has

1. Tt is proved that the degrees-of-freedom % is achievable almost surely. In other
measure zero. This is an important result as this is a first example showing a

time varying channel is not needed to achieve the total DOF of the system.

2. It is shown that the DOF of the three-user GIC is greater than % by using the

proposed coding scheme.
e The Symmetric Three-user Gaussian IC

1. Tt is proved that for all irrational channel gains, the total DOF of % is achievable.
This is a the first example of the fully connected three-user Gaussian IC where

the total DOF is achieved without relying on the variations of the channel.

2. For rational gains, a new coding strategy is proposed where signal points are
selected from rational numbers represented to an appropriate base. By allowing
carry over, it is proved that higher DOF is achievable and this DOF only is related

to numerator or denominator of the channel gain.
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Chapter 4: K-user Gaussian Interference Channel

Chapter 4 analyzes the total DOF of the K-user GIC. By extending the coding scheme
proposed in Chapter 3, it is shown that interference alignment is possible simultaneously at
several receivers. This fact relies a recent result in the field of Diophantine approximation
which states that the convergence part of the Khintchine-Groshev theorem holds for points
on non-degenerate manifolds. The summary of the results presented in Chapter 4 is as

follows.

e A Novel Coding Scheme

1. It is proved that a single antenna transceiver can behave as a multiple antenna

node in high SNR regimes.

2. It is shown that simultaneous interference alignment at several receivers is possible

in single antenna systems.
e The Total DOF of The K-user GIC

1. The DOF of the K-user GIC is derived for the case where channel is fixed over

time/frequency.
2. As a byproduct, the DOF of MIMO GIC is also derived.

¢ Some Extensions

1. The total DOF of the K x M X channel is derived and it is proved that Kf]\]‘f_l

is achievable almost surely.

2. The total DOF of the uplink in a cellular system with M active users within each

cell is derived. It is shown that the DOF per cell equals MLH which means in a
dense network all cells achieve one DOF and there is no need for frequency reuse

in the system.

Chapter 5: Random Coding and Interference Management

Chapter 5 deals with communication networks where users invoke random codes to transmit
their messages to the corresponding receivers. Receivers are allowed to decode the other
users’ messages to increase their own data rate. Using tools from Combinatorial Optimiza-
tion, several algorithms are proposed to find decodable users and allocate appropriate rates

to them. The summary of the results in Chapter 5 is as follows.
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e Polynomial Time Algorithms

1. An efficient algorithm is proposed by which a receiver can find the maximum

decodable subset of active transmitters in a system.

2. Focusing on a single user, an algorithm is proposed to allocate an achievable rate
considering the fact that the receiver either decodes the interference or treats it

as noise.

3. An algorithm for successive rate allocation in a channel with K users is provided.
Given some ordering on users, this algorithm allocated rates to users based on

their priority.



Chapter 2

Two-user Gaussian Interference
Channel

In this chapter, the capacity region of the two-user Gaussian Interference Channel (GIC) is
studied. Three classes of channels are considered: weak, one-sided, and mixed GICs. For the
weak GIC, a new outer bound on the capacity region is obtained that outperforms previously
known outer bounds. The sum capacity for a certain range of channel parameters is derived.
For this range, it is proved that using Gaussian codebooks and treating interference as noise
are optimal. It is shown that when Gaussian codebooks are used, the full Han-Kobayashi
achievable rate region can be obtained by using the naive Han-Kobayashi achievable scheme
over three frequency bands (equivalently, three subspaces). For the one-sided GIC, an al-
ternative proof for the Sato’s outer bound is presented. We derive the full Han-Kobayashi
achievable rate region when Gaussian codebooks are utilized. For the mixed GIC, a new
outer bound is obtained that outperforms previously known outer bounds. For this case, the
sum capacity for the entire range of channel parameters is derived. It is proved that the full
Han-Kobayashi achievable rate region using Gaussian codebooks is equivalent to that of the
one-sided GIC for a particular range of channel parameters.

This chapter is organized as follows. In Section 2.1, we present some basic definitions
and review the HK achievable region when Gaussian codebooks are used. We study the
time-sharing and the concavification methods as means to enlarge the basic HK achievable
region. We investigate conditions for which the two regions obtained from time-sharing and
concavification coincide. Finally, we consider an optimization problem based on an extremal
inequality and compute its optimal solution.

In Section 2.2, the notion of an admissible IC is introduced. Some classes of admissible

ICs for the two-user Gaussian case is studied and outer bounds on the capacity regions of
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these classes are computed. We also obtain the sum capacity of a specific class of admissible
IC where it is shown that using Gaussian codebooks and treating interference as noise is
optimal.

In Section 2.3, we study the capacity region of the weak GIC. We first derive the sum
capacity of this channel for a certain range of parameters where it is proved that users should
treat the interference as noise and transmit at their highest possible rates. We then derive
an outer bound on the capacity region which outperforms the known results. We finally
prove that the basic HK achievable region results in the same enlarged region by using either
time-sharing or concavification. This reduces the complexity of the characterization of the
full HK achievable region when Gaussian codebooks are used.

In Section 2.4, we study the capacity region of the one-sided GIC. We present a new
proof for the Sato outer bound using the extremal inequality. Then, we present methods to
simplify the HK achievable region such that the full region can be characterized.

In Section 2.5, we study the capacity region of the mixed GIC. We first obtain the sum
capacity of this channel and then derive an outer bound which outperforms other known
results. Finally, by investigating the HK achievable region for different cases, we prove that
for a certain range of channel parameters, the full HK achievable rate region using Gaussian
codebooks is equivalent to that of the one-sided IC. Finally, in Section 2.6, we conclude the
chapter.

2.1 Preliminaries

2.1.1 The Two-user Interference Channel

Definition 1 (two-user IC). A two-user discrete memoryless IC consists of two finite sets
21 and X5 as input alphabets and two finite sets %, and % as the corresponding output
alphabets. The channel is governed by conditional probability distributions w(yi, ys|z1, x2)
where (r1,x9) € X1 X X5 and (y1,y2) € X X Y.

Definition 2 (capacity region of the two-user IC). A code (2%t 2nR2 n AP D) for the
two-user IC consists of the following components for Useri € {1,2}:

1) A uniform distributed message set M; € [1,2, ..., 2",

2) A codebook X; = {x;(1), 7;(2), ..., z;(2"F)} where =;(-) € Z;™.

8) An encoding function F; : [1,2,...,2"%] — X;.

4) A decoding function G; : y; — [1,2, ..., 2"%].

5) The average probability of error A\ = P(G;(y;) # M.,).
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A rate pair (Ry, Ry) is achievable if there is a sequence of codes (2MF1 2nF2 pn \n AT )
with vanishing average error probabilities. The capacity region of the IC is defined to be the

closure of the set of achievable rates.

Let €7¢ denote the capacity region of the two-user IC. The limiting expression for é;¢
can be stated as [6]

Ry

R (2.1)

<11
< IT(X3:Y3)

(gjc = lim closure U {(Rl, Rg) ‘

1

n

n— 00 1
P(XT)P(X3) n

(X75YT) }

In this chapter, we focus on the two-user GIC which can be represented in standard form
as [10, 33]
y1 = o+ axs + 2z,

2.2
Y2 :\/5$1+552+Z2> (22)

where z; and y; denote the input and output alphabets of User i € {1,2}, respectively, and
21 ~ N(0,1), 25 ~ N(0,1) are standard Gaussian random variables. Constants a > 0 and
b > 0 represent the gains of the interference links. Furthermore, Transmitter i, i € {1,2},
is subject to the power constraint P;. Achievable rates and the capacity region of the GIC
can be defined in a similar fashion as that of the general IC with the condition that the
codewords must satisfy their corresponding power constraints. The capacity region of the
two-user GIC is denoted by % . Clearly, ¥ is a function of the parameters Py, P, a, and b.

To emphasize this relationship, we may write € as € (Py, P, a,b) as needed.

Remark 1. Since the capacity region of the general IC depends only on the marginal distri-
butions [33], the ICs can be classified into equivalent classes in which channels within a class
have the same capacity region. In particular, for the GIC given in (2.2), the choice of joint
distributions for the pair (21, z2) does not affect the capacity region as long as the marginal
distributions remain Gaussian with zero mean and unit variance. Hence, without any loss of

generality, the random variables z; and zs can be assumed to be un-correlated.

Depending on the values of a and b, the two-user GIC is classified into weak, strong,
mixed, one-sided, and degraded GIC. In Figure 2.1, regions in ab-plane together with their
associated names are shown. Briefly, if 0 < a < 1 and 0 < b < 1, then the channel is called
weak GIC. If 1 < a and 1 < b, then the channel is called strong GIC. If either a = 0 or
b = 0, the channel is called one-sided GIC. If ab = 1, then the channel is called degraded
GIC. If either 0 <a<land 1 <b,or0<b<1and]1 <a, then the channel is called mized
GIC. Finally, the symmetric GIC (used throughout the chapter for illustration purposes)
corresponds to a = b and P, = Ps.
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Symmetric

P1:P2

/One—5|ded

Mixed

—_

Degraded
/ ab=1
Mixed

a

1 ™ One-sided
Figure 2.1: Classes of the two-user ICs.

Among all classes shown in Figure 2.1, the capacity region of the strong GIC is fully
characterized [3, 2|. In this case, the capacity region can be stated as the collection of all
rate pairs (R, Ry) satisfying

Rl S 7(P1)>
Ry < 7(P2)7
R1+R2 < mln{fy(P1+aP2),fy(bP1—|—P2)}

2.1.2 Support Functions

Throughout this chapter, we use the following facts from convex analysis. There is a one
to one correspondence between any closed convex set and its support function [34]. The

support function of any set D C R™ is a function op : R™ — R defined as
op(c) = sup{c'R|R € D}. (2.3)

We observe that op is a convex function, since it is the pointwise supremum of a family of
linear functions. Clearly, if the set D is nonempty compact, then the sup is attained and can
be replaced by max. In this case, the solutions of (2.3) correspond to the boundary points
of D [34]. The following relation is the dual of (2.3) and holds when D is closed and convex

D ={R|c'R < op(c),V c}. (2.4)

From (2.3), it is easy to show that if D C D’ then op < op. The converse also holds
when D and D’ are closed and convex. In fact, by using (2.4) one can easily prove that if
op S gp! then D g D'
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2.1.3 Han-Kobayashi Achievable Region

The best inner bound for the two-user GIC is the full HK achievable region denoted by €k«
[11]. Despite having a single letter formula, € is not fully characterized yet. In fact, finding
the optimum distributions achieving boundary points of @, is still an open problem. We
define ¢ as a subset of € where Gaussian distributions are used for codebook generation.
Using a shorter description of € obtained in [12], ¢ can be described as follows.

Let us first define ¢ as the collection of all rate pairs (R;, Ry) € R? satisfying

mz o= (1) 25)
mz = (150 ) 26)
Ry + Re< by = min {931, V30, Y3}, (2.7)
2Ry + Ry< 1y = 7 <P1 +1 i(zgpf)g) + <#Z§P2) +9 (ﬁPZ iﬁ(;a;lam) (2.8)
Ry + 2Ry< 5 = v <%) + <P2 j; Ijr(lbojpf)ﬂ) oy (apl fjgﬁ;f)&) (2.9)
for fixed a € [0,1] and 3 € [0,1],} and
o (98 (28
v (g ) o (B2 )
Y G L R P

The region %, is a polytope and a function of four variables P;, P, a, and 3. To em-
phasize this relation, we may write % (P, Py, a, 3) as needed. It is convenient to repre-
sent ¥, in a matrix form as ¥, = {R e RIJAR < \If(Pl,Pg,a,ﬁ)} where R = (Ry, Ry)",

U= (¢17¢27¢37¢47¢5)t7 and
t
e 1 01 21 .
0111 2

Equivalently, ¢, can be represented as the convex hull of its extreme points, i.e., % (P, Py, o, 5) =
conv {ry,r9,...,Tx}, where it is assumed that ¢, has K extreme points. It is easy to show
that K < 7.

'In the HK scheme, two independent messages are encoded at each transmitter, namely the common
message and the private message. o and 3 are the parameters that determine the amount of power allocated
to the common and private messages for the two users, i.e., aP;, 8P and (1 — )Py, (1 — B8)P» of the total

power is used for the transmission of the private/common messages to the first/second users, respectively.
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Now, ¢ can be defined as a region obtained from enlarging ¢, by making use of the
time-sharing parameter. By incorporating the time sharing parameter into the achievable
rate region, the feasible region of W can be enlarged to its convex hull. In fact, ¢ is the
collection of all rate pairs R = (Ry, R2)" € R? satisfying

q
ARZ Z AV (Pri, Pas, i, 3i), (2.13)
i=1
where ¢ € IN and

q
Z A Pi< P, (2.14)

i=1

q
Z AiPoi < Py, (2.15)

i=1

> a=1, (2.16)
=1
i >0, (o, 3)€[0,1)% Vi€ {1,...,q}. (2.17)

It is easy to show that ¢ is a closed, bounded and convex region. In fact, the capacity
region ¢ which contains ¢ is inside the rectangle defined by inequalities R; < 7(P;) and
Ry < y(P,). Moreover, (0,0), (v(Py),0), and (0,v(FPs)) are extreme points of both ¢ and ¥.
Hence, to characterize ¢, we need to obtain all extreme points of ¢ that are in the interior
of the first quadrant (the same argument holds for ). In other words, we need to obtain
og(c1, o), the support function of ¢, either when 1 < ¢; and ¢ = 1 or when ¢; = 1 and
1 < e

We also define ¢, and %, obtained by enlarging ¢, in two different manners. The region
¢4, is defined as

G (P, ) = U Go(Pr, Py, a, B). (2.18)
(a,)€[0,1]2

The region ¥ is not necessarily a convex region. Hence, it can be further enlarged by
the convex hull operation. The region % is defined as the collection of all rate pairs R =
(R1, Ro)'R% satisfying

q/
R =) AR, (2.19)
=1
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where ¢ € IN and

AR < V( Py, Py, iy, 35), (2.20)
q/
> NPy P (2.21)
=1
q/
Z AiP2i < P, (2.22)
=1
q/
> =1, (2.23)
=1
i >0, (i, 3)€[0,1)% Vi {1,...,q}). (2.24)

It is easy to show that % is a closed, bounded and convex region. In fact, ¢4 is obtained
by using the simple method of TD/FD. To see this, let us divide the available frequency
band into ¢’ sub-bands where J; is the fraction of the width of the 7’th band from the total
available frequency band and 23;1 A; = 1. User 1 and 2 allocate P; and Ps; in the i'th
sub-band, respectively. Therefore, all rate pairs in % (P, Pai, oy, 3;) are achievable in the
i’th sub-band for fixed (v, 3;) € [0, 1]2. Hence, all rate pairs in Z;il N0 ( Py, Poy, i, 3;) are
achievable provided that 23;1 N\ P < P and Zglzl NPy < P,
Clearly, the chain of inclusions %) C % C % C ¥ C $ux C € always holds.

2.1.4 Concavification Versus Time-Sharing

The goals of this subsection are two-folded. First, we aim at providing some necessary con-
ditions such that % = ¢. Second, we bound ¢ and ¢ which are the number of parameters
involved in the descriptions of ¢4 and %, respectively. However, we derive the required con-
ditions for the more general case where there are M users in the system. To this end, assume
an achievable scheme for an M-user channel where the power constraint P = [Py, Ps, ..., Py]

is given. The corresponding achievable region can be represented as
Dy(P,0) ={R|AR < V¥ (P,0)}, (2.25)

where A is a K x M matrix and © € [0,1]™. The region Dy is a polyhedron in general,
but for the purpose of this chapter, it suffices to assume that it is a polytope. Since D is
a convex region, the convex hull operation has no effect. However, it is possible to enlarge
Dy by using two different methods which are explained next. The first method is based on

using the time-sharing parameter. Let us denote the corresponding region as D which can
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be written as

q q q
D= {R|AR <Y NU(PL6,),Y AP <PY N=1\2>06;¢€[0,1)" ‘v’i} . (2.26)
i=1 i=1 i=1
where ¢ € IN.

In the second method, we use TD/FD to enlarge the achievable rate region. This results

in an achievable region D, represented as

D2:{R Z)\R|AR<\I/ e ZAP <PZ>\_1)\>0@6[01] Vi
=1

(2.27)
where ¢ € IN. We refer to this method as concavification. It can be readily shown that
D and D, are closed and convex, and Dy C D. We are interested in situations where the
inverse inclusion holds.

The support function of Dy is a function of P, ©, and c. Hence, we have
op,(c, P,0) = max{c'R|AR < ¥(P,0)}. (2.28)

For fixed P and ©, (2.28) is a linear program. This problem is feasible because R = 0
satisfies all constraints. Therefore, the strong duality in linear programming holds for this
problem [34, Problem 5.23]. Hence, we obtain [34, page 225]

op,(c, P,0) = min{y"V(P,0)|A'y = c,y > 0}. (2.29)

In general, y, the minimizer of (2.29), is a function of P, ©, and c¢. We say Dy possesses

the unique minimizer property if y merely depends on c, for all ¢. In this case, we have
opy(c, P,0) = §'(c) U (P, ), (2.:30)

where A'y = c¢. This condition means that for any ¢ the extreme point of Dy maximizing the
objective ¢'R is an extreme point obtained by intersecting a set of specific hyperplanes. A
necessary condition for Dy to possess the unique minimizer property is that each inequality
in describing Dy is either redundant or active for all P and ©.

Theorem 1. If Dy possesses the unique minimizer property, then D = Ds.

Proof. Since Dy C D always holds, we need to show D C D, which can be equivalently

verified by showing op < op,. The support function of D can be written as

op(c,P) =max {c'RIR € D} . (2.31)
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By fixing P, P;’s, ©,’s, and \;’s, the above maximization becomes a linear program. Hence,
relying on weak duality of linear programming, we obtain

Aty=c,y>0

q
op(c,P) < min_y' Y NU(P;,0;). (2.32)
i=1
Clearly, y(c), the solution of (2.29), is a feasible point for (2.32) and we have
op(c,P) <3'(c) Y NU(P;,0;). (2.33)

Using (2.30), we obtain
q
op(c,P) <Y Nop,(c, Py, 0;). (2.34)

i=1
Let us assume R, is the maximizer of (2.28). In this case, we have
q A
op(c,P) <Y MR, (2.35)
i=1
Hence, we have

q
op(c,P) <> AR. (2.36)

i=1

By definition, 7, MR, is a point in Dy. Therefore, we conclude

op(c,P) < op,(c,P). (2.37)
This completes the proof. O
Corollary 1 (Han [35]). If Dy is a polymatroid, then D=Ds.

Proof. 1t is easy to show that Dy possesses the unique minimizer property. In fact, for given
¢, ¥ can be obtained in a greedy fashion independent of P and ©. O

In what follows, we upper bound ¢ and ¢'.

Theorem 2. The cardinality of the time-sharing parameter q in (2.26) is less than M+K+1,
where M and K are the dimensions of P and V(P), respectively. Moreover, if ¥(P) is a
continuous function of P, then ¢ < M + K.
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Proof. Let us define F as

q q q
E= {Z ANU(PLO) Y AP, <P, Y A =1,12>006,¢€[0,1]" w} . (2.38)
i=1 i=1 i=1
In fact, E is the collection of all possible bounds for D. To prove ¢ < M + K + 1, we define

another region F; as
E = {(P,S)0<P S =9P 006 1"} (2.39)

As a direct consequence of Caratheodory’s theorem [36], the convex hull of E; denoted by
conv Fj can be obtained by convex combinations of no more than M + K + 1 points in Ej.
Moreover, if W(P’ ©') is continuous, then M + K points are sufficient due to the extension

of Caratheodory’s theorem [36]. Now, we define the region E as
E={S'|(P",S') € conv E;,P' < P}. (2.40)

Clearly, E C E. To show the other inclusion, let us consider a point in F, say S =

I NY(P;,0;). Since (P;, ¥(P;,0;)) is a point in Ey, Y I, X;(P;, ¥(P;,0;)) belongs to
conv E;. Having >°7  A\P; <P, we conclude Y 7, \,¥(P;,0) € E. Hence, E C E. This
completes the proof. O

Corollary 2 (Etkin, Parakh, and Tse [37]). For the M-user GIC where users use Gaussian
codebooks for data transmission and treat the interference as noise, the cardinality of the

time-sharing parameter is less than 2M .

Proof. In this case, Dy = {R|R < ¥(P)} where both P and ¥(P) have dimension M and
U(P) is a continuous function of P. Applying Theorem 2 yields the desired result. O

In the following theorem, we obtain an upper bound on ¢'.
Theorem 3. To characterize boundary points of Ds, it suffices to set ¢ < M + 1.
Proof. Let us assume Ris a boundary point of D,. Hence, there exists ¢ such that

op,(c,P) = max ¢'R = c'R, (2.41)

where R = Zglzl AR, and the optimum is achieved for the set of parameters ©;, \;, and P;.

The optimization problem in (2.41) can be written as

!

q
op,(c,P) =max Y Ag(c,P;) (2.42)
=1
q q
subject to: » A;=1, Y AP; <P,
=1 i=1

0< N, 0< Py, Vie{l,2,...,q4},
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where g(c, P) is defined as

g(c,P) =max c'R (2.43)
subject to: AR < ¥(P,0), 0 <0 <1.

In fact, op,(c,P) in (2.42) can be viewed as the result of the concavification of g(c, P)
[36]. Hence, using Theorem 2.16 in [36], we conclude that ¢’ < M + 1. O

Remarkable point about Theorem 3 is that the upper bound on ¢’ is independent of the

number of inequalities involved in the description of the achievable rate region.

Corollary 3. For the M-user GIC where users use Gaussian codebooks and treat the inter-

ference as noise, we have Dy = D and ¢ =¢ = M + 1.

Proof. As of Corollary 2, Dy = {R|R < ¥(P)} where both P and ¥(P) have dimension
M. Tt is easy to show that Dy possesses the unique minimizer property. Hence, D = Ds.

Applying Theorem 3 yields the desired result. O

2.1.5 Extremal Inequality

In [32], the following optimization problem is studied:
W = max h(X + Zl) - ,uh(X + Zg), (244)
Qx=S

where h(Y) is the differential entropy of Y. Z; and Z, are n-dimensional Gaussian random
vectors with the strictly positive definite covariance matrices (Jz, and ()z,, respectively. The
optimization is over all random vectors X independent of Z; and Zy. X is also subject to
the covariance matrix constraint Qx = S, where S is a positive definite matrix. In [32],
it is shown that for all © > 1, this optimization problem has a Gaussian optimal solution
for all positive definite matrices )z, and ()z,. However, for 0 < p < 1 this optimization
problem has a Gaussian optimal solution provided Qz, X Qz,, i.e., Qz, — @z, is a positive
semi-definite matrix. It is worth noting that for ; = 1 this problem when Qz, = @z, is
studied under the name of the worse additive noise [38, 39].

In this chapter, we consider a special case of (2.44) where Z; and Z, have the covariance
matrices N1I and NyI, respectively, and the trace constraint is considered, i.e.,

W= max h(X+2Z)— ph(X+Z). (2.45)

tr{Qx}<nP

In the following lemma, we provide the optimal solution for the above optimization problem
when N1 S NQ.
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Lemma 1. If Ny < Ny, the optimal solution of (2.45) is i.i.d. Gaussian for all 0 < u and

we have

1. For 0 <p < 355, the optimum covariance matriz is PI and the optimum value is

W= g log [(27e) (P + N})] — % log [(27€)(P + Ny)]. (2.46)

2. For Nl ) < N2 4he optimum covariance matriz is 2N T and the optimum value
Ni+P Ny’ -1

18

n Ny — Ny un p(2me)(Ny — Ny)
W=—1 2me)— | — —1 2.47
g | (2re) T | - By | TR (2.47)
3. For % < W, the optimum covariance matriz s 0 and the optimum value is
1
W = glog(QWeNl) — % log(2meNs). (2.48)

Proof. From the general result for (2.44), we know that the optimum input distribution is

Gaussian. Hence, we need to solve the following maximization problem:

1
W =max 3 log ((2me)"|Qx + N11|) — glog ((2me)"|Qx + Na2I|) (2.49)
subject to: 0 < Qx, tr{@x} < nP.

Since Qx is a positive semi-definite matrix, it can be decomposed as Qx = UAU', where
A is a diagonal matrix with nonnegative entries and U is a unitary matrix, i.e., UU" =
I. Substituting Qx = UAU" in (2.49) and using the identities tr{AB} = tr{BA} and
|AB + I| = |BA + I|, we obtain

1
W =max 3 log ((2re)"|A + NiZ]) - g log ((27e)"|A + N»1I|) (2.50)
subject to: 0 < A, tr{A} <nP.

This optimization problem can be simplified as

n

W :maxg 3 log(2me) (A + Ny) — plog(2me) (A; + Na)] (2.51)

i=1
subject to: 0 < \; Vi, Y A < nP.
i=1

By introducing Lagrange multipliers ) and ® = {¢1, ¢o, . .., ¢, }, we obtain

LA, 0, ®) = maxg 3 [log(2me) (A + N1) — plog(2me) (A + No))

i=1

+9 (nP -3 A,-) +Y dii (2.52)
i=1 i=1
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Figure 2.2: Optimum variance versus .

The first order KKT necessary conditions for the optimum solution of (2.52) can be written

as
! B 4+ =0, Vie{1,2 } (2.53)
— — i —U, V1 y Ly, Ny, .
)\i + N1 >\2 + N2
W (nP -y A,-) =0, (2.54)
i=1

PN =0, Vie {1,2,...,n}. (2.55)
It is easy to show that when N; < Ny, A = A\ = ... = A, and the only solution for \ is

P, if 0 <pu< g
\ = % if P <p<RE (2.56)

: N
0, if N o<p

Substituting A into the objective function yields the desired result. O
In Figure 2.2, the optimum variance as a function of u is plotted. This figure shows that
for any value of u < ﬁi%ﬁ, we need to use the maximum power to optimize the objective

P+ N>

PN, We use less power than what is permissible.

function, whereas for p >

Lemma 2. If N; > Ny, the optimal solution of (2.45) is i.i.d. Gaussian for all 1 < p. In

this case, the optimum variance is 0 and the optimum W 1is
W = glog(QﬁeNl) - % log(2meNs). (2.57)

Proof. The proof is similar to that of Lemma 1 and we omit it here. O
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Corollary 4. For pu =1, the optimal solution of (2.45) is i.i.d. Gaussian and the optimum
W s
2log (FN) . if Vi< IV,

P+N>

" Jog &), if Ny > Ny

No

W (2.58)

We frequently apply the following optimization problem in the rest of the chapter:

fn(P, Ny, Noya, 1) = max  h(X +Zy) — ph(vaX + Zs), (2.59)

tr{Q@x}<npP

where Ny < Ny/a. Using the identity h(AX) = log(|A]) + h(X), (2.59) can be written as

un Zy
fn(P, Ny, No,a, p) = 5 loga + tr{g)l(a}}én]:’ MX +Zy) — ph(X + \/5) (2.60)

Now, Lemma 1 can be applied to obtain

5 log [(2me)(P + Ny)] — 4log[(2me)(aP + N)]  if 0 < p < P4Na/a

P+N;
fh(Pa Nl, sz a, /J,) — %1Og [(277‘6)%1%} L log |:au 2we)/SN21/a N1)] if P]jf]ff/a < M < a]}f\?l
%log(27reN1) — 5 log(2meNy) if a]X?l < p

(2.61)

2.2 Admissible Channels

In this section, we aim at building ICs whose capacity regions contain the capacity region of
the two-user GIC, i.e., ¥. Since we ultimately use these to outer bound %', these ICs need
to have a tractable expression (or a tractable outer bound) for their capacity regions.

Let us consider an IC with the same input letters as that of ¥ and the output letters g,

and 7, for Users 1 and 2, respectively. The capacity region of this channel, say %”, contains

¢ if

for all p(z7)p(x%) and for all n € IN.

One way to satisfy (2.62) and (2.63) is to provide some extra information to either one or
to both receivers. This technique is known as Genie aided outer bounding. In [15], Kramer
has used such a genie to provide some extra information to both receivers such that they can
decode both users’ messages. Since the capacity region of this new interference channel is

equivalent to that of the Compound Multiple Access Channel whose capacity region is known,
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x1 n n

w(G1, JolT1, T2)

To Y2
Y2 f

Figure 2.3: An admissible channel. f; and f; are deterministic functions.

reference [15] obtains an outer bound on the capacity region. To obtain a tighter outer bound,
reference [15] further uses the fact that if a genie provides the exact information about the
interfering signal to one of the receivers, then the new channel becomes the one-sided GIC.
Although the capacity region of the one-sided GIC is unknown for all ranges of parameters,
there exists an outer bound for it due to Sato and Costa [40, 14] that can be applied to
the original channel. In [20], Etkin et al. use a different genie that provides some extra
information about the intended signal. Even though at first glance their proposed method
appears to be far from achieving a tight bound, they have shown that the corresponding
bound is tighter than the one due to Kramer for certain ranges of parameters.
Next, we introduce the notion of admissible channels to satisfy (2.62) and (2.63).

Definition 3 (Admissible Channel). An IC' €’ with input letter x; and output letter g; for
Useri € {1,2} is an admissible channel if there exist two deterministic functions 7 = f1(g7)
and gy = fo(yy) such that

I(x}5y7) <I(zY;97), (2.64)
I(xf;yy) <I(x%;95) (2.65)

hold for all p(x})p(zy) and for alln € N. & denotes the collection of all admissible channels
(see Figure 2.3).

Due to the data processing inequality, (2.64) and (2.65) imply (2.62) and (2.63), respec-
tively. Hence, the capacity region of an admissible channel is an outer bound to the original

IC.

Remark 2. Genie aided channels are among admissible channels. To see this, let us assume
a genie provides sy and sq as side information for User 1 and 2, respectively. In this case,
Ui = (yi, s;) fori € {1,2}. By choosing fi(y;, si) = y;, we observe that y; = y;, and hence,
(2.64) and (2.65) trivially hold.
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To obtain the tightest outer bound, we need to find the intersection of the capacity
regions of all admissible channels. Nonetheless, it may happen that finding the capacity
region of an admissible channel is as hard as that of the original one (in fact, based on the
definition, the channel itself is one of its admissible channels). Hence, we need to find classes
of admissible channels, say .%, which possess two important properties. First, their capacity
regions are close to %. Second, either their exact capacity regions are computable or there

exist good outer bounds for them. Since .# C &, we have

¢ C(¢. (2.66)
F
Recall that there is a one to one correspondence between a closed convex set and its support
function. Since ¥ is closed and convex, there is a one to one correspondence between % and
o¢. In fact, boundary points of ¢ correspond to the solutions of the following optimization
problem

0’<g(01, 02) = (}{I}%}){E% ClRl + CQRQ. (267)

Since we are interested in the boundary points excluding the R; and R, axes, it suffices to
consider 0 < ¢; and 0 < ¢y where ¢; + ¢ = 1.
Since € C €', we have
og(c1,ca) < ogr(cy, ca). (2.68)

Taking the minimum of the right hand side, we obtain
< mi y 2.
og(c1,c) < min o (c1,¢2), (2.69)
which can be written as

og(c1,02) < min  max ¢ Ry + coRs. (2.70)

e F (R1,R2)€%”

For convenience, we use the following two optimization problems

C 1 = 2.;1
O'K(ILL’ ) ( 3182}){6% ILLRl + RQ, ( )
]_ _— R R 9 2.;2
0%( >:U“) ( Elé?)(e(g 1 2226 ( )

where 1 < p. It is easy to show that the solutions of (2.71) and (2.72) correspond to the
boundary points of the capacity region.
In the rest of this section, we introduce classes of admissible channels and obtain upper

bounds on oy (p, 1) and o4 (1, p).
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Admissible Channel Jo(22:721) = (1 — \/G2)22 + /G201

Figure 2.4: Class Al admissible channels.

2.2.1 Classes of Admissible Channels
Class A1l

This class is designed to obtain an upper bound on o4 (u, 1). Therefore, we need to find a
tight upper bound on o4/ (1, 1). A member of this class is a channel in which User 1 has one
transmit and one receive antenna whereas User 2 has one transmit antenna and two receive

antennas (see Figure 2.4). The channel model can be written as

g1 = 1+ ary+ 2,
Yo1 = Tg+ VU, + 221, (2.73)

Y22 = Lo + 209,

where 1, is the signal at the first receiver, g, and ¢»o are the signals at the second receiver,
z1 is additive Gaussian noise with unit variance, zo; and zoo are additive Gaussian noise
with variances Np; and Ngg, respectively. Transmitters 1 and 2 are subject to the power
constraints of P, and P,, respectively.

To investigate admissibility conditions in (2.64) and (2.65), we introduce two determin-

istic functions f; and fy as follows (see Figure 2.4)
)= o, (2.74)
f2(gg27 g&): (1 - \/9_2)1352 + \/%gglv (275>

where 0 < gy. For g, = 0, the channel can be converted to the one-sided GIC by letting
N1 — 00 and Noy = 1. Hence, Class Al contains the one-sided GIC obtained by removing
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the link between Transmitter 1 and Receiver 2. Using f; and f5, we obtain
g =zt + Vaxl + 27, (2.76)
Uy =/ U gox] + xh + (1 — \/92) 25, + /9225, - (2.77)
Hence, this channel is admissible if the corresponding parameters satisfy

b/.gQ = b>

(2.78)
(1 —/92)?Noz + g2Noy = 1.

We further add the following constraints to the conditions of the channels in Class Al:

b/ S N217

(2.79)
aN22 S 1.

Although these additional conditions reduce the number of admissible channels within the
class, they are needed to get a closed form formula for an upper bound on oy (p,1). In the
following lemma, we obtain the required upper bound.

Lemma 3. For the channels modeled by (2.73) and satisfying (2.79), we have

(2.80)

! Ny VP P
0 (4, 1) <min % log [2me(P1 +aPy + 1)) + 3 log ( 2 1 2 )

+
Naog Ny P+ Ny

1
- % 10g(271'6) + ,u2fh <P1a ]-7 N217 b/a H_) + fh(P27 N22a ]-7 a, ,ul)
2
subject to: pi1 + pig = i, fiy, pa > 0.

Proof. Let us assume Ry and R, are achievable rates for User 1 and 2, respectively. Further-
more, we split p into gy > 0 and puoy > 0 such that g = py + pe. Using Fano’s inequality, we
obtain

n(pky + Re) <pl (275 97) + 1(2h; ¥, Y31) + ey
=l (205 97) + pol (275 97) + 1(2; U32, J51) + nen
Lot @5 50) + el (@5 G710) + 1 s ) +
=l (213 97) + pol (2 97 23) + 123 §511955) + 1(23; 932) + nen
= h(g7) — ph (7 |27) + pah (97 |7y) — peh (g7 ]2}, 73)
+h(T51|T99) — MG 1T5, Taa) + 1(Fga) — R(Te|7y) + ney,
=[mh(@}) = pah(g7127, 25)] + [peh(G7|2s) — h(g5:]75, ¥5)]
+ (P51 1552) — h(@5a123)] + [7(555) = ph(@7[27)] + e, (2.81)
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where (a) follows from the fact that 2} and z} are independent. Now, we separately upper
bound the terms within each bracket in (2.81).

To maximize the terms within the first bracket, we use the fact that Gaussian distribution
maximizes the differential entropy subject to a constraint on the covariance matrix. Hence,

we have
ph(Gy) — peh(Gy |2t wy)= ph(x) + Vaxy + 27) — poh(27)
< % log [2me(Py + aPy +1)] — % log(2me).  (2.82)

Since &’ < Ny, we can make use of Lemma 1 to upper bound the second bracket. In this

case, we have
~N n ~N n ~n n n 1 n n
pah(T1125) — h(Tay |25, Tgo)= Hio (h(xl +27) — Eh(\/yxl + 321))
1
< ponf, (Ph 1, Noy, ¥, ,u_) ’ (2.83)
2

where f, is defined in (2.61).
We upper bound the terms within the third bracket as follows [20]:

h(ga1192) = h(Gaa]23) %)Z (G2 [i]|922[1]) — h(z52)

) IA1 . Py[i] Nag n
< —1 2 N. b P, — — —log (2meN-
_; 5 og { 71‘6( o1 + 0 Pi] + Polil + Now 5 0g (2meNa)

(<) [ 1 1S piN
<2 log | 2me (N21+_Zblp1[i] w 2aim1 P[] Na )]
n

+ — -
2 i=1 % Z’iz:l P2 [Z] + N22
- glog (2meNa)
n [ P,N. n
§§ log _27re <N21 + VP + ﬁ)} ~3 log (2meNgs)
n N21 b/Pl P2 )
<-1lo + + , 2.84
g 8 <N22 Nag P+ Nao 254

where (a) follows from the chain rule and the fact that removing independent conditions does
not decrease differential entropy, (b) follows from the fact that Gaussian distribution max-
imizes the conditional entropy for a given covariance matrix, and (c) follows from Jensen’s
inequality.

For the last bracket, we again make use of the definition of f;,. In fact, since aNgy < 1,

we have

M(io) — ph(Fr]o7)= h(ay + 235) — ph(Vazy + 27)
S nfh(P27N22717a7/111>- (285)
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Fi(G, 512) = (1 = /g1)Ju + 91tz
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Admissible Channel

Figure 2.5: Class A2 admissible channels.

Adding all inequalities, we obtain

1 N. 'P, P
ply + Ry S% log [2me(Py + aPy + 1)] — % log(2me) + 5 log < o1 U'P 5 )

+
Nyy Ny Po+ Ny
1
+ o fr (Ph 1, Noy, ¥, M_) + fh(P27 Ny, 1,a, /~L1), (2-86>
2

where the fact that €, — 0 as n — oo is used to eliminate ¢, form the right hand side of the
inequality. Now, by taking the minimum of the right hand side of (4.16) over all x; and ps,
we obtain the desired result. This completes the proof. O

Class A2

This class is the complement of Class A1 in the sense that we use it to upper bound o« (1, p).
A member of this class is a channel in which User 1 is equipped with one transmit and two
receive antennas, whereas User 2 is equipped with one antenna at both transmitter and

receiver sides (see Figure 2.5). The channel model can be written as

Y = 1+ 211,
G2 = o1 +Vd'wy+ 219, (2.87)
Yo = 56’2—1-\/5361-1-22,

where ¢1; and g5 are the signals at the first receiver, g, is the signal at the second receiver,
7o is additive Gaussian noise with unit variance, z;; and z15 are additive Gaussian noise with
variances N1 and Ny, respectively. Transmitter 1 and 2 are subject to the power constraints
P, and P, respectively.
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For this class, we consider two linear functions f; and f, as follows (see Figure 2.5):

fl(?j?p?j&): (1 - @)?Jﬁ + \/E?ﬂlza (2-88)
f2(93)= 15 (2.89)

Similar to Class Al, when g; = 0, the admissible channels in Class A2 become the one-sided
GIC by letting N1 — oo and Ny; = 1. Therefore, we have

U7 =zt + Vd grxy + (1 — \/g1)27) + V91212, (2.90)
G3 =Vbal + xl + 2. (2.91)

We conclude that the channel modeled by (2.87) is admissible if the corresponding pa-
rameters satisfy

adg =a,

(1—+/G1)?’Ni + 1Ny =1

Similar to Class Al, we further add the following constraints to the conditions of Class A2

(2.92)

channels:
/ < N
@ o= (2.93)
bNy; < 1.
In the following lemma, we obtain the required upper bound.
Lemma 4. For the channels modeled by (2.87) and satisfying (2.93), we have
. 1 N  dP Py
(1 < —log 2me(bP; + P, + 1 —1 2.94
(1, ) Smin5 tog Py + Py U]+ glog (32 4+ G ) (200)

1
- %log(%re) + pafn <P27 1,N12,a’, M_) + fh(PhNn, 1,b, Ml)
2

subject to: pi1 + pig = i, fiy, pra > 0.

Proof. The proof is similar to that of Lemma 3 and we omit it here. O

Class B

A member of this class is a channel with one transmit antenna and two receive antennas for

each user modeled by (see Figure 2.6)

Y1 = T1+ 211,
The = 214+ Vd'zy + 212,
Jo1 = Ty + VT + 201,

Y22 = To + 299,

(2.95)
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fi(, g12) = (1= \/E)Z}n + V91912

D—
Y12 /\/m’

o1 N
>@ —
Yoz 1— %

Admissible Channel fo(ia2, 9o1) = (1 = \/G2)F22 + /G20

T2

Figure 2.6: Class B admissible channels.

where 711 and 7,5 are the signals at the first receiver, 15, and 7»9 are the signals at the second
receiver, and z;; is additive Gaussian noise with variance N;; for 4, j € {1,2}. Transmitter 1
and 2 are subject to the power constraints P; and Ps, respectively. In fact, this channel is
designed to upper bound both o¢(u, 1) and o« (1, p).

Next, we investigate admissibility of this channel and the conditions that must be imposed
on the underlying parameters. Let us consider two linear deterministic functions f; and fo

with parameters 0 < g; and 0 < g, respectively, as follows (see Figure 2.6)

fl(g?lv g&): (1 - \/E)g?l + \/ag?% (296>
fo (U3, 921)= (1 — v/92) U35 + /92051 (2.97)
Therefore, we have

gy =2t + Vad' gy + (1 — /g1)21) + /121, (2.98)
Uy =\/U'gox + x5 + (1 — \/92) 255 + /9225, . (2.99)
To satisfy (2.64) and (2.65), it suffices to have
adg, = a,
b,gQ = ba
(1- @)2]\711 + N2 =1,
(1 — \/@)2]\[22 -+ 92N21 =1.

Hence, a channel modeled by (2.95) is admissible if there exist two nonnegative numbers ¢
and g such that the equalities in (2.100) are satisfied. We further add the following two

(2.100)
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constraints to the equality conditions in (2.100):

b'Niyy < Nop,

/ (2.101)
a'Nayy < Nisp.

Although adding more constraints reduces the number of the admissible channels, it enables

us to compute an outer bound on oy (p, 1) and oy (1, p).

Lemma 5. For the channels modeled by (2.95) and satisfying (2.101), we have

(1) < (Pl_l_ P )+ (PzJr P )
O\, >~
e wy Nll a’Pg + N12 " N22 b’Pl + Ngl

+ fn(P2, Nog, N1g, d, ) + g log((2me)(a' Py + N12))

—5 1og((27€)(Py + Nao)), (2.102)

(1 ) < P1 i P1 + P2 + P2
Tt
eI =T Niy dPy+ Ny o Ny VP + Ny

+ fn(Pr, Nip, Nog, V', ) + g log((2me)(b' Py + Na1))

5 lo((2m) (P4 + Vi), (2.103)

Proof. We only upper bound o4 (p,1) and an upper bound on o4/ (1, ) can be similarly
obtained. Let us assume R; and R, are achievable rates for User 1 and User 2, respectively.

Using Fano’s inequality, we obtain

n(ply + Ro) <pl (275911, Ura) + 1(25; Y55, Uy) + nén
=pd (2 §1ol911) + pd (273 91
+1(25; Y51 |95, ) + 1(25; Uaa) + nen
=ph(G12|911) — ph(gialxt, 911) + ph(gty) — uh(gi|zy)
+h(U211932) — h(U31]73, U35) + P(35) — h(aa|25) + nen
= [h(G|T1) — ph(gh]a?)] + [P(F51|95) — b5 |e5)]
(@) — W@ 15, 55)] + (1) — ph(Gslet, 51)] + nea. (2.104)

Next, we upper bound the terms within each bracket in (2.104) separately. For the first
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bracket, we have

~n | ~n ~n |,.n @ ~ T~ (s pn
Hh(F|500) — (G |2t) <p ) h(Gelilinlil) - - log (2meNy)
i=1

(®)

- 1 . Pl[’é]Nll un
< -1 2 N 'P. _— — — log (2meN-
_u;2 og[ 7T€< 12 +a 2[Z]+P1[z']+N11)] 5 og (2meNyy)

Opn | I . 2y, PN
S%log 2me (Nw*gza’Pz[ZH 0 2aim1 PN )]

i1 2 Prli] 4+ N

— ,u?n log (2meNy1)

r PN
S% log |2me <N12 +ad Pyt )} B log (2me N1 )

P+ Ny 2
pmn Ny d'Ps P )
M ;22 : 2.105
2 g<N11 N P+ Np ( )

where (a) follows from the chain rule and the fact that removing independent conditions

increases differential entropy, (b) follows from the fact that Gaussian distribution optimizes

conditional entropy for a given covariance matrix, and (c) follows form Jenson’s inequality.
Similarly, the terms within the second bracket can be upper bounded as

- - - n N21 blpl P2 )
h(goy |Uoe) — h(yas|xs) < = lo + + .
(U1 72) (o] 5) 5 g <N22 Ny | Py+ Ny
Using Lemma 1 and the fact that N3 < Ny /b, the terms within the third bracket can

be upper bounded as
~n ~n|.n ~n n n 1 \/_/ n n
ph(gth) — h(Ja |y, Ugo)= p | R(z] 4 27;) — ;h( Vay + zy)

1
S unfh (Pl, NH, Ngl, b/, p) . (2107)

(2.106)

Since 1 < p, from (2.61) we obtain
Hh(F) = W@ le5. 55) < 5 log((2me)(Py + Niy)) — 5 log(2me)(V'Py + Nay)). (2.108)
For the last bracket, again we use Lemma 1 to obtain
h(y3s) — ph(gs]=Y, g1y)= hizs + 235) — uh(\/;xg‘ + 213)
< nfn(Pa, Nag, Nio, d', 1). (2.109)

Adding all inequalities, we have
N12 a'P2 P1 ) 1 <N21 blpl P2 )

+ + + - lo + +

Nii Nn Py + Ny 2 & Nay Ny P+ Ny
1

+£ log((2me) (P, + Nuw)) — 5 log((2me) (P + Now))

+fh(P27N227N127a/7/J’)7 (2110)

Ry + Ry Sg log (
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where the fact that ¢, — 0 as n — o0 is used to eliminate ¢, from the right hand side of the

inequality. By rearranging the terms, we obtain

P, Py P, P )
Ry+ Ry < + + +
pim 2= <N11 a’P2+N12> 7<N22 VP, + Ny

1
4 fa(Py, Nog, Nia, ', 11) + g log((2me) (a' Py + Niz)) — 5 log((27e) (P, + Noo)).

This completes the proof. O
A unique feature of the channels within Class B is that for 1 < pu < %]@/j and
1<u< %ﬁvﬁbl, the upper bounds in (2.102) and (2.103) become, respectively,
Py Py Py Py
R+ Ry < + + + 2.111
iR =1 (NH aPy+ N12) 7 (N22 VP + Ngl) (2.111)
and
P P P, P, )
R+ pRy < + + + . 2.112
LR <N11 a’P2+N12) " <N22 VP, + Ny ( )
On the other hand, if the receivers treat the interference as noise, it can be shown that
Py Py
R, — + 2.113
' 7<Nll G'P2+N12) ( )
and . .
R, — 2 4 2 2.114
2= <N22 VP + N21) ( )

are achievable. Comparing upper bounds and achievable rates, we conclude that the upper
bounds are indeed tight. In fact, this property is first observed by Etkin et al. in [20]. We

summarize this result in the following theorem:

Theorem 4. The sum capacity in Class B is attained when transmitters use Gaussian code-

books and receivers treat the interference as noise. In this case, the sum capacity is

P1 P1 P2 P2
¢ == + + + . 2.115
sum 7(N11 a/PQ_'_NlQ) 7(N22 b/P1+N21) ( )

Proof. By substituting g =1 in (3.15), we obtain the desired result. O
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Class C

Class C is designed to upper bound o (i, 1) for the mixed GIC where 1 < b. Class C is similar
to Class Al (see Figure 2.4), however we impose different constraints on the parameters of
the channels within Class C. These constraints assist us in providing upper bounds by using
the fact that at one of the receivers both signals are decodable.

For channels in Class C, we use the same model that is given in (2.73). Therefore, similar

to channels in Class A1, this channel is admissible if the corresponding parameters satisfy

b/gg = b,

) (2.116)
(1= /92)°Nag + gaNoy = 1.
Next, we change the constraints in (2.79) as
v > N
= (2.117)
aN22 S 1.

Through this change of constraints, the second receiver after decoding its own signal will
have a less noisy version of the first user’s signal, and consequently, it is able to decode the
signal of the first user as well as its own signal. Relying on this observation, we have the

following lemma.

Lemma 6. For a channel in Class C, we have

-1 1 P, N.
ogr(p, 1) <2 5—log (2me(Pr + aPy +1)) + 5 log (27re (ﬁ LVP+ N21))

1 1
~3 log(2meNy; ) — 5 log(2meNgs) + fu(Pa, Noo, 1,a, 0 — 1). (2.118)

Proof. Since the second user is able to decode both users’ messages, we have

Ri< (3 31), (2.119)
Ry I(af: B Tila), (2.120)
Ro (a3 Tile?), (2.121)
Ryt Ros I(af a8 ) (2122)

From aNyy < 1, we have [(27;97) < I(a};95|ay) = I(ay; 95, U5 |xh). Hence, (2.120) is

redundant. It can be shown that

p—1 n.~n 1 no.n.~n ~n
phy + Ry < T[(%;yl) + 5[(5’7171’22%17 Usa)- (2.123)
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Hence, we have

:u_l ~n :u’_l ~n|, n 1 ~n_ ~n 1 VLU o1 U WY e
Ry + Ry < Th'(yl) - Th(yl lz7) + Eh(y217y22> - Eh(y21,y22|x1,x2)

pw—1_ 1., .. 1 . .
0 (yl) + n (y21 3122) n (y21,y22|x1,x2)
1 ~n H—= 1 ~n|.mn
+ gh(ym) — ——h(gr]z7)]| - (2.124)

Next, we bound the different terms in (2.124). For the first term, we have

—1 _
P 2 hg) < B log (2me(Py + aPy + 1)) (2.125)
n
The second term can be bounded as
1 “n | ~n 1 P2N22
Eh(yzl U3s) < 5 log <27T€ (m + 0P+ N21)) : (2.126)
The third term can be bounded as
1 ~n  ~n n o _.n 1 1
The last terms can be bounded as
1 ~n m—= 1 ~n|.n 1 n n w—= 1 n
Eh(ym) - Th(yl ‘%): Eh(mz + 222) - Th(\/a% + Zl) (2-128>
< fu(P2, Nag, 1,0, 0 — 1). (2.129)
Adding all inequalities, we obtain the desired result. O

2.3 Weak Gaussian Interference Channel

In this section, we focus on the weak GIC. We first obtain the sum capacity of this channel
for a certain range of parameters. Then, we obtain an outer bound on the capacity region
which is tighter than the previously known outer bounds. Finally, we show that time-sharing

and concavification result in the same achievable region for Gaussian codebooks.

2.3.1 Sum Capacity

In this subsection, we use the Class B channels to obtain the sum capacity of the weak IC

for a certain range of parameters. To this end, let us consider the following minimization
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problem:

W:mm7<]€11+a’P2]jiN12)+7<J€§2+6’P1112N21) (2.130)
subject to:
ag=a
Vgo =10
V'Nii < Ny
a'Nyy < Nip
(1- @)2]\]11 +g1 N =1
(1 = \/92)*Nao + gaNoy =1
0 <[d,V,g1,92, Ni1, Ni2, Nag, Noy].

The objective function in (2.130) is the sum capacity of Class B channels obtained in Theorem
4. The constraints are the combination of (2.100) and (2.101) where applied to confirm the
admissibility of the channel and to validate the sum capacity result. Since every channel in
the class is admissible, we have %, < W. Substituting S; = ¢1N12 and Sy = g2 Nop, we

have

(1—\/ﬁ)2pljL a P )+7((1—\/9_2)2P2+ 92

W =mi 2.131
mln')/( 1—51 CLP2+51 1—52 bP1+Sg) ( )

subject to:

By first minimizing with respect to g; and g, the optimization problem (2.131) can be

decomposed as

subject to: 0 < 51 <1, 0 < 5y < 1,

where W is defined as
. (1—q)*P g P

W, = 2.133

! n}&m( -5, ap+s (2.133)

b(1 —51)

subject to: <(1-+q)? 0<g.
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Similarly, Wy is defined as

Wy =miny
g2

(1-V3)’P  gPs
( =5 TPt (2.134)
CL(l — SQ)

g S(]-_\/%)27 0<92'
1

subject to:

The optimization problems (2.133) and (2.134) are easy to solve. In fact, we have

(
~ (1+’le2) it VB(L+ aPy) < /Sa(1 - 5))
Wi = N CErRYrR 2.135
1 Y % + u bl(;P;lS)I/SQ)QPl) Otherwise ( )
(
> (HIZQPl) if \/a(l+bPy) < +/Si(1—55)
W, = I ey 2.136
i g (% + < 1();91-?;)2/31)2]32) Otherwise. ( )

From (2.135) and (2.136), we observe that for S; and S, satisfying vb(1 + aP,) <
VS2(1 = 8;) and v/a(l +bP) < /Si(1 — 53), the objective function becomes independent

of S; and Ss. In this case, we have

B Py Py
W_7<1+aP2)+7<1+bP1)’ (2.137)

which is achievable by treating interference as noise. In the following theorem, we prove that

it is possible to find a certain range of parameters such that there exist S; and S, yielding
(2.137).

Theorem 5. The sum capacity of the two-user GIC is

Py Py
G = , 2.1
V<1+a132)+7<1+bpl> (2.138)

for the range of parameters satisfying

1—ya—+b

— Vb
VOP, + aPy < — Y2 V7, 2.139
| +VaP, < o ( )
Proof. Let us fix a and b, and define D as
S1(1—S8) 1 Se(1—57) 1
D= (P,R)P <Y - P< Y T 1 L.
{( 1, Po)| P < a ARERS /i a,0<51<,0<52<

(2.140)
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In fact, if D is feasible then there exist 0 < S; < 1 and 0 < Sy < 1 satisfying vb(1 4 aP,) <

/S2(1 = 57) and v/a(l +bP;) < /Si(1 — S3). Therefore, the sum capacity of the channel

for all feasible points is attained due to (2.137).
We claim that D = D', where D’ is defined as

D = {(PI,P2)|\/Z_)P1 +VaP, < L\/‘_gﬁ} . (2.141)

To show D' C D, we set S; =1 — S5 in (2.140) to get

{(Plap2)|P1§%—%,P2§1_\/};1—%,0<51<1}QD. (2142)
a

It is easy to show that the left hand side of the above equation is another representation of
the region D’. Hence, we have D' C D.
To show D C D, it suffices to prove that for any (P, P,) € D, VbP, + v/aP, < L\/j‘/l_’

holds. To this end, we introduce the following maximization problem:

J= max VbP, +aP,, (2.143)

(P1,P2)eD

which can be written as

e e VHO=8$)+VS01-5) 1 1 (2.144)

(S1,52)€(0,1)2 \/@ \/E \/5

It is easy to show that the solution to the above optimization problem is

1 1 1

J=——-——-—. 2.145
Vab Vi Vb (2145)
Hence, we deduce that D C D’. This completes the proof. O

Remark 3. The above sum capacity result for the weak GIC (see also [41]) has been estab-
lished independently in [18] and [19].

As an example, let us consider the symmetric GIC. In this case, the constraint in (2.139)

becomes

p<liz2ve (2.146)
2a+/a

In Figure 2.7, the admissible region for P, where treating interference as noise is optimal,
versus y/a is plotted. For a fixed P and all 0 < a < 1, the upper bound in (2.130) and
the lower bound when receivers treat the interference as noise are plotted in Figure 2.8. We

observe that up to a certain value of a, the upper bound coincides with the lower bound.
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Figure 2.7: The shaded area is the region where treating interference as noise is optimal for

obtaining the sum capacity of the symmetric GIC.
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tooob Upper Bound ,
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1r Treating interference as noise
0.: 1 1 1 1 1 1 1 1 1

Figure 2.8: The upper bound obtained by solving (2.130). The lower bound is obtained by

treating the interference as noise.
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2.3.2 New Outer Bound

For the weak GIC, there are two outer bounds that are tighter than the other known bounds.
The first one, due to Kramer [15], is obtained by relying on the fact that the capacity region
of the GIC is inside the capacity regions of the two underlying one-sided GICs. Even though
the capacity region of the one-sided GIC is unknown, there exists an outer bound for this
channel that can be used instead. Kramers’ outer bound is the intersection of two regions

Ey and Es. Ej is the collection of all rate pairs (Ry, Ry) satisfying

(1- 5P
R < - 2.147
= (507, (2.147)
Ry< (BP"), (2.148)
for all 5 € [0, Bax|, where P = Py /a+ Py and Byax = %. Similarly, Fs is the collection
of all rate pairs (Ry, Rs) satisfying
Ri< ~y(aP"), (2.149)
(1—«a)P”
< - 2.1
for all a € [0, umax|, where P” = Py 4+ P5/b and qupax = ﬁ.

The second outer bound, due to Etkin et al. [20], is obtained by using Genie aided
technique to upper bound different linear combinations of rates that appear in the HK

achievable region. Their outer bound is the union of all rate pairs (Ry, Ry) satisfying

Ri<~(P), (2.151)
Ry< y(P), (2.152)
Ry + Ry< v(P1)+7<1fZP1), (2.153)
Ry + Ry< y(Py) +7 (1 +P;P2) : (2.154)
Ry 4 Ro< (aP2+ 152131) + (bP1+ 1+P2P2)’ (2.155)

Py 1+ P
< . .
2R1 +R2_ V(Pl —|—CLP2) +y (bpl + 1—|—CLP2) +0510g (1—|—bpl) s (2 156)

P 14 P
< . . .
R1—|—2R2_ V(bpl—i‘PQ)—'—’}/(CLPQ—F 1—|—bP1) +0510g(1+ap2) (2 157)

In the outer bound proposed here, we derive an upper bound on all linear combinations
of the rates. Recall that to obtain the boundary points of the capacity region %, it suffices

to calculate o4 (p, 1) and oy (1, ) for all 1 < p. To this end, we make use of channels in
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A1 and B classes and channels in A2 and B classes to obtain upper bounds on o¢(p, 1) and
o¢ (1, p), respectively.

In order to obtain an upper bound on o4 (u, 1), we introduce two optimization problems
as follows. The first optimization problem is written as

1
W1 (p) =min % log 2me(Py 4+ aPy + 1)] — % log(2me) + o fn (Pl, 1, Noy, V, ;)2.158)

2

/
+%log (%2: + Z;V];l + 2 f2N22) + fu(P2, Nog, 1, a, j11)
subject to:
H1+ 2 = [
Vg, =10
V' < Ny
aNgyy <1

(1= /92)°Naz + goNoy = 1
0 S [MlaﬂQab/992>N22>N21]‘

In fact, the objective of the above minimization problem is an upper bound on the support
function of a channel within Class A1l which is obtained in Lemma 3. The constraints are
the combination of (2.78) and (2.79) which are applied to guarantee the admissibility of the
channel and to validate the upper bound obtained in Lemma 3. Hence, ¢ (p, 1) < Wi(p).
By using a new variable S = (1 — ,/g2)* N2, we obtain

1-S b 1
Wi(p) =min Piog 2me(Py + aPy + 1)) + pafu (Pb L ——, —) (2.159)
2 g2 g2 H2
1 1—S—|—bP1 P2 M2
~log | (1 — 2 — 2 log(2
3o (1= VRPE— D )| — Blos(an
S
P— 1
+fh( 2 (1_\/%)27 aa'mul)
subject to:
H1+ plo =
S<1-1b
_ 2
Sg(l V92)

a
0 S [,ulaIUQaSng]‘
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The second optimization problem is written as

. P, P, P, P,
_ 2.1
Wa(p) =min iy (Nu TPt ng) L (N22 TP+ N21) (2.160)

1
+ 5 log((2me) (a'Ps + N1p)) — 5 log((27€) (P + Nz))
+ fn(P2, Naz, Nig, d, 1)

subject to:

agr=a

Vgo =10

V'Nii < Ny

a'Nyy < Nyp

(1= v/g1)°Nis + g1 N2 = 1

(1 = \/92)°Nag + gaNoy = 1

0 <[d,V, 091,92, Ni1, N1, Nog, Noy].

For this problem, Class B channels are used. In fact, the objective value is the upper bound
on the support function of channels within the class obtained in Lemma 5 and the constraints
are defined to obtain the closed form formula for the upper bound and to confirm that the
channels are admissible. Hence, we deduce o¢(u,1) < Wa(p). By using new variables

S1 = g1 N1o and S5 = g, N1 , we obtain

. (1- @)2P1 g1 P (1— \/9_2)2P2 G2
W () =min iy ( -5  apkts )0 -5, P +5 (2.161)

1—52 Sl a ) 1% ( aPQ_'_Sl)
_'_ P777_7_7 _'__]' 2 -
o (P T 2 ) + o (l2me (P
1 1- S, )
— =1 2 P+ —
5o (2P + )
subject to:
b(1 —5y)
<
1 vgp =2
&(1—52)
<
(1_\/9_2)2_Sl<1
0 < [g1, g2)-

In a similar fashion, one can introduce two other optimization problems, say W; (1) and
Wy(p), to obtain upper bounds on o (1, ) by using the upper bounds on the support
functions of channels in Class A2 and Class B.
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Figure 2.9: 4, for the weak GIC. 7y, 1o, r3, and r4 are extreme points of ¢, in the interior of

the first quadrant.

Theorem 6 (New Outer Bound). For any rate pair (Ry, Re) achievable for the two-user
weak GIC, the inequalities

plty + Ry < W(p) = min{Wi (1), Wa(p) }, (2.162)

Ry + paRy < W (pu2) = min{ Wy (a), Wa(psa)}, (2.163)
hold for all 1 < py, ps.

To obtain an upper bound on the sum rate, we can apply the following inequality:

—1 il
1<pr,p2 pipe — 1

2.3.3 Han-Kobayashi Achievable region

In this sub-section, we aim at characterizing ¢ for the weak GIC. To this end, we first inves-
tigate some properties of % ( Py, P», o, 3). First of all, we show that none of the inequalities
in describing %, is redundant. In Figure 2.9, all possible extreme points are shown. It is easy
to prove that r, ¢ % for i € {1,2,...,6}. For instance, we consider r; = (%, M)

Since 31 + P32 + 133 = 1y + 15 (see Section I1.C), we have

V3= min{vs1, P32, P33}
< %(%1 + )39 + 133)

= %(1?4 + 1s).
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However, (4 4 v5) is the sum of the components of r§. Therefore, rj violates (2.7) in
the definition of the HK achievable region. Hence, ri ¢ %. As another example, let us
consider 7} = (11,15 — ;). We claim that r] violates (2.8). To this end, we need to show
that ¢, < 13 + 1. However, it is easy to see that ¥, < 131 + ¥y, ¥y < 39 + 11, and
Py < g3+ Py reduce to 0 < (1 —a)(1 -0+ (1 —ab)P),0< (1 —=F)(1—a+ (1 —ab)Py),
and 0 < (1 — a)(1 — B)aP,, respectively. Therefore, 1| ¢ %.

We conclude that ¢ has four extreme points in the interior of the first quadrant, namely

1= (Y1, %y — 241), (2.165)
ro= (Y4 — 3,293 — ), (2.166)
r3= (203 — 5,5 — 13), (2.167)
ry= (V5 — 249, ). (2.168)

Most importantly, %, possesses the unique minimizer property. To prove this, we need

to show that y, the minimizer of the optimization problem

UDO(Cl7 C2, Pla P2a a?ﬁ): maX{CIRl + 02R2|AR S \I](Pla P2> «, /6)}
= min{y" U (P, P, a, )| Ay = (c1,¢0)",y >0}, (2.169)

is independent of the parameters P;, P, a, and  and only depends on ¢; and ¢,. We first
consider the case (¢, ca) = (p, 1) for all 1 < p. It can be shown that for 2 < p, the maximum
of (3.18) is attained at 7 regardless of Py, P, o, and 3. Therefore, the dual program has
the minimizer y = (1 —2, 0,0, 1,0)" which is clearly independent of P;, P,, a;, and (3. In this
case, we have

ope (4, 1, Pr, Py, o, B) = (0 — 2)11 + 1y, 2 < . (2.170)

For 1 < u < 2, one can show that 7o and y = (0,0,2 — u, u — 1,0)" are the maximizer and

the minimizer of (3.18), respectively. In this case, we have

UD()(:“? L, P1>P2>aa/6) = (2 - :u),lvbi’) + (:u - 1)¢4> I<p<2 (2171)

Next, we consider the case (c1,co) = (1, p) for all 1 < p. Again, it can be shown that for
2<pand 1< pu<2,y=(0,0—2,0,0,1)" and y = (0,0,2 — p,0, u — 1)* minimizes (3.18),

respectively. Hence, we have

UDO(laM>P1aP2aa>ﬁ): (IU“_2)¢2+'¢5’ if 2 <,[L, (2172)
o (L, pt, Pr, Poy o, B)= (2 — p)bs + (p — D)as, i 1 < pp < 2. (2.173)

We conclude that the solutions of the dual program are always independent of Py, P, «,

and (. Hence, ¥, possesses the unique minimizer property.
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Theorem 7. For the two-user weak GIC, time-sharing and concavification result in the same
region. In other words, ¥ can be fully characterized by using TD/FD and allocating power

over three different dimensions.

Proof. Since ¥, possesses the unique minimizer property, from Theorem 1, we deduce that

¢ = %,. Moreover, using Theorem 3, the number of frequency bands is at most three. [

To obtain the support function of %, we need to obtain g(cy, ca, P, P, «, ) defined in
(2.43). Since %, possesses the unique minimizer property, (2.43) can be simplified. Let us

consider the case where (¢1,¢2) = (i, 1) for g > 2. It can be shown that for this case

g = max (/J/—Q)Ipl(Pl,PQ,OK,ﬂ)+w4(P1,P2,0A,6>. (2174)
(a,B)€[0,1]?

Substituting into (2.42), we obtain

3
oy, (1, 1, Pr, Py) :maxz Ai (1= 2)U1(Pri, Paiy 0, 8i) + a(Pri, Pai, ai, 7)) (2.175)

i=1

subject to:
3
-
i=1
3
Z AP < Py

3
Z)\ipzi <P
i=1

0< A\, 0< Py,0< Py, Vi€ {1,2,3)
0<; <1,0< 06, <1, VZE{LQ,?)}

For other ranges of (c¢y,c), a similar optimization problem can be formed. It is worth
noting that even though the number of parameters in characterizing ¢ is reduced, it is still
prohibitively difficult to characterize boundary points of 4. In Figures (2.10) and (2.11),
different bounds for the symmetric weak GIC are plotted. As shown in these figures, the

new outer bound is tighter than the previously known bounds.

2.4 One-sided Gaussian Interference Channels

Throughout this section, we consider the one-sided GIC obtained by setting b = 0, i.e, the

second receiver incurs no interference from the first transmitter. One can further split the
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Figure 2.10: Comparison between different bounds for the symmetric weak GIC when P =7

and a = 0.2.
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Figure 2.11: Comparison between different bounds for the symmetric weak GIC when P =

100 and a = 0.1.
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class of one-sided ICs into two subclasses: the strong one-sided IC and the weak one-sided
IC. For the former, a > 1 and the capacity region is fully characterized [33]. In this case,

the capacity region is the union of all rate pairs (R, Rs) satisfying

R < (),
R2§ 7(P2)7
Rl + RQS ’y(Pl + CLPQ).

For the latter, a < 1 and the full characterization of the capacity region is still an open
problem. Therefore, we always assume a < 1. Three important results were proved for
this channel. The first one, proved by Costa in [14], states that the capacity region of the
weak one-sided IC is equivalent to that of the degraded IC with an appropriate change of
parameters. The second one, proved by Sato in [13], states that the capacity region of
the degraded GIC is outer bounded by the capacity region of a certain degraded broadcast
channel. The third one, proved by Sason in [33], characterizes the sum capacity by combining
Costa’s and Sato’s results.

In this section, we provide an alternative proof for the outer bound obtained by Sato.

We then characterize the full HK achievable region where Gaussian codebooks are used, i.e.,

9.

2.4.1 Sum Capacity

For the sake of completeness, we first state the sum capacity result obtained by Sason.

P
1+aPs

region of the one-sided GIC. Moreover, the sum capacity of the channel is attained at this

Theorem 8 (Sason). The rate pair (7 ( ) ,fy(P2)) is an extreme point of the capacity

point.

2.4.2 QOuter Bound

In [13], Sato derived an outer bound on the capacity of the degraded IC. This outer bound
can be used for the weak one-sided IC as well. This is due to Costa’s result which states
that the capacity region of the degraded GIC is equivalent to that of the weak one-sided IC

with an appropriate change of parameters.

Theorem 9 (Sato). If the rate pair (Ry, R) belongs to the capacity region of the weak
one-sided IC, then it satisfies

a-ppr
Ry < 7(1/a+ﬁp)’

(2.176)
Ry <~(BP),
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for all B € [0,1] where P = P /a+ P,.

Proof. Since the sum capacity is attained at the point where User 2 transmits at its max-
imum rate Ry = (P,), other boundary points of the capacity region can be obtained by
characterizing the solutions of o4 (i, 1) = max {uR; + Rs|(R1, Re) € €'} for all 1 < . Using

Fano’s inequality, we have
n(ply + Ry) <pl (275 97) + 1255 y3) + ney

=ph(yy') — ph(yt|zy) + h(yy) — h(yy |zy) + ne,

=[ph(et + Varg + 21) = h(z3)] + [h(z5 + 23) = ph(Vazg + 27)] + ne

(@) un n

§% log 2me(Py 4+ aPs + 1)) — B log(2me) + [h(zh + 23) — ph(vVazh + 27)]
+ ne,

®) un n

S? log [27T€(P1 + aP2 + 1)] - 5 10g(271'6) + nfh(P2> 1a ]-7 a, ,U) + ney,

where (a) follows from the fact that Gaussian distribution maximizes the differential entropy

for a given constraint on the covariance matrix and (b) follows from the definition of f, in
(2.59).
Depending on the value of y, we consider the following two cases:

1-For1 < pu < P;:i{a, we have

pR1+ Ry < pry ( ) + (). (2.177)

1
]_—I—GPQ

14+aPs
at Receiver 1, satisfies (2.177) with equality. Therefore, it belongs to the capacity region.

In fact, the point (7( = ) ,fy(P2)) which is achievable by treating interference as noise

Moreover, by setting u = 1, we deduce that this point corresponds to the sum capacity of
the one-sided GIC. This is in fact an alternative proof for Sason’s result.

2- For P;D:i{“ <p< i, we have

i 1 1/a—1 i ap(l/a—1)
<K - 2 a2 I ,
,uRl—i—Rg_210g(P1+aP2+1)+210g<M_l 2log 1 (2.178)

Equivalently, we have
o (aP+1)(p—1) 1 1/a—1
R+ Ry <=1 —1 2.179
pliy + 2_208;( 0(1—a) T 5108 i1 ) ( )
where P = Py /a+ P,. Let us define F; as the set of all rate pairs (Ry, Ry) satisfying (2.179),

1.e.
o (aP+1)(u—1) 1 1/a—1
FE, = < 1 —1
1 = {(Rq, Ry)|puRy + Ry < 2 08;( n(1—a) +2 0g i—1 )
) Pg—l—l/a

1
<p<=h 2.180
Bl M (2.180)
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We claim that F; is the dual representation of the region defined in the statement of the
theorem, see (2.4). To this end, we define Ey as

(1-p)P

m) , Ry < ~(BP), VB € [0, 1]} . (2.181)

Ey = {(RlaR2)|Rl < 7(

We evaluate the support function of Fs as

OE, (,u, 1) = max {,uRl + R2|(R1, RQ) € Eg} . (2182)
It is easy to show that (¢ = ;(3:11) maximizes the above optimization problem. Therefore,
we have
(1.1) ) (aP+1)(p—1) +11 1/a—1 (2.183)
o ==1lo —lo ) )

Since F, is a closed convex set, we can use (2.4) to obtain its dual representation which is

indeed equivalent to (4.21). This completes the proof. a

2.4.3 Han-Kobayashi Achievable Region

In this subsection, we characterize %, 4, %, and ¢ for the weak one-sided GIC. ¥, can be
characterized as follows. Since there is no link between Transmitter 1 and Receiver 2, User

1’s message in the HK achievable region is only the private message, i.e., & = 1. In this case,

we have
=7 (%@1/6}72) ) (2.184)
Vo= (F2), (2.185)
Ya1="y (Pl J{ i(zgpf)g) +v(8P), (2.186)
P32= "y (%:g%) +(P2), (2.187)
P33="y (Pl J{ i%/gpf)g) +v(8P), (2.188)
P —B)P. P
w4:7( l—iij—(ilﬂpf) 2) +’Y(T:5P2) +”}/(5P2), (2189)
P — B)P.
V5= (BP) +y(P2) + 7 ( - +1 i%ﬁpf) 2) , (2.190)
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It is easy to show that ’wg = min{@bgl, ’ngg, ’ngg} = ’wgl, wgl + ’le = ’QD4, ¢31 + ’QDQ = ’QD5. Hence,
%, can be represented as all rate pairs (R, Rs) satisfying

Py
R1§ Y (T@ﬂpz) y (2.191)
Ry< 4(Py), (2.192)
Ry + Ry< v <P1 ti(igpf)})?) +(BP,). (2.193)

We claim that ¢ = 4. To prove this, we need to show that ¥, possesses the unique
minimizer property. %, is a pentagon with two extreme points in the interior of the first

quadrant, namely r; and ro where

() () o) oo
= (v (P20 ) - 2R a(R)). (2.195)

Using the above, it can be verified that ¥, possesses the unique minimizer property.
Next, we can use the optimization problem in (2.42) to obtain the support function of

¢ . However, we only need to consider (cy,ce) = (p, 1) for g > 1. Therefore, we have

- P (1—pB)ab;
g(p, 1, P, P, 3) = Orggglm<m) + 7(BP) +7<1 P +ﬁap2)- (2.196)

Substituting into (2.42), we conclude that boundary points of & can be characterized by

solving the following optimization problem:

3
— . _ Pu D (1= Bi)aPs
%% —max; by [,wy(l n ﬁianz) + (6 Py;) + 7(1 Iy ﬁiap2i>:| (2.197)

subject to:
3
S
i=1

3
Z)\ipliﬁpl

1=1

3
Z)\iP%SPz

i—1
0< 8 <1, Vie{l,23}

0 < [Py, Pai, Ai], Vi e {1,2,3}.

For the sake of completeness, we provide a simple description for ¢ in the next lemma.
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Lemma 7. The region % can be represented as the collection of all rate pairs (Ry, R»)

satisfying
Py
R < S 2.198
= (1 ) (2.19%)
a(l — 6" P.
R (P 4 o). (2:199)

for all 5" € [0,1]. Moreover, % is convexr and any point that lies on its boundary can be

achieved by using superposition coding and successive decoding.

Proof. Let E denote the set defined in the above lemma. It is easy to show that E is convex
and ' C ¢. To prove the reverse inclusion, it suffices to show that the extreme points of
“, m1 and ro (see (2.194) and (2.195)) are inside E for all g € [0,1]. By setting 5’ = 3, we
see that ry € E. To prove ry € E, we set ' = 1. We conclude that ro € E if the following
inequality holds

y (P1 +a(l—pB)Py

) +ar) 2 <2 (1 ) (2.200)

1+CLP2

for all € [0,1]. However, (2.200) reduces to 0 < (1 — a)(1 — )P, which holds for all
B €[0,1]. Hence, 4 C E. Using these facts, it is straightforward to show that the boundary

points ¢, are achievable by using superposition coding and successive decoding. O

Figure 2.12 compares different bounds for the one-sided GIC.

2.5 Mixed Gaussian Interference Channels

In this section, we focus on the mixed Gaussian Interference channel. We first characterize
the sum capacity of this channel. Then, we provide an outer bound on the capacity region.
Finally, we investigate the HK achievable region. Without loss of generality, we assume
a<landb>1.

2.5.1 Sum Capacity

Theorem 10. The sum capacity of the mized GIC with a <1 and b > 1 can be stated as

. P bP
Cfsumzy(&wmm{v(“;&)w(HEDZ)}. (2.201)
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1.5

Sato’s Outer Bound

\
0.5

Figure 2.12: Comparison between different bounds for the one-sided GIC when P, = 1,
P,=7 and a =04.
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Proof. We need to prove the achievablity and converse for the theorem.
Achievablity part: Transmitter 1 sends a common message to both receivers, while the

first user’s signal is considered as noise at both receivers. In this case, the rate

. P, bP,
Rl—mln{fy(1+ap2),7(1+P2)} (2.202)

is achievable. At Receiver 2, the signal from Transmitter 1 can be decoded and removed.

Therefore, User 2 is left with a channel without interference and it can communicate at its

maximum rate which is

By adding (2.202) and (2.203), we obtain the desired result.

Converse part: The sum capacity of the GIC is upper bounded by that of the two
underlying one-sided GICs. Hence, we can obtain two upper bounds on the sum rate. We
first remove the interfering link between Transmitter 1 and Receiver 2. In this case, we have
a one-sided GIC with weak interference. The sum capacity of this channel is known [33].

Hence, we have

P
Coum < V(P2) +7 (1 m ;P2) . (2.204)

By removing the interfering link between Transmitter 2 and Receiver 1, we obtain a one-
sided GIC with strong interference. The sum capacity of this channel is known. Hence, we

have
Coum <7 (0P + P), (2.205)

which equivalently can be written as

bP,
< ~(P . 2.2

By taking the minimum of the right hand sides of (2.204) and (2.206), we obtain

. P bP,
< . .
Cfsum_fy(Pg)+m1n{7<1+aP2),7<1+P2)} (2.207)

This completes the proof. O

Remark 4. In an independent work [18], the sum capacity of the mized GIC is obtained
for a certain range of parameters, whereas in the above theorem, we characterize the sum

capacity of this channel for the entire range of its parameters (see also [41]).
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By comparing ~y <1 +121P2) with v (11;1: 1132), we observe that if 1 + P, < b+ abP,, then the
sum capacity corresponds to the sum capacity of the one-sided weak GIC, whereas if 14+ P, >
b+ abP,, then the sum capacity corresponds to the sum capacity of the one-sided strong IC.
Similar to the one-sided GIC, since the sum capacity is attained at the point where User 2
transmits at its maximum rate Ry = v(P,), other boundary points of the capacity region
can be obtained by characterizing the solutions of o4 (1, 1) = max {uR; + Ra|(Ry, Rs) € €'}

for all 1 < p.

2.5.2 New Outer Bound

The Genie aided technique is used by Etkin et al. in [20] to obtain an outer bound on the
capacity of the mixed GIC. This bound is the union of all rate pairs (R;, Rs) satisfying

Ri< y(Py), (2.208)
Ro< y(P), (2.209)
P
R Ro< ~v( P 2.210
1+ Ra<A( 2)+V<1+aP2)’ ( )
Ry + Re< y(P2 4+ bP), (2.211)
P, Py

2 < ~(P P P . 2.212
Ri+ Ro<y(Pi+a 2)+7<b 1+1+aP2)+7<1+bP1) ( )

The capacity region of the mixed GIC is inside the intersection of the capacity regions of
the two underlying one-sided GICs. Removing the link between Transmitter 1 and Receiver
2 results in a weak one-sided GIC whose outer bound E} is the collection of all rate pairs
(R1, Ry) satisfying

(1-p)r
Ri< v (m) : (2.213)
Ry< v(3P"), (2.214)

for all B € [0, Bumax|, where P = Pj/a + Py and [yax = %. On the other hand,
removing the link between Transmitter 2 and Receiver 1 results in a strong one-sided GIC
whose capacity region Fs is fully characterized as the collection of all rate pairs (Ry, Ry)

satisfying

Re< v (), (2.216)
Ry + Ro< y(bP, + Py). (2.217)
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Using the channels in Class C, we upper bound o (u, 1) based on the following optimiza-

tion problem:

W () =min H ; 1 log (2me(Py + aPy + 1)) — %log(27reN21) — %log(%re]\@g) (2.218)
+ % log (27?6 (% +V P+ N21)) + fn(Py, Nog, 1,a, 0 — 1)
subject to:
bg,=b
V' > Ny
alNyy <1

(1 —\/92)*Nog + gaNoy = 1
0 <[V, g2, Nog, Noyl.

By substituting S = g2 /N»1, we obtain

W (u) =min K ; ! log (2me(Py + aP, + 1)) — %log (Zre_(li\/_g—jz)) (2.219)

+110 <27re ( B(1 - 5) + il S))
2 % (1—-yg)?P+1-S 92

+ fn (Pg,i La,p— 1) — %log <2W65)

(1—y/@g2)?" " 92
subject to:
S <1
a(l = 5) < (1 /)’
0 <I[S, 9]

Hence, we have the following theorem that provides an outer bound on the capacity

region of the mixed GIC.

Theorem 11. For any rate pair (Ry, Rs) achievable for the two-user mized GIC, (R, Ry) €
E, (N E2. Moreover, the inequality

holds for all 1 < p.

2.5.3 Han-Kobayashi Achievable Region

In this subsection, we study the HK achievable region for the mixed GIC. Receiver 2 after
decoding its own signal will have a less noisy version of the first user’s signal, and conse-

quently, it is able to decode the signal of the first user as well as its own signal. Hence, User
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Alternating Regions

Ry

Figure 2.13: The new region % which is obtained by enlarging %.

1 associates all its power to the common message. User 2, on the other hand, allocates 3P,
and (1 — )P, of its total power to its private and common messages, respectively, where
B € [0,1]. Therefore, we have

Py

=7 <T¢ﬂpz) ; (2.221)
Vo= (), (2.222)

P 1-0)P.
Pg1=" ( - j;i(aﬁP? 2) +(BP), (2.223)
Y3o= (P2 + bPy), (2.224)

1—-0)P.

P 1-0)P.

by=1 ( : j:faﬂpf) 2) (3P, + bP), (2.226)
1—-0)P.

5= Y(BP2) +v(Py +bPy) + v (%) ) (2.227)

Due to the fact that the sum capacity is attained at the point where the second user
transmits at its maximum rate, the last inequality in the description of the HK achievable
region can be removed. Although the point r} = (¢35 —7(FP2),v(P1)) in Figure 2.9 may not be
in %, this point is always achievable due to the sum capacity result. Hence, we can enlarge
% by removing r3 and r4. Let us denote the resulting region as ¢;. Moreover, one can show
that 75, 4, 7, and r{ are still outside ¢;. However, for the mixed GIC, it is possible that

r} belongs to ¢;. In Figure 2.13, two alternative cases for the region ¢} along with the new
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labeling of its extreme points are plotted. The new extreme points can be written as

= (V1,94 — 24n),
ro= (V1,93 — 1),
r3= (P4 — 1037 2th3 — 1),
ra= (Y3 — U2, Ya).

In fact, we have either ¢; = conv{ry, 73,74} or 4} = conv{ry, r4}.

To simplify the characterization of ¢, we consider three cases:
CaseIl: 1+ P <b+ abPs.
Case II: 14+ P, >b+abPyand 1 —a < abP;.
Case IIl: 1+ P, >b+abP, and 1 —a > abP;.

Case I (14 P, <b+ abP,): In this case, 13 = 131. Moreover, it is easy to verify that

31 + Y1 < 1y which means (2.8) is redundant for the entire range of parameters. Hence,

¢y = conv{ry, r4} consists of all rate pairs (R, Ry) satisfying

Py
Ri< v (Twﬁ%) , (2.228)
Ro< 7 (Py), (2.229)
Ry + Ry< (Pl ti(igpf)})?) +~(BP), (2.230)

where 3 € [0,1]. Using a reasoning similar to the one used to express boundary points of ¢,

for the one-sided GIC, we can express boundary points of ¥ as

Py
< _ .
Rl_v(HaﬁPz), (2.231)

- B3P
Ro< y(BF) + 7 (1 j—(;l le;]%)

(2.232)

for all 5 € [0, 1].

Theorem 12. For the mized GIC satisfying 1 < ab, region 9 is equivalent to that of the one
sided GIC obtained from removing the interfering link between Transmitter 1 and Receiver
2.

Proof. 1f 1 < ab, then 1 + P, < b+ abP, holds for all P, and P,. Hence, ¥;(Py, P», () is a
pentagon defined by (2.228), (2.229), and (2.229). Comparing with the corresponding region
for the one-sided GIC, we see that ¢ is equivalent to %, obtained for the one-sided GIC.
This directly implies that ¢ is the same for both channels. O
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Case I (1+ P, > b+ abP; and 1 —a < abP;): In this case, 13 = min{v31, 935 }. It can
be shown that ¢ is the union of three regions Ey, Fs, and Ej, ie, % = Ey|JE2|J Es.
Region F is the union of all rate pairs (R;, Rs) satisfying

Py
< P —— .
a(l — ﬂ)Pg
Ry < P) + . 2.234
2< 1(0F) 7<1+Pl+aﬁP2) (2.234)
for all 5 € |0, aizﬁ] Region F, is the union of all rate pairs (R;, Rs) satisfying
bP,
Ry < , 9.235
< (1) (2.935)
P1+CL(1—6>P2 bPl
Ry< P) — . 2.236
for all 5 € | (I_b;bl) B (1(_b;b1))1§11;; (j(_l‘i)f)QPQ]. Region Ej5 is the union of all rate pairs (Ry, R»)
satisfying
bPy(1+ U5l
R < R 2.237
1—7< 1+0P, +P, |’ (2.237)
Ro< v (Py), (2.238)
Ry + Ro<y(bPy + P2). (2.239)

Case III (1+ P, > b+ abP, and 1 — a > abPy): In this case, ¥3 = min{¢3;, ¥32}. Sim-
ilar to Case II, we have 4 = E;J F2|J E3, where regions E, Es, and Ej are defined as
follows. Region E; is the union of all rate pairs (R;, Ry) satisfying

Py
R < N 2.24
1_7<1+&6P2>7 ( 0>
a(l — ﬂ)Pg )
Ry < Py) + . 2.241
<287+ (e (2.20)
for all 5 € |0, uf{}ﬁ] Region F, is the union of all rate pairs (R;, Rs) satisfying
Py
< P ——— .
Rl_v(HaﬂPz), (2.242)
a(l - ﬁ)PQ P1
Ry < P+ bP) — — . 2.24
2—7(1+P1+aﬁpg)+7(6 2+ bR) 7(1+a5132) (2.243)
for all 5 € [(l_baﬁ, 1]. Region FEj is the union of all rate pairs (Ry, R2) satisfying
Py
< 2.244
= (s ). (2.24)
Ry< 1 (Py). (2.245)
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0.5

New Outer Bound

(=]

Figure 2.14: Comparison between different bounds for the mixed GIC when 1+ P, < b+abP
(Case I) for P, =7, P, =7, a=0.6, and b = 2.

0.5F

Figure 2.15: Comparison between different bounds for the mixed GIC when 1+ P, > b+abP,
and 1 —a < abP; (Case II) for P, =7, P, =7,a=0.4, and b = 1.5.
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Figure 2.16: Comparison between different bounds for the mixed GIC when 1+ P, > b+abP
and 1 —a > abP; (Case III) for P, =7, P, = 700, a = 0.01, and b = 1.5.
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Remark 5. Region Es3 in Case Il and Case I1I represents a facet that belongs to the capacity
region of the mixzed GIC. It is important to note that, surprisingly, this facet is achievable
when the second transmitter uses both the common message and the private message. In fact,
this is the first GIC where both common and private messages are used to achieve points on

the boundary of the capacity region.

Different bounds are compared for the mixed GIC for Cases I, II, and III in Figures 2.14,
2.15, and 2.16, respectively.

2.6 Conclusion

We have studied the capacity region of the two-user GIC. The sum capacities, inner bounds,
and outer bounds have been considered for three classes of channels: weak, one-sided, and
mixed GIC. We have used admissible channels as the main tool for deriving outer bounds
on the capacity regions.

For the weak GIC, we have derived the sum capacity for a certain range of channel
parameters. In this range, the sum capacity is attained when Gaussian codebooks are used
and interference is treated as noise. Moreover, we have derived a new outer bound on the
capacity region. This outer bound is tighter than the Kramer’s bound and the ETW’s
bound. Regarding inner bounds, we have reduced the computational complexity of the HK
achievable region. In fact, we have shown that when Gaussian codebooks are used, the full
HK achievable region can be obtained by using the naive HK achievable scheme over three
frequency bands.

For the one-sided GIC, we have presented an alternative proof for the Sato’s outer bound.
We have also derived the full HK achievable region when Gaussian codebooks are used.

For the mixed GIC, we have derived the sum capacity for the entire range of its pa-
rameters. Moreover, we have presented a new outer bound on the capacity region that
outperforms ETW’s bound. We have proved that the full HK achievable region using Gaus-
sian codebooks is equivalent to that of the one-sided GIC for a particular range of channel
gains. We have also derived a facet that belongs to the capacity region for a certain range
of parameters. Surprisingly, this facet is obtainable when one of the transmitters uses both

the common message and the private message.



Chapter 3

Interference Alignment in One

Dimension

The first examples of interference alignment in one-dimensional spaces are reported in [30]
and [31] where the results from the field of Diophantine approximation in number theory are
used to show that interference can be aligned using properties of rational and irrational num-
bers and their relations. They showed that the total DOF of some classes of time-invariant
single antenna interference channels can be achieved. In particular, Etkin and Ordentlich in
[30] proposed an upper bound on the total DOF which maintains the properties of channel
gains with respect to being rational or irrational. Using this upper bound, surprisingly, they
proved that the DOF is everywhere discontinuous. This chapter broadens the applications
of interference alignment. In fact, we will show that it is possible to perform alignment in
single dimensional systems such as time-invariant networks equipped with single antennas
at all nodes.

The organization of this chapter is as follows. In Section II, we summarize the main
contributions of this chapter. In Section III, we propose a novel coding scheme in which
data streams are encoded using constellation points from integers and transmitted in the
directions of irrational numbers. Two types of constellation designs are considered, namely
the single layer and the multi-layer constellations. It is shown that the coding provides
sufficient tools to accomplish interference alignment in one-dimensional spaces.

Throughout Section V, the single layer constellation is incorporated in the coding scheme.
First, the performance of a decoder is analyzed using the Khintchine-Groshev theorem in
number theory. It is shown that under some regularity conditions data streams can carry
data with fractional multiplexing gains. The two-user X channel is considered as the first

example in which the single layer constellation is incorporated in the coding scheme. It is

62
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proved that for this channel the total DOF of % is attainable almost surely. For the K-user
GIC, achievable DOFs are characterized for some classes of channels. Finally, it is proved
that the DOF of % is achievable for the three-user GIC almost surely.

Throughout Section V, the multi-layer constellation is incorporated in the coding scheme.
The channel under investigation is the symmetric three-user GIC. An achievable DOF is
derived for all channel gains. Viewed as a function of the channel gain, this achievable
DOF is everywhere discontinuous. It is shown that the total DOF of % is achievable for
all irrational gains. For rational gains, the achievable rate has a gap to the available upper

bounds. In Section VII, we conclude the chapter.

3.1 Main Contributions

In this chapter, we are primarily interested in characterizing the total DOF of the two-user
X channel and the K-user GIC. Let C denote the capacity region of the K-user GIC (a
similar argument can be used for the X channel). The DOF region denoted by R associated
with the channel is in fact the shape of C in the high SNR regime scaled by log SNR. All
extreme points of R can be identified by solving the following optimization problem:
) AR

" i B o SNR (31)
The total DOF refers to the case where A = {1,1,...,1}, i.e., the sum-rate is concerned.
Throughout this chapter, 7y, denotes the total DOF of the system. In what follows, we
summarize main contributions of this chapter regarding the total DOF of the X channel and
the K-user GIC.

3.1.1 Bringing Another Dimension to the Picture: Rational Di-

mension

Proposed in [21], the first example of interference alignment is done in Euclidean spaces.
Briefly, the n-dimensional Euclidean space (n > 2) available at a receiver is partitioned into
two subspaces. A subspace is dedicated to interference and all interfering users are forced to
respect this constraint. The major technique is to reduce the dimension of this subspace so
that the available dimension in the signal subspace allows higher data rate for the intended
users. Alignment using structural codes is also considered by several researchers [27, 29].

Structural interference alignment is used to make the interference caused by users less severe
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by reducing the number of possible codewords at receivers. Even though useable in one-
dimensional spaces, this technique does not allow transmission of different data streams as
there is only one dimension available for transmission.

In this chapter, we show that there exist available dimensions (called rational dimensions)
in one-dimensional spaces which open new ways of transmitting several data streams from
a transmitter and interference alignment at the receiver. A coding scheme that provides
sufficient tools to incorporate the rational dimensions in transmission is proposed. This
coding scheme relies on the fact that irrational numbers can play the role of directions in
Euclidean spaces and data can be sent by using rational numbers. This fact is proved by
using the results of Hurwitz, Khintchine, and Groshev obtained in the field of Diophantine
Approximation. In the encoding part, two types of constellation are used to modulate data
streams. Type I or single layer constellation refers to the case where all integer points in
an interval are chosen as constellation points. Despite its simplicity, it is shown that the
single layer constellation is capable of achieving the total DOF of several channels. Type II
or multi-layer constellation refers to the case that a subset of integer points in an interval is
chosen as constellation points. Being able of achieving the total DOF of some channels, this

constellation is more useful when all channel gains are rational.

3.1.2 Breaking the Ice: Alignment in One dimension

Obtained results regarding the total DOF of networks are based on interference alignment
in n-dimensional Euclidean spaces where n > 2, c.f. [21, 23, 24, 42, 43, 44]. For example
in [24], the total DOF of the K-user Gaussian interference channel is derived when each
transmitter and receiver is equipped with a single antenna. In order to be able to align the
interference, however, it is assumed that the channel is varying. This in fact means that
nodes are equipped with multiple antennas and channel coefficients are diagonal matrices.
Recently, [30] and [31] independently reported that the total DOF of some classes of fully
connected GICs can be achieved. Although being time invariant, these classes have measure

zero with respect to Lebesque measure. In this chapter, we prove that the total DOF of

4
3

the set of channels that this DOF can not be achieved has measure zero. This is done by

time invariant two-user X channel which is 7 can be attained almost surely. In other words,
incorporating rational dimensions in transmission. In fact, two independent data streams
from each transmitter are send, while at each receiver two interfering streams are aligned.
This achieves the multiplexing gain of % per data streams and the total of % for the system.
We also prove that the same DOF can be achieved for the three-user GIC. However, for this

case there is a gap between the available upper bound, i.e. %, and the achievable DOF.
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3.1.3 K-user GICs: Channel Gains May Help

In [30], it is shown that the total DOF of a K-user GIC interference channel can be achieved
almost surely when all the cross links have rational gains while the direct links have irrational
gains. This result is generalized by introducing the concept of rational dimensions. The
rational dimension of a set of numbers is defined as the dimension of numbers over the field
of rational numbers. For example, if all numbers are rational then the dimension is one. We
show that if the cross links arriving at a receiver has rational dimension m or less and it
is the case for all receivers then the total DOF of —£— is achievable. In special case where

m—+1
m = 1, it collapses to the result of Etkin and Ordentlich.

3.1.4 Strange Behavior: Discontinuity of DOF

To highlight some important features of the three-user GIC, the symmetric case in which
the channel is governed by a single channel gain is considered. First, it is proved that when
the channel gain is irrational then the total DOF of the channel can be achieved. This is
obtained by using multi-layer constellations in encoding together with Hurwitz’s theorem in
the analysis. There is, however, a subtle difference between this result and the one obtained
for the K-user GIC. Here, we prove that the result holds for all irrational numbers while in
the K-user case we prove that it holds for almost all real numbers. In fact, there may be
some irrational numbers not satisfying the requirements of the K-user case.

When the channel gain is rational then more sophisticated multi-layer constellation design
is required to achieve higher performance. The reason is that interference and data are
sharing the same dimension and splitting them requires more structure in constellations. We
propose a multi-layer constellation in which besides satisfying the requirement of splitting
interference and data, points are packed efficiently in the real line. This is accomplished by
allowing carry over from different levels. Being much simpler in design, avoiding carry over,
however, results in lower DOF. We show that the DOF is roughly related to the maximum
of numerator and denominator, but it is always less than %

Viewing the total DOF of the channel as a function of the channel gain, we observe that
this function is everywhere discontinuous which means it is discontinuous at all points. This
is a strange behavior as in all previous results the DOF is a continuous function almost
everywhere. Although this is only achievable, the result of Etkin an Ordentlich in [30]

confirms that this is in fact the case.
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3.2 Coding Scheme

In this section, a coding scheme for data transmission in a shared medium is proposed. It is
assumed that the channel is real, additive, and time invariant. The Additive White Gaussian
Noise (AWGN) with variance o2 is added to the received signals at all receivers. Moreover,
transmitters are subject to the power constraint P. The Signal to Noise Ratio (SNR) is
defined as SNR = J%.

The proposed coding is rather general and can be applied to several communication
systems as it will be explored in details in the following sections. In what follows, the
encoding and decoding parts of the scheme are explained. The important features unique to

the scheme are also investigated.

3.2.1 Encoding

A transmitter limits its input symbols to a finite set which is called the transmit constellation.
Even though it has access to the continuum of real numbers, restriction to a finite set has
the benefit of easy and feasible interference management. Having a set of finite points as
input symbols, however, does not rule out transmission of multiple data streams from a
single transmitter. In fact, there are situations where a transmitter wishes to send data to
several receivers (such as the X channel) or having multiple data streams intended for a
single receiver increases the throughput of the system (such as the interference channel). In
what follows, it is shown how a finite set of points can accommodate different data streams.

Let us first explain the encoding of a single data stream. The transmitter selects a
constellation U; to send the data stream i. The constellation points are chosen from integer
points, i.e., U; C Z. It is assumed that U; is a bounded set. Hence, there is a constant @);
such that U; C [—Q;,Q;]. The cardinality of U; which limits the rate of data stream i is
denoted by |U;].

Two choices for the constellation U; are considered. The first one, referred to as Type
I or single layer constellation, corresponds to the case where all integers between —(@); and
Q; are selected. This is a simple choice yet capable of achieving the total DOF of several
channels.

In the second one, referred to as Type II or multi-layer constellation, constellation points
are represented to a base W € IN. In other words, a point in the constellation can be written

as

u;(b) = g bW, (3.2)
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where b € {0,1,...,a— 1} and [ € {1,2,...,L —1}. b = (by,...,by_1) is in fact another
way of expressing u; in W-array representation. a is the upper limit on the digits and clearly
a < W. In fact, if a = W then Type II constellation renders itself as Type I constellation
which is not of interest. Each constellation point can be expressed by L digits and each digit
carries independent message. Each of these digits is referred to as a layer of data. In other
words, Type II constellation carries L layers of information.

Having formed the constellation, the transmitter constructs a random codebook for data
stream ¢ with rate R;. This can be accomplished by choosing a probability distribution on
the input alphabets. The uniform distribution is the first candidate and it is selected here
for the sake of brevity.

In general, the transmitter wishes to send L data streams to one or several receivers. It
first constructs L data streams using the above procedure. Then, it combines them using a

linear combination of all data streams. The transmit signal can be represented by
u = T1u1 + TQUQ + ...+ TLUL, (33)

where u; € U; carries information for data stream ¢. 7; is a constant real number that
functions as a separator splitting data stream ¢ from the transmit signal. In fact, one can
make an analogy between single and multiple antenna systems by regarding that the data
stream 7 is in fact transmitted in the direction 7;.

T;’s are rationally independent, i.e., the equation Tz 4+ Toxs + ... + Trxr, = 0 has no
rational solutions. This independence is due to the fact that a unique map from constellation
points to the message sets is required. By relying on this independence, any real number
u belonging to the set of constellation points is uniquely decomposable as u = Zle Tiu;.
Observe that if there is another possible decomposition u = ZiLzl T;u} then it forces T;’s to
be rationally dependent.

To adjust the power, the transmitter multiplies the signal by a constant A, i.e., the

transmit signal is © = Au.

3.2.2 Received Signal and Interference Alignment

A receiver in the system may observe a signal which is a linear combination of several data

streams and AWGN. The received signal in its general form can be represented as

Y = Gouo + grux + ... + gayung +2, (3.4)
I

where wu; is the received signal corresponding to the data stream ¢ and z is the AWGN

with covariance 2. g¢; is a constant which encapsulates several multiplicative factors from a
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transmitter to the receiver. Without loss of generality, it is assumed that the receiver wishes
to decode the first data stream ug which is encoded with rate Ry. The rest of data streams
is the interference for the intended data stream and is denoted by I.

The proposed encoding scheme is not optimal in general. However, it provides sufficient
tools to accomplish interference alignment in the network which in turn maximizes the
throughput of the system. In n-dimensional Euclidean spaces (n > 2), two interfering
signals are aligned when they receive in the same direction at the receiver. In general, m
signals are aligned at a receiver if they span a subspace with dimension less than m. We
claim that, surprisingly, similar arguments can be applied in one-dimensional spaces. The

definition of aligned data streams is needed first.

Definition 4 (Aligned Data Streams). Two data streams u; and u; are said to be aligned at

a recewver if the receiver observes a rational combination of them.

As it will be shown in the following sections, if two streams are aligned, then their effect
at the receiver is similar to a single data stream at high SNR regimes. This is due to the
fact that rational numbers form a field and therefore the sum of constellations is again a
constellation from QQ with enlarged cardinality.

To increase Ry, it is desirable to align data streams in the interference part of the signal,
i.e. I. The interference alignment in its simplest form happens when several data streams
arrive at the receiver with similar coefficients, e.g. I = guy + gus + ... + guys. In this case,
the data streams can be bundled to a single stream with the same coefficient. It is possible to
extend this simple case of interference alignment to more general cases. First, the following

definition is needed.

Definition 5 (Rational Dimension). The rational dimension of a set of real numbers {hy, ha,
... har} is m if there exists a set of real numbers {Hy, Ho, ..., Hy} such that each h; can be
represented as a rational combination of H;’s, i.e., hy = ajnHy + cajoHy + . . . + ciiy H,y, where
ai € Q for allk € {1,2,...,m}. In particular, {hy, hs, ..., hy} are rationally independent
if the rational dimension is M, i.e., none of the numbers can be represented as the rational

combination of other numbers.

Remark 6. In the above definition, one can replace the set of rational numbers with integers
as multiplication of irrational numbers with integers results in irrational numbers. Therefore,

two alternative definitions are used in this chapter.

In fact, the rational dimension is the effective dimension seen at the receiver. To see this,

suppose that the coefficients in the interference part of the signal I = gyu;+gous+. ..+ gpruns
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has rational dimension m with bases {G4, ..., G, }. Therefore, each g; fori € {1,2,..., M}
can be written as ¢; = a;1G1+a;Go+. . .+ @G, Where oy, is an integer. Plugging into the
equation, it is easy to see that I can be represented as I = G1I1 + Golo + ... + G, 1,,, where
I} is a linear combination of data streams with integer coefficient. In fact, if the coefficients
have dimension m then the interference part of the signal occupies m rational dimensions
and one dimension is available for the signal. On the other hand, since the dimension is one,
it can be concluded that the multiplexing gain of the intended data stream is m%rl In one
extreme case the rational dimension is one and all coefficients are an integer multiple of a

real number and m = 1.

3.2.3 Decoding

After rearranging the interference part of the signal, the received signal can be represented
as
y:G0u0+G1]1—|—...+GmIm—l—z, (35)

where Gog = go to unify the notation. In what follows, the decoding scheme used to decode
uy from y is explained. It is worth noting that if the receiver is interested in more than one
data stream, then it performs the same decoding procedure for each data stream.

At the receiver, the received signal is first passed through a hard decoder. The hard
decoder looks at the received constellation U, = Goldy + G121 + ... + G, L, and maps the
received signal to the nearest point in the constellation. This changes the continuous channel
to a discrete one in which the input symbols are from the transmit constellation U, and the

output symbols are from the received constellation.

Remark 7. 7; is the constellation due to single or multiple data streams. Since it is as-
sumed that in the latter case it is a linear combination of multiple data streams with integer
coefficients, it can be concluded that T; C Z for j € {1,2,...,m}.

To bound the performance of the decoder, it is assumed that the received constellation
has the property that there is a many-to-one map from U, to Uy. This in fact implies that if
there is no additive noise in the channel then the receiver can decode the data stream with
zero error probability. This property is called property I'. It is assumed that this property
holds for all received constellations. To satisfy this requirement at all receivers, usually a
careful transmit constellation design is needed at all transmitters.

Let dyin denote the minimum distance in the received constellation. Having Property
I', the receiver passes the output of the hard decoder through the many-to-one map from

U, to Uy. The output is called @;. Now, a joint-typical decoder can be used to decode
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the data stream from a block of ugs. To calculate the achievable rate of this scheme, the
error probability of transmitting a symbol from Uy and receiving another symbol, i.e. P, =
Pr{U, # Uy} is bounded as:

dmin d?nin
PES Q 9% < exp —@ . (36)

Now, P. can be used to lower bound the rate achievable for the data stream. In [30],

Etkin and Ordentlich used Fano’s inequality to obtain a lower bound on the achievable rate

which is tight in high SNR regimes. Following similar steps, one can obtain

Ro=1(Uy, Uy)
= H(Up) — H(Uy|Up)
> H(Us) — 1 — P.log [Uy|
> log [Uo| — 1 — P, log |th| (3.7)

where (a) follows from Fano’s inequality and (b) follows from the fact that U; has the uniform
distribution. To have multiplexing gain of at least rg, |U;| needs to scale as SN R"™. Moreover,
if P, scales as exp (SNR™) for an € > 0, then it can be shown that —2— approaches 7, at

log SNR
high SNR regimes.

Remark 8. After interference alignment the interference term has no longer the uniform
distribution. However, the lower bound on the achievable rate given in (4.12) is indepen-
dent of the probability distributions of the interference terms. It is possible to obtain better

performance provided the distribution of the interference is exploited.

3.3 Single Layer Constellation

In this section, the single layer constellation is used to modulate all data streams at all
transmitters. Even though it is the simplest form of constellation, it is powerful enough to
provide interference alignment which in turn increases the throughput of the system. Before
deriving important results regarding DOF of the X and interference channels using this
constellation, the performance of a typical decoder is analyzed. The attempt is to make the

analysis universal and applicable to both channels.

3.3.1 Performance Analysis: The Khintchine-Groshev Theorem

The decoding scheme proposed in the previous section is used to decode the data stream

from the received signal in (3.5). To satisfy Property I, it is assumed that {Gy, G1,...,Gn}
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are independent over rational numbers. Due to this independence, any point in the re-
ceived constellation has a unique representation in the bases {Gg, G1, ..., G,,} and therefore

Property I' holds in this case.

Remark 9. In a random environment, it is easy to show that the set of {Go,G1,...,Gn}
being dependent has measure zero (with respect to Lebesque measure). Hence, in this section

it 15 assumed that Property I' holds unless otherwise stated.

To use the lower bound on the data rate given in (4.12), one needs to calculate the min-
imum distance between points in the received constellation. Let us assume each stream in
(3.5) is bounded (as it is the case since transmit constellations are bounded by the assump-
tion). In particular, Uy = [-Qo, Qo] and Z; = [-Q;,Q;] for all j € {1,2,...,m}. Since
points in the received constellation are irregular, finding d,,;, is not easy in general. Thanks
to the theorems of Khintchine and Groshev, however, it is possible to lower bound the min-
imum distance. As it will be shown later, using this lower bound at high SNR regimes is
asymptotically optimum. We digress here and explain some background needed for stating
the theorem of Khintchine and Groshev.

The field of Diophantine approximation in number theory deals with approximation of
real numbers with rational numbers. The reader is referred to [45, 46] and the references
therein. The Khintchine theorem is one of the cornerstones in this field. It gives a criteria
for a given function ¥ : N — R, and real number « such that |p + aq| < ¥(|q|) has either
infinitely many solutions or at most finitely many solutions for (p, q) € Z2. Let A(x)) denote
the set of real numbers a such that [p+aq| < ¥(|q|) has infinitely many solutions in integers.
The theorem has two parts. The first part is the convergent part and states that if ¢(|q|) is

convergent, i.e.,
o
D (g) < o0
q=1

then A(7)) has measure zero with respect to Lebesque measure. This part can be rephrased
in more convenient way as follows. For almost all real numbers, |p + aq| > 1(|g|) holds for
all (p,q) € Z* except for finitely many of them. Since the number of integers violating the

inequality is finite, one can find a constant x such that

Ip + aq| > x(|q])

holds for all integers p and ¢ almost surely. The divergent part of the theorem states that
A(1) has the full measure, i.e. the set R — A(¢)) has measure zero, provided v is decreasing
and 1 (|q|) is divergent, i.e.,

> () = o
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There is an extension to Khintchine’s theorem which regards the approximation of linear
forms. Let a = (o, o, ..., ) and q = (q1, 2, - - -, ¢ ) denote an m-tuple in R™ and Z™,

respectively. Let A,,(1) denote the set of m-tuple real numbers a such that

D+ a1qi + aoge + ...+ | < Y(]d|x) (3.8)

has infinitely many solutions for p € Z and q € Z™. |q| is the supremum norm of q defined

as max; |¢;|. The following theorem gives the Lebesque measure of the set A,,(¢).

Theorem 13 (Khintchine-Groshev). Let ¢ : N — R*. Then the set A,,(v)) has measure
zero provided

> " Mp(g) < oo, (3.9)
q=1
and has the full measure if
qu_1¢(q) =00 and 1 is monotonic. (3.10)
q=1

In this chapter, the convergent part of the theorem is used. Moreover, given an arbitrary
€ > 0 the function ¥(q) = ch1+€ satisfies (4.2). In fact, the convergent part of the theorem
used in this chapter can be stated as follows. For almost all m-tuple real numbers there

exists a constant x such that

K

P+ a1q +asge + A QG| > (3.11)

(max; [g; )+

holds for all p € Z and q € Z™.

The Khintchine-Groshev theorem can be used to bound the minimum distance of points
in the received constellation. In fact, a point in the received constellation has a linear form,
ie., u, = Goug+ G111 + ...+ G 1,. Dividing by Gy and using (4.5), one can conclude that

K,Go

P 3.12
(maxXieq1,... my Qi)™ (312

The probability of error in hard decoding, see (4.11), can be bounded as

(,%GYQ)2 )
P. < exp (— . 3.13
802 (maxie(1, . my Q1) (3.13)
Let us assume Q; fori € {0,1,...,m} is L%Pﬂ"};ﬁﬂ where ~; is a constant. Moreover, €

m+2e
is the constant appeared in (4.5). We also assume that Gy = vP somi1+9 . As it will be shown

later, these assumptions are realistic and can be applied to the coding schemes proposed



CHAPTER 3. INTERFERENCE ALIGNMENT IN ONE DIMENSION 73

in this chapter. It is worth mentioning that in this chapter it is assumed that each data
stream carries the same rate in the asymptotic case of high SNR, i.e., they have the same
multiplexing gain. However, in more general cases one may consider different multiplexing

gains for different data streams. Substituting in (4.16) yields
P, < exp (—0P°), (3.14)

where § is a constant and a function of 7, k, o, and ~;’s. The lower bound obtained in (4.12)

for the achievable rate becomes

Ro> (1 — P.)log |ty — 1
L (1 — exp (—6P)) log(2|y; PTo77 |) — 1

(1—¢€) (1 —exp(—d6P°))
2(m+1+e€) (log(P) +v) =1 (3.15)

where (a) follows from the fact that [,| = 2Qy and ¥ is a constant. The multiplexing gain

of the data stream ug can be computed using (3.15) as follows

lim Ry
ro= lim —————
" pox 0.5 log(P)
1—e¢
> —. 3.16
m+1+e ( )
Since € can be made arbitrarily small, we can conclude that r = m%rl is indeed achievable.

In the following theorem, this result and its required conditions are summarized.

Theorem 14. A receiver can reliably decode the data stream ug with multiplexing gain m%rl

from the received signaly = Goug+G111+. . . +Gp 1+ 2 if the following regularity conditions

are satisfied:

m+2e 3
1. Gy = yP2m+1%9 where v is a constant.

1—e
2. ug € [—Qo, Qo] where Qo = |y P2™FF9 | and 7y is a constant. Moreover, the uniform

distribution is used to construct the random codebook.
3. Forie{1,2,....m}, I, € [—Q;, Q;] where Q; = L%PWJ and vy; s a constant.
4. Gis fori € {0,1,...,, } are independent over rational numbers.
Gi1 Go

5. {G—O, G GG—’(’;} is among m-tuples that satisfy (4.5).

Moreover, the last two conditions hold almost surely.
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Figure 3.1: The two-user X channel: Transmitter 1 sends data streams U; and V; to Receiver
1 and 2, respectively. Similarly, Transmitter 2 sends data streams Us and V5 to Receiver 1

and 2, respectively.

3.3.2 Two-user X channel: DOF = % is Achievable Almost Surely

The proposed coding scheme using the single layer constellation is applied to the two-user
X channel as the first example. The two-user X channel is introduced in [21] where the
first explicit interference alignment is used to achieve the total DOF of a class of MIMO
X channels. In this channel, see Figure 3.1, there are two transmitters and two receivers.
Transmitter 1 wishes to send data streams U; and V) to Receivers 1 and 2, respectively. Simi-
larly, Transmitter 1 wishes to send data streams U; and V5 to Receivers 1 and 2, respectively.

The input-output relation of the channel can be stated as

y1=h1171 + hiozo + 21,
Yo= ho121 + hosxo + 29,

where z; and z, are AWGN with variance 0. z; and x5 are input symbols of Transmitter 1
and 2, respectively. Input signals are subject to the power constraint P. h;; is the channel
gain from Transmitter j to Receiver i. Moreover, channel gains are assumed to be constant
over time. y; and gy, are received signals at Receiver 1 and 2, respectively.

In [23], an upper bound on the DOF of the channel is obtained. This upper bound for the
single antenna case is %. We will show that this upper bound is in fact achievable. If each
data stream occupies % of DOF then the total DOF becomes %. Therefore, it is assumed that
all data streams, i.e. Uy, Uy, Vi and V5, use the same constellation with integer points from
interval [—Q, Q] with @ = hPﬁJ where v and € are two arbitrary constants. Transmitter
1 (respectively 2) encodes the data streams U; and V; (respectively U, and V) utilizing the
encoding scheme proposed in the previous section. The following linear combinations are

used to send the data streams through the channel.

T = G(h22u1 + hlgvl), (317)
To — G(hgﬂLQ -+ hllvg), (318)
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where G is the normalizing factor. To find G, one needs to calculate the transmit power

242¢
of User 1 and 2. It is easy to show that there exists a constant 7' such that G = ~/P2G+9
normalizes the transmit power to be less than P at both receivers.

After rearranging, the received signal can be written as

1= Ghi1hoots + Ghishorus + Ghithia (v + v2) + 21,
I
Yo= Gh21h22(u1 + UQ) + Ghlghglvl -+ Ghnhgg’UQ + 29.
I
2

Now, it becomes clear why the linear combinations in (3.17) and (3.18) are used to combine
the data streams at the transmitters. In fact, the data streams V; and V5 not intended for
Receiver 1 arrive with the same coefficients at Receiver 1. In other words, they are aligned at
the receiver and hence their effect can be regarded as a single data stream. Let I; denote the
sum vy + vq. Clearly, I; is an integer and belongs to [—2Q 2@Q)]. Receiver 1 wishes to decode
U; and U,. As proposed in the previous section, each data stream is decode separately at the
receiver. Therefore, decoding of the data stream Uj is first considered. It is easy to see that
all regularity conditions given in Theorem 14 are satisfied with m = 2. Hence, Receiver 1 can
reliably decode U; which has the multiplexing gain of % Similarly, Receiver 2 can decode U,
which has the multiplexing gain of % A similar phenomenon happens in the second receiver.

Therefore, we have proved the following theorem.

Theorem 15. The DOF of the two-user X channel is % almost surely.

3.3.3 K-user Gaussian Interference Channel: Special Cases

The K-user GIC models a network in which K transmitter-receiver pairs (users) sharing a
common bandwidth wish to have reliable communication at maximum rate. The channel’s

input-output relation can be stated as, see Figure 4.1,

1= hizy + hiowo + ...+ higri + 21,
Yo= hgll’l + hggLL’Q + ...+ hQKSL’K + 29,
= : : (3.19)
Y= hlel + hKQSL’Q + ...+ hKKLL’K + ZK,
where z; and y; are input and output symbols of User i for i € {1,2,..., K}, respectively.

2z; is AWGN with variance o2 for i € {1,2,..., K}. Transmitters are subject to the power

constraint P.
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Figure 3.2: The K-user GIC. User ¢ for i € {1,2,..., K} wishes to communicate with its

corresponding receiver while receiving interference from other users.

An upper bound on the DOF of this channel is obtained in [24]. The upper bound states
that the total DOF of the channel is less than % which means each user can at most use
one half of its maximum DOF. This upper bound can be achieved by using single layer
constellation in special case where all cross gains are rational numbers [30]. This is due to
the fact that these coefficients lie on a single rational dimensional space and therefore the
effect of the interference caused by several transmitters behaves as that of interference caused
by a single transmitter. Using a single data stream, one can deduce that the multiplexing
gain of % is achievable for each user.

Restriction to transmission of single data streams is not optimal in general. As an example
showing this fact, in the next subsection, it is proved that by having multiple data streams
one can obtain higher DOF. However, using single data streams has the advantage of simple
analysis. We are interested in the DOF of the system when each user employs a single data
stream. The following theorem states the result. This in fact generalizes the result obtained

in [30].

Theorem 16. The DOF of mLH is achievable for the K-user Gaussian interference channel
using the single data stream transmission scheme provided the set of cross gains at each

receiver has the rational dimension of at most m.

Proof. To communicate with its corresponding receiver, each transmitter transmits one data

stream modulated with single layer constellation. It is assumed that all users use the same

constellation, i.e., U; = [-Q Q] for i € {1,2,..., K}. We claim that under the conditions
assumed in the theorem each transmitter can achieve the multiplexing gain of m%rl To

1—e
accommodate this data rate, ) is set to | P2tm#179 |. The transmit signal from Transmitter 4
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m-+42e
is x; = Gu; for i € {1,2,...,k} where G is the normalizing factor and equals yvP2m+1+9 and
v is a constant. Due to the symmetry obtained by proposed coding scheme, it is sufficient to

analyze the performance of the first user. The received signal at Receiver 1 can be represented

as

Y1 = G(h11u1 + thUQ + ..+ thuK) + z1. (320)
Let us assume the rational dimension of (A2, his, . . ., hix) is less than m. Hence, there exists
a set of real numbers (g1, g2, ..., gm) such that each hy; can be represented as

hiy =Y aug, (3.21)
=1

where oy € Zfor j € {2,..., K} and l € {1,2,...,m}. Substituting in (3.20) and rearrang-
ing yields
Yy = G(h11u1 + 91[1 + ...+ ngm) + z1. (322)

where [; € Z for [ € {1,2,...,m} and

K
[l = ZO&jﬂLj. (323)
j=2

It is easy to prove that there is a constant v; such that I, € [-Q; @] for [ € {1,2,...,m}
where Q; = L%ij. Receiver 1 decodes its corresponding data stream from received
signal in (3.22) using the decoding scheme proposed in the previous section. By one-to-one
correspondence with regularity conditions in Theorem 14, one can deduce that Receiver one
is able to decode the data stream wu; and in fact the multiplexing gain of m+r1 is achievable
almost surely. Due to the symmetry, we can conclude that the DOF of mLH is achievable for

the system. This completes the proof. O

3.3.4 Three-user Gaussian Interference Channel: DOF = % is Achiev-
able Almost Surely

In this subsection, we consider the three-user GIC. First, the following model is defined as

the standard model for the channel.

Definition 6. The three-user interference channel is called standard if it can be represented

as
yi=Gir1 + a2+ 23+ 2

Yo= GQZL'Q + 1+ 23+ 29 (324)
ys= Gzrz + 11 + Goxa + 23,
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where x; for User i is subject to the power constraint P. z; at Recewer i is AWGN with

variance 2.

In the following lemma, it is proved that in fact characterizing the DOF of the standard

channel causes no harm on the generalization of the problem.
Lemma 8. For every three-user GIC there exists a standard channel with the same DOF.

Proof. The channel model is the special case of that of K-user GIC in (4.19) where K = 3,

i.e., the input-output relation can be written as

y1= h1121 + hiozo + hiszs + 2
Ya= ho1x1 + haga + hasws + 22 (3.25)
y3= h3121 + hsaxo + hgsws + 23.

Clearly, linear operations at transmitters and receivers do not affect the capacity region of

the channel. Hence, we adopt the following linear operations:

1. Transmitter 1 sends x; = hf—i”fi’l to the channel and Receiver 1 divides the received

signal by h12 hlg .

2. Transmitter 2 sends x5 = hj3%o to the channel and Receiver 2 divides the received

signal by h12 h23 .

3. Transmitter 3 sends x3 = hi2Z3 to the channel and Receiver 3 divides the received

h21
hi2hazh3y *

signal by

If g; for i € {1,2,3} denotes the output of Receiver i after above operations then it is easy
to see that from input Z; to output g; the channel behaves as (4.21), i.e., it can be written

as

Uo= GaZo + T1 + T3 + 2o (3.26)
Us= G373 + 71 + GolTy + 23,
where Z; is the Gaussian noise at Receiver i for ¢ € {1,2,3} with variance o? = §;0% where

0; is constant depending on the channel coefficients. Similarly, the input power constraint

of Transmitter ¢ for ¢ € {1,2,3} becomes P; = ~;P where ~; is constant depending on the
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channel coefficients. Moreover, the channel coefficients can be written as

GO _ h13h21h32’
A
@:??w’
%:ﬁgé
3310127021
s = Tl

Since the above operations change the input powers as well as the noise variances, the
completion of the theorem requires additional steps to make the power constraints as well as
noise variances all equal. Notice that increasing (resp. decreasing) the power and decreas-
ing (resp. increasing) the noise variance enlarges (resp. shrinks) the capacity region of the
channel. Therefore, two channels are defined as follows. In the first channel with the same
input-output relation as of (3.26) the power constraints at all transmitters and the noise vari-
ances at all receivers are set to max{ Py, P», P3} and min{c?, 02, 03}, respectively. Similarly,
in the second channel the power constraints and noise variances are set to max{P, P, P3}
and min{o?, 02, 02}, respectively. The capacity region of the channel is sandwiched between
that of these two channels. Moreover, at high power regimes the SNRs of these two channel
differ by a constant multiplicative factor. Hence, they share the same DOF and either of

them can be used as the desired channel. This completes the proof. O

Having the standard model, a special case that the total DOF of the channel can be

achieved is identified in the following theorem.

Theorem 17. If the channel gain Gy in (4.21) is rational then the DOF of% 15 achievable

almost surely.

Proof. 1f G is rational, then the set of cross gains at each receiver takes up one rational

dimension. Applying Theorem 16 with m = 1 gives the desired result. U

In general, the event of having rational Gy has probability zero. The following theorem

concerns the general case.
Theorem 18. The DOF of% 1s achievable for the three-user GIC almost surely.

Proof. The encoding used to prove this theorem is asymmetrical. User 1 encodes two data
streams while User 2 and 3 encode only one data stream. In fact, the transmit constellation
of Users 1,2, and 3 are Uy + Gold;, Us, and Us, respectively. It is assumed that U, U], Us,
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Us are single layer constellation with points in [—Q @]. We claim that each data stream can

1
3

1—e
is achievable. To accommodate such rate Q = |yP2G+9 | where v and € are two arbitrary

carry data with multiplexing gain of %, and since there are four data streams, the DOF of

4
3

constants. The input signals from Transmitters 1, 2, and 3 are 1 = A(uj + Gou}), xo = Aus,
and x3 = Aus, respectively. A is the normalizing factor which controls the output power of all
transmitters. It can be readily shown that there exists a constant 7' such that A = +/ P

The decoding at Receivers are performed differently. The received signal at Receiver 1

can be represented as
Y = A(G1u1 + GlGQU/l + Il) + 21, (327)

where I} = ug + ug is the interference caused by Users 2 and 3. Clearly I; € [-20Q 2Q)].
Receiver 1 is interested in both u; and u} and performs the proposed decoding scheme for
each of them separately. By applying Theorem 14, one can deduce that each of data streams
uy and ) can accommodate % of multiplexing gain.

The received signal at Receiver 2 can be represented as
Yo = A(G2u2 + [2 + Gou/l) + 29, (328)

where I, = wu; + us is the aligned part of the interference caused by Users 2 and 3 and
I, € [-20Q 2Q)]. Receiver 2 is interested in uy while I, and ) are interference. An application
of Theorem 14 shows that the multiplexing gain of % is achievable for data stream us.

Finally, the received signal at Receiver 3 can be represented as
y3 = A(Guz +uy + Gols) + 2, (3.29)

where I3 = u} + uy is the aligned part of the interference caused by Users 2 and 3 and
I3 € [-2Q 2Q)]. Receiver 3 is interested in ug while I3 and u; are interference. Again by
using Theorem 14, one can deduce that the multiplexing gain of % is achievable for data

stream us. This completes the proof. O

3.4 multi-layer Constellation

In this section, multi-layer constellations are incorporated in the encoding scheme. Here, the

focus would be on the symmetric three-user GIC. This channel is modeled by:

y1=2x1 + h(za +23) + 21
Y2= T2 + h(z3 + 1) + 22 (3.30)
ys= x5 + h(z1 + 22) + 23
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where z; and y; are the transmit and the received signals of User 7, respectively. The additive
noise z; for i € {1,2,3} is Gaussian distributed with zero mean and variance o. Users are
subject to the power constraints P.

This channel is among channels satisfying conditions of Theorem 17. Hence, one can
deduce that the total DOF of % is achievable for this channel almost surely. The reason for
considering the symmetric case is to reveal some aspects of multi-layer constellations. In this
section, we obtain an achievable DOF for all channel gains. For example, it will be shown the
multi-layer constellation is capable of achieving the total DOF of % for all irrational gains.

As pointed out in Section 3.2, in multi-layer constellations, constellation points are se-
lected from points represented in the base W &€ N. Since the channel is symmetric, all

transmitters use the same constellation ¢ in which a point can be represented as

u(b) = Z_:lel, (3.31)

where b, € {0,1,...,a—1}foralll € {0,2,..., L—1}. brepresents the vector (bg, by, ...,br_1).
a is the factor which controls the number of constellation points. We assume a < W. There-
fore, all constellation points in (3.31) are distinct and the size of the constellation is || = a.
Hence, the maximum rate possible for this data stream is bounded by L log a.

A random codebook is generated by randomly choosing points form C using the uniform
distribution. This can be accomplished by imposing a uniform distribution on each b;.
The signal transmitted by User 1,2, and 3 are respectively z; = Au(b), xo = Au(b’), and

x3 = Au(b”). A is the normalizing factor and controls the output power.

Remark 10. The multi-layer constellation used in this chapter has DC component. In fact,
this component needs to be removed at all transmitters. However, it only duplicates the

achievable rate and has no effect as far as the DOF is concerned.

To obtain A, one needs to compute the input power. Since b; and b; are independent for
[ # j, we have the following chain of inequalities
L-1
E[X7)= AW 0N B b W

=0

1
21772(L—1) (a—1D2a-1) & —2l
< AW ; d>ow
1=0

2
1

< peepre-n® o 4

= 3 T—w?

A2a2W2E

< —.
- W21
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2_
Hence, if A = 7%;)13 then F [X?] < P which is the desired power constraint.
Due to the symmetry of the system, it suffices to analyze the first user’s performance.
The received constellation signal at Receiver 1 can be written as

L-1

n=AY (bl + hIl> W 2, (3.32)

1=0
where I; = b+ is the interference caused by Transmitters 1 and 2. Clearly, the interference
is aligned and I; € {0,1,...,2(a — 1)}. A point in the received constellation U, can be

represented as
L—

w b1 =AY (bl + h[l) W, (3.33)

=0

—_

where I represents the vector (Iy, I1,...,Ir_1). As pointed out before the received constel-

lation needs to satisfy Property I'. Here, Property I' translates into the following relation:
I': (b, 1) #u.(b,I)iff (b,I)# (b,I),

which means that the receiver is able to extract both b; and I; from the received constella-
tion.

Using (4.12) to bound the achievable rate, the total DOF of the channel can be written
as

T P 0.51log P

> fim SUog U] — 1 — Felog|id])
P—oo 0.5log P
. 3L(1—-P,)loga
= lim ,
P—oco 0.5log P

(3.34)

where P, depends on the minimum distance in the received constellation dp;, as of (4.11).
In fact, to obtain the maximum rate we need to select the design parameters a, W, and L.
Selection of these parameters needs to provide 1) Property I in the received constellation, 2)
exponential decrease in P, as P goes to infinity, 3) maximum achievable DOF of the system.
In the following, we investigate the relation between these factors for rational and irrational

channel gains separately.

3.4.1 Rational Channel Gains

In this subsection, we prove the following theorem which provides an achievable DOF for

the symmetric three-user GIC with rational gains.
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Theorem 19. The following DOF is achievable for the symmetric three-user GIC where the

channel gain is rational, i.e. h = -

3log(n) .
TgmGn=1)) if 2n > m,
_ 3log(s+1) . _
Tsum = log((s—flm if 2n <m and m = 2s+ 1,
% if 2n < m and m = 2s.

Since h is rational, it can be represented as h = ™ where (m,n) = 1. In this case,
Equation (3.33) can be written as
A

ur(b, I) E

Mh

(mbz + n[l) W, (3.35)
1

I
o

The theorem is proved by partitioning the set of rational numbers in three subsets and
analyzing the performance of the system in each of them. Let us first assume that Property
I' holds for given W and a. To obtain the total DOF of the system, one needs to derive the
minimum distance in the received constellation. It is also easy to show that d.;, = %. Using
(4.11), the bound on the error probability is

(W? —1)P )

Fe< exp (_S(ama)2W2L

Let L be set as
log (P%57°)

=1 log(W)
where € > 0 is an arbitrary constant. Clearly, with this choice of K, P, < exp (—yP?%) where
v is a constant. This results in P, — 0 as SNR — oo. By using (3.34), the DOF of the

system can be derived as

Js (3.36)

. hm 3L(1— P.)loga
S et 0.5log P
_ im 3L log(a)
P—oo (.5log P

log(P(ls—e)
— |- logW

P 0.5log P
= (1 —2e¢). (3.37)

|loga

Since € can be chosen arbitrarily small, the DOF of the system can be written as

3loga

sum — 7 vx1s° 3.38
" log W (3:38)
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Table 3.1: Relation between a and W to satisfy Property I'.

h=n/m a w
Case I 2n>m n n(2n —1)
Case Il |2n<mand m=2s+1|s+1|(s+1)(2s+1)
Case 111 2n < m and m = 2s s 252 —n

From (3.38), one can deduce that in order to maximize the total DOF of the system one
needs to maximize a and minimize W while respecting Property I'. In fact, if it is possible
to have W = a? then the upper bound of % can be touched. However, it is not possible in
this case. The above theorem states that W and a can have the relation given in Table 3.1.
Even though the relation is quadratic for all cases, the achievable DOF is always below the
upper bound.

To complete the proof of Theorem 19, it is sufficient to prove that Property I' holds for

the cases given in Table 3.1.
Lemma 9. Property I' holds for all cases shown in Table 3.1.

Proof. This lemma is proved by induction on L. To show that the lemma holds for L = 0,

it is sufficient to prove that the equation
m(by — by) +n(Iy — Ip) = 0 (3.39)

has no nontrivial solution when by, by € {0,1,...,a — 1}, and Iy, Iy € {0,1,...,2(a — 1)}.
In fact, two necessary conditions for the equation (3.39) to have a solution are Iy — I is
divisible by m and by — by is divisible by n. We can prove that this equation has no solution
if one of the two conditions does not hold. We consider each case separately.

Case I: In this case a = n. Using the fact that —(n — 1) < by — bo < n — 1, one can
deduce that n 1 (by — bo).

Case II: In this case a = s+ 1 where m = 2s+ 1. Using the fact that —2s < [j — Iy < 2s,
one can deduce that m t (I — Iy).

Case III: In this case a = s where m = 2s. Using the fact that —2(s — 1) < Iy — I, <
2(s — 1), one can deduce that m { (I — I).

Now, it is assumed that the statement of the lemma holds for L — 1. To show it also

holds for L, one needs to prove the equation

—Z( (b — b)) + (T — L))leo (3.40)
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has no nontrivial solution. Equivalently, (3.40) can be written as
(bo — bo) + n( IO)

(Z (m (b1 — bier) + n(Lig1 — [l+1))Wl> , (3.41)

In two steps, we prove that the above equation has no solution. First, it is assumed that
the right hand side of (3.41) is zero. Due to inductive assumption, it results in b, = b, and
I, =1 foralll € {1,2,...,L —1}. In addition, (3.41) reduces to

m(by — by) + n(Iy — Io) = 0. (3.42)

It was already shown that the above equation has no solution except the trivial one by = bo
and Iy = Io. Notice that this step holds for all three cases.

Second, it is assumed that the right hand side of (3.41) is non-zero. Now, (3.41) can be
written as

m(by — by) + n(Iy — Iy) = W, (3.43)

where ¢ € Z and ¢ # 0. We prove that (3.43) has no nontrivial solution in each three cases.

Case I: Since W = n(2n — 1) in this case, n divides n(Iy — I,) as well as ¢, but it can
not divide m(by — by) because (m,n) =1 and —(n —1) < by — by < n— 1. Hence, (3.43) has
a solution if by = by which contradicts the fact that n|Iy — Io| < |¢[WV.

Case II: In this case W = (s + 1)(2s + 1) and m = 2s + 1. Hence, 2s + 1 divides
both m(by — by) and ¢W whereas it can not divide n(Iy — I,). This is due to the fact that
(2n,m=2s+1)=1and —2s < Iy — Iy < 2s. Hence, (3.43) has a solution if Iy = I, which
contradicts the fact that m|by — b| < |c|WV.

Case III: In this case W = 252 — n and m = 2s. Due to the symmetry and the fact that

m(by — bo) + n(Iy — Iy)| < 2W, (3.44)

it suffices to assume [ = 1. Substituting W = 25 — n, Equation (3.43) can equivalently be
written as
2s(bg — bo) +n(ly — Iy + 1) = 25 (3.45)

It is easy to observe that 2s divides 2s(by—by) as well as 252, but it can not divide n(ly—Io+1)
because (2s,n) = 1 and —(2s—1) < Iy— Iy < 2s—1. Hence, (3.43) has a solution if I[o+1 = I
which is impossible because 2s|by — Z;o\ < 252, This completes the proof. O
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3.4.2 Irrational Channel Gains

In this subsection, it is shown that when the symmetric channel gain is irrational then the
total DOF of the system is achievable, i.e., roum, = % This result relies on a theorem in the

field of Diophantine approximation due to Hurwitz. The theorem states as follows.

Theorem 20 (Hurwitz [46]). There exist infinitely many solutions in integers m and n to

the Diophantine inequality
n 1

= k< ——, 3.46
N (3.46)

for a given irrational h.

Hurwitz’s theorem approximates an irrational number by a rational one and the goodness

of the approximation is measured by the size of the denominator.

Theorem 21. The total DOF of% for the symmetric three-user GIC' is achievable for all

wrrational channel gains.

Remark 11. This result can be readily extended to the symmetric K-user GIC. In fact, it is

easy to show that if the symmetric channel gain is irrational, then % is an achievable DOF.

For an irrational channel gain h, let us assume m and n are two integers satisfying (3.46).

Therefore, h = £ 4 § where |6] < ——=. To transmit data, I is chosen as
m2+/5

2(14+2h)(a—1)
—4(a — 1)|4]

W= [ ] 41, (3.47)

1
m

where a = L%ﬁj and € is an arbitrary positive number. The following chain of inequalities

shows that W is positive.

4(a —1)
m2v/5

< 4a

N

ml—e

4a—1)ls|<

<
<
1
<.
m

In the following lemma, it is proved that the received constellation possesses Property I'.

Lemma 10. The received constellation in (3.33) possesses Property I.
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Proof. Suppose there are (b,I) and (b,I) such that their corresponding constellation points

are the same. Hence, we have

h— le =0 (bl )Wl
nZkzo(Il )Wl ’

which is a contradiction, because the right hand side is a rational number whereas the left

(3.48)

hand side is an irrational number. This completes the proof. O

To characterize the total DOF of the system, we need to derive the minimum distance
of points in the received constellation. In the following lemma, the minimum distance is
obtained.

Lemma 11. The minimum distance among the received constellation points with L levels of
coding is lower-bounded as dpin > A (£ — 4(a —1)|6]).

Proof. This lemma is also proved by induction on L. In order to emphasize that the minimum

distance is a function of L, we may write dp,(L). For L = 0, we have
dnin(0) = min Alby — hly), (3.49)
where ZA)O = by — EO, fo = ]~0 — Iy, and € is defined as
Q = {(bo, To) : [bo| < 2(a — 1), Iy < 4(a—1)}.

Since h = = + 4, we have

Apin(0)= min Alby — EIO — 01y (3.50)
~ n - ~
> mi By
> min A ’bo + mlo max Alé1y|. (3.51)
Since |Iy| < 4(a — 1), we have
dmin(0) > A <E —4(a — 1)|5\) (3.52)

which is the desired result.

Now, it is assumed that the statement in the lemma holds for any L — 1 level code. We
need to show it also holds for L level codes. The difference between two distinct constellation
points is written as

L—1
A =AW (bigr — hli)W' + A(by — hip). (3.53)
1=0
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Let us assume the first term in (3.53) is zero. In this case, the minimum distance can be

lower-bounded as
duin(L) > min A ‘130 - hfo‘ . (3.54)

The minimization problem is equivalent to that of case L = 0. Hence,

dmin(L) > A (— —4(a — 1)\5|) (3.55)

which is the desired result. If the first term in (3.53) is non-zero, then its absolute value is

at least dpin(L — 1). By the assumption of induction, we have

Apin(L—1) > A (— —4(a — 1)|5|) (3.56)
Therefore, we can obtain the following chain of inequalities
ypin (K)= min |A|
> Wdpin(K —1) —max A ‘50 — hfo}
> AW(- —4(a—1)ld])
—2A(1+2h)(a—1)
1
> A(E — 4(a — 1)]6]) x

_2(1+2h)(a—1)
(W l—4<a—1>|6|)

> AL~ 4(a - 1)]3)).

- m

This completes the proof. O

Having a lower bound on the minimum distance, we can derive an upper bound for the

error probability as follows

d2
P.< exp ( 8m12n )

<o - A Al = DIOIY ) (3.57)

o

Due to Hurwitz’s theorem, there are infinitely many solutions for (3.46), i.e., there is a
sequence of m converging to infinity and satisfying (3.46). Therefore, there exists a sequence
of P’s converging to infinity and satisfying m = |log(P)|. We take the limit in (4.12) with
respect to this sequence. L is again chosen as

log (P%57¢)

= o (3.58)
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To show that P, decays exponentially with respect to P, we consider the following chain
of inequalities

(— —4(a - 1)]0])*

(W2 -1)P, 1
Fes exp (_ 8a2a?W?2L *m

com (-2 E o)

Ra20? ‘m
(a)

' exp (—vPQG) —0as P — o0

W2—1( 1

where (a) comes from the fact that {>— (== — 4(a — 1)[0])* approaches a constant, say v, as

P — oo. The total DOF can be calculated using (4.12) as follows

— lim 3L log(a)
Toum = e 0.510g P

. 3log(a)
=1 1-2
P log(W) ( )

3
= 5(1 —e)(1 — 2e).

Since € can be chosen arbitrarily small, 74, = %

is achievable.

3.5 Conclusion

We proposed a novel coding scheme in which data is modulated using constellation carved
from rational points and directed by multiplying by irrational numbers. Using tools from the
field of Diophantine approximation in number theory, in particular the Khintchine-Groshev
and Hurwitz theorems, we proved that the proposed coding scheme achieves the total DOF
of several channels. We considered the single layer and multi-layer constellations for the
encoding part.

Using the single layer constellation, we proved that the time-invariant two-user X channel
and three-user GIC achieve the DOF of % alike. However, for the former it meets the upper
bound which means that the total DOF of the two-user X channel is established. This is
the first example in which it is shown that a time invariant single antenna system does not
fall short of achieving its total DOF.

Using the multi-layer constellation, we derived an achievable DOF for the symmetric
three-user GIC. We showed that this achievable DOF is an everywhere discontinuous function
with respect to the channel gain. In particular, we proved that for the irrational channel
gains the achievable DOF meets the upper bound % and for the rational gains, even by
allowing carry over from multiple layers, the achievable DOF has a gap to the available

upper bounds.



Chapter 4
K-user Gaussian Interference Channel

The first example of interference alignment in one-dimensional spaces which mimics that of
n-dimensional spaces (n > 2) is presented in Chapter 3. Using irrational numbers as transmit
directions and applying the Khintchine-Groshev theorem, we showed that the two-user X
channel achieves its total DOF. This is the first channel in which no variations in coefficients
over time or frequency and no multiple antennas are required to achieve the total DOF. This
is because rational dimensions in one-dimensional spaces can play the role of real dimensions
in more-than-two dimensional spaces. In this paper, we take one step forward and prove that
the total DOF of the K-user GIC can be achieved without the need for channel variation
over time/frequency/space, i.e., it is shown that the total DOF of this channel is % and each
user can enjoys half of its maximum DOF. Indeed, we prove that the static time-invariant
interference channels are rich enough which allow simultaneous interference alignment at
all receivers. To derive this result, we show that single-antenna interference channels can
be treated as pseudo multiple-antenna systems with infinitely-many antennas, as many as
rationally-independent irrational numbers. Such machinery enables us to prove that the real
or complex M x M Multiple Input Multiple Output (MIMO) GIC achieves its total DOF,
ie., %, M > 1. The pseudo multiple-antenna systems are developed based on a recent
result in the field of Diophantine approximation which states that the convergence part of
the Khintchine-Groshev theorem holds for points on non-degenerate manifolds.

This chapter is organized as follows: In Section 4.1, the main theorem of this paper is
stated and some discussions are followed. In Section 4.2, some background on the field of
Diophantine approximation and in particular the Khintchine-Groshev type theorems are pre-
sented. Section 4.3 describes the coding scheme used to prove the main theorem. Moreover,
the performance analysis based on recent results in the field of Diophantine approximation

is presented. In Section 4.4, the main theorem of the paper is proved. In Section 4.5, we

90



CHAPTER 4. K-USER GAUSSIAN INTERFERENCE CHANNEL 91

obtain the total DOF's of the K x M X channel as well as the uplink communication scenario

in cellular systems. Finally, Section 4.6 concludes the paper.

4.1 Main Contributions and Discussions

The main theorem of this paper concerns the total DOF of the K-user GIC and stated as
follows:

Theorem 22. The total DOF of the K-user GIC with real and time invariant channel

coefficients is % for almost all cases.
Using similar approaches the following theorems are also proved in this chapter.

Theorem 23. The total DOF of the K x M X channel with real and time invariant channel

' KM
coefficients is 75— for almost all cases.

Theorem 24. The total DOF of the uplink of a cellular systems with K cells and M users

within each cell 1s ]‘I;—f[l In other words, achievable DOF per cell is Miﬂ which approaches

one as the number of active users approaches to infinity.

4.1.1 Pseudo Multiple-Antenna Systems

It has been known that the multiple-antenna, time-varying, and/or frequency-selective chan-
nels provide enough freedom which allows us to choose appropriate signaling directions to
maximize the channel gains, and avoiding or aligning interference. In contrary, it was com-
monly believed that time-invariant frequency-flat single-antenna channels are restrictive in
the sense that it prevents us to play with directions. Here, we develop a machinery that trans-
forms the single-antenna systems to pseudo multiple-antenna systems with infinite-many an-
tennas. Indeed the number of available dimensions in the resultant pseudo multiple-antenna
systems is as many as rationally-independent irrational numbers. We see that the pseudo
multiple-antenna channels is rich enough in a sense that it mimics the behavior of real multi-
dimensional systems (in time/frequency/space) and for example allows us to simultaneously
align interference at all receivers of static single-antenna channels.

Time, frequency, and space are known as the basic dimensions for communications. In [21,
23, 24, 25], the freedom provided by these dimensions are utilized to align the interferences
and provide interference-free links for signals. In [27], it is shown that we are not restricted
to time/frequency/space dimensions for interference alignment. In fact, in [27], it is shown

that if the favorite signals and interfering signals are received in different power level, and
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form a nested lattice at the receiver, then we can decode the signal without decoding the
interference. In this paper, we propose a signaling scheme which is distinguished from the
aforementioned schemes in the following senses: (i) Unlike [21, 23, 24, 25], in this scheme,
signal and interference are not separated in time/frequency /space dimensions. In fact, similar
to the scheme of [27], both signal and interference are received in a single communication
dimension. (ii) On the other hand, unlike [27], the signal and interference are not separated
based on the received power level. Indeed, in the proposed scheme in some cases, both
signal and interference have a comparable power. Roughly speaking, in this scheme, signal
and interference are modulated over different irrational numbers which are separable at the
receiver. We will show that irrational numbers in the field of real numbers are rich enough

to achieve the full DOF of time-invariant interference channels.

4.1.2 Almost All vs All Cases

In the statement of the theorem, it is emphasized that % is achievable for almost all cases.
It means the collection of all possible h in which the total DOF % may not be achieved has
measure zero. In other words, if all channel gains are drawn independently from a random
distribution then almost surely all of them are irrational and satisfy properties required for
achieving the total DOF of the channel.

In other extreme, if all channel gains are rational then the total DOF is strictly less than
g. This is due to the recent upper bound on the total DOF obtained by Etkin and Ordentlich
in [30]. This result together with Theorem 22 implies that the total DOF of the channel is
everywhere discontinuous with respect to channel coefficients. This is due to the fact that
for any set of channel gains one can find a set of rational numbers arbitrarily close to it.
This behavior is unique to this channel (or related networks with single antennas). In fact,
almost all total DOFs obtained for MIMO systems are discontinuous at a point or on a set
of measure zero. However, none of them is everywhere discontinuous.

It cannot be concluded that for all cases where the theorem is silent about the total DOF
of % is not achievable. In fact, it is proved that there are some cases where the total DOF
can be achieved and those cases are out of the scope of the theorem, c.f.; [30, 31, 47]. As an
example, the total DOF can be achieved by using a single layer constellation at transmitters
in the special case where all cross gains are rational numbers and all direct gains are algebraic
irrationals (this is the case for almost all irrationals)[30]. This is due to the fact that cross
gains lie on a single rational dimension and therefore the effect of the interference caused by
several transmitters behaves as that of interference caused by a single transmitter. Using

a single data stream, one can deduce that the multiplexing gain of % is achievable for each
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user.

4.1.3 Time Varying versus Time-Invariant Channels

Cadambe and Jafar in their paper [24] proved that the total DOF of the time-varying K-
user GIC can be achieved. This interesting result reveals that in a non-cooperative network
each user can enjoy half of its maximum possible multiplexing gain. It is shown that the
variation of the channel in time, if it is fast enough to be assumed independent, provides
enough freedom to align the interference. However, such an assumption about variation of
wireless channels is not practically realistic. Moreover, it imposes inadmissible delay to the
system, specially when we note that wireless channels are changing slowly.

Here, we propose a signaling scheme which achieves the full DOF in almost all realizations
of the channel, without imposing any delay to the system or requiring channel variation.
Indeed, the channel can be static over time and still it is possible to achieve the total DOF

of the channel.

4.1.4 MIMO and Complex Coefficients Cases

Let us consider the K-user MIMO GIC where each node in the network is equipped with M
antennas. The upper bound on the total DOF states that at most % is achievable for this
channel. Except for the three-user case where Cadambe and Jafar in [24] through explicit
interference alignment showed that % is achievable, the total DOF of K-user MIMO GIC
with static channel states is not considered in the literature. Again if we assume time-variant
channels, however, this upper bound can be achieved, see [24].

The applicability of the theorem is not restricted to the single antenna case. In fact, we
can also show that for the K-user MIMO GIC the total DOF of the channel can be achieved
for almost all cases. This can be proved by simply viewing a single user as M virtual users in
which a transmit antenna is paired with a receive antenna. Using separate encoding (resp.
decoding) at all transmit (resp. receive) antennas, the channel becomes a M K-user single
antenna GIC. Applying the theorem to this channel, we conclude that the total of % is
achievable and this meets the upper bound.

Needless to say that the result is also applicable to channels (either single or multiple
antennas) with complex coefficients. In fact, the real and imaginary parts of the input and
the output can be paired. This converts the channel to 2K virtual users. Therefore, the
total DOF of the channel can be achieved by a simple application of the theorem.

It is worth noting that joint processing between all antennas and/or real-imaginary parts

at a transmitter increases the achievable sum rate of the channel. However, at high SNR
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regimes this increase vanishes and the total DOF of the channel can be achieved by separate

coding over all available dimensions.

4.2 Diophantine Approximation: Khintchine-Groshev
Type Theorems

In number theory, the field of Diophantine approximation deals with approximation of real
numbers with rational numbers. The reader is referred to [45, 46] and the references therein.
The Khintchine theorem is one of the cornerstones in this field. It gives a criterion for a
given function ¢ : N — R, and real number v such that [p+vq| < 1¥(]q|) has either infinitely
many solutions or at most finitely many solutions for (p, q) € Z?. Let A(1)) denote the set
of real numbers such that |p + vg| < ¥(|v|) has infinitely many solutions in integers. The
theorem has two parts. The first part is the convergence part and states that if ¢ (|q|) is

convergent, i.e.,

> (g) < o0

then A(7)) has measure zero with respect to Lebesque measure. This part can be rephrased
in more convenient way as follows. For almost all real numbers, |p + vg| > 1(|q|) holds for
all (p,q) € Z* except for finitely many of them. Since the number of integers violating the

inequality is finite, one can find a constant x such that

lp +vq| > K(|q])

holds for all integers p and ¢ almost surely. The divergence part of the theorem states that
A(1) has the full measure, i.e. the set R — A(¢)) has measure zero, provided v is decreasing
and 1 (|q|) is divergent, i.e.,

> () = o

There is an extension to Khintchine’s theorem due to Groshev which regards approxima-
tion of linear forms. Let v = (vy,v9,...,0,) and q = (¢1,¢2, - - -, ¢n) denote an m-tuple in
R™ and Z™, respectively. Let A, (1) denote the set of m-tuple real numbers g such that

Ip+v-al <¥(lqlw) (4.1)

has infinitely many solutions for p € Z and q € Z™. |q| is the supremum norm of q defined

as max; |¢;|. The following theorem gives the Lebesque measure of the set A,, ().
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Theorem 25 (Khintchine-Groshev). Let ) : N — R*. Then the set A,, () has measure
zero provided

> g (g) < oo, (4.2)
q=1
and has the full measure if
qu_1¢(q) =00 and ) is monotonic. (4.3)
q=1

In [47], Theorem 25 is used to prove that the total DOF of the two-user X channel can
be achieved using a simple coding scheme. It is also proved that the three-user GIC can
achieve the DOF of % almost surely. Note that Theorem 25 does not include the case where
elements of v are related. It turned out that such a shortcoming in this theorem prevented
us to prove the achievablity of % for three-user GIC. Let us assume v lies on a manifold
with dimension less than m in R™. In this case, the theorem may not be correct as the
measure of the manifold is zero with respect to Lebesque measure. Recently, [48] and [49]
independently extended the convergence part of the theorem to the class of non-degenerate
manifolds. However, a subclass of non-degenerate manifolds is sufficient for the proofs of
the results in this paper. Therefore, in the following theorem we state the theorem in its

simplest form by limiting the scope of it.

Theorem 26 ([48] and [49]). Let n < m, v = (vy,va,...,v,) € R", and g1, 92, ..., gm be

functions from R™ to R with the following conditions:
1. g; fori e {1,2,...,m} is analytic,
2. 1,91, 92, - -, gm are linearly independent over R.

For any monotonic function ¢ : N — Ry such that )~ g™ Y(q) < oo the inequality

P+ @191(V) + q292(V) + - . + Gmgm (V)| < ¥(|d|0) (4.4)

has at most finitely many solutions (p,q) € Z x Z™ for almost all v € R™.

1
qm+e

this function satisfies (4.2) and is an appropriate candidate for the theorem. If all conditions

Throughout this paper, the function ¥(q) is chosen as for an arbitrary e > 0. Clearly,

of the theorem hold then one can find a constant s such that for almost all v € R™

K

P+ @91(V) + ©292(V) + .+ Gmgm (V)] > ( (4.5)

max; |g;|)m+e

holds for all p € Z and q € Z™.
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One class of functions satisfying the conditions in Theorem 26 is of special interest. Let

G(v) denote the set of all monomials with variables from the set v = {vy,v9,...,v,}. In
other words, a function g belongs to G(v) if it can be represented as g = vj'vy?---vim for
some nonnegative integers si, s, ..., s,. It is easy to show that any collection of functions

from G(v) satisfies the conditions of Theorem 26. More specifically, all functions belonging
to G(v) are analytic. Moreover, a set of monomials are independent over R as long as they

are distinct. As a special case when set v has only one member, i.e. v = {v}, then we have

Gv) = {1,v,v% 03 ...}

4.3 Coding Scheme and Performance Analysis

Remember in the multiple-antenna systems, the transmitted signal is a linear combination
of some vectors (or directions), where data is embedded in the coefficients of the linear
combinations. Independency of the vectors allows us to decode the data streams transmitted
in each direction and to avoid interference from data streams transmitted in other directions.
Note that the vectors or directions are chosen as a function of channel parameters.

Roughly speaking here in the proposed signaling scheme, the transmitted signal is a linear
combination of some irrational numbers, where data is embedded in the coefficients of the
linear combination. Mimicking the terminology of multiple-antenna systems, we call each of
these irrational numbers as a direction. Here again, these directions are independent, in a
sense that any of them cannot be written as a rational combination of the others. We will
show that this independency keeps the different data streams separated at the receivers, as
long as the coefficients of the linear combination are selected from the rational or equivalently
the integer numbers. Like multiple-antenna systems, these directions are functions of channel
coefficients. Initially, we proposed this signaling scheme in [47].

In what follows, we formally describe the signaling and coding scheme.

Encoding: Let us assume Transmitter ¢ for i € {1,2,..., K} wishes to send L; data
streams to its corresponding receiver. Moreover, each stream carries data with multiplexing
gain of approximately % for a constant m € N. Notice that m is independent of i’s and L;’s.
In other words, we assume that all data streams in the system have the same multiplexing
gain.

Let us first explain the encoding of a single data stream. The transmitter selects the
constellation C = (—@Q, Q)z as the set of input symbols. Even though it has access to the
continuum of real numbers, restriction to a finite set has the benefit of easy and feasible
interference alignment. Let us assume ) = 7P2(1T7+66> where 7y is a constant. Notice that since
the number of input symbols are bounded by 2Q) — 1, the data stream modulated by C can at
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;;:E DOF. We will show that at high SNR regimes this DOF can be achieved.
Having formed the constellation, Transmitter ¢ for i € {1,2,..., K} constructs a random
codebook for data stream [ for [ € {1,2,..., L;} with rate R;. This can be accomplished by

choosing a probability distribution on the input alphabets. The uniform distribution is the

most provide

first candidate and it is selected for the sake of simplicity. Note that since the constellation
is symmetrical by assumption, the expectation of the uniform distribution is zero and the
transmit signal has no DC component. The power consumed by the data stream [ can be
loosely upper-bounded as (2.

To send L; data streams, Transmitter ¢ first constructs L; independent single data streams
by following the above procedure for each data stream. Then, it combines them using a linear
combination of all data streams. The transmit signal from Transmitter ¢ can be represented

as
L;—1

r,=A Z Ty, (4.6)
=0

where u; € U carries information for [’s data stream of User i. T} is a constant real
number which plays as the role of a vector that the data stream [ is transmitted in that
direction, see [47]. T};’s are functions of channel coefficients. We will choose T};’s as mono-
mials with variables from channel coefficients, i.e., T;; € G(h) for all ¢ € {1,2,..., K} and
1 €{0,1,...,L; — 1}. Ty’s are also chosen to be independent over rational numbers , i.e.,
the equation Tjywy + Tiows + - - -+ T, wr, = 0 has no rational solutions. This independency
is provides a one-to-one mapping from constellation points u;’s and transmit signal z;. In
other words, a transmit sinal x; is uniquely decomposable as u = AZlL;O_ ! Tiuy. Observe
that if there is another possible decomposition z; = A ZZL:(]_I Ty}, then it forces Tj;’s to be
dependent. The parameter A controls the input power of all users. In what follows, we
show how to choose a unique A for all transmitters, independent of L;’s, by calculating the

upper-bound of the input power of all users. We start with the following chain of inequalities
Li—1
Ela?) @ A Y T3E [u})]

1=0

(®) =

<AQ | Y T

1=0
= A2Q*\?

where (a) follows from the fact that all data streams are independent and (b) follows from
the fact that u? < Q? for all s € {1,2,...,K} and [ € {0,1,...,L; — 1}. We use a short-

hand notation \; as \; = ZIL:’L'O Tj Since each T}; depends only on channel coefficients which
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are constants, \; for i € {1,2,..., K} is a constant. To satisfy the power constraint, it is
required that
1
A<tz
T QA
for alli € {1,2,..., K}. Clearly, it is sufficient to choose
pl
a=L
Q

1—e¢
where ¢ = min; By assumption () = yP2™+9. Hence, we have

1
)\—Z_.
m—1+42¢
A= EPamTa | (4.7)
where ¢ = >
In fact, A and @ are two important design parameters in the encoding. () controls the
cardinality of the input constellation which in turn provides the maximum achievable rate
for individual data streams. Here, the cardinality of the constellation grows roughly with
Pzn. On the other hand, A controls the minimum distance in the received constellation
which in turn affects the performance. Our calculation reveals that no matter how many
data streams each transmitter is intended to send, () and A only depend on m which is the
reciprocal of the multiplexing gain of each data streams.

Received Signal and Interference Alignment: The received signal at Receiver j can

be represented as

Lj—1 Li—1
( Z hiiTjiug + Z Z hﬂTzzuzz> + 2j, (4.8)

1=1&i#j =0

A

where [ is the aggregated interference caused by all users. Since T € G(h), one can conclude
that the received direction for data stream wu; is again a member of G(h), i.e., h;; T € G(h).
The maximum number of received directions in I; is Zfil&i y L;. However, it is possible
that some of the directions becomes equivalent which results in reduction in the number
of received directions. In fact, the design in the transmit directions aims at reducing the
number of received directions in all ;’s and the more the merrier. If a number of data
streams arrives at the same direction then we say that they are aligned. As it will be shown
later, the behavior of aligned data streams mimics that of a single data stream as far as the
DOF is concerned. Let us assume, the total number of received directions in [; is L} ,

we have
L-1

Z uy, (4.9)



CHAPTER 4. K-USER GAUSSIAN INTERFERENCE CHANNEL 99

where T7,’s are received directions and uf; is the sum of data streams arriving at direction
T;. If fi data streams arrive at the direction T}, then u); € (—fu@Q, fuQ)z. To have a
uniform bound, let us define f = max(;; fi and U' = (= fQ, fQ)z. Clearly, v}, € U’ for all
je{L2,...,K}yandl €{0,1,...,L; — 1}.

Decoding: After rearranging the interference part of the signal, the received signal at

Receiver j can be represented as

/
Lj—l Lj_l

yj = A Z hjjleujl + Z T](lu;l —|— Zj. (410)
=0 =0

We assume that L; + L. < m for all j € {1,2,..., K}. Receiver j is interested in data
streams uj for all [ € {0,1,...,L; — 1}.
The data stream u;; for a given [ is decoded as follows. The received signal is first passed

through a hard decoder. The hard decoder looks at the received constellation

!
Lj—l

L:—1
Y, =A Z hi Tild + Z T
=0 =0

and maps the received signal to the nearest point in the constellation. This changes the
continuous channel to a discrete one in which the input symbols are from the transmit
constellation U and the output symbols are from the received constellation V;.

It is assumed that the received constellation has the property that there is a many-to-one
map from V; to U; = ZlL:Jo_ ! hj;T;U. Recall that the transmit directions are chosen in such
a way that all uj;’s can be recovered uniquely from ;. This in fact implies that if there is
no additive noise in the channel then the receiver can decode all intended data streams with
zero error probability. This property holds, for example, when h;;Tj;’s and Tj{l are all distinct
and linearly independent over rational numbers. Throughout this chapter, we always design
the transmit directions in such a way that this condition holds.

The equivalent channel between u; and the output of the hard decoder ; becomes a
discrete channel and a joint-typical decoder can be used to decode the data stream from a
block of ;;’s. To decode another data stream, Receiver j performs the same procedure used
for decoding u;;. In fact, joint-decoding is not used to decode all intended data streams.

Performance Analysis: Let d;_, denote the minimum distance in the received con-
stellation V;. The average error probability in the equivalent discrete channel from input u;;

to output u;; , i.e. P, = Pr{u; # u;} is bounded as:

, d?
P.<qQ (%) < exp (—%) . (4.11)
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P, can be used to lower bound the rate achievable for the data stream wu ;. In [30], Etkin
and Ordentlich used Fano’s inequality to obtain a lower bound on the achievable rate which

is tight in high SNR regimes. Following similar steps, one can obtain

Rji= (1, uj)
= H(uy) — H(ujltz)

(a)
> H(uj) —1— P.log|U]

Y 1-P)loglu| -1

91— P)log20 - 1)1, (4.12)

where (a) follows from Fano’s inequality, (b) follows from the fact that uj has a uniform
distribution on its range, and (c) follows from the fact that [{/| which is the number of integers
in the interval [—@Q, Q] is bounded by 2Q) — 1. Let us assume that P, — 0 as P — oo. Under
this condition, the achievable multiplexing gain from data stream wj; can be obtained as
follows:
Rj

o= lim —2~

i P 0.510g P

> Jim 289

P—oo 0.5log P

(a) 1—c¢

= 4.1
m4+ e (4.13)

where (a) follows from the fact that Q) = 7P2(1T7+66>. Since € > 0 is an arbitrary constant, the
multiplexing gain of % is achievable for the data stream wuj;.

Provided that all intended data streams can be successfully decoded at all receivers, the
achievable DOF of User i can be written as % However, it is achievable under the condition
that P, — 0 as P — oo and it needs to be shown. To this end, one requires to calculate the
minimum distance between points in the received constellation.

Recall that L; + L;- < m and h;;Tj’s and T;l’s are all distinct and monomials with
variables from the channel coefficients. Theorem 26 can be applied to obtain a lower bound
on the minimum distance. Let us assume that one of the directions in h;;Tj’s or T, is 1.

Then a point in V; can be represented as

Lij+L;—1
vAlv+ Y T, (4.14)
=1
where 7}’s are all distinct monomials at receiver j. Moreover, v, for all [ € {0,1,...,L; +

L —1} are bounded by (—fQ, fQ)z. Therefore, the difference between any two point in the
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received constellation V; can be bounded using (4.5) as follows:

KA
(2fQ>Lj+L;-—l+e '

d.? min >

Since L; + L;» < m, we have
kA

2fQ)m 1+’
The probability of error in hard decoding (see (4.11)) can be bounded as

P, < exp (—n (ﬁ) ) : (4.16)

where 7 is a constant and a function of v, k, o, and ~;s.
Substituting A and @ in (4.16) yields

djmin > (415)

P. < exp (—nP°), (4.17)

which shows that P, has the desired property.
The following theorem summarizes the conditions needed to achieve the multiplexing
gain of % per data stream.

Theorem 27. Consider K-user GICs parameterized by the channel coefficient vector h.

Transmitter i sends L; data stream along directions T; = {Ti, Tia, ..., Tyr,—1)} for all
i € {1,2,...,K}. Moreover, the interference part of the received signal at Receiver 1
has L effective data streams with received directions T = {T}, Ty, ..., T}, )} for all

i€{1,2,...,K}. Let the following conditions for all i € {1,2,..., K} hold:

C1 Components of T; are distinct member of G(h) and linearly independent over the field of
rational numbers.

C2 Components of h;;T; and T, are all distinct.
C3 One of the elements of either h;;T; or T, is 1.

Then, by encoding each data stream wusing the constellation U = (—Q,Q)z where Q =

7P2<};+€€> and vy is a constant, the following DOF is achievable for almost all channels:
Li+ Lo+ +Lg

sum — s 4.18
. - (118

where m is the mazimum received directions among all receivers, i.e., m = max; L; + L.
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Figure 4.1: The K-user GIC. User ¢ for i € {1,2,..., K} wishes to communicate with its

corresponding receiver while receiving interference from other users.

Remark 12. If C2 holds then the measure of the event "components of hy;T; and T, are

(2

dependent over the field of rational numbers” is zero.

Remark 13. If C3 does not hold then by adding a virtual data stream in the direction 1 at

the receiver, one can conclude that m+r1 is achievable for all data streams.

Theorem 27 implies that the most difficult part of the design is the selection of transmit
directions for all users. This is due to the fact that random selection results in m = Zfil L;
received directions which in turn provides 1 DOF for the channel. A careful design is needed
to reduce the number of received directions at all users. In the following sections, we provide
such a design for the K-user GIC.

4.4 K-user Gaussian Interference Channel

4.4.1 System Model

The K-user GIC models a network in which K transmitter-receiver pairs (users) sharing
a common bandwidth wish to have reliable communication at their maximum rates. The

channel’s input-output relation can be stated as follows, see Figure 4.1,
1= hizy + higwo + ...+ higri + 21,
Yo= ho121 + hoowo + ... + hog Tk + 29,
= : : (4.19)

Y= hKliL’l + hKQSL’Q 4+ ...+ hKKLL’K + ZK,
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where z; and y; are input and output symbols of User i for i € {1,2,..., K}, respectively. z; is
Additive White Gaussian Noise (AWGN) with unit variance for i € {1,2,..., K'}. Transmit-
ters are subject to the power constraint P. hj; represents the channel gain between Transmit-
ter ¢ and Receiver j. It is assumed that all channel gains are real and time invariant. The set
of all channel gains is denoted by h, i.e., h = {hy1,..., hig, ho1, ..., hox, ..., hg1,. .., hxk}.
Since the noise variances are normalized, the Signal to Noise Ratio (SNR) is equivalent to
the input power P. Hence, we use them interchangeably throughout this chapter.

In this chapter, we are primarily interested in characterizing the total DOF of the K-user
GIC. Let C denote the capacity region of this channel. The DOF region associated with the
channel is in fact the shape of C in high SNR regimes scaled by log SNR. Let us denote
the DOF region by R. All extreme points of R can be identified by solving the following
optimization problem:

) AR
AT i R o SNR
The total DOF refers to the case where A = {1,1,...,1}, i.e., the sum-rate is concerned.
Throughout this chapter, r,, denotes the total DOF of the system.

An upper bound on the DOF of this channel is obtained in [24]. The upper bound states

(4.20)

that the total DOF of the channel is less than % which means each user can at most enjoy

one half of its maximum DOF.

4.4.2 Three-user Gaussian Interference Channel: DOF = % is
Achievable

In this section, we consider the three-user GIC and explain in detail that by an appropriate
selection of transmit directions, the DOF of % is achievable for almost all cases. We will
explain in more detail that by an appropriate selection of transmit directions, this DOF can
be achieved.

In [47], we defined the standard model of the three-user GIC. The definition is as follows:

Definition 7. The three-user interference channel is called standard if it can be represented

as
Y1= Gll’l + 29 + XT3 + 21
Yo= GQSL’Q + 1+ X3+ 22 (421)
y3= Gz + 11 + Gz + 23,

where x; for User i is subject to the power constraint P. z; at Receiver i is AWGN with unit

variance.
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In [47], it is also proved that every three-user GIC has an equivalent standard channel
as far as the DOF is concerned. The parameters in the standard channel is related to the

parameters of the original one thorough the following equations.

Gy = Msharhs
N
G = Zmzmhlg’
221013
G2 = oy
33101271621
s = sl

As mentioned in the previous section, transmit directions are monomials with variables
from channel coefficients. For the three user case, we only use G as the generator of transmit
directions. Therefore, transmit directions are selected from the set G(Gg) which is a subset
of G(Gy, Gy, Gy, G3). Clearly, G(Go) = {1,Go, G2, G3,--- }.

We consider two different cases based on the value of Gy being algebraic or transcendental.
Although the measure of being algebraic is zero, we prove that for each case the total DOF
can be achieved if the transmit and receive directions satisfy the conditions of Theorem 27.

We start with the case where Gy is algebraic.

Case I: GG is algebraic

By definition, if Gy is algebraic then it is a root of a polynomial with integer coefficients.
Let us assume G satisfies

agGy + ag1Ge + ...+ a1Go + ag = 0, (4.22)

where ag,aq_1,...,aq9 are integers. In other words, the set 7 = {I,Go,Gg,...,Gg_l} is
a basis for G(Gg) over rational numbers. Therefore, as the transmit directions need to be
independent over the field of rational numbers, the transmitters are restricted to choose their
transmit directions among numbers in 7. We assume that all transmitters transmit along
all directions in 7, i.e., 7; = 7 for all i € {1,2,3}. By this selection, C1 in Theorem 27
holds for all transmitters.

In this case, Transmitter ¢ sends L; = d data streams as follows

d—1
7=0
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for all i € {1,2,3}. The received signal at Receiver 1 can be written as

d—1 d—1
Y1 = A (Z GlGéulj + Z G%ub) + 21, (424)
j=0 J=0

where ) ; = ug; +ug; for all j € {0,1,...,d—1}. The signals from Transmitters 2 and 3 are
aligned and the number of received directions is L} = d. Moreover C2 and C3 in Theorem
27 hold for this receiver. Since the received signal at Receiver 2 is similar to that of Receiver
1, we can deduce that L}, = d and C2 and C3 hold.

The received signal at Receiver 3 can be written as

d—1 d
Ys = A (Z GgG%Ugj + Z G%u%) + 23, (425)
j=0 j=0

where uy; = uy; + uyj_1) for j € {1,2,...,d — 1}, uzy = ugo, and us,; = u1g. The number of
received directions from interfering users is d + 1. However, they are not independent over
the filed of rational numbers. Using (4.22), GZ can be represented as a linear combination
of {1,Gy,G%,...,G& 1Y with rational coefficients. Multiplying both sides of (4.25) by ag4, we

have

d—1 d—1
gg = A (Z angGéu;ﬁ + Z Géadugj + angugd> + 53, (426)
j=0 7=0

where 3 = aqy3 and Z3 = a4z3. Substituting form (4.25), we obtain

d—1 d—1
s =AY aaGsGlus; + > Ghlaqul; — ajub,) | + 2. (4.27)
j=0 =0 N’

"
u'!
J

Clearly, L} = d and C2 and C3 hold for this receiver as well.
The maximum number received directions at all receivers is m = 2d. Since C1, C2, and
C3 hold at all receivers, by applying Theorem 27 we conclude that the total DOF of % is

achievable for almost all cases.

Remark 14. In a special case, d = 1 in (4.22). In other words, Gq is a rational number.
This case is considered in [30] and it is proved that it can achieve the total DOF of the

channel.

Case II: (G, is transcendental

If Gy is transcendental then all members of G(Gy) are linearly independent over the filed of

rational numbers. Hence, we are not limited to any subset of G(Gy) as far as the independence
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3n+1
2n+1

n € N. To this end, we propose a design which is not symmetrical.
Transmitter 1 uses the set of directions 7; = {1, Gy, G2, ..., Gy} to transmit L; =n + 1

to its corresponding receiver. Clearly 77 satisfies C1. The transmit signal form User 1 can

of transmit directions is concerned. We will show that is an achievable DOF for any

be written as .
Ty = A Z Géulj.
=0
Transmitters 2 and 3 transmit in Ly = L3 = n directions using 7o = 73 = {1, Gy, G%,..., G~ '}.
Clearly both 75 and 73 satisfy C1. The transmit signals can be expressed as
n—1 '
T9 = A Z G%UQj
=0
and
n—1 .
T3 = A Z Géu;),j.
=0

The received signal at Receiver 1 can be expressed as:

n n—1
Y = A (Z GlGéulj + Z Gf)u’1]> + 21, (428)
j=0 j=0

where u}; = ug; + uz;. In fact, transmit signals from Users 2 and 3 are aligned at Receiver
1. This is due to the fact that out of 2n possible received directions only n directions are
effective, i.e., L) = n. One can also confirm that C2 and C3 hold at Receiver 1.

The received signal at Receiver 2 can be expressed as:

n—1 n
Yo = A (Z GQG%UQJ' + Z Géu%) + 22, (429)
j=0 j=0

where uy; = uy; +ug; for all j € {0,1,...,n— 1} and uj,, = uy,. At Receiver 2, transmitted
signals from Users 1 and 3 are aligned and the number of effective received directions is
L, = n+ 1. Moreover, it can be easily seen that C2 and C3 hold at Receiver 2.

The received signal at Receiver 3 can be expressed as:

n—1 n
Ys = A (Z GgGéUgj + Z G%Ugj> + 23, (430)
7=0 7=0

where uz; = uy; + ug; for all j € {1,2,...,n} and u3y = ujp. At Receiver 3, transmitted
signals from Users 1 and 2 are aligned and the number of effective received directions is
L, =n+ 1. Clearly, C2 and C3 hold for Receiver 3.
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Since C1, C2, and C3 hold at all users, we only need to obtain the number of maximum

received directions at all receivers. To this end, we observe that
m = max{L; + L}, Lo+ Ly, Ls + Ly} = 2n + 1

. Therefore, an application of Theorem 27 reveals that the following DOF is achievable.
Li+ Ly + Ls

T'sum=

m
B 3n+1
Con+41

(4.31)

Since n is an arbitrary integer, one can conclude that % is achievable for the three-user GIC

almost surely.

4.4.3 K-user Gaussian Interference Channel: DOF = % is Achiev-
able

In this section, we prove the main theorem of this chapter, i.e., the DOF of % is achievable
for the K-user GIC. As pointed out in Section 4.3, we need to design the transit directions
of all transmitters in such a way that they satisfy the conditions of Theorem 27. Recall that
all transmit directions are monomials with variables in h. We reserve the direct gains and do
not use them as generating variables. The reason is that C2 in Theorem 27 requires that all
received directions be distinct. By setting aside the direct gains, a transmit direction from
the intended user is multiplied by the direct gain and therefore it is distinct from all other
transmit directions (by C1 all transmit directions from a user are distinct).

We assume that all channel gains are transcendental. In one hand, since the measure
of being algebraic is zero, this assumption is innocuous. On the other hand, as we learned
from the three-user case algebraic gains are beneficial as they reduce the number of transmit
directions required to achieve the total DOF of the channel.

We start with selecting the transmit directions for User i. A direction 7" € G(h) is chosen

as the transmit direction for User ¢ if it can be represented as

K
T=1[11I" (4.32)

j=11=1

where s;;’s are integers satisfying
Sjjzo VJ€{1,2,,K}

OSSjign—l VJ€{1,2,,K}&L]%Z
0<s;<n Otherwise.
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The set of all transmit directions is denoted by 7;. It is easy to show that the cardinality of
this set is
L; = nfX(n 4 1)KV, (4.33)
Clearly, 7; satisfies C1 for all i € {1,2,..., K}.
To compute L. (the number of independent received directions due to interference), we
investigate the effect of Transmitter k on Receiver i. Let us first define 7, as the set of

directions represented by (4.32) and satisfying

Sjj:() \V/]E{l,Q,,K}
0<s; <n Otherwise.

(4.34)

We claim that 7;;, the set of received directions at Receiver i due to Transmitter k, is a
subset of 7,.. In fact, all transmit directions of Transmitter k arrive at Receiver ¢ multiplied
by h;,. Based on the selection of transmit directions, however, the maximum power of h;, in
all members of 7;;, is n — 1. Therefore, none of the received directions violates the condition
(4.44) and this proves the claim.

Since 7, is not related to User k, one can conclude that 7, C 7, for all k € {1,2,..., K}
and k # i. Hence, we deduce that all interfering users are aligned in the directions of 7.

Now, L! can be obtained by counting the members of 7,. It is easy to show that
L= (n+1)KE=D, (4.35)

The received directions at Receiver ¢ are members of h;7; and 7,.. Since h; does not
appear in members of 7., the members of h;;7; and 7, are distinct. Therefore, C2 holds at
Receiver 7. Since all the received directions are irrationals, C3 does not hold at Receiver 7.

Since C7 and C5 hold for all users, we can apply Theorem 27 to obtain the DOF of the

channel. We have
Li+Ly+ ...+ Lg

T'sum= m+ 1
Knk-1 1 (K—1)2
_ KT n+]) (4.36)
m+1
where m is
m=max L; + L,
=nf 7 n 4+ 1)V 4 (4 1)FED, (4.37)
Combining the two equations, we obtain
K
Tsum = oy — (438)
L+ (55 + e

Since n can be arbitrary large, we conclude that % is achievable for the K-user GIC.
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4.5 Some Extensions

In this section, we use the proposed coding scheme to characterize the total DOF of the

uplink communication scenario in cellular systems and the K x M X channel.

4.5.1 Cellular Systems: Uplink
System Model

In a cellular network, an area is partitioned into several cells and within each cell there is a
base station serving users inside the cell. There are two modes of operation. In the uplink
mode, users within a cell transmit independent messages to the base station in the cell;
whereas in the downlink mode, the base station broadcast independent messages to all users
inside the cell. In this section, we only consider the uplink mode. Information theoretically,
the uplink mode corresponds to a network in which several Multiple Access Channels (MAC)
share the same spectrum for data transmission. Let us assume there exist M users in each
MAC and there are K’ MACs in the network. The received signal at the base station in Cell

k can be represented as

M K
Yk = E Py + E I +z (4.39)
=1 i=1&i#k
users within the cell  intra cell interference

where [; is the aggregate interference from all users in Cell i, i.e.,

M
Iyi = Z hginy it (4.40)
I=1

Let C,p, denote the capacity region of this channel. The DOF region associated with the
channel can be defined as the shape of the region in high SNR regimes scaled by log SNR.
Let us denote the DOF region by R.,. We are primarily interested in the main facet of the
DOF region defined as:

_ 1 25:1 2?11 Ry
T = limmax SR CSNR (441)

where Ry, is an achievable rate for the [’th user in Cell k.

The Total DOF of ﬁ—ffl is Achievable

To obtain an upper bound on the total DOF of this channel, we assume that all users within

a cell can cooperate. This cooperation converts the uplink mode to a MISO K-user GIC



CHAPTER 4. K-USER GAUSSIAN INTERFERENCE CHANNEL 110

with M antennas at the transmitters and one antenna at the receives. An upper bound on
the DOF of the MISO K-user GIC is obtained in [44]. The upper bound states that the
total DOF of the channel is less than & VAT +1 We will show that this DOF is achievable.

We start with selecting the transmit directions of the m’th user in Cell k. A direction
T € G(H) (H is the set of all channel gains) is chosen as the transmit direction for this user

if it can be represented as

K K M
r=TITITT# (1)

j=1i=1 I=1
where s;(;)’s are integers satisfying
Sj(jl)zo VJE{l,Q,,K}&l€{1,2,,M}
0<sjm)y<n—1 Vjie{l,2,... K} &j#k
0<sja)y<n Otherwise.

The set of all transmit directions is denoted by 7y,,. It is easy to show that the cardinality

of this set is
Ly = n 71 (n 4 1) EM-DE-), (4.43)

Clearly, 7}, satisfies C1.
We claim that all signals from non-intended cells are aligned at all base stations. In order
to prove the claim, we introduce 7; as the set of received direction due to interference at the

1'th base stations. Clearly,

K M
k=18&k#i m=1

Let us define 7 as the set of directions represented by (4.42) and satisfying

sj(ity = 0 Vie{l,2,..., K} &le{l,2,....M}
0 < sjay <n  Otherwise.

(4.44)

We claim that 7; C 7. In fact, all transmit directions of the m’th user in Cell k arrive at
Receiver ¢ multiplied by h;m). Based on the selection of transmit directions, however, the
maximum power of A, in all members of 7y, is n — 1. Therefore, none of the received
directions violates the condition (4.44) and this proves the claim.

Since 7 is not related to the i’s base station, one can conclude that 7; C 7 for all
i€{1,2,..., K}. Hence, we deduce that all interfering users are aligned in the directions of

7. Now, L, can be obtained by counting the members of 7,. It is easy to show that

L) = (n+ 1)MEE=D, (4.45)
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Figure 4.2: The K x M X Channel. User i for ¢ € {1,2,..., K} wishes to transmit an
independent message mj; to Receiver j for all j € {1,2,..., M}.

The total number of received directions at the ¢'th base stations is Zl]\il Ly + L. Since
C and (5 hold at all base stations, we can to obtain the total DOF of the channel as

r = ZkK:I er\le Lkm
ST N KL (4 1) (KM-DE=1) 4 (p + [)MEE-1) ]
MEnK=1(n + 1)EM-1E-1)
MnE=1(n + 1)EM-DE-1) 4 (n 4 1)MEE-1) 41
MK

- nt1 K1 : (4.46)
M + (%1) + nK—l(n+1)(11<1v1—1)(K—1)
Since n can be arbitrary large, we conclude that —Aj‘f 41-{1 is achievable for the uplink of a cellular

system.

4.5.2 K x M X Channel
System Model

The K x M X channel models a network in which K transmitters wish to communicate
with M receivers. Unlike the interference channel, each transmitter has a messages for
each receiver. In other words, Transmitter i for all i € {1,2,..., K} wishes to transmit an
independent message to Receiver j for all j € {1,2,..., M}. The message transmitted by

Transmitter ¢ and intended for Receiver j is denoted by mj;. The channel’s input-output
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relation can be stated as follows, see Figure 4.2,

y1= h11x1 + hiso + ...+ higrg + 21,
Yo= hgll’l + hggLL’Q 4+ ...+ hQKSL’K + 29,
L= : SR (4.47)

Ym=— hMlxl + hMQZ’Q + ...+ hMKLL’K + ZM

where z; and y; are input and output symbols of User i for i € {1,2,..., K}, respectively.
z; is Additive White Gaussian Noise (AWGN) with unit variance for i € {1,2,..., K}.
Transmitters are subject to the power constraint P. hj; represents the channel gain between
Transmitter ¢ and Receiver j. It is assumed that all channel gains are real and time invariant.

Let Cx denote the capacity region of this channel. The DOF region associated with the
channel can be defined as the shape of the region in high SNR regimes scaled by log SNR.
Let us denote the DOF region by Rx. We are primarily interested in the main facet of the
DOF region defined as:

K M
1i Zi:l Zj:l Rij
TXsum — 1IN mMax

SNR—ocReCx  logSNR

(4.48)

where R;; is an achievable rate for the message m;; and R is the set of all achievable rates.

The DOF achievable by the message m;; is denoted by r;;.

The Total DOF of % is Achievable

An upper bound on the DOF of this channel is obtained in [25]. The upper bound states
that the total DOF of the channel is less than Kfj\]f_l which means each message can at most
achieve m of DOF. We will show that this DOF is achievable. To this end, Transmitter

i forallie {1,2,..., K} transmits M signals along M directions as follows:

M
v =Y hjji, (4.49)
j=1
where z;; is the signal carrying the message m; ;. Let us focus on the signals intended for
Receiver 1, i.e., x11,x12,...,T1x. The received signals due to these transmit signals can be
written as

G1= h3 21 + 3w + ..+ higrg
Ini= (ho1hi1)z11 + (haohia)zia + ... + (haxhik ) T1x
D= : : : (4.50)
Inii= (harntha)zu + (harghio) e + .o+ (hanhig) 71k
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Since 11, Z12, . . ., Z1x are not intended for Receiver j forall j € {2,3,..., M}, I;; is a part of
interference at Receiver j. We claim that we can align all interfering signals x11, 212, ..., T1x
at all Receivers j € {2,3,..., M}.

Let H; denote the set of all coefficients appeared in Isy, I31, ..., I, i.e., Hy = {(h21h11),
(haghia), ..., (harahia), harihix)}. Hy has (M — 1)K members. The set of all monomials
with variables in H; is denoted by G(H;). Let 7; denote a subset of G(H;) consisting of

monomials represented by
M

T = HH(hjihli)Sﬁ, (4.51)

i=1 j=1
where
s1:= 0 Vie{l,2,... K}
0 <sj; <n Otherwise.
Clearly, 7; has (n + 1) =YK members.

The message my; for i € {1,2,..., K} is transmitted along directions in 7y; where 77; C

7;. A direction T in 77; can be represented as

K M
T = [T IT(rahw), (4.52)
=1 j=1
where
sy =20 VZ€{1,2,,K}
0<s;<n—1 Vje{l2 ... My&j+#1
0<s;<n Otherwise.

It is easy to show that the cardinality of 73; is n™ = (n+1)M=DE=1 " The received directions
due to xy; at all receivers belong to 77. In fact, zy; arrives at receiver j multiplied by (hj;h1;)
and since the power of (hj;hy;) in all directions in zy; is less than n we conclude that the
received directions are all in 7;. Therefore, all transmit signals are aligned and the total
number of directions in I;; for all j € {2,3,..., M} is (n+ 1)M-DK,

A similar argument can be applied for signals intended for Receiver j for all j € {2,3,..., M}.

Therefore, the received signals can be represented as

=t + Lo+ hs+ ...+ L+ 21,

Yo=To + o1 + Ing + ... + Iops + 2o,

C= : : (4.53)
yv=Un + Iy + Dapo + oo+ Tov—vym + 21,
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where [}; is the part of interference caused by all messages intended for Receiver ¢ at Receiver
j. Due to symmetry, we only consider the received directions at Receiver 1. At Receiver 1,
there are M, interfering signals each of which consisting of at most (n + 1) =D& directions.
Therefore, the total number of interfering directions is L} = (M — 1)(n + 1)M=DK_On the
other hand, §j; consists of Kn™~1(n+1)M-DE=1 directions. This is due to the fact that j; =
h2 w11 +h2 10+, . AR eax and ay; foralli € {1,2,..., K} consists of n™ ! (n+1)M-DE-1)

directions. Therefore, the total number of received directions is
L= (M—1)(n+1)MDE 4 gpM=1(n 4 1)M-DE=D,

Using Theorem 27, we can conclude that

KMnM—l(n + 1)(M—1)(K—1)

sum 2 4.54
X KM 1(n + )M DED (M — 1)(n+ )M DK 11 (4.54)
is achievable for the X channel. By rearranging, we obtain
KM
TXsum Z 1 M—1 1 . (455)
K —|— (M — 1) (T) + anl(n_i_l)(Mfl)(Kfl)
Since (4.55) holds for all n, we obtain
KM
sum — 7, . a5 a4 4.
X K+M—1 (4.56)

which is the desired result. In a special case, M = K and the total DOF is % This shows
that as the number of transmitter and receivers increases the DOFs of X and GIC behave

similarly.

4.6 Conclusion

In this chapter, we have considered the K-user Gaussian Interference Channel (GIC). We
have proved that the total DOF of the system can be achieved with a static channel. This
result is obtained by proposing a new coding scheme in which several fractional dimen-
sions are imbedded into a single real line. These fractional dimensions play the role of
integral dimensions in Euclidean spaces. This fact is supported by a recent extension of
the Khintchine-Groshev theorem for the non-degenerate manifolds. The total DOF of the
MIMO case as well as the complex case is also achieved by a simple application of the main

result.



Chapter 5

Random Coding and Interference

Management

In this chapter, point-to-point communication in an environment where several users sharing
the same channel is studied. First, the interaction between users is ignored and assumed
that all users except the desired user are transmitting using known coding schemes. The
intended user who incurs interference from a number of interfering users tries to maximize its
achievable rate. It is also assumed that interfering users use single codebooks, to be defined
later, for data transmission. These codebooks are generated randomly and independent of
each other. Therefore, interference alignment is not possible as it requires joint design for
all users’ coding schemes. Having information about the rates and codebooks of interfering
users, the receiver is allowed to decode interfering messages. This in turn means that the
signal transmitted from any interfering user is either decoded or considered as noise.

We propose the following method to obtain an achievable rate for the channel. Assuming
its own data is decoded successfully, the receiver finds the maximum decodable subset of
interfering users. By a maximum decodable subset, we mean a set of users that are decodable
at the receiver, regarding the rest as noise and any decodable set is a proper subset of it. It
is shown that this task can be accomplished by using a polynomial time algorithm. Once the
receiver obtains the maximum decodable subset, it can partition the interfering users into two
disjoint subsets, namely decodable users and non-decodable users. Then, the transmitter’s
rate is chosen such that the intended signal can be jointly decoded with the set of decodable
users. We also propose a polynomial time algorithm to find the maximum achievable rate
obtainable by this method.

To obtain the maximum achievable rate, one needs to find the maximum decodable subset

of interfering users. Due to the large number of possible choices, having efficient algorithms
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that find the set of decodable users with maximum cardinality is desired. To this end, an
algorithm that enables the receiver to accomplish this task in polynomial time is proposed
in this chapter.

It must be noted that the model described above can also be used as a suitable model
for the cognitive radio that is defined as a radio aware of its surroundings, c.f., [50] and [51].
In this case, the intended user can be considered as a secondary user and other interfering
users as primary users, refer to [50] for basic definitions. To satisfy the assumption of
cognitive radios that no secondary user should harm the primary users’ communications,
we assume that the effect of the secondary user on the primary users is negligible. This
assumption is realistic when the secondary user is equipped with a low power transmitter
or not allowed to transmit higher than some certain power level. Hence, the secondary user
tries to communicate at the maximum rate, while its receiver knows the codebooks and rates
of primary users.

As an application, this model is used in successive rate allocation for the K-user Gaus-
sian IC. A polynomial time algorithm is proposed for such rate allocation. In fact, given
an ordering on users one requires to characterize achievable rate region for the K-user 1C
where each transmitter is allowed to transmit data by using a single codebook and each
receiver is allowed to decode any subset of interfering users. However, as this task is difficult
to accomplish in general, other criteria other than priority on users are considered in the
literature. The state of the art work for deriving achievable rate vectors treats interfering
users as noise [52, 37, 53, 54, 55, 56, 57, 58, 59]. For example, in [37] the K-user Gaussian
IC is studied where transmitters are allowed to allocate different powers in different band-
widths and receivers treat interference as noise. Recently, in [60, 61], successive interference
cancelation is studied. For example, in [60] the optimal order of decoding that maximizes
the minimum rate among all users is obtained.

Throughout this chapter, several converse theorems are proved. It is worth mentioning
that these proofs are only true in a loose sense, i.e., when it is assumed that random codes
are used by all users and there is no cooperation in coding design between users. In fact,
structural codes may perform in regimes outside those that a converse theorem is established.

The organization of this chapter is as follows. In Section 5.1, the system model and
some background materials are introduced. In Section 5.2, a discrete memoryless channel
consisting of K transmitters and one receiver is considered. It is assumed that the users’ rate
vector is not necessarily inside the capacity region of the Multiple Access Channel (MAC)
seen at the receiver side which results in failure of the receiver to reliably decode all the data
streams. The receiver’s task, however, is to find a maximum decodable subset of transmitters

so that their data can be decoded from the received signal. A polynomial-time algorithm
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which finds the maximum decodable subset of users is proposed.

In Section 5.3, single-user data transmission over a channel with K — 1 interfering users
is considered. First a lower bound and an upper bound on the capacity of this channel is
obtained. Then, a method that characterizes an achievable rate for the channel is proposed.
This achievable rate is a function of other users’ rates. It is proved that this function is
piecewise linear.

In Section 5.4, additive channels where the interference caused by other users is Gaussian
are considered. It is proved that for this case, the Gaussian codebook achieves the capacity
where each interfering user is either decoded or treated as noise by the receiver.

In Section 5.5, applications of the proposed algorithms to the K-user Gaussian IC are
investigated. First a polynomial time algorithm that characterizes points obtainable from
successive maximization of users’ rates is developed. Then the notion of one-sided Gaussian
ICs to the K-user case is generalized. A point on the boundary of the capacity region of this
channel is characterized. Finally the capacity of the strong one-sided K-user Gaussian IC is

obtained. In Section 5.6, the chapter is concluded.

5.1 Preliminaries

5.1.1 System Model

We consider single-user data transmission over a channel . with K — 1 interfering users.
& is specified by the transition probability function w(y; |1, z2,...,2x) where x; € Z;
is the input letter to the channel from the i’th user and y; € %] is the output letter re-
ceived by the receiver, see Figure 5.1. The set of users’ indices is denoted by E. x is
the input letter from the intended user and x; for ¢ = 2,3,..., K are input letters from
interfering users. We assume that the interfering users transmit data at the rate vector
R_; =[Ry, Rs, ..., Rk| by using single codebooks generated randomly from the joint prob-
ability distribution px, (z2)px,(3) - - - Px, (k). We are interested in characterizing the ca-
pacity of this channel.

We also consider the continuous Gaussian case modeled by
y1:x1+x2+~~~+xK+z, (51)

where 7 and y; denote transmitted and received symbols, respectively. x;, ¢ = 2,3,..., K,
is the input symbol corresponding to the i’th interfering user that uses a single Gaussian

codebook with power P; and rate R;. z is the additive white Gaussian noise with variance V.



CHAPTER 5. RANDOM CODING AND INTERFERENCE MANAGEMENT 118

U

—= w(yilzy, za, - wmr) N

Figure 5.1: Single user in an interfering medium. z; is the input letter from the intended

user and x;, 1 = 2,3, ..., K, is the input symbol corresponding to the ¢’th interfering user.

The transmitter is subject to the average power P; and tries to send data at the maximum
rate Rj.

5.1.2 Submodular Functions

Definition 8. Let E be a finite nonempty set. A function f : 28 — R is called a submodular
function if it satisfies

fVOU)+f(vnu) < f(V)+ f(U), (5.2)

for any V.U C E. A function f is called supermodular if —f is submodular. A modular

function is a function which is both submodular and supermodular.

Submodular functions are one of the most important objects in discrete optimization.
In fact, they play the same role in discrete optimization as convex functions do in the
continuous case [62]. Besides having a polynomial-time algorithm based on the ellipsoid
method [63], there are combinatorial algorithms for minimizing submodular functions in
strongly polynomial time, c.f. [62] and [64].

If a submodular function is nondecreasing, i.e. f(U) < f(V)if U C V, and f(@) = 0,
then the associated polyhedron

B(f) = {x|x(U) < f(U), VU € E,x > 0}, (5-3)

is a polymatroid. Likewise, if a supermodular function is nondecreasing and f(&) = 0, then

the associated polyhedron
G(f) = {xx(U) = f(U), VU C E}, (5.4)

is a contra-polymatroid.
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5.1.3 Properties of Mutual Information for Independent Random

Variables

In this subsection, we review some important equalities and inequalities in Information
Theory. We consider K independent random variables X1, X5, ..., Xx. Moreover, let E =
{1,2,..., K} denote the set of random variables’ indices. For any random variable Y, we
have the following properties:

1) Chain Rule: For any disjoint subsets U and V', we have the following inequality:
I(Xpuy; Y) = I(Xy; Y[Xy) + I(Xys; Y). (5.5)

2) Independent Conditioning Inequality: For any disjoint subsets U and V, the following
inequality holds:
I(Xp;Y) < I(Xy; Y|Xy). (5.6)

3) Polymatroidal Property: In [35], it is shown that the set function o(U) = I(Xy; Y |Xy)

is submodular and nondecreasing, i.e.,
cUUV)+oUNV)<oU)+ao(V), YUV CE. (5.7)

Hence, its associated polyhedron is a polymatroid.

4) Contra-polymatroidal Property: We claim that the set function p defined as p(U) =
I(Xy;Y) is a supermodular function. To this end, fix any arbitrarily subsets U and V. Let
S =UnNV. From the chain rule, we have

IXyo; V) = I1(Xy; Y) + I X YVIXo), (5.8)
which can equivalently be written as
p(UUV) =p(U) + 1(Xv\s; Y |Xuns, Xs). (5.9)

From Independent Conditioning Property, we have I(Xy\g; Y |Xg) < 1(Xy\g; Y| X s, Xg).
Hence,

Adding p(U N V) = p(S) to both sides, we obtain
pUUV) 4+ p(U V) > p(U) + (X3 VIXs) + [(X5: V). (5.11)
Since I(Xyn\g;Y[Xg) + 1(Xs;Y) = I(Xy;Y), we have
pUUV)+pUNV)ZpU) + p(V), (5.12)

as claimed. It is easy to show that p is nondecreasing and hence its associated polyhedron

is a contra-polymatroid.
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5.1.4 Multiple Access Capacity Region

One of the most important results in Information Theory is the characterization of the
capacity region of the MAC [65, 66]. The capacity region of a MAC can be represented as
follows. We define & as the collection of all probability distributions which can be written
as P(xy,xa, ..., vx,y) = p(z1)p(x2) - - - plrg)w(y|T1, T2\ - - ., TK ), Where w(y|z1, 2o, . .., TK) iS

the channel transition probability function. Now, the capacity region of a MAC is

CMAC = conv <U CMAC(]P)> s (513)

Pes

where conv(-) denotes convex hull operation, and Cyac(PP) is defined as
Cuac(P) = {R|R(U) < I(Xy; Y [Xg), VU C E}. (5.14)

Using the polymatroidal property of the mutual information, it is easy to show that
Cumac(PP) is a polymatroid. It is worth noting that even though Cyac is the union of polyma-
troids, it is not necessarily a polymatroid. However, Cyac is a polymatroid for the K-user
Gaussian MAC modeled by

y=x1+x2+ -+ K+ 2, (5.15)

where y is the received symbol, x; is the transmitted symbol of user i, and z is additive white
Gaussian noise with zero mean and variance N. User ¢ is also subject to an average power

constraint P;. The capacity region of the K-user Gaussian MAC can be stated as
P(U
CGMAC = {R‘R(U) < Y (%) 5 VU - E}, (516)

where y(x) = 0.5log,(1 + x).

5.2 Maximum Decodable Subset

In this section, we consider a discrete memoryless channel consisting of K transmitters
with input alphabet Z; for the ith transmitter and one receiver with output alphabet %
where each transmitter uses a single codebook for data transmission. This channel is spec-
ified by the transition probability function w(y|xi, s, ..., rx) where z; € Z; is the input
letter to the channel from the ith transmitter and y € % is the output letter received
by the receiver, see Figure 5.2. The random codebooks used for data transmission at the
rate vector R = [Ry, Ry, ..., Rk] are generated by using the joint probability distribution

px, (21)px, (T2) - - - pxj (x ) for random variables X, Xo, ..., Xk.
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x1
)

w(ylzy, 2, ..., xM) |-

XM

Figure 5.2: Transmitter ¢ uses a random codebook for data transmission at rate R;. Re-

ceiver’s task is to find the maximum decodable subset of users.

The rate vector R may fall outside of the capacity region of the MAC seen at the receiver
side which results in failure to reliably decode all data streams. The receiver’s task, however,
is to find a decodable subset of transmitters so that their data can be decoded from the
received signal. To this end, the receiver partitions the set of transmitters into two disjoint
parts and tries to jointly decode the data sent by the transmitters within the first partition,
while considering the signals of transmitters in the second partition as noise.

In what follows, we compute the complexity of finding a decodable subset of transmitters
by an exhaustive search. Let F = {1,2,..., K} denote the set of transmitters’ indices. There
are 28 ways to partition £ into two subsets; and to verify that a subset V with cardinality
k is decodable, 2% — 1 inequalities must be verified due to (5.14). Hence, in general, the total

number of inequalities to be checked is

EK: ([]j) (2" —1) = 3% — 2%,

k=0

which is exponential in the number of users.

Definition 9 (Maximum decodable subset). A set of transmitters is a mazimal decodable
subset if all transmitters in the subset are jointly decodable by the receiver, and is not a
proper subset of any other decodable subset. If the mazimal decodable subset is unique, we

call it the maximum decodable subset.
Lemma 12. For any channel, there is a maximum decodable subset.

Proof. Suppose the receiver is able to decode two subsets of transmitters, namely U and V/,
such that none of them is a subset of the other. U and V' are proper subsets of their union
U UV. Besides, their union is decodable by the receiver. This contradicts the fact that both
subsets are maximal. O



CHAPTER 5. RANDOM CODING AND INTERFERENCE MANAGEMENT 122

We first describe some properties of the maximum decodable subset. There are two
cases of special interest. The first case occurs when all transmitters are decodable by the
receiver, i.e., the maximum decodable subset is the set E. In this case, the transmitters’
rates must satisfy the inequalities given in (5.14). In the second case, however, none of the
transmitters is decodable by the receiver, i.e., the maximum decodable subset is empty. The
following Lemma shows that for the second case the rate vector R must be in a certain

contra-polymatroid.

Lemma 13. None of the signals is decodable by the recewver if and only if transmitters’ rates
satisfy
R(U)>I(Xy;Y), VU CE. (5.17)

Moreover, the region of the rate vectors satisfying above inequalities forms a contra-polymatroid.

Proof. We first prove that if a rate vector R satisfies (5.17), then none of the signals are
decodable. To this end, we assume that V' is the maximum decodable subset and V # ().
Since V' is a decodable subset, we have the following constraints on the rates of the members
of V.

R(T) < I(Xp; Y| Xyr), VT CV. (5.18)

By substituting 7' = V' in the above equation, we have
R(V) < I(Xy;Y), (5.19)

which is a contradiction and this completes the “if” part of the proof.
Next, we need to prove that if the inequalities in (5.17) are not satisfied, there is at least
a transmitter which is decodable. Suppose there are some subsets that do not satisfy (5.17).

Assume W has the minimum cardinality among all and satisfies
R(W) < I(Xw;Y). (5.20)

If |W| =1, then the transmitter in W is decodable by considering everything else as noise
which is the desired result. Hence, we assume |[IW| > 1. If all members of W are jointly
decodable, then we have found a decodable subset. Otherwise, there must be a subset of W,
say V, satisfying

R(V) > I(Xy; Y[Xunv). (5.21)

By decomposing the mutual information in (5.20), we obtain

R(W) < I(Xv; Y| Xprv) + I (Xynv; V). (5.22)
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From the minimality of |[W|, we have
R(WA\V) > I(Xy\v;Y). (5.23)

By combining the two inequalities (5.21) and (5.23) and considering the fact that R(W) =
R(W\V) +R(V), we conclude that

RW)> I(Xw\v; Y) + I(Xy; Y| Xuv), (5.24)
> I(Xy: ), (5.25)

which is a contradiction. This completes the “only if” part of the proof.

It is easy to see that the function on the right hand side of (5.17) is a supermodu-
lar function and monotone, hence the region formed by rates satisfying (5.17) is a contra-
polymatroid. O

In the following theorem, the characterization of the maximum decodable subset is pre-
sented.

Theorem 28. A subset S C FE is a maximum decodable subset if and only if the transmitters’

rates satisfy the following inequalities

R(V)< I(Xv; Y [Xg\v), VV C 5, (5.26)
R(U)> I(Xy;Y|Xs), VYUCS. (5.27)

Proof. Inequality (5.26) corresponds to the capacity region of the MAC for members of S
considering members of S as noise. Hence, the members of S are decodable iff the inequalities
in (5.26) are satisfied. The set S is a maximum decodable subset if no other transmitters
in S is decodable by the receiver. Now, by applying Lemma 13 and considering that all
members of S are decoded, we conclude that none of the transmitters in S is decodable iff

the inequalities in (5.27) are satisfied. This completes the proof. 0

For a given maximum decodable subset S C F, we define D° as

D% = {R|R(T)
R(U)

S I(XV7Y|XS\V)> vV g Sa

> [(Xy;Y[Xg), VUCS} (5.28)
D? is a polyhedron because it is the intersection of finitely many half spaces. By Theorem
28, D® consists of all rate vectors with the same maximum decodable subset S. Since for any

rate vector there is an associated maximum decodable subset, we have Ugc g D® = ]Rf . This
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means that R is represented as the union of finitely many polyhedral sets. An example for
the case of the additive two-user Gaussian channel is given in Figure 5.3.
The result of this section can be directly extended to continuous channels. The most

applicable class of continuous channels is the additive Gaussian channel defined by
Y=o+ T2+ -+ K+ 2, (5.29)

where z is an additive Gaussian noise with zero mean and variance N. We assume users
transmit at rates R = [Ry, ..., Rg] using Gaussian codebooks with average powers P =
[P, ..., Pg]. In the following example, we apply the result of Theorem 28 to a two-user

additive Gaussian channel.

Example 1. Consider a two-user additive Gaussian channel where the received signal can
be written as y = x1+xo+ z. In this case, E has four subsets, namely S; = {1,2}, So = {1},
S3 = {2}, and Sy = 0. By applying Theorem 28, we obtain the following conditions for the
subsets of E to be the mazimum decodable subset.

1. Sy s the maximum decodable subset. In this case, the conditions R; < 7(%), Ry <

V(5), and Ry + Ry < ~v(B3H2) must be satisfied.

2. Sy is the mazximum decodable subset. In this case, the conditions Ry < vy (P;jiN) and
Ry >~y (%) must be satisfied.

3. S3 is the mazximum decodable subset. In this case, the conditions Ry < -~y (Pllij) and
Ry >~ (%) must be satisfied.

4. Sy 1s the maximum decodable subset. In this case, the conditions Ry > 7(P2Ij:N),
Ry > 7(%), and Ry + Ry > v(22) must be satisfied.

The set of conditions described above partitions R into four regions, as illustrated in
Figure 5.3. It can be seen from the figure that D2} is a polymatroid corresponding to the

capacity region of a two-user MAC and D° is a contra-polymatroid according to Lemma 13.

The above example shows that finding the maximum decodable subset is equivalent to
finding the region where the transmitters’ rate vector belongs to. Since the number of regions
grows exponentially with the number of transmitters, finding a polynomial-time algorithm
for solving the problem is desired. To this end, we first define the function f : 2¥ — R as
follows

fV) = 1(Xy; Y[Xy) = R(V), (5.30)

where V C E.
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Figure 5.3: Decision regions used for determining the maximum decodable subset for a two-
user additive Gaussian Channel. For any rate in D2}, the receiver can decode both signals.
For rates in DI and D%, the receiver is able to decode transmitters 1 and 2, respectively.

Finally, the receiver can decode neither 1 nor 2 for any rate in DP.

Lemma 14. The function f defined in (5.30) is a submodular function.

Proof. The result directly follows from the modularity of R and the submodularity of mutual

information. O

Since there are polynomial-time algorithms for minimizing any submodular functions,
c.f., [62] and [64], the following optimization problem can be solved efficiently:
f(W) =min f(V). (5.31)

VCE

If the minimum of f in (5.31) is zero, then all transmitters are decodable by the receiver due
to (5.14). Otherwise, there is at least one transmitter in the set £ which is not decodable.
In the following theorem, we prove that indeed all members of the minimizer of f are not

decodable, and they need to be considered as noise.

Theorem 29. No member of the subset W that minimizes f in (5.31) is decodable by the re-
cetver, provided that the minimum in (5.31) is not zero and the minimum cardinal minimizer

1s used. In fact, all members of W must be considered as noise, i.e., if S is the maximum
decodable subset then W NS = @.

Proof. We first partition the minimizer subset W into two disjoint sets U and T where
U=WnSand T = W\S, see Figure 5.4. We need to show that U = (). Suppose U is
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Figure 5.4: FE is the ground set. S is the maximum decodable subset. W is the minimizer
of fin (5.31).

nonempty. Hence |U| > 1 and |T'| < [W|. Since U is a subset of S, from (5.26), we have
R(U) < I(Xp; Y[Xs\0)- (5.32)

The inclusion S\U C W and independence of random variables imply I(Xy;Y[Xgp) <
I(Xy; Y| X57). Hence,
R(U) < I(Xp; V| Xip). (5.3)

From the definition of f in (5.30), we have
fW) =IXw;Y|Xyw) — R(W). (5.34)

From the chain rule and the fact that T" and U partition W into two disjoint subsets, we

have the following equation

I(Xw; Y Xyr)= (X7 Y[ X7, Xv) + I(Xy; Y X5),
= I(X7; Y[X7) + I(Xy; Y[ Xy). (5.35)

Substituting (5.35) into (5.34) and using R(W) = R(T) 4+ R(U), we obtain
fW) = F(T) + I(Xy; Y|Xy) — R(U). (5.36)
Using the inequality (5.33), we conclude that
f(T) < f(W). (5.37)

If f(T) < f(W), then it contradicts the optimality of W, and if f(T) = f(W), then it
contradicts the fact that |IW| has minimum cardinality among all minimizers. This completes
the proof. 0
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By applying Theorem 29 and using the well-known submodular function minimization
algorithms as a subroutine, c.f. [64] and [62], we propose the following polynomial-time

algorithm for finding the maximum decodable subset.
Algorithm 1 (Finding the maximum decodable subset).
1. Set S=FE.

2. Find W such that

fW) = rvngigf(V),

where f is
f(V)=1(Xy;Y|Xg\v) — R(V). (5.38)

3. If W =@ STOP. S is the mazimal decodable subset. Otherwise, S\W — S.
4. If S =@ STOP. No subset of E is decodable. Otherwise, GO TO step 2.
Theorem 30. Algorithm 1 converges to the maximum decodable subset in polynomial time.

Proof. Since in each iteration W is a nonempty set (otherwise, the algorithm stops), this
algorithm converges at most in |E| iterations. Furthermore, in each iteration, we need to
minimize a submodular function which can be done in polynomial time [62]. Hence, the

total running time of the algorithm is polynomial in time. O

5.3 An Achievable Rate

In this section, we propose a method to obtain an achievable rate for the channel .. We
also provide a polynomial time algorithm to characterize this achievable rate. A lower bound
for the capacity of . can be obtained by considering interfering users in E as noise and

optimizing over all input distributions. Hence, we have

max [(X1;Y)) < C, (5.39)

p(z1)

where C' denotes the capacity of .. Now, we assume that regardless of the input distribution,
the receiver is able to decode all interfering users considering its own signal as noise. By this

assumption, an upper bound on the capacity can be obtained as follows

C < maxI(X;Y1|Xp\). (5.40)

p(z1)
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Let us assume that the transmitter uses py, (1) to generate a single random codebook.
We need to find the maximum achievable rate R;. If R; is an achievable rate, then the receiver
can successfully decode its intended data. After decoding its own signal, the receiver can
search in the set E\{1} for the maximum decodable subset S C E\{1}. This procedure can
be done efficiently using Algorithm 1. Let us define V' = E\(S U{1}). V is the set of users
that receiver treats as noise. From (5.26), we have

R(U) < I(Xy; Y1[Xsuppw), YU C 8. (5.41)

To find R;, we consider the MAC consisting of user 1 and the users in S, while the users

in V are considered as noise. From (5.14), the rate vector R is achievable if
R(U) < I(Xy; V1| Xsuppw), YU € SU{1}. (5.42)

Since half of the inequalities in (5.42) are satisfied by (5.41) and the only unknown parameter

is Ry, we can maximize the user’s rate based on the following optimization problem:
Ri(R_1)= Iglcné I(X1, Xy Y1 Xs\w) — R(U). (5.43)

The optimization problem (5.43) is again a submodular function minimization and can be
solved by polynomial-time algorithms.

In the following, we summarize the above procedure.
Algorithm 2 (finding an achievable rate).

1. Given p(x1), find the mazximum decodable subset S among interfering users by using

Algorithm 1 and assuming that the user’s data is decoded.

2. Solve the submodular function minimization in (5.43).

As a by-product of the above algorithm, we can find the subset of interfering users that

can be first decoded at the receiver and its effect can be removed.

Proposition 1. If U minimizes (5.43), then the receiver is capable of decoding all users in

W = S\U by considering everything else as noise.

Proof. At the first step, one needs to decode W. This requires,
R(T) < I(Xp; Y1 Xynr), VT C W. (5.44)
Suppose there is a subset T* that does not satisfy (5.44), that is,
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Hence,

~ A .
Ry :I(X1,XUUT*;Y1|XS\(UUT*)) —R(UUTY)

DXy, Xy Vi Xsyw) — R(U)

+I(XT*7 }/1|XW\T*) — R(T*)

b *

DR(Roy) + [(Xee; Yi|Xwnr+) — R(T™)

YRi(R), (5.46)
where (a) follows from the chain rule and the fact that (S\(UUT*)) UT* = S\U and
S\(UUT*) = W\T*, (b) follows from the definition of R;(R_;) and minimality of U, and
(c) follows form (5.45). The last inequality contradicts the fact that U is the solution for the

minimization problem in (5.43). This completes the proof. a

In light of Proposition 1, the set E is decomposable into three disjoint subsets, namely
V, UU{1}, and W. V is the complement of S U {1}, namely the union of the maximum
decodable subset S and the intended user. Therefore, the receiver is not able to decode the
interfering users in V' and considers them as noise. W is the part of S that the receiver can
decode by considering everything else as noise. U U {1} is the subset of users that need to
be decoded jointly after removing the effect of W.

As indicated in (5.43), the achievable rate is a function of interfering users’ rates. In

order to derive some properties of this function, we need the following definition.

Definition 10 (piecewise linear functions [36]). A function f: RE — R is piecewise linear
if firstly its domain can be represented as the union of finitely many polyhedral sets, and
secondly f is “affine” within each polyhedral set, i.e., f(x) = alx+b for some vector a and

scalar b.
In the following theorem, we summarize some properties of R; as a function of R_;.

Theorem 31. The function Ry(R_1) defined in (5.43) is piecewise linear. More precisely,

Ri(R_,) consists of at most 35~ collection of affine functions.
Proof. Likewise (5.28), let us define the region D* as

D¥ = {R.1|R(T)
R(U)

< I(Xp; V1| Xg\r, X1), VT C S,
> I(Xy; Y11 Xg, X1), VU C VY (5.47)

where V' = E\(S U{1}). Due to (5.43), the function R;(R_;) is defined as the pointwise
minimum of 2!/ affine functions over the polyhedral set D°. As a result, R;(R_;) is piecewise

linear, continuous, and concave over D?, c.f., Theorem 2.49 in [36].
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Figure 5.5: The function R;(R_;) for a channel with two interfering users

Since R;(R_;) is a piecewise linear function over each D° and Ugc E\{l}DS = Rf —1it
is a piecewise linear function over ]Rf ~1 Moreover, each polyhedron D? is divided into at
most 2/3 sub-polyhedra in each of which R; is an affine function. Hence, the total number

of components is not more than
K -1
> 2 = 3K-1, (5.48)

This completes the proof.
]

It is worth noting that, although R, is a concave function over each D, it is not a

concave function over ]Rf -1

Example 2. Consider an additive channel y, = x1 + x9 + x3 + 21 where all users use
Gaussian codebooks for data transmission. In this case, the maximum decodable subset of
interfering users is a subset of {2,3}. Hence, there are four regions D°, D12} DB} and
D23} where Ri(Ry, R3) is a concave function over each of them. For instance, Ry (Ry, R3) =
¥ (ﬁ) over D? and Ry(Ry, R3) = (P2i1N1> — g(R3) over DB where g(Rs) is either
Rs or 0. In Fig. 5.5, an example of the function Ri(Rs, R3) for this channel is illustrated.

As depicted in the figure, Ri(Rs, R3) is a piecewise linear and continuous function. It also

consists of 9 components, i.e., 3571 for K = 3.

Example 3. In this example, we consider binary adder channel with K —1 interfering users.

The channel model can be written as y; = 1D X2 ® ... Drg. We further assume that users’
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codebooks are randomly chosen from Bernouli sequences with p(0) = p(1) = 0.5. In this case,

it 1s easy to show that

Ri(R-y) = [1 = R(E\{1})]", (5.49)

where [a]™ = a if a > 0 and 0 otherwise. This reflects the fact that the function Ri(R_;)

may have less than 3%X~1 components.

5.4 Channel’s Capacity for the Gaussian Case

In this section, we prove that provided using Gaussian distribution for codebook generation,
the achievable rate obtained in the previous section is indeed the capacity (in the loose sense)
of the additive channel with Gaussian noise and K — 1 Gaussian interfering users.

To show that any rate above C' (the output of Algorithm 2 where p(z) is Gaussian) is
not achievable, we construct a degraded broadcast channel and show that if a rate R; > C
is achievable, then one can communicate reliably outside the capacity region of this channel
which is a contradiction. The following lemma assists us in constructing such a degraded

channel.

Lemma 15. For any set of independent Gaussian codebooks with power vector P = [Py, Py,
..., Pg| and rate vector R = [Ry, Ry, ..., Rk], there is a K-user Gaussian broadcast channel

with the following properties:
1. The transmitter’s total power is P(E).
2. There are L noise levels: Ny < Ny < ... < Np.

3. Users are partitioned into L disjoint subsets, that is, E = UiL:1 U;. All users in U; have
the same noise level N;, for i ={1,2,...,L}.

4. The rate vector R lies on the boundary of the capacity region. R is achievable using

Gaussian codebooks with powers in one to one correspondence with the components of

P.

Proof. We aim at building a Gaussian broadcast channel with x as input and ¢, 9s, ..., 9L
as outputs, where 3; = x + n; and n; is additive white Gaussian noise with variance ;. To
this end, we first construct a K-user Gaussian MAC with noise level N and transmit power
vector P with the property that the rate vector R is achievable. Hence,

R(T) < v <¥) , VI C E. (5.50)
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By monotonicity of v, it is always possible to find an N such that the rate vector R is
achievable. Indeed, R is achievable for any N € [0, N;], where N; corresponds to the case
that for any noise above N; at least one of the inequalities in (5.50) turns to equality. Let Uy
denote the set of users for which the corresponding inequality in (5.50) turns to equality with

noise level N (in case of having more than one equality we choose the maximum cardinal

R(U;) = v (Pj\?) . (5.51)

Now, we correspond users in U; to the output of the Gaussian channel ¢, = x + n;, where

subset), i.e.,

ny is additive Gaussian noise with variance Nj.
Let us consider a set 7' C E\U;. Using (5.50) for the set of users in 7"U U, yields

R(TUT,) < ~ (%) | (5.52)
By plugging (5.51), we obtain
R(T) <~ (#%) , VT C E\Uj. (5.53)

We can apply the same procedure to (5.53), i.e., we increase V7 until one of the inequali-
ties turns to equality. Let N, denote the maximum noise level satisfying (5.53) with equality.
Clearly, N; < Ny. If Uy denotes the set of users satisfying (5.53) with equality, then we have

By plugging in (5.53), we obtain
P(T)
7 (N1 +P(Uy) + P(Us)

Now, we correspond users in U, to the output of the Gaussian channel 5 = x + ny, where

R(T) < ) , VT C E\U, U Us. (5.55)

ns is additive Gaussian noise with variance Ns.
By repeating the above procedure, we can construct a set of channels with noise levels
N; < Ny < ... < Ny and associate set of users Uy, Us, ..., Uy, with &/ = Ule U such that

_ P(U:)
R(U;)= v NS PUT) ) (5.56)
P(T) .
R(IN<~ NAPUT)) vT C U, (5.57)
P(T L
R(T)< 7 N; + P(U;:l Uj) 7 e j_LiJ_l Uj' (558>
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Now, assume that the transmitter with total power P(FE) uses K-level Gaussian code-
books for data broadcasting. The transmitted signal can be written as x = x;+xo+. ..+ X,
where x; is a Gaussian codeword with power P, and rate R; and contains information for
[’th user. The received signal at noise level N; can be written as y; = x + n;. The set

of inequalities in (5.58) implies that all users at noise level N; can decode data streams of
L

j=i1+1
Uf:i +1 Uj from the received signal, the set of inequalities in (5.57) implies that all users in U;
can decode their own signal considering users in U;_:ll U; as noise. In other words, all users

users in | J U, considering everything else as noise. By removing the effect of users in

at the same level of noise can decode their signals by first decoding the users at upper levels
and removing their effect and considering users at lower levels as Gaussian noise. Hence, we
obtain a Gaussian broadcast channel in which the rate vector R is achievable and Gaussian
codebooks are constructed according to the power vector P. It remains to show that R is on
the boundary of the capacity region. The capacity region of the Gaussian broadcast channel
is fully characterized and there is an explicit expression for boundary points, c.f. [8]. The
equalities in (5.56) guarantee that the rate vector R lies on the boundary of the capacity
region. This completes the proof. O

Theorem 32. The rate C, the output of Algorithm 2, is the capacity of the channel described
in (5.1).

Proof. We rewrite the achievable rate given in Algorithm 2 by using the Gaussian distribution
as codebook generator. As discussed earlier, the set of users can be partitioned into three
subsets V', U U {1}, and W.

W is the subset of interfering users that the receiver can decode considering everything
else as noise. Since the Gaussian noise is the worst noise for additive channels, c.f. [39] and
[38], and W is decodable when other users are considered as Gaussian noise, W is decodable
for any arbitrary distribution for intended user. As a result, interfering users in W can be
completely eliminated regardless of the input codebook.

V' is the complement of the maximum decodable subset and must be considered as noise.
From (5.27), we have
P(T)
R(T) > —_—
(1) >~ <N+P(V\T)

U is the solution to the minimization problem in (5.43). Hence, we have

P +P(U)
N + P(V)) '

) VT CV. (5.59)

C+R(U)= 7( (5.60)

We apply Lemma 15 to the set of users in V' with associated power vector P(V') and rate
vector R(V). Let N; < Ny < ... < N denote the noise levels and Uy, U, ..., UL denote
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the collection of subsets of users associated to each level of noise for the Gaussian broadcast
channel with the properties given in Lemma 15. We claim that Ny < N. To verify this, we
substitute Uy, into (5.56) and (5.59). Hence, we obtain

(reinm) = (v oemm) 61

which results in N, < N.

Next, we add Up.; = U U {1} as a set of new users to the Gaussian broadcast channel
with noise level N1 = N and increase the transmitter’s total power by P, + P(U). It
is easy to verify that the conditions in (5.56), (5.57), and (5.58) are still satisfied with new
broadcast channel. Consequently, the rate vector lies on the boundary of the capacity region.
Therefore, reliable data transmission at any rate above C results in reliable data transmission

outside the capacity region which is a contradiction. This completes the proof. O

5.5 Applications for the K-user Gaussian IC

In this section, we apply the proposed algorithms to the K-user Gaussian IC modeled by

K
Yi = Z hijxj + 2, (5.62)
i=1

where z; is the transmitted symbol of user j and h;; denotes the link’s gain between the j'th
transmitter and the i’th receiver. z; is additive white Gaussian noise with zero mean and
variance N;. User ¢ is also subject to an average power constraint P;. The capacity region
of this channel is denoted by %gic.

It is more convenient to write the system model in matrix form as

y = Hx + z, (5.63)
where y = [y1,9,...,yx]|" and x = [z1, 79, ..., 2x]" denote the output and input vectors,
respectively. H = [h;;] is the matrix of links’ gains, and z = [21, 29, . . ., 2x]" is the Gaussian

noise vector which has a diagonal covariance matrix. By scaling transformations, it is possible
to write the channel model (5.63) in standard form where the noise variances and diagonal
elements of H are one [10].

Let us assume each transmitter is allowed to transmit data by using a single Gaussian
codebook and each receiver is allowed to decode any subset of interfering users. Let W denote
the set of decoding strategies. By a decoding strategy ) = {S1,Ss,..., Sk} € ¥, we mean
that the receiver i tries to decode all users’ data in S;. Clearly, S; C F and i € S;. Since
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2K—1 (K1)

there are possible choices for each S;, we have 2%
Hence, |¥| = 2K(K-1),

Given a strategy, a rate vector R is achievable with respect to that strategy if every

possible strategies in total.

receiver can reliably decode its associated users. Therefore, an achievable rate region ¢, can
be defined as a set of all rate vectors that are achievable with respect to the strategy . Let

€, = Uwe\If ¢, Clearly, 6, C 6src and it can be shown that %, is not convex in general.

5.5.1 Some Extreme Points of %,

Given an ordering 7 of users, we aim at maximizing users’ rates in accordance with 7. In
general, there are K! orderings of users which result in K'! not necessarily distinct achievable
rates in the capacity region. Due to the polymatroidal property of the capacity region of
the Gaussian MAC, every permutation leads to a distinct achievable rate vector; whereas,
%, is not a polymatroid and hence there may be some permutations that lead to the same
achievable rate vector. Without loss of generality, we may assume the order is the same as
that of users’ indices, i.e., permutation matrix is identity.

Setting the first user’s rate to its maximum value Ry = 7 (P;) imposes some constraints
on the other user’s rates as they must be decoded by the first receiver. The reason is that
R, is achievable if the first receiver can decode all the interfering users by considering its
own signal as noise and eliminating their effects from the received signal.

Maximization of the second user’s rate is more delicate, since its transmission should
not affect the first user’s data rate. However, we have the choice of lowering other users’
rates as much as needed. Hence, we assume users in the set {3,4,..., K} are decoded
at the first and second receivers by considering everything else as noise and their effects
are removed. Ry must be chosen such that both receivers can decode it. The maximum
decodable subset at the first receiver is {1} by the assumption. For the second user, we can
find the maximum decodable subset of interfering users which in this case is either () or {1}.
Now, we can run Algorithm 2 at both receivers to find an achievable rate for each receiver.
Clearly, the minimum of the two achievable rates are achievable and we set Ry to this value.
Besides, we obtain the strategy (2 = {S%z), 552)} in which R, and Ry are achievable, where
S 5% C E® and EO = {1,2,...,i}.

To maximize the rate of user i, we proceed as follows. We treat users above index ¢ as
they do not exist, i.e., we put constraints on their rates in such a way that all the receivers
with indices in E® can decode them first and remove their effects. From maximization of

users’ rates in the previous steps, we have Ryu-1) and its corresponding achievable strategy
=D = (gD G0 where S](-i_l) C B0V V5 ¢ BV R, must be chosen such
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that all receivers in E® can decode it. The maximum decodable subset of interfering users
is given by ¥~ for all receivers in £~ We can also find the maximum decodable subset
of interfering users at receiver ¢ by running Algorithm 1. Let SZ-(i_l) denote this subset. From
(5.43), R; is achievable at the receiver j € E@ if it is less than R;; which is defined as

h%P; + h% P,
5 i P 2 e My 2 —R(U). (5.64)
1 + ZkeE(ifl)\sj(_ifl) h]kPk

Rij: min

i
UgSJ(_iq)

Hence, R; can be chosen as the minimum of all R;js. For the next step, we need a new
achievable strategy. It is easy to see that @ = {SU™V U {i}, ... s VU {i}, sV U {i}}

is the proper strategy at step 7. Now, we can iterate until the last user.
Algorithm 3 (successive maximization of users’ rates).

1. Set Ry =~ (Py) and SV = {1}.

2. Fori=2:K, do:

(a) Find the mazximum decodable subset of interfering users Si(i_l) in the set E0—1
for receiver i assuming that users in the set E\E"™Y) are decoded and their effects

are removed.

(b) Solve the following optimization problem

jEEW
where R;; is defined in (5.64).
(c) S =SVV Ui}, forall j € BD.

J

For the sake of completeness, in the following theorem, we state that the above algorithm

finishes in polynomial time.
Theorem 33. Algorithm 3 converges to an extreme point of €, in polynomial time.

Proof. At the 7’th iteration, we need to solve i submodular function minimizations. Hence,
in total, a submodular function minimization subroutine is invoked for K (K + 1)/2 times.
Moreover, at each step, we need to find the maximum decodable subset which can be ac-
complished in polynomial time based on Theorem 28. Hence, Algorithm 3 converges to an

extreme point of %, in polynomial time. O
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It is worth noting that for the two-user Gaussian IC in the case of strong and very strong
interference [33], the output of Algorithm 3 is a point on the boundary of the capacity
region. In the case of weak interference, however, the output of Algorithm 3 coincides with
Costa’s result in [14]. Unfortunately, the optimality of the result claimed by Costa has not
been proved yet [33]. As a result, proving the optimality of extreme points obtained from

Algorithm 3 has at least the same level of difficulty as that of the two-user case.

5.5.2 Generalized One-sided Gaussian IC

Parallel to the definition of the one-sided Gaussian IC [14], we define the generalized one-sided
Gaussian IC as one in which the channel matrix H can be represented as a triangular matrix
by row permutations. For the sake of simplicity, we always assume that H is lower triangular.
Hence, the first user incurs no interference from other users, i.e., y; = x; + z1, the second
user incurs interference only form the first user, i.e., yo = ho121 + 22 + 29, and in general,
user 4 incurs interference from preceding users, i.e., y; = hjyry + ... + bz + x; + 25
The capacity region of strong and very strong two-user Gaussian ICs is known and cor-
responds to the capacity of the corresponding compound MAC where both receivers decode
both users’ messages [3] [2]. Therefore, for the K-user case, it is interesting to find similar
situations where the capacity is achievable when all receivers decode all messages sent by all
transmitters. However, by a counter example, it is easy to show that having the condition
h?j > 1, Vi,j € F, is not sufficient to establish similar results. To find similar situations, we
define the strong generalized one-sided Gaussian IC as the channel with triangular channel
matrix H with the property that h3 > h% whenever i > j. In the following theorem, we
prove that the capacity region of the strong generalized one-sided Gaussian IC can be fully

characterized.

Theorem 34. The capacity region of the strong generalized Z Gaussian 1C is (\,c p Carac (1),
where Cprac(i) denotes the capacity region of the MAC seen at the ith receiver.

Proof. This theorem can be also proved by induction on the number of users. For a single
user, it is trivial. We assume that for a channel with m — 1 users and a triangular channel
matrix, the capacity region is ();cp\ .y Crac(i). Now, we add a new user which does not
interfere with other users and only receives interference from all other users. Let Cqrc denote
the capacity region of K-user Gaussian IC. It suffices to show that for any rate vector R =
[R_,, Ry in Ciro(m), receiver m is able to decode all users’ messages. The idea that we use
here is similar to the idea of Han and Kobayashi for proving the capacity region of strong and

very strong two-user Gaussian ICs [11]. Since R_,, is achievable and there is no interference
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from user m, we have R_,, € ﬂieE\{m} Carac(?). In particular, R_,, € Cprac(m—1). Hence,
receiver m—1 which has y,,—1 = hn_1)121+ -+ hm—1)(m—2) Tm—2+Tm—1+2m—1 as the received
signal can jointly decode all users in the set E\{m}. Since R,, is decodable by the mth
receiver, it can be removed from the received signal y,, = Ry 21+ -+ R (m-1)Tm-1+Tm+2m.
Now, receiver m can try to decode other users’ data from g, = hp1 21+ - +Renm—1)Tm—1+2m-
Let C ac(m—1) denote the capacity of this MAC. By hypothesis, h% > h?k whenever 7 > 7.
Therefore, Cpyac(m—1) € Cprac(m —1). Hence, receiver m is able to decode the rate vector

R_,,. This completes the proof. O

5.6 Conclusion

We investigated data transmission over a channel with K — 1 interfering users. By estab-
lishing certain properties of the maximum decodable subset, we proposed a polynomial time
algorithm that separates the interfering users into two disjoint parts: the users that the
receiver is able to jointly decode their messages and its complement. We introduced an opti-
mization problem that gives an achievable rate for this channel. We proposed a polynomial
time algorithm for solving this optimization problem. We also established the capacity of
the additive Gaussian channel with Gaussian interfering users and showed that the Gaussian
distribution is optimal and the proposed achievable rate is the capacity of this channel.

As an application of this method, we investigated data transmission for the case of K-
user interference channel when transmitters use single codebooks for data transmission, and
receivers are allowed to decode other users’ messages. We then introduced an achievable
rate region %,. We obtained some extreme points of &, by successive maximization of users’
rates. Finally, we obtained the capacity region of the strong generalized one-sided Gaussian
IC.



Chapter 6

Future Research Directions

In this chapter, some interesting problems that emerge from this dissertation are discussed.

These problems can provide the spur to further research.

6.1 Interference Channels

6.1.1 The Two-user Case

The capacity region of the two-user Gaussian IC is far from being fully characterized. Even
though the best achievable scheme is due to HK, the best input distributions are not known.
In fact, Gaussian distributions may not be optimal for all channel parameters. The outer
bounds presented in the thesis are generally optimal when the sum capacity is concerned. It
is interesting to see if it can provide sufficient tools to derive other points on the boundary

of the capacity region.

6.1.2 The Three-user Case

The DOF of the three-user Gaussian channel is not known when all channel gains are rational.
In fact, the coding scheme presented for the symmetric case may not be optimal as there is
no tight upper bound for this case. It would be a very interesting problem to see if there
is a universal coding scheme that gives the best DOF for this case. In order to prove such
statement, one needs to obtain a sufficiently tight upper bound on the sum capacity so as in
the high SNR regimes provides a tight bound on the DOF.

139
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6.1.3 The K-user Case

The coding scheme used for the three-user with rational coefficient case can be brought to
the K-user Gaussian IC. In fact, in wireless systems channel estimation is always performed
with finite precision and therefore it is rational. Hence, as the case of three-user, a careful
design is needed to achieve higher multiplexing gains in the channel. It is also interesting to

obtain the relation between the channel coefficients and achievable DOFs.

6.2 Interference Alignment

With the advent of interference alignment, new directions in interference management came
to existance as Interference alignment emerged as a promising method to mitigate the effect
of interference in a network.

The major drawback regarding interference alignment is that it needs full channel state
information to realize its full potential. Therefore, practical applications are only possible
when efficient feedback strategies are designed and carefully analyzed.

The concept of relaying in wireless networks has recently attracted many researchers in
the areas of communications, networking and information theory. It is demonstrated that
employing relays improves the coverage and reliability in a wireless network. One promising
research direction would be analyzing the interaction between relay networks and interference
channels. In future wireless networks, a node can operate as a sender, a receiver and/or a
relay. In order to increase the throughput of these networks, therefore, traditional and new
schemes should be combined in an efficient way. Relay assisted interference alignment could
be a potential path to advanced interference management.

Providing a secure communication network is of fundamental importance in future. A
secure system can be obtained by sacrificing available resources. But as the resources are
scarce this results in tremendous loss in the throughput of the system. Interference alignment,
however, can be used in a different fashion to provide security and performance at the same
time. This time, interference caused by several users can be accumulated for the eavesdropper

while it can be aligned for the intended users to increase the available Degrees-of-Freedom.
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