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Résumé

Les réseaux de communication sans fil modernes doivent s’adapter & différents types de trafic de données
avec des contraintes de latence différentes. Les applications vidéo sensibles & la latence, en particulier,
représentent une part croissante du trafic de données. En outre, les réseaux modernes doivent accepter
des débits de données élevés, ce qu’ils peuvent faire par exemple avec des terminaux coopératifs ou avec
I’assistance de relais tels que les drones. Cependant, la coopération introduit généralement des retards
de communication supplémentaires et n’est donc pas applicable au trafic de données sensibles a la latence.
Cette thése porte sur les réseaux d’interférence avec des contraintes de latence mixtes et sur les architectures
de systémes ou des émetteurs et/ou des récepteurs voisins peuvent coopérer. Dans de tels systémes, les
messages sensibles a la latence doivent étre encodés et décodés sans délai et ainsi ne peuvent pas bénéficier

des liens de coopération disponibles.

Nous proposons différents schémas de codage pour permettre la transmission simultanée de messages
sensibles et insensibles & la latence. Pour les schémas proposés, nous analysons les gains de multiplexage
(MG) qu’ils réalisent sur le réseau de transfert intercellulaire souple de Wyner, le réseau symétrique de
Wyner, le réseau hexagonal et le réseau hexagonal sectorisé. Pour le réseau de transfert souple de Wyner
et le réseau symétrique de Wyner, nous identifions aussi des résultats étroits s’agissant de leurs limites en
théorie de l'information et nous définissons ainsi I’ensemble exact de paires MG qui peuvent étre obtenus
simultanément pour les données sensibles et insensibles & la latence. Ces résultats montrent que lorsque
les émetteurs et les récepteurs peuvent coopérer et que les taux de coopération sont suffisamment élevés,
il est possible d’obtenir le plus grand MG possible pour les messages sensibles a la latence sans pénaliser
la somme maximale des MG pour ’ensemble des messages sensibles et insensibles a la latence. Cependant,
la somme des MG des systémes que nous proposons pour le modéle hexagonal est diminuée en présence
de données sensibles a la latence. Cette pénalité disparait dans le cas du réseau hexagonal sectorisé quand

chaque cellule est divisée en trois secteurs non interférents en équipant les stations de base d’antennes
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directionnelles.

Nous proposons, de surcroit, des schémas de codage similaires en fonction de différents types d’activité
aléatoire de la part des usagers du réseau. Nous considérons plus particuliérement deux configurations. Dans
la premiére configuration, chaque émetteur envoie toujours des données insensibles & la latence et regoit
aléatoirement des données sensibles & la latence. Dans la seconde configuration, les arrivées de données
sensibles et insensibles & la latence sont aléatoires, et chaque transmetteur n’envoie ou ne recoit qu'un seul
type de données & un instant donné. Pour ces deux configurations, nous proposons des schémas de codage
généraux et caractérisons leurs régions de MG réalisables pour différents réseaux. Dans les deux cas, les
régions de MG obtenues montrent que le MG moyen des données insensibles a la latence diminue lorsque
davantage d’utilisateurs sont actifs. Les régions MG obtenues montrent également que dans la premiére
configuration, 'augmentation du taux de MG correspondant aux données sensibles a la latence diminue
toujours la somme des MG. En revanche, dans la seconde configuration, pour certains paramétres, la plus
grande somme des MG est obtenue au maximum du taux de MG correspondant aux données sensibles a la
latence et donc 'augmentation des MG sensibles a la latence améliore la somme des MG.

Nous étudions aussi un réseau d’accés radio "cloud" avec des contraintes de latence mixtes, c’est-a-dire
ou chaque utilisateur mobile peut simultanément envoyer un flux sensible & la latence et un flux qui la
tolére et ol seules les données sensibles sont décodées conjointement au sein du cloud. Pour ce réseau, nous
dérivons les limites intérieures et extérieures de la région de capacité sous des contraintes de latence mixtes,
et nous caractérisons précisément la région MG optimale. Lorsque le rapport signal / bruit (SNR) est élevé,
nos résultats démontrent que, pour des capacités frontales modérées, le MG maximal pour les messages
sensibles a la latence reste inchangé sur une large gamme de petits et moyens MG de messages sensibles a la
latence. La somme des MG est donc améliorée si certains messages peuvent étre décodés directement aux
stations de base. Pour un SNR modéré, les résultats montrent que lorsque le débit de messages sensibles &

la latence est faible ou modéré, nous obtenons une somme de débit de données constante.
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Abstract

Modern wireless communication networks have to accommodate different types of data traffic with different
latency constraints. In particular, delay-sensitive video-applications represent an increasing portion of data
traffic. Modern networks also have to accommodate high total data rates, which they can accomplish for
example with cooperating terminals or with helper relays such as drones. However, cooperation typically
introduces additional communication delays, and is thus not applicable to delay-sensitive data traffic. This
thesis focuses on interference networks with mixed-delay constraints and on system architectures where
neighbouring transmitters and/or neighbouring receivers can cooperate. In such systems, delay-sensitive
messages have to be encoded and decoded without further delay and thus cannot benefit from available

cooperation links.

We propose various coding schemes that can simultaneously accommodate the transmission of both
delay-sensitive and delay-tolerant messages. For the proposed schemes we analyze the multiplexing gains
(MG) they achieve over Wyner’s soft hand-off network, Wyner’s symmetric network, the hexagonal network
and the sectorized hexagonal network. For Wyner’s soft hand-off network and Wyner’s symmetric network,
we also provide tight information-theoretic converse results and thus establish the exact set of MG pairs
that can simultaneously be achieved for delay-sensitive and delay-tolerant data. These results demonstrate
that when both transmitters and receivers cooperate and the cooperation rates are sufficiently large, it is
possible to achieve the largest MG for delay-sensitive messages without penalizing the maximum sum MG
of both delay-sensitive and delay-tolerant messages. In contrast, under our proposed schemes, the sending
of delay-sensitive data in hexagonal models decreases the maximum sum MG. This penalty vanishes when
we consider the sectorized hexagonal network where each cell is divided into three non-interfering sectors

by employing directional antennas at the base stations.

We further propose similar coding schemes for scenarios with different types of random user activity. We

specifically consider two setups. In the first setup, each active transmitter always has delay-tolerant data to



send and delay-sensitive data arrival is random. In the second setup, both delay-tolerant and delay-sensitive
data arrivals are random, and only one of them is present at any given transmitter. For both setups, we
propose general coding schemes and characterize their achievable MG regions for different networks. In both
cases, the obtained MG regions show that the average MG for delay-tolerant data decreases when more
users are active. The obtained MG regions also show that in the first setup, increasing the delay-sensitive
MG always decreases the sum MG. In contrast, in the second setup, for certain parameters, the highest
sum MG is achieved at maximum delay-sensitive MG and thus increasing the delay-sensitive MG provides
a gain in sum MG. Additionally, we also study a cloud radio access network with mixed delay constraints,
i.e., where each mobile user can simultaneously send a delay-sensitive and a delay-tolerant stream and only
the delay-tolerant data is jointly decoded at the cloud unit. For this network, we derive inner and outer
bounds on the capacity region under mixed delay constraints, and we exactly characterize the optimal MG
region. At high signal-to-noise ratio (SNR), our results show that for moderate fronthaul capacities, the
maximum MG for delay-sensitive messages remains unchanged over a large regime of small and moderate
MGs of delay-sensitive messages. The sum MG is thus improved if some of the messages can directly be
decoded at the base stations. At moderate SNR, the results show that when the data rate of delay-sensitive

messages is small or moderate, the achievable sum rate is constant.
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Chapter 1

Introduction

1.1 Background and Motivation

One of the main challenges for the new generation of wireless communication systems is to accommodate
different types of data traffic with different delay constraints. Delay-tolerant traffic, such as enhanced mobile
broadband (eMBB) data, allows for higher transmission rates by exploiting techniques such as advanced
coding, joint decoding or cooperation between terminals. Delay-sensitive traffic, such as video-applications
or ultra-reliable low-latency communication (URLLC) data, is subject to stringent delay constraints and is
not compatible with techniques that delay encoding and decoding processes. The following techniques are

examples that cannot be applied to delay-sensitive traffic.

e In wireless fading channels where transmissions experience multiple fading realizations, ergodic ca-
pacity is only achievable using long codewords and thus only on delay-tolerant traffic. The achievable

rate of delay-sensitive traffic degrades because codewords have to be short.

e In cloud radio access networks (C-RAN) where base stations (BSs) are connected to a cloud unit
(CU) via fronthaul links, delay-tolerant traffic is typically decoded jointly at the CU to achieve higher
transmission rates. Meanwhile, delay-sensitive traffic has to be decoded immediately at the BSs, and

consequently cannot profit from joint processing.

e In interference networks where neighbouring transmitters (Txs) and/or neighbouring receivers (Rxs)
can cooperate over dedicated cooperation links to alleviate the effect of interference, delay-sensitive

traffic has to be encoded and decoded without further delay and thus cannot profit from cooperation.

The design of coding schemes for transmission of such mixed-delay traffic is the focus of recent works,



2 1.1. BACKGROUND AND MOTIVATION

notably [1H7]. In particular, wireless fading channels with mixed delay traffic are studied in [1-4]. Reference
[1] studies the fundamental limits of dynamic resource allocation over fading broadcast channels where some
users have delay-sensitive data and the others have delay-tolerant data. They solve a convex optimization
problem that minimizes the average transmission power at the BS. The optimization problem is constrained
by the average transmit rate over fading states for users with delay-tolerant data, and the constant transmit
rate at any fading state for users with delay-sensitive data. The key to solve this problem is a two-layer
Lagrange duality method. The work in [1] also proposes a scheduling algorithm that prioritizes delay-
sensitive messages over delay-tolerant messages. In particular, in their model delay-sensitive messages can
be stored in the buffer for only one scheduling period.

The work in [2] proposes a broadcasting approach over a single-antenna fading channel to communicate
a stream of delay-sensitive messages and a stream of delay-tolerant messages. In this approach, delay-
sensitive messages have to be sent over a single coherence block, while delay-tolerant messages can be
sent over multiple blocks. During the decoding of each delay-sensitive block, the decoder treats the delay-
tolerant parts as noise. The decoded delay-sensitive parts are fed to the Rxs before decoding the delay-
tolerant blocks. To manage the interference more effectively, the work in |3| proposes to combine such a
broadcasting approach with decoder-cooperation. Another similar approach is taken in [4] for a broadcast
scenario with K users. Instead of superposing delay-tolerant messages on delay-sensitive messages, this
work proposes a scheduling approach to give preference to the communication of delay-sensitive messages.

Cooperative interference networks under mixed-delay traffic have not been well-addressed in the liter-
ature. This thesis thus focuses on interference networks under mixed-delay constraints where certain Txs
and /or certain Rxs can cooperate. We propose various coding schemes to accommodate the transmission of
both delay-sensitive and delay-tolerant messages [8H11]. In the proposed schemes, delay-sensitive messages
have to be encoded and decoded without further delay and thus cannot profit from cooperation. We also
propose similar coding scheme for scenarios with different kinds of random users activities [12]. The impact
of random user activity on cellular networks has been previously studied in [13H15]|. Reference |13| uses the
rate of a two-tap input erasure channel to characterize the throughput of Wyner’s soft-handoff network |16]
with random user activity. The work in [14] uses the same tool to derive the outage probability of this
network. Reference |15] extends the results in [13]| to more than one user per cell.

We also study a C-RAN with mixed delay constraints, i.e., where each mobile user can simultaneously
send a delay-sensitive and a delay-tolerant stream and only the delay-tolerant data is jointly decoded at the

CU. Mixed delay constraints in C-RANs have also been studied in [5] and [6]. In particular, [5] proposes a
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scheme where users close to the BSs send only delay-sensitive messages (URLLC data) and it is assumed
that these communications do not interfere. Users located further away send delay-tolerant messages (eMBB
data) and their interference pattern is modeled by Wyner’s symmetric network |[1618] with static channel
coefficients. In our work, communications between users and BSs are modeled by Wyner’s soft-handoff

network with random time-varying channel coefficients [19].

1.2 Contributions

Throughout this thesis, delay-sensitive messages are called “fast" messages and delay-tolerant messages

“slow" messages. The followings are the main contributions of this thesis:
e For Wyner’s soft-handoff network with only Tx or only Rx cooperation:

— We determine the set of all achievable “fast" and “slow" multiplexing gain (MG) pairs, that is,
the optimal MG region, in function of the prelogs of the cooperation links and the total number
of cooperation rounds allowed for “slow” messages. We also propose inner and outer bounds on

the capacity region under mixed delay constraints with only Rx cooperation.

— Our results indicate that the sum rate of “fast" and “slow" messages is approximately constant
when “fast" messages are sent at small rates. In this regime, the stringent decoding delay of
“fast" messages does not cause a loss in overall performance. When “fast" messages have large
rates, this is not the case. In this regime, increasing the rate of “fast" messages by A requires that
the rate of “slow" messages be reduced by approximately 2 - A. Our results also show a duality

between only Tx-and only Rx -cooperation in the high signal-to-noise ratio (SNR) regime.
e For Wyner’s soft-handoff network with both Tx and Rx cooperation:
— We determine the optimal MG region, in function of the prelogs of the cooperation links and the

total number of cooperation rounds allowed for “slow” messages.

— The obtained results show that it is possible to accommodate the largest possible MG for "fast"
messages without decreasing the maximum sum MG, when the cooperation rates are sufficiently
large and both Txs and Rxs can cooperate. The stringent delay constraints thus do not harm

the overall performance in this scenario.

e For a general interference network with both Rx-and Tx-cooperation:
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— We propose a general coding scheme that accommodates the transmissions of “slow” and “fast”
messages simultaneously. We apply this coding scheme to three cellular network models: a

Wymner’s symmetric model, a hexagonal model, and a sectorized hexagonal model.

— The results for Wyner’s symmetric model show that it is possible to accommodate the largest
possible MG for “fast” messages, without penalizing the maximum sum MG of both “fast” and
“slow” messages. The results for the hexagonal model show that there is always a penalty in
sum-MG at any “fast" MG. In contrast, for the sectorized hexagonal model where each cell is
divided into three non-interfering sectors by employing directional antennas at the BSs, it is
possible to eliminate this penalty and accommodate the largest possible MG for “fast” messages

without penalizing the maximum sum MG.
e For a general interference network with random users activity and Rx-cooperation:

— We consider two setups under mixed delay constraints. In both setups, each Tx is active with
probability p € [0, 1], and the goal is to maximize the average expected “slow" rate of the network,
while the rate of each “fast" message is fixed to a target value. In the first setup, each active Tx
transmits a “slow” message, and with probability ps € [0, 1] also transmits an additional “fast”
message. In the second setup, each active Tx sends either a “fast” message with probability py

or a “slow" message with probability 1 — p;.

— For both setups, we propose general coding schemes and characterize their achievable MG regions
for three networks: Wyner’s soft-handoff network, Wyner’s symmetric network and the hexagonal
network. The achievable MG region is shown to be optimal for Wyner’s soft-handoff network.
In both setups, the obtained MG regions show that the average “slow” MG decreases i) with

increasing number of interfering links, and ii) with increasing user activity parameter p.

— The obtained MG regions also show that in the first setup, the maximum sum MG is always
attained at 0 “fast" MG, and increasing the “fast” MG decreases the sum MG by a penalty that
tends to increase with the number of interference links in the network and with the user activity
parameter p. In contrast, in the second setup, for certain parameters the sum MG is achieved
at maximum “fast" MG and thus increasing the “fast" MG provides a gain in sum MG, where

we observe that the gain decreases with the number of interferers and the activity parameter p.

e For the uplink of a fading C-RAN where “slow" messages are jointly decoded in the CU, whereas
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“fast" messages have to be decoded immediately at the BSs:

— We derive inner and outer bounds on the capacity region under mixed delay constraints. Fur-

thermore, we characterize the exact MG region.

— At high SNR, the results show that for moderate fronthaul capacities, the maximum “slow” MG
remains unchanged over a large regime of small and moderate “fast" MG. The sum MG is thus
improved if some of the messages can be decoded directly at the BSs. In contrast, for large
fronthaul capacities or large “fast" MGs, this sum-MG deteriorates by A if one further increases

the “fast" MG by A.

— At moderate SNR, the results show that when the “fast" rate is small or moderate, the achievable
sum rate is constant. When the "fast" rate is large, the achievable sum rate decreases by a factor
~ times A when the rate of “fast” messages increases by A. The penalty factor v is approximately
1 for static channel coefficients and typically higher for random coefficients. The stringent delay
constraint on “fast" messages thus seems to be more harmful at moderate SNR and for time-

varying channel conditions than at high SNR or for static channels.

1.3 Organization of the Thesis

In Chapter [2| we describe the channel model of interference networks and introduce tools used in the
literature to manage interference with and without cooperation. Chapter [3] proposes a coding scheme that
accommodates the transmission of "fast" and "slow" messages simultaneously. Chapter [] presents our
results for Wyner’s soft-handoff model under mixed-delay constraints and when only Txs or only Rxs can
cooperate and the results when Txs and Rxs can cooperate. In Chapter [f] we propose a general coding
scheme for any interference network with both Tx- and Rx-cooperation. We specialize the results to Wyner’s
symmetric model, to the hexagonal model and to the sectorized hexagonal model. In Chapter [6] we combine
random user activity with mixed-delay traffic. We then propose general coding schemes and characterize
the achievable MG regions for three networks: Wyner’s soft-handoff network, Wyner’s symmetric network
and the hexagonal network. Chapter [7] presents the results for the uplink of a fading C-RAN under mixed

delay constraints.




6 1.4. NOTATION

1.4 Notation

We use the shorthand notations “Rx" for “Receiver" and “Tx" for “Transmitter". The set of all integers
is denoted by Z, the set of positive integers by Z* and the set of real numbers by R. For other sets
we use calligraphic letters, e.g., X. Random variables are denoted by uppercase letters, e.g., X, and their
realizations by lowercase letters, e.g., z. For vectors we use boldface notation, i.e., upper case boldface letters
such as X for random vectors and lower case boldface letters such as x for deterministic vectors.) Matrices
are depicted with sans serif font, e.g., H. We write X™ for the tuple of random variables (X1, ..., X,) and
X" for the tuple of random vectors (X, ...,X,). We denote the entropy function by H(-), and the mutual

information function by I(-).







Chapter 2

Multiplexing Gains of Interference Networks

2.1 Interference Networks Without Cooperation

2.1.1 Problem Setup

Consider a Gaussian interference network with K Tx-Rx pairs and define X = {1,...,K}. Each Tx
is equipped with L; antennas and each Rx with L, antennas. To describe the interference network, let

X}, € RY*! denote Tx k’s input signal and Y, € R Rx k’s output signal and define the interference sets

Trui 2 {k € K\{k}: X} interferes Y7}, (2.1)

Trop 2 {k € K\{k}: X7 interferes Y} }. (2.2)
The input-output relation of the network is then described as

Yi=HixXe+ >, HXp+ 2k VheK (2.3)
k€T

where Z;, € N'(0,1L,) is the additive white Gaussian noise at Rx k, and H ik € RLr*Lt s the channel transfer
matrix from Tx k to Rx k. The Txs are assumed to operate under an average power constraint P, i.e., the

power consumed by Tx k is not allowed to exceed P on average.
Each Tx k attempts to transmit the message M to Rx k over the interference channel . A
communication scheme consists of an encoder-decoder pair for each message. The scheme is reliable if all
the messages can be reconstructed at their respective Rxs with a high probability of success. For a single-user

channel, Shannon [20] established that coding over multiple symbols is the key to reliable communication
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through noisy channels. To this end, we consider block coding frameworks where communication schemes
operate over n > 1 channel uses at a time. Thus for a fixed rate tuple (R1, R, ..., Rx), the message My
is assumed to be a uniform random variable whose values belong to a finite set My, = {1,2,..., 278 |},

In block coding, each Tx k computes its channel inputs X! as a function of its message:

= (M), (2.4)

where f,gn) denotes an encoding function on appropriate domains. Each Rx k decodes its desired message
as

Ny = g (Y}), (2.5)
where g,(cn) denotes a decoding function on appropriate domains.

The rate tuple (R1, Ra,...,Rk) is achievable if, and only if, there exists a sequence of block codes

satisfying the average block power constraints

E

1 n
- > ||Xk(t)||2] <P, VkeKk, (2.6)
t=1

and the probability of decoding error tends to zero as n — oo. The capacity region C is defined as the

closure of the set of achievable rate tuple, and the sum capacity is defined as:

Coum =~ max  Ri+Ry+...+ Rg. (2.7)
(R1,R2,....RKk)€C

Except in some special cases, determining the exact capacity region of Gaussian interference networks re-
mains an open problem [21]. In the regime of high signal to noise ratios (SNR) (i.e., high powers Py in
(2.6)), the capacity region of an interference channel is approximately characterized by the multiplezing
gain (MG)H region. Roughly speaking, the capacity region at high SNR is equal to the MG region scaled by
% log SNR. The sum MG captures the number of interference-free sessions that can be scheduled simultane-
ously over an interference channel. In other words, we say that the MG tuple (S;,Ss,...,Sk) is achievable

if there exists an achievable rate tuple (R1(P), R2(P), ..., Rx(P)) satisfying

Ry (P
S = limsup 7 £(P) , Vkek. (2.8)
P—oo §logP

! Also known as degree of freedom or capacity prelog.
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The MG region S is defined as the closure of the set of all achievable MG tuples. The sum MG is defined
as

Ssum = max S1+S2+...+Sk. (2.9)
(51,52,-“,5}()63

2.1.2 Non-Cooperative Interference Management Tools

Managing interference among users sharing the same frequency band is central to wireless communications.

The following are some of the well-known tools to manage interference without cooperation:

e Treating interference as noise: when the interference is weak, the interfering signal can be simply
treated as noise. Many practical schemes operate in this mode and results for more than two users

are available [2224].

e Orthogonal access: When the strength of interference is comparable to the strength of desired signal,
one often wishes to orthogonalize channel access for the various users. This approach corresponds to
sharing the available resources between the K users. In particular, the single MG achievable for a

given Tx-Rx pair will be shared between the K users resulting in a per user achievable MG of %

e Decoding interference When the interference is strong, decoding the interference may improve the

rate for the desired signal [25].

e Han-Kobayashi The main idea of this technique is to split each Tx’s signal into common and private

parts. The common part then can be decoded by all Rxs which reduces the overall interference level.

e Interference Alignment (IA): The main insight of this technique is to use beamforming over infinite
symbol extensions and restrict all interference at every Rx to approximately half of the received signal
space. This renders the other half-space interference-free [26,27| and allows each Tx to send with MG
equal to % To illustrate the main concept of this technique, we present a toy example for which we
allow the channel gains and inputs to be complex numbers and the noise samples circular complex
Gaussian. Such a channel is easily simulated from by fixing all the direct channel coefficients at
1 and all the cross channnel coefficients at j = v/—1. Each Tx only sends a real Gaussian signal with

power P. Each Rx k thus observes the channel output:

Yi=Xp+j Y Xi+Zp VkeEK, (2.10)
ii‘JGITx’k

9



10 2.2. INTERFERENCE NETWORKS WITH COOPERATION

where here Zj is a complex circularly symmetric Gaussian. Each Rx can now simply ignore all
imaginary parts of its received signal and decode its desired message based on the interference-free
real part of the signal. The scheme achieves one MG for every two real channel uses, and thus an

effective MG of % per dimension and per user.

2.2 Interference Networks with Cooperation

2.2.1 Problem Setup

Consider a Gaussian interference network with K Tx/Rx pairs where neighbouring Txs and neighbouring
Rxs can communicate with each other over dedicated orthogonal links, as first introduced in Willems
seminal work [28| and subsequently used in the relevant literature such as [29,30]. In particular, each Tx k
computes its channel inputs X} = (X4 1,..., Xk p) € RL*™ as a function of the message Mj, and of all the
conferencing information that it obtained from its neighbouring Txs during the preceding communication
phase. The channel inputs again have to satisfy the average block-power constraint in .

At the Rx side, Rxs first communicate with their neighbours over dedicated noise-free but rate-limited
links, and then they decode their intended messages based on their outputs and based on the conferencing

information obtained from their neighbours.

2.2.2 Cooperative Interference Management Tools

The following are some of the well-known tools to manage interference when cooperation links are available.

e Dirty Paper Coding (DPC): If interference is known at a Tx before communication starts, e.g.,
through cooperative communication as explained above, the Tx can mitigate this interference through
Dirty Paper Coding |31]. To illustrate the key concept of this technique, we present a toy example.

Consider the Gaussian interference channel
i =X +WQ+Z;, (2.11)

where Z, ~ N(0,1) and we assume that also Wy, ~ N(0,P), e.g., because it comes from a Gaussian
codebook. If W} is unknown to both the Tx and the Rx, the capacity of above channel is equal to
$log(1 + HLP). Costa [31]| shows that with W}, known only to the Tx (i.e., in advance before the

communication starts), we can achieve a capacity of %log(l + P) if we use the DPC technique. We

10
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summarize the dirty paper encoding and decoding process as follows.

— Define U]! = X! + oW} with a = HLP' Fix € > 0 arbitrary small.

— Generate 2"IWUeYe)=¢) gequences Ul with components drawn according to N (0, P(1+ a2)).
Place these sequences into (5 108(14P)=2¢) hing wwith 27U (UkiWi)+e) sequences each. Reveal the

codebooks and the bins to the Rx and the Tx.

— Given WJ' = W™ and a message My, € {1,..., 2"}, the Tx k looks for a jointly typical pair
(U2, W™) in bin My. Call U" the suitable sequence. Tx k then calculates X" = U™ — aW"
and sends it over the channel. Note that Tx k declares an error if it cannot find an appropriate
sequence un.

— Rx k observes Y} = Y and looks for a sequence U} such that (U], Y™) are jointly typical. Rx k
declares an error if it finds more than one or no such sequence. With high probability, Rx &
finds only one such sequence and it is equal to U". Rx k then sets My as the index of the bin

containing this sequence.

e Successive Interference Cancellation (SIC): The key concept of this technique is that Rxs send
their decoded messages to their neighbours so that the interference from already decoded messages
can be cancelled [32]|. As an example, assume that all Rxs in Zty  can decode their desired messages
and send them to Rx k over the cooperation link. Rx k then uses these cooperation messages to delete

the interference term ZIEGIT HiX Z(M ;) from its output sequence Y}?, i.e., it forms

Yk =Yy - Z Hlé,kXZ(Mig)a (2.12)
I%GITXJC

and decodes its desired message M}, based on YZ

e Multiple access channel (MAC): In the ideal case of infinite backhaul capacity at the Rx side,
all Rxs can learn all their signals observed at the other Rxs. The setup then specializes to a single-
receiver multiple-access channel (MAC). The capacity of a MAC is achieved by superposition coding
and SIC decoding [33H35]. When interference is weak, then the simpler beamforming technique, or

equivalently a network-wide zero-forcing strategy, suffices to approximately achieve capacity.

e Broadcast channel (BC): Transmit beamformer is used to send each user’s codeword across all

the BSs to succesfuly encode each user’s codeword while treating the already encoded messages as

11
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known interference [36]. In practice, lattice precoding strategies [37]| are used to implement DPC
approximately. Similar to the uplink case, when the interfering links are much weaker than the direct

links the zero forcing strategy is again near optimal.

e Coordinated Multi Point (CoMP) Reception: Rxs quantize and share their received signals
over the cooperation links to a dedicated Rx that jointly decodes all the signals based on the obtained
quantization outputs [38-41]. This technique can be viewed as a practical implementation of the

MAC setup introduced above.

e CoMP Transmission: Txs exchange parts of their messages and then jointly encode their transmit
signals based on this set of messages [42-44]. This technique can be viewed as a practical implemen-

tation of the BC setup introduced above.

e Clustered Cooperation: The (quantized version of) received signals of each Rx is shared within a

local cluster of Rxs. Similarly, the messages of each Tx is shared within a local cluster of Txs [4549].

e Process and Share: Rxs process their channel output signals and the signals they receive from the
other Rxs. They then share their messages with the other Rxs. Similarly, Txs jointly process their
own messages and the cooperative messages they receive from the other Txs. They then share their

messages with the other Txs [50-52].

2.3 Related Works

Various forms of interference management techniques have been the focus of recent research. Notably, recent
theoretical results [27,[53H55] show that transmission schemes based on IA are able to provide a MG of %
for every user in the network. In particular, [27] establishes that in a K user fully-connected time-varying
interference channel, IA enables each user to achieve reliable communication at rates approaching half of
the achievable capacity in the absence of all interference. Equivalently, at high SNR, a sum-MG of % is
achievable in a fully-connected K user interference channel.

IA-based schemes achieve a significant theoretical gain compared to the conventional interference mitiga-
tion techniques. Practical scenarios, however, do not find this gain achievable |56] due to the exponentially-
large delay or exponentially accurate channel estimation required in such schemes. To implement IA without
asymptotic symbol expansion, hybrid scenarios where IA is combined with cooperative techniques are of

more practical use [56,57]. In particular, [56] studies a non-linear process and share cooperation approach

12
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for the uplink of a large sectorized hexagonal network. In this approach, a successive decoding scheme is
used where each Rx decodes its desired message by processing its own channel outputs and the decoded
messages received from a set of neighbouring Rxs. This Rx then transmits its decoded message to a set of
Rxs that have not yet decoded their messages. This backhaul cooperation changes the interference graph of
the network in such a way that practical one-shot IA without symbol extensions is possible and % MG per
user is achievable. Reference [57] proposes to combine IA with CoMP transmission and reception techniques
where each message is jointly transmitted by M; successive Txs, and is jointly decoded by M, Rxs. The
results in [57] show that a sum MG of K is achievable for a K user fully-connected interference channel
only if M; + M, > K + 1. In the general case, i.e., for arbitrary values of M; and M,, the MG is bounded
by [%1 This implies that, when K is very large compared to M; and M,., CoMP transmission
and reception do not significantly improve the sum MG compared to the pure IA based schemes.

Towards the different levels of pure cooperative techniques, [58| studies a scheme known as interference-
coordination where BSs share the channel state information (CSI) of both the direct and interfering channels
(obtained from the users via feedback channels) to coordinate their signaling strategies. Signaling strategies
can include scheduling, power control and beamforming. A simple example of joint power control and
scheduling across the multiple BSs is the interference pricing approach [59|. In this approach the impact of
each Tx’s interference level on its neighbouring transmissions is measured, then Txs are coordinated in such
a way that Txs causing excessive interference to neighbouring Tx/Rx pairs reduce their transmit power.
This basic level of cooperation requires a low amount of backhaul communication and can improve the
performance of current cellular interference networks when many users co-exist in the system.

When high-capacity delay-free backhaul links are available among BSs, a further significant improvement
in data rate is possible if, in addition to CSI, each BS shares the full data signals of its users with other
BSs. Under this cooperative technique, known as MIMO cooperation |60] technique, all propagation links
(including interfering ones) are exploited to carry useful data. As a result, the uplink channel is equivalent
to a multiple access channel (MAC) with multiple Txs and a single multi-antenna Rx, and the downlink
channel is equivalent to a broadcast channel (BC) with a single multi-antenna Tx and multiple Rxs.

In case BSs are connected via limited-capacity backhaul links, a partial interference cancellation or an
increase in the transmission rate is still possible if BSs first share CSI then a quantized version of their
antenna signal [61]. An example of the rate increase can be seen in the uplink of a two-user interference
channel with Han-Kobayashi [62] common-private information splitting style. In this network, the common

message rate is increased if each Rx sends a bin index of the decoded part over the rate-limited cooperation

13
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links to the neighbouring Rxs after decoding its common message. Similarly in the downlink of such
networks, if the Txs are equipped with rate-limited cooperation rates, a rate increase of common messages
is possible if Txs cooperatively send these messages. Furthermore, a partial interference cancellation is
possible if they share part of their private messages as well.

The main drawbacks of the MIMO Network approach are i) they require high backhaul loads, ii) increase
delay in communications, and iii) make interference to propagate across the network. To reduce the backhaul
load requirements of the Network MIMO technique, [45,46,48| propose a cluster cooperation technique. In
this technique, the network is divided into smaller subnets and the interference management approaches are
employed for each subnet individually. This clustered cooperation technique also reduces communication
delay and avoids interference to propagate across the entire network.

The work in [46] employs clustered cooperation technique in a Wyner’s soft-handoff network where
neighbouring Txs and neighbouring Rxs can cooperate over rate-limited and noise-free links that do not
interfere with the main communication channels and where this cooperative communication is limited to a
couple of rounds. Due to this cooperation constraint, the network is divided into interference-free subnets by
switching off a set of Txs. The results in [46] show that for small cooperation prelogs, a single cooperation
round at the Txs or at the Rxs achieves the same MG as when the number of cooperation rounds is
unlimited. On the other hand, for large cooperation prelogs, the maximum per user MG increases with
every additional cooperation round that is permitted either at the Txs or at the Rxs.

To sum up, cooperative and non-cooperative interference networks have been well-studied in the liter-
ature. Now, the question is how interference networks should deal with heterogeneous traffic where parts
of messages cannot benefit from cooperation because they are subject to stringent delay constraints. In
the next chapter, we propose a coding scheme that accommodates the transmission of such heterogeneous

traffic over an interference network.

14






Chapter 3

Interference Networks Under Mixed Delay

Constraints

In this chapter, we propose a model for interference networks with mixed delay constraints when neigh-
bouring Txs and Rxs cooperate. Specifically, our model accommodates not only “slow" messages that can
tolerate the delays introduced by cooperation, but also “fast" messages that have to be encoded and de-
coded without further delay and thus cannot profit from cooperation. The standard approach to combine
the transmissions of “slow” and “fast” messages is to apply a smart scheduling algorithm and thus to time-
share a scheme for only “slow” messages with a scheme for only “fast” messages. In our model, each Tx can

simultaneously convey “fast" and “slow" messages to its corresponding Rx.

3.1 Problem Setup

We consider cellular interference networks with K cells each consisting of one Tx and Rx pair. Txs and
Rxs are equipped with Ly = L, = L antennas and in the networks we consider regular interference patterns
except at the edges. As an example, Fig. shows Wyner’s symmetric network, where each cell corresponds
to a Tx/Rx pair and the interference pattern is depicted with black dashed lines. Each Tx k € K wishes
to send a pair of independent messages MéF) and M,gs) to a specific Rx k € K. The “fast" message
M ISF) is uniformly distributed over the set M,(CF) £ {1,..., L2”R1§F)J} and needs to be decoded subject to
a stringent delay constraint, as we explain shortly. The “slow" message M. ’gS) is uniformly distributed over
MI(CS) = {1,..., LQ”RI(CS)J} and is subject to a less stringent decoding delay constraint. Here, n denotes the

blocklength of transmission and R,(CF) and R,(CS) the rates of transmissions of the “fast" and “slow" messages.

15
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Figure 3.1: Illustration of the symmetric Wyner network. Pink circles indicate Txs and gray circles indicate
Rxs, purple arrows indicate the available cooperation links at Txs and at Rxs side, and black dashed lines
indicate that the communication in neighbouring cells interfere.

We consider three different cooperation scenarios:

e Neighbouring Txs cooperate by communicating during Dty > 0 rounds over dedicated cooperation
links. Rxs cannot cooperate, and so the number of Rx-cooperation rounds is Drx = 0. (This scenario

is termed “Tx-cooperation Only")

e Neighbouring Rxs cooperate by communicating during Dryx > 0 rounds over dedicated cooperation
links. Txs cannot cooperate, and so the number of Tx-cooperation rounds is Dpy = 0. (Termed

“Rx-cooperation Only")

e Neighbouring Txs cooperate during D, > 0 rounds over dedicated cooperation links and neighbouring

Rxs cooperate during Dry > 0 rounds. (Termed “Tx- and Rx-cooperation").

The cooperative communication is subject to a total delay constraint

Dty + Dgrx < D, (3.1)

where D > 0 is a given parameter of the system and the values of D1, and Dry are design parameters
and can be chosen arbitrary such that is satisfied. As we will see, in our setup the cooperative
communication only concerns “slow" messages, because “fast" messages are subject to a stringent delay
constraint and thus have to be transmitted and decoded without further delay. In the following we explain
the encoding and the decoding procedure of “Tx- and Rx-cooperation" scenario. The procedure can be
easily adjusted for “Tx-cooperation Only" and “Rx-cooperation Only" scenarios.

We describe the encoding at the Txs. Neighbouring Txs first communicate to each other over dedicated
noise-free, but rate-limited, links. Communication takes place over D1y > 0 rounds and can depend only

on the “slow" messages but not on the “fast" messages. To describe this cooperative communication more

16
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formally, define for each k € K the Tz-neighbouring set N1y (k) as the set of all Txs that can directly

exchange cooperation messages with Tx k. In each cooperation round j € {1,...,D1}, Tx k sends a
cooperation message T,gj_)M (M,gs), {T(,l_))k, . ’Tﬁ(’j;l?}f’ej\fh(k)) to Tx £ if £ € N (k). The rate-limitation

on the cooperation link imposes

Dy )
STHTY,) <mr,  keK, £ e Nix(k), (3.2)
j=1

where 7y £ pimy - 3 log(P) for a given Ta-cooperation prelog pry > 0.
Tx k finally computes its channel inputs X} = (X4 1,..., X, ) € RYX™ as a function of its “fast" and
“slow" messages and of all the Dy [Ny (k)| cooperation messages that it obtained from its neighbouring

transmitters:

—k —k

n n S D
n = >(M,§F>,M,§ DT TB()}Z,GNM,C)). (3.3)

The channel inputs have to satisfy the average block-power constraint
1 n
~> IXee? <P VEkEK, (3.4)
=1

almost surely.

We now describe the decoding. For each k € K, define the Ra-neighbouring set Nrx(k) as the set of all
receivers that can directly exchange cooperation messages with Rx k, and recall the interference set Zyy
as the the set of all Txs whose signals interfere at Rx k.

Decoding takes place in two phases. During the first fast-decoding phase, each Rx k decodes its intended

“fast" message M,EF) based on its own channel outputs Y = (Y 1,...,Y ) € RY" where
Yy =HuuXp+ > H X7+ 27, (3.5)
I;'GI'I‘x,k:

and Z7 ;. is i.i.d. standard Gaussian noise, the interference set Zty x is defined in (2.2), and the fixed L-by-L
full-rank matrix H; , models the channel from Tx k to the receiving antennas in Cell k.

So, Rx k produces:
~(F n n
M = g (YR). (3.6)

where g,in) denotes a decoding function on appropriate domains.

17



18 3.1. PROBLEM SETUP

In the subsequent slow-decoding phase, Rxs first communicate with their neighbours during Dy > 0
rounds over dedicated noise-free but rate-limited links, and then they decode their intended “slow"
messages based on their outputs and based on this exchanged information. Specifically, in each co-
operation round j € {1,...,Dpy}, each Rx k, for & € {1,...,K}, sends a cooperation message

k—)Z <YZ, {Qé})_)k, e Qg;}q)}f’GNRx(k)D to Rx £ if £ € Nrx(k). The rate-limitation on the cooperation
link imposes

DRx
ZH U ) <mre,  ke{l,..., K}, L€ Naxlk), (3.7)

where TRy = [iRx - 5 log(P) for some given Rz-conferencing prelog prx > 0.

After the last conferencing round, each Rx k decodes its desired “slow" messages as

(S _ () [y (1) (Drx
3 = o (vp {Q, QP }WeNR (k)), (3.8)
where bgl) denotes a decoding function on appropriate domains.

We assume that interference is short range, and thus only from neighbouring Txs and Rxs. More
precisely, we assume that the interference set Zy x of Rx k is a subset of both the k-th Tx-neighbouring set

N1 (k) and the k-th Rx-neighbouring set:

Zrsk € {Nrx(k) N N1 (k) }- (3.9)

Given power P > 0, maximum delay D > 0, and cooperation rates mgry, 7Ty > 0, average rates

F)

(Rg)(P), Rg)( P)) are called achievable, if there exist rates {(R](f ,(CS))}kK:1 satisfying

K
REFI 2 LN RI and RO 2 L ZR (3.10)

K
k=1

and encoding, cooperation, and decoding functions for these rates satisfying constraints (3.1)), (3.2)), (3.4),

and (3.7)) and so that the probability of error vanishes:

p(error) = IP’[ U ((M,gF) # MIEF)) U (M,gs) # Mk(:s))ﬂ —0 as n—oo. (3.11)
kel

Definition 1. Given power constraint P > 0, mazximum delay D, and mazimum cooperation rates mry and

18
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S\ S(F)
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Figure 3.2: Schematic representation of a typical optimal MG region

TRx, the capacity region C(P, 7y, mrx, D) is the closure of the set of all rate pairs (R(F),R(S)) that are

achievable.

An MG pair (S(F), S(S)) is called achievable, if for every positive integer K and power P > 0 there exist

achievable average rates {R(")(P), R(3)(P)}psq satisfying

_ __ RW _ __ R®
S 2 Tim  lim L(P) and S® 2 Tim Iim RP(P)

—. 3.12
K—co P—oo %log(P)’ K—0c0 P—oco %]og(P) ( )

Definition 2. The closure of the set of all achievable MG pairs (S(F),S(S)) is called optimal MG region

and denoted S* (i, prx, D).

As we will see, in some cases, the maximum sum MG S®) + S5 can also be achieved at positive “fast”
MGs (or even for all “fast” MGs) implying that the more stringent constraints on transmission of “fast"
messages do not harm the overall performance of the system. This is for example the case for all MG pairs
(S(F ),S(S)) that in Fig. lie on the straight line connecting the blue point Sfi)x and the green point
(S‘E)Ic:t)h’ Séi)th) In comparison, scheduling schemes that alternate between transmissions of “fast" and “slow"

messages can achieve only the straight line (see the dashed red line in Fig. [3.2))) connecting the largest

MG of “fast" and the largest MG of “slow" messages. For scheduling schemes, the sum MG thus decreases

19



20 3.1. PROBLEM SETUP

linearly with the “fast” MG whenever the maximum “fast” MG is smaller than the maximum “slow” MG.

20






Chapter 4

Wyner’s Soft-Handoftf Model Under Mixed

Delay Constraints

In this chapter, we consider Wyner’s soft-handoff network and derive inner and outer bounds on the set of
MG pairs that are simultaneously achievable for "fast" and "slow" messages. Scenarios with Tx-cooperation,
Rx-cooperation or both are considered. We also propose inner and outer bounds on the capacity region of
this network when only Rxs can cooperate.

The MG bounds are tight in special cases and allow us to obtain the following conclusions. For large
cooperation rates, and when both Txs and Rxs can cooperate, it is possible to simultaneously attain
maximum MG for "fast" messages and maximum sum MG for all messages. When only Txs or only Rxs
can cooperate (but not both), the largest achievable sum MG decreases linearly with the MG of "fast"
messages if "fast" messages have moderate or large MG. In contrast, if the MG of "fast" messages is small,
the maximum sum MG can be achieved even with only Tx or only Rx cooperation. A similar conclusion

holds in the finite SNR regime when only Rxs can cooperate.

4.1 System Model Description

Consider Wyner’s soft-handoff network with K Txs and K Rxs that are aligned on two parallel lines so
that each Tx k has two neighbours, Tx k£ — land Tx k + 1, and each Rx k£ has two neighbours, Rx kK —1 and
Rx k + 1. Interference is short-range in the sense that the signal sent by Tx k is observed only by Rx k and

by the neighbouring Rx & + 1 (see Figure . Let Txs and Rxs be equipped with L > 0 antennas each.

21
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Figure 4.1: System model with Tx- and Rx-cooperation.

The time-t channel output at Rx k is then described as
Yie=HepXpe +Heo1 60X ko146 + Zgy, (4.1)

where X, ;and X;_; ¢ are the real L-dimensional vectors sent by Tx k and Tx k — 1 at time ¢; {Zj,} is
a noise sequence consisting of i.i.d. standard Gaussian vectors; Hy , and Hj_; ; are fixed full rank channel
matrices; and Xo; = O for all ¢.

In the following sections, we consider the Rx-cooperation only scenario and the Tx-cooperation only
scenario. For each scenario we present coding schemes and the optimal MG region. We also present an inner
bound on the capacity region with only Rx-cooperation. The scenario with both Tx-and Rx-cooperation is

treated in Section [0

4.2 Optimal MG Region and Coding Schemes for Rx-cooperation Only

In this section, we consider only Rx-cooperation but no Tx-cooperation. So,
Urx >0 and pre =0. (4.2)

Theorem 1 (Optimal Multiplexing Gain Region: Rx-cooperation Only). For any given urx > 0, the MG

22
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region S*(urx, D) is the set of all nonnegative pairs (SF), S satisfying

25(F) 1 55 < L (4.3)

2D+1}

L
(F) S) <« mind = JEeET s
SW 4+ S _m1n{2+u3$, L 5D+ 2

Proof. The converse to (4.3)) is proved in Appendix The converse to (4.4) is proved in Appendix

For the achievability, define the following five MG pairs:

(s = % 55— 0), (4.52)
2D+ 1
(F) _ o s _|.
(s 0, S =L 5= 2), (4.5b)
L
(S(F) =0, S = 5+ MRX>7 (4.5¢)
L 2D
(F) _ ) _ L.
(S D1 > . 2D—|—2)’ (4:5d)
(s = g ~ e S = 2my ). (4.5¢)

In the following Subsection [£.2.1] we show that when prx > ftmax, Where

2. D
Hmax oD + 2’

(4.6)

the MG pairs (4.5a), (4.5b), and (4.5d) are achievable. When urx < pimax the MG pairs (4.5a)), (4.5¢),
and (4.5e]) are achievable. The proof of achievability of Theorem [I| then follows from simple time-sharing

arguments. O

Figure [£.2] depicts the MG region in Theorem [I] for different values of urx. When there are only “slow"
messages, the maximum MG is min{% + pRx, L - %i%} which by a rate-transfer argument is equal to the
maximum sum MG. Interestingly, this sum MG remains unchanged whenever the “fast” MG S(F) is below

a certain threshold. Mathematically, this is described by the slope of the maximum S in function of S&)

boundary being equal to —1 when

L L
SW <L max{2 HRx, 2D+2} . (4.7)
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Figure 4.2: The optimal MG region S*(urx, D) for Rx-cooperation only, for different values of uryx and
D=10and L = 1.

For

L L
(F) - =
SY' > max { 5 MR 5 2} , (4.8)

the slope is —2. In this latter regime, increasing the MG of “fast" messages by A requires decreasing the
MG of “slow" messages by 2A. There is thus a penalty in sum MG caused by the more stringent delay

constraints on “fast" messages.

4.2.1 Schemes Proving Achievability of Theorem

We prove achievability of the MG pairs in (4.5).

1. MG pair in (4.5a)): Periodically silence every second Tx. This splits the network into [K/2] non-

interfering point-to-point links. Send a “fast" message over each of these links (see Figure [4.3), but no
“slow" message at all. The described scheme achieves the MG pair in (4.5a)) and requires no cooperation
rate.

2. MG pairs in (4.5bf) and (4.5¢)): Let the Txs only send “slow" messages but no “fast" messages. Under

this coding assumption, the setup at hand is a multi-antenna version of the setup in Reference 46|, but
specialized to 0 Tx-cooperation rounds and D Rx-cooperation rounds. The multi-antenna extension of
the scheme proposed in Reference [46, Section V] can thus be used to achieve the MG pair in if
URx > Mmax and the MG pair in if prRx < fmax-

For reference in the following subsection, we briefly review the scheme in Reference |46, Section V| when

specialized to Rx-cooperation only. For details, see Reference [46]. Consider first the case prx > fimax. In
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Figure 4.3: Scheme achieving Multiplexing Gain (MG) pair (4.5a)) where only “fast” messages are transmit-
ted.
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Figure 4.4: Scheme for Rx-cooperation only.

this case, the scheme periodically silences every 2D + 2nd Tx. This splits the network into smaller subnets,
each consisting of 2D + 1 active Txs and 2D + 2 active Rxs. We describe the communication in the first

subnet, see also Figure [£.4} the others are treated in an analogous way.

Each Tx k € {1,...,2D+1} in this first subnet encodes its “slow" message M. ,SS) using an L-dimensional
Gaussian codebook and then sends the resulting codeword using its L Tx-antennas over the channel. De-
coding is performed as follows. Rx 1 decodes its desired message using an optimal point-to-point decoding
method based on the interference-free channel outputs Y7 = Hy 1 X7 4+ Z7. Then it sends its decoded
message Ml(s) over the cooperation link to Rx 2 during the first cooperation round. Rxs 2 to D + 1 apply
successive interference cancellation (SIC) where they cancel the interference from the preceding Tx with the

cooperation message obtained from their left neighbour. After decoding its intended “slow" message, each
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26 4.2. OPTIMAL MG REGION AND CODING SCHEMES FOR RX-COOPERATION ONLY

Rx k € {2,...,D} sends its decoded message M ’gs) over the cooperation link to Rx k41 during cooperation
round k.

We now describe decoding at Rxs D + 2,...,2D 4 2. Recall that Tx 2D + 2 is silenced. Therefore
Rx 2D + 2 observes the interference-free channel outputs Y 5,5 = Hapy1,20+2X5p, 1 + Z5p 5. Based on
these outputs, Rx 2D + 2 decodes the “slow" message M2(1§)+1 intended for Rx 2D + 1 and transmits the
decoded message MZ(S)_H to this Rx over the cooperation link in round 1. Rxs D + 2 to 2D + 1 declare

the cooperation message that they receive from their right neighbour as their desired message. They also

employ SIC to decode the “slow" message intended for the neighbour to their left. Finally, after this decoding

S)

step, each Rx k € {D + 3,...,2D + 2} sends the decoded message M,g_l

over the cooperation link to its
left neighbour during cooperation round 2D 4 3 — k. Figure illustrates the decodings and conferenced
messages.

In the described scheme, 2D 4 1 Txs send a “slow" message using an L-dimensional Gaussian codebook

of power P and all these messages can be decoded based on interference-free outputs. An average “slow"

MG of L- ggié is thus achieved in each subnet. Moreover, 2D cooperation messages are sent in each subnet,

each of prelog equal to the rate of a “slow" message, i.e., L. The average cooperation prelog per link is thus

L- % = lmax- If one time-shares 2D + 2 different instances of the described scheme with a different
subset of silenced users in each of them, the overall scheme achieves the MG pair (S#) =0, 55 = L. gg—ié)

with each cooperation link being loaded at average cooperation prelog fimax-

When prx < pimax, we can time-share the scheme achieving with a scheme that deactivates every
second Tx and sends “slow” messages over the interference-free links. This latter scheme does not require
any cooperation. Time-sharing is done according to the available cooperation prelog pgry: the first scheme
that uses cooperation prelog pimax is used over a fraction ﬁ of time and the no-cooperation scheme over
the remaining fraction 1 — % of time. The combined scheme then requires cooperation prelog prx and

achieves the MG pair in (4.5¢]).
3. MG pairs in (4.5d)) and (4.5€): Reconsider the coding scheme that achieves MG pair (4.5b)) and that

is described in the previous subsection and illustrated in Figure[£.4] A close inspection of the scheme reveals
that in each subnet, decoding of the message sent by the left-most Tx does not rely on the conferenced
information. This first message of each subnet thus satisfies our decoding requirement for “fast" messages.

We propose to apply the above scheme, but to let the first Tx of every subnet (the yellow Tx in Figure
send a “fast" message and the subsequent 2D Txs of the subnet send “slow" messages. This modified

scheme requires the same cooperation prelog jimax as before and it achieves the MG pair in (4.5d]).
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For setups where pirx < fimax, We propose to time-share the scheme achieving (4.5d)) over a fraction ;ﬁ

ERx of time. This time-sharing
Hmax

of time with the scheme achieving (4.5a}) over the remaining fraction 1 —

scheme has cooperation prelog equal to pgry, and thus respects the constraint (3.7). Moreover, it achieves

the MG pair in (4.5€)).

4.3 Optimal MG Region and Coding Schemes for Tx-Cooperation Only

In this section, we consider only Tx-cooperation but no Rx-cooperation. So,
urtx >0 and pryx = 0. (4.9)

Theorem 2 (Optimal MG region: Tx-cooperation Only). For any given pury > 0, the MG region S*(prx, D)

is the set of all nonnegative pairs (SF) S5 satisfying

25(F) 4509 < L (4.10)

2D+ 1
2D+2 "

SU) 4+ 59 < min {; + T, (4.11)

Proof. The converse to (4.11) is proved in Appendix The converse to (4.10) is proved in Ap-
pendix For the achievability, define the following MG pairs:

2D+ 1
(F) _ (S) — .
(s 0, S =L S5 2), (4.12a)
L
<5<F> — 0,5 = S+ MTX), (4.12Db)
L 2D
(F _ S) — .
(S w2 > Tt 2D+2)’ (4.12)
L
(s<F> = 5 - 89 = QMTX>_ (4.12d)

In the following Subsection we show that when pury > fimax the MG pairs (4.5a)), (4.12a]), and
(4.12¢)) are achievable and when pry < pimax the MG pairs (4.5a)), (4.12bf), and (4.12d)) are achievable. The

achievability proof of the theorem then follows by simple time-sharing arguments. O

Remark 1. Notice the duality between Theorems[1] and[3, which show that cooperation is equally beneficial
for only Tz~ or only Ra-cooperation. As we will see in Section[{.5, it is however more beneficial, when Txs

and Rzs can conference.
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4.3.1 Schemes Proving the Achievability of Theorem

We prove achievability of the MG pairs in (4.12). MG pair (4.5a)) is achievable as described in the previous

section (no cooperation is required at all).

1. MG pairs in (4.12a]) and (4.12B): Let the Txs only send “slow" messages but no “fast" messages.

Under this coding assumption, the introduced setup corresponds to a multi-antenna version of the setup in
Reference [46] but specialized to D Tx-cooperation rounds and 0 Rx-cooperation rounds. Achievability of
MG pairs and then follows immediately by specializing |46, Theorem 1] to Tx-cooperation
only. In the following we briefly describe the schemes achieving and . For details see
Reference [46].

We silence every 2D + 2nd Tx. This splits the network into non-interfering subnets, and in a given
subnet we apply the scheme depicted in Figure Specifically, Tx 1 encodes its message using an L-
dimensional power-P Gaussian point-to-point codebook, and sends the resulting codeword X7 using its L
Tx-antennas over the channel. It also precodes the obtained sequence with the matrix Hy %Hl,g, quantises
the precoded sequence I} £ H2_7%H172X7]’_L with a rate—%log(l + P) quantiser to obtain a quantisation IA’f
at noise level, and sends the resulting quantisation message as a first-round cooperation message to Tx 2.
For each kK = 2,...,D + 1, Tx k obtains a round-(k — 1) cooperation message from its left neighbour Tx
k — 1 that describes the quantised version I _; of n ., = H,;in,l,szfl. Based on this message, Tx k

) using a power P dirty-paper code (DPC) that mitigates

reconstructs I Z,l, encodes its “slow" message M IES
the interference I Z_l, and sends the resulting DPC sequence X! over the channel. Moreover, it precodes this
input sequence with the matrix le-il-l,k-i-thkJrl’ quantises the precoded sequence I}, = H}Zi1,k+1Hk,k+1X7kl:
with a rate-L/2log(14-P) quantiser (for a quantisation at noise level) to obtain I}, and sends the quantisation

message as a round-k cooperation message over the link to its right neighbour. Tx D+ 1 produces its inputs

in a similar way, that is, using DPC, but sends no cooperation message at all.

Rx 1 decodes Ml(s) based on the interference-free outputs
Y711 = H1,1X711 + Z?, (413)

using a standard point-to-point decoding rule. Each Rx k € {2,...,D + 1} decodes its desired message
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Figure 4.5: Scheme for Tx-cooperation only.

M Igs) based on the premultiplied outputs
Ho kY7 = HiHe 1 X7y + X7+ H L 27, (4.14)

using an optimal DPC decoding rule. (Recall that X} was produced as a DPC sequence that mitigates
I, a quantised version of T ol = H,;sz_LkX h_1)- Since quantisation was performed at noise level,
each message MI(S), el Méﬁ can be sent reliably with MG L.

Each message My, with & € {D + 3...2D + 2}, is sent over the path Tx k¥ -Tx k — 1 — Rx k. We
describe the transmissions in more detail, starting with the last Tx in the subnet. Tx 2D + 2 does not send
any channel inputs, that is, X5y, = 0". However, it first encodes its “slow" message M2(1§)+2 using an
L-dimensional Gaussian point-to-point codebook, precodes the codeword Ujp , 5 by the matrix H;I% 1.2D+2)
and then quantises this precoded codeword Shp,; = H;]31+172D+2U§D+2 with a rate-L/2log(1+ P) to obtain
a quantisation S’;D 11 at noise level. It finally sends the quantisation message describing S’;LD 41 as a first-
round cooperation message to Tx 2D + 1. Tx 2D + 1 reconstructs S’;D 11 and sends it over the channel, that
is, X511 = Sapia-

In a similar way, each Tx k € {2D + 1,...,D + 2} encodes its own “slow" message M IES) by means of
DPC of power P that mitigates the interference H,;_lLka’kX & of the signal sent by Tx k itself; precodes the
obtained sequence U} with the matrix H,;_lLka,k; quantises the precoded sequence Sy _, = H,;_ll’ka’kUZ
to obtain a quantisation S k—1 at noise level; and sends the corresponding quantisation message as a (2D +

3 — k)-round cooperation message over the link to Tx & — 1. Tx k& — 1 then reconstructs S’Z,l and sends it
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over the channel: X} | = S’Z_l. Rxs D+ 2,...,2D + 1 decode their intended messages using an optimal

DPC decoding rule based on the premultiplied outputs
H/;—lug r=Xp1+ HJ;_lLka,kXZ + H;;_llkaZ- (4.15)

Recall that X} ;| is a quantised version (at noise level) of the precoded signal S} ;| = H,;_lLka,kUZ,

where U} is a DPC sequence that mitigates the interference H,;ll pHer X3 Each of the messages

M](D“??), e 7M2(]§)+2 can thus be transmitted reliably at full MG L.
In the described scheme, an average “slow" MG of L - %gié is thus achieved in each subnet. Moreover,

2D cooperation messages of prelog L are sent in each subnet, and the average cooperation prelog per link

isL- % = limax- If one time-shares 2D + 2 different instances of the described scheme with a different

— [ 2D+1)

subset of silenced users in each of them, the overall scheme achieves the MG pair (S (F) = 0,50 D12

with each cooperation link being loaded at average cooperation prelog pimax-

When pry < ftmax, We propose to time-share above described scheme over a fraction ;ﬂ%: of time with a
scheme that deactivates every second Tx and sends “slow” messages over the interference-free links (which
does not require any cooperation) over the remaining fraction 1 — ﬁ of time. The overall time-sharing

scheme achieves the MG pair (4.12b)) and loads each Tx-cooperation link at prelog pimy.

2. MG pairs in (4.12c) and (4.12d)): A close inspection of the coding scheme described above and de-

picted in Figure reveals that in each subnet, the message pertaining to the D+ 1st Tx does not participate
in the cooperation, see Figure [£.5] That means, all conferenced information is independent of this message.
The message thus satisfies the constraints imposed on “fast" messages in our scenario. We thus propose to
employ above scheme, but where the D 4 1st Tx in each subnet (the yellow Tx in Figure sends a “fast"

message and the first and the last D Txs in the subnet send “slow"

messages. This scheme requires again
cooperation prelog fimax and achieves the MG pair in (4.12c)).
When gy < fimax, We can time-share this scheme over a fraction ﬁ of time with the scheme achieving

(4.5a)) over the remaining fraction 1 — % of time. The time-shared scheme achieves the MG pair (4.12d))

and loads each Tx-cooperation link at orelog piy.

Remark 2. An analogous result can be obtained for the setup where each receiver can send conferencing

messages only to its left neighbour or only to its right neighbour. The multiplexing gain region is character-
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ized by (6.25) and

1 D+1
(F) ) « mind 2 21
SW 4+ S _m1n{2—|-2, l—i—2}' (4.16)

Notice that despite the asymmetry of the network, the result is the same for conferencing to left or right

neighbours.

4.4 Results in the Finite SNR Regime with Rx-Cooperation Only

In this section, we propose an inner bound at finite SNR on the capacity region of Wyner’s soft-handoff
model when only Rxs can cooperate. For simplicity, we assume L = 1 and we fix all the direct channel
coefficients at 1 and all the cross channel coefficients at a fixed value a € (0,1). This inner bound is based
on two schemes. The first scheme assumes mrx < R¥). Each Tx uses a 3-layer superposition code, where
it sends its “fast" message in the lowest two layers and its “slow" message in the upper-most layer. Each
Rx immediately decodes its intended “fast" message based only on its channel outputs and then sends the
part encoded in the lower-most layer to its right neighbour. To decode its intended “slow" message, it first
pre-subtracts the interference caused by the lower-most layer of the superposition codeword sent by the Tx
to its left. This scheme uses only a single conferencing round.

The second scheme assumes mry > R and also exchanges parts of “slow" messages over the conferenc-
ing links. Each transmitter employs a D 4 1-layer superposition code, where the lower-most layer encodes
the “fast" message and all higher layers encode parts of the “slow" message. As before, each Rx decodes
its intended “fast" message immediately based on its channel outputs. It then sends this decoded message
over the conferencing link to its left neighbour during the first conferencing round. Subsequently, after each
conferencing round j = 1,...,D, each receiver cancels the interference from the layer-j codeword sent by
the transmitter to its left and then decodes the layer-j + 1 of its intended message. It sends the decoded

message part and the conferencing message that it obtained in the previous rounds to its right neighbour.

Theorem 3 (Capacity Inner Bound). The capacity region C(P,mry) includes all rate-pairs (RY), R(9))

that satisfy

R < min {I(Us;Y), I(Uz; Y|U1) + 7R} (4.17a)
K

RF) 4 R < % [I(X; Y, Uj|Ur) + min {I(Us; V), [(Us; Y|U1) + WRX}} : (4.17h)
k=1

where triples (U1, Us, X) and (U], U, X') are i.i.d. according to some probability distribution Py,u,x that
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2.5 : :
—— QOuter Bound
5 —— Inner Bound
1.86 .
1.5F------ .
D
Ao
1 |
05F------- e ‘ 8
0 | |
0 0.360.5 1.06 1.31 1.5
RE)

Figure 4.6: The inner bound in Theorem |3[ and the outer bound in Theorem |4 on the capacity for P = 5,
a = 0.2, mrx = 0.346, and D = 16.

3.5 \
—D =10

| | |
0 02 04 06 08 1 1.2 14
R&E)

0 |

Figure 4.7: Capacity inner bound in Theorem (3| for mrx = 2, P = 5, & = 0.2 and different values of D.

satisfies the Markov chain Uy — U — X, and where Y = X + aX' + Z with Z standard Gaussian
independent of (Uy,Us, X, U7, Us, X').

The capacity region C(P,Trx) also includes all rate-pairs (RF) R that satisfy

RP) < I(U;Y) (4.18a)

RF) 4+ RO < [(U;Y) + I(Vy; Y, U'|U)
D_
+ > I(Va Y, Vi V) + I(X;Y, X'|Vpoy), (4.18b)

d=2

—_

where the tuples (U,V1,...,Vp_1,X) and (U',V{,..., V], 1, X') are i.i.d. according to some probability
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distribution Pyv, . v, ,x satisfying the Markov chain U — Vi — Vo — ... — Vp_1 — X and the rate

constraint

¥
T

HU;Y) + IV Y, U'U) + ) I(Vas Y, V| Vi) < s, (4.19)
2

I

and where Y = X + o X' + Z with Z independent standard Gaussian.
Proof: See Appendix [ |

Theorem 4 (Capacity Outer Bound). Any achievable rate pair (R(F),R(S)) satisfies the following two

conditions:

K-1
RU) 4 R®) < W : %log (1+(1+a?)P)

_|_L 2 J -max{—]og|a| 0}—|-7F, : *2 log( o ) 7?? ’ ( )
, LQJ + + TRx 4'%
K—-1

2RE) + R <

<; log ((1+ (1 + ®)P)(1 + a?)) + 2max{— log |a|,0}> + %log(l +P)(4.21)

Proof: Follows by the proof of the bounds (4.3) and (4.4)) in Appendices [A.1.1| and [A.1.2] and by

fixing L = 1 and all the direct channel coefficients at 1 and all the cross channel coefficients at a € (0, 1).
|

Fig. [I.6) illustrates the outer bound on the capacity-region in Theorem [4] and the inner bound in Theo-
rem [3| when this latter is evaluated for jointly Gaussian distributions on the inputs and the auxiliaries. For
small values of R, both the lower and the upper bounds decrease with slope -1. For large values of R,
they decrease with slope -2. Figure [£.7] illustrates the inner bound on the capacity region for P = 5 and

different values of D.

4.5 MG Region for Both Tx-and Rx-Cooperation

In this section we consider both Tx- and Rx-cooperation and we focus again on the high SNR regime, more
specifically on the MG region. Recall that the number of Tx- and Rx-cooperation rounds D, and Dgy is a
design parameter over which we can optimize subject to the sum-constraint Dty +Dgrx < D. For simplicity,
in this section we assume that the total number of cooperation rounds D is even.

In the first subsection we present our inner and outer bounds on the MG region. We also prove
that they match in some cases. In the following subsections we then present the coding schemes that allow

us to conclude our achievability result.
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4.5.1 Results on the MG Region

Let the maximum number of total cooperation rounds D be given. For any pair Dry € {1,...,D — 1} and

Dy € {1,...,D — 1} summing to less than D, define

prx(Drx) 2 L- 253%2, (4.22)
prxL(Drx) = L- 2DDT2’ (4.23)
prea(Drx) = L- W’ (4.24)
f1rx, 1 (DRx) ~ ];J;I]))JRFXQ_l. (4.25)
Notice that piry 1,(D1y) < prrxa(D1x) and piry,n(DRrx) < prxH(DRx)-
Also, define the five MG pairs:
Slocop 2 (S = g 5¢) = 0), (4.26a)
SSucop 2 (S =0, 59 = %) (4.26b)
SCoop = (S(F) 0, s =L- ;g j: ;) (4.26¢)
Sparia 2 (ST =L 2D2+ 5 S =L. ;g - ;) (4.26d)
Stnterlaced = <S(F) = %, S =1L 2DD+ 2>. (4.26¢)

Notice that all these MG pairs do not depend on the number of cooperation rounds Dty and Dry. In what

follows, we will be interested in convex combinations of these points and therefore define for each « € [0, 1]:

Scoop(@) 2 @+ Scioop + (1= @) - Soop: (4.27a)
Spartial(@) = @ Spartial + (1 — @) - Sl(\]};)coop7 (4.27b)
Stnterlaced (@) = @ - Stterlaced + (1 — @) - Sl(\TFc;)Cfoop’ (4.27¢c)
Spartial-Inter(@) = - Stnterlaced + (1 — @) - Spartial- (4.27d)

Notice that SCoop(l) - SCoop and SPartial<1) = SPartial and SInterlaced<1) = SInterlaced- MOI‘GOVGI“,

SPartial—Inter(]-) - SInterlaced and SPartial—Inter(O) - SPartial-
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Theorem 5 (Achievable MG Region: Tx- and Rx-cooperation). For any choice of odd-valued integers
Dry, Dry € {1,3,5,...,D— 1} summing to D, the optimal MG region S*(u1x, rx, D) contains some of the

following regions, depending on the available cooperation prelogs purx and pRrx.

o If prx > pre(D1p) and prx > pre,H(DRe), the optimal MG region S*(uty, irx, D) contains the
trapezoidal region

conv hull((O, 0)7 Sl(\]b:,)(joopa SCoopa SInterlaced>~ (4'28)

o If prx > pren(Dry) and prx > pra,L(Drs), the optimal MG region S*(prx, frx, D) contains the

pentagon
conv hull ((0;0), Sl(\I}:))Coop7 SCOOp7 SPartial-Inter(aT)v SInterlaced(ﬁI)) ) (429)
where
. prx — e, (D7) URx — MRa,L(DRae) }
a’ £ min { : , : , 1 4.30
! pre, H(D12) — 070, L(D12) " fiRe, H(DR2) — HRe,L(DRz) (4.30)
and

*ﬁmin{ Pl _ HEx ,1}. 431
! pre,H(D7e)” poRa, H(DR2) (431)

o For prx < prer(Dry) or prx < fire,L(Drg), the optimal MG region S*(pirx, trx, D) contains the

TEGLON
conv hull ((0, 0)7 SCoop(O‘%)a SPartial(a§)7 SInterlaced(ﬁ§)) . (432)
where
a*émin{ Ple —_ HRx } 4.33
2 pre,1.(D12)” pRe,1(DRa) (4:33)
and

* . HTx HRx
= min , . 4.34
& { e, iH(D72)” 1R, H( DRs) } (4.34)

In Figure we schematically illustrate above MG regions (4.28), (4.29) and (4.32). We see that for

large cooperation prelogs our MG region is the trapezoid in Figure [f.8a. For smaller cooperation prelogs
the MG region turns into a pentagon, see Figure [£.8b, because MG pair Sipterlaced 18 n0t included anymore.
Finally, for even smaller cooperation prelogs even the MG pair Scoep is not included anymore, but needs

to be replaced by Scoop(0.93). Similarly, Spartial-inter (0.6) needs to be replaced by Spartial(0.93).

The achievable MG region described in the theorem can also be written as a union over the choice of
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1
9 SCoop d Coop(0-93)
0.8 B B 0.8 B
éPartial (093)
9.6 S B N 0.6 1
%7 Rnterlaced %)
0.4 B 0.4 B
Int, rlaced(0~56)
0.2 A b 0.2 B
(F) S(F)
NoCoop y NoCoop
% 05 1 1 0 05 1
S(F) S(F)
(a) MG region in (4.28)) (b) MG region in (4.29) (¢) MG region in (4.32))

Figure 4.8: Examples of the three MG regions in (4.28)), (4.29)) and (4.32)). Specifically, we used Dy = 3,
Drx = 3, and pury € {0.4,0.3,0.2} and urx € {0.4,0.3,0.2}.

the Tx- and Rx-cooperation rounds D1, and Dgry summing to no more than D. Notice however, that one
cannot take the convex hull of this union because of the way we defined the problem setup, the choice of

Dty and Dgy needs to be fixed in advance and time-sharing between different choices is not possible.

Proof of Theorem[5 In the following Subsections [£.5.2] [£:5.3] and [£.5.4] we show how to achieve the MG
pairs in f with sufficiently large cooperation prelogs pury and prx. In particular, to achieve
and , cooperation prelogs pimx > fi1x,1,(D1x) and pirx > ptrx,1L.(DRrx) are required. To achieve
(4.26€]) cooperation prelogs pirx > prxH(D1x) and prx > prxH(DRx) are required. MG pairs and

(4.26b)) can be achieved without any Tx- or Rx-cooperation by simply silencing every second transmitter

and sending either only “fast" or only "slow" messages over the remaining K /2 isolated point-to-point links.
The proof of the theorem follows then by simple time-sharing arguments. In particular, for any o € [0, 1]

the MG pair Scoop(a) can be achieved by time-sharing the scheme achieving Scoop over a fraction o of

the time with the scheme achieving 51(\15;)00013 over the remaining fraction of time. Such a time-sharing

scheme requires cooperation prelogs of px > apry1, and prx > aprxr. The MG pairs Spartial(e) and

Sinterlaced () are achieved by time-sharing the scheme achieving Spaytial Or the scheme achieving Sypteriaced

(F)

NoCoop OVer the remaining fraction of time. The

over a fraction a of the time with the scheme achieving S
time-sharing scheme leading to Spartial(@) requires cooperation prelogs pimx > apry1, and pirx > iRy,
and the time-sharing scheme leading to Sinterlaced (¢¥) Tequires pimx > apryn and prx > aprgna. The MG

pair Spartial-Inter () is achieved by time-sharing the scheme achieving Siyterlaced OVer a fraction « of the time

with the scheme achieving Sp,.ia1 Over the remaining fraction of time. This time-sharing scheme requires

cooperation prelogs pry > apmen + (1 — a)urxr and prx > apirxH + (1 — @) iR L-

Notice that for all of above time-sharing arguments, it is important that the MG pairs Sl(\I}:))Coop’ Sl(\?;)coop,
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6¢ScCoop(0.6)

SPartial b 0.6

@U‘) %7 <_SPartial(O~6)
0.4 B 0.4 B
0.2 B 0.2 B
F F
S§\TO)Coop S§\IO>COOP
00 0.5 1 00 0.5 1
S S(F)
(a) DTX - DRx: 27 HTx= URx= 0.4 (b) DTX - DRx: 27 HTx= URx= 0.2

Figure 4.9: Examples of the MG regions discussed in Remark |3| for even values of Dy and Dgy.

SCoop, SPartial; a1d Sinterlaced can be achieved using the same values of Dpy and Dgry. As will become clear
in the following sections, these MG pairs can be achieved using any values D1y, Dry € {1,3,5,...D — 1}
summing to D. The required cooperation prelogs however depend on the specific choices of Dpy and Dgy.
This explains why the allowed time-sharing coefficients o depend on the number of cooperation rounds Dy

and Dgyy. O

Remark 3. If in Theorem@ we allow the parameters Dpy, D, to take on any values in {1,2,...,D — 1}
Summing to D and we remove the MG POmtS SInterlacedy SInterlaced (/Bf)7 SInterlaced (/65)7 and SPartiaI—Inter(a’f);
we obtain a different achievable region, which can be larger for certain system parameters.

To see that this modified region is also achievable, notice that our schemes achieving Scoop and Spartial

described in Subsections|4.5.2 and|4.5.5 can be run with any number of Tz- and Rx- cooperation rounds Dy,

and Dpg, irrespective of whether they are odd or even. Their performance remains unchanged. In contrast,
the scheme achieving Sinterlaced that we present in Subsection[{.5.4] requires that both Dy, and Dg, are both
odd.

In Figure[].9 we schematically illustrate the MG regions that are achieved for D, or Dg, even. Specif-
ically, Figure[f.9a shows the MG region for large cooperation prelogs and Figure[[.9b for small cooperation

prelogs.

We also have the following converse result.

Proposition 1 (Outer Bound on Optimal MG Region: Both Tx- and Rx-cooperation). Any MG pair
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(S SN in S*(pry, pirys D) satisfies

S(F)

INA
N

, (4.35a)

2D+ 1
2D+ 2"

L
SE) 4+ 59 < min {2 + prx + pRx, L (4.35D)

Proof. Follows from the converse result in Reference [46] and by a rate-transfer argument from “fast" to

“slow" messages. O

Figure depicts our inner and outer bounds (Theorem Remark and Proposition on the optimal
MG region with gy = prx = 0.45 and D = 10 for different values of D1y and Dry. For Dry = D/2 =5
and Dpy = D/2 =5,

HTx = HTx,H and MRx = MRx,H, (4.36)

and the inner bound is given by the trapezoidal region defined in (4.28]). It coincides with the outer bound,
and thus establishes the exact MG region. Notice that in this case, the MG region is solely constrained by

the fact that the MG of “fast" messages cannot exceed % and that the sum MG of all messages cannot exceed

| . 2DRs+2Dp+1

DT aD 2 Imposing a stringent constraint on the decoding delay of the “fast" messages in this case

never penalises the sum-MG of the system. Our inner bounds obtained for odd-valued cooperation-rounds

(D1, Dry) € {(1,9),(3,7),(7,3),(9,1)} coincide with the outer bound only if S&) < L - Z(I_QTQ)SE'(DH),

where o7 depends on the choice of (D1y, Dry) and is defined in (4.30)). The inner bounds for even-valued
cooperation-rounds (D1y, Drx) € {(2,8), (4,6), (6,4), (8,2)} all coincide and attain the outer bound only if

S < L.ﬁ_

Figure depicts our inner and outer bounds on the optimal MG region for the same D = 10 but

smaller values of upy = prx = 0.3. In Figure we see that by decreasing prx and pry from 0.45 to 0.3,

(F)

our inner and outer bounds do not coincide for all values of S'*/. Our inner bound for Dry = 5 and D1y = 5

(1—aj)+ai-(D+1)

contains all other inner bounds and it matches the outer bound in the regime S) < L. 2 GIRE) ,

where for the definition of o in (4.30]) one should set Dy = Dry = 5.
Figure [£.12| depicts our inner and outer bounds on the optimal MG region for the same D = 10 but when

prx = 0.3 is smaller than puryx = 0.45. Here, the inner bound obtained for (Dpy = 3, Drx = 7) includes all

1—a})+at-(D41)
2D+2

other inner bounds and it matches the outer bound in the regime S#) < L - A

defined in (4.30) with Doy = 3 and Dry = 7.

, where af is
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Figure 4.10: Bounds on 8*(urx, tirx, D) for purx = 0.45, urx = 0.45, D = 10 and L = 1 with both Tx- and
Rx-cooperation.

I
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.......... Dty =1,Drx =9
D1« =2,Drx =8
—==Drx =3,Drx =7 ||
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-#%- D =5,Drx =5
———-DTXZG,DRx:4
DTx:7,DRx:3
D’I‘x:&DRx:2 |
\\ -“—‘DszgvDszl

Figure 4.11: Bounds on &*(pry, trx, D) for pumy = 0.3, urx = 0.3, D = 10 and L = 1 with both Tx- and
Rx-cooperation.

The following corollaries generalise these observations.

Corollary 1. If there exist integers Dy, Dg, € {1,3,5,..., D — 1} summing to D such that the two con-

straints

V

prx = pren(Drs) (4.37a)

pRx 2 pRxH(DRz) (4.37b)

are simultaneously satisfied, then the optimal MG region S*(urx, irx, D) coincides with the trapezoidal
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S

Figure 4.12: Bounds on 8*(urx, irx, D) for pumy = 0.3, prx = 0.45, D = 10 and L = 1 with both Tx- and
Rx-cooperation.

region in ([£.28). That means, S*(irx, firx, D) is the set of all nonnegative pairs (SF),S)) satisfying

S < =, (4.38)
2D+ 1

2D+ 2

— ol

S(F) 4 ()

IN

(4.39)

Proof. Follows directly from the achievability result in Theorem [5, see , and the converse result in
Proposition . For the converse result notice in particular that under constraints (4.37) the sum puy + prx

exceeds L O

LD
2D+2°

Remark 4. Under conditions (4.37)) there is no penalty in sum-MG due to the stringent decoding constraint
on “fast" messages. These “fast” messages can be submitted at mazximum MG without decreasing the overall

performance of the system.

The following corollaries present partial characterizations of the optimal MG region S*(u1x, prx, D) for

S(F) below a certain threshold.

Corollary 2. If a pair of integers Dy, Dg, € {1,3,..., D — 1} summing to D satisfies

prs > prxL(Drs), (4.40a)

PRx > HRxL(DRz), (4.40b)
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then the optimal MG region S*(ury, pirx, D) contains the MG pair (SU),S5)) with

L D—-1
(F)<7 _ (1 - aF
SV < 5 <1 DT 1(1 a1)> (4.41)

(where a7 is defined in (4.30) and depends on the choice of Dy, Dry and on piry, pirs) if, and only if,

2D+1
(F) L g(S) < | .
S T (4.42)

Similarly, if a pair of integers Dy, Dp, € {2,4,...,D — 2} summing to D satisfies (4.40)), then the

optimal MG region S*(prx, pirx, D) contains the MG pair (S, S with

L 2
(F) « =. 2 4.4
> =2 D+1 (4.43)
if, and only if,
2D +1
(F) 508 <. ) 4.44
ST+ < 2D + 2 (4.44)

Noting the fundamental bound S (F) < %, one observes that when there is a odd-valued pair D1y, Dry €
{1,3,...,D — 1} such that (4.40) holds and o = 1, then the first part of Corollary [2| recovers Corollary

and determines the entire optimal MG region S*(ux, tirx, D).

Proof. Achievability of (4.42) follows from Theorem [5 see (£.29), because the two components of

SInter—Partial(O‘f) = (S(S), S(F)) satisfy:

—

S(F) — o* 1l—a*) -2 — = z -
oy td-ae)sp7=5 D+1

L 2 LlD—l
2

(1- a;)> (4.45)

and

2D +1

(8) 4 g(F) _ | . ,
SIS 2D + 2

(4.46)

Achievability of (4.44]) can be proved in a similar way from Remark|3| The converse to both results follows

from Proposition [1{ because constraint (4.42) implies that the sum pry + gy exceeds L - QDDﬁ' O
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Corollary 3. If

D
2D+ 2

URx + prx < L- (4.47)

and if a pair Dry, Dy € {1,2,3,...,D— 1} (both odd and even values are allowed) summing to D satisfies

HTx HRx
_ ’ 4.48
DTm DR:D ( )

then the optimal MG region S*(ury, pirx, D) contains the MG pair (SU),S(5)) with

L 2(D-1)
(F) « Z (1~ S
SW <L 5 <1 PTo D ) (4.49)
if, and only if,
L
S+ < 5 ATt iRy (4.50)

Proof. The result (4.50) follows from the converse result in Proposition [1| and the achievability results in
Theorem , see (4.32)), and Remark . More specifically, to prove achievability let Dy and Dgy be such
that Condition (4.48) is satisfied. Then,

prxL (D7) pRx,L(DRy)

HTx HRx (4.51)
and Condition implies that both inequalities
pPrx < prx L  and  piRrx < HRx,L (4.52)
are satisfied. Moreover, o5 as defined in satisfies
of = Prx - 2D+2 _ prx _ 2D +2 (4.53)

e = Rx .
HTx,L L- DTX HRx,L H L- DRX

Notice next that for the two MG pairs Scoop(03) and Spartial(@3), which are achievable by either Theorem

or Remark [3 the sum of the two components satisfies

L 2D +1 L L pn. L
5<F>+S(S):a;.§.Djl+(1_a§)§:§ STD=§+/m+qu, (4.54)
Tx
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where in the last equation we used (4.48)). Moreover, the “fast" MG S(*) in Scoop(@) equals 0, whereas in
SPartial(ag) it equals

, L 2 ~L oL 2(D-1 L 2(D-1
S(F):Oéz"+(1_a2)2:2(1_MT5<E.DT)) :2<1—MRX|E.DR)>- (4.55)

Since one can always choose to transmit at smaller MGs and because the convex hull of all achievable MG

pairs is also achievable, this concludes the proof of achievability. O

Remark 5. For both corollaries, in the regimes where we could characterize the optimal MG region, i.e.,
for “fast"” MGs below a certain threshold, the sum-MG is at its mazimum. We can thus conclude that for

‘.

sufficiently small SU) the sum-MG is not decreased due to the stringent constraint on the “fast” messages.

In the following subsections we present the coding schemes achieving the MG regions in Theorem [f] and

Remark B

4.5.2 Scheme Achieving MG Pair (4.26¢)

Let each Tx only send “slow" messages but no “fast" messages. Under this coding assumption, our setup is
a multi-antenna version of the setup in [46]. Achievability of then follows immediately by the multi-
antenna version of [46, Theorem 1|. We redescribe the coding schemes achieving for completeness
and reference in the next subsection.

We silence every 2D +2nd Tx, which splits the network into smaller subnets. In each subnet, we combine
the SIC idea explained for the setup with only Rx-cooperation (see Subsection with the DPC coding
idea that was explained for the setup with only Tx-cooperation (see Subsection . The scheme for the
first subnet is illustrated in Figure and will be explained in the following. Communication in the other
subnets is similar.

The Tx/Rx pairs of the first subnet are assigned to four groups, depending on their mode of operation.

Notice that the Tx/Rx pair Dry 4+ 2Dy + 2 is assigned to both groups G3 and G4, whereas all other Tx/Rx

pairs are assigned to only one group. The reason is that message M]gi) 12Dpt2 1S split into two parts
(Mlgi,?:)+2DTx o I()ij)HDTX +2) of equal rates, and part Ml(Dif)HDTx 4o Is communicated in the same way as
(54)

the messages for Tx/Rx pairs in group Gz, whereas M.

Droy 42D 12 18 communicated in the same way as the
>q

messages for Tx/Rx pairs in group Gj.
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DPC DPC
(D rounds) (Dry rounds)
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1 2 - Drx + 1 D+1 D+ Dy +2 2D+ 2

N N é & MNP,

- D
SIC SIC

(DRrx rounds) (DRrx rounds)

Figure 4.13: Scheme with Rx- and Tx-cooperation.

Group Gi = {1,...,Dgr, + 1}: Each Tx k € G; encodes its “slow" message M]ES) using a codeword
X (M ’gS)) from a Gaussian point-to-point code of power P, and transmits this codeword over the channel:

r=X5(M ,gs)). Each Rx k € G; uses the cooperation message received from its left neighbour Rx k — 1

for SIC, i.e., to delete the interference term Hk—l,kXZ—l(Mlgﬂ) from its output sequence Y7 :

3 (S
Vi =Y} - He X (), (4.56)

and to decode its desired message M ,SS) based on YZ Rx k also describes its decoded message M, over
the cooperation link to Rx k + 1, so as to facilitate SIC at this next Rx.

To facilitate the transmissions in the next group, the last Tx of group G, Tx Dryx+1, precodes its channel

A

inputs X ., with the matrix H Hpg,+1,Dry+2, quantises the produced sequence I . =

-1
Drx+2,Drx+2

Hfl

Dt 2. Dpyt 2 DRs+ 1Dy +2X Dy 41 With a rate-L/2log(1 + P) quantiser to obtain the quantisation ngx_H

at noise level and sends the resulting quantisation index as a first-round cooperation message to the first

Tx in group Go, i.e. to Tx Dgry + 2.
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Group Go 2 {Dry+2,..., Dy + Dy + 1}: Each Tx k € Gy obtains a cooperation message from its left
neighbour Tx k — 1 that describes the quantised version I ; of n ., H,;in,l’szfl. Based on this
message, Tx k reconstructs I Z,l, encodes its “slow" message M ,gs) using a power P DPC that mitigates the
interference I Z_l, and sends the resulting DPC sequence X! over the channel. Moreover, it precodes this
input sequence with the matrix le-il-l,k-i-thkJrl’ quantises the precoded sequence I}, = H}Zi1,k+1Hk,k+1X7kl:
with a rate-L/2log(14-P) quantiser (for a quantisation at noise level) to obtain I}, and sends the quantisation
message as a round-k cooperation message over the link to its right neighbour. Tx Dy 4+ Dy + 1 produces

its inputs in a similar way, i.e., using DPC, but sends no cooperation message at all. Rxs in Gy use a

standard DPC decoding rule based on the premultiplied outputs
Ho b Y7 = Hi b Heo1o Xy + X7+ H L Z2, (4.57)

to decode their intended “slow” messages. (Recall that X7 was produced as a DPC sequence that mitigates
I Z,l, a quantised version of H,;in,LkX Z,l). Since quantisation was performed at noise level, each
)

message M . ,MI()+

Dy 22 , can be sent reliably with MG L.

Group Gz = {Dpgy + D1y + 2,...,Dpy + 2D7, + 2}: This group of Tx/Rx pairs participates in the

transmission of the “slow" messages
1(3513,(+DTX+3’ e MI(D?XHDHH? I(Diizrmhw' (4.58)
In particular, Tx Dgry 4+ 2D1y + 2 does not send an own message to its corresponding Rx.

Each of the messages in is transmitted over the communication path Tx k — Tx £ —1 — Rx k
for some k € {Drx + D1 + 3, ..., Dprx + 2D1« + 2}.

For each k& € {Drx + D1x + 3,...,Drx + 2D + 2}, Tx k encodes its own “slow" message Mk(:s)
by means of DPC of power P that mitigates the interference H;;_llkak,kXZ of the signal sent by Tx k
itself; precodes the obtained sequence U} with the matrix H,;lLka,k; quantises the precoded sequence

[ =S H,;_ll’ xHe U} to obtain a quantisation S k—1 at noise level; and sends the corresponding quantisation
message as a (2D + 3 — k)-round cooperation message over the link to Tx & — 1. Tx k£ — 1 then reconstructs
S’Z_l and sends it over the channel: X! ;| = S’Z_l. The construction of the transmit signal X7

Rx+2D1x+2

mentioned above, is explained in the following paragraph. RXs Dgry + Dy + 3, ..., Drx + 2Dy + 2 decode
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their intended “slow” messages using an optimal DPC decoding rule based on the premultiplied outputs
kal,k Z = Zfl + Hk717ka,kX7lz + Hk—l,kZZ' (4.59)

Recall that X7 is a quantised version (at noise level) of the precoded signal S}_; = H,;_ll,kH;@kUZ for
» a DPC sequence that mitigates the interference H,;_lLka,kXZ. Each of the messages M](Di}?), e MQ([S))_F2

can thus be transmitted reliably at full MG L.

Group Gy = {Dpy+ 2Dy + 2,...,2Dpy + 2D 7, + 2}: This group of Tx/Rx pairs participates in the

"

transmission of the “slow" messages
(S4) (%) (5)
Drx+2D71x+2? MDRX—FQDTX—F?)’ Tt MQDRx—l-QDTX-I—l' (460)

Tx 2DRx + 2D1y + 2 thus is not sending an own message to its corresponding Rx. The messages in (4.60)) are
transmitted over the path Tx ¥ — Rx k+ 1 — Rx k, for some k € {Drx +2D1x +2,...,2Dgy + 2Dy + 2}.

Each Tx k € {Dgrx + 2D1x + 2,...,2Dgx + 2Dy + 1} encodes its “slow" message M,ES) (or M,gSA) if
k = Drx + 2D1x + 2) using a codeword from a Gaussian codebook of power P, and sends this codeword
over the channel X7 = X7(M%) (or X7 = X7(M{*Y) if k = Dgy + 2Dy + 1).

Rx 2Dgrx + 2D1x + 2 decodes MQ(]%)RX 42D +1 Pased on an interference-free output Y S Dp 42D 42 =

~r(S
Hapg, +2D 141,20k +2D 042X 50 42D +1 T Z9Dg, 12D +2> a0d sends the decoded message MQ(D)RX-&-QDTX—i-l
over the cooperation link to the intended Rx 2Dgry 4+ 2Dy 4+ 1. For k = 2Drx+2D1c+1, ..., Drx+2D1c+3,
Rx k uses the cooperation message received from its right neighbour Rx k + 1 to decode M, ,Ei)l (or M Igif‘ )

if k& = Drx + 2D + 2) using SIC, i.e., to first delete the interference Hy , X7 from Y7 and then decode

S)

S74)
-1 ~1

message M ,i (or MIE if K = Dprx + 2D7x + 2) from an interference-free signal. Rx k then sends the
decoded message M,g‘i)l (or M,ff) if K = Drx + 2Dy + 2) over the cooperation link to its left neighbour

Rx k — 1, which is the intended Rx for this message.

In the described scheme, each transmitted message is either decoded based on interference-free outputs
or using DPC. Since precoding matrices do not depend on the power and quantizations are performed at
noise levels, all messages can be transmitted reliably at MG L. Tx Dryx+2D1y+2 sends two “slow" messages
and 2Dgy + 2D1y — 1 other Txs send one “slow" message. An average “slow" MG of L - gg?{zi% is thus

achieved in each subnet. Moreover, 2Dry + 2Dy cooperation messages of prelog L are sent in each subnet:

e Rxs in G; send Dgry Rx-cooperation messages with prelog L;
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e Txs in Go send Dy Tx-cooperation messages with prelog L;

e Txs in Gg send Dy Tx-cooperation messages with prelog L;

e Rxs in G4 send Dgry Rx-cooperation messages with prelog L.

The average cooperation prelog per link at the Tx-side is pry 1, and at the Rx-side it is pry 1. If one
time-shares 2D + 2 different instances of the described scheme with a different subset of silenced users in
each of them, the overall scheme still achieves the MG pair (S(F) =0,50) = L%) in (4.26d), each

Tx-cooperation link is loaded at exactly this average cooperation prelog piy1,, and each Rx-cooperation

link is loaded at the average cooperation prelog piry 1.

4.5.3 Scheme Achieving MG Pair (4.26d))

Consider the scheme described in the previous Subsection and depicted in Figure Notice that
the first Tx in each subnet does not at all participate in the cooperation, and decoding of its message also
does not rely on cooperation messages. The same observation applies also to the Dry + D1y + 1st Tx of
each subnet and its message. The first and the Dgy + D1y + 1st message of each subnet (the yellow Txs in
Figure thus satisfy the requirements on “fast" messages. We propose to use this scheme but let the
first and the (Drx + D1y + 1)st messages in each subnet be “fast" messages and all other messages be “slow"
messages. This achieves the MG pair .

The required cooperation rates equal pry 1, and prx 1, as explained in the previous Subsection @
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Figure 4.14: An illustration of the scheme achieving MG pair (4.26€). Notice that since D is even, the last
Tx of Gy sends a “fast” message. And since Dgy is odd, also the first Tx in G4 sends a “fast” message.

4.5.4 Schemes Achieving MG Pair (4.26¢])

We periodically silence every 2D + 2-nd Tx to split the network into smaller subnets. Then we send a “fast"
message on all odd Txs and a “slow" message on all even Txs, except for the previously silenced Txs (which
are all even). See Fig.

In what follows, we describe and analyze transmissions over the first subnet. Other subnets are treated

analogously.

Odd Txs 1,3,5,...,2D+ 1: FEach odd Tx encodes its “fast" message MIEF) using a codeword UZ(MISF))
from a Gaussian codebook of power P that depends on the Tx and the channel realizations and is explained
later. Tx 1 simply sends this Gaussian codeword X7 = U’f(Ml(F)) Any other odd Tx k first considers
the cooperation message it received from its left neighbour Tx k& — 1 and reconstructs X Z_l, a quantised

version of Tx k — 1th input X} _,. Tx k then sends the input signal

= U (M")) = H b Hi-n X . (4.61)
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0Odd Txs relay some of the cooperation messages they obtain from their neighbours, as will become clear

in the following, but they do not create new cooperation messages.

Odd Rxs 1,3,5,...,2D+1: Given the precanceling at odd Txs described above, each odd Rx k observes

an almost interference-free signal:
Y7 = HepUf + Hiop(XFy — Xjom1) + Zigs (4.62)

where notice that X Z_l is a quantised version of X7 _; at noise level. Each odd Rx k therefore decodes

its desired fast message M ,iF)

using standard point-to-point decoding. It also sends the decoded message
M IEF) over the cooperation link to its right neighbour Rx k + 1 as a first round cooperation message.
0Odd Rxs also relay some of the cooperation messages they obtain from their neighbours, as will become

clear in the following.

Before describing the operations at the even Tx/Rx pairs, we make the following observations based
on the operations at the odd Tx/Rx pairs. Irrespective of the operations performed at the even Txs, each
even Rx k observes the sum of a signal depending only on “slow" messages and a signal depending only
on its left-neighbour’s “fast" message (the signal Hy_; ;U7 _;). Since odd Rxs convey their decoded “fast"
messages to their right-neighbour, even Rxs can cancel the signals depending on “fast" messages whenever
they have been decoded correctly. There is thus no loss in reliable communication rate caused by the
transmission of “fast” messages. And transmission of “slow" messages at even Txs can be designed as if no
“fast” messages were present. However, if “slow” Rxs wish to send cooperation messages that do not depend

on the “fast” transmissions, they have to wait for the second round.

FEven Txs 2,4,6,...,2D: Each even Tx k, for k = 2,...,2D, performs the same steps as Tx k in the
scheme described in Section but where the scheme needs to be adapted to include only even Txs. In
particular, if an even Tx k previously sent a quantisation message to its direct left- or right-neighbour Tx
k—1or k+ 1, now it will send it to the previous or following even Tx k — 2 or Tx k + 2. (This simply
means that the odd Tx lying between them has to relay the cooperation message as we already mentioned
previously.) Similarly, when using DPC, if Tx k previously mitigated the quantised sequence I Z,l or S’Z 11
now it mitigates the quantised sequence I Z—z or S’Z 1 9. Notice that since D is even, Tx D is the last even
Tx in Gy (so the last Tx in G sending a “slow” message). Tx-cooperation in group G thus takes place only

during the first D — 1 rounds. The only Tx-cooperation message in round Dy is the message sent from
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Tx D+ 3 to Tx D + 2 in group Gs.

In addition, if this is not already done as part of the scheme in Section[4.5.2] any even Tx k also quantizes
its channel inputs X7} at rate L - 1/2log(1 + P) to generate the quantised sequence I Z The quantisation
message describing I Z is then sent as a Dpy-round cooperation message over the link to Tx k + 1 to allow
this Tx to precancel this interference in the way that was described previously. Even Tx D + 2 (the first
Tx in group Gs) does not need to send this round-Dy cooperation message because its right neighbour
Tx D + 3 already learns the Tx signal X7y, 5 as part of the proposed scheme in Section Since all even
Txs (except for Tx D +2) receive their last cooperation message in round Dy — 1, they can indeed compute

their input perior to the last round Dpy and thus perform the proposed round-D1y cooperation.

FEven Rxs 2,4,6,...,2D + 2: Using the round-1 Rx-cooperation messages from its left neighbour, each
even Rx k, for k = 2,...,2D + 2, first subtracts the interference caused by the transmission of the “fast”

)

message M ,iljl at its left neighbour. That means, it forms

Y=Y} —He Ul (4.63)
It then proceeds with this modified output sequence YZ and performs all the steps as Rx k did in the
scheme in Section [£.5.2] but where the scheme again needs to be adapted to include only even Rxs and it
also needs to be adapted to start only at cooperation round 2. This allows even Rxs to calculate (4.63))
before performing the other steps. Notice that since the first Txs of G; and G4 only send “fast” messages
(the latter holds because Dy is odd), there is no harm in waiting for this second round. To adapt the
scheme in Section only to even Rxs, any even Rx k that previously sent its decoded message to its
direct left- or right-neighbour Rx £ — 1 or Rx k£ 4+ 1, now sends it to the previous or following even Rx
k —2 or Rx k+ 2. Similarly, any Rx k that previously applied the SIC step to cancel the interference from

Tx k— 1 or Tx k + 1, now cancels the interference from Tx k — 2 or Tx k + 2.

In the described scheme, all odd Txs of a subnet can send reliably a “fast" message of MG L and the
even Txs {2,4,...,2D} each can send reliably a “slow" message of MG L. The scheme thus achieves the
MG pair in ([{26€): (SU) = %,S(S) =L- ﬁ).

We now analyze the cooperation prelog of the described scheme. Recall that in this scheme each even Tx
sends a quantised version of its inputs to its right neighbour and each odd Rx sends its decoded message to
its right neighbour. Since each of these cooperation messages is of prelog L the described messages consume

a Tx-cooperation prelog of L - D and a Rx-cooperation prelog of L - D.
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In addition, for encoding and decoding of “slow” messages:

e Rxsin G; send Dry — 1 Rx-cooperation messages with prelog L. (The cooperation message from Rx 1

to Rx 2 has already been counted in the previous paragraph.)

e Txs in G send (Dpy — 1)/2 Tx-cooperation messages with prelog L. (The cooperation message from

even to odd Txs in G have already been counted in the previous paragraph.)
e Txs in G3 send Dy Tx-cooperation messages with prelog L.

e Rxs in G4 send Drx — 1 Rx-cooperation messages with prelog L. (The first Rx in G4 does not obtain

a cooperation message because it is a “fast” Tx.)

To summarize, the described scheme requires an average prelog per Tx-cooperation link of urwn =

%‘FDRx*l

D,3 1
I 7+74DTX71

5po - and an average prelog per Ra-cooperation link of ppxu =L - . (Notice that this is
larger than in the scheme in Subsection [£.5.2]) If one time-shares 2D + 2 different instances of the described
scheme with a different subset of silenced users in each of them, the required prelog on each Tx-cooperation

link is exactly p1¢m and the required prelog on each Rx-cooperation link is exactly prx n. This concludes

the proof.
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Chapter 5

Mixed Delay Coding Scheme with CoMP

Transmission and Reception

In this chapter, we propose a general coding scheme for arbitrary networks that accommodates the transmis-
sions of “slow” and “fast” messages simultaneously. We apply this coding scheme to three cellular network
models: Wyner’s symmetric model, the hexagonal model, and the sectorized hexagonal model. The results
for Wyner’s symmetric model show that it is possible to accommodate the largest possible MG for “fast”
messages, without penalizing the maximum sum MG of both “fast” and “slow” messages. The results for
the hexagonal model show that there is always a penalty in sum-MG at any “fast" MG. In contrast, for the
sectorized hexagonal model where each cell is divided into three non-interfering sectors by employing direc-
tional antennas at the BSs, it is possible to eliminate this penalty and accommodate the largest possible

MG for “fast” messages without penalizing the maximum sum MG.

5.1 Coding Schemes and Achievable Multiplexing Gains

An important building block in our coding schemes is coordinated multi point (CoMP) transmission or
CoMP reception. Depending on which of the two is used, the scheme requires more Tx- or Rx-cooperation
rates. So, depending on the application, any of the two can be advantageous. In some applications,
cooperation rates might however be too low to employ either of the two. In this case, the proposed schemes
can be time-shared with alternative schemes that require less or no cooperation rates at all. Alternatively,
the proposed schemes can be employed with a smaller number of cooperation rounds D’ < D, which also

reduces the required cooperation prelog in all our schemes.
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The rest of the section is organized as follows. We first describe our coding schemes that simultaneously
send “fast" and “slow" messages; they either employ CoMP reception (Subsections or CoMP trans-
mission (Subsection . Next, we describe schemes that send only “slow" messages (Subsection or
do not use any kind of cooperation (Subsection .

5.1.1 Coding Scheme to Transmit Both “Fast” and “Slow” Messages with CoMP Re-

ception

This scheme splits the total number of cooperation rounds between Tx- and Rx-cooperation as:

DTx =1 and DRX =D -1 (51)

1) Creation of subnets and message assignment:

Each network is decomposed into three subsets of Tx/Rx pairs, Tsient, Ttast and Tglow, Where
e Txs in Tgjent are silenced and Rxs in Tgjent do not take any action.

e Txs in T send only “fast” messages. The corresponding Tx/Rx pairs are henceforth called “fast"

Txs/Rxs.

e Txs in Tgow send only “slow” messages. The corresponding Tx/Rx pairs are henceforth called “slow”

Txs/Rxs.
We choose the sets Tglent, Trast and Tslow in & way that:
e the signals sent by the “fast" Txs do not interfere; and

e silencing the Txs in Tgent decomposes the network into non-interfering subnets such that in each

subnet there is a dedicated Rx, called master Rz, that can send a cooperation message to any other

“slow" Rx in the same subnet in at most {DR’Q‘*J cooperation rounds.

For example, consider Wyner’s symmetric model (described in details in Section where Txs and Rxs
are aligned on a grid and cooperation is possible only between neighbouring Txs or Rxs. Interference at
a given Rx is only from adjacent Txs. The network is illustrated in Figure This figure also shows
a possible decomposition of the Tx/Rx pairs into the sets Tgjent (in white), Trst (in yellow) and Tgow (in

blue) when D = 6. The proposed decomposition creates subnets with 7 active Tx/Rx pairs where the Rx
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(a) Silencing every D + 2nd Tx creates interference-free subnets. Txs in yellow send “fast” messages and Txs in blue
send “slow” messages.

(b) Blue arrows illustrate the quantized “slow” signals transmitted to the “fast” Txs during the single Tx-cooperation
round. Yellow arrows indicate the decoded “fast” messages transmitted to the “slow” Rxs during the first Rx-
cooperation round.

X

8
(c¢) Canceling the interference of “slow” signals on other “slow” signals using CoMP reception. The green Rx is the

master Rx. The blue arrows indicate the flows of the Rx-cooperation messages in rounds 3—6, which enable CoMP
reception.

Figure 5.1: Flow of cooperation communication in Wyner’s symmetric model for D = 6 and for the scheme
transmitting both “fast” and “slow” messages with CoMP reception.

in the center of any subnet (e.g. Rx 4 in the first subnet) can serve as a master Rx as it reaches any slow
(blue) Rx in the same subnet in at most |Dryx — 1/2] = [(D — 2)/2| = 2 cooperation rounds. As required,

transmissions from fast (yellow) Txs are only interfered by transmissions from slow (blue) Txs.

2) Precanceling of “slow” interference at “fast” Txs:

Any “slow" Tx k' quantizes its pre-computed input signal X7, (how this signal is generated will be described
under item 5)) and describes the quantised signal XZ/ during the last Tx-cooperation round to all its
neighbouring “fast" Txs. (Here, there is only a single Tx-cooperation round, but this item will be reused in
later subsections where D, > 1.) Fig. illustrates the sharing of the described quantization information

with neighbouring “fast" Txs for Wyner’s symmetric model.
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“Fast" Txs precancel the interference from their neighboring “slow" Txs. To describe this formally, recall

the set Zpy ;, from (2.2)), for each k € {1,..., K}, then we define the “slow” interfering set

I,ES) £ Irek N Tslows (5.2)

as the set of “slow" Txs whose signals interfere at a given Rx k. Also, we denote by UZ(M,&F)) the non-

precoded input signal precomputed at a given “fast" Tx k. (The following item 3) explains how to obtain

Uy (M ,gF)).) Tx k sends the inputs

F=upon) - > H;;ka/,kXZu (5.3)
kezl®

over the channel. Since each “fast" Rx k is not interfered by the signal sent at any other “fast" Tx, the

precoding in (5.3) makes that a “fast" Rx k observes the almost interference-free signal

Yi=H, Ui+ > Hen(Xp - Xp) + 25, (5.4)
kezl™

disturbance

where the variance of above disturbance is around noise level and does not grow with P.

3) Transmission of “fast” messages:

) (n)

Each “fast" Tx k encodes its desired message M IEF using a codeword U, (M, IEF)) from a Gaussian point-to-
point code of power P. The corresponding Rx k applies a standard point-to-point decoding rule to directly

decode this “fast” codeword without Rx-cooperation from its “almost" interference-free outputs Yy, see

63).

4) Canceling “fast” interference at “slow” Rxs:

According to the previous item 3), all “fast" messages are decoded directly from the outputs without any
Rx-cooperation. During the first Rx-cooperation round, all “fast" Rxs can thus share their decoded messages
with all their neighbouring “slow" Rxs, which can cancel the corresponding interference from their receive

signals. More formally, we then define the fast interference set

I]gF) = ITx,k: N 7}ast (55)
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as the set of “fast" Txs whose signals interfere at Rx k. Each “slow" Rx k forms the new signal

n ~(F
Yi=vi— Y H Xrar®), (5.6)

bez(™
and decodes its desired “slow" message based on this new signal following the steps described in the following
item 5). Fig. illustrates with yellow arrows the sharing of decoded “fast” messages with neighbouring

“slow" Rxs in Wyner’s symmetric model.

5) Transmission and reception of “slow” messages using CoMP reception:

Each “slow" Tx k encodes its message M]ES) using a codeword X7 (M, ,is)) from a Gaussian point-to-point
code of power P. “Slow" messages are decoded based on the new outputs YZ in . CoMP reception
is employed to decode all “slow" messages in a given subnet. By item 4) the CoMP reception can ignore
interference from “fast" Txs, but has to account for the modified interference graph and the modified channel
matrix from “slow" Txs caused by the precanceling in item 2). For example, in Fig. we depict with
blue dashed lines the modified interference graph for Wyner’s symmetric model.

CoMP reception involves that each “slow" Rx k applies a rate—% log(1+ P) quantizer to the new output
signal YZ, and relays the quantization information over the cooperation links to the master Rx in its subnet.
By definition of master Rxs (see item 1)) this can be performed in Rx-cooperation rounds 2, ..., L%J +
1. (Fig. illustrates with blue arrows the exchanged quantization information for Wyner’s symmetric
model.) Each master Rx reconstructs all the quantized signals received from “slow" Txs and jointly decodes
these “slow” messages. During Rx-cooperation rounds L%j +2,..., 2L%J + 1, it shares each of the
decoded messages over the conferencing links with its intended Rx. (Fig. illustrates with blue arrows

the sharing of decoded “slow” messages with the corresponding Rxs.)

6) MG Analysis:

In the described scheme, all transmitted “fast" and “slow” messages can be sent reliably at MG L because
all interference is canceled (up to noise level) either at the Tx or the Rx side, and because Txs and Rxs are
equipped with L antennas each.

The presented coding scheme thus achieves the MG pair

S
(5™ = stedn S =s{h). (5.7)
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where

s 2. Tim ’T;?” and S 2. Tim [Toton (5.8)

= lim .
both K—oo K—oo

The scheme we described so far requires different cooperation rates on the various Tx- or Rx-cooperation
links. To evenly balance the load on the Tx-cooperation links and on the Rx-cooperation links, different
versions of the scheme with different choices of the sets Tgiient, Trast and Tsow and different cooperation
routes can be time-shared. The main quantity of interest is then the average cooperation load, which for the
scheme above is characterized as follows. During the single Tx-cooperation round, each “fast" Tx k receives

(5)
k

a quantised version of the transmit signal of each of its “slow" interferers k € I\”. Since each quantisation

message is of prelog L, the average required Tx-cooperation prelog equals

(5)
(1‘) ﬁ zkelrfast |Ik |

HTx both 2L 1
) K—o0 QK,TX

where Qg 1y« denotes the total number of Tx-cooperation links in the network.
There are three types of Rx-cooperation messages. In the first Rx-cooperation round, each “slow" Rx k

obtains a decoded message from each of its “fast" interferers ke I,iF)

. The total number of messages sent in
this first round is thus 3, - ]I,(CF)\ and each is of prelog L. In Rx-cooperation rounds 2, ..., L%J +1,
“slow" Rxs send quantized versions of their output signals to the master Rx in the same network. Each
of these messages is of prelog L and the total number of such messages equals Eke?’slow YRx k> Where YRy k
denotes the number of cooperation rounds required for “slow" Rx k to reach the master Rx in its subnet. In
rounds L%J +2,..., DRy, the master Rx sends the decoded messages to all the “slow" Rxs in the subnet.
Each of these messages is again of prelog L and the total number of such messages is again ZkeTslow VRx, k-
To summarize, each of the transmitted messages is of prelog L and thus the average cooperation prelog
required per Rx-cooperation link is:

F
D keTaew (|I;§ |+ 27Rx,k)

(r) 7y
:U'RX,bOth =L Iflgnoo QK R ’ (510)

where Qg rx denotes the total number of Rx-cooperation links in the network.

Remark 6. If the master Rz of a subnet is a

ast” Rz, it does not have to send its decoded message to its
“slow” netghbours, because it decodes all “slow” messages jointly. In this case, less Rx-cooperation prelog is

required.
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58 5.1. CODING SCHEMES AND ACHIEVABLE MULTIPLEXING GAINS

5.1.2 Coding Scheme to Transmit Both “Fast” and “Slow” Messages with CoMP

Transmission

This second scheme splits the total number of cooperation rounds between Tx- and Rx-cooperation as:
Dy =D -1 and Dgy=1. (5.11)
Similarly to the previous Subsection the scheme is described by 5 items:

1) Creation of subnets and message assignment:

This item is similar to item 1) of Subsection [5.1.1] but the sets Tgient, Tfast and Tglow are chosen in a way

that:
e as before, the signals sent by the “fast" Txs do not interfere; and

e silencing the Txs in Tgjent decomposes the network into non-interfering subnets so that in each subnet
there is a dedicated master Tz that can send a cooperation message to any other “slow" Tx in the

same subnet in at most L%J cooperation rounds.

Items 2)-4) remain as described in Subsection [5.1.1] Item 5) is replaced by the following item.

5) Transmission and reception of “slow” messages using CoMP transmission:

“Slow" messages are transmitted using standard CoMP transmission techniques that can ignore interference
from “fast" Txs (due to the post-processing in item 4)) but has to account for the modified interference
graph and the modified channel matrix between slow messages caused by the precanceling performed under
item 2). The receivers decode based on the newly constructed outputs YZ defined in (5.6).

We describe CoMP transmission in this context more formally. During the first L%J Tx-cooperation
rounds, each “slow" Tx of a subnet, sends its message to the master Tx of the subnet. This latter encodes
all received “slow" messages using individual Gaussian codebooks and precodes them so as to cancel all the
interference from other “slow" messages at the corresponding Rxs. l.e., it produces signals so that when
they are transmitted over the active antennas in the cell, the signal observed at each “slow" Rx only depends
on the “slow" message sent by the corresponding Tx but not on the other “slow" messages. The master Tx
applies a Gaussian vector quantizer on these precoded signals and sends the quantization information over

the cooperation links to the corresponding Txs during the Tx-cooperation rounds L%J + 1 to Dy — 1.
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CHAPTER 5. MIXED DELAY CODING SCHEME WITH COMP TRANSMISSION AND RECEPTION 59

This is possible by the way we defined the master Txs. All “slow" Txs reconstruct the quantized signals
X Z intended for them and send them over the network: X7 = X Z
Each “slow" Rx k decodes its desired message from the modified output sequence YZ defined in ((5.6)

using a standard point-to-point decoder.

6) MG Analysis

Similarly to Subsection each transmitted message can be sent reliably at MG L, and thus the scheme
achieves the MG pair in (5.7)).

The load on the different cooperation links is again unevenly distributed across links, and thus, by time-
sharing and symmetry arguments, the average Rx- and Tx-cooperation rates are the limiting quantities.

The required average Rx-cooperation rate is easily characterized as:

(F)
(t) A L . m Zke7—slow ‘Ik |

FPRxboth = =" M Ok ) (5.12)

because Rx-cooperation takes place in a single round, during which each “slow" Rx k learns all decoded
“fast" messages that interfere their receive signals and these messages are of MG L. To calculate the required
average Tx-cooperation rate, define for each k € Tgow the positive parameter yry; to be the number of
cooperation hops required from Tx k to reach the master Tx in its subnet. During the first L%J
Tx-cooperation rounds, a total of ZkeTslow YTx,k cooperation messages of MG L are transmitted from the
“slow" Txs to the master Txs in their subnet. The same number of Tx-cooperation messages, all of MG L,
is also conveyed during rounds L%J +1,... ,2L%J, now from the master Tx to the “slow" Txs in
the subnet. During the last round, “slow" Txs convey their messages to the adjacent “fast" Txs that are

interfered by their signals. Some of these signals, however have already been shared during Tx-cooperation

rounds LDTE‘_IJ +1,...,2 LD“Q‘_lj, and thus do not have to be sent again. The total number of cooperation

messages during the last Tx-cooperation rounds is thus only equal to >, - |I,gs)] — ¢, where ¢ denotes

fast
the number of the messages that have already been sent in previous rounds. We will chracterize the value
of ¢ when we analyze specific networks. To summarize, the average required Tx-cooperation rate of our
scheme is:

S
O oy DkeTan 2okt Tier, [T~
Hg both = &+ AL .

5.13
K—00 OK Tx (5.13)
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5.1.3 Coding Scheme to Transmit Only “Slow” Messages with CoMP Reception and

Transmission

In principle, since any “fast” message satisfies the constraints on “slow” messages, we can use the schemes
provided in Subsections [5.1.1] and [5.1.2] to send only “slow” messages. In some cases, it is however possible
to design a purely CoMP-based scheme that requires less Tx- and Rx-cooperation rates than our previously
described schemes. Specifically (and similarly to items 1) of Subsection and Subsection , each
network is decomposed into two subsets of Tx/Rx pairs, Tgjent and Tgow, where Txs in Tgjent are silenced and
Txs in Tg0w send a “slow" message. Specifically, we choose the set Tgent S0 that silencing its Txs decomposes
the remaining Tx/Rx pairs into non-interfering subnets and in each subnet there is a dedicated Rx, called
master Rz, that in at most L%J cooperation rounds can reach any other Rx in the same subnet. CoMP
reception as described in item 5) of Subsections is then used for transmission of the “slow" messages
in each subnet. This scheme requires positive Rx-cooperation rate but no Tx-cooperation. Alternatively,
the set Tsilent can be chosen so that each created subnet contains a dedicated Tx, called master Tz, that
in at most L%J cooperation rounds can reach any other Tx in the same subnet and messages are sent by
means of CoMP transmission as described in item 5) of Subsection This scheme requires positive

Tx-cooperation rate but no Rx-cooperation.

The MG pair achieved by both schemes is characterized as

(S(F) -0, S® = Sl(fax) ’ (5.14)
where
(S) AT |7;10w|
S =L KlgnOO 7 (5.15)

The CoMP-reception scheme requires an average Rx-cooperation rate of

O 2. Tm D k€ Torone 2 VR

2 5.16
MRX,S Koo QK’RX ( )
and the CoMP-transmission scheme an average Tx-cooperation rate of
,USlE) =L lim —Zkeﬂl"w T (5.17)
% K—oo QK,TX
where recall that YRy g, ek € {1,. .., L%J} denote the number of cooperation hops required from a Rx k
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Figure 5.2: Illustration of the scheme without cooperation in Wyner’s symmetric model.

or a Tx k to reach the master Rx or the master Tx in its subnet.

5.1.4 Coding Scheme without Cooperation

In this scheme, we silence a set of Txs, denoted by Tgjient, in a way that the transmissions of non-silenced Txs
do not interfere, and the network is thus decomposed into non-interfering point-to-point links. See Fig.
where even Txs are silenced. Independent Gaussian codes are used to communicate over the individual
links without any Tx- or Rx-cooperation. Each non-silenced Tx can choose to send either a “slow” or a
“fast” message. If § € [0, 1] fraction of the non-silenced Txs send a “fast” message and the other send “slow”

messages, this scheme achieves MG pair

(S(F) = Bsno-coopy S(S) = (1 - B)Sno-coop> , (5~18>
where
AL T _ |7gilent|
Suorcoop 2 L+ Tim_ (1 e ) . (5.19)

The cases § =0 and 8 = 1 will be of special interest.
In the following sections we specialize the results obtained in this section to three different networks.

Notice that it suffices to describe for each of the schemes the choice of the Tx/Rx sets Tgilent, Tslow, Tfast-

5.2 Wyner’s Symmetric Model

5.2.1 Network and Cooperation Model

Consider Wyner’s symmetric linear cellular model where cells are aligned in a single dimension and signals
of users that lie in a given cell interfere only with signals sent in the two adjacent cells. Since the focus of

this chapter is on the MG, for simplicity, we assume only a single mobile user in each cell, each wishing to
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62 5.2. WYNER’S SYMMETRIC MODEL

communicate with the corresponding BS of the cell. We shall further assume that the number of cells K
and the maximum delay D are even.

The input-output relation of the network is

Yit=HppXee +Heo1 0 X k-1 + Hip1 o X 10 + Zi g, (5.20)

where X, = 0 for all ¢, and the interference set at a given user k is

Irey = {k -1,k+ 1}, (521)

where indices out of the range {1,..., K} should be ignored. In this model, Rxs and Txs can cooperate

with the two Rxs and Txs in the adjacent cells, so

Npo(k) = {k -1,k +1} and Nax(k) = {k — 1k +1}. (5.22)

Fig. illustrates the interference pattern of the network and the available cooperation links. As can be
seen from this figure, Txs 1 and K and Rxs 1 and K have a single outgoing cooperation link and all other
Txs and Rxs in this network have two outgoing cooperation links. Thus, the total numbers of Tx- and of
Rx-cooperation links both are

Qx 1w = Oy = 2K — 2. (5.23)

5.2.2 Tx/Rx Set Associations

We specialize the coding schemes proposed in Section to Wyner’s symmetric model.

Transmitting both “fast” and “slow” messages with CoMP reception

Consider the scheme in Subsection where we set Dy, = 1 and Dryx = D—1. Choose the cell association
in Fig. where “fast” Tx/Rx pairs are in yellow, “slow” Tx/Rx pairs in blue, and silenced Tx/Rx pairs

in white. More formally, choose

K
ﬂilent: {E(D"‘Z) EZ].,, {MJ}’ (524&)
Tast = {1,3,..., K — 1}, (5.24b)
Tsiow = {17 s 7K}\{7gilent7 /East}' (524(?)
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This choice satisfies all the conditions explained under item 1) in Subsection In particular, transmis-
sions of “fast" messages are interfered only by transmissions of “slow" messages and for any ¢, the Tx/Rx
pairs in

To2{{MD+2)+1,...,(+1)(D+2) -1} (5.25)

form a subnet for which Rx ¢(D + 2) + D/2 + 1 can act as the master Rx. Indeed, it can be checked that
this Rx can be reached by any “slow” Rz (i.e., even Rz) in its subnet in at most (Drx — 1)/2 cooperation

hops.
By (5.8) and (5.24)), the scheme achieves the MG pair (SU) = S](Dlgzh, S = Sl(ai‘)ch) where
F) oL ) a D
Shoin = 5 and Sy, =L 2D 1 2) (5.26)
To analyze the required cooperation prelogs of the scheme, u(ﬁ){ both and ug))( both» We evaluate the
formulas in (5.9) and (5.10). We start with the required Tx-cooperation prelog in this system, which we
)

denote by u%)( both- Notice that in each subnet, the “slow" interfering set I,is , 1.e., the set of “slow" Txs
interfering at Rx k, is a singleton for the first and the last active Rx in each subnet because we assume D

even, and it is of size 2 for the other “fast” Rxs. We then have for each subnet ¢ € {1,..., | K/(D +2)|}:
S Y =2+2(D/2-1) =D. (5.27)
keﬁastmn

There can be a last subnet ¢ = [K/(D + 2)] with fewer active Tx/Rx pairs and smaller (but positive)

Tx-cooperation prelog. Therefore, for fixed K, the required average Tx-cooperation prelog is bounded as

K K
K |I'.D K |.D
LD+2J r {D+2W
. (W IO LAk Mt (5.28)
QK Tx QK Tx
When K — oo, the inequalities in (5.28) turn to equalities and by ([5.23) we obtain
™ _ D
Hrchom =L 55 gy (5.29)

To calculate the required Rx-cooperation prelog ug))( boths We start by calculating the cooperation prelog

in the first subnet. Notice that each “slow" Rx is interfered by two “fast" Txs and thus \IIEF)| = 2. Since
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64 5.2. WYNER’S SYMMETRIC MODEL

there are D/2 “slow" Rxs in each subnet 7;:

D
3 \IliF)|:2-§:D. (5.30)
k€7—slowm7—i
In addition, Rxs also exchange cooperation messages to enable CoMP reception. Thereby, the quanti-
zation message produced by a “slow" Rx k = ¢(D + 2) + i, for i € {2,4,...,D — 2}, has to propagate over

Yrx,k = |D/2 4+ 1 —i| hops to reach the master Rx in its subnet. If D/2 + 1 is even,

2
DL ek = > 2'(D/2+1—i)=;<2—1>. (5.31)

k€TqowNTe i€{2,4,...,.D/2—1}

Then, according to (5.10)), (5.23), (5.30), and (5.31), when D/2 + 1 is even, the average Rx-cooperation

prelog is bounded by

) 2
Wi Szf}_l) < Hftkporn < L- Ll gfiig_ ) .

Letting K — oo the inequalities in (5.32]) turn into equalities, and

(r) D+DT2—1

HRx both = L~ 2D +2) for D/2+1 even. (5.33)

When D/2 + 1 is odd, the sum in (5.31)) evaluates to %2. Moreover, in this case, the master Rx is a “fast"

Rx. It does not have to send its decoded message to any neighbour, as it locally decodes all “slow" messages

of the subnet. So, (see also Remark @, the nominator in ([5.10) can be reduced by 2. Putting all these

2
D+52-—2

together, we obtain Mg))( both = L °

Transmitting both “fast” and ‘“slow” messages with CoMP transmission

Consider the scheme in Subsection where we set DRy = 1 and Dy, = D — 1. Choose the same
cell association as for the CoMP reception scheme described in Subsection [5.1.2] and depicted in Fig.
Under this cell association, Tx D/2 4+ 1 can act as a master Tx because it can be reached by any “slow"
(even) Tx in its subnet in at most (D — 1)/2 cooperation rounds.

Since the same cell partitioning is used, namely ([5.24)), this scheme achieves the same MG pair as with

CoMP reception, see (5.26)). Moreover, by (5.12]) and (5.30) and a sandwich argument similar to the one
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leading to ((5.28)), in the limit as K — oo, the required average Rx-cooperation prelog is

(t) D

HRx,both — L- 2(D + 2) . (5.34)

Similarly, consider (5.13)) and (5.27) and notice that for D/2 + 1 even,

. 1 /D?
> k= Y, 2AD2Hl-i) =g (4 - 1) , (5.35)
k€Ts10wNTe i€{2,4,...,.D/2—1}
whereas for D/2+41 odd, this sum evaluates to %2. We consider the ¢g-term in ([5.13)), which characterizes the
number of quantization messages describing the “slow" signals that are counted twice: once for the CoMP
transmission and once for the interference mitigation at “fast" transmitters. In each subnet, D/2 — 1 such

messages are double-counted, when D/2+1 is even, and D/2 messages are double-counted when D/2+1 is

odd. Therefore, and according to (5.13)), (5.27), (5.35), when K — oo, the average Tx-cooperation prelog

required by the scheme is

2
) L D+5—-1-D/2+1

HTx both — 2(D + 2) =L

D
— 5.36
= (5.36)

irrespective of whether D/2 4 1 is even or odd.

Remark 7. Despite the symmetry of the network, the sum-cooperation prelog ,u(T2 both+“g>)( both, 110 the scheme

with CoMP reception, see (5.29)) and (5.33)), exceeds the sum-cooperation prelog ,u(T?c both T ,ug{ both, 11 the

scheme with CoMP transmission, see (5.34) and (5.36). This can be explained as follows. In both schemes

the transmissions of “fast" and “slow” messages are disentangled through one round of Tx-cooperation and
one round of Rx-cooperation. The Tz-cooperation messages relay information about “slow" transmit signals
and this cooperation information can be reused in the context of CoMP transmission. In contrast, the
Rax-cooperation messages only relay information about “fast” signals and are not useful to enable CoMP
reception. As a result, the additional cooperation rate required to enable CoMP reception is larger than for

CoMP transmission.

Transmitting only “slow” messages with CoMP reception and transmission

Consider the scheme in Subsection that transmits only “slow" messages, either using CoMP trans-

mission or CoMP reception. For both schemes we regularly silence every D + 2nd Tx, i.e., as in the two
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66 5.2. WYNER’S SYMMETRIC MODEL

previous subsections, Tsilent = {E(D +2):4=1,.. D+2 } Also, we set Tgiow = {1, ..., K}\Tsilent- These
choices are permissible, because all Txs (or Rxs) in a subnet 7y = {({ = 1)(D+2)+1,...,4(D +2) — 1}
can reach the subnet’s central Tx (¢ —1)(D+2)+D+1 (or Rx ({ —1)(D+2)+ D + 1) in at most D/2
cooperation hops.

By (5.15)), the scheme in Subsection achieves the MG pair (S() =0, S9) = Sl(ﬁqa)x) where

5(9) éL.E

N D2 (5.37)

With CoMP reception, this scheme does not use any Tx-cooperation. To calculate the Rx-cooperation
prelog, we use the fact that Rx k = £(D + 2) + i, for positive integers £ and i < D + 1, reaches the master

Rx in its subnet in yrxr = |D/2 + 1 — 4| hops. Since:

D/2

zzmk_zlzz_ﬂ (5.38)

keTy

by (5.16]), in the limit as K — oo, the average Rx-cooperation prelog tends to
(5.39)

Similar conclusions show that when CoMP transmission is used instead of CoMP reception, the scheme

(t ) (r)

requires zero Rx-cooperation prelog and a Tx-cooperation prelog of pr, ¢ = iy s-

No-cooperation scheme

Consider the no-cooperation scheme in Subsection [5.1.4f For Wyner’s symmetric network we create
non-interfering point-to-point links by silencing all even Txs in the network, i.e., by choosing Tsilent =
{2,4,.. 2L%j }. Since all odd receivers remain active, the sum-prelog in ([5.19) for this network evaluates
to

g ol (5.40)

max 2

If active Txs send only “fast” messages, (set 8 = 1 in (5.18))), this scheme achieves the MG pair (S&) =

SEQX) S5 = 0) and if the active Txs send only “slow" messages (set 3 = 0 in ([5.18])), this scheme achieves

the MG pair (S(F) =0, SO = Sg@x)
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Time-Sharing and Operating with a Reduced Number of Rounds

Each of the proposed coding schemes requires certain Tx- and Rx-cooperation prelogs. If these prelogs
exceed the available cooperation prelogs pry and gy, the corresponding scheme cannot be applied directly
but instead should be time-shared with any of the other schemes requiring less cooperation rates. Alter-
natively, it is also possible to reduce the number of cooperation rounds, because the required cooperation
prelogs increase with D. Thus, employing above schemes with a reduced parameter D’ < D allows to meet
the cooperation prelog constraints, and in some cases achieves a better MG pair than using time-sharing.
Consider for example the scheme with CoMP-transmission in Subsection [5.1.2] with transmitting both
“fast” and “slow” messages but for only D’ cooperation rounds where D’ < D. It achieves the MG pair
(S®) =1L/2,5%) =L

using cooperation prelogs purx = L - and purx = L- % . We can achieve

D/
2(D’ +2)) 2(D7+2)

the same MG pair also by choosing 8 = % < 1 and time-sharing the same scheme but for parameter D over
a [-fraction of time with the no-cooperation scheme in the preceding subsection (which achieves MG pair
(L/2,0)) over the rest of the time. Both approaches require same Tx-cooperation prelog ury = LD'/8 =
LBD/8. However, the former scheme achieves a larger MG pair, namely (S(F) =1/2,5 =1L (DD+2)) than

the time-shared scheme, namely (L/2, L )), at the expense of also requiring a larger Rx-cooperation

2(D’ //5+2
prelog: urx = Lm for the former simple scheme and uryx = Lﬁm for the time-sharing scheme. We
conclude that in a setup where the Rx-cooperation prelog is not the stringent resource, the simple scheme
with a reduced number of cooperation rounds D’ < D is advantageous compared to the time-shared scheme.

Similar observations also hold for the scheme in Subsection [5.1.1] using CoMP reception and for the schemes

in Subsection sending only “slow" messages.

5.2.3 Achievable MG Regions

Recall the definitions of S}(;Zt)h, S}(f)ih, SI({?QX, n?coop in -, -, and (| and the definitions of

u(T))( both? u(R))( both,,ugi both? M’(Tt))(,both in(5.29)), (5.33), (5.36)), and (5.34). Define further

a £ max { min (STX , (SRX , min ('STX ) (SRX . (5.41)
KT both  HRx,both M1 both  HRx,both
and
S
Sgylgn,l( ) = asgna?x ( - a)ngzcoop (542)
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S @) 2astl + (1-a)sE) and  SE) () £ asP), (5.43)
SU) (@) 2asit) and  SU) (@) 2 aSE) 4+ (1 a)SE. (5.44)

According to the arguments in the previous subsection, the following regions of MG pairs are achievable

depending on the available cooperation prelogs pry and purx.

Theorem 6 (Achievable MG Region: Wyner’s Symmetric Model). Assume D > 2.

When prx 2 'U’g))(,both and pir > M’(P:Z,both; or when prx > Iug;)(,both and pitx 2> N%)(,both’

comvex hul{(0,0) 0,851, (S50, S{50). (S122.0)) € 8" (e s D) (5.45)

When purx > ,ug))(,s and pry < ,u%z?both; or when pry > ,u%)(’s and prx < ug;both:

F s F S *
convex hun<(o,0), (0,59 . <sgy;,3<a>7sgy;1,3<a>>, (sgyﬁz,z(a),siyr)w(a))j (S, 0)) C S*(prx; frx, D).(5.46)
Wh (r) h (9) .
en Urx < HRx,both OT WNEN fITx < Ky both”
convex hull<(0,0), (07555%1(04)), (ng%,z(a)»sgir)n,z(a))v (nga)m 0)) C S*(wrx, tRxs D).

Proposition 2 (Outer Bound on the MG Region: Wyner’s Symmetric Model). Any MG pair (S¥),S(5))

in S*(wrx, Urx, D) satisfies

(F) « =
=3
S 489 < Dil. (5.48)

, (5:47)

-l
O

Proof: Follows by specializing the MAC-Lemma for interference networks with conferencing |46,

Lemma 1]) to

Toutputs = U {24+ (¢ —1)(2D +4),...,£(2D +4) — 1}, (5.49)
{1, 5y 1}
Tinputs 2 U (D+24+((—1)2D+4),...,D+3+ ({—1)(2D +4)}, (5.50)
{1l 5y 1}
Tinessages = U (D+2-Dp+({—1)(2D+4),...,D+3+Dp + (£ —1)(2D +4)}.

01, [ gy T}
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(5.51)
|
Corollary 4. If
PRx = N%Q(,both and  pry 2> N(Tr;z,botm (5.52)
or if
¢ t
FRx = Ng{,both and  fitx = M(T))(,botm (5.53)
the optimal MG region S*(pirx, prx, D) coincides with the trapezoid in ((5.45)).
Proof: Follows directly by Theorem [6] and Proposition [2} [ ]

The result of Corollary [] implies that for large cooperation prelogs iy and piry, imposing a stringent
delay constraint on the “fast” messages never penalizes the maximum achievable sum-MG of the system:
the same sum-MG can be achieved as if only “slow" messages were sent.

The next corollary characterizes the optimal MG region S*(u1x, trx, D) when one of the two cooperation

(F)

prelogs (u7x or pRry) is small and the other large, and when SV lies below a certain threshold. The corollary

shows that also in this regime the same maximum sum-MG can be achieved as if only “slow" messages were
sent. When SU) exceeds this threshold, our achievable MG region in (5.46)) shows a penalty in sum-MG

which increases linearly with the “fast" MG. In this regime we do not have a matching converse result.

Corollary 5. Assume that

HRx = /‘g))(,s and ity < N(Tg,both (5.54)
hold, or
pie = s and  ire < o (5.55)

hold. For any S¥) e [0, a - %], where o is defined in (5.41), the pair (SU),S)) lies in the optimal MG
region S*(utx, Urx, D) if, and only if, it is included in the trapezoid region described on the LHS of ((5.46]).

Proof: Follows directly by Theorem |§|7 see , and by Proposition and because the sum
S£5%73(a) + ng&lﬁ(a) =L- B—i’% coincides with the maximum sum MG. ]
Figure illustrates the inner and outer bounds (Theorem |§| and Proposition [2) on the MG region
with D = 6 and D = 10, and different values of uryx and puty. As can be seen in Figure and as also

explained in Corollary [l when pryx > 2.625 and ppx > 1.125, or when pgy > 1.125 and pry > 2.25 the
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3 T T T
—_— Outer Bound
—o— uRrx > 2.625, urx > 1.125 ||
—— purx > 1125, purx > 2.25
- - MRx Z 4.57[J,Tx =0.5
“%- pre =05,y > 45
prx = 0.5, e =1
prx = 1, px = 0.5 H

T T T
—_— Outer Bound
—— URx > 4.25, urx > 1.25 ||
—— urx > 1.25, urx > 3.75
-*- [URx Z 7.5,#”[‘;( =0.5
-%- [URx — 0.5,,1”5( 2 7.5
prx = 0.5, ux =1
prx = L, umx = 0.5 H

slope = —1.75 | slope = —1.83
. 0.5} .
|
|
| | | | 0 | | & | | | |
. 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
S(F) S(F)
(a) D=6 (b) D =10

Figure 5.3: Inner and outer bounds on S*(u1y, tirx, D) for the symmetric Wyner network for different values
of prx and pry, and for L =3, a) D =6, and b) D = 10.

inner bound in and the outer bound match. In the former case, the inner bound is achievable using
the scheme in Subsection based on CoMP reception, and in the latter case it is achievable using the
scheme in Subsection based on CoMP transmission. As explained in Corollary 5| when only one of
the two cooperation prelogs is large and the other small (e.g., purx > 4.5 and prc = 0.5; or pume > 4.5 and
trx = 0.5) the inner bound in matches the outer bound of Proposition [2{only for S) < « - %, where
« is defined in (5.41). For larger values of SU) | the “slow" MG achieved by our schemes decreases linearly
by approximately 1.8A when S() increases by A, and thus the sum-MG also decreases approximately by
0.8A. When both pury and pr, are moderate or small, e.g., urx = 0.5 and pupx = 1 or urx = 1 and
urx = 0.5, the sum-MG achieved by our inner bound is smaller than for larger cooperation prelogs, but is
constant over all regimes of S#). We finally notice that these inner bounds are the same for any number
of cooperation rounds D = 6,8, 10. The reason is that for small cooperation prelogs, reducing the number
of cooperation rounds to satisfy the cooperation prelogs is more advantageous than time-sharing different

schemes with D cooperation rounds, see also the discussion in Subsection [5.2.2]

5.3 Hexagonal Network

5.3.1 Network and Cooperation Model

Consider a cellular network with K hexagonal cells, where each cell consists of one single mobile user (MU)

and one basestation (BS). The signals of users that lie in a given cell interfere with the signals sent in the
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6 adjacent cells. The interference pattern of our network is depicted by the black dashed lines in Fig.
i.e., the interference set Z1y j contains the indices of the 6 neighbouring cells whose signals interfere with
cell k. The input-output relation of the network is as in .

Each Rx k (BS of a cell) can cooperate with the six Rxs in the adjacent cells, i.e., |[Ngx(k)| = 6. Thus,
the number of Rx-cooperation links Qk ryx in this network is approximately equal to 6K (up to edge effects).
Similarly, each Tx (MU of a cell) can cooperate with the six Txs in the adjacent cells and thus |Np (k)| = 6
and Qx 1x ~ 6K.

To describe the setup and our schemes in more detail, we parametrize the locations of the Tx/Rx pair

in the k-th cell by a number o in the complex plane C. Introducing the coordinate vectors

1
e, = 7 — 57/ and ey = 7:, (556)

as in Figure the position o of Tx/Rx pair k can be associated with an integer pair (a, by) satisfying
or 2 ay ey + by - ey. (5.57)
The interference set Zty j, and the neighbouring sets can then be expressed as

Nix(k) = Nox(k) = I = {K': |ax —ap|=1 and |b —by|=1

and |ap — apr — by + byr| = 1}. (5.58)
For simplicity we assume an even-valued D satisfying

D
mod <2 —1, 3) =0. (5.59)

Other cases can be treated in a similar way.

5.3.2 Tx/Rx Set Associations

In this subsection, we propose Tx/Rx set associations for this network that can be used to implement
the schemes in section [5.1] and we present the corresponding MG pairs and cooperation prelogs. In Ap-
pendix we prove that the proposed associations are indeed permissible and we present details on the

evaluations of the achieved MG pairs and the required cooperation prelogs.
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Figure 5.4: Illustration of the hexagonal network. Small circles indicate Txs and Rxs, black solid lines
depict the cell borders, and black dashed lines indicate that the communication in two given cells interfere.

We first explain the choice of Tgjent for the no-cooperation scheme in Subsection [5.1.4] Choose
Tactive = {k € [K]:  (ar +br) mod 3 =0} (5.60)

and Tgient = [K]\Tactive- The corresponding cell association is shown in Figure where active cells are
depicted in yellow and silenced cells in white. By (5.19)), the sum-MG achieved by this scheme is

L
Sno—coop = § (561)

We next explain the choice of the Tx/Rx sets for the schemes sending only “slow" messages described

in Subsection . Set T = % + 1 and choose a Tx k (Rx k) as a master Tx (Rx), if it belongs to the set
Tmaster = {k € [K]: (ay mod 7 =0) and (by mod 7 =0) and (Ja + bx|] mod 37 =0)}. (5.62)

To describe the set of silenced Txs Tgjlent, We introduce the following notation. For any integers x and 7 > 0:
T_ror = ((x+7) mod 37) -7, (5.63)

where mod denotes the standard modulo operator. In fact, the operator x|_, ;] ressembles the standard

mod 37 operator, but it shifts every number into the interval [—7,27) and not into [0,37). We then set

Tsilent = {k maX{‘ak[—Tﬂf)’v ‘bk}[—T,QT)‘7 ‘a’k[—T,ZT) - bk[—‘r,27’)‘} = T} (564)

and Tglow = [K]\Tsilent- Figure shows the proposed cell association for D = 6: blue or yellow are the
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g,c’g'o,ggo'g'o,g
80 © o age o o ag
EXXR2EX XY

(a) Non-cooperative scheme (b) Cooperative scheme

Figure 5.5: Illustration of the cell associations for the non-cooperative and the cooperative schemes in the
hexagonal network. Txs in white cells are deactivated. In (a), Txs in yellow cells are active. In (b), when
transmitting only “slow” messages with D = 6, Txs in blue and yellow cells send “slow” messages. When
transmitting both “fast” and “slow” messages with D = 8, Txs in yellow cells send “fast” messages and Txs
in blue cells send “slow” messages. Master Txs (Rxs) are depicted with green borders.

active “slow" cells and white the silenced cells. Master Txs (Rxs) are depicted with green borders. We

observe that the choice in (5.64) silences all Tx/Rx pairs which lie % + 1 hops away from a master Tx/Rx

pair. As we detail out in Appendix [A.2.1} by (5.14) and ([5.15]), this choice establishes an achievable MG

pair of (S(F) =0,50) = Sr(fgx), where

g(s) & A+3DD+2)

max ~ 3(D + 2)2 (565)

Moreover, by (5.16) and (5.17)), with CoMP reception or CoMP transmission the scheme requires average

Rx- or Tx-cooperation prelogs equal to

(t) (1) L. DD +1)

Pres = Hres = B g gg) (5.66)

Finally, we turn to the scheme that sends both “fast" and “slow" messages in Subsections and
5.1.2, Here, we set 7 = 2 and choose the set of master Txs (Rxs) as in (5.62), but for this new value

of 7. Similarly, we choose the silenced set Tgjent as in (5.64) but again for the new value 7 = %. The

“fast" transmit set Trast is chosen in the same way as Tactive I (5.60)), and Tgjow = T5ons N Tast- The cell

silent

association is depicted in Figure for D = 8, where “fast" cells are in yellow, “slow" cells in blue, and
master cells are designated with green borders. As detailed out in Appendix by (5.8)), the proposed
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cell association achieves the MG pair (S(F) = S,(;Zt)h, S = S}(;zlh) where

L 2(D -2 g 2L 2
Sl()l::zh 2 3 (1 - (Dz)> and Sl(goih £ 3 (1 - D) ) (5.67)

and by (5.9) and (5.10) the required average Tx- and Rx-cooperation prelogs with CoMP reception are

(D —2)(3D — 4) 4D? 4 3D? — 42D + 112

and with CoMP transmission they are

3 2
t) 4D° —3D* — 6D — 8 (t) (D-2)(3D —4)
M'(I‘x,both 2L 54D? and  figy both 2L oD2 : (5.69)

5.3.3 Achievable MG Region

Recall the definitions of Siok, Sik, S](Dlzt)h, Sgih in (5.61), (5.65), and (5.67)). Define

A . HTx HRx . HTx HRx
(i = max 4 min § — - , min ¢ —> ) , (5.70)
Hx both  HRx,both Hx both  HRx,both
a9 £ max 'lgx , lf)”x . (5.71)
H1es HMRxsS
Also, define

Sheran (1) 2 a1S{) Sherar(@1) £ a1l + (1= a)SE,  (5.72)
Stemnz(1) 2 S + (1= a1)S(E),, Sio)sa(a1) 2 arSi, . (5.73)

Stora(02) 2 028+ (1 — 42)S(), (5.74)

Theorem 7 (Achievable MG Region: Hexagonal Model). Assume D > 2.

t t
o When s > masc(u) oo 1) o} and i > 3 s or when > mas(d o )0} and i >

(® .
IU’Rx,both’

»~max mazx?

convex huu(<o,o>, (0,555.), (Shon: Stn)» (SUF2 o>) C S*(yrres s D). (5.75)
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—o— PRx > 2.4, urx > 0.63
slope = —1.15| o HRx > 0.63, prx > 2.4
b - %= 1.75 < pry < 2.4, pr > 0.63
- %- URrx > 0.63,1.56 < prx < 2.4
2 Lrx > 2.4, pre = 0.1 H
prx = 0.1, urx > 2.4
2 15 prx = 0.5, i = 1 I
n prx = 1, prrx = 0.5
1 | |
0.5 N
0 |
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S

Figure 5.6: Inner bounds on S*(prx, firx, D) for the hexagonal model for D = 8, L = 3 and different values
of urx and py.

t t t
o When i) o, < Bix < Hiiks and w2 By or when pi) o, < e < Hs and HRs > pgg) pou

convex hull<(0,0), (0,55 4845y (siF) sty (s 0)) C S* (i, s D). (5.76)

o When urx > ,ugj)(’s and pyx < HS[CZ,both; or when ity > ,u%)(’s and pRrx < /‘glyboth;

S F
mazx hexa,l(al)’sgzea)m,l(al))’ (SgLegaQ(al)’

convex hull((0,0), (0,58, (S(F)

Shora2(01)), (SU, 0)> C S*(wr, prxs D). (5.77)

o When pury < Mg))(,both or When pirx < M%)(,both’

hexa

convex hun<(o,0), (0,S) (a2)), (S\h), (1), St o(a)), (SUEL,, o>> C S*(prx, pirx, D). (5.78)

Figure illustrates the inner bounds (Theorem [7)) on the MG region for D = 8, and different values of
Urx and pry. This figure shows that unlike the results obtained for Wyner’s symmetric model, the sum-MG
of this network decreases as SU) increases. This can be seen from the slop of the line connecting the
(0, Sﬁfa)x) point to the (Sl(ofc?t)h’ Sl(oi)th) point which is always smaller than —1. Furthermore, in this network,

it is not possible to achieve the maximum SU) when transmitting both “fast” and “slow” messages.
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Figure 5.7: Illustration of the sectorized hexagonal network. Small circles indicate Txs (mobile users),
black solid lines depict the cell borders, brown lines the sector borders, and dashed lines indicate that the
communication in two given sectors interfere.

5.4 Sectorized Hexagonal Model

5.4.1 Network and Cooperation Model

Consider again a cellular network with K hexagonal cells, but where now each cell consists of three sectors.
Each Tx is associated with a distinct sector and is equipped with L antennas. Each Rx is associated with
a distinct cell and is equipped with 3L directional antenna, where L antennas are pointing to each of the
three sectors of the cell. This allows avoiding interference between communications from different sectors
in the same cell. Thus, each Rx k observes three channel outputs Y, , Y, and Y, where Txs ki, ko
and k3 are the three Txs of the sectors of the cell. More formally, Rx k observes a set of channel outputs
Y (k) = [Y§ Yk, Yk g, where the input-output relation YZ,]% for k € {ki, ko, k3} is based on and
the set ITX’ i contain the indices of the 4 neighbouring sectors whose signals interfere with sector k.

The interference pattern of our network is depicted by the dashed lines in Fig. [5.7] where the three
sectors of a cell are separated by brown lines. Notice for example, that transmission in the grey-shaded
sector is interfered only by the transmissions in the four adjacent pink-shaded sectors from other cells. In
this model, each Rx k (BS of a cell) can cooperate with the six Rxs in the adjacent cells, i.e., |[Nrx(k)| = 6.
Thus the number of Rx-cooperation links Qg rx in this network is approximately 6K . Each Tx (MU of
a cell) can cooperate with the four Txs in the adjacent sectors, i.e. |[Npx(k)] = 4. Thus the number of
Tx-cooperation links Q 1y is approximately 12K. Assume that D is even. For simplicity, in this network

we only consider the uplink communications with CoMP reception.
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Figure 5.8: Illustration of the sectorized hexagonal network where the sectors labeled by “S" colored in
yellow, sectors labeled by“NW” are colored in red, and the sectors labeled by “NE" are colored in green.

Figure 5.9: Illustration of cell allocation for D = 4 in the sectorized hexagonal network. Txs in white sectors
are deactivated, Txs in yellow sectors send “fast” messages and Txs in blue sectors send “slow” messages.
Master cells are marked by green.

5.4.2 Tx/Rx Set Associations

We present the sector associations for the schemes in Subsection [5.1.1] for this network. (Recall that in this
model each Tx is associated with a given sector and each Rx with a given cell.) Within a cell, we label the
three sectors by “S", “NW’, “NE" as colored in yellow, red and green in Figure

For the no cooperation scheme, we define the active set Tyctive as the set of either the “NW" sectors, the
“NE" sectors, or the “S" sectors of all cells as depicted in Figure[5.8] The proposed cell association achieves
the sum-MG

L
Sno—coop £ g (579)

For the cooperative schemes, both when we send only “slow" messages or when we send both “fast"

and “slow" messages, we pick the set of master cells Tmaster as in (5.62)) for the choice 7 = %. Unlike in the
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Figure 5.10: Illustration of cell allocation for D = 8 in the sectorized hexagonal network. Txs in white
sectors are deactivated, Txs in yellow sectors send “fast” messages and Txs in blue sectors send “slow”
messages.

hexagonal model in Section [5.3] we do not need to deactivate the entire 7-th cell layer around each master
cell. Instead, for the 6 corner cells that lie exactly 7 cell-hops away from 3 different master cells, we silence
all users in every second of these corner cells and keep all Txs of the other 3 corner cells active. For the non-
corner cells that lie 7 cell hops away from only 2 different master cells, we only silence the Txs in the sector
that is closest to the next active corner cell, and keep all other Txs active. As for the hexagonal model, all
Txs that lie less than 7 cell hops from a master cell are kept active. See Figure for an illustration of the
proposed cell association when D = 4 and Figure when D = 8. For the scheme sending only “slow"

messages, all Txs in the yellow and blue sectors send “slow" messages. As explained in Appendix [A.2.2] for

this scheme the proposed sector association achieves the MG pair (S(F) =0,50) = Sgﬁx) where
3D —2
(5) & .22 _ =
S, =, (5.80)
and it requires an average Rx-cooperation prelog of
D-1
=Lt ; 3 (5.81)

In the scheme sending both “fast" and “slow" messages, the Txs in the “yellow" sectors of Figure
send “fast" messages and the Txs in the “blue" sectors send “slow" messages. All active Txs that lie 7 cell

hops away from the next master cells send “fast" messages. Txs that lie 7 — 1 cell hops away from the next
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3 T I I I
—6— URx > 2.25, urx > 0.25

- - MRx 23,/1/1‘;(:0.1
—e- prx =2, = 0.1

slope = —2.5

Figure 5.11: Inner bounds on S*(ury, irx, D) for the sectorized hexagonal model for D = 4, L = 3 and
different values of ury and pry.

master cell send a “fast" message if their signals do not interfere with an active sector in layer 7; otherwise
they send a “slow" message. Similarly, Txs that lie 7 — i cell hops away from the next master cell, for
i=1,...,7, send a “fast" message if their signals do not interfere with an active sector in the next layer
T — i 4+ 1; otherwise they send “slow" messages. We prove in Appendix that the proposed sector

association achieves the MG pair

(F) a L ) a, 2D-2
Shotn = 3 and Sp, 2L 3D (5.82)
and requires average Tx- and Rx-cooperation prelogs
2
© s, (D=1 o  a, 2D?-5
s both = L - 9D and gy o = L oD (5.83)
5.4.3 Achievable MG Region
Recall the definitions of S](Dit)h, Sl(;z%h, sffgx, and Sno-coop i (5.79)), (5.80)), and (5.82). Define
ap = M and Qo = min s , P . (5.84)
(x) (r) (r)
H T both HTx both  MRx,both
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Also, define
SE(a) 2 aiSEh, S (ar) £ aiS), + (1 — ar)SE),, (5.85)
S (ag) 2 oS+ (1= 02)SE)L, S (ag) 2 St | (5.86)
Sgesc),l(O[Q) 2 QQS&?QX + (1 - OZZ)SgSozcoop' (587)

According to the arguments in Appendix the following regions of MG pairs are achievable depending

on the available cooperation prelogs pury and prx.
Theorem 8 (Achievable MG Region: Sectorized Hexagonal Model). Assume D > 2.

o When pire = 1 oy and e = 1)

conves huﬂ((O, 0). (0.5)). (7,55, (SIE), o>) C S* (e, i D). (5.88)

o When pprx > Mg,)(,s and prx < M%z,both;

convex huﬂ((O,O), (0,S50s), (S4d (), 8L (), (846 (@2), SE(@2)), (SHides 0)) C 8" (prx, trx; D).(5.89)

o When pgx < Mg))(,both and pitx < ”(Tg,both"

comvex bl (0,0), (0,512, (a2)), (S (0), SEAe), (1.0)) € S*prrsonme D). (5.90)

Figure illustrates the inner bounds (Theorem [8) on the MG region for D = 4, and different values

of urx and pury. As can be seen from this figure, when ugry > 2.25 and puy > 0.25, there is no penalty in

sum Mg even at maximum “fast” MG. This can be seen from the slop of the line connecting the (0, Snfa)x)

point to the (Sl(f::gh, Sf)ilh) point which is equal to —1. Furthermore, in this network, it is possible to achieve

the maximum S¥) when transmitting both “fast” and “slow” messages.
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Chapter 6

Random Users Activity with Mixed Delay
Traffic

In this chapter, we combine random user activity with mixed delay traffic. Specifically, in each transmission
block only a subset of the users has a message to convey to its corresponding Rxs. We specifically consider
two setups. In both setups, Rxs can cooperate to decode their desired “slow” messages but not to decode
“fast” messages. Each Tx is active with probability p € [0,1], and the goal is to maximize the average
expected “slow" rate of the network, while the rate of each “fast" message is fixed to a target value. In the
first setup, each active Tx transmits a “slow” message, and with probability ps € [0,1] also transmits an
additional “fast” message. In the second setup, each active Tx sends either a “fast” message with probability
pr or a “slow" message with probability 1 — p;.

For both setups, we propose general coding schemes and characterize their achievable MG regions for
three networks: Wyner’s soft-handoff network, Wyner’s symmetric network and the hexagonal network.
The achievable MG region is shown to be optimal for Wyner’s soft-handoff network. In both setups, the
obtained MG regions show that the average “slow” MG decreases i) with increasing number of interfering
links, and ii) with increasing activity parameter p. The obtained MG regions also show that in the first
setup, the maximum sum-MG is always attained at 0 “fast" MG, and increasing the “fast” MG decreases the
sum-MG by a penalty that roughly speaking increases with the number of interference links in the network
and with the activity parameter p. In contrast, in the second setup, for certain parameters the sum-MG is
achieved at maximum “fast" MG and thus increasing the “fast" MG provides a gain in sum-MG, where we

observe that the gain decreases with the number of interferers and the activity parameter p.
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6.1 Random “Fast” Arrivals Only

6.1.1 Problem Setup

Consider a cellular network with K Tx-Rx pairs k =1,..., K. Each Tx k € K = {1,..., K} is active with

)

probability p € [0, 1], in which case it sends a “slow" message M. ,gs to its corresponding Rx k. Here, M, ,ES)

is uniformly distributed over M,(CS) 211,..., LQ"RQS)J}, with n denoting the blocklength and R](CS) the rate

)

of message M ]gs . Given that Tx k is active, with probability p; € [0,1], it also sends an additional “fast"

message M ,E,F) to Rx k. These “fast" messages are subject to stringent delay constraints, and uniformly

distributed over the set M(F) £ (1 LQ”R<F>J }. “Fast" messages are thus all of same size and same rate
RIE),
We introduce the i.i.d Bernoulli-p random variables A1, ..., Ag and the i.i.d Bernoulli-p; random vari-
ables Bi, ..., Bk and define the active Tx-set as
Tactive = {k ceK:A,= 1}7 (61)

and the “fast” Tx-set as
ﬁast = {k S K Ak : Bk - 1} (62)

A

Then, for each k € IC, Tx k computes its channel inputs X}' = (Xp1,..., Xp,) € R as

P M M, ik € T

X]? - fk(;S) (M]£S))> if k € Ective\%ast (63)
0’ if a(i:tive‘

\

for some encoding functions f,gB) and f,gs) on appropriate domains satisfying the average block-power
constraint

1 n
— X2, <P, VkeKk, almost surely. 6.4
kit
n b
t=1

The input-output relation of the network is then described as

Yie = ApXpt + Z A;;h,;’kX,;’t + Zi 1, (6.5)
’EGITXJC
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where {Z;} are independent and identically distributed (i.i.d.) standard Gaussians for all £ and ¢ and
independent of all messages; the interfering set Z1y ;, is defined in ; h,;,k > 0 is the channel coefficient
between Tx k and Rx k and is a fixed real number smaller than 1; and Xo; = 0 for all ¢.

Fach Rx k € Tgt decodes the “fast" message M,gF) based on its own channel outputs Y;*. So, it

produces:
~r(F n n
" =g (), (6.6)

(n)

for some decoding function g, on appropriate domains. It is assumed that receivers can fully cooperate

on all receive signals when decoding their “slow” messages. So,
M = p (Yln, . ,Y}}), (6.7)

where b,gn) is a decoding function on appropriate domains.
Given P > 0, a pair (R)(P), R(S)(P)) is said achievable, if for each K > 0, there exist rates {R]({:S)}szl

satisfying

— JE— 1 S)
R® < Tim — ( -
< lim —E > R, (6.8)
ke,ractive
and encoding, cooperation, and decoding functions satisfying constraint (6.4) and so that the probability

of error

P[ U @57 #a)or | (07 # 247) (6.9)
k€ Ttast k€ Tactive

goes to 0 as n — oo.
Given the random arrival of the messages, the definition of the MG region differs from the previous
sections. Specifically, an MG pair (S(F ),S(S)) is called achievable, if for all powers P > 0 there exist

achievable average rates {RU")(P), R(3)(P)}psq satisfying

")(p)
() 2 7 - ppF 6.10
el %log(P) PP ( )
R(S)
S&) 2 Tim E Fi(P) : (6.11)
P—oo 5 log(P)

The closure of the set of all achievable MG pairs (S#),S(9) is called statistical MG region and is denoted
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S*(P,pf)-

The MG in (6.11)) measures the average expected “slow” MG on the network. Since the “fast" rate is
fixed to R at all Txs in T, we multiply the MG in (6.10) by pp ¢ to obtain the average expected “fast"
MG of the network.

6.1.2 Achievable MG Region and Coding Schemes

In this section, we propose two schemes, one with large “fast” MG and the other with zero “fast” MG.

Transmitting at large S(*)

Since we wish to transmit at maximum “fast" MG, each “fast” transmission should not be interfered (except
for signals up to noise level) by any other (“fast” or “slow”) transmission. Therefore, we partition K into ¢
subsets K1, ..., Ks, for some positive integer J, in a way that all the signals sent by Txs in a given subset

KC; do not interfere, i.e., for each i € {1,...,0}:
4 ¢ IRx,k” and £ Qé IRx,k’y Vk}/, k' e Ki, (6.12)

where Zry 1, is defined in (2.1). We divide the total transmission time into 0 equally-sized phases. In the

i-th phase,

e cach Tx k in KC; N Traey sends its entire “fast” message M. ,gF) but no part of the “slow" message M ]ES);

e cach Tx k € IO\ (KC; N Trast) sends a part of its “slow” message M,gs) if
IRX,k N Trast N K3 = (Z); (613)

otherwise it does not send anything.

Condition ([6.13]) ensures that transmissions of “fast” messages are not interfered at all. By (6.12)), the
condition is in particular satisfied for all k € K; N (Tactive \ Ttast) -

The described scheme achieves a “fast” rate of R(F) = +1log(1+ P), and thus by (6.10), a “fast” MG of

SE) = POL (6.14)
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1 2 3 4 5 6 7 8 9 10

Figure 6.1: An illustration of Wyner’s soft-handoff network where the Tx/Rx pairs in K; are colored in
gray and the Tx/Rx pairs in Kq in pink. The interference graph is depicted by black dashed lines.

It also achieves an expected “slow” MG of

§
= 1 1
S((zgc))p(K) = E Z g( Z ]P){k S 7-active\7¥ast} + Z P{k S Ective}P{IRng N ,East N ]Cz — @})(615)
=1 kel keK\K;
§
1 p(L —py) .
==Y (T"C"’ + > PlheTaw} ] Plh¢ Tiost}) (6.16)
i=1 keR\K; ke {Try kK }
= 3z 2 (M= plKil + D2 (1= ppp)PFres iy ). (6.17)
5K PfIi PPf
i=1 keK\K;

Transmitting at S() = 0:

Each Tx k € Tactive sends only a “slow” message but no “fast" message. Since perfect cooperation is assumed
at the Rxs, each of the “slow" messages can be transmitted with MG 1. The average expected “slow" MG
over the network is therefore

5() (6.18)

max — P

while S&) = 0.

Time sharing the two schemes establishes the following:

Proposition 3 (Achievable MG Region). The inner bound on S*(p, ps) contains the region:
convex hull((O, 0), (0,S85),), (%), S8 ), (SEL. 0)>. (6.19)

In the following three sections we specialize this proposition to different interference networks. As we
will see, for our first network, we can also prove a corresponding converse result, and thus Proposition

exactly characterizes S*(p, py).
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6.1.3 Wyner’s Soft-Handoff Network

Consider Wyner’s soft-handoff network shown in Figure Interference is short-range in the sense that
the signal sent by Tx k is observed only by Rx k and by the neighbouring Rx k+ 1. Thus Zgx; = {k +1}.

For this network, we can exactly characterize the statistical MG region S*(p, py):

Theorem 9. The statistical MG region S*(p, py) of Wyner’s soft-handoff network is the set of all nonneg-

ative pairs (SE),S)) satisfying

st < PPI (6.20)

(1+p)SU) 4569 < . (6.21)
Proof: The achievability part follows by specializing Proposition |3/ to § = 2 and to
Ki={1,3,...,K -1} and Ky={2,4,...,K}. (6.22)

For this choice |Zrxr N ;| = 1. The proof of the converse bound is straightforward. The converse
bound is proved in Appendix m [ |

By above theorem, the statistical MG region S*(p, pf) is a quadrilateral, see also Fig. and it
is mostly determined by the activity parameter p; the “fast” arrival probability p; only determines the
vertical mazimum-SU*) = % boundary of the region. The mazimum-S'®) boundary, which characterizes
the maximum achievable “slow" MG S(%) in function of the “fast" MG SU) is fully characterized by p:
it’s a line segment with slope —(1 4 p). In general, this slope determines the penalty that the maximum
“slow” MG S incurrs when one increases the “fast" MG. This penalty increases with increasing p because
with more active Txs in the network the probability increases that a given active “fast" Tx is interfered by
other active transmitters, which then have to be forced to send at “slow" MG 0 in order not to harm the

achievable “fast" MG.

6.1.4 Wyner’s Symmetric Network

Consider Wyner’s symmetric network in Figure [6.2] where the signal sent by Tx k is observed by Rxs k
and k + 1, and also by Rx k — 1. Thus Zpx = {k — 1,k + 1} for each k € K.

Corollary 6. The statistical MG region S*(p, py) of Wyner’s symmetric model includes all nonnegative

86



CHAPTER 6. RANDOM USERS ACTIVITY WITH MIXED DELAY TRAFFIC 87

1 2 3 4 5 6 7 8 9 10

Figure 6.2: An illustration of Wyner’s symmetric network where the Tx/Rx pairs in K are colored in gray
and the Tx/Rx pairs in K9 in pink. The interference graph is depicted by black dashed lines.

pairs (S, S satisfying

st < T8 (6.23)

(1+p(2 = pps)) ST +55) < p. (6.24)

Proof: Specialize Proposition |3| to 6 = 2 and to the sets K1 and Ky in . For this choice

‘ZRx,k NI = 2. m
The region in above corollary is again a quadrilateral, but the maximum-S®®) boundary is now deter-
mined by both parameters p and ps as its slope is — (1 + p(2 — pps)). The dependency on ps however
vanishes as p - py — 0 in which case the slope approaches —(1 4 2p). Interestingly, this asymptotic slope
shows a factor 2 compared to the slope of the maximum-S(®) boundary in Wyner’s soft-handoff network.
The reason is that in Wyner’s symmetric network |Zry | = 2 whereas in Wyner’s soft-handoff network
|Zr« x| = 1. In the next subsection, we will see that in the hexagonal network where |Z1y ;| = 6, this

asymptotic slope is —(1 + 6p).

6.1.5 Hexagonal Network

Consider the hexagonal network in Figure [6.3]| with K hexagonal cells and each cell including one Tx and
one Rx. The signals of Tx/Rx pairs that lie in a given cell interfere with the signals sent in the 6 adjacent

cells. The interference pattern is depicted by the dashed black lines in Fig. [6.3]
Corollary 7. The multiplezing gain region S*(p, py) includes all nonnegative pairs (SU) S satisfying

st < %, (6.25)

(142p(3 = 3pps + p*p})) SU) + 55 < p. (6.26)
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Figure 6.3: An illustration of the hexagonal network where the Tx/Rx pairs in K are colored in gray, the
Tx/Rx pairs in Ky in blue and the Tx/Rxs in K3 in pink. The interference graph is depicted by black
dashed lines.

Proof: Follows by specializing Proposition [3|to § = 3 and to appropriate sets K1, Ko and K3 shown
in Fig. [6.3] To describe these sets, we associate each cell with a different Eisenstein integer similarly to
Section So, we pick a cell in the center of the network and associate it with the origin (0,0). Using
the basis e, = %g + %z and e, = 7 in the complex plane, each other cell k is associated to a different pair

of integers (ag, by). We choose:

Ki={keK: Jag+bx| mod3=0}, (6.27a)
Ko = {k eK: |ak + by, — 1| mod 3 = 0}, (627b)
Ks={keK: |ag+br—2 mod3=0}. (6.27¢)
For this choice, |Zryx r N K;| = 3. ]

Figure [6.4] evaluates the regions in Theorem [J and in Corollaries [6| and [7] for p = 0.8 and py either 0.3

or 0.6. We observe the quadrilateral shapes of all three regions.
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0.8 maximum-S_e— Soft, py = 0.6
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Figure 6.4: MG Region S*(p, py) of different networks with p = 0.8 and different values of py.

6.2 Random “Fast” and “Slow” Arrivals

6.2.1 Problem setup

The setup considered in this section differs from the previous setup only in that Txs in T only send a

“fast” message but no “slow” message. Thus, defining

Tslow = {k EX: Ay (1 - Bk) = 1}7 (628)

we have )

FEMEDY), ik € Tas

Xi =S 1), itk € Taow (6.29)
0 ifk e acctive‘

\

for some function f,iF) and f,gs) on appropriate domains that satisfy the average block-power constraint
(6.4). All other definitions are as in the previous Section . We denote the statistical MG region for this
setup by 83 (p, pr).-

6.2.2 Achievable MG Region and Coding Schemes

We again propose two schemes, one for large “fast” MG and the other for zero “fast” MG.
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Transmitting at large S("):

Similar to the scheme presented in Subsection we partition K into sets Ki,...,Ks and divide the
total transmission time into ¢ equally-sized phases. In the i-th phase, each Tx k in IC; N Trast sends its “fast”
message and each Tx k € Tgow sends its “slow” message if Zry y N Trast N K = (; otherwise it does not send

any message. The described scheme achieves a “fast” MG of SEQX = %, and an expected “slow” MG of

d
_ 11
Spa) = =35 ( ST P Tk + D0 PU € TaowP{Tik N Trat 1K = 0})  (6.30)
=1 ke k‘EK:\Ki
d
1 p(1 = py) i
— > (5 Y Pl T [ PR E Tod) (6.:31)
i=1 keK\A; ke{Trx,kNAs}
_ /)(15_[(/))”)2 (‘Kz’ + Z (1— ppf)|IRx,km,Ci‘}>' (6.32)
i=1 keR\K;

Transmitting at S() = 0:

Each Tx k € Tgow sends a “slow” message with MG 1. The average expected “slow" MG over the network

is therefore

Stnka = p(1— py). (6.33)

Each Tx k € Tgast remains silent and thus S = 0.

Time sharing the two schemes establishes the following:

Proposition 4. The set S3(p, py) contains the region:

comvex il (0,0), (0.5, (S S0 (S420) ). (6.34)

We specialize this result to the interference networks introduced in Sections [6.1.3] [6.1.4] and [6.1.5] using

the same choices for § and the sets {lCi}?zl. For Wyner’s soft-handoff network this inner bound is again

tight.

6.2.3 Wymner’s Soft-Handoff Network

Theorem 10. The statistical MG region S3(p, pg) is the set of all nonnegative pairs (SU) S satisfying

s(F) < Lgf, (6.35)
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p(1—pp)SU) +5E) < p(1 — py). (6.36)

Proof: Achievability follows by specializing Proposition [4 to § = 2 and to the sets K; and K3 in

(6.22)). For this choice |Zrx N K;| = 1. The proof of the converse bound is straightforward. The
converse bound is proved in Appendix [ ]
Like in the previous setup, the statistical MG region S5(p, ps) is a quadrilateral. Interestingly, now all
boundaries depend on both activity parameters p and py, in particular the maximum “slow" MG equals
p(1 — pf). Moreover, the maximum sum-rate is not achieved for this maximum “slow” MG anymore.
Formally, this holds because the slope of the maximum-S®) boundary is —p(1 — py) and thus larger than
—1. So, the maximum sum-rate point is obtained for maximum “fast" MG SU) = %. The underlying

intuition is that for p(1 — py) < 1 it may occur that a “fast" MG can be accommodated without the need

to sacrifice a “slow" MG when the single interferer is not active anyways.

6.2.4 Wyner’s Symmetric Network

Corollary 8. The MG region S5(p, py) includes all nonnegative pairs (SS9 satisfying

st < %, (6.37)
p(1=ps)(2 = pps)ST) + S < p(1—py). (6.38)

Proof: Specialize Propositionto 6 = 2and to K1 and K9 as in . For this choice |Zry xNK;| = 2.

|

Here the slope of the maximum-S%) boundary is —p(1 — pf)(2—ppys) and can be larger or smaller than

—1 depending on the activity parameters. So, depending on these parameters, the maximum sum-MG is
either achieved for zero “fast" MG or for maximum “fast" MG. Typically, for large values of p¢, i.e., when
most of the “active" Txs send “fast" messages, the maximum sum-MG is achieved at maximum “fast" MG.
When py is small and p sufficiently large, then most of the users are active and intend to send “slow"
messages. In this case, scheduling “fast" messages most likely comes at the expense of silencing active
neighbours that wishing to send “slow" messages. It is further interesting to notice that in the limiting
regime ppy — 0, the slope of the maximum-S¢®) boundary approaches —2p(1 — py) and is thus 2 times the
slope in Wyner’s soft-handoff network. As we will see, the hexagonal model treated next shows a factor 6.

For all three networks, the asymptotic slope in the limit pps — 0 is thus given by —|Zry x|p(1 — py).
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0-7 I I I I
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Figure 6.5: statistical MG Region S5(p, py) of the three networks with p = 0.8 and py equal to 0.3 or 0.6.

6.2.5 Hexagonal Network

Corollary 9. The MG region S5(p, py) includes all nonnegative pairs (SS9 satisfying

s(F) < %7 (6.59)
20(1 — pp)(3 = 3pps + p*p7)SU) + S < p(1 — py). (6.40)

Proof: Specialize Proposition 4| to § = 3 and to the sets Iy, K9, and K3 in . For this choice

|ZRx,e N KCi| = 3. [
Figure illustrates S3(p, py) for Wyner’s soft-handoff network as well as the inner bounds we obtain
for Wyner’s symmetric network and the hexagonal network under activity parameters p = 0.8 and py is

either 0.3 or 0.6.
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Chapter 7

Uplink of a Fading C-RAN under Mixed

Delay Constraints

In this chapter, a cloud radio access network (C-RAN) is considered where the first hop from the user
equipments (UEs) to the basestations (BSs) is modeled by the fading Wyner soft-handoff model. The focus
is on mixed-delay constraints where “slow" messages are jointly decoded in the cloud unit (CU), whereas
the “fast" messages have to be decoded immediately at the BSs. We present inner and outer bounds on the
capacity region for such a setup. Moreover, the MG region is characterized exactly. The results show that
for small fronthaul capacity it is beneficial to send both “fast" and “slow" messages. However, when the
rate of “fast" messages is already large, then increasing it further, deteriorates the sum rate of the system.
In this regime, the stringent decoding delay on the “fast" messages penalizes the overall performance. Our
results indicate that this penalty is larger at moderate SNR than at high SNR and it is also larger for

random time-varying fading coefficients than for static ones.

7.1 Problem Setup

Consider the uplink communication of a multi-cell C-RAN with K UEs and K BSs. UEs and BSs are
indexed by 1,..., K. Each BS is connected to a CU via a separate fronthaul link of capacity C (see Fig.
. At a given time ¢ € {1,...,n}, the signal received at BS k is described as

Yit=GriXpt + FrptXp—14+ Zpts (7.1)
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S S S
M,E,l ‘]ng) ]ng+)1

Figure 7.1: System model

where X}, and Xj_;, are the symbols sent by UE k and UE k — 1 at time ¢; {Z;;} are i.id circular
Gaussian noises of variance 1; and

Gty Fip € C (7.2)

represent the time-t fading coefficients. We assume that the sequence of channel coefficients

{(Gr4,Gap, ... .Grp, Fip. Foy, ..., Fry)}, (7.3)

is i.i.d. over time and distributed according to the K-tuple distribution

PGy Gy P (7.4)

of a given stationary and ergodic process {(G;, F;)}32_ satisfying E [|Go[*] < oo and E [|Fp|?] < co. Each
BS k has perfect channel state information (CSI) about its own channel, i.e., it observes the realizations
of {(Giy, Fry)} for all t € {1,...,n}. The UEs know only the statistics of the random channel coefficients
and are said to have no CSI. Figure shows an extract of our system model.

Each UE k wishes to convey the pair of independent messages (M, ,EF), M, ,ES)) to BS k. The “fast" message

M IEF) is uniformly distributed over the set MEF) ={1,..., L2”R§cF)j} and has to be decoded by BS k as we
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explain shortly. The “slow" source message M,gs) is uniformly distributed over M,(CS) ={1,...,[2"

and is decoded at the CU.

UE k computes its channel inputs X' := (Xp1,..., Xy ,) as a function of the pair (M,gF), M,gs)):
(F
xp = o™ (") M)y, (7.5)

for some function <;5,(€n) on appropriate domains so that the average block-power constraint (6.4)) is satisfied.
Each BS k decodes the “fast" source message M,gF) based on its own channel outputs Y' :=

(Yiis---,Yen). So, it produces:
~r(F n n
" = o (V) (7.6)

using some decoding function ¢I(€n) on appropriate domains.

It further produces the fronthaul message
Li = ¢, (V), (7.7)

using some encoding function
q,(cn) :RE — {1,..., {Q"CJ}. (7.8)

The CU then decodes the set of “slow" messages as

by means of a decoding function b,

Definition 3 (Capacity Region). The capacity region C(P,C) is the closure of the set of all rate pairs
(R(F) R S)) defined in , that are achievable with power P and fronthaul link capacity C.

Definition 4 (Multiplexing Gains). The closure of the set of all achievable MGs (SU),S9), defined in
(13.12), is called MG region and denoted S*(u) where

A C

T TP (7.10)

I
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7.2 Main Results

For each § € [0, 1] define U% > 0 as the unique positive real number satisfying

E

2
953

log (1 L+ (L= B)PIGO + |F0|2P)>] _c 711)

and the random process {Wﬁ }7° _ . as the unique stationary process satisfying:

7.12
1+ 03+ BP|FP (7.12)

_ 2B g\
WP = <1+( )P|G\( (1 B)PIFZIQVVi_1> 1).

Notice that the joint process {(F;, G; I/Vf )} is also stationary and ergodic.

For a given § € [0,1], let R(8) C R? be the set of all non-negative pairs (R, R(S)) that satisfy

2
RF) <E [log (1+ OPIGy| )]

7.13
(L= B)PIGo> + PIROP T 1 (7-132)

and

R < E[l0g (1+ 0= ’B)P’F‘)‘?Wfl) ~log W |

7.13b
1+ 03 + BP|Fy|? ( )

Theorem 11 (Capacity Inner Bound). The convex closure of the sets {R(5): B € [0,1]} is achievable:

conv cl U R(B) | € C(P,C).

(7.14)
Bel0,1]

Proof: See Section

Theorem 12 (Capacity Outer Bound). Assuming log |G| and log|Fy| are integrable near 0, any rate pair
(REF), R in the capacity region C(P,C) satisfies the following four constraints:

F 2
2R") 4+ R < E[log(1 + (Gol” + | Fo[*)P)] +E[log (1 i ||G0’|2> ]
0

+ max {E{log(wf))"j)] (7.15a)

E[log(1 + (|Gol? + |Fol*)P)] + = max{ [1og<’G°’2)],o}

| Fol?
S
9

RY) 4 R®) <

DN |

—_

+5E[log(1+ (|Fo[)™)] +

l\')

, (7.15b)
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I I I I

--—-= Upper, —— Inner bound, 0% = 0.2,0% =4
--—-= Upper, — Inner bound, 0% = 0.3,0% = 4
-.—= Upper, Inner bound, F'=3,G =60 |

Figure 7.2: Capacity inner bound in Theorem and capacity outer bound in Theorem for P = 100,
C = 6.5, and different variances O’% and oé of F' and GG, and for static G and F'.

R < %E[log(l 1+ 1Go[2P)]. (7.15¢)

RO < C. (7.15d)

Proof: The proofs to the bounds ([7.15a)) and ([7.15b|) follow from the converse bounds in Appendices
(A.1.1) and (A.1.2) and by fixing L = 1 and considering the channel coefficient to be time varying. Proofs
of the bounds ([7.15¢|) and ([7.15d)) are straightforward. [ |

Corollary 10 (Multiplexing Gain Region). The multiplexing gain region S*(u) is the set of all nonnegative

pairs (S, S satisfying

25(F) 159 < 1, (7.16a)

SG) < . (7.16b)

Proof: The converse holds by Theorem [12] and the achievability by Theorem [T1] Specifically, for the

achievability part, it suffices to prove that the two pairs

(s =0, s =1/2), (7.17)

(S¥) = min{y, 1}, S = max{0,1/2 — 11/2}) (7.18)

are achievable. The multiplexing gain pair in ((7.17) can be achieved by silencing every second UE, which

decomposes the network into K /2 non-interfering point-to-point links. If ¢ > 1, the multiplexing gain pair
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|
00 0.1

S(F)

Figure 7.3: Region S*(u) for g = 0.6 in blue and p > 1 in black.

(S(S) =1,50) = 0) is achieved by a scheme where each BS quantizes its observed outputs to noise level

and the CU decodes all the transmitted “slow" messages based on these quantized outputs. If y < 1, then

the multiplexing gain pair (S®) = 1, SF) =1/2 — 1/2) in is achieved by a scheme that time-shares

the schemes above over fractions of 1 — p and p of the time. [ |

Figure [7.2] illustrates the proposed inner and outer bounds on the capacity region for independent

random processes {G;} and {F;}, where each F; is circularly Gaussian of variance 0% and each Gj is
2

circularly Gaussian of variance 0. Numerical simulations are performed for different values of a%. The

figure also presents inner and outer bounds on the capacity region assuming static channel coefficients

SR(F)
SR(S)

(regions in red). As can be seen from the figure, for small values of R¥) | the slope of the inner bound
is approximately —1 both for static and random channel coefficients. This means increasing the rate of “fast”
messages by A, decreases the rate of “slow” messages by A and thus the sum-rate remains constant. For
large values of R¥) and random time-varying channel coefficients, the slope of the inner bound is around
—3.5 for a% = 0.2 and around —4 for 0‘% = 0.3. In contrast, this slope is around —2.7 for static channel
coefficients. Increasing an already large “fast" rate R¥) thus penalizes the sum-rate of the system and is
more pronounced under random fading. Note that, to reduce the gap between the proposed inner and outer
bounds on capacity, one can include more sophisticated multi-user compression techniques |77,/78] at the
BSs and the cloud processor.

Figure shows the multiplexing gain region for different values of u. We notice that when p < 1,

for SUF) < % — £, the multiplexing gain of “slow” messages is constant and solely limited by the fronthaul

capacity. In this regime, the sum-multiplexing gain of the system is increased by decoding parts of the
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messages directly at the BSs. When g < 1 and S&) > % — &, or when p > 1, the slope of the boundary of
the region is —2. In these regimes the maximum sum-multiplexing gain is decreased by A when the “fast”

multiplexing gain increases by A.

7.3 Proof of Theorem 11

Fix § € [0,1]. Recall that Jg was defined so as to verify (see (7.11]))

1+ (1= B)P|Go|? + |Fo|*P
E log<1—|— (1= HPICO[” + [Fol )>]:c. (7.19)
o
B
For each k € {1,..., K}, define
Xy =Up + Vg, (7.20&)
Y, = Gip Xy + Fi Xp_1 + Zy, (7.20b)
Cr =GV + Fi Xp_1 + Zp, (7.20C)
Cr = Ck, + Qr, (7.20d)

for {Qx}, {Ux}, {Vi}, and {Z} independent zero-mean Gaussian random variables with variances J%, gP,
(1—-pB)P, and 1.

Random Code Construction: For each k € {1,..., K}, generate codebooks Cy, i, Cy i, and Cy, j, randomly.

Codebook
Cu 1= {up(@)s i=1,..., P”R(kF)J} (7.21)

is generated by picking all entries i.i.d. circularly Gaussian of variance SP. Independently thereof, codebook

Coe = {v,’;(j): j=1,... P”RIQS)J} (7.22)

is generated by picking all entries i.i.d. circularly Gaussian of variance (1 — 5)P. Quantization codebook

Coo = {ég(e): (=1,..., P”CJ} (7.23)

is generated by picking all entries i.i.d. according to Ppg.
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Reveal all codebooks to all terminals. We explain the encoding and decoding operations assuming that
Gy =g and = fl. (7.24)

(Recall that BS k and the CU know these realizations.)
UE k: Sends
n n F n S
2 = up (M) o (). (7.25)

BS k: Decodes its “fast" message M ,gF) based on its own channel outputs Y, = y;'. It then looks for a

unique 7, such that

(UZ(Ek)v ygv ggv fl?) € Agn) (PUYGOFO)7 (726)

where AE")(-) refers to the jointly typical set as defined in [69] and where given Gy = g and Fy = f the pair

(U,Y) is a centered bivariate Gaussian vector of covariance matrix

BP BP
Kuyles = I . (7.27)
gBP (¢>+ AP +1

If none or more than one such indices i, exist, BS k declares an error. Otherwise it declares

miF =i, (7.28)

Subsequently it forms the difference
= yi — up(ix), (7.29)

and looks for an index ¢, such that
(@R (k) s £ 91) € A (Pegp)- (7.30)

If none or more than one such indices ¢, exist, BS k declares an error. Otherwise it sends Ly = /.

CU: Assume it receives Ly =1y, ..., Lx = li. Then, it looks for a unique set of indices ji, ... . jx that
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satisfy
(6711(61)7"'767}1((£K)7U71’L(51)1'--7U711((5K)>g7117-"ag?(7f{17---7fK) G-A ( Cr Wi, 7VK:GF> (731)
where
G={G1t;--,Gralici, F={Fis..., Freliog- (7.32)
If none or multiple such indices 3'1, .. ,j'K exist, the CU declares an error. Otherwise, it declares
r(S) _ 5
M = jy, kEed{l,...,K}. (7.33)

Analysis: For any k € {1,... K}, decoding in (7.26) is successful with probability tending to 1 as n — oo, if

RISF) < I(Uk,Yk’Gk,Fk)
BP|G|? >]
=Kl 1 . 7.34
[°g< T T PG 1 PR T 1 (7.34)

Assuming that this decoding was successful, quantization in ([7.30)) also succeeds with probability tending

to 1 as n — 0o, because by the choice of the quantization noise a%:

C > I(Cy; Ck|G, F)

log <1+ 1+ (1= APIGA + | P ))] | (735)
98

=E

Now assuming that both the decoding in ([7.26)) and the quantization in ([7.30]) were successful, the decoding

in (|7.31)) also succeeds with probability tending to 1 as n — oo, if

1 & (S)
EZRk
k=1
1

(‘/17 . aVK;C’17"'7éK‘GaF)

N\HN\

({Sk}k: 15 {GkSk + F1.Sk_1 + *—*k}k; 1)(@ F) (7.36)

where {Zk} and {Z;} are sequences of i.i.d. circularly symmetric Gaussian noises of variances 1 —1—0?3 + f,? BP
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and 1 and

Sk = (1 — B)_I/QP : Vk, (737&)

G = 1-pp e (7.37h)
w + 0%+ BP|FyJ?

F (L-B)F B, ke{l,...,K}. (7.37¢)

' \J1+03+ BPIRJ?

By these definitions and assumptions on the channel, the sequences {Si}, {(Gr, Fi)}, {Ex} satisfy the
conditions in |70, Assumption 1] (where we associate Gy, F},, and Vj, in [70] with G, F},, and Z). Therefore

in the limit when K — oo, the mutual information in ([7.36)) can be evaluated using |70, Theorem1] to obtain:

L~ B)PIF/W”,
R <E|log (1 ( )~ log Wy 7.38
= {Og TTr PR/ TR (7.38)
where {W;}2°___ is the unique stationary process satisfying

(7.39)

— 2B 1\
sz (1+(1—,8)P|Gi\2(1+(1 B)PIEi] WH> 1) .

1+ 0% + BP|F;]?

Achievability of the pairs ((7.13) follows then from (7.34]) and ((7.38)).
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Chapter 8

Summary and Outlook

8.1 Summary

In this thesis we focused on interference networks with mixed-delay constraints and on system architectures
where certain transmitters and /or certain receivers can cooperate. In such systems, delay-sensitive messages
have to be encoded and decoded without further delay and thus cannot benefit from available cooperation

links.

e In Chapter 3| we proposed a cooperative communication model that can accommodate the transmis-

sion of both delay-sensitive and delay-tolerant messages.

e In Chapter [ we considered Wyner’s soft-handoff network and characterized the MG region with
transmitter and receiver cooperation when delay-sensitive messages are subject to stringent delay
constraints. For the setup with only transmitter or only receiver cooperation, we observed the follow-
ing. Increasing the MG of delay-sensitive messages by A requires decreasing the MG of delay-tolerant
messages approximately by 2A. This penalty does not occur when both transmitters and receivers
can cooperate. More precisely, for small cooperation prelogs, when delay-sensitive messages have
moderate or small MGs, the sum MG is not decreased compared to when only delay-tolerant mes-
sages are transmitted. For large cooperation prelogs, this conclusion even holds when delay-sensitive

messages have large MGs.

e In Chapter 5 we proposed a coding scheme for general interference networks that accommodates the
transmission of both delay-sensitive and delay-tolerant messages. An important building block in

this coding scheme used for the transmission of delay-tolerant messages is coordinated multi point
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8.1. SUMMARY

transmission or reception. We characterized the MG region of Wyner’s symmetric network and derived
inner bounds on the achievable MG region of the hexagonal network and the sectorized hexagonal
model. The results for Wyner’s symmetric model show that it is possible to accommodate the largest
possible MG for “fast” messages, without penalizing the maximum sum MG of both “fast” and “slow”
messages. The results for the hexagonal model show that there is always a penalty in sum MG at any
“fast" MG. In contrast, for the sectorized hexagonal model where each cell is divided into three non-
interfering sectors by employing directional antennas at the BSs, it is possible to eliminate this penalty
and accommodate the largest possible MG for “fast” messages without penalizing the maximum sum

MG.

In Chapter[6] we considered two different setups to simultaneously transmit delay-sensitive and delay-
tolerant traffic over interference networks with randomly activated users. Under both setups, we
characterized the MG region of Wyner’s soft-handoff network and derived an inner bound on the
MG region of any general interference network. Our results show that in the first setup, where each
active Tx always has delay-tolerant data to send, the sum MG is decreased with increasing delay-
sensitive MG. The corresponding penalty mostly depends on the activity parameter and the size of
the interference set of the network. It increases with both parameters, intuitively because more Txs
have to be silent when accommodating delay-sensitive transmissions. In contrast, in the second setup
where each active Tx has either a delay-tolerant or a delay-sensitive message to send, depending on
the values of the activity parameters, the sum MG is either achieved at maximum delay-sensitive MG

or at 0 delay-sensitive MG.

In Chapter [7], we presented the inner and outer bounds on the capacity region of a C-RAN under
mixed delay constraints and characterized the MG region of this network. We learned that when
the fronthaul capacities are small, the overall performance of the system can be improved if some of
the data streams (the delay sensitive streams) are directly decoded at the BSs. The stringent delay
constraint on these streams however becomes harmful when their rate is too large. In this regime
the total sum-rate has to be decreased by a penalty factor v times A when the delay-sensitive rate is
increased by A. The penalty factor v ~ 1 for static channel coefficients or in the high-SNR regime,

and it can be significantly larger for random channel coefficients and at moderate SNRs.
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8.2 Outlook

The following are interesting lines of future works:

e In this thesis, we assumed perfect channel state information (CSI) at the transmitter and the receiver
sides. In practice, it seems particularly difficult to obtain such a perfect knowledge at the transmitters
side. It is, therefore, of great interest to understand the fundamental limits of transmitter cooperation
under finite precision CSIT. This leads us to the next logical step, a generalized degrees of freedom
(GDoF) characterization. Readers are encouraged to refer to [71,/72]. The impact of CSI at the
transmitter as in Reference [71] but for the considered model with mixed-delay constraints is also of
high interest. In particular, a model where CSI is present for en/decoding delay-tolerant messages

but not for en/decoding of delay-sensitive messages is a natural extension of our setup.

e Another outgrowth of our work is the finite-blocklength derivation of achievability and converse
bounds. In practice, it is of vital interest to assess the backoff from capacity required to sustain
the desired error probability at a given fixed finite blocklength. Readers are encouraged to refer

to [73l[74]

e In the schemes that we proposed for the random users activity with mixed delay traffic, users who
interfere with delay-sensitive transmissions are deactivated. One can thus consider buffers to store
not yet transmitted delay-tolerant messages similar to |75]. It would be interesting to analyze the

required size of these buffers, for example.

e In the completely centralized architecture of C-RAN, we introduced a setup where neither BSs nor
UEs can cooperate and we only focused on Wyner’s soft-handoff model. Our next steps could be to:
(i) investigate the influence of the model employed for the network between UEs and BSs, as well as
the availability of cooperation links between UEs and/or BSs; and (ii) study mixed delay constraints
on transmissions over fog radio access networks (FRAN) where large amount of signal processing and

computing is also performed in BSs and UEs. Readers are encouraged to refer to |76].

In the scheme proposed for C-RAN, we used simple point-to-point compression techniques. One can
reduce the gap between the proposed inner and outer capacity bounds by including more sophisticated
multi-user compression techniques such as successive Wyner-Ziv compression and noisy network coding

[77./78] at the BSs and the cloud processor.
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Appendix A

Proofs

A.1 Proofs of Chapter 4

A.1.1 Proof of the Converse to (4.3)

We start by proving bound (4.3)). For convenience of notation, define for any k € K:
F S
My & (", M), (A1)

For each power P > 0, fix a sequence (in the blocklength n) of encoding and decoding functions respecting
the power constraints and the Rx-cooperation rate-limitations (recall that we consider a setup with only
Rx-cooperation but no Tx-cooperation) such that the error probability p(error) — 0 as the blocklength
n — oo.

By Fano’s Inequality there exists a sequence €, satisfying “* — 0 as n — oo such that for any k € [1 :

K — 1] and each blocklength n:

s 1 s
R+ RO+ R == [a0a”) + B + B (A2)
1 F
= E[H(M,E )‘Mk—l)

+HM | My, . My, MY My, . M) + H(M,gﬂyMk_l,Mlgi{)] (A.3)

1
< E[I(Mk(;F)aYZ’Mk—I)+I(M]£;S)7 ?7"‘7YTIL(‘M17"‘7Mk—17M]EF)7Mk+17"‘7MK)
F n S €n
+I(M]£:+)1’ k+1’Mk717M]£+)1) +g <A4)
a) 1
@ " Y pIM ) + TO Y Y i M, M, Mic)
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€n

F n S
(M1£+)1’ k+1’Mk—17M1§+)1)} + n (A5)
O L™ MY M) + TS Y Y M My, M)
n
F S €n
FIOME Y R Moo, M) | + (A.6)
1
< [ h(HX] + Z0) = h(Z}) + hHin X} + Zi0 Ho X + Z7)
n n S €n
~h(Z 1) + BY Ea M) = B X3 + Zi) | + 2 (A7)
(© <1 2 -2
= 25 ( (Z|Hk+1k+1 i J)|) P+ (Z|Hk,k+1(2,3)|) P)
i=1 j=1
1 _ _
zlogdet (It + Hp e 1He k™ He g TH-IL—,kJrl)
1 €n
+5 log det (HiiHok + Ho i Hi ) + log det(Hg i) + o (A.8)

where I denotes the L-by-L identity matrix and Hyy141(4,7) and Hggy1(4,7) denote the elements of
matrices Hy41 k+1 and Hy 41 in row ¢ and column j. Here, (a) follows because given source messages Mj,_1
and My 1, the triple (M}, Yy, Y7, 1) is independent of the rest of the outputs Y7,..., Yy |, Y} o,..., Y
and source messages My, ..., My_o, Myyo, ..., Mg; (b) follows by the chain rule of mutual information and
because My is independent of the tuple (My_1, My, Y7 ); and (c) is obtained by rearranging terms, and
the following bounds , , and .

We first bound the term (Y7 [M ,gi)l), and start by noting that because conditioning can only reduce

entropy and by the entropy-maximizing property of the Gaussian distribution:

L L n
WY} M) < ZZh Yi1(4) ZZ log((2me)Var(Ypy14(1))), (A.9)

i=1 t=1

where Y11 (i) denotes the i-th entry of the vector Y11 ;. Recall that in this setup without Tx-cooperation
the input vectors X' and X7, are independent. However the elements of each input vector can be
arbitrarily correlated. The variance Var(Yj14(#)) is maximized if the elements of X ;1 + are fully correlated

and thus :

2 2
L L

Var(Yig1,e(1) < 14 | Y Hiwa (6 D)y Pre () |+ | D IHksr w1 (6 5) 1/ Prrre(G) | (A.10)
=1 i=1

where P ¢(j) and Pyy1(j) denote the variances of the j-th elements of input vectors X, and X ;. In

the following we relax the power constraint (3.4]) by requiring only that the power of the n channel inputs
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produced by any given Tx-antenna cannot exceed nP:
n
> Prif)<nP, ke{l,...,K}andje{l,...,L}. (A.11)
t=1

Since the right-hand side of (A.10) is monotonically increasing and jointly concave in the powers {Py (j)}
and {Pjy1.:(j)}, the upper bound on Var(Yj41+(7)) is largest when Py 4(j) = Pry1.4(j) = P. Moreover

since also the function z — log(1 + x) is monotonically increasing, we conclude:

2 2
L L L
s 1 . .
MY TaM) < ndSlogme) | 1+ | Do Huwa (@)l | Pt | D Hisnnn (9] | P (A12)
i=1 j=1 j=1
We next bound the term
1 1 B
;h(Hk,kHXZ+ZZ+1\Hk,kXZ+ZZ) = ﬁh(ZZJrl_Hk,kJrlHk,k 'ZYHe X3+ Z7)  (A13)
1 —
< Eh(ZZLH — HipriHer 27 (A.14)

1
= 5 log det(IL + Hp pt1 Hk,k_lHk,k_THg,k:—i-l)a (A.15)

where recall that I denotes the L-by-L identity matrix.
For the last bound, define

TpEH L ZE —Hi 1 Zi (A.16)

Then:

1 1
Eh(sz,kXZ +Zy) — gh(Hk,k—&-lXZ + Zy)

© %h( L+ H,;Lrl k1 +Ty) — %h( K+ Hl;,k-{—l k1) +log <d§§;|£|:|];i)1)> (A.17)
< LMK M2 T — KR ML 2T o () (A
- %I( R+H o Zh + TR TE) + log (M) (A.19)
2§ LI 2+ TRTRXD +lox (5 ) (A.20
@) %I(Hl;,kﬂ k1 T T Th) + log <d(ite(t|$;;i)l)> (A.21)
© ThTE) — hHL 2 + o () (A.22)
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—1y-T -1 -T
_ llog det (Hp i Hix + Hep Hirn) o ( det(Hg,r) ) (A.23)
2 det(Hy g1 Hp i) det(Hp41)
1 1 IR
= logdet (HiiHik + Ho ki Hibir) + log det(Hy i), (A.24)

where (e) holds by the definition of T} and because h(AX) = logdet(A) 4+ h(X) for any matrix A and
vector X; (f) holds because conditioning can only reduce entropy; (inequalities) (g) hold again because
conditioning can only reduce entropy and by the independence of T and X7}; and (h) holds because by the
independence of the noise vectors we have h( Z\H,;i“ i FTE) = h(—H/,;i+1 Z|H;}€ZZ) = h(H,;i_HZ};”).

Following similar steps as the ones leading to (A.9)), one can also prove that

i 1 I n S €n
R <~ yim) + (A.25)
L, L ’ ;
< —1 1 Hi1(i, 7 P - A.26
< ;:1 Slog [ 1+ ;:1\ 1,1(3,7)] too (A.26)
and
1 En
R+ R < I MY e M) + (A.27)
L 1 L 2 €
< Y Slog |1+ [ D Hkk(Gd)l ] P+ A2
= 2 5 og + j:l‘ K.k (i, 7)] + n’ (A.28)

where Hy1(4, j) and Hg k (7,:) denote row-i, column-j elements of the matrices Hy 1 and Hg k.
We sum up the bound in (A.8) for all values of k € {1,..., K — 1}, and combine it with (A.26) and
(A.28]). Taking n — oo, it follows that because the probability of error p(error) vanishes as n — oo (and

thus < — 0 as n — oo):

i (2r" + R

k=1
K-1
= B+ Y (RO + R+ B + R + R (A.29)
k=1
Klrdg L 2 L 2
< > [Z2log (14 (ke @D)]) Pt (X s (9)1) P)
k=1 =1 ]Zl J:]_
1 T 1 T g1 e
+ log det (I + HinHen i THE ) + 5 log det (HiiHrk + Hi byt Hi i) + log det(H i)
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2 2
L L

L L
1 . 1 ..
+> glog |1 [ Dol Pl +D glog {1+ | D Hix(d)l ] P|. (A.30)
i=1 i=1

j=1 j=1

Dividing by K and %log(P) and taking P, K — oo, establishes the converse bound (4.3)).

A.1.2 Proof of the Converse to (4.4)

We now prove bound (4.4). We assume K is even. For K odd the bound can be proved in a similar way.
Divide the set K into sets Koqa = {1,3,..., K — 1} and Keven = {2,4,..., K}. Recall that X = 0, and

define
Moad := {My: k odd}
Meven := {My: k even}
Xoaa = {X}: k odd}
Xlyen = {X}5 K odd)
Yoaa = {Y7: k odd}
Vo i= (YT k even)
Ziaq = {2} k odd}
L 1= {Z]5 K even)
and

1 D Iy
Qoaq = {Q;l%,...,QgH)%: kodd, ke {k:—l,k—irl}}

1 D g
Qoven = {Qf{lk, QW) keven, ke {k—1k+ 1}}.

Also define a genie information G as
G £ Zodd - Hodd,oddH(:dldﬁvenZevem (A31)

where Hodqd 0dd denotes the channel matrix from the Txs in Koqq to the Rxs in Koqq, and Hodd,even denotes
the channel matrix from the Txs in Kyqq to the Rxs in Keven. Because these matrices are square and the

channel coefficients are drawn i.i.d according to a continues distribution, they are invertible.
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By Fano’s inequality, there must exist a sequence {¢,};>; so that <> — 0 as n — oo and

)

(1=
—
;;'9—\
=
_|_
k@—\
3

k=1
1
= E [H(Modd) + H<Meven)]
1 €
< E [I(Modd; Yodd, Qodd) + I(Mevem Yevena Qeven|Modd)] + En
1 €
= ﬁ [I(Modd; Yodd) + I(Mevem Yeven’MIodd) + I(Modd; Qodd|YOdd) + I(Meven; QQVEH‘MOdd’ Yeven)] + Zn
1 €
< [h(Yodd) — h(YoddModa) + h(YevenModd) — A(Zeven) + H(Qodd) + I (Meven; QevenModd, Yeven)] + ;”
1
< E [h(Yodd) — h(YOdd‘MOdd) + h(Yeven‘Modd) - h(Zeven) + H(Qodd)
€
+I(Meven; Qeven‘MOddy Yevena G) + I(Meven; G’Modda Yeven)] + Zn
(@) S - 2 - 2
< >0 Y- toene) {1+ | Yo Heaai)l | P | Heali)l | P
ke’Codd =1 j=1 ]:1

2

L L
1 . 1 _
+ g 5 log(2me) | 1+ E IHe k(i) | P |+ E 3 log det (Hk,i;H +H k+1HkZ+1) + log det(Hy 1)

k€K even\ K
€n
R+ 5 Y logdet (IL+ HigHig +Hik Hifny) + -7 (A.32)
keKoda
where (a) holds because:
e By (A10) and (A.12):
L 1 L 2 L 2
h(Yodd)_h(Zeven>§n Z 2510 27T€ Z‘Hk 1kZ.7)| Z‘Hkkzj P ;
kEKodq =1 7=1 j=1
(A.33)

e By (A15) and (A2):

h(YevenModd) — A(Yoda|Modd)
= MY %|Mg_1) — h(YT| M)

+ > [h(HeaXR+ Z7) — h(He e X7+ 27 )]
k’e’Ceven\K
2

L L
1 .
<n E 3 log(2me) | 1+ E Hek(i,5) | P
i=1 Jj=1

+n Y logdet (HiiHex + HiharHipe) +log det(Hy 1); (A.34)
kEKeven\K
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e By the rate-limitation of the cooperation links:

H(Qodd) < nmRy K (A35)

e From the tuple (Mygd, Yeven, G) it is possible to compute also Y,qq and thus Qeyen:

I(Meven; Qeven ’Moddv Yevern G) = 0; (A36>

e By the fact that conditioning reduces entropy:

I (Meven; G‘Modm Yeven)

< h(G) — h(G|Zeven)

n T — -T
=3 > logdet (TL + Hy kHi  + Hid o Ho k) (A.37)
keKodaa

Taking n — oo establishes the proof.

A.1.3 Proof of the Converse to (4.10))

Fix a sequence (in the blocklength n) of encoding and decoding functions respecting the power constraints
and the Tx-cooperation rate-limitations (recall that we consider a setup with only Tx-cooperation but no
Rx-cooperation) such that the error probability p(error) — 0 as the blocklength n — oo.

Let M(S) £ (Ml(s), ceey M[((S)) By Fano’s Inequality there exists a sequence €, satisfying <= — 0 as

n — oo such that for any k € {1,..., K — 1} and any blocklength n:

F S F
RO+ AL

F F S s o 5 e
H ™S M)y 4 B (Mg | M, M ):Méﬁw--"Mé))} "y

€n

F n F n S S S S
1047 VMO M) 1M Y M M M|+ 5

h(Hie X1+ ZEMS) — h(Z})

IN
SIm3 =3

€n

n s s s s n n
(Y M M M M) = h(Hen X+ Zi M) +

—
s}

L L
g) Z % log (1 + (Z(\Hk+1,k+1(iaj)\ + ’Hk,kH(ivj)D)QP)

=1 j=1
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1
+5 logdet (H i T+ Hyjy il ) + logdet(Hie) + %” (A.38)

where (a) follows by similar steps as lead to (A.15)) and (A.24]), but where one has to account for the fact
that due to the Tx-cooperation, the input vectors X} and X7}, can be correlated.

Similarly to (A.24]) one can further prove that

L
1 €
;2 (1+(Z|H112] ) )+£, (A'39>
and ) L
R+ RS <3 hog (14 (M) + s )) P + (A.40)
i=1 j=1

where again one has to consider that because of the Tx-cooperation the various input vectors can be
correlated.

We now sum up the bound in for all values of k € {1,..., K — 1} and combine it with
and . Taking n — oo, it follows that because the probability of error p(error) vanishes as n — oo

(and thus © — 0 as n — oo):

f: (2r" + R

k=1

= ”RO Y (R + RO+ REY) + B+ RY) (A.41)

2
(IHg+1,541 (8, )| + [He o1 (7, j)’)) p)

IN
=
L
-
I
R
T
4
—
-

k=1 “i=1 Jj=1
+% log det (Hy, . Hy &+ HphyHi i) + log det(Hk,k)]
L L L o N2
St (Se)) S (Eaato ) ),

Dividing by K and %log(P) and taking P, K’ — oo, establishes the converse bound (4.10]).
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A.1.4 Proof of Achievability of Theorem

Scheme 1: Conferencing only parts of “fast" messages

Fix a small number € > 0 and a joint distribution Pp,y,x that satisfies the Markov chain Uy — Uy — X.

Let (U,U}, X') be an independent copy of (Uy, Uz, X) and define
Y=X+aX'+ 7, (A.42)

where Z is standard Gaussian independent of all other defined random variables.
Split each source message into two parts, M,gF) = (MIEFl), MéFQ)), of rates (R,(CFI), RI(CFQ)) that sum up
to R,(CF) = R,(CFl) + R,(CFQ) and so that

R < gy, (A.43)

Codebook construction: For each k € {1,..., K}, generate codebooks Cy x, {Cox(i)}, and {Cyx(i,7)}

randomly. Codebook

(F1)
Crp = {uli): =1, Pnﬂfl |} (A.44)
is generated by picking all entries i.i.d. according to Py,. For each i € {1, ey L2”R12F1)J }, codebook
(F2)
Con(i) = {ugGl): G=1,.... 2% |} (A.45)

is generated by picking the t-th entry of codeword u} , (j|i) independently of all other entries and codewords
according to the distribution Py, (-|u1 k(7). Here, ug (i) denotes the t-th entry of codeword uf ; (4).

For each pair (7,7) in {1, e L2”R72F1)J} X {1, e LQ”RIEFQ)J }, codebook

Coling) = {ap(ti.g): =1, 27|} (A.46)

is generated by picking the ¢-th entry of codeword x}(¢|i, j) independently of all other entries according to
the distribution Py|r, (+|uzk,t(j]7)). Here, uz k. ¢(j]i) denotes the t-th entry of codeword uy . ([7).

Reveal all codebooks to all terminals.

Encoding: Tx k sends codeword zj; (M 155) ‘M IEFl), M ,iF2)) over the channel.

Decoding: Each Rx k performs the following steps. Given that it observes Y' = y}!, it first looks for a
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unique pair (7, j) such that

(uf (D), ub (710, 95) € T (Poruy)- (A.47)

If none or more than one such pair (7, j) exists, Rx k declares an error. Otherwise, it declares M ,iF) = (1,7),

and it sends

Ql(fllkJrl =1, (A.48)

to its right neighbour, Rx k + 1.
With the message Qg—)1 _,» Rx k obtains from its left-neighbour, it decodes also its intended “slow"

message. To this end, it looks for an index 7 such that

A~

(ut 40, w4 G (203, 3), s (Q2 1), 0k ) € T8 (P ) (A.49)

If none or multiple such indices i exist, an error is declared. Otherwise, Rx k declares M ’gs) = /.

Analysis: Decoding in (|A.47)) is successful with probability tending to 1 as n — oo, if

R 4+ R < 1(Uy; ) (A.50)
R < 1(Uy; Y |UY). (A.51)

Decoding in (A.49) is successful with probability tending to 1 as n — oo, if
RY) < 1(x;v,Uj|th). (A.52)

The cooperation constraint is satisfied by (A.43). Apply then Fourier-Motzkin elimination to (A.43)),
(A.50) and (A.51). Achievability of the pairs (4.17)) follows then by a rate-transfer argument that parts of

the “slow" messages can also be sent as “fast" messages.

Scheme 2: Conferencing also parts of “slow"-messages

Fix € > 0 and a joint distribution Py, v;,_, x satisfying the Markov chain U — V; — Vo — ... Vp_; = X

and the rate constraint

R < . (A.53)
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Let (U',V{,Vy,...,V}_;,X’) be an independent copy of (U, Vi,...,Vp_1,X) and define
Y=X+aX'+ 7, (A.54)

where Z is independent standard Gaussian.
Split M,gs) into D parts, M,E,S) = (M,gsl), o MIESD)), of rates (R,E:Sl), . R,E:SD)) that sum up to R,(f) —

POy R,(fd) and satisfy

D-1
R+ 3 REY < . (A.55)
d=1

Codebook construction: For each k € {1,...,K}, generate the following codebooks Cjy,

{Car},....{Cp i}, {Csr} randomly. Codebook

Cup = {up ()i j=1,.... [Q”REF)J} (A.56)

. C . L. . . (F)
is generated by picking all entries i.i.d. according to Py. For each j € {1, e LZ”RkF J }, codebook

Conf) = {obutiali)s in =1, [ 28|} (A.57)

is generated by picking the ¢-th entry of codeword v}, (i1|7) independently of all other entries and codewords
according to the distribution Py, ,i7(-|uk(7)). Here, ug (i) denotes the ¢-th entry of codeword wj(i). For

cach d € {2,...,D 1}, and each tuple (j,i1,... ig_1) in {1,..., (27" |} x [Tt {1, [2°RC |},

codebook
.. . n . .. . . 'n,R(Sd)

Cav1k(d,01,. .., 0q—1) == {Ud,k(ldball, ceylg_1)iig=1,..., [2 k J } (A.58)
is generated by picking the ¢-th entry of codeword v}, (iq|j,i1,...,%q—1) independently of all other entries
according to the distribution PVd,k|Vd_1,k("Udfl,k,t(idfl‘jaila o.yig—2)). Here, vg_1p¢(ig—1|7,01,...,%4-2)
denotes the t-th entry of codeword v} ; ; (ig—1l7,%1,...,%a-2).

Finally, for each tuple (j,41,...,ip—1) in {1, cel LQ”Rz(ch } X H?:_ll {1, el LZ”RECSZ)J }, codebook
.o . .o . R(SD)
Co(d,i1, ... ip—1) := {xﬁ(ﬁb,zl,...,m_l): L=1,..., {2” k J} (A.59)

is generated by picking the t-th entry of codeword x}(¢|j,i1,...,ip—1) independently of all other entries

according to the distribution PX,C|VD,1,,C(“UD—l,k,t(inﬂj,ila ...,ip—2)). Here, vp_1 p+(ip—1lj,i1,...,iD-2)
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denotes the t-th entry of codeword vf}_; ,(ip—1|j, %1, ..,7p—2). Reveal all codebooks to all terminals.

EnCOdZ’rLg TX k SendS COdeword
n S) I S]), ;5])
xk(Mk(; )’1\415 )771“15 2),1\/1]5 1))

Decoding: Each Rx k performs the following steps. Given that it observes Y* = y;!, it first looks for a

unique index j such that

(up (5), ) € T (Pyy). (A.60)

If none or more than one such indexj exist, Rx k declares an error. Otherwise, it declares M ,gF) = 3, and
sends

lekﬂ =7 (A.61)

to its right neighbour, Rx k£ + 1.

With the message QS_)I _,» Rx k obtains from its left-neighbour, it looks for an index i1 such that

A~ A

(w3, v r1), w1 (@K ). i) € T (P ). (A.62)

)

If none or multiple such index 11 exist, Rx k declares an error. Otherwise, it declares M 1551 — i1 and sends

Qs =1 (A.63)

to its right neighbour, Rx k£ + 1.
In conferencing round d with d € {3,...,D — 1}, Rx k obtains Q,(j_)l _,;, from its left-neighbour, and

looks for an index ig4

A I S n 2 1
(UZ(]),U?’]C(ZH.]), s ,’Ug"k(ld‘], 11, .. 72d*1)a uzfl(Ql(c—)l—)k)a
2 d
U?,k*l(Q](gf)lﬁk)v e ’qu,kfl(QEg,)lﬁk),yZ) S (Puvi. vyurvy. vy )- (A.64)

. 2 . . . ~r (S, A
If none or more than one such index 4 exist, an error is declared. Otherwise, Rx k declares M. ,i 0 — id

and sends

d -
Ql(clkJrl = U (A.65)

to its right neighbour, Rx k + 1.
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1)

_j, from its left-neighbour and looks for an index /

In conferencing round D, Rx k obtains Ql(i;

A 44 4 A 4 2 4 54 2 1
(UZ(j>7 vik(“‘]% s 7?}1%—1,k:(7/D71‘]7 11y 7ZD72), xZ(ZD‘j, 1140 7ZD71)7 UZ_I(QI({Z—)l—}k)7
2 D—1
U’f,k-1(@;(€_)1_>k)a e 7UB—1,k—1(Q§€_1_Zk)7yZ> e 7™ (Puvy. Vo, XUV VY X7Y)- (A.66)

If none or multiple such index / exist, an error is declared. Otherwise, Rx k declares M IESD) =/

Analysis: Decoding in ({A.60)) is successful with probability tending to 1 as n — oo, if
R < 1(U;Y) (A.67)
Decoding in is successful with probability tending to 1 as n — oo, if
RS < 1(vi;Y,U'|U). (A.68)
Decoding in is successful with probability tending to 1 as n — oo, if
RS < 1(ViY, Vi [Vas),  def2,...,D—1}. (A.69)
The last decoding step in is successful with probability tending to 1 as n — oo, if
R < (XY, X'|Vb_1). (A.70)

The conferencing constraint is satisfied by (A.55)). Apply Fourier-Motzkin elimination to (A.55)), ,
(A.68),(A.69) and (A.70]). Achievability of the pairs (4.18) follows then by a rate-transfer argument.

A.2 Proofs of Chapter 5

A.2.1 Coding Scheme and Analysis in the Hexagonal Model

In this appendix we prove that the Tx/Rx set associations proposed in Subsection are permissible and

we provide details on how to compute the corresponding MG pairs and cooperation prelogs.
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No Cooperation Scheme

Fig. shows the active Txs in yellow and the silenced Txs in white. It is easily seen that transmissions
in yellow cells do not interfere, as they pertain to non-neighbouring cells.

More formally, we consider two different Txs k& and &’ in the active set Tactive defined in , and we
prove by contradiction that Tx &’ cannot be in the neighbouring set Iy of Tx k. Assume that = L1y k-
Then, by , either (ap = ar + 1,bpy = b + 1) or (axr = ax — 1,bpr = by — 1). Each of these two cases

however violates the active set condition ({5.60)), which implies
(ar +br) mod3=0 and (ap +br) mod 3=0. (A.71)

We thus obtained the desired contradiction.
To see that the scheme achieves a sum-MG of Syo-coop We notice that in the limit as K — oo, the active
set Tactive defined in ((5.60]) includes a third of all Txs simply because a third of the integer pairs (a, b) satisfy

(a +b) mod 3 =0 and because for each integer pair (a,b) there corresponds a Tx.

Coding scheme to transmit only ‘“slow” messages with CoMP reception or transmission

As mentioned in the main body, and as is easily seen in Figure [5.5b] the silenced set Tgjent consists of all
cells that are exactly % + 1 cell hops away from the next master cell. All other cells have a master cell that
lies less than % + 1 cell hops away. In other words, each master cell is surrounded by D/2 layers of active
cells sending “slow" messages, where in total these D/2 layers contain 2132/12 6i = 2D(D + 2) cells. Such a
subnet is then surrounded by a layer of 6 - (% + 1) = 3D + 6 silenced cells, each lying D/2 + 1 cell hops
away from the master cell. Among these layer-(D/2 + 1) cells, 6 of them (namely the corner cells) belong
to the silenced layer of three different master cells, and the remaining 3D belong to the silenced layer of
two master cells.
By these considerations, and because master cells themselves also send “slow" messages,

- Toow]  14+3D(D+2) 4+ 3D(D +2)
K=o K 3(D+22  3(D+2)?

(A.72)

and as a result, by (5.14)) and (5.15), the proposed cell association achieves the MG pair (S#) = 0,5(5) =
S with S8, defined in (5.63).

With CoMP reception, the scheme does not send any Tx-cooperation messages but only Rx-cooperation
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messages. To calculate the Rx-cooperation prelog, notice that for each Rx £ we have vrxp = 7 €
{1,...,D/2} if Rx k lies i hops away from the next master cell. Since in a given subnet Tgypnet formed by
a master cell and its surrounding 7 — 1 layers, there are 6 Rxs with ygyxr =, foreach i =1,...,D/2:
D/2
, DD+2)(D+1
202 ek =2 6= : 2)( ) (A.73)
k€Tsubnet =1

and by similar considerations as leading to (A.72):

2 heTaew TRxk  D(D+2)(D+1)/2  2D(D+ 1)

li = = . A.74
fres K %(D +2)2 3(D +2) ( )
Since limg o0 Q[;%R" = 6, according to (5.16)) the required Rx-cooperation prelog equals
A0 b0+ (A.75)
R, 9D +2) ‘

With CoMP transmission, this scheme does not require any Rx-cooperation messages and consumes a

Tx-cooperation prelog of M(Tt‘))( s = ,ug))( s

Coding Scheme to transmit both “fast” and ‘“slow” messages with CoMP reception

Notice that the set of silenced cells Tgent here coincides with the set of silenced cells Tgent for the scheme
sending only “slow" messages when D’ = D — 2 cooperation rounds are permitted.

We next determine the fraction of “fast" versus “slow" Txs. To this end, notice that the fraction is the
same in each subnet, so we only consider the subnet containing the D/2 — 1 layers around the master cell

situated at the origin. This subnet is characterized by

D
,EubnetO = {k‘: max{]ak], ’bk|, ]ak — bk‘} < 5 — 1} (A.76)
It can be shown that by Assumption (5.59)), the number of “fast" Txs in subnet Tgupneto €quals

D2 D
— 41, (A.77)

’%ast N 7;ubnet0| = Z 9
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and the number of “slow" Txs in Tsupneto €quals

2

D
|7;10w N 7;ubnet0| = 7 —-D. (A78)

By similar considerations as leading to (A.72)) (but where D needs to be replaced by D — 2), we then obtain

that
2
 |Tsl B -5+1 D?2-2D+4

1 = = A.79

Kgnoo K % 3D2 ( )
and

2
. |Taow] % —D  2D? 4D
AL T T 2 3p? (4.80)

This establishes the achievability of the MG pair .

We analyze the required cooperation prelog of the described scheme. As in the previous subsection,
YTxk = YRx,k = @ for every Tx/Rx k that lies i cell hops away from its next master cell, fori =1,...,D/2—1.
Moreover, for each “fast” Tx k with yrcr € {1,...,D/2 — 2} the size of the “slow” interfering set I,gs) is
equal to 6, and when vy, = D/2 — 1 the size of this set is equal to 3 for the corner “fast™Txs and is equal
to 4 for the other “fast”™Txs of this layer. To calculate the average cooperation prelog, it is required to

calculate the number of “fast™Txs each with vy, = i. We can prove that for each i € {1,..., % -1}

mod (20 —1,3) i+ mod (3— mod (4,3),3)
3 3

2t —1) —
|{k € Ttast N Tsubneto : VIx,k = Z}’ =6 <( : ) + 1> (A81)

By the above argument and Assumption (5.59), thus the number of “fast”™Txs each with yry 1 = % —1is

D
‘{k € ﬁast N 7;ubnet0 TTxk = 5 - 1}‘ =D-2. (A82)

By (A.77) and (A.82), we have

D D2 D D? — 6D + 12
H Dot 1l (A.83)

’{keﬁastmﬁubnetO:’YTx,k#2_1 :Z_§+1_(D_2):

We can then conclude that

> %= 3 P+ Y

keﬁast m,TsubnetO keﬁast |’qubneto keﬁast |’Y];ubneto
D _D
’YTx,Iﬁéj—l VTx,k—§_1
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D? — 6D + 12 D—2)(3D—4
=6 <4+> +4(D—8)+18 = ( )é ). (A.84)
According to (5.9), the Tx-cooperation prelog required for the scheme is
m _,. (D=2)B3D-4)
H g both — L- 9D? . (A.85)

Notice next that for each “slow” Tx k with yrxx € {1,...,D/2 — 2} the “fast” interfering set IliF) is of
size 3, and for each “slow” Tx k with yrxr = D/2 — 1 it is of size 2. Notice that, since the total number of

Rxs with yrx % = ¢ is equal to 6i, then by the RHS of (A.81)), we can conclude that
{k € Taow N Tsubneto : YRx,k =4} =2(20 —2+ mod (2 —1,3)+ mod (3— mod (7,3),3)). (A.86)

We thus have:

F
Z (’I;E |+ 2'7Rx,k> (A.87)
ke%lowmﬁubneto
D5
(5) () — . .
= Z |Ik ‘ + Z |Ik | +2 Z X |{k S 7;10w N 7;ubnet0 CIRxE = ZH
k€ Ts10wNTsubneto k€Ts10wN Tsubneto =1
TR, k75 —1 TRx, k=75 —1
D1
D? D 3
=+3 (2 —3D+4> +2x4 <2—1> +6+2 ;i(éli—mod (i,3))
4D3 + 3D% — 42D + 112
_ 2 iy (A.88)
12
Thus according to ([5.10]), the average Rx-cooperation prelog required by the scheme is
4D3 + 3D? — 42D + 112
'ul(:{))(,both =L 54D2 . (A89)

Coding scheme to transmit both ‘“fast” and ‘“slow” messages with CoMP transmission

We choose the same cell association as in the previous subsection.

To analyze the cooperation prelog, notice that because we chose the same cell association as for the
scheme with CoMP reception, the parameters y1x x = Yrxx and the single-round Rx-cooperation prelog
coincides with the single-round Tx-cooperation prelog in the previous scheme of Subsection [A2.1] i.e.,

ug;b oth = u(ﬁ){’b oth- Lo calculate the average Tx-cooperation prelog, we first consider the g-term in (5.13]),
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123

Figure A.1: Ilustration of the scheme without cooperation in the sectorized hexagonal network.

which characterizes the number of quantization messages describing the “slow" signals that are counted

twice: once for the CoMP transmission and once for the interference mitigation at “fast" Txs.

Since

the master Tx is a “fast”Tx, then 6 such messages are counted twice and also for each “fast™Tx k with

sk € {1, .., % — 2}, 2 messages are double-counted. Therefore,

D? — 6D + 12

D2
—1)=——3D+10.
4 ) 2 +

q:6+2<

We then conclude that

3 2
(S) _ 4D” —3D" —6D — 8
2 S N v st 5 :
keﬁlowmﬁubneto ketrfastm’rﬂubneto

Thus, according to (5.13]), the average Tx-cooperation prelog required by the scheme is

+ 4D3 — 3D%? — 6D — 8
© .
K% both — 5412

A.2.2 Coding Schemes and Analysis in the Sectorized Hexagonal Model

(A.90)

(A.91)

(A.92)

In this appendix we prove that the Tx/Rx set associations proposed in Subsection are permissible and

we provide details on how to compute the corresponding MG pairs and cooperation prelogs.

No cooperation scheme

Figure shows the active Txs in yellow and the silenced Txs in white. It is easily seen that transmissions

in yellow sectors do not interfere, as they pertain to non-neighbouring sectors. This scheme requires no
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cooperation messages and achieves the sum MG in (5.79)).

Coding scheme to transmit only ‘“slow” messages with CoMP reception

To transmit only “slow” messages we use the scheme proposed in Subsection See the cell association
of this network in Fig. 5.9 for D = 4 where Txs in white sectors are deactivated, Txs in yellow or blue
sectors send “slow” messages. As can be seen from this figure, the master cell of each subnet (the center
cell) is surrounded by D/2 — 1 fully active layers of cells and one semi-active layer of cells. Each semi-
active layer consists of 3 fully active corner cells, 3 fully deactivated corner cells and 3D — 6 non-corner
cells of one deactivated sector and 2 active sectors. Notice that corner cells are shared among three
master cells and non-corner cells are shared between two master cells. Thus in order to create subnets of
3+3 2?1/1271 6i+ (3D — 3) = 9D?/4 — 3D/2 active sectors, we need to deactivate (3D —6)/2+9/3 = 3D/2
sectors per subnet.

By these considerations
i Tslow] 9D%/4 —3D/2 3D -2
111 == =

Koo K 9D? /4 3D

and as a result, by and , the proposed cell association achieves the MG pair (S(F ) = 0,50 =
SI(T‘?a?X) with SE{QX defined in ([5.80)).

With CoMP reception, this scheme does not use any Tx-cooperation messages and for each Rx k, yrx i
takes values over the set {1,...,D/2}. Thus in a given subnet Tgpnet formed by a master cell and its
surrounding % layers, there are 6 Rxs with yrxr = 4, where if i € {1,... % — 1} these 6¢ Rxs send in

D
2

total 187 Rx-cooperation messages to the next master Rx, and if ¢ = =, they send 3D — 3 Rx-cooperation

messages to the mater Rx. We thus conclude that

D/2-1 9
. 3D*(D -1
2 ) ARxk=2%3 Z 6i> + D(3D — 3) = (2) (A.94)
k€ Tsubnet =1
and by similar considerations as leading to (A.93):
2D eTo  Rxk (3D%(D —1))/2
Klgnoo e = % =2(D-1). (A.95)
Since limg o0 QI;%RX = 6, according to (5.16]) the required Rx-cooperation prelog equals
r D-1
His =L ( 3 ) (A.96)
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Coding scheme to transmit both “fast” and ‘“slow” messages with CoMP reception

See the cell association of this network in Fig. for D = 4 and in Fig. for D = 8 where Txs in
white sectors are deactivated, Txs in yellow sectors send “fast” messages and Txs in blue sectors send “slow”
messages. We next determine the fraction of “fast” versus “slow” Txs. To this end, notice that the fraction
is the same in each subnet. In each layer-i with i € {1,..., %}, of a given subnet Tgupnet, €ach non-corner
cell has 1 “fast” sector whereas among the 6 corner cells only three of them have 1 “fast” sector each. Thus

the number of “fast” Txs in subnet Tgupnet equals

B 3D?
‘,East N ’Eubnet‘ - 2(61 - 3) = —, (A97)

and the number of “slow” Txs in this subnet equals

6D? 3D
|7;ast N 7gubnet| = T - 7 (A98)

By similar considerations as leading to (A.93), we then obtain that

2
"East| _ % 1

li - A.99
Koae K o? ~ 3 (A.99)
and
2
- |Taow] - 2D-2
AL T T o2 T 3D (4.100)

This establishes the achievability of the MG pair ([5.82)).

To analyze the cooperation prelog of the described scheme, Figure [5.10] shows that for each “fast”
Tx/Rx k with ygxr € {1,...,D/2 — 1} the size of the “slow” interfering set I,gs) is equal to 4, and when
YR,k = D/2 the size of this set is equal to 2 for the three of the corner “fast” Txs and is equal to 3 for the
others. Considering the fact that the number of “fast” Txs with yryx r = % equals 3D — 3, we thus conclude

that

D2
Z ,z,gsn =4 (34 — (3D — 3)> +3x2+3(3D—6)=3D(D—1). (A.101)
k€7—fastm7—subnet
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According to (5.9)), the average Tx-cooperation prelog required for the scheme is

m _ D=1
Frxpoth = L g5 (A.102)
: : « 9 2 (F) 3 «“ %)
Fig. also shows that the size of the “fast” interference set Z, ’ is equal to 2 for each “slow” Tx k.We
thus conclude that

D

2
S L+ 29m =6D — 943> (6 —3) +4
keﬁlowmﬁubnct =1

-1

w|g

D
2
i(6i—3)+6Y 3 (A.103)
1 =1

-
I

D(2D? —
_ beD -5 (A.104)
2
Thus according to (5.10]), the average Rx-cooperation prelog required by the scheme is
) 2D? -5
HRxboth = L - oD (A.105)

A.3 Proofs of Chapter 6

A.3.1 Proof of the Converse to Theorem

Fix K and realizations of the sets Tyctive and Trast. Following the steps in (A.2]) in Appendix [A.1.1] we

prove that for each k € Tactive:

R + R + R

1 1
<3 log(1+ (1 + [hgri1]*)P) + 5 log(1 + |hgt1]?)

+ max{— log 1], 0} + 2, (A.106)

where Rgr)l is the rate of the “fast” message at Rx k + 1, which is either 0 or equal to R¥). For simplicity,

we abbreviate the RHS of (A.106]) by A, and we sum up this bound for all values of k € Tactive:

> (RIEF) +RY) + R,ﬁﬂ) < |Tactive| - A (A.107)
kenctive
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Taking expectation over (A.106|) and dividing by K, we obtain:
E[R®)] + R (pps + p?pf) < p- A, (A.108)

because the expected number of indices k € Tyctive for which R,(CF) = RF) equals p - py and the expected
numbers of indices k € Tyctive for which Rl(:r)l = R®) equals ,o2 - pf. Dividing by % log P and letting P — oo

proves (6.21)).

A.3.2 Proof of the Converse to Theorem [10]

Fix K and realizations of the sets Tgow and Tr.st. Following the steps in (A.2)) in Appendix we can

prove that for each k € Tgiow:

1 1
B 4+ R, < Slog(L+ (1+ B*)P) + 5 log(1 + |Af) + max{~log |A],0} + (A.100)
where Rffi)l is the rate of the “fast” messages at Rx k + 1, which is either 0 or equal to RUE) | For simplicity,

we abbreviate the RHS of (A.109) by A, and we sum up this bound for all values of k € Tajow:

S (B + R < Taoul - A (A.110)
kE,Tslow
Equivalently:
KR® 4+ > RY) < |Tow| - A (A.111)
keﬁlow
k"’_lelrfast

Taking expectation over (A.111]) and dividing by K, we obtain:
E[RS]+ RY) (p*pp(1 = pp)) < p(1 = pp) - A (A.112)

Dividing by %log P and letting P — oo proves (6.36)).
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Titre: Réseaux avec contraintes de latence mixtes

Mots clés: Contraintes de latence mixtes, réseaux d’interférence, gain de multiplexage

Résumé: Les réseaux de communication sans fil mod-
ernes doivent s’adapter a différents types de trafic de
données avec des contraintes de latence différentes. Les
applications vidéo sensibles & la latence, en partic-
ulier, représentent une part croissante du trafic de don-
nées. En outre, les réseaux modernes doivent accepter
des débits de données élevés, ce qu’ils peuvent faire
par exemple avec des terminaux coopératifs ou avec
I’assistance de relais tels que les drones. Cependant,
la coopération introduit généralement des retards de
communication supplémentaires et n’est donc pas ap-
plicable au trafic de données sensibles & la latence.
Cette thése porte sur les réseaux d’interférence avec
des contraintes de latence mixtes et sur les architec-
tures de systémes ou des émetteurs et/ou des récep-
teurs voisins peuvent coopérer.

Nous proposons différents schémas de codage pour per-
mettre la transmission simultanée de messages sensi-
bles et insensibles & la latence. Pour les schémas pro-
posés, nous analysons les gains de multiplexage (MG)
qu’ils réalisent sur le réseau de transfert intercellulaire
souple de Wymner, le réseau symétrique de Wyner, le

réseau hexagonal et le réseau hexagonal sectorisé.
Nous proposons, de surcroit, des schémas de codage
similaires en fonction de différents types d’activité
aléatoire de la part des usagers du réseau. Nous consid-
érons plus particuliérement deux configurations. Dans
la premiére configuration, chaque émetteur envoie tou-
jours des données insensibles a la latence et recoit aléa-
toirement des données sensibles a la latence. Dans la
seconde configuration, les arrivées de données sensibles
et insensibles & la latence sont aléatoires, et chaque
transmetteur n’envoie ou ne recoit qu’un seul type de
données & un instant donné.

Nous étudions aussi un réseau d’accés radio "cloud"
avec des contraintes de latence mixtes.Lorsque le rap-
port signal / bruit (SNR) est élevé, nos résultats dé-
montrent que, pour des capacités frontales modérées,
le MG maximal pour les messages sensibles a la latence
reste inchangé sur une large gamme de petits et moyens
MG de messages sensibles a la latence. La somme des
MG est donc améliorée si certains messages peuvent
étre décodés directement aux stations de base.

Title: Networks with Mixed Delay Constraints

Keywords: Mixed delay constraints, Interference Networks, Multiplexing Gain

Abstract: Modern wireless communication networks
have to accommodate different types of data traf-
fic with different latency constraints. In particular,
delay-sensitive video-applications represent an increas-
ing portion of data traffic. Modern networks also have
to accommodate high total data rates, which they can
accomplish for example with cooperating terminals or
with helper relays such as drones. However, coopera-
tion typically introduces additional communication de-
lays, and is thus not applicable to delay-sensitive data
traffic. This thesis focuses on interference networks
with mixed-delay constraints and on system architec-
tures where neighbouring transmitters and/or neigh-
bouring receivers can cooperate.

We propose various coding schemes that can simulta-
neously accommodate the transmission of both delay-
sensitive and delay-tolerant messages. For the pro-
posed schemes we analyze the multiplexing gains
(MG) they achieve over Wyner’s soft hand-off network,

Wyner’s symmetric network, the hexagonal network
and the sectorized hexagonal network.

We further propose similar coding schemes for scenar-
ios with different types of random user activity. We
specifically consider two setups. In the first setup, each
active transmitter always has delay-tolerant data to
send and delay-sensitive data arrival is random. In the
second setup, both delay-tolerant and delay-sensitive
data arrivals are random, and only one of them is
present at any given transmitter.

Additionally, we also study a cloud radio access net-
work with mixed delay constraints. At high signal-to-
noise ratio (SNR), our results show that for moder-
ate fronthaul capacities, the maximum MG for delay-
sensitive messages remains unchanged over a large
regime of small and moderate MGs of delay-sensitive
messages. The sum MG is thus improved if some of the
messages can directly be decoded at the base stations.
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