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Abstract

Current PHY-based communication solutions do not successfully scale in large
networks, because as the number of users increases, these solutions cannot
fully separate all users’ signals. This problem in turn can gradually leave each
user (i.e., each receiver) with small communication rates, and it comes at a
time when wireless data traffic is expected to increase dramatically. Recently
a new type of technology was proposed, in the form of an upper-layer solu-
tion, that relied on caching network-coded data at the receiving devices. The
proposed solution — termed as ‘coded caching’ — was motivated by the fact
that wireless traffic is heavily predictable, and it was based on pre-caching con-
tent from an existing library of many popular files. This promising approach
naturally came with its own limitations though, and the corresponding perfor-
mance would still remain limited. These two approaches (advanced PHY-based
techniques, and coded-caching which used caching at the receivers) had been
treated independently; after all, one uses feedback on the PHY layer, the other
uses receiver-side memory on MAC.

With this as a starting point, part of what we show here is that there are
interesting interplays between the two, which can potentially allow for a com-
bination that bypasses each approach’s limitations. More generally, the main
work of this thesis on advanced wireless caching, is about exploring the deep
connections between caching and fundamental primitives of wireless networks,
such as feedback and topology.

The first part of the work explores the synergistic gains between coded
caching and delayed CSIT feedback (i.e., Channel State Information at the
Transmitters). Here we consider the K-user cache-aided wireless MISO broad-
cast channel (BC) with random fading and delayed CSIT, and identify the
optimal cache-aided degrees-of-freedom (DoF') performance within a factor of
4. To achieve this, we propose a new scheme that combines basic coded-
caching with MAT-type schemes, and which efficiently exploits the prospective-
hindsight similarities between these two methods. This delivers a powerful
synergy between coded caching and delayed feedback, in the sense that the
total synergistic DoF-gain can be much larger than the sum of the individual
gains from delayed CSIT and from coded caching. The derived performance
interestingly reveals — for the first time — substantial DoF gains from coded
caching when the (normalized) cache size 7 (fraction of the library stored at
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each receiving device) is very small. Specifically, a microscopic v ~ e~¢

come within a factor of G from the interference-free optimal. For example,
storing at each device only a thousandth of what is deemed as ‘popular’ con-
tent (v ~ 1073), we approach the interference-free optimal within a factor of
In(10%) =~ 7 (per user DoF of 1/7), for any number of users. This result carries
an additional practical ramification as it reveals how to use coded caching to
essentially buffer CSI, thus partially ameliorating the burden of having to ac-
quire real-time CSIT (considered by many as the main bottleneck in wireless
networks).

The second part of the work explores an interesting interplay (and trade-
off) between caching and current CSIT feedback quality. For the same setting
as before, but now with an additional ability to incorporate imperfect-quality
current CSIT, this part explores the link between feedback-quality and the
size of the caches. This is guided by the intuition that the bigger the caches,
the more side information the receivers have in their caches, the less inter-
ference one needs to handle (because of the side information), and the lesser
the feedback that is potentially needed to steer interference. Conversely, more
feedback may diminish the utility of memory because the better the feedback
is, the more pronounced the broadcast element should be, leading to more
separated streams of information, and thus fewer commonly-heard (not sep-
arated) streams which are the basis of cache-aided multi-casting. This work
provides another new scheme that utilizes current and delayed feedback, to
again come within a factor of at most 4 from optimal. Furthermore we de-
scribe the savings in current CSIT that we can have due to coded caching,
while we also show how much caching can allow us to entirely remove current
CSIT without degrading performance, basically describing the memory cost
for buffering CSI.

The third part of the thesis explores feedback-aided coded caching for the
same MISO BC, but with emphasis on very small caches, focusing on the case
where the cumulative cache size is smaller than the library size. Here the work
proposes new schemes that boost the impact of small caches, dealing with the
additional challenge of having some of the library content entirely uncached,
which in turn forces us to dynamically change the caching redundancy to
compensate for this. Our proposed scheme is near-optimal, and this part of
the thesis identifies the optimal (small) cache-aided DoF performance within
a factor of 4.

The fourth part of the thesis explores — for the same K-user BC setting
— the connection between coded caching and current-quality CSIT, but now
without delayed CSIT. Here we show how caching, when combined with a rate-
splitting broadcast approach, can improve performance and reduce the need for
CSIT feedback, in the sense that the cache-aided interference-free optimal DoF
performance (directly associated to perfect-CSIT and local-caching gains), can
in fact be achieved with reduced-quality CSIT. These CSIT savings can be
traced back to an inherent relationship between caching, performance, and

can
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CSIT; caching improves performance by leveraging multi-casting of common
information, which automatically reduces the need for CSIT, by virtue of the
fact that common information is not a cause of interference. At the same time
though, too much multicasting of common information can be detrimental,
as it does not utilize existing CSIT. For this, we designed simple schemes
that build on the Maddah-Ali and Niesen coded caching scheme, by properly
balancing multicast and broadcast opportunities, and by combing caching with
rate-splitting communication schemes that are specifically designed to operate
under imperfect-quality CSIT. The observed achievable CSIT savings here are
more pronounced for smaller libraries and for smaller numbers of users. In
the end, this part allows us to quantify the intuition that, in the presence of
coded-caching, there is no reason to improve CSIT beyond a certain threshold
quality.

The fifth part of the thesis explores wireless coded caching from a topo-
logical perspective. The fact that coded caching employs multicasting (i.e.,
communicating a common message to many receiving users at the same time),
causes performance to deteriorate when the links have unequal capacities. Such
uneven topologies, where some users have weaker channels than others, intro-
duce the problem that any multicast transmission that is meant for at least
one weak user, could conceivably have to be sent at a lower rate, thus ‘slowing
down’ the rest of the strong users as well. With this as motivation, we explore
coded caching in a SISO BC setting where some users have higher link capac-
ities than others (all users have the same cache size). Focusing on a binary
and fixed topological model where strong links have a fixed normalized ca-
pacity 1, and where weak links have reduced normalized capacity, we identify
— as a function of the cache size and the topology — the optimal through-
put performance, within a factor of at most 8. The transmission scheme that
achieves this performance, employs a simple form of interference enhancement,
and exploits the property that weak links attenuate interference, thus allowing
for multicasting rates to remain high even when involving weak users. This
approach ameliorates the negative effects of uneven topology in multicasting,
now allowing all users to achieve the optimal performance associated to max-
imal capacity, even if the capacity of the weaker users decreases down to a
certain threshold capacity. This leads to the interesting conclusion that for
coded multicasting, the weak users need not bring down the performance of
all users, but on the contrary to a certain extent, the strong users can lift the
performance of the weak users without any penalties on their own performance.

At the end of the thesis we also present a result that does not involve
caching. This part explores the DoF limits of the (two user) SISO X channel
with imperfect-quality CSIT, and it shows that the same DoF-optimal per-
formance — previously associated to perfect-quality current CSIT — can in
fact be achieved with current CSIT that is of imperfect quality. The work also
shows that the DoF performance previously associated to perfect-quality de-
layed CSIT, can in fact be achieved in the presence of imperfect-quality delayed
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CSIT. These follow from the presented sum-DoF lower bound that bridges the
gap — as a function of the quality of delayed CSIT — between the cases of
having no feedback and having delayed feedback, and then another bound that
bridges the DoF gap — as a function of the quality of current CSIT — between
delayed and perfect current CSIT. The bounds are based on novel precoding
schemes that are presented here and which employ imperfect-quality current
and/or delayed feedback to align interference in space and in time.



Résumé

Due & l'augmentation de nombre des utilisateurs, les méthodes de communi-
cation basées sur le PHY ne permettent pas de séparer les différents signaux
des utilisateurs dans un réseau a grandes dimensions. Ce probléme peut pro-
gressivement laisser chaque utilisateur (i.e., chaque récepteur) avec de faibles
débits de communication, et il apparait lorsque le flux de données augmente
d’une fagon spectaculaire. Récemment, une nouvelle technologie a été proposée
pour les couches de niveaux supérieur. Cette technologie, nommée « coded
caching » consiste & mémoriser les données décodées de réseaux dans les ap-
pareils réceptrices. La proposition de cette technologie a été motivée d’une
part par le fait que le trafic sans fil est trés prévisible et d’autre part par le
fait qu’elle est basée sur la pré-mémorisation de contenu d’une bibliothéque
de nombreux fichiers populaires. Cette approche prometteuse possédent des
limites et sa performance reste toujours limitée. Ces deux approches ont été
traité séparément. Cependant, il existe des intersections intéressent entre les
deux ce qui permet une éventuelle combinaison pour contourner les limites de
chacune.

Le travail de cette thése, en caching avancé, consiste & explorer des con-
nexions profondes entre le caching et les primitifs principales des réseaux sans
fils comme feedback et topologie.

La premiére partie de cette thése explore les gains synergiques entre le « coded
caching » et la rétroaction retardée du CSIT. Nous considérons ici K-utilisateur
cache-aidé MISO BC sans fil avec une décoloration aléatoire et un CSIT re-
tardé, et identifient les performances optimales en degrés de liberté (DoF) a
mémoire cache dans un facteur de 4. Pour cela, nous proposons un nouveau
systéme combinant le « coded caching » de base avec les approaches de type
MAT, et qui exploite efficacement les similitudes prospectives et rétrospectives
entre ces deux méthodes. Cela offre une synergie puissante entre le « coded
caching » et la rétroaction retardée, en ce sens que le DoF-gain synergique peut
étre beaucoup plus grande que la somme de la personne gains de CSIT différée
et de « coded caching » . La performance dérivée révéle intéressante — pour la
premiére fois — gains substantiels DoF a partir du « coded caching » , méme
lorsque la taille du cache (normalisée) v (fraction de la bibliothéque stockée a
chaque récepteur) est trés faible. Plus précisément, un v ~ e~ microscopique
peut atteindre un facteur de GG par rapport a 'optimum sans interférence. Par
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exemple, en stockant & chaque récepteur un emph milliéme de ce qui est con-
sidéré comme un contenu ‘populaire’ (7 ~ 1073), nous approchons I'optimal
sans interférence dans un facteur de In(10%) ~ 7 (par utilisateur DoF de 1/7),
pour un nombre quelconque d’utilisateurs. Ce résultat entraine une ramifica-
tion pratique supplémentaire car il révéle comment utiliser coded caching pour
amortir essentiellement CSI, ce qui améliore partiellement le fardeau d’avoir
a acquérir en temps réel CSIT (considéré par beaucoup comme le principal
goulet d’étranglement dans les réseaux sans fil).

La deuxiéme partie de cette thése explore une interaction intéressante (et
compromis) entre le coded caching et la rétroaction actuelle du CSIT. Comme
nous 'avons mentionné avant mais maintenant avec une capacité supplémen-
taire & incorporer une qualité imparfaite CSIT. Cette partie explore le lien
entre la rétroaction et la taille des caches. Cela est guidé par l'intuition
que plus les caches sont grandes, plus les récepteurs ont des informations
latérales dans leurs caches, moins d’interférences il faut (& cause des infor-
mations latérales), et moins la rétroaction qui est potentiellement nécessaire
pour diriger I'interférence. Inversement, plus de rétroaction peut diminuer
I'utilité de la meémoire parce que la meilleure rétroaction est, plus 1’élément
de diffusion doit étre prononcé, Conduisant & des flux d’informations plus sé-
parés, et donc moins Couramment entendus (non séparés) qui sont & la base
de cache-aidé multi-casting.

La troisiéme partie de la thése explore feedback-aidé « coded caching » pour
le méme MISO BC, mais en mettant 'accent sur les caches trés petites et en
se concentrant sur le cas ou la taille du cache cumulative est plus petite que
la taille de la bibliothéque. Ici, le travail propose de nouveaux stratégies qui
stimulent 'impact des petites caches, traitant le défi supplémentaire d’avoir
une partie du contenu de la bibliothéque entiérement uncached, ce qui nous
oblige a changer dynamiquement la redondance de cache pour compenser cela.
Les stratégies proposées sont presque optimales, et cette partie de la thése
identifie la performance optimale cache-aidé DoF dans un facteur de 4.

La quatriéme partie de la thése explore, pour les méme réseaux de K-
récepteurs BC; la connexion entre coded et la CSIT actuel, mais sans retardé
CSIT. Dans cette partie, nous montrons comment le « caching » , combinée
& une approche de diviseur des taux, peut améliorer les performances et ré-
duire le besoin de retour d’information CSIT , en ce sens que la cache-aidé
DoF performance optimale peuvent étre réalisées avec un CSIT de qualité ré-
duite. Ces économies CSIT peuvent étre retracées & une relation inhérente
entre caching, la performance et CSIT; caching améliore les performances en
profitant du multi-casting d’informations communes, ce qui réduit automa-
tiquement le besoin de CSIT, en raison du fait que l'information commune
n’est pas une cause d’interférence. Cependant, beaucoup de multicasting de
I'information commune peut étre préjudiciable, car il n’utilise pas des CSIT
existants. Pour cela, nous avons congu des méthodes simples qui s’appuient
sur le systéme de Maddah-Ali et Niesen coded caching, en équilibrant correcte-
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ment les opportunités du multicasting et de la télédiffusion, et en combinant
caching avec les schémas diviseur des taux qui sont spécifiquement congus pour
fonctionner sous CSIT de qualité imparfaite. Les économies de CSIT réalis-
ables observées ici sont plus prononcées pour les petites bibliothéques et pour
un plus petit nombre d’utilisateurs. En fin de compte, cette partie permet de
quantifier I'intuition que, en présence de coded caching, il n’y a aucune raison
d’ameéliorer CSIT au-dela d’un certain seuil de qualité.

La cinquiéme partie de la thése explore le « coded caching » sans fil d'un
point de vue topologique. Le fait que le « coded caching » emploie la multicas-
ting (i.e., la communication d’un message commun & de nombreux utilisateurs
en méme temps), cause la détérioration des performances lorsque les liens
ont des capacités inégales. Ces topologies inégales, oil certains utilisateurs
ont des canaux plus faibles que d’autres, introduisent le probléme que toute
transmission multidestinataire destinée & au moins un utilisateur faible, pour-
rait devoirétre envoyée a un débit inférieur, ralentissant ainsi le reste du forte
utilisateurs ainsi. Avec ceci comme motivation, nous explorons le « coded
caching » dans un SISO BC ou certains utilisateurs ont des capacités de lien
plus élevées que d’autres. En se concentrant sur un modéle topologique binaire
et fixe ou les liens forts ont une capacité normale fixe 1 et ou les liens faibles ont
une capacité normalisée réduite. Nous identifions — en fonction de la taille du
cache et de la topologie — la performance de débit optimale dans un facteur
d’au plus 8. L’approche de transmission qui réalise cette performance utilise
une forme simple d’amélioration de l'interférence et exploite la propriété que
les liaisons faibles atténuent 'interférence, permettant ainsi aux taux de mul-
ticasting de rester élevés, méme lorsqu’ils impliquent des utilisateurs faibles.

A la fin de cette thése, nous présentons des résultats qui n’impliquent pas le
caching. Cette derniére partie explore les DoF limites du SISO X canal (deux
utilisateurs) avec CSIT de qualité imparfaite et montre que la méme DoF
performance optimale - précédemment associée au CSIT actuel de qualité par-
faite - peut étre atteinte avec le CSIT actuel qui est de qualité imparfaite. Le
travail montre également que la performance du DoF précédemment associée
au CSIT retardé de qualité parfaite peut étre réalisée en présence d’'un CSIT
retardé de qualité imparfaite. Ceux-ci résultent de la limite inférieure de la
somme-DoF présentée qui comble I’écart— en fonction de la qualité du CSIT
différé— entre les cas de ne pas avoir de retour et ayant un retour retardé, puis
une autre borne qui comble le DoF gap; en fonction de la qualité du courant
CSIT— entre le retard et le courant parfait CSIT. Les limites sont basées sur
des nouvelles approches de precoding qui sont présentées dans cette thése et
qui utilisent une rétroaction de qualité imparfaite et/ou retardée pour aligner
I'interférence dans l’espace et dans le temps.
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Chapter 1

Introduction

1.1 Basic Motivation

Current communication solutions do not successfully scale in large networks,
because as the number of users increases, these solutions cannot fully separate
all users’ signals. This in turn can gradually leave each user small commu-
nication rates, and it comes at a time when wireless data traffic is expected
to increase by 10 times in just 5 years [3]. If data volumes continue to ex-
pand so rapidly, it is foreseen that wireless networks will soon come to a halt,
thus inevitably compromising the informational foundations of society. This
looming network-overflow can also have severe environmental consequences,
because current systems would require exponential increases in transmit-power
to accommodate future data volumes; Telecommunications has in fact already
a higher carbon footprint than aviation [4]. Despite the imminence of this
overload, the consensus is that there is no existing or currently envisioned
technology that resolves this, not even with brute force increase of bandwidth,
or of the number and size of base-stations.

The problem in addressing the above overload, mainly originates from the
inherently real-time nature of communications, where data must be ‘served’
on time. This entails having to continuously adapt communications—in real-
time—to the rapidly fluctuating states of a large wireless network. ‘Feedback’
in this context, refers to the action of disseminating large amounts of over-
head information (referred to as channel-state information, or CSI) about the
instantaneous strengths of each propagation-path between the different nodes.
These channels fluctuate up to hundreds of times per second, hence as the
network size increases, the overhead consumes more and more resources, even-
tually leaving no room for actual data.
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The limitations of feedback-based PHY Most communication methods
use feedback as their main resource. Feedback mainly works for separating
users’ signals, so the better the feedback process, the better the signal ‘steer-
ing’, the better the signal separation, the less the interference, the higher the
rates. The problem is that the feedback overhead provably dominates all net-
work resources. Not too long ago, it was revealed that because of feedback,
many cellular settings could never escape vanishingly small throughputs, irre-
spective of any conceivable form of transmission cooperation [5]. This stood
as a proxy to the limitations of many architectures, like in massive MIMO
(see the award winning Grassmann-manifold approach [6]), or even in fully de-
centralized solutions such as the powerful interference-alignment methods [7],
where there is a polynomial aggravation of the feedback problem, and a re-
quired super-exponential complexity just to get any non-vanishing rate. Even
if feedback was relegated to being non-real-time (which is much easier to ob-
tain), this again forces near-zero rates (cf [1,8] as well as [9,10], etc.). Finally
even if networks were heavily densified with wireline infrastructure, the ensu-
ing sampling-complexity and propagation bottlenecks, can far exceed feedback
bottlenecks (on this, see the recent [11]).

A clear way to see this ‘feedback-bottleneck’ problem is in the simple set-
ting of large MIMO, where the interference-free optimal performance (which
can be achieved by simple channel inversion), comes under the assumption
that the channel (which changes as many as a few hundred times per second)
is known at the transmitter side, in an instantaneous manner, which in turn
implies real-time no-delay feedback of channel estimates that have near-perfect
accuracy. As argued, this is impossible, and the resulting CSIT imperfections
result in dramatic performance deterioration [6]. To see this better, note that
the channel comes with a coherence period T during which the channel is
roughly time-invariant, and has a coherence bandwidth W which is the fre-
quency interval over which the channel stays again fixed. The large overhead
of acquiring each channel estimate, forces the per-user degrees of freedom d

(d=~ ?%‘?ﬁ;g is the normalized capacity — see more later) to be upper bounded

as

min(K,%) _ min (K, TC;VC)) < T.W,

= K ( TV, ik Y

which slowly vanishes to zero, because the overhead scales with K which can
exceed the coherence window ToW. This manifests itself in a variety of
settings, including that of time division duplexing (TDD) with uplink-downlink
reciprocity.

The emergence of coded caching Recently, an upper-layer solution was
proposed that relied on caching network-coded data at the receiving devices [2].
The proposed solution was motivated by the fact that wireless traffic is heav-
ily video or audio on-demand (over 60%), which entails an ability to predict
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data requests in advance (‘the night before’). This approach was based on
caching content from an existing library of many popular files. Each user
would pre-store (without knowing next day’s requests) a carefully selected se-
quence of sub-files from the library, specifically designed to speed up (next
day’s) communications. In contrast to the above, memory was used to dissem-
inate side-information (context), which can be best utilized by multicasting,
i.e., by transmitting signals that must be ‘heard’ by many. This is exactly the
opposite of feedback-aided separation where generally users only hear ‘their
own’ signals. This promising approach — which was presented at the time
for the single-stream error-free (wireline) broadcast channel, offers gains—in
terms of per-user degrees of freedom—which can remain limited: the DoF gain
remained approximately equal to the ratio between cache size and library size.

Insight: The idea behind the exploration of feedback and caching
Our work will seek to fuse these two seemingly independent worlds of caching
and of advanced feedback-aided PHY. This work is a natural response to the
apparent need to jointly utilize these two powerful resources in wireless com-
munications: memory and feedback. Why though would the feedback process
of disseminating CSI today, be so powerfully linked to the process of preemp-
tive data-storage yesterday? To see this, recall that feedback and memory
are complementary; feedback separates signals, while memory brings them to-
gether (because side information enables multicasting, which is the opposite
of signal separation). This means that when incomplete feedback inadver-
tently forces incomplete signal separation, it paradoxically boosts the impact
of memory-aided multicasting. This also holds in reverse, and in essence, each
element builds on the imperfections of the other. The second connection stems
from the fact that both cases face parallel problems. How we cache on Tuesday,
knowing that the file requests will be revealed on Wednesday, is a structurally
similar problem to how we transmit now, knowing that the ‘location’ (channel)
will be revealed later. It is this second structural link that allows memory to
make non-real-time feedback relevant, and it is the first connection that gives
a certain fail-safe property to this duality.

Insight: The power of preemptive micro-insertions of data in wire-
less settings Traditional caching (prefetching) methods mainly reduce the
volume of the problem for the day after, reflecting the old saying "Do some-
thing today, so that you do not have to do it tomorrow". Rather than changing
the volume of the problem though, a much more powerful approach is to use
splashes of memory to change the structure of the problem. To make things
clear, let us draw an analogy. Imagine you are sitting at a table where every-
one speaks Italian, except you. You understand almost nothing, until a good
Samaritan translator intermittently offers small hints (few words about what
is said). We all know these can be very helpful. Assume now there are many
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Figure 1.1: Cache-aided single-stream BC.

possible topics of conversation, and many non-Italian listeners, who were sep-
arately taught the day before a few things about each topic. Assume that this
‘common training’ was designed, so that the translator can use single sentences
that are useful to many at a time (few words that—given the training—offer
context on more than one discussion). The next day, listeners choose a topic
they want to listen in. Then the translator must communicate in a setting
where the ability of listeners to comprehend, is not stable. He does not fully
know in which state they are, but must nonetheless compensate for dips in
comprehension, so that at the end he can satisfy the curiosity of all listeners,
as quickly as possible. This drew a parallel to our setting, which is though
more involved.

1.1.1 Brief overview of existing challenges of coded caching

Consider a wireless network with one server and K receiving users, requesting
data from a library of N possible files, where for simplicity, each file is of
length f bits (see Fig. 1.1). The library (catalog) is known in advance, and
it may for example consist of popular movies, where each file can be about
a minute of one of many ‘popular’ movies that might be requested the day
after. Consider a simplified single-stream noiseless shared link (broadcast),
of normalized capacity f (one file per normalized unit-time). Serving one
user at a time, would imply a required time T' = K needed to guarantee
the completion of the delivery for any K requested files. This corresponds
to a (normalized) per-user throughput of d = + (files per unit time). As
K increases, this per-user rate vanishes to zero. Suppose now that each user
(each receiver) has a storage (cache) memory of capacity equal to M < N
files. By caching at each user ‘during the night before’ (off peak hours) a
fraction v = % < 1 of each file, meant that any ‘day-time’ request from
the library could be handled in "= K (1 — 7) which yields an improved ‘day-
timeaAZ throughput of d ~ ﬁ — 0 which still goes to zero as K increases.
This is the aforementioned prefetching approach used in current systems. In
general, such traditional routing- and popularity-based prefetching schemes
would yield a vanishingly small normalized throughput d(y) — %& — 0,
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where 8" here captures the cache size v, and the file popularities (cf. [12,13]).
This ‘prefetching’ line of research produced engaging results, which may work
well in the wired internet with routing-based protocols, but not in modern
wireless networks which are fundamentally different, because their structure
and ‘topology’ fluctuates up to hundreds of times per second, as well as because
of the involved structural manipulation of signals (for example, in wireless
settings, interference is something to be used, rather than to be always avoided
as a collision). The evolved coded variant of this in [2|, showed that by caching
data in a specific way, essentially coding across caches during the caching
phase, and across different data requested by different users (during the next
day), one could serve users with a single network-coded multicast transmission,
and achieve—during the ‘day-time’ delivery period—a throughput

v

d— —1—
I—»v

that was directly proportional to the cache size M, and which did not approach
zero as K increased. The problem is that for relatively small values of v—
the above per-user throughput would scale approximately as d — % -y
which is highly problematic because 7 is expected to be microscopically small,
ranging in the order of v &~ 107* — 1072 or even less ( [14]), reflecting the
widely held belief that realistically, end-user devices will be able to cache only a
small fraction of the library, because such a library must be very large in order
for it to be requested sufficiently often the next day. The higher the number
of library files IV, the more probable it is that the requested content will draw
from this library, and the more often the coded-caching gains will appear.
Anything other than microscopically small v would either imply unrealistically
large caches, or impractically small libraries that almost never yield caching
gains. The expectation is that M < N > K > 1.

The problem persists even in the presence of realistic file-popularity con-
siderations, which have been pivotal in prefetching approaches that preceded
coded-caching. As we saw in [13] for a realistic distribution of file popular-
ities, the gains—even though they far exceeded the traditional local-caching
gains from prefetching—were in fact again scaling as d — ~ for smaller v (see
also [12]). In fact the same problem further persisted even in the presence
of a powerful cluster of L servers/antennas (where L = AK,\ € (0,1)) that
served the K users over an error-free network, which—even in the presence of

perfect-feedback assumptions—gave a throughput (cf. [15])
d(y) = A+~

which meant that the gain attributed to memory, is again d(v) —d(y =0) =~
simply because the term d(y = 0) = A (this is easy to see) is solely due to
having multiple servers (multiple antennas) with perfect real-time feedback,
which we argued before is unrealistic for larger K. All existing memory-bagsed
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solutions that we know, had a restricted impact for small v. As we show, this
limitation d(vy) — d(y = 0) = 7, is not fundamental.

Another crucial ingredient is topology, and how this affects the use of
memory. Again this is almost fully unexplored (with a notable exception in
[16]) (In the absence of memory, some work has been done on understanding
the relationship between feedback and topology, cf. [17-19] as well as [10]).

Let us further explore the state of art of some recent feedback-aided so-
lutions (focusing on feedback timeliness and quality considerations) that are
closer to the spirit of this thesis, and then some memory-aided solutions that
have appeared over the last 2-3 years.

1.2 Further state-of-art

Our work here — which considers the joint application of CSIT and coded
caching as two powerful and interconnected tools for removing sizable fractions
of the interference in multiuser wireless networks — builds on new work on
coded caching and on the many results on the performance ramifications of
feedback timeliness and quality. Let us begin with a very brief overview of
prior works in the area of feedback-aided interference management (focusing
mainly on the BC, and on the context of this work here), which will then
be followed by a more extensive overview of caching-related efforts, focusing
almost exclusively on developments surrounding coded caching.

1.2.1 State of art on feedback-aided interference
management (no caching)

The role of feedback in removing multiuser interference, naturally involves
many directions and facets. One particular direction of research in this area
has sought to derive DoF limits that reflect the effects of feedback quality and
timeliness, and which often — under different settings and in different forms
— employ communication schemes that work retrospectively to alleviate the
effect of CSIT delays and imperfections. Such works include the work by
Maddah-Ali and Tse [1] who showed how retrospective communications over
a fast fading channel, can render completely obsolete CSIT useful, as well as
other subsequent works [8,9,20-28| that build on this to further incorporate
CSIT quality considerations. Other works that relate to the approach here,
can be found in [29-32].

1.2.2 State of art on cache-aided interference management

The benefits of coded caching on reducing interference and improving perfor-
mance, came more recently with the aforementioned work by Maddah-Ali and
Niesen in [2] who considered a caching system where a server is connected to
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multiple users through a shared link, and designed a novel caching and de-
livery method that jointly offers a multicast gain that helps mitigate the link
load, and which was proven to have a gap from optimal that is at most 12.
This work was subsequently generalized in different settings, which included
the setting of different cache sizes for which Wang et al. in [37] developed a
variant of the algorithm in [2] which achieves a gap of at most 12 from the
information theoretic optimal. Other extensions included the work in [38] by
Maddah-Ali and Niesen who considered the setting of decentralized caching
where the achieved performance was shown to be comparable to that of the
centralized case [2], despite the lack of coordination in content placement. For
the same original single-stream setting of [2], the work of Ji et al. in [39] con-
sidered a scenario where users make multiple requests each, and proposed a
scheme that has a gap to optimal that is less than 18. Again for the setting
in [2|, the work of Ghasemi and Ramamoorthy in [40], derived tighter outer
(lower) bounds that improve upon existing bounds, and did so by recasting
the bound problem as one of optimally labeling the leaves of a directed tree.
Further work can be found in [41] where Wang et al. explored the interesting
link between caching and distributed source coding with side information. In-
teresting conclusions are also drawn in the work of Ajaykrishnan et al. in [42],
which revealed that the effectiveness of caching in the single stream case, is
diminished when N approaches and exceeds K?2. Furthermore Amiri et al.
improved upon the original performance of Maddah-Ali and Niesen when the
system has more users than files (K > N), while in [43] Amiri and Giindiiz
managed to improve performance (reduced delay, to within a factor of up to 2
from optimal), for specific values of M.

Deviating from single-stream error-free links, different works have consid-
ered the use of coded caching in different wireless networks, without though
particular consideration for CSIT feedback quality. For example, work by
Huang et al. in |44], considered a cache-aided wireless fading BC where each
user experiences a different link quality, and proposed a suboptimal commu-
nication scheme that is based on time- and frequency-division and power- and
bandwidth-allocation, and which was evaluated using numerical simulations
to eventually show that the produced throughput decreases as the number of
users increases. Further work by Timo and Wigger in [16] considered an era-
sure broadcast channel and explored how the cache-aided system efficiency can
improve by employing unequal cache sizes that are functions of the different
channel qualities. Another work can be found in [45] where Maddah-Ali and
Niesen studied the wireless interference channel where each transmitter has
a local cache, and showed distinct benefits of coded caching that stem from
the fact that content-overlap at the transmitters allows effective interference
cancellation.

Different work has also considered the effects of caching in different non-
classical channel paradigms. One of the earlier such works that focused on
practical wireless network settings, includes the work by Golrezaei et al. in [46],
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which considered a downlink cellular setting where the base station is assisted
by helper nodes that jointly form a wireless distributed caching network (no
coded caching) where popular files are cached, resulting in a substantial in-
crease to the allowable number of users by as much as 400 — 500%. In a
somewhat related setting, the work in [47] by Perabathini et al. accentuated
the energy efficiency gains from caching. Interesting work can also be found
in [48] and in [49] on using stochastic geometry and network coding for mod-
eling wireless caches and storage devices, as well as in [50,51] that explore
higher-layer considerations relating to caching.

Further work by Ji et al. in [52] derived the limits of so-called combination
caching networks in which a source is connected to multiple user nodes through
a layer of relay nodes, such that each user node with caching is connected to
a distinct subset of the relay nodes. Additional work can also be found in [53]
where Niesen et al. considered a cache-aided network where each node is
randomly located inside a square, and it requests a message that is available
in different caches distributed around the square. Further related work on
caching can be found in 39, 54-58].

Work that combines caching and feedback considerations in wireless net-
works, has only just recently started. A reference that combines these, can be
found in [59] where Deghel et al. considered a MIMO interference channel (IC)
with caches at the transmitters. In this setting, whenever the requested data
resides within the pre-filled caches, the data-transfer load of the backhaul link
is alleviated, thus allowing for these links to be instead used for exchanging
CSIT that supports interference alignment. An even more recent concurrent
work can be found in [60] where Ghorbel et al. studied the capacity of the
cache-enabled broadcast packet erasure channel with ACK/NACK feedback.
In this setting, Ghorbel et al. cleverly showed — interestingly also using a
retrospective type algorithm, by Gatzianas et al. in [61] — how feedback can
improve performance by informing the transmitter when to resend the packets
that are not received by the intended user and which are received by unin-
tended users, thus allowing for multicast opportunities.

The first work that considers the actual interplay between coded caching
and CSIT quality, can be found in [62] which considered the easier problem
of how the optimal cache-aided performance (with coded caching), can be
achieved with reduced quality CSIT.

1.2.3 Measure of Performance

The measure of performance here will be the (normalized) duration T — in
time slots, per file served per user — needed to complete the delivery process,
for any request. Note that this is a ‘worst case’ measure (corresponding to the
case where each user demands a distinct file). This 7" must not be perceived
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as a traditional latency measure, but rather as a throughput measure', simply
because of the normalization by the amount of information sent.

Equivalently, when meaningful, we will also consider the cache-aided de-
grees of freedom per user (cache-aided DoF) which is simply?

L—n
d=——¢€10,1 1.1
e o.1] (1)

which is indeed a measure of throughput?® of the delivery phase, and which
does not include the benefits of having some content already available at the
receivers (local caching gain), and rather focuses on capturing the effect of
feedback and coded caching, in handling interference.

1.2.4 Cache-aided broadcast channel model

We will mainly consider the setting of the symmetric multiple-input single-
output (MISO) BC where a transmitter that is equipped with K antennas,
communicates to K single-antenna users. The transmitter has access to a
library of N distinct files Wy, Wa, -+, Wy, each of size |W,| = f bits. Each
user k € 1,2,..., K has a cache Zj with size |Zx| = M f (bits), and this size
takes the normalized form

A M

N
The communication has two phases, the placement phase and the delivery
phase. During the first phase (off-peak hours), the caches {Z;} | at the
users are pre-filled with the information from the N files {W,}\_;. During
the second phase, the transmission commences when each user k requests a
single file Wg, out of the library.
In this setting, the received signals at each user k take the form

yk:hza)—l—zk, k=1,....K

where £ € CK*! denotes the transmitted vector satisfying a power constraint
E(||z||?) < P, where hj, € CK*1 denotes the vector fading coefficients of the
channel of user k and where z; represents unit-power AWGN noise at receiver
k.

At the end of the communication, each receiving user k combines the re-
ceived signals yr — accumulated during the delivery phase — with the infor-
mation available in their respective cache Zy, to reconstruct their desired file
Whg,,.

'In fact in [2] the same measure is referred to as the rate.

*We note that Kd is simply the coding gain K (1 —~)/T that is often used to quantify
the gain from coded-caching.

By definition of the DoF, this throughput would now scale — in the high SNR setting
of interest — as dlog,(P) bits (dlog,(SNR) bits) of resolved content per (delivery-phase)
channel use.
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Figure 1.2: Cache-aided K-user MISO BC.

1.2.5 CSIT-type feedback model

Communication also takes place in the presence of channel state information
at the transmitter. CSIT-type feedback is crucial in handling interference, and
can thus substantially reduce the resulting duration 7" of the delivery phase.
This CSIT is typically of imperfect-quality as it is hard to obtain in a timely
and reliable manner. In the high-SNR, (high power P) regime of interest, this
current-CSIT quality — whenever this is assumed to be available — will be
concisely represented in the form of the normalized quality exponent [20] (see
also [9])

logE — h|?
0 — lim 08 [[|hy — R[]

L...,.K 1.2
Jim log P kel K} (1.2)

where h — ka denotes the estimation error between the current CSIT estimate
hy, and the estimated channel hy. The range of interest® is o € [0, 1]. In some
cases (Chapters 2 and 3), we will also assume availability of delayed CSIT (as
in for example [1], as well as in a variety of subsequent works [9,20-27] as well
as [64-66]) where now the delayed estimates of any channel, can be received
without error but with arbitrary delay, even if this delay renders this CSIT
completely obsolete.

Intuition: Mixed feedback This mixed CSI model (partial current CSIT,
and delayed CSIT) nicely captures different realistic settings that might in-
volve channel correlations and an ability to improve CSI as time progresses.
This same CSI model is particularly well suited for our caching-related setting
here, because it explicitly reflects two key ingredients that — as we will see —
are deeply intertwined with coded caching; namely, feedback quality (which will
reveal a memory-vs-feedback tradeoff), and feedback timeliness (which intro-
duces a non-linear aspect to the problem, which in turn can be translated into
a dramatic — non-linear — boost in the impact of caching).

*In the high SNR regime of interest here, & = 0 corresponds to having essentially no
current CSIT (cf. [63]), while having o = 1 corresponds (again in the high SNR regime) to
perfect and immediately available CSIT.
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1.3 Extended summary of contributions

This thesis centers around coded caching and seeks to understand how coded
caching can be meaningfully combined with different wireless network ingredi-
ents such as feedback, multiple antennas, and even topology. In this section,
we summarize all the contributions of the thesis.

Chapter 2: The synergistic gains of coded caching and delayed-CSIT
feedback The first part of the work explores the synergistic gains between
coded caching and delayed CSIT feedback. Here we consider the K-user (K <
N) cache-aided wireless MISO broadcast channel (BC) with random fading
and delayed CSIT (o = 0), and identify the optimal cache-aided degrees-
of-freedom performance within a factor of 4. For H,, £ Yoy % denoting the
harmonic number, the first result says that

T = Hg — Hg,

is achievable and has a gap-to-optimal that is less than 4, for all problem
parameters (for all K,v). In the presence of the well known logarithmic ap-
proximation H,, =~ log(n) (which becomes tight as K increases) then the above
T takes the form

1
T = log(—)
~
and the corresponding per-user DoF takes the form

JE— 1 —
log(5)

-2

d(vy)

. (1.3)

What we see is that — for larger values of K — the corresponding gain
that is directly attributed to caching

) =&y =0) > > e (01

can substantially exceed the typical coded-caching (per-user DoF) gain . The
gain appears very strongly at smaller values of v, where we see that the deriva-
tive — when evaluated at v = 1/K — takes the form

revealing a substantial DoF boost at the early stages of v. These can be
compared to linear gains prior to this work, where the derivative is constant

8 (d(v)—d(r=0) )
(v&yv ) ((53):17 .
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In the same regime, these gains in fact imply an exponential (rather than
linear) effect of coded caching, in the sense that now a modest v = e~“ can

offer a very satisfactory

dy = e 0) ~ é (1.4)

which is only a factor G from the interference-free (cache-free) optimal d = 1.

For example, storing at each device only a thousandth of what is deemed as
‘popular’ content (7 =~ 1073), we approach the interference-free optimal within
a factor of In(103) ~ 7 (per user DoF of 1/7), for any number of users.

Intuition on schemes:

The corresponding memory-aided schemes and information-theoretic outer
bounds, will be discussed in detail later on. The key idea behind the main
scheme is that the caching algorithm creates a multi-destination delivery prob-
lem that is the same as that which is efficiently solved by the last stages of
the MAT scheme. In essence, caching allows us to skip the first K+ phases
(i.e., to skip the first phases) of the MAT scheme, which happen to have the
longest time duration (phase i has duration 1/i). This gives us an idea as to
why the impact of small caches (small v) is substantial; even small caches can
remove a large fraction of the communication duration. Upon MAT decoding,
we simply proceed with coded-caching decoding based on the algorithm in [2].

Intuition on the outer bound:

To lower bound T', we first consider an ‘easier’ (faster) case of having s < K
users that are not interfered by the remaining users, and then assume that the
cache contents are shared among all the users. The we run the experiment
where each user is served one file, repeating this experiment L%J times (this
part is from |2]). Then we switch to the (easier) case that the shared cache con-
tents are ‘transferred’ via a side-information multicating link, to all receivers.
This allows us a lower bound that is linked to that of the s-user MISO BC with
a parallel side channel whose throughput is sM f bits (the cumulative caching
size) during the whole transmission, all in the presence of delayed CSIT. The
we combine this with the cut-set bound, to get a lower bound on T which is
then maximized over all s.

These results were presented in

e Jingjing Zhang, Petros Elia, “The Synergistic Gains of Coded Caching
and Delayed Feedback”, arXiv:1604.06531, April 2016.

e Jingjing Zhang, Petros Elia, “Fundamental Limits of Cache-Aided Wire-
less BC: Interplay of Coded-Caching and CSIT Feedback”, IEEE Trans-

actions on Information Theory, to appear 2017.
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Chapter 3: Tradeoff between memory and current CSIT In Chapter
3, we present in closed form (for the same K-user MISO BC, with a K-antenna
transmitter serving K users with caches) the previously unexplored interplay
between caching and feedback-quality. Specifically we will see that the achiev-
able T" and its corresponding DoF d(v, ), take the form

(1 —)(Hx — Hi)

D= i — Hiy) + (1= )1 =)
d(v,a) =a+ (1 — a)HKl__;M

and are both proved to be at most a factor of 4 from optimal. Under the
logarithmic approximation, the derived T' takes the form

T(y,a) =

and the derived DoF takes the form
-y

log%'

d(v,a) =a+ (1 —a)

If we were to focus on the larger K setting (for the sake of crisp interpreta-
tion), what the above suggests is that current CSIT offers an initial DoF boost
of d*(v =0,a) = « (cf. [67]), which is then supplemented by a DoF gain

-~
)log(%)

attributed to the synergy between delayed CSIT and caching.

The DoF expression clearly points to a certain tradeoff between « and -+,
hence one can imagine trading-off one for the other. Hence to capture the
(memory-aided) feedback savings, let us consider

d(v,a) —=d*(y=0,a) = (1 — «

da(y) Sargmin{a’: (1 -9)T"(y = 0,0') <T(v,0)} —

describing the CSIT reduction due to caching (from o/, down to an operational
a, without loss in performance) and for which we show that caching can achieve
a CSIT reduction which, under the logarithmic approximation, takes the form

l—y
da(v,0) = (1 —a)d(y,a=0)=(1—-a)—.
log()
Furthermore, a simple calculation — which we show here for the larger- K

regime which yields crisper insight — can tell us that

Yo Zargmin{y 1 d(y,a=0) > d*(y = 0,0)} = e V/*
il

13
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which means that 'y(; — ¢~/ guffices to achieve — in conjunction with delayed

CSIT — the optimal DoF performance d*(y = 0, «) associated to a system with
delayed CSIT and a-quality current CSIT. This tells us how much memory is
needed to substitute current with delayed CSIT without loss in performance,
which can be interpreted as the memory cost for gaining the ability to ‘buffer
CST.

Intuition on schemes:

To offer some intuition on the schemes, we note that the caching part is mod-
ified from [2]| to ‘fold’ (linearly combine) the different users’ data into multi-
layered blocks, in a way such that the subsequent transmission algorithm (Q-
MAT algorithm, cf. [67]) (specifically the last K —n, (o € {T,..., K — 1})
phases of the QMAT algorithm) can efficiently deliver these blocks. Equiv-
alently the algorithms are calibrated so that the caching algorithm creates a
multi-destination delivery problem that is the same as that which is efficiently
solved by the last stages of the QMAT-type communication scheme.

Then the intuition is that as « increases, we can have more private data,
which means that there is less to be cached, which means that caching can
have higher redundancy, which implies XORs of higher order, which means
that we can multicast to more users at a time, which in turn means that we
can skip more phases of QMAT. The intensity of the impact of small values of
~ relates to the fact that the early phases of QMAT are the longest. So while
a small « can only skip a few phases, it skips the longest ones, thus managing
to substantially reduce delay.

Intuition on the outer bound:

The proof of the lower bound on T starts similar to the case of having only
delayed CSIT; first assume only s < K users who share caches and who are not
interfered by the rest, and then repeat this L%j times. Then we had to derive
novel outer bounds for the s-user MISO BC with mixed CSIT (the novelty here
was to account for imperfect-quality current feedback) and with an additional
presence of a parallel link of total throughput sM f bits. This bound uses a
sequence of entropy-based inequalities. The proof continues then as in the case
of a=0.

The results can be found in

e Jingjing Zhang, Petros Elia, “Fundamental Limits of Cache-Aided Wire-
less BC: Interplay of Coded-Caching and CSIT Feedback”, in Proc. 54th
Annual Allerton Conf. Communication, Control and Computing (Aller-
ton’16), Tlinois, USA, October 2016.

e Jingjing Zhang, Petros Elia, “Fundamental Limits of Cache-Aided Wire-
less BC: Interplay of Coded-Caching and CSIT Feedback”, IEEE Trans-
actions on Information Theory, to appear 2017.
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See also

e Paul de Kerret, David Gesbert, Jingjing Zhang, and Petros Elia, “Op-
timally bridging the gap from delayed to perfect CSIT in the K-user
MISO BC”, in Proc. of IEEE Information Theory Workshop (ITW’16),
Cambridge, UK, September 2016. (long version, arXiv:1604.01653).

e Paul de Kerret, David Gesbert, Jingjing Zhang, and Petros Elia, “Op-
timal DoF of the K-User broadcast channel with delayed and imperfect
current CSIT”, IEEE Transactions on Information Theory, submitted
2016. (arXiv:1604.01653).

Chapter 4: Feedback-aided coded caching with very small caches
Chapter 4 explores feedback-aided coded caching for the same symmetric
MISO BC, but with emphasis on very small caches, focusing on the case where
the cumulative cache size is smaller than the library size (i.e., KM < N, i.e.,
I' £ K+ < 1). The following identifies, up to a factor of 4, the optimal T*, for
all T' € [0,1]. We use the expression

n—1_
I'(Hxk —H,—1)+n’
The result tells us that for KM < N (I' < 1) and for N > K, then for
n=1...,K -2

Uy = n=1,...,K—1. (1.5)

Hyi-T

l-a+aHk>’ 0<a< Qp,1
(K-T)(Hg—Hy)

T= (K—n)+am+K (Hx—H,—1))° O‘f{m 1§ra < Qb+l
L= ®-ny Sesd

is achievable, and has a gap from optimal that is less than 4 (IT < 4), for all
a, K. For a > %, T is optimal.
In the absence of current CSIT (a = 0), again for K+ < 1, the result tells
us that
T=Hg-T

is achievable and has a gap from optimal that is less than 4.

On the schemes:

Here the work proposes new schemes that boost the impact of small caches, as
they manage to deal with the additional challenge of having some of the library
content entirely uncached, which in turn forces us to dynamically change the
caching redundancy to compensate for this.

On the outer bound:
The lower bound on T, draws directly from that in Chapter 3 which was
derived for all N, K, M,~, and which can thus be applied here for the range

v € [0, %]

15



CHAPTER 1. INTRODUCTION

e Jingjing Zhang, Petros Elia, “Feedback-Aided Coded Caching for the
MISO BC with Small Caches”, to appear in Proc. of IEEE Interna-
tional Conference on Communications (ICC’17), Paris, France, May
2017. (long version, arXiv:1606.05396).

Chapter 5: Trading off feedback with memory: no delayed CSIT In
Chapter 5, we consider the same MISO BC as before, except that now delayed
feedback is removed. In this setting, and for N = K, the interference-free
optimal 7% =1 — % can be achieved with an « that need not be bigger than

N—1-M
My (N-1-M)

Qtp =

On the schemes:

This was achieved by combining caching with a rate-splitting broadcast method;
an approach that not only improved performance, but also reduced the need for
CSIT, in the sense that the cache-aided (interference-free) optimal DoF per-
formance associated to caching and perfect CSIT, was in fact achieved with
reduced-quality CSIT.

On the outer bound:
The only outer bound used is that 7" > 1 — « which is the simple bound after
removing all interference.

The results were published in

e Jingjing Zhang, Felix Engelmann, and Petros Elia, “Coded caching for re-
ducing CSIT-feedback in wireless communications”, in Proc. 53rd Annual
Allerton Conf. Communication, Control and Computing (Allerton’15),
Mlinois, USA, October 2015.

Chapter 6: Wireless coded caching: A topological perspective In
Chapter 6, we move away from feedback and consider the aspect of topology,
in a bagic SISO BC. Topology here simply means that some links are stronger
than others. This asymmetry can be a liability, as we comment below, but
it can also be a blessing; after all, one can readily ‘hide’ interference in the
direction of week channels. In this context, the thesis explores the performance
of coded caching in a wireless SISO BC setting where some users have higher
link capacities than others. All users have the same cache size. Focusing on a
binary and fixed topological model where strong links have a fixed normalized
capacity 1, and where weak links have reduced normalized capacity 7 < 1, we
identify — as a function of the cache size and 7 — the optimal throughput
performance, within a factor of at most 8. The transmission scheme that
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Caches

Figure 1.3: Cache-aided K-user MISO BC.

achieves this performance, employs a simple form of interference enhancement,
and exploits the property that weak links attenuate interference, thus allowing
for multicasting rates to remain high even when involving weak users. For any
K, W,~, 7, where W is the number of ‘weak’ users, the achievable T'(7) (which
is at most 8 times from the theoretical optimal), takes the form

T(W)

T ) 0<7< Tehr
T(T): II]II]{T(K — W) + iZ—'(V[/)7 T"-’I%T(K')}j Tihr <7< Tehr
T(K)a Tihr < T < 1

From the last part of the above expression, we see that this approach ame-
liorates the negative effects of uneven topology in multicasting, now allowing
all users to achieve the optimal performance T(K) associated to 7 = 1, even
if 7 is approximately as low as

T>1—(1—w)?

where g is the coded-caching gain, and where w = W/K is the fraction of users
that are weak. This leads to the interesting conclusion that for coded multi-
casting, the weak users need not bring down the performance of all users, but
on the contrary to a certain extent, the strong users can lift the performance
of the weak users without any penalties on their own performance.

On the schemes:

To achieve this, we used interference enhancement, by performing power-level
superposition coding, and sequential successive interference cancellation, where
strong users first treat their own signals as noise to decode out the signals of
the weak users, and then decode their own. Note that, had we simply sent the
multicasting signals sequentially at the maximum rate allowed (depending on
the destination), this threshold 7 would have been 1 (and thus any reduction
in capacity, for even W = 1 user, would have had a cost in terms of the overall
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performance).

On the outer bounds:

To lower bound T', we proceed to apply the idea of considering an ‘easier’ case
of having only W weak users that are not interfered by the remaining users.
Now for this smaller system with K = W users, we exploit the cut-set bound
in [2]|, where each user has a link of capacity 7. By doing so, we can get a
lower bound on T after simple normalization (division) by 7. For 7 > 73, we
established a tighter lower bound on T, which is bounded by the system of
having K strong users (i.e., 7 = 1) from [2]| due to the limited capacity of the
weak users.

e Jingjing Zhang, Petros Elia, “Wireless Coded Caching: A Topological
Perspective”, submitted to IEEE International Symposium on Informa-
tion Theory (ISIT’17), Aachen, Germany, June 2017. (long version,
arXiv:1606.08253).

Chapter 7: The SISO-X channel with imperfect-quality CSIT In
Chapter 7 we present a result that does not involve caching. This part ex-
plores the DoF limits of the (two user) SISO X channel with imperfect-quality
CSIT, and it shows that the same DoF-optimal performance — previously
associated to perfect-quality current CSIT — can in fact be achieved with
current CSIT that is of imperfect quality. The work also shows that the DoF
performance previously associated to perfect-quality delayed CSIT, can in fact
be achieved in the presence of imperfect-quality delayed CSIT. These follow
from the presented sum-DoF lower bound that bridges the gap — as a function
of the quality of delayed CSIT — between the cases of having no feedback and
having delayed feedback, and then another bound that bridges the DoF gap
— as a function of the quality of current CSIT — between delayed and perfect
current CSIT.

On the schemes:

The inner bounds are based on novel precoding schemes that are presented
here and which employ imperfect-quality current and/or delayed feedback to
align interference in space and in time.

Specifically we show that for the two-user XC with perfect-quality delayed
CSIT, and with imperfect current CSIT of quality exponent «, the optimal
sum DoF is lower bounded as

4 6 2a(2-3a)

dy > min(3, £ + 5(4— 7a) )-

As a result, the optimal sum DoF dy = % can be achieved with imperfect
current CSIT of quality that need not exceed o = %.
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Furthermore we show that for the same two-user XC with no current CSIT
and with imperfect delayed CSIT of quality exponent 3, the optimal sum DoF
is lower bounded as 6 5

ds > min(—=,1+ =

» > mln(5, + 3)

and as a result, the (linear-) optimal sum-DoF ds; = g, previously associated

to perfect-quality delayed feedback, can in fact be achieved with imperfect-
quality delayed CSIT of quality that need not exceed § = %

e Jingjing Zhang, Dirk TM Slock, and Petros Elia, “Achieving the DoF
limits of the SISO X channel with imperfect-quality CSIT”, in Proc. of
IEEFE International Symposium on Information Theory (ISIT’15), Hong
Kong, China, June 2015.

Chapter 8: Conclusions Chapter 8 offers some conclusions, summarizing
some of the results, discussing some possible ramifications of having modest
amounts of caching in designing larger BC systems and file libraries, some
thoughts on whether caching is a more impactful resource than CSIT feed-
back, and a small discussion on the need for tighter information-theoretic outer
bounds for the case of feedback-and-cache aided wireless networks.
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Chapter 2

The Synergy between Coded
Caching and Delayed CSIT
Feedback

In this chapter, we consider the K-user cache-aided wireless MISO broad-
cast channel (BC) with random fading and delayed CSIT, and identify the
optimal cache-aided degrees-of-freedom (DoF') performance within a factor of
4. The achieved performance is due to a scheme that combines basic coded-
caching with MAT-type schemes, and which efficiently exploits the prospective-
hindsight similarities between these two methods. This delivers a powerful
synergy between coded caching and delayed feedback, in the sense that the
total synergistic DoF-gain can be much larger than the sum of the individual
gains from delayed CSIT and from coded caching.

The derived performance interestingly reveals — for the first time — sub-
stantial DoF gains from coded caching, even when the (normalized) cache
size v (fraction of the library stored at each receiving device) is very small.
Specifically, a microscopic v ~ e~ ¢ can come within a factor of G from the
interference-free optimal. For example, storing at each device only a thou-
sandth of what is deemed as ‘popular’ content (y a~ 1073), we approach the
interference-free optimal within a factor of [n(10%) ~ 7 (per user DoF of 1/7),
for any number of users. This result carries an additional practical ramification
as it reveals how to use coded caching to essentially buffer CSI, thus partially
ameliorating the burden of having to acquire real-time CSIT.



2. THE SYNERGY BETWEEN CODED CACHING AND DELAYED CSIT
FEEDBACK

2.1 Introduction

In the setting of broadcast-type communication networks where one transmit-
ter serves the interfering requests of more than one receiving user, recent work
in [2] showed how properly-encoded caching of content at the receivers, and
proper encoding across different users’ requested data, can provide increased
effective throughput and a reduced network load. This was achieved by creat-
ing — through coding — multicast opportunities where common symbols are
simultaneously needed by more than one user, even if such users requested dif-
ferent data content. This coded caching approach has since motivated different
works in [12,15,16,37-42,44,45,54-60,62| which considered the utilization of
coded caching over a variety of different settings, including the recent concur-
rent works in [60] that considered the cache-enabled broadcast packet erasure
channel with ACK/NACK feedback, and the preliminary work in [62] that
considered caching with imperfect-quality feedback.

Part of our motivation here is to explore the connection between coded
caching and communications with imperfect feedback. Intuitively both cases
face parallel problems: a transmitter with complete data knowledge, must
retroactively compensate for only having partial knowledge of the ‘destination’,
may this be the identity of the receiving user the ‘next day’, or the partially
known channel. These connections will eventually allow for a non-separability
property which we here translate into substantial synergistic gains between
delayed feedback and coded caching. These gains are pertinent because there
is a real need to boost the performance effect of generally modest cache sizes,
and because delayed CSIT is often the only feedback resource that is available
in larger networks with rapidly fluctuating channel states.

2.1.1 Caching-aided broadcast channel model

As stated in the introduction, in this chapter we consider the setting of the
symmetric multiple-input single-output (MISO) BC where a transmitter that
is equipped with K antennas, communicates to K single-antenna users. For
the sake of independence, we here repeat some of the basic notation as well as
clarify a bit further the basic assumptions for this specific chapter.

The transmitter has access to a library of N distinct files W1, Wy, - -+, W,
each of size |W,,| = f bits. Each user k € 1,2, ..., K has a cache Z; with size
|Zx| = M f (bits), and this size takes the normalized form

’y:N'

The communication has two phases, the placement phase and the delivery
phase. During the first phase (off-peak hours), the caches {Zk}f:1 at the
users are pre-filled with the information from the N files {W,}Y ;. During
the second phase, the transmission commences when each user k requests a
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N files hy size M f

) R 4
Y

| Jbits Tx| hi
W RXxkH Zk

server caches

Figure 2.1: Cache-aided K-user MISO BC.

single file W, out of the library. As noted, the received signals at each user
k take the form

ye=hiz+z, k=1,... K (2.1)

where £ € CE*! denotes the transmitted vector satisfying a power constraint
E(||z||?) < P, where hy € CKX*! denotes the vector fading coefficients of
the channel of user k and where z; represents unit-power AWGN noise at
receiver k. At the end of the communication, each receiving user k combines
the received signals y; — accumulated during the delivery phase — with the
information available in their respective cache Zj, to reconstruct their desired
file Wg, .

2.1.2 Notation and assumptions

For the sake of completeness we repeat some of the notation, while we also
introduce here additional notation. We will use I' = % = K+ to mean that
the sum of the sizes of the caches across all users, is I times the volume of the
N-ile library. As in [2], we will consider the case where I' = {1,2,--- K'}. We
will also use the notation H,, = E?:l % to represent the ny, harmonic number,
and we will use €, = H, — log(n) to represent its logarithmic approximation
error, for some integer n. We remind the reader that €, decreases with n, and

that e = ILm (Hy, — log(n)) ~ 0.5772. (}) will be the n-choose-k operator,

and @ will be the bitwise XOR operation. We will use [K]2{1,2,---,K}.
If ¢ is a set, then |¢| will denote its cardinality. For sets A and B, then
A\B denotes the difference set. Complex vectors will be denoted by lower-
case bold font. We will use ||z||?> to denote the magnitude of a vector = of
complex numbers. For a transmitted vector @, we will use dur(x) to denote
the transmission duration of that vector, e.g., dur(x) = ll—OT would mean that
the transmission of vector x lasts one tenth of T'. Logarithms are of base e,
while log,(+) will represent a logarithm of base 2.
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Main assumptions

Throughout this work, we assume availability of delayed CSIT (as in for ex-
ample [1], as well as a variety of subsequent works [8,9,20-27|) where now the
delayed estimates of any channel, can be received at the transmitter, without
error but with arbitrary delay, even if this delay renders this CSIT completely
obsolete. We hasten to note that delayed CSIT here is not meant to offer an
additional performance boost by itself, but rather is employed solely as a tool
that will link coded-caching to communications with non-perfect feedback.

We will also ask that each receiver knows their own channel perfectly. We
further adhere to the common convention (see for example [1]) of assuming
perfect and global knowledge of delayed channel state information at the re-
ceivers (delayed global CSIR), where each receiver must know (with delay)
the CSIR of (some of the) other receivers. We will assume that the entries of
each specific estimation error vector are i.i.d. Gaussian. For the outer (lower)
bound to hold, we will make the common assumption that the current channel
state must be independent of the previous channel-estimates and estimation
errors, conditioned on the current estimate (there is no need for the channel
to be i.i.d. in time). We will make the assumption that the channel is drawn
from a continuous ergodic distribution such that all the channel matrices and
all their sub-matrices are full rank almost surely.

2.2 Performance of the cache-aided MISO BC

We begin with an outer (lower) bound on the optimal duration T*. The proof
is found in the Appendix.

Lemma 2.1 The optimal T for the (K, M, N) cache-aided K -user MISO BC
with delayed CSIT, is lower bounded as

sM
T > maz

LM (2.2)
se{l,..min{| 2] K}} &

We now proceed with the main result.

Theorem 2.1 In the (K,M,N) cache-aided MISO BC with K < N users,
and with T € {1,2,--- , K — 1}, then

T = Hy — Hy (2.3)

1s achievable and has a gap-to-optimal

T
— <4 2.4
T < (24)

that is less than 4, for all K.
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Proof. The scheme that achieves the above performance is presented in Sec-
tion 2.4, while the corresponding gap to the optimal performance is bounded
in Section 3.8. m

The following corollary offers some insight by adopting the logarithmic
approximation H, ~ log(n) (which becomes tight as K increases)!.

Corollary 2.1 Under the logarithmic approrimation, the above T takes the
form

1
T = log(—
( 7)
and the corresponding per-user DoF takes the form
|
d(v) = —=~- (2.5)
log(;)

Example 2.1 In a MISO BC system with o = 0, K antennas and K users,
i the absence of caching, the optimal per-user DoF with delayed CSIT 1is
d*(y=0) =1/Hg (cf. [1]) which vanishes to zero as K increases. A DoF of
1/4 can be guaranteed with v ~ 51—0 for all K, a DoF of 1/7 with vy ~ ﬁ, and
a DoF of 1/11.7 can be achieved with y ~ 1075, again for all K.

2.2.1 Synergistic DoF gains

We proceed to derive some insight from the above, and for this we look to the
large K regime, where there is no ambiguity on which gains can be attributed
solely to coded caching (in addition to possible DoF gains due to other re-
sources such as feedback). In this regime, what the above says is that the gain
that is directly attributed to caching

d0) =@y =0) > > e (O

can substantially exceed? the typical coded-caching (per-user DoF) gain 7.
What we also see, again for larger K, is that while the individual component

settings/algorithms (MAT from [1|, and the Maddah-Ali and Niesen (MN)

algorithm from [2]) respectively provided individual DoF gains of the form

'To avoid confusion, we clarify that the main theorem is simply a DoF-type result, that
nothing but SNR scales to infinity, and the derived DoF holds for all K. The corollaries
are simply the approximation of the above expression, under the logarithmic approximation,
which becomes tight as K increases. The corollary is derived directly by approximating the
expression in Theorem 2.1 (eq. 3.4) for larger values of K.

?In this larger K setting, we have dss(7)+dyar — . We clarify that this step is simply the
result of a large-K approximation of the corresponding expression from the main theorem.
In that sense, K scales after SNR does. We also recall from [1] that d*(y =0) = ﬁ which
decreases with K.
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dyar =d*(y=0) = %K and dgs(7y) = % = v+ 7 (cf. [2]), the combination
Ky
of these two components results in a synergistic

d(7) > dss(’Y) + dyar, Vv E [0, 1]

that — for larger K — exceeds the sum of the two individual components.
This is the first time that such synergistic gains have been recorded. The
gains become very striking for smaller values of + in which case we have that

1—y
log(1) >

Derivative analysis for understanding the small-y gains attributed to
caching Let us fix K, and consider the derivative of the DoF gain attributed
to caching

1—7 1 1—7x 1
dvy)—dr=0)=———"7"——-—~" ——— — — 2.6
D=0 T T e Sy e Y
which takes the form
1 1 1
6(d) —dy=0) F-1-ls(;) 3 1)
5 (log D))z (log(L))?
which, when evaluated at v = 1/K, gives
) ~diy=0) K
oy =R log? K

revealing a substantial DoF boost at the early stages ® of 7.
These can be compared to linear gains where the derivative is constant
0(dv) —dv=0)) _d(v) _,

5y 5y ’

V. (2.8)

These gains in fact imply? an exponential (rather than linear) effect of
coded caching, in the sense that now a microscopic v = e~ can offer a very
satisfactory

oy 1
A=)~ ¢ (2.9)
which is only a factor G from the interference-free (cache-free) optimal d = 1.
The above only needs that K > e for any fixed G > 1. It does not require
K to be asymptotically large. Naturally the higher the K, the more of these
gains can be attributed solely to caching (rather than MAT). When the value
of K is moderate, naturally MAT has an impact, in terms of per-user DoF.

. —(1—e s\ d(v)—d(v=0) 1—e
3Similarly for v = K~179 ¢ € (0, 1], we get (57~,)|V:K*(1*5> = WSQW.

“Here we make the assumption that 1 —~ ~ 1, which is a soft approximation that allows
for simplicity of expressions, and which reflects the reality of small v (cf. [14]).
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Figure 2.2: Single stream Ty (no delayed CSIT, dotted line) vs. T after the
introduction of delayed CSIT. Plot holds even for very large K, and the main
gains appear for smaller values of ~.
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Figure 2.3: Typical gain d(y) — d*(y = 0) attributed solely to coded caching
(dotted line) vs. synergistic gains derived here. Plot holds for large K, and
the main gains appear for smaller values of ~.

2.2.2 Practical ramification: using coded caching to ‘buffer’
CSI

In addition to the substantial DoF gains that one can get by exploiting syn-
ergy, we also note that exploiting this interplay between caching and feedback
timeliness, can additionally help alleviate the laborious task of sending feed-
back under the coherence period constraint. By using a modest v, we are
essentially endowing the system (for this specific setting that we are consid-

ering here) with a seemingly paradoxical ability of online buffering of CSI. To
see this better, consider

/7 / / 1
g =argmin{y 1d(y) >

: o (2.10)
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which describes the minimum ~ needed to achieve — in conjunction with de-
layed CSIT — a certain gap G > 1 from the interference-free (cache-free) opti-
mal (associated to perfect real-time CSIT), for which we can quickly calculate
tlrllat ’y/G = ¢~ (G—exteo) which for larger K, converges to° the aforementioned

"}/G — G_G.

2.3 Example of scheme

The scheme that achieves the above results, will be presented in its general
form in Section 2.4. To offer some intuition on the schemes, we provide here
an example (for the case of K =N =3, M =1).

In our examples here, for simplicity, the three distinct files in the library
will be relabeled as W1 = A, Wy = B, W3 = C. Finally we assume the worst-
case request where A, B, C are requested by user 1, 2, 3, respectively.

Placement phase

After splitting each file into three equally-sized subfiles as A = (A, Az, A3), B =
(B1,Ba, B3),C = (C1,C5,C3), we fill the cache Zj, of each user k, as follows
Zy = (Ag, By, Cy), k= 1,2,3.

Delivery phase

To satisfy the requests A, B,C, we must deliver the following three XORs
Ay @ By, A3 @ C1, Bg ® (o, each having size % bits, and each intended for
two users (users 1-2, 1-3, and 2-3 respectively). These messages, which we
respectively denote as AB, AC, BC, are delivered by employing the last two
phases of the (K = 3) MAT algorithm in [1].

Phase 2: Before transmission, we split each XOR into two mini parts as
AB = (AB1,AB;), AC = (AC,,ACy), BC = (BCy, BCy), where now each
mini part has size % bits. Then we form the following three vectors®

ABl ACl BCI
r1 = ABQ , Lo = ACQ , L3 = BCQ (211)
0 0 0

which we transmit sequentially. This allows each user to receive different
combinations of scalars, as we show below (ignoring noise)

user 1: Ll(ABl,AB2)7L4(A01,ACQ),L7(301,BCQ)
user 2: LQ(ABl,ABQ),L5(A01,A02),L8(Bcl,302)
user 3: Lg(ABl,ABQ),Lﬁ(Acl,ACQ),Lg(Bcl,BCQ)

5The above holds because T = Hx — Hr = G = log(%) +ex —€ry < log(%) + €K — €co.
SHere we assume a mapping from bits to QAM.
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where we note that L;(BC1, BCy) is useful to both users 2 and 3 in decod-
ing BC1, BCy, and similarly Ls(AC, ACs) is useful to both user 1 and 3,
and L3(ABj, AB>) is useful to users 1 and 2. Recall that |L;(AB;, ABs)| =
|AB;| = % bits, which means that dur(x;) = %,z’ =1,---,3, and that this
phase has duration %.

Phase 3: We now transmit, using one antenna only, first a linear combi-
nation fi (Lg(ABl,ABQ), L5(ACq, ACy), L7(BC’1,BCQ)), and then a second
combination fo(L3(AB1, ABs), Ls(AC1, AC), L7(BCy, BC»)), both of which
carry a fully-common message (i.e., a message of order 3) that is useful to all

users. Thus after the sequential transmission of

Ty = [fl,O,O]T
x5 = [f2,0,0]T (2.12)

each user can decode. To see this, let us focus on user 1. From before
transmission of x4, x5, user 1 knew L7(BCy, BC3) (as this was its received
signal during the third transmission, for BC). Now, with x4, x5, user 1 has
two observations regarding Ls, Ls, L7y. L7 can be removed, hence now user 1
can resolve L3(ABj, ABs) and L5(AC1, AC3). Thus now user 1 can combine
L1(AB;, ABy) and L3(ABj, AB2) to resolve AB; and ABj, to thus recover
As @ By. Similarly user 1 can combine Ly(ACY, AC3) and Ls(ACq, ACs) to
resolve ACt and AC5, to thus recover A3 Cy. From As® By user 1 can use its
cache (which includes By) to recover Ay, and similarly from As @ C; the same
user can use its cache (which includes C1) to recover Ag, and thus recover the
desired A. Similarly users 2 and 3 can recover files B and C' respectively.

With dur(ay) = dur(xs) = %, the second phase has duration % and the
total two-phase transmission has an overall duration

=2 (2.13)

which matches the derived T'(v) = T(%) =Hg — Hgy = H3 — Hy = %

2.4 Cache-aided prospective-hindsight scheme

We proceed to describe some of the details of the scheme, and how it com-
bines the coded caching algorithm in [2| (placement, folding-and-delivery, and
decoding) with the MAT algorithm in [1].

Key idea behind the scheme First let us briefly describe the idea behind
our simple scheme. As Figure 2.4 implies, the scheme starts by first applying
the Maddah-Ali and Niesen (MN) sub-packetization based scheme [2] in order
to place contents (sub-packets) in the caches, and to generate order-(K~ + 1)
messages in the form of XORs of the sub-packets, where each of these XORs
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is meant for K-y + 1 users. These XORs are delivered by the well known MAT
method [1], and in particular the MAT variant that delivers order-(K~v + 1)
messages. This allows us to skip the first K+ phases of the MAT scheme,
which happen to have the longest time duration. This is why the impact of
even small caches (small v) is substantial. Upon MAT decoding, we simply
proceed with decoding based on the algorithm in [2]. In the end, the key idea
is that the caching algorithm creates a multi-destination delivery problem that
is the same as that which is efficiently solved by the last stages of the MAT
scheme.

MN MAT - MAT -
MN folding encoding, decoding MN
—> caching into order- skipping of order decoding
(Ky +1) first (Ky +1)
XORS Ky phases symbols

Figure 2.4: Basic composition of scheme. ‘MAT encoding/decoding’ corre-
sponds to the scheme in [1], while ‘MN caching/folding’ corresponds to the
scheme in [2].

2.4.1 Placement phase

The placement phase is taken from [2], where each of the N files {W,}Y_,
(I[Wy,| = f bits) in the library, is equally split into (IF() subfiles as follows,
Wy = {Wh.rtrewy, where U 2{7 C [K] : || =T}, so each subfile has size

Wir| = % bits. (2.14)
(r)
Based on the above, the caches are filled as follows Zy, = {Wh, + }ne(N],rewp kers
so that each subfile W), ; is stored in Zj as long as k € .

2.4.2 Delivery

At the beginning of the delivery phase, the transmitter must deliver each re-
quested file W, , by delivering the constituent subfiles {WRk,T}kgT to the cor-
responding user k. Thus, as in [2], we must send the entire set Xy ={ X, Fpewr
where each XOR is of the form X, é@kewka,w\{k}alb € Uryi. There are

| Yo | = (Flil) folded messages (XORs), and each has size (cf. (4.9))

Xy| = [Wir| = 4 bits, (2.15)

(r)
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To deliver { Xy }yewy,,, we will employ the last K —I' phases (phase j =
'+ 1,...,K) of the MAT algorithm. Each phase j delivers order-j folded
messages. We describe the content that is carried during each of these phases.

Phase T' + 1: In this first phase of duration Tryi, the information in
{Xy}yewr,, is delivered by @, t € [0,7r11], which can also be rewritten
in the form of a sequential transmission of shorter-duration K-length vectors
Ty =[Tp1,... Ty k-1,0,...,0]" for different 1), where each vector x,, carries
exclusively the information from each X, and where this information is uni-
formly split among the K —I" independent scalar entries x4, 1 =1,..., K —T,

each carrying (1‘?—7/)1‘“) =& (]I;ir) bits (cf. (6.14)). Hence, the duration of each
r
. X :
Xy is dur(md)) = (I‘(—?“)f = (IF()(}{—F) Given that |Xy| = (F{il)’ then
K 1
T; = = —. 2.1
P41 <F+1>dur($w) Tl (2.16)

After each transmission of @, each user k € [K] receives a linear combi-
nation Ly j of the transmitted K — I' symbols @y 1, Ty 2, - ., Ty, KT

Next an additional K —I' — 1 signals Ly, k' € [K]\¢ (linear combi-
nations of @y 1,2y 2,..., 2Ty k-1 as received — up to noise level — at each
user k' € [K]\v) will be sent, which will help each user k& € ¢ to resolve
Tap,15Tap 2y - -+ Top k—T- Lhis will be done in the next phase j = I" + 2.

Phase T' 4+ 2: The challenge now is for signals

Zet, t € (Trg1, Tr41 + T2l

to convey all the messages of the form Ly, i/, Yk € [K]\¢, Vi) € W1 to each
receiver k € 1. Note that each of the above linear combinations, is now —
during this phase — available (up to noise level) at the transmitter. Let

Urppo={y€[K] : |[¢[=T+2} (2.17)
and consider for each ¢y € U o, a transmitted vector

Ly = [xd,,l, ce 7xw,K7F71707 ‘e ,O]T

which carries the contents of I' + 1 different linear combinations

Jfil{Ly\(y ke they) i =1,..., T +1

of the " 4+ 2 elements {Ly\ (x}x }vkey created by the transmitter. The linear
combination coeflicients defining each linear-combination function f;, are pre-
determined and known at each receiver. The transmission of {Zy }vycwr,, is
sequential.

It is easy to see that there is a total of (I + 1)(F§2) symbols of the form
fil{Ly\(ry i they) i =1,...,T+1, ¥ € Urya, each of which can be considered

31



2. THE SYNERGY BETWEEN CODED CACHING AND DELAYED CSIT
FEEDBACK

as an order-(I' + 2) signal intended for I" 4+ 2 receivers in ¢. Using this, and
following the same steps used in phase I' + 1, we calculate that

'+1

K
TF+2 = <F 4 2) dur(aw) = TF_Hm. (2.18)

We now see that for each v, each receiver k € v recalls their own obser-
vation Ly ), from the previous phase, and removes it from all the linear
combinations {fi({Lf(p\{k}’k}Vqu’Z;)}i:l,...,r—‘,—l7 thus now being able to acquire
the I' + 1 independent linear combinations { Ly {x/} 1 Jvkrey\ {k}- 1t holds for
each other user k' € 1.

After this phase, we use Ly 1,1 € Vryo to denote the received signal at
receiver k. Like before, each receiver k, k € ¥ needs K —I'—2 extra observations
of Zy1,..., 2y k_r—1 which will be seen from Ly, i/, VEk' ¢ 9, which will come
from order-(I"+3) messages that are created by the transmitter and which will
be sent in the next phase.

Phase j (T'4+ 3 < j < K): Generalizing the described approach to any
phase j € [['+3,..., K], we will use

Jj—1 J

Tei, t€[ Y Ty Y, T

to convey all the messages of the form Ly i/, V&' € [K]\¢, Y € ¥;_; to each
user k € . For each v € U; 2{¢) € [K] : |¢| = j}, each transmitted vector

.’Bw = [xw’l, . 7371[1,1(7]'71707 e ,O]T

will carry the contents of j—1 different linear combinations f;({ Ly\ (k) tkey): @ =
1,...,j — 1 of the j elements {Ly\(x}k}vkey created by the transmitter. Af-
ter the sequential transmission of {xy }vyew,, each receiver k can obtain the
7 — 1 independent linear combinations {Lw\{k’},k'}Vk'e¢\{k}~ The same holds
for each other user k' € 1. As with the previous phases, we can see that

I'+1

T‘jZTF_H ,j=T+3,.... K. (219)

This process terminates with phase 7 = K, during which each
Ty = [$w71,0, 0, e ,O]T

carries a single scalar that is decoded easily by all. Based on this, backwards
decoding will allow for users to retrieve { Xy }yew,.,,. This is described below.
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2.4.3 Decoding

Each receiver k will backwards reconstruct the sets of overheard equations,
which now take the form

{Lyp, VK € [K\}vpew
1
{Lyw, VK € [K]\¢}vpeur,,

until phase I" 4+ 2, thus gaining enough observations to recover the original
K —T symbols zy 1,2y 2,...,%y x—r that fully convey X, hence each user k
can reconstruct their own set {Wg, 4\ (x} }yewy,, by using Zg, which in turn
allows each user k to reconstruct their requested Wg, .

2.4.4 Calculation of T’
To calculate T', combining (3.40), (2.18) and (3.46) gives that

K K i1 Ko
D SRR i R
j=T'+1 et Y j=r+17

2.5 Conclusions

The work explored the interesting connections between retrospective transmis-
sion schemes which alleviate the effect of the delay in knowing the channel,
and coded caching schemes which alleviate the effect of the delay in know-
ing the content destination. These connections are at the core of the coded
caching paradigm, and their applicability can extend to different settings. For
the MISO-BC setting, the optimal cache-aided DoF were identified within a
multiplicative factor of 4. The result also implies that a very modest amount
of caching can have a substantial impact on performance, as well as can go a
long way toward removing the burden of acquiring timely CSIT.

2.6 Appendix - A novel scheme that accentuates
the retrospective nature of caching and
communicating with delayed CSIT

Another way to offer small insight on the relationship between communicating
with retrospective knowledge of the channel, and caching-and-communicating
with retrospective knowledge of the destination of data, is found in the follow-
ing example (done here for N = K = 3,T" = 1) which describes how we can
design an entirely new caching algorithm, based on the MAT algorithm. Now
we will present a new caching strategy.
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We use A, B, C to denote the database at the transmitter, where each file
is evenly split into three subfiles, i.e., A = (A1, Aa, A3), the same with B and
C. Each subfile has size %logP bits. Towards this, the caches are filled as
follow

Zy = {wi,wq, wr}
Zy = {ws, ws, wg}

Zg = {ws, we, wy }

where wi, ws, w3 are three linearly independent combinations of Aq, As, Az,
similarly, w4, ws, wg and wy, ws, wg are three linearly independent combina-
tions of Bi, Bo, Bs and (4, Cs, Cs, respectively. The constant coefficients are
shared with the users.

Consider the worst case that A, B, C are requested by user 1, 2, 3, respec-
tively. From ws & wy, we can see that user 1 can get a linear independent
combination of three desired subfiles since w4 is available in Z7, while simi-
larly, user 2 can get a equation of three desired subfiles. In the same way, from
w3 @ wy, wg D fs, user 1 can recover ws, user 2 can recover wg and user 3 can
recover wr,wg. Thus, user 1 is able to solve A;, A, A3 from wy, we,ws and
then obtain A, user 2 and 3 acts the same. Hence,

® woy @ wy is desired by user 1 and 2;
e w3 @ wry is desired by user 1 and 3;
e wg @ ws is desired by user 2 and 3;

These three messages should somehow be sent.

The transmission consists two phase.

Phase 1: wo & wy, w3 B wr, wg P wg are equally split into two supports of
1 = {211, 212,0}, 22 = {w21,222,0}, 23 = {231,232,0}, respectively, and
each is sent from two transmit antennas. Note that each support has size
%logP bits. Thus, each user receives a combination of every two supports as
follows,

user 1 receives: L1(5E171,x172) L4(I271,5L‘272) L7(w371,x3,2)
user 2 receives: Lo(x11,212) Ls(z21,%22) Lg(231,232)
user 3 receives: Lg(z1,1,212) Le(x21,222) Lo(z31,232)
We can see that L7(x31,232) can be another observation for user 2 and
3 to solve x3 1,232, thus it is useful for both user. Similarly, Ls(x21,22,2) is
useful for both user 1 and 3, Ls(z1,1,x1,2) is useful for both user 1 and 2.
Phase 2: Based on the first phase, we define f; as two linear combinations of

L3(z11,212), Ls(21,222), L7(x3,1, x32) known at the transmitter after phase
1 and the coefficients are enjoyed by all the users,

fi(La(z11,21,2), Ls(x2,1, x22), L7(231,232)),1 = 1,2
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Hence, common messages f; are sent in this phase. As a result, each user can
remove the known equation and obtain two other intended observations.
Consequently, from the two-phase transmission, we have

=2 (2.20)

Our scheme is built on MAT algorithm. Instead of storing clean informa-
tion in the caches, e.g., A1, here a novel caching strategy that combinations of
the information from the sourcing files are pre-filled is applied. Combined with
rate-splitting approach under retrospective knowledge of CSIT, the caching
content that are simultaneously useful for multi-users are sent back, allowing
each user has enough observations to resolve the new data not be cached.

The similarities between communicating with and without caching is de-
scribed as follows,

1. At the receivers, each receiver has received or stored undesired messages
useful for multi-users;

2. In the presence of retrospective knowledge of CSIT, the side information
are learnt at the transmitter and delivered in a manner that each user is
able to get the desired observations.

2.7 Appendix - Vanishing fraction of delayed CSIT

In the following we briefly explore how caching allows for a reduced D-CSIT
load.

The MAT-inspired schemes that we use and which we describe in Sec-
tion 2.4, can have up to K phases which are of decreasing time duration and
which use a decreasing number of transmit antennas. Essentially each phase
is lighter than the previous one, in terms of implementation difficulty. What
we will see is that caching will allow us to bypass the first I' phases, which are
the longest and most intensive, leaving us with the remaining K — I' commu-
nication phases that are easier to support with delayed feedback because they
involve fewer transmissions, with fewer transmit antennas and to fewer users,
and thus involve fewer D-CSIT scalars that must be communicated.

In brief — after normalization to account for the condition that each user
receives a total of logy(P) bits of data — each phase j =T+ 1,I'+2,..., K
will have a normalized duration T; = 1 During each phase j, we will need to
send D-CSIT that describes the channel vectors for K — j users, and during
this same phase the transmitted vectors will have support K — 5 + 1 because
only K — j + 1 transmit antennas are active. Thus during phase j, there will
be aneed to send Tj(K —j+1)(K —j) = +(K —j+1)(K — j) D-CSIT scalars,
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and thus a need to send D-CSIT for up to a total of

Ko
LT)= Y —(K—j+1)(K - j)
j=T+1
K(1—7)(BK — Ky—1)
2

= (K* + K)(Hg — Hr) —

channel scalars, while in the absence of caching (corresponding to I' = 0), we
will have to send D-CSIT on

K1
= (K —j+1)(K—j)
=17
2
= (K? + K)H —%4‘%

channel scalars.

To reflect the frequency of having to gather D-CSIT, and to provide a fair
comparison between different schemes of different performance that manage to
convey different amounts of actual data to the users, we consider the measure
Q(T") that normalizes the above number L(I") of full D-CSIT scalars, by the
coherence period T, and by the total number of full data symbols sent. In our
case, under the assumption that each user receives a total of logy(P) bits, the
total number of full data symbols sent is K, and thus we have

L(F) (K2 + K) (HK HF) (1*7)(35*1(7*1)
T.K T.K

Q) =
while without caching, we have

L(T) (K+1)Hg —3K+3

I =0=7% = T.

Consequently we see that in the large K limit,

K(log(%) — 3+ 2y —29?%)

which implies that
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Number of scalars

==

T
Duration
Figure 2.5: Illustration of the vanishing fraction of D-CSIT cost, due to
caching.

which in turn tells us that as K increases, for any fixed ~, caching allows for a
substantial reduction (down to a vanishingly small portion) from the original
cost of D-CSIT. This is illustrated in Figure 2.5.

This reduction is important because retrospective delayed-feedback meth-
ods suffer from an increased cost of supporting their CSIT requirements (cf. [68])
(albeit at the benefit of allowing substantial delays in the feedback mecha-
nisms); after all, in the presence of perfect CSIT and zero forcing (no caching),
the same cost is

K? K
Qrr=7R =T
which gives that
T =
lim L( 0) = 00

K—oo QZF

which in turn verifies the above claim, and shows that the increase in the cost
of supporting the D-CSIT (without caching) can be unbounded compared to
ZF methods. On the other hand, we see that

. Q) 1 3 2
1 2 =log(— — = +2v—2
Ao og(7 5 T2 =277
which means that o) )
li 1 > —.
Kgréo Qzr <b 72 10

One interesting conclusion that comes out of this, is that caching can allow
for full substitution of current CSIT (as we have seen in Section 2.2.2), with a
very substantial reduction of the cost of D-CSIT as well, where for v > % this
cost is even less than that of the very efficient ZF, which has to additionally
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deal though with harder-to-obtain current CSIT. This cost reduction is also
translated into a reduction in the cost of disseminating global channel state
information at the receivers (global CSIR), where each receiver must now know
(again with delay that is allowed to be large) the CSIR of only a fraction of
the other receivers.

2.8 Appendix - Proof of Lemma 2.1 (Lower bound
on T%)

Our aim is to lower bound the duration 7', that guarantees the delivery of K
different files to K users, via a MISO broadcast channel with delayed CSIT,
and in the presence of K caches, each of size M f. Let Ty be the duration
needed to resolve the simpler setting where we want to serve s < K different
files to s users, again each in the presence of their own caches. Naturally
T, < T since we ignore the interference from the remaining K — s users (whose
requests are ignored). Now let T3 (T3 < T3), be the duration needed to resolve
the same problem, except that now all the s caches are merged, and each of the
s users has access to all s caches. We choose to repeat this last experiment L%j
times, thus spanning a total duration of Tngj. At this point, we transfer to
the equivalent setting of the s-user MISO BC with delayed CSIT, and a side-
information multicasting link to the receivers, of capacity d,, (files per time
slot). Under the assumption that in this latter setting, decoding happens at
the end of communication, and once we set

N
dnT5|—] = sM (2.21)
S
(which guarantees that the side information from the side link, throughout the
communication process, matches the maximum amount of information in the

caches), we then have that

N
s

N
Ts| —
s

|d'(dy) > |—]s (2.22)

where d'(d,,) is any upper bound on the above s-user MISO BC channel with
delayed CSIT and the side link. Using the bound d'(dn) = 7 (1+d;,) from [69]

and applying (2.21), we get d'(dp,) = 7-(1 + sM_y and thus we get

T3 &)
N s sM N
T —|—=(1+ ——) > | — 2.2
S0t gy 2 15 s (2.23)
which means that
M
Ty > Hy — 2 (2.24)
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which implies that the optimal T, for the original s-user problem, is bounded
as

> 1ys - M (2.25)

151

Maximization over all s, gives the desired result.

2.9 Appendix - Bounding the gap to optimal

between the achievable

This section presents the proof that the gap 7:?(7)

“(v)’
T'(y) and the optimal T™(7), is always upper bounded by 4, which also serves

as the proof of identifying the optimal T%(vy) within a factor of 4.
First recall from Theorem 2.1 that T'(y) = Hx — Hg~, and from Lemma 2.1
that T%(y) > max H, — 45 We want to prove that
seflo 5y LS

M

T(7)
<4, VKNI =1,2,.... K —1 2.26
T*(7y) (2.26)

and the proof will be split into three cases: case 1 for v € [%, %], case 2 for

v € [35. 3], and case 3 for v € [, £=1]. Recall that ~ is bounded as v > .

1
Case 1 (v < 55)

First note that having v < 3—16 implies K > 36. To prove (2.26), we see that

T Hix — H
T < | max K i Ms (2.27)
veliessln@/K) max Ha(1= 5 757)
Hix — H
< 1 Hfax = (HK7 Ms ) (2'28)
=,==|N(Z/K maXx s
Y€l %3602/ )se[G,L\/RJ]ﬂZ 1Y)
Hyx — H
< max L (HKW N (2:29)
11 max s
'YG[K 36 SG[G,L\/RHHZ I_%J
log(1) + €36 — €0
S (vl) e - (2.30)
11 max og(s €oo — VS5
'YG[K 36 SE[G,\_\/KHHZ 8 " 6

where (2.28) holds because Hy — L]Vé‘j < 0 when s > {%J and because we

s

reduced the maximizing region for s, where (2.29) holds because we increased
the maximizing region for v, and where (2.30) holds because ex decreases with
K, because Hx —log(K) < €36, Hx —log(K7y) > €x, Hs > log(s) + €x, and
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because (L%J)/N >5 s< % (recall that s < |[VK| < % < %) Continuing
from (2.30), we have that

T 10g(l)‘F636-—6a;

— < max max
T 7 seel6 | VKIINZvel— } log(sc) + €00 — 'Ysg(?;

(2.31)

(sc +1>2

because  max  log(s) 4 exc — V5% % > log(sc) + €00 — ys22 for any v and
s€[6,|VK]]INZ

for any s. € [6, | VK |]NZ. The split of the maximization max.

le maximization max max refl
double ma atio AX, ci6,[VE [Nz 2 76[(sci1)2’§} eflects

we heuristically choose” s = s. € Z when v € [m, %] Now we perform

] into the
fact that

e

1
3
he

a simple change of variables, introducing a real valued s’ (s’ = \/%) such that

= s% Hence, a ~ range of v € [( corresponds to an s’ range of

1 1
SC+1)2 ) g]?
s € [S¢, 8¢ + 1]. Hence we rewrite (2.31) using this change of variables, to get

T 1 2 _
— < max max 0g(s") + €36 ~ € (2.32)

T* ™ seel6 [ VEIINZ 5'€lscse+1] log(se) + €so — 237
2 J—
< ax log(sc 4+ 1)° + €36 i €00 (2.33)
scel6, VK Nz log(se) + €0 —

f(se)
<4 (2.34)

< 2 % log(7) + €36 — €xo
log(6) + €00 — %

where (2.33) holds because ;%32 < 1, where (2.34) holds because f(s.) is de-
creasing in s..

Case 2 (7 € [, 1))
In the maximization of the lower bound, we will now choose s = 1.

For K > 2, we have

7 log(3) + e — eno
— < 7 =: 2.35
s 7 (23)
because Hy — log(K) < €2, Hiy — log(K7y) > €x, VK > 2.
For the above defined f(7), we calculate the derivative to take the form

v
df(y) _1—7"" —log(y) + 2 — ex
dy (1-9)*
fp()

"Essentially we choose an s that is approximately equal to | %J, and while this choice

does not guarantee the exact maximizing s, it does manage to sufficiently raise the resulting
lower bound.
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where f\ (), fp(7) respectively denote the numerator and denominator of this
derivative. Since f,(v) > 0,Vy < 1, and since

dfy(7)
dry

11
=~ 2_~ 1>V Sa—
v > ’76562]

To prove this, we use the following lemma, which we prove in Section 2.9.1
below.

Lemma 2.2 Let gi(v) and g (7) respectively denote the numerator and the
dg

denominator of the derivative d(J of some function g(vy). If in the range

v € [v1,72], g (7) increases in 7y, and if g, (y) > 0, then

max g(y) = max{g(y = 71),9(y = 72)}- (2.36)
YE[Y1,72]

We now continue with the main proof, and apply Lemma 2.2, to get

1
vé?iﬁﬁjx ) = InaX{f( ), F5g)} <4 (2.37)

which directly shows the deswed <d4for 5z <y < %, K >2.

Case 3 (7 € [%,%])

In the maximization of the lower bound we will again choose s = 1. Consid-
ering that now ~ takes the values vy =+, j € [ , K —1]NZ, we have

T’<AHK-<HKW__Hk‘*Hm>ﬁ

T~ 1—~ j/K
—1( K + K +o 4 1)
K —j+1 K—j+2
1 j— j—2
=14+ —t14+—"" . 41
f K—(j—-1) K—(j—-2) )
1, j—1 j—2 1
=14= : + : o ——
JQK—U—l)-K—U—% K—l)
<2

because j < %
This completes the proof for the entire case where ' =1,2,..., K — 1.
2.9.1 Proof of Lemma 2.2

We first note that the condition %ﬁ(v) > 0 implies that ¢/y(7) is increasing
in 7. We also note that ¢},(y) > 0,7 € [y1,72] where naturally v < v5. We
consider the following three cases.
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which in turn means that %0 — n() > 0,7 € [y1,72]. This gives the
dy 9p ()

Case 1 (gi(m1) > 0) If gj(71) > 0 then gi(y) > 0 for any v € [y1, 2],
9(v)

desired

max g(y) = g(72).
YEM1 2]

Case 2 (giy(m) <0 & gy(12) <0) For any v € [y1,72], then if gi(n1) <
0 & giy(72) <0 then gy (v) <0, thus d‘zl—g) < 0, which gives the desired

max g(v) = g(m)-
YEM1 2]

Case 3 (g(m) <0 & g\y(72) > 0) For any v € [y1,72], then if g\ (1) <
0 & gy (72) > 0, there exists a unique v = 4" € [y1,72] such that ¢/, (7') = 0.
Hence d%—(;’) < 0,Yy € [n,7/] and d‘zl—(;’) > 0,Vy € [7/,72]. Consequently we
have the desired

max ¢(y) = max{g(71),9(72)}-
YEM1,72]

Combining the above three cases, yields the derived

max ¢(y) = max{g(71),9(12)}
YE[M1,72]

which completes the proof.
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Chapter 3

The Interplay of Coded Caching
and Current CSIT Feedback

This chapter here continues to consider the K-user cache-aided wireless K-
antenna MISO symmetric broadcast channel with random fading, but now
feedback is mixed: delayed feedback comes much later with perfect quality,
and current CSIT feedback comes immediately but with reduced quality. We
here analyze the throughput performance as a function of feedback statistics
and cache size. In this setting, our work identifies the optimal cache-aided
degrees-of-freedom (DoF) within a factor of 4, by identifying near-optimal
schemes that exploit the new synergy between coded caching and delayed
CSIT, as well as by exploiting the unexplored interplay between caching and
feedback-quality.

The derived limits interestingly reveal that — the combination of imperfect
quality current CSIT, delayed CSIT, and coded caching, guarantees that —
the DoF gains have an initial offset defined by the quality of current CSIT, and
then that the additional gains attributed to coded caching are exponential, in
the sense that any linear decrease in the required DoF performance, allows for
an exponential reduction in the required cache size.

3.1 Introduction

Our interest here is to explore coded caching, not in the original single-stream
setting in [2], but rather in the feedback-aided multi-antenna wireless BC.
This wireless and multi-antenna element now automatically brings to the fore
a largely unexplored and involved relationship between coded caching and
CSIT-type feedback quality. This relationship carries particular importance
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because both CSIT and coded caching are powerful and crucial ingredients in
handling interference, because they are both hard to implement individually,
and because their utility is affected by one another (often adversely, as we
will see). Our work tries to understand how CSIT and caching resources
jointly improve performance, as well as tries to shed some light on the interplay
between coded caching and feedback.

Motivation for the current work

A main motivation in [2] and in subsequent works, was to employ coded
caching to remove interference. Naturally, in wireless networks, the ability
to remove interference is very much linked to the quality and timeliness of the
available feedback, and thus any attempt to further our understanding of the
role of coded caching in these networks, stands to benefit from understand-
ing the interplay between coded caching and (variable quality) feedback. This
joint exposition becomes even more meaningful when we consider the connec-
tions that exist between feedback-usefulness and cached side-information at
receivers, where principally the more side information receivers have, the less
feedback information the transmitter might need.

As suggested before, this approach is also motivated by the fact that feed-
back is hard to get in a timely manner, and hence is typically far from ideal
and perfect. Thus, given the underlying links between the two, perhaps the
strongest reason to jointly consider coded caching and feedback, comes from
the prospect of using coded caching to alleviate the constant need to gather
and distribute CSIT, which — given typical coherence durations — is an in-
tensive task that may have to be repeated hundreds of times per second during
the transmission of content. This suggests that content prediction of a prede-
termined library of files during the night (off peak hours), and a subsequent
caching of parts of this library content again during the night, may go beyond
boosting performance, and may in fact offer the additional benefit of alleviat-
ing the need for prediction, estimation, and communication of CSIT during the
day, whenever requested files are from the library. Our idea of exploring the
interplay between feedback (timeliness and quality) and coded caching, hence
draws directly from this attractive promise that content prediction, once a day,
can offer repeated and prolonged savings in CSIT.

3.1.1 Cache-aided broadcast channel model

We remind the reader that we will consider the same MISO BC model as
Chapter 2 (see Fig. 2.1), corresponding to the symmetric K-user multiple-
input single-output (MISO) broadcast channel where a K-antenna transmitter,
communicates to K single-antenna receiving users. Hence the channel model
and caching model remain the same as in Chapter 2.
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3.1.2 Coded caching and CSIT-type feedback

Communication also takes place in the presence of channel state information
at the transmitter. CSIT-type feedback is crucial in handling interference,
and can thus substantially reduce the resulting duration 7" of the delivery
phase. This CSIT is typically of imperfect-quality as it is hard to obtain in a
timely and reliable manner. In the high-SNR (high P) regime of interest, this
current-CSIT quality is concisely represented in the form of the normalized
quality exponent [20] [9]

._ log E[||hy, — hy||?]
o= — lim
P—o0 log P

L ke{l,..., K} (3.1)

where h; — ka denotes the estimation error between the current CSIT esti-
mate hy and the estimated channel hy. The range of interest! is o € [0, 1].
We also assume availability of delayed CSIT (as in for example [1], as well
as in a variety of subsequent works [9,20-27] as well as [64-66]) where now
the delayed estimates of any channel, can be received without error but with
arbitrary delay, even if this delay renders this CSIT completely obsolete. As
it is argued in [20], this mixed CSI model (partial current CSIT, and delayed
CSIT) nicely captures different realistic settings that might involve channel
correlations and an ability to improve CSI as time progresses. This same CSI
model is particularly well suited for our caching-related setting here, because it
explicitly reflects two key ingredients that are directly intertwined with coded
caching; namely, feedback timeliness and feedback quality.

Intuitive links between o and v

As we will see, a is not only linked to the performance — where a higher
« allows for better interference management and higher performance over the
wireless delivery link — but is also linked to caching; after all, the bigger the ~,
the more side information the receivers have, the less interference one needs to
handle (at least in symmetric systems), and the smaller the « that is potentially
needed to steer interference. This means that principally, a higher v implies
that more common information needs to be transmitted, which may (in some
cases) diminish the utility of feedback which primarily aims to facilitate the
opposite which is the transmission of private information. It is for example
easy to see (we will see this later) that in the presence of I' = K — 1, there is
no need for CSIT in order to achieve the optimal performance.

'In the high SNR regime of interest here, @ = 0 corresponds to having essentially no
current CSIT (cf. [63]), while having o = 1 corresponds (again in the high SNR regime) to
perfect and immediately available CSIT.
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3.1.3 Main assumptions

Throughout this work, we assume availability of current CSI'T with some qual-
ity a, of delayed CSIT (D-CSIT), as well as ask that each receiver knows their
own channel perfectly. We also adhere to the common convention (see for ex-
ample [1]) of assuming perfect and global knowledge of delayed channel state
information at the receivers (delayed global CSIR), where each receiver must
know (with delay) the CSIR of (some of the) other receivers. We will assume
that the entries of each specific estimation error vector are i.i.d. Gaussian.
For the outer (lower) bound to hold, we will make the common assumption
that the current channel state must be independent of the previous channel-
estimates and estimation errors, conditioned on the current estimate (there is
no need for the channel to be i.i.d. in time). We will make the assumption
that the channel is drawn from a continuous ergodic distribution such that all
the channel matrices and all their sub-matrices are full rank almost surely. We
also make the soft assumption that the transmitter during the delivery phase is
aware of the feedback statistics. We note though that, while our main scheme
assumes knowledge of a during the caching phase, most results will be the
outcome of a simpler scheme that does not require knowledge of a during this
caching phase. Removing this assumption entails, for a > 0, a performance
penalty which is small.

3.1.4 Prior work

A pertinent work can be found in [45] where Maddah-Ali and Niesen studied
the wireless interference channel where each transmitter has a local cache, and
showed distinct benefits of coded caching that stem from the fact that content-
overlap at the transmitters allows effective interference cancellation. The work
in [15] by Shariatpanahi et al. explored caching and perfect current CSIT in
the context of multi-server case. An even more general work can be found
in [70], where Naderializadeh et al, studied the single-shot DoF with these
two ingredients. The first work that considers the actual interplay between
coded caching and CSIT quality is our work in [62] which considered the easier
problem of how the optimal cache-aided performance (with coded caching), can
be achieved with reduced quality CSIT.

3.1.5 Outline and contributions

In Section 4.2, Lemma 3.1, we offer a lower bound for the optimal T*(y, «).
Then in Theorem 3.2 we calculate the achievable T'(y, «), forT" € {1,2,--- | K},
a € [0,1], and prove it to be less than four times the optimal, thus iden-
tifying the optimal T%(v,«) within a factor of 4. A simpler expression for
T (again within a factor of 4 from optimal), and its corresponding per-user
DoF, are derived in Theorem 3.2, while a simple approximation of these is
derived in Corollary 3.1, where we see that the per-user DoF takes the form
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d(v,a) = a+(1 —a)%, revealing that even a very small y = e=¢
il

substantial DoF boost d(y = e~ %, a) —d(y = 0,a) ~ (1 — a). In Section 3.3

we discuss practical implications. In Corollary 3.2 we describe the savings in

current CSIT that we can have due to coded caching, while in Corollary 3.4

we quantify the intuition that, in the presence of coded-caching, there is no

reason to improve CSIT beyond a certain threshold quality.

In Section 3.5 we present the caching-and-delivery schemes, which build
on the interesting connections between MAT-type retrospective transmission
schemes (cf. [1]) and coded caching. The caching part is modified from [2] to
essentially ‘fold’ (linearly combine) the different users’ data into multi-layered
blocks, in a way such that the subsequent transmission algorithm (which em-
ploys parts of the QMAT algorithm in [67]) is suited to efficiently unfold these.
The caching and transmission algorithms are calibrated so that the caching al-
gorithm — which is modified from that in [2] to adapt the caching redundancy
to a — creates the same multi-destination delivery problem that is efficiently
solved by the last stages of the QMAT scheme. Appendix 3.7 presents the

outer bound proof, and Appendix 3.8 the proof for the gap to optimal.

can offer a

3.2 Throughput of cache-aided BC as a function of
CSIT quality and caching resources

The following results hold for the (K, M, N,«a) cache-aided K-user wireless
MISO BC with random fading, o € [0,1] and N > K, where v = % and
I' = K~. We begin with an outer bound (lower bound) on the optimal 7.

Lemma 3.1 The optimal T* for the (K, M, N,«) cache-aided K-user MISO
BC, is lower bounded as
1 Ms

T* Y, & 2 maxr —Hs_i. 3.9
o) sella| 2y (Hea + 1 mpl L%J) (32)

Proof. The proof is presented in Section 3.7, and it uses the bound from
Lemma 3.2 whose proof can be found in Section 3.7.1. =

3.2.1 Achievable throughput of the cache-aided BC

The following identifies, up to a factor of 4, the optimal T*, for all ' €
{1,2,--- K} (ie., M € %{17 .-+, K}). The result uses the expression

n—"T
F(HK—Hn—l)+n’

Qpy = n=|T],...,K—1 (3.3)

Note that the above does not hold for I' = K, as this would imply no need for
delivery.
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Theorem 3.1 Inthe (K, M, N,«) cache-aided MISO BC with N files, K < N
users, I € {1,2,--- K}, and for n = argmax,cr g—1jnz{n’ : apy < al,
then

(K —T')(Hg — Hy)
(K—n)+an+ K(Hg — Hy,—1))

T = max{1 — 7, } (3.4)

s achievable and always has a gap-to-optimal that is less than 4, for all o, K.

For a > %, T is optimal.

Proof. The caching and delivery scheme that achieves the above performance
is presented in Section 3.5, while the corresponding gap to optimal is bounded
in Section 3.8. m

The above is achieved with a general scheme whose caching phase is a
function of a. We will henceforth consider a special case (n = I') of this
scheme, which provides similar performance (it again has a gap to optimal
that is bounded by 4), simpler expressions, and has the practical advantage
that the caching phase need not depend on the CSIT statistics « of the delivery
phase. For this case, we can achieve the following performance.

Theorem 3.2 Inthe (K, M, N, «) cache-aided MISO BC withT" € {1,2,--- | K},

(1 —~)(Hx — Hr)

T = 3.5
a(Hg — Hr)+ (1 —a)(1 —7) (35)
1s achievable and has a gap from optimal
T
— <4 :
T < (3.6)

that is less than 4, for all a, K. Thus the corresponding per-user DoF takes
the form

L—n

(3.7)

Proof. The scheme that achieves the above performance will be described later
on as a special (simpler) case of the scheme corresponding to Theorem 3.1. The
corresponding gap to optimal is bounded in Section 3.8. =

The following corollary describes the above achievable T', under the loga-
rithmic approximation H,, ~ log(n). The presented expression is exact in the

large K setting? where Pfé;zgr =1.
v

Hig—Hp _
log(3)

2For large K, this approximation 1 is tight for any fized ~.
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Corollary 3.1 Under the logarithmic approzimation H, =~ log(n), the derived
T takes the form

(1—7)log(3)
T(v,a)= = (3.8)
alog(L) + (1 - a)(1— )
and the derived DoF takes the form
1—
div,a) =a+(1—-a) 17 (3.9)
log 5

For the large K setting, what the above suggests is that current CSIT offers
an initial DoF boost of d*(y = 0, ) = « (cf. [67]), which is then supplemented
by a DoF gain

1—n

e @)

8y
attributed to the synergy between delayed CSIT and caching®. These syner-
gistic gains (see also [71]) are accentuated for smaller values of v, where we

see an exponential effect of coded caching, in the sense that now a microscopic
v = e~ can offer a substantial DoF boost

d(v,a) —d*(y=0,0) > (1 — «

1
diy=e"%a)—d(y=0,a)~ (1-a)5- (3.10)
Interplay between CSIT quality and coded caching in the

symmetric MISO BC

The derived form in (3.7) (and its approximation in (3.9)) nicely capture the
synergistic as well as competing nature of feedback and coded caching. It is
easy to see for example that the effect from coded-caching, reduces with « and
is proportional to 1 —a. This reflects the fact that in the symmetric MISO BC,
feedback supports broadcasting by separating data streams, thus diminishing
multi-casting by reducing the number of common streams. In the extreme case
when a = 1, we see — again for the symmetric MISO BC — that the caching

gains are limited to local caching gains®*.

3.3 Cache-aided CSIT reductions

We proceed to explore how coded caching can alleviate the need for CSIT.

*We note that these interference-removal gains, particularly in the large K regime, are
not a result of extra performance boost directly from D-CSIT, because in the large K setting,
this latter performance boost is negligible (vanishes to zero) without caching.

“This conclusion is general (and not dependent on the specific schemes), because the
used schemes are optimal for & = 1. The statement holds because we can simply uniformly
cache a fraction + of each file in each cache, and upon request, use perfect-CSIT to zero-force
the remaining requested information, to achieve the optimal 77 (v,a = 1) = 1 — +, which
leaves us with local (data push) caching gains only.
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3.3.1 Cache-aided CSIT gains

To capture the cache-aided reductions on the CSIT load, let us consider
a(y,a) = argmin{a’: (1 -7)T"(y = 0,0) < T(v, @)}
which is derived below in the form
aly,a) = a+ 0q4(7y, @)

for some 94 (y, ) that can be seen as the CSIT reduction due to caching (from
a(v,a) to the operational «).

Corollary 3.2 In the (K,M,N,«a) cache-aided MISO BC, then

(1 — o)(Hgy — 7Hk)
(Hrx —1)(Hx — Hrey)

aly,a) =a+ (3.11)

is achievable, and implies a cache-aided CSIT reduction

(1—a)(Hxy —vHk)
(Hg —1)(Hr — Hgo)

dar (77 Oé) =

Proof. The proof is direct from Theorem 3.2. m
The above is made more insightful in the large K regime, for which we
have the following.

Corollary 3.3 In the (K, M, N, «a) cache-aided MISO BC, then

1—x

a(y, a) :a—i—(l—a)log(l)

(3.12)

which implies CSIT reductions of

IL—v

504('7705) = (1 - O‘)d(f}/?a = O) = (1 - a)log(l)'

Proof. The proofis direct from the definition of &(7, a) and from Theorem 3.2.
[

Furthermore we have the following which quantifies the intuition that, in
the presence of coded-caching, there is no reason to improve CSIT beyond a
certain threshold quality. The following uses the definition in (3.3), and it
holds for all K.
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Corollary 3.4 Forany ' € {1,..., K}, then

T (v,0) =T"(y,a=1)=1—v (3.13)
holds for any
B K(l—-~)—1
o> apK—-1 = m (3.14)

which reveals that CSIT quality o = oy r—1 15 the mazimum needed, as it al-
ready offers the same optimal performance T* (v, = 1) that would be achieved
if CSIT was perfect.

Proof. This is seen directly from Theorem 3.1 after noting that the achievable
T matches T*(y,a=1)=1—7v. =m

How much caching is needed to partially substitute current CSIT
with delayed CSIT (using coded caching to ‘buffer’ CSI)

As we have seen, in addition to offering substantial DoF gains, the synergy
between feedback and caching can also be applied to reduce the burden of
acquiring current CSIT. What the above results suggest is that a modest ~
can allow a BC system with D-CSIT to approach the performance attributed
to current CSIT, thus allowing us to partially substitute current with delayed
CSIT, which can be interpreted as an ability to buffer CSI. A simple calculation
— for the large- K regime — can tell us that

o = argmi/n{*y/ cd(y,a=0)>d"(y=0,a)} =e Y/

v
which means that yla = ¢~/ guffices to achieve — in conjunction with delayed
CSIT — the optimal DoF performance d*(y = 0,«a) associated to a system
with delayed CSIT and a-quality current CSIT.

Example 3.1 Let K be very large, and consider a BC system with delayed
CSIT and a-quality current CSIT, where o = 1/5. Then 7;:1/5 =P =
0.0067 ~ 1/150 which means that

d*(y=0.0067,c = 0) > d*(y = 0,0 = 1/5)
which says that the same high-K per-user DoF performance d*(y = 0,a =
1/5), can be achieved by substituting all current CSIT with coded caching em-

ploying v =~ 1/150.
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3.4 Examples of schemes

The scheme that achieves the above results, will be presented in its general
form in Section 3.5. To offer some intuition on the schemes, we provide here
different examples (all for the case of K = N = 3, M = 1), first for the case of
a = 1, then for the general case of a € (0,1) corresponding to Theorem 3.2,
and then a third example again for the general case of o € (0, 1), now for the
case corresponding to Theorem 3.1, where the caching redundancy increases
with a.

In our examples here, for simplicity, the three distinct files in the library
will be relabeled as W7 = A, Wy = B, W3 = C. Finally we assume the worst-
case request where A, B, C are requested by user 1, 2, 3, respectively.

3.4.1 Scheme for o =1

We offer this example as a warm up exercise, as the scheme is very simple.
For caching, each user stores a fraction v = % = 1/3 of each file, and then
(upon notification of the three requests) the remaining f(1 — ) = % bits of
each desired file are delivered using interference-free zero forcing which employs
perfect CSIT. Hence after an optimal duration T = (1—v) = %, the transmitter
delivers file A to user 1, B to user 2 and C' to user 3. In this symmetric setting,
the complete separation of signals due to perfect-CSIT, renders multicasting

unnecessary, and the optimal performance reflects only local caching gains.

3.4.2 Scheme for « € (0,1)

We proceed with the general case of a € (0,1), again focusing on the case
corresponding to Theorem 3.2 where 7 is forced to be n =T, for all « (in this
case, n = 1).

Placement phase

The cache placement is the same as in the case of @ = 0 described in Sec-
tion 2.4.1 in Chapter 2.

Data folding

Recall that users 1,2,3 respectively request files A, B, C, which will be delivered
with delay 7. Also recall than now, user 1 requires files Ay, A3, user 2 files
By, B3z, and user 3 files C1,C2. Each of these subfiles will be split into two
mini parts, where for example Ay = (Ag , Ag ), Az = (Ag, Ag ) and similarly for
By, B3, Cy, Oy, such that |A}| = |A}| = |B]| = |Bj| = |C]| = |C]| = LT bits.
Now the three generated XORs will be AB éAg P B{, AC’éAg; <) C’{, and
BC 2 Bg &) C’g , and which will delivered the ‘folded’ part each missing subfile,
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while the remaining ‘unfolded’ parts Ag , Ag , B{_ , B:{ , C’{_ , C’; will be delivered
via a ZF component inside the employed QMAT scheme, as we describe below.

Transmission

We proceed to describe the transmission of the aforementioned folded and
unfolded messages, employing the last two phases of the three-user QMAT
algorithm from [67].

Phase 2: This phase will take as input the folded messages (which will be
decoded upon completion of the third phase later on), and will also deliver
some of the unfolded messages. For any K~-length set (in this case, for any
pair) ¢ € {{1,2},{1,3},{2,3}}, and for ) £{1,2,3}\1), the transmission takes
the form

3
@ = Gy iy + 95,05, + > Grhi (3.15)
k=1

where

o Gy é[g&t, Uy, for g5, being simultaneously orthogonal to the chan-
nel estimates of the two users in ¢, and for U,, € C**? being a randomly
chosen sub-unitary matrix

® gy, is orthogonal to the current estimates of the channels to users {1,2,3}\k

° Ty, = [%w&,%w,Q,O]T is a K = 3-length vector with K — K+ = 2 non-
zero scalar entries, where each scalar has rate (1 — «) log P bits per unit
time, and where each scalar has power E[|zy 1|?] = P, E[|zy 2| = P17

e the bits in XOR AB (¢ = {1,2}) are split evenly between x(; 9} ; and
T{1,2},2, the bits in XOR AC (¢ = {1, 3}) are split evenly between x(; 3 1
and x5}, and the bits in XOR BC (¢ = {2,3}) are split evenly
between (9 3y1 and x(33) 0

e irrespective of 1), ag; is the ZF symbol carrying the unfolded messages
for user k € {1,2,3}, with the rate avlog P bits per unit time, and with

power P%
° a:—) , Is an auxiliary symbol intended for user 1, carrying residual inter-
ference®. The symbol has power P, and rate min(l — «,a)log P bits

per unit time. Auxiliary symbols allow for the simultaneous delivery of
private data (unfolded messages) and higher-order data (XORs)

5The interference is carried over from a previous round of the QMAT scheme. We spare
the reader some of the details regarding rounds, and consider the scheme for just one round.
The rounds are linked via the auxiliary variables, and having more than one round simply
guarantees the QMAT DoF optimality, as it minimizes the cost of initialization.
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e Transmission x; is sequential: first for ¢» = {1,2}, then for ¢ = {1,3},
and then for ¢ = {2, 3}.

For any given 1, the received signal (noise removed) yy+ of each desired
user k € 1, takes the form

Unp = A Gyty +—h%;g¢¢a5¢%-h%}gk¢ak¢ (3.16)

£ Ly i, power = P - pl-a ~ pa
while the received signal for the other user 1/;, takes the form

Yjt = h;‘g,tgd;,tajﬁ,t + h%tGw’tw%t —+ h’g,tgzﬁ,tazz,t . (3.17)

power = P iy 5 Pl P

It is easy to see that at the end of this phase, each user in ¥ needs one more ob-
servation to resolve xy, 1, T 2, hence the overheard messages iw/; S hg’tG¢7tww,t
will be quantized and placed into a message that will be meant for Ky+1 =3
users, and which will be delivered in the next phase.

To calculate the duration of this second phase, we recall that the phase
terminates when we transmit AB = Ag & B{, AC = Ag & C{, and BC =
B} ®C{. Given that |A}| = |A}| = |B]| = |B}| = |c]| = |C]| = LT bits (by
design, as we have seen above), means that |AB| = |AC| = |BC| = § — faTT
Given that the rate of each transmitted scalar 1 and xy 2 is (1 —a) log P bits
per unit time, and given that we are transmitting all three XORS AB, AC, BC,

1 faT

means that the duration of the second phase is 3%(17_2(1).

Phase 3: We use ng to denote the quantized version of iy 5 Which can
be reconstructed by the transmitter in the next phase. Instead of creating
two linear combinations as in the case of only having delayed CSIT, here we
use the XOR operator to combine messages: we create fi éEu,g @ 51372 and
f2£i132 D ia31. The transmission then takes the form

3

Ty = [xc,tv 07 O]T + ngyta'k,t (318)
k=1

where z.; carries information from f; and fz, has power P, rate (1 — a) log P
bits per unit time, and finally where aj; is again the ZF symbols with power
P< and rate alog P bits per unit time, as before.

Decoding

Now each user can decode z.; and its own private (ZF) messages in phase 3,
and can then go back to phase 2 to decode the XORs and the private messages.
To see this, we again focus on user 1 who already knows Ly 931, Lf1,3).15 5{273}71
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Figure 3.1: Cache-aided retrospective communications scheme.

(cf. (3.16)), where Ly, éhthw,tl‘w,t (here, since we focus on user 1, we set
k=1).

From the common message x., user 1 knows f; = 512,3 &) 513,2 and fo =
513,2 @ 523,1. Using its knowledge of 52371 with fo, user 1 can get 51372, and
then from f; she can also have 512,3. Now user 1 combines 51273 with L{LQ}’l
to get xy 9y,1 and xyq 2y o which allows us to resolve AB = Ag & B{. Then
user 1 combines i132 with Ly 31 to get @y 3)1 and @y 3y o which allows us
to resolve AC = Ag): @C{. Using B{ € 7 yields Ag, and using C{ € 7 yields
Ag . Combined with the ZF-transmitted private data which delivers Ag and
Ag, completes the delivery of Ay, As and thus of A.

To calculate the duration of the third phase, we recall that x.; carries fi

1_ faT
and fo, each of size |f1| = |f2] = 3T Thus x; carries a total of 7 — fO‘TT
bits, at a rate of (1 — «)log P bits per unit time. Hence the total duratlon of

1_jar _foT
phase 3 is 4;—2— Combined with the duration 3 5= 2a) of phase 2, implies a
total duration of
10
- 3.19
12 4 3« ( )
which matches the derived expression
T (1—~)(Hk — Hr) _ 2(Hs — Hy) _ 10

a(Hg — Hr)+ (1 —a)(1 —7) a(H3—H1)+(1—a)% 12 + 3a’

3.4.3 Scheme for adapting caching redundancy 7 as a
function of «

In the previous example, we considered the case corresponding to Theorem 3.2
where the caching redundancy 7 is fixed as 7 = K+. This incurs a certain (al-
beit small) degree of sub-optimality, because as we explain in the next section,
a higher « can allow for higher caching redundancy because more private mes-
sages means reduced multicasting, thus allowing for some of the data to remain
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uncached, which in turn allows for more copies of the same information across
different users’ caches (see Fig 3.1). Here we give an example of the general
scheme that captures this interplay between n and «, and which corresponds
to Theorem 3.1, which improves slightly upon Theorem 3.2. Our focus in this
example is to show how we calibrate — as a function of & — the cache place-
ment and the process of creating the XORs. This is again presented for the
caseof K =N=3, M =1.

Using the defined breaking points oy, , = F(HK—+5—1)+T;’ n=I[T],...,K-1
in (3.3), the range of « is split into two intervals. The first interval is o €
[0,a32) = [0,2] during which the scheme remains the same as the scheme
we presented in the previous example, where by choosing n = Ky = 1, we
create XORs that are meant for two users at a time. In the second interval
a > apy = %, we set 1 = 2, and each XOR is meant for n + 1 = 3 users,
allowing to skip the second phase of the previous example. Below we show
how caching and folding adapts to this case.

Placement phase: We first split each file as
A= (AcaAE)vB: (BC,BE),C: (Ccacé)a (3.20)

where A€, B¢, C¢ denote the cached parts, and A°, B¢, C¢ the parts that are

not cached. The split is such that |A¢| = |B¢| = |C¢| = f% = % Then

each cached part is again divided evenly into (K) = 3 mini parts as A¢ =
(Ai2, Auz, Az3), B¢ = (Bi2, B3, B23),C¢ = (Ci2,C13,Ca3), and then the
caches are filled as

Z1 = A1z, A13, Bi2, Bi3, C12, C13,
Zy = A12, Aoz, Bi2, Ba3, C12, Cas,
Zg = Ai3, Ass, B3, Bos, C13, Cas. (3.21)

Now, to satisfy the requests A, B,C for users 1,2,3 respectively, we must
send Aoz @ Biz @ Ci2 as well as the uncached messages A€, B¢, C°. This
will be achieved by employing phase 7 + 1 = 3 of the scheme we saw in
the previous example, where the transmission again takes the form x; =
[2c4,0,0]T + Zizl 9k.t0k,t, Where x.; carries Aoz @ Big © C12 (again with
power P and rate (1 — «)log P bits per unit time), while aj ¢, az¢+, as; respec-
tively carry A€, B¢, C°¢ (each with power P® and rate alog P bits per unit
time).

This adaptation of 1 as a function of « provides for a slightly better per-
formance, which now — for any o > % — takes the form T'=1— v = %,
which is the interference-free optimal, despite having imperfect CSIT, as this
was discussed in Corollary (3.4). The above performance is an improvement

K(1—)-1 3

over the previously derived T = 12103(1 for all a > RO = 1-
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3.5 Cache-aided retrospective communications

We proceed to describe the communication scheme, and in particular the pro-
cess of placement, folding-and-delivery, and decoding. In the end we calculate
the achievable duration T

The caching part is modified from [2] to ‘fold’ (linearly combine) the dif-
ferent users’ data into multi-layered blocks, in a way such that the subse-
quent Q-MAT transmission algorithm (cf. [67]) (specifically the last K — 7,
(na € {I',..., K — 1}) phases of the QMAT algorithm) can efficiently deliver
these blocks. Equivalently the algorithms are calibrated so that the caching
algorithm creates a multi-destination delivery problem that is the same as that
which is efficiently solved by the last stages of the QMAT-type communication
scheme. We henceforth remove the subscript in 7, and simply use 7, where
now the dependence on « is implied.

3.5.1 Placement phase

We proceed with the placement phase which modifies on the work of [2] such
that when the CSIT quality « increases, the algorithm caches a decreasing
portion from each file, but does so with increasing redundancy. The idea
is that the higher the «, the more private messages one can deliver directly
without the need to multicast, thus allowing for some of the data to remain
entirely uncached, which in turn allows for more copies of the same information
across different users’ caches.

Here each of the N files W,,,n =1,2,..., N (|W,| = f bits) in the library,
is split into two parts

where W (c for ‘cached’) will be placed into one or more caches, while the
content of WY (¢ for ‘non-cached’) will never be cached anywhere, but will in-
stead be communicated — using CSIT — in a manner that causes manageable
interference and hence does not necessarily benefit from coded caching. The
split is such that

_ KMf
-

Wl
n

(3.23)

wheren € {I',..., K—1} is a positive integer, the value of which will be decided
later on such that it properly regulates how much to cache from each W,,. Now
for any specific 1, we equally divide W into (I; ) subfiles {Wy _ }rew,,

Wy ={W;  }rev, (3.24)
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where® W, := {7 C [K] : |7| =7} and where each subfile has size

KM M
we = ZMI M (3.25)

Nu(y) NG

Now drawing from [2|, the caches are filled as follows

Zy = {Wy; 3.26
k { nﬂ—}nG[N],TG\Ifg,k) ( )

where \115,’“) = {7 €WV, : ke 7} Hence each subfile W _ is stored in Z

n,T
as long as k € 7, which means that each Wy . (and thus each part of Wy) is
repeated 7 times in the caches. As 7 increases with «, this means that CSIT
allows for a higher redundancy in the caches; instead of content appearing in
I" different caches, it appears in n > [' caches instead, which will translate into

multicast messages that are intended for more receivers.

3.5.2 Data folding

At this point, the transmitter becomes aware of the file requests Ry, k =
1,..., K, and must now deliver each requested file Wg,, by delivering the
constituent subfiles {W]%M}TE%\\P%M as well as W, , all to the corresponding

receiver k. We quickly recall that:

1. subfiles {Wp T}TE\P(;@ are already in Zy;
’ 7

2. subfiles {Wg _}
cached in Zy;

rew,\wiH are directly requested by user k, but are not

3. subfiles ZL\N{W}, _} _ w0 = Zk\WFp, are cached in Zj, are not directly
) n v

requested by user k, but will be useful in removing interference.

We assume the communication here has duration 7. Thus for each k and
a chosen 7, we split each subfile Wy ., 7 € \I/n\\I/%k) (each of size [Wg | =

(MTJ;) as we saw in (4.9)) into

n—1
wWe = mrc,f ”763 ] (3.27)
Rk,’r Rva Rk,T

where WE{ - corresponds to information that appears in a cache somewhere
and that will be eventually ‘folded’” (XORed) with other information, whereas

®We recall that in the above, T and Wy . are sets, thus |7|, |W .| denote cardinalities;
|7| = n means that 7 has n different elements from [K], while |Wy .| describes the size of
W, - in bits.
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W}%’zT corresponds to information that is cached somewhere but that will not
be folded with other information. The split yields

_ JaT— (-5

5 N .
Wi e (bits) (3.28)
)
where in the above, faT represents the load for each user without causing
interference during the delivery phase, where f(1 — %) is the amount of

uncached information, and where |WE:T| =|Wg, .| — |W§I{T|

We proceed to fold cached content, by creating linear combinations (XORs)
from {WE’JJ}TE%\\P%@,VIC. We will use P/ (7) to be the function that re-
places inside 7, the entry k¥’ € 7, with the entry k. As in [2], the idea is that
if we deliver

WIC%{,T S (@k/e‘r Wg’ipk,k,(ﬂ.)) (3.29)

N———
€2y

the fact that W]%kf;vpk,k’(T) € Zj, guarantees that receiver k can recover Wf%’gﬁ,

while at the same time guarantees that each other user ¥’ € 7 can recover its
own desired subfile W/ ¢ Zw VK € 7.
Rk,P k,k! (1)

Hence delivery of each WE{ e (Bpre, W

Rkhpk,k’(T)) of size

f o — f
’WEkyT @ (Gak,eTW;%k/,Pkw(T))’ - ‘Wl(fzkﬂ"

(cf. (4.9)), automatically guarantees delivery of W]c%:, P, () t© each user k' €
T, i.e., simultaneously delivers a total of n + 1 distinct subfiles (each again of

size |W§£ka,k/(T)| = \WE}{A bits) to n + 1 distinct users. Hence any

Xy = @rey Wi\ 11y ¥ € Ui (3.30)

— which is of the same form as in (3.29), and which is referred to here as
an order-(n + 1) folded message — can similarly deliver to user k € v, her
requested file WEZ Dk which in turn means that each order-(n + 1) folded
message X, can deliver — with the assistance of the side information in the
caches — a distinct, individually requested subfile, to each of the n 4+ 1 users

ke P (Q,Z) S \Ifn+1).
Thus to satisfy all requests {Wg, \Z |, the transmitter must deliver

e uncached messages Wp, , k=1,..., K
e cached but unfolded messages {W§Z¢\{k}}¢€‘1’n+17 k=1,....K
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e and the entire set
Xy = { Xy = Srey W57 1 oy bvewnn (3.31)

consisting of |Xy| = (77]451) folded messages of order-(n + 1), each of size
(cf. (3.28),(4.9))

Xyl = Wil | =W, = Wil

_fA=y=al) g (3.32)

K—1
;)
3.5.3 Transmission

We proceed to describe the transmission of the aforementioned messages by
adapting the QMAT algorithm from [67], with delay 7'

The QMAT algorithm has K transmission phases. For each phase i =
1,---, K, the QMAT data symbols are intended for a subset S C [K] of users,
where |S| = i. Here by adapting the algorithm, at each instance ¢t € [0,T]
through the transmission, the transmitted vector takes the form

K
T = Geper + O Gostis + > Gpsl (3.33)
LesS k=1

with x.; being a K-length vector for QMAT data symbols, with a;, being an
auxiliary symbol that carries residual interference, where S is a set of ‘unde-
sired’ users that changes every phase, and where each unit-norm precoder gy, ,
for user kK =1,2,..., K, is simultaneously orthogonal to the CSI estimate for
the channels of all other users (g;, acts the same), thus guaranteeing

by G = 0, VK € [K]\k. (3.34)

Each precoder G is defined as Gt = [g,.;, Uct], where g, is simultaneously
orthogonal to the channel estimates of the undesired receivers, and U.; €
CE*(K-1) ig 3 randomly chosen, isotropically distributed unitary matrix 7.

We will allocate the rates such that

"Whenever possible, we will henceforth avoid going into the details of the QMAT scheme.
Some aspects of this scheme are similar to MAT, and a main new element is that QMAT
applies digital transmission of interference, and a double-quantization method that collects
and distributes residual interference across different rounds, in a manner that allows for
ZF and MAT to coexist at maximal rates. The important element for the decoding part
later on, will be how to load the symbols, the rate of each symbol, and the corresponding
allocated power. An element that is hidden from the presentation here is that, while the
QMAT scheme has many rounds, and while decoding spans more than one round, we will
— in a slight abuse of notation — focus on describing just one round, which we believe is
sufficient for the purposes of this paper here.
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e cach x.; carries f(1 — o)dur(x.,) bits,
e cach aj, carries min{f(1 — «), fa}dur(g,,aj,) bits,
e cach ay, carries fadur(gy ,ay) bits,
and we will allocate power such that
E{|@edl i} = E{lag,[*} = P, E{|ac.l{} = E{lar]*} = P°

where |x.4|;,i = 1,2, , K, denotes the magnitude of the i*" entry of vector
et

)

Remark 1 Recall that instead of employing matriz notation, after normaliza-
tion, we use the concept of signal duration dur(x) required for the transmission
of some vector x. We also note that due to time normalization, the time index
t € [0,T], need not be an integer.

For any «, our scheme will be defined by an integer n € [I', K — 1] N Z,
which will be chosen as

- gy < 3.35
n=arg  max A ony <o} (3.35)

for
(6] = 77_F
"1 T(Hx —Hy—1)+7n

(3.36)

7 defines the amount of cached information that will be folded ({Wf%kf N e\ w®)

©) n n
), and thus also the amount of cached information that will not be folded
({WE: o cw o ) and which will be exclusively carried by the different ay, ;.
In all cases,

o all of {Xw}we%, +1 (which are functions of the cached-and-to-be-folded
{WE’I{T}TG\I] \qj(k)) will be exclusively carried by .., t € [0,T], while
’ n\¥n

e all of the uncached Wﬁk (foreach k =1,..., K) and all of the cached but

unfolded {Wf%g T}re o will be exclusively carried by ay¢,t € [0,T.
Transmission of {Xy}yew, ., From [67], we know that the transmission
relating to x.; can be treated independently from that of a;; with the as-
sistance of ay,, simply because — as we will further clarify later on — the
ay,; do not acvtually interfere with decoding of ., as a result of the scheme,
and as a result of the chosen power and rate allocations which jointly adapt
to the CSIT quality o. For this reason, we can treat the transmission of .,
separately.
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Hence we first focus on the transmission of {Xy}yecw,,,, which will be
sent using ¢, t € [0, 7] using the last K — n phases of the QMAT algorithm
in [67] corresponding to having the ZF symbols aj; set to zero. For ease of
notation, we will label these phases starting from phase n+ 1 and terminating
in phase K. FKEach phase j = n+ 1,..., K aims to deliver order-j folded
messages (cf. (3.31)), and will do so gradually: phase j will try to deliver (in
addition to other information) N; := (K —j + 1)(1]() order-j messages which
carry information that has been requested by j users, and in doing so, it will
generate Njiq := j(jfl) signals that are linear combinations of received signals
from j+1 different users, and where these N, signals will be conveyed in the
next phase j + 1. During the last phase j = K, the transmitter will send fully
common symbols that are useful and decoded by all users, thus allowing each
user to go back and retroactively decode the information of phase j = K — 1,
which will then be used to decode the information in phase j = K — 2 and
so on, until they reach phase j = n+ 1 (first transmission phase) which will
complete the task. We proceed to describe these phases. We will use T} to
denote the duration of phase j.

Phase 1+ 1: In this first phase of duration 7).1, the information in
{Xy}yew, , is delivered by x 4, t € [0,T;41], which can also be rewritten
in the form of a sequential transmission of shorter-duration K-length vectors

Ty = [Typ1y. s Ty ic—n; 0y, 017 (3.37)

for different 1), where each vector x,, carries exclusively the information from
each Xy, and where this information is uniformly split among the K — n
independent scalar entries @, ;, i = 1,..., K — 1, each carrying

Xyl fA—v—aT)
(K=m) (" )(K=n)
bits (cf. (6.14)). Hence, given that the allocated rate for x.; (and thus the

allocated rate for each x,) is (1 — o) f, we have that the duration of each x,
is

(3.38)

| Xy

dur(zy) = E-ni-af (3.39)
Given that |Xy| = (nlil)’ then
o K o (nl—il)|X¢’
T77+1 = (77 i 1) dur(acw) = (K — 77)(1 — a)f (340)

After each transmission of @y, the received signal yi., t € [0,T541] of
desired user k (k € ¢) takes the form

T T T
Ukt = hiGeper +hyy E 9010+ Ry 1 G 1kt (3.41)
—_—————— e ————
Ly k,power = P v P
= pl-a
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while the received signal for the other users k € [K]\v takes the form

T * T * T T
Yk t=Pp 1 Gp a4 E 9p10p, g Gepethy gy 1kt (3.42)
— te ~-
power = P 5¢1’§ Ly ,= Pl P
G,k = P

where in both cases, we ignored the Gaussian noise and the ZF noise up to
PO Each user k € [K] receives a linear combination Ly j of the transmit-

ted K —n symbols @y 1,7y 2,...,%y K-y Next the transmitter will some-
how send an additional K — n — 1 signals Ly, k € [K]\¢ (linear combi-
nations of @y 1,2y 2,..., 2Ty K-y as received — up to noise level — at each

user k' € [K]\v) which will help each user k € 1 resolve the already sent
Tap 1, Tap 25 - - > Ty —- This will be done in the next phase j =n + 2.

Phase n+2: The challenge now is for signals @y, t € (Ty41, Ty1 + Thy12]
to convey all the messages of the form

i Yk € K\, Vi € Uiy

to each receiver k € 1. Note that hit > _tey 9o 10y, is the residual interference
£k ’

of the previous round which can be removed eagily and each of the above linear
combinations, is now — during this phase — available (up to noise level) at
the transmitter. Let

Wyo={v € [K] : [¢|=n+2} (3.43)

and consider for each 1 € ¥, 15, a transmitted vector

Lyp = [xml, cee ,331/,7[(,77,1,0, .. .,O]T

which carries the contents of n+1 (I =1,--- ,n+ 1) different elements

Jir = (igp\fiy ok @ i\ ey ), K # K kK €9

where Zw\{Pk}yPk is the quantization of iy\(p,} p, from phase 1. f; are pre-
determined and known at each receiver. The transmission of {zy }vyew, ., is
sequential.

It is easy to see that there is a total of (n+1) (nfz) XORs in the form of f;,
each of which can be considered as an order-(n + 2) signal intended for n + 2
receivers in ¢. Using this, and following the same steps used in phase n + 1,
we calculate that

T)yo = (nf 2) dur(ay) = T,,HZ::;. (3.44)

We now see that for each v, each receiver k € 1 recalls their own observa-

tion iy (x),, from the previous phase, and removes it from f;, thus now being
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able to acquire the 1 + 1 independent linear combinations { Ly (x} k vkey\ (£}
by easily removing the auxiliary symobls. The same holds for each other user
k€.

After this phase, we use Ly, % € U, to denote the received signal of
QMAT at receiver k. Like before, each receiver k, k € 9 needs K —n — 2 extra
observations of @y 1, ..., %y k—p—1 which will be seen from Ly, 1., Vk ¢ 9, which
will come from order-(n+ 3) messages that are created by the transmitter and
which will be sent in the next phase.

Phase j (n+ 3 < j < K): Generalizing the described approach to any
phase j € [n+3,..., K], we will use @4, t € [Zg;;ﬂ Ti, =11 Til to convey
all the messages of the form

ik, Yk € K\, Vb € U;
to each receiver k € ¥. For each

YeV;={yYelK] : |[¢|=j} (3.45)
each transmitted vector

ww = [.’L’wl, . ,:E%K,j,l,o, e ,O]T

will carry the contents of j — 1 different XORs f;,I = 1,...,5 — 1 of the
j elements {gw\{k},k}Vk‘Ew created by the transmitter. After the sequential
transmission of {Zy }yyew,, each receiver k can obtain the j — 1 independent
linear combinations { Ly (k) k fvkey\(k} @gain by removing the auxiliary sym-
bols. The same holds for each other user ¥’ € 1. As with the previous phases,
we can see that

+1 |
E:Tﬁ+1n77 .7:77+377K (346)

This process terminates with phase 7 = K, during which each
Loy = [.’,1,'1/,71,0, 07 s 70]T

carries a single scalar that is decoded easily by all. Based on this, backwards
decoding will allow for users to retrieve {Xy}yecw,,, This is described imme-
diately afterwards. In treating the decoding part, we briefly recall that each
akt, k=1,..., K carries (during period ¢ € [0,T1), all of the uncached Wf%k

and all of the unfolded {W}%’ZT}T@ \h-
) n\¥n

3.5.4 Decoding

The whole transmission lasts K — 7 phases. For each phase j,j =n+1,--- | K

and the corresponding v, the received signal yi,, ¢ € [Zg;éﬂ T;, g=17+1 T;]
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of desired user k (k € ¢) takes the form

T T T
Ykt = hk,tGC,th,t + hk,t Z gé,tazt + hk,tgk,tak,t (3.47)
—_— e —_———
power = P v P
= Pl—a

while the received signal for the other users k € [K]\ takes the form

T * T * T T
yk,tzhk,tgk,tak,tmk,tE 9eapThy  Ge ety G an
——

le
power = P g;;]ﬁ Ly gt= P« po

iy k= P

where again we ignored the Gaussian noise and the ZF noise up to PY. As
we see in [67], after each phase, iy is first quantized with (1 — 2a)" log P
bits, which results in a residual quantizaton noise n, j with power scaling as
P“. Then, the transmitter quantizes the quantization noise n, , with an ad-
ditional alog P bits, which will be carried by the auxiliary data symbols in
the corresponding phase in the next round (here we ‘load’ this round with
additional requests from the users). In this way, we can see that the ‘com-
mon’ signal x.; can also be decoded at user k € [K]\¢ with the assistance
of an auxiliary data symbol from the next round. After this, each user k will
remove hg,thtmqt from their received signals, and readily decode their pri-
vate symbols ay ¢, t € [0,T], thus allowing for retrieval of their own unfolded

{Wl%ziw\{k}}lbe‘l’n{rl and uncached Wg . In terms of decoding the common
information, as discussed above, each receiver k will perform a backwards re-
construction of the sets of overheard equations

{Lyk, Yk € [K\Y}wyew,
.
{Lyk, Yk € [K\V}vypew,

until phase n + 2. At this point, each user k has enough observations to
recover the original K — 1 symbols xy 1,2y 2, ..., Ty K-y that fully convey
Xy, hence each user k can reconstruct their own set {W}?,iw\{k}}we‘l’nﬂ which,
combined with the information from the ayy, t = [0,7] allow for each user k
to reconstruct {Wp, ,zp\{k:}}we‘lfnﬂ which is then combined with Zj, to allow for
reconstruction of the requested file Wg, .

3.5.5 Calculation of T
To calculate T, we recall from (3.46) that

K K
n+1
T=Y T;=Tp1 », —— =0+ 1)(Hx — Hy)Ty1
j=ir =17
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which combines with (3.38) and (3.40) to give
(K —T')(Hg — Hy)
(K —n) +a(n+ K(Hk — Hy = 1))

as stated in Theorem 3.1. The bound by T" = 1 — v seen in the theorem,
corresponds to the fact that the above expression (3.48) applies, as is, only

when o < ap g1 = % which corresponds to n = K — 1 (where
Xy are fully common messages, directly desired by all), for which we already
get the best possible T' = 1 — «, and hence there is no need to go beyond
o= Kl—)-1

(K-1)(1—)"

T = (3.48)

3.6 Conclusions

This work studied the previously unexplored interplay between coded-caching
and CSIT feedback quality and timeliness. This is motivated by the fact that
CSIT and coded caching are two powerful ingredients that are hard to obtain,
and by the fact that these ingredients are intertwined in a synergistic and com-
peting manner. In addition to the substantial cache-aided DoF gains revealed
here, the results suggest the interesting practical ramification that distributing
predicted content ‘during the night’, can offer continuous amelioration of the
load of predicting and disseminating CSIT during the day.

3.7 Appendix - Proof of Lemma 3.1
(Lower bound on T™)

We here note that for the outer (lower) bound to hold, we will make the com-
mon assumption that the current channel state must be independent of the
previous channel-estimates and estimation errors, conditioned on the current
estimate (there is no need for the channel to be i.i.d. in time). We will also
make the common assumption that the channel is drawn from a continuous er-
godic distribution such that all the channel matrices and all their sub-matrices
are full rank almost surely.

To lower bound T, we first consider the easier problem where we want to
serve s < K different files to s users, each with access to all caches. We also
consider that we repeat this (easier) last experiment [ £ ] times, thus spanning
a total duration of TL%J (and up to L%Js files delivered). At this point, we
transfer to the equivalent setting of the s-user MISO BC with delayed CSIT
and imperfect current CSIT, and a side-information multicasting link to the
receivers, of capacity d, (files per time slot). Under the assumption that in
this latter setting, decoding happens at the end of communication, and once
we set

AT ) = sM (3.49)
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(which guarantees that the side information from the side link, throughout the
communication process, matches the maximum amount of information in the
caches), we have that

T () > [ s (3.50)

where d/z(dm) is any sum-DoF upper bound on the above s-user MISO BC
channel with delayed CSIT and the aforementioned side link. Using the bound

de(dpm) = sa + Hisu — o+ dp)

from Lemma 3.2 (see below), and applying (3.49), we get

TL%J (sa—i—i(l—a—i—%)) > ngs (3.51)

and thus that

Z ;( s %)
(Hsa + 1 — «) ES

s

(3.52)

which implies a lower bound on the original s-user problem. Maximization
over all s, gives the desired bound on the optimal T

- fé‘j) (3.53)

required for the original K-user problem. This concludes the proof of Lemma 3.1.

T > - -
- se{l,‘..r,rrln?r)l((N,K)} (Hsa+1—a)

3.7.1 Sum-DoF bound for the s-user MISO BC, with delayed
CSIT, a-quality current CSIT, and additional side
information

We begin with the statement of the lemma, which we prove immediately below.

Lemma 3.2 For the s-user MISO BC, with delayed CSIT, a-quality current
CSIT, and an additional parallel side-link of capacity that scales as d, log P,
the sum-DoF' is upper bounded as

dsy(dp) < so + Hi(1 — o+ d). (3.54)

S

Proof. Our proof traces the proof of [69], adapting for the additional a-quality
current CSIT.
Consider a permutation m of the set £ = {1,2,---,s}. For any user k, k €
[n]

&, we provide the received signals y,° as well as the message W), of user k to
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user k+ 1,k +2,---,s. We use y([)"} to denote the output of the side-link and
we also define the following notations

n n n (7] s n nl Aln
Q[ ] - {h'[ }k 1 ] = {hk k 1 Z/[[ ] = {Q[ ],Q[ ]},
h” {h, t, “].—-{yk Mo t=1,2,--

Wiy = {W1, Wy, -, Wi}, y[”] = iyl ,yk]}
Then for kK =1,2,---,5s, we have

n(Ry — en) < 1(Wi; yjy ﬁ,yé L Wy lu™) (3.55)
— I(Wy; { o W, ™) (3.56)
IUW%, |VVW_1pLﬂm)-%](Wﬁﬁygﬂh4gaVVw_1plﬂnh

h(yly |W[k 1 UM) = h(y Wy, u™)
+ i Wimy, U™ = (gl Wi, u™) (3.57)

where (3.55) follows from Fano’s inequality, where (3.56) holds due to the fact
that the messages are independent, and where the last two steps use the basic
chain rule. Note that Wy = 0.

S— [n] n
1(h( k+u|ﬂﬁmaﬁﬂ N _}h(yvaVWPZJ[R
P k+1 k
n s—1 t [t—1 t—1 n
:ZZ(h(y§)vayk+1‘y ]a 7y][g+1]aW[k:]7u[ })
t=1 k=1 k + 1
h(ygt)v te ayk; |y[t 1 P 7y]£f 1}) W[k}au[n])
— - ) (3.58)
n s— t t—1 t—1
_ Zl(h’(y§)v ayk+1‘y ]a 7y]E;+1]aW[k]7u[t])
t=1 k=1 k+1
h(y t) ) 7yk)’y[t ! ) 7y][€t 1}7W[k]7u[t])
- ) (3.59)
n s—1 t [t—1
<Z (h(y§)7 'Y k+1‘y ]a o ay][ngl]aW[k]?u[t])
t=1 k=1 k T 1
h(ygt)v ) yk; |y[t 1 y "7t 7y][€t;11}7 W[kbu[t])
- - ) (3.60)
n s—1
1
< szalogp—i—nﬁ(logP) (3.61)
t=1 k=1
=n(Hs; — 1)alog P+ n - o(log P) (3.62)
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where (3.58) follows from the linearity of the summation, where (3.59) holds
since the received signal is independent of the future channel state information,
where (3.60) uses the fact that conditioning reduces entropy, and where (3.62)
is from the fact that Gaussian distribution maximizes differential entropy under
the covariance constraint and from [23, Lemma 2|. From (3.57), we then have

s—1 n] [n] [n] [n]
Z Rk —en) _ Z h( y[k+1]|W[k},U ) Mlypy Wi, U ))

(] 4[n]

] WH,U["]) (?Jo Iy ,W},UM))
k—l—l k

1 ] RIMONY S [n] [n]
S( Wi ™) + h(y ™ Ul — Sh( [y, Wig,ul™)
n(H, — Dalog P + A" ™) + by, utnl)

<nlog P <n-dm log P
s—1 1
+3 (Gg — PhGE uf Wi U + - o(log P)

k
<n(Hs—1)alog P+ nlog P+ n - dylog P+ n - o(log P).
(3.63)

where the second inequality is from (3.62), where the last inequality follows

from the fact that entropy is non-negative and — L < 0. Dividing by

k:+1 k
nlog P and letting P — oo gives

s

d
> ?‘“ < (Hy— Do+ 1+dp, (3.64)
k=1
which implies that
ds:(dp) < s+ Hiu —atdy) (3.65)

S

which completes the proof of Lemma 3.2. =

3.8 Appendix - Bounding the gap to optimal

QOur aim here is to show that

T(y,a>0)

— <4
T (ya>0)

and we will do so by showing that the above gap is smaller than the gap we
calculated above for & = 0 in Appendix in the Chapter 2, which was again
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bounded above by 4. For this, we will use the expression®

(1 —7)(Hg — Hr)

T(v,a >0) = 3.66
(v ) a(Hg —Hr)+ (1 —a)(1 —7) ( )
from Theorem 3.2, and the expression
1 Ms
T*(v,a>0)> max ————(Hs———)
se{lo | )} (Hsa +1—q) B
from Lemma 3.1. Hence we have
T (=) (Hr—Hk)
F < a(HK_HKw)l'i‘(l—a();_'Y) Ms) (367)
max = (Ha+i—a) s = X
s€{l,n. 2|y (Hoot1=e) ]
( (1_7)(}1;K(—HK;() )
a(Hgk—Hg~)+(1—a)(1—y
< il V(H M) (3.68)
(Hscatl—a) Se L%J
9(s07)
where s = s. € {1,..., 2]}, but where this s. will be chosen here to be

exactly the same as in the case of a = 0. This will be useful because, for that
case of @ = 0, we have already proved that the same specific s. guarantees
that

Hg — Hg,

E@C—-tgj

<4 (3.69)

for the appropriate ranges of . This will apply towards bounding (3.68).
The proof is broken in two cases, corresponding to v € [%, %], and

v € [0, 55].

Case 1 (o > 0,7 € [, £21))

As when oo = 0 (cf. [71]), we again set s = 1, which reduces (3.68) to

(1) (Hxc—Hicy)
T(a>0,7) _ alH—Hi)+0-a)1=)

T*(a>0,7) ~ 1—v

For this case — when « was zero, and when we chose the same s = 1 — we have

already proved that T(Of%g”) < 4. As aresult, since T'(a > 0,7) < T'(a = 0,7),
T(a>0,7) 1
T*

and since 1 — vy < T™, we conclude that <4, v € [55 %] which
completes this part of the proof.

8We note that the here derived upper bound on the gap corresponding to the T in
Theorem 3.2, automatically applies as an upper bound to the gap corresponding to the 7'
from Theorem 3.1, because the latter 7" is smaller than the former.
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Case 2 (> 0,7 € [0, 3])
Going back to (3.68), we now aim to bound

(1—)(Hx —Hk~)
a(Hg—Hp)+(1—a)(1—7)

9(se,7) = Ry < 4. (3.70)
(Hscat+1—a) Sc L%J

We already know from the case of a = 0 (cf. (3.69)) that

Hg — Hg,

H, — ]L\&sJ

<4 (3.71)

holds. Hence we will prove that

Hig — Hy
9(56:7) € 317 (3.72)
H, — &5
S bl
to guarantee the bound. We note that (3.72) is implied by
Hyxy — H
H, <~ K (3.73)
L—n
which is implied by
log(1
og(sc) < 20—y, o = H — 10g(0) (3.74)

because Hy, < log(sc) + €6,Vsc > 6,y € [0, 5:], VK. Furthermore (3.74) is
implied by

jlog() < 0N (3.75)

because v € [(Scﬁ, é] means that s, < \/% Since ﬁ > 1, then (3.75) is

implied by
1 1 1
—log(—) <log(—) — €¢- 3.76
3 lo5(-) < lo&(-) — s (3.76)

It is obvious that (3.76) holds since v < s. Towards this, by proving (3.76),
we guarantee (3.70) and the desired bound. This completes the proof.
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Chapter 4

Feedback-Aided Coded Caching
with Small Caches

This work continues to explore coded caching in the symmetric K-user cache-
aided MISO BC with imperfect CSIT-type feedback, but for the specific case
where the cache size is much smaller than the library size. Building on the
recently explored synergy between caching and delayed-CSIT, and building
on the tradeoff between caching and CSIT quality, the work proposes new
schemes that boost the impact of small caches, focusing on the case where
the cumulative cache size is smaller than the library size. This small-cache
setting places an additional challenge due to the fact that some of the library
content must remain entirely uncached, which forces us to dynamically change
the caching redundancy to compensate for this. Our proposed scheme is near-
optimal, and the work identifies the optimal cache-aided degrees-of-freedom
(DoF) performance within a factor of 4.

4.1 Introduction

Our aim here is to explore the ideas in the previous chapters, and to further
our understanding of the joint effect of coded caching — now with small caches
— and (variable quality) feedback, in removing interference and in eventually
improving performance. The connections between these ingredients (caches
and feedback) will prove particularly crucial here, in boosting the effect of
otherwise insufficiently large caches.



4. FEEDBACK-AIDED CODED CACHING WITH SMALL CACHES

4.1.1 K-user feedback-aided symmetric MISO BC with small
caches

The model remains the same as in Chapter 3, and it corresponds to the sym-
metric K-user wireless MISO BC with a K-antenna transmitter, and K single-
antenna receiving users. Our emphasis here will be on the small cache regime
where the cumulative cache size is less than the library size (Kvy < 1, i.e.,
KM < N), and which will force us to account for the fact that not all con-
tent can be cached. We will also touch upon the general small-cache setting
where the individual cache size is much less than the library size (M < N,
i.e., v < 1). As before, we will consider the mixed CSIT model.

Related work on smaller-sized caches can be found in [73] which considered
coded caching — in the single stream case with K > N — in the presence of
very small caches with KM < 1, corresponding to the case where pooling all
the caches together, can at most match the size of a single file.

4.2 Main results

The following identifies, up to a factor of 4, the optimal 7%, for all T € [0, 1].
We use the expression

n—"T
I'Hxk —H,—1)+n’

apy = n=1,...,K —1. (4.1)

Theorem 4.1 In the (K, M, N, «) cache-aided MISO BC with N files, K < N
users, and KM < N (' <1), then forn=1,..., K —2

7

Hi—T
(Kl}?%{aHKH’ ) 0<ac< Q1
T= (K—r])-l-oz(n-l—K(I;IK—an—l))’ alb(ﬂilg—r(‘x < Qb+l (4'2)
L= w5 S =1

is achievable, and has a gap from optimal that is less than 4 (71: < 4), for all

a, K. Fora> %, T is optimal.

Proof. The scheme that achieves the above performance is presented in Sec-
tion 4.3, while the corresponding gap to optimal is bounded in Section 4.4.
|

Furthermore directly from the above, for o = 0, we have the following.
Corollary 4.1 In the MISO BC with I’ < 1,a =0, then
T=Hg-T (4.3)
is achievable and has a gap from optimal that is less than 4.
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Directly from Theorem 4.1, we have the following corollary which quantifies
the CSIT savings

5(v,a)i=arg min{a’ : (1 - 7)T*(y = 0,0") <T(7,0)} —a
Ot,
that we can have as a result of properly exploiting small caches. This re-

flects the CSIT reductions (from a + d(7, ) to the operational «) that can be
achieved due to coded caching, without loss in performance.

Corollary 4.2 In the (K, M, N, «) cache-aided BC with T' < 1, then

WD (a4 4 1y), 0<a<a
1—a)(KH,—nH
o(y,a) = : KCIY}?E+1(1L}K17—1§{)’ Uy < @< Qi1 (4.4)
_ K(—y)-1
1-a @2 KD

The last case in the above equation shows how, in the presence of caching, we

need not acquire CSIT quality that exceeds a = %

Tightening the bounds for the large BC with scalably small caches
(K >1, vy< 1) We now briefly touch upon the more general small-cache
setting of 7 < 1, where we have a large number of users K >> 1. In this setting
— which captures our case of I' < 1, as well as the case where I" > 1 but where
still v <« 1 — we tighten the gap to optimal for the achievable performance,
here (from Theorem 4.1), as well as for the I' > 1 setting in [74] which stated
that

(1—7)(Hk — Hr)
Hg — Hr) + (1 - a)(1=7)

Tr>1 = o (4.5)

Theorem 4.2 In the (K, M, N, «) cache-aided MISO BC, in the limit of large
K and reduced cache size M < N, the achieved T' from Theorem 4.1 (as well
as Tr>1), are at most a factor of 2 from optimal, for all values of o.

Proof. The proof is found in Appendix 4.6.1. =
The following shows (for the case of @ = 0) how, even a vanishing v =
% — 0, can provide a non-vanishing gain. '

!To avoid confusion, we clarify that the main Theorem is simply a DoF-type result,
where SNR scales to infinity, and where the derived DoF holds for all K. The corollary
below is simply based on the original DoF expression (i.e., SNR diverges first), which is then
approximated in the large K setting (K diverges second, simultaneously with ).
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Corollary 4.3 In the (K,M,N,a = 0) cache-aided MISO BC, as K scales
to infinity and as v scales as v = K~U=9 for any ¢ € [0,1), the gain from
caching is

= K (0-0 o =
lim T(y=K ,a=0)

Koo THy=0,a=0) 1=¢ (4.6)

Proof. The expression follows directly from (4.5). m

4.3 Cache-aided QMAT with very small caches

We now describe the communication scheme. Part of the challenge, and a
notable difference from the case of larger caches, is that due to the fact that
now I' < 1, some of the library content must remain entirely uncached. This
uncached part is delivered by employing a combination of multicasting and ZF
which uses current CSIT. The problem though remains when « is small because
then current CSIT can only support a weak ZF component, which in turn forces
us to send some of this uncached private information using multicasting, which
itself must be calibrated not to intervene with the multicasting that utilizes
side information from the caches. For this range of smaller «, our scheme here
will differ from that when «a is big (as well as from the scheme for I' > 1). When
« is bigger than a certain threshold value oy 1, we will choose to cache even less
data from the library, which though we will cache with higher redundancy?.
Calibrating this redundancy as a function of «a, allows us to strike the proper
balance between ZF and delayed-CSIT aided coded caching. For this latter
part, we will use our scheme from [74] which we do not describe here.

We consider the range® o € [0, p1], and proceed to set n = 1 (cf. (4.1)
from Theorem 4.1), such that there is no overlapping content in the caches

4.3.1 Placement phase

During the placement phase, each of the N files W,,,n =1,2,...,N (|W,| = f
bits) in the library, is split into two parts

Wy = (Wria WS) (47)

where W (c for ‘cached’) will be placed in different caches, while the content
of WE (€ for ‘non-cached’) will never be cached anywhere, but will instead be
communicated — using current and delayed CSIT — in a manner that avoids
interference without depending on caches. The split is such that

, KM
We| = Tf = K~ f bits. (4.8)

2Higher redundancy here implies that parts of files will be replicated in more caches.
3The remaining range of o will be briefly addressed at the end of this section.
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Then, we equally divide W into K subfiles {Wrik}kG[K]v where each subfile
has size

M
and the caches are filled as follows
Ze =AWy k}nev) (4.10)

such that each subfile Wﬁk is stored in Zj.

4.3.2 Delivery phase
Upon notification of the requests Wg,,k = 1,..., K, we first further split
ng,k into two parts, Wﬁz’f , and Wé’f ;. that will be delivered in two different
ways that we describe later, and whose sizes are such that
(WgP | =afT, |WEP | = f(1— Ky—aT). (4.11)
Then we fold all Wf%k,w\{k} to get a set

Xy = @kewa%k’w\{k}, Y € Uy (4.12)

of so-called order-2 XORs (each XOR is meant for two users), and where
Uy :={¢ € [K] : |¢| =2}. Each of these XORs has size

| Xy| = ~f bits (4.13)
and they jointly form the XOR set
Xy = {Xw = EBkGT/)W]c%k,zp\{k}}we‘% (4.14)

of cardinality |Xy| = (IQ()
In the end, we must deliver

° ng, k=1,.---, K, privately to user k, using mainly current CSIT
. ngﬁ’ k=1,---, K, using mainly delayed CSIT

. {W}C%k 1/;\{14}}1116‘1’2’ k=1,---, K by delivering the XORs from Xy, each
to their intended pair of receivers.

This delivery is described in the following.
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Transmission We describe how we adapt the QMAT algorithm from [67] to
deliver the aforementioned messages, with delay T

While we will not go into all the details of the QMAT scheme, we note
that some aspects of this scheme are similar to MAT schemes (cf. [1]), and a
main new element is that QMAT applies digital transmission of interference,
and a double-quantization method that collects and distributes residual inter-
ference across different rounds, in a manner that allows for ZF and MAT to
coexist at maximal rates. The main ingredients include MAT-type symbols of
different degrees of multicasting, ZF-type symbols for each user, and auxiliary
symbols that diffuse interference across different phases and rounds. Many of
the details of this scheme are ‘hidden’ behind the choice of G.; and behind
the loading of the MAT-type symbols and additional auxiliary symbols that
are all represented by x.; below. Another important element involves the use
of caches to ‘skip” MAT phases, as well as a careful rate- and power-allocation
policy.

The QMAT algorithm has K transmission phases. For each phase i =
1,---, K, the QMAT data symbols are intended for a subset S C [K] of users,
where |S| = i. Here by adapting the algorithm, at each instance t € [0, 7]
through the transmission, the transmitted vector takes the form

K
Ty = Gc,twc,t + Zg“azt + Z gk7tak7t (415)
€8 k=1

with x.; being a K-length vector for QMAT data symbols, with a;, being an
auxiliary symbol that carries residual interference, where S is a set of ‘unde-
sired’ users that changes every phase, and where each unit-norm precoder gy, ,
for user kK =1,2,..., K, is simultaneously orthogonal to the CSI estimate for
the channels of all other users (g;, acts the same), thus guaranteeing

by G =0, VK € [K]\k. (4.16)

Each precoder G is defined as G¢; = [g, 4, Uc], where g,.; is simultaneously

orthogonal to the channel estimates of the undesired receivers, and U.; €

CE*(K-1) ig 3 randomly chosen, isotropically distributed unitary matrix.
The rates and the power are set by the QMAT algorithm, such that:

e cach x.; carries f(1 — «)dur(zx,,) bits,

e each aj, carries min{f(1 — ), fa}dur(g,,a;,) bits,
e cach ay; carries fadur(gy ;ag) bits,

e and

E{lwe,lt} = E{laj, [} = P
E{lze:li} = P17 Ef|ag,*} = P*
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4.3. Cache-aided QMAT with very small caches

where |x.|i,i = 1,2,---, K, denotes the magnitude of the ith entry of
vector @ ¢.

The scheme here employs a total of 2K — 1 phases (rather than the K phases
in the original Q-MAT'), where during the first K — 1 phases (labeled here as
phases j =1,..., K — 1), the vector x.; carries the folded messages Xy, € Xy
using the last K — 1 phases of the MAT algorithm from [1], while for phases
j=K,...,2K — 1, .; now carries {ng}ke[K] using the entirety of MAT.
In addition, for all 2K — 1 phases, the different aj; will carry (via ZF) all of
the uncached Wg’: ,k =1,..., K. The power and rate allocation guarantee
that these MAT and ZF components can be carried out in parallel with the
assistance of the auxiliary symbols from the next round?.

In the following, we use T} to denote the duration of phase j, and 7O =
Zsz_ll T; to denote the duration of the first K — 1 phases.

Summary of transmission scheme for delivery of {X,},cy, Here,
Ty, t € [0,TW] will have the structure defined by the last K — 1 phases
of (one round of) the QMAT algorithm.

During the first phase (¢ € [0,T}], corresponding to phase 2 of QMAT,
where |S| = 2), z.; will convey all the order-2 messages in {Xy }ycw, (each ¢
corresponds to each S). Then, at the end of this phase, for each ¢ € WUy, and
for each k € v, the received signal at user k, takes the form

T T T
Ykt = Ry Geper + by, Z 9ot + Ry 1 Gp (4.17)
—_——— e ————
power = P v P
= Pl—a

while the received signal for the other users k € [K]\v takes the form

T T T
Ykt = hk7tgk,taz,t+hk,t(z gé,taZt+Gc»twc7t)+hk,tgk,tak,t (4.18)
N—_——— e N———
power = P g;ﬁ% po
Lw,k’v = pl-e

where in both cases, we ignored the Gaussian noise and the ZF noise up to
P°. Following basic MAT techniques, the interference Ly i, VK is translated
into order-3 messages and will be sent in phase j = 2. In addition, to separate
hitg k.+0k,t from the MAT component, as in [67], we use auxiliary data symbols
ay - Specifically, Ly j is first quantized with (1 — 2a)™ log P bits, leaving the
quantizaiton noise ny jr with power scaling in P<. Then, the transmitter
quantizes this quantization noise ny x with alog P bits up to the noise level,
which will be carried by the auxiliary data symbols in the corresponding phase

“We here focus, for ease of description, on describing only one round. For more details
on the multi-round structure of the QMAT, please see [67].
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in the next round. In this way, x.; can be decoded using the auziliary data
symbols of the next round, and using order-3 messages from the next phase.

Given that the allocated ‘rate’ for x.; is (1 — ) f, and given that there is
a total of |Xy| = (12() different order-2 folded messages Xy, (|Xy| = ~f bits),
the duration 77 of the first phase, takes the form

po % ()
(K-1)(1-a)f (K-1)1-a)

(4.19)

For phases j = 2,--- , K — 1 here (which draw from the last K — 2 phases
in [67]), we can similarly calculate their duration T; to be T; = j%Tl, which
in turn implies that

2 T(Hg—1)
(1) _ _ _
T § Ty =T § :1+j T (4.20)

Transmission of {ng}ke[m Now the remaining information from {ng}ke[K]a
will be conveyed by x4, t € [T), T] (phases K, . .., 2K —1), where now though
we will use all the phases of the Q-MAT algorithm because now there is no
corresponding side information in the caches to help us ‘skip’ phases. During
the first phase of this second part (i.e., during phase j = K), we place all of
{chgf}ke[K] in @, t € [TO,TM 4 Tg. Given the allocated rate (1 —«)f for

Zct, and given that [{W ’p}ke[KH = Kf(1—- 2% —aT), we see that
Kf(l-5%~—al 1-T—aT
7y = B “ )_( of), (4.21)
K(1- a)f (1—-a)
Similarly we see that T = K+1TK, j=K,...,2K — 1, which means that
2K—1 2K—1
T, =T
Z K Z Py
H 1-T - T
- ( @ ). (4.22)
(1-a)
Combining (4.20) and (4.22), gives the desired
Hig —-T
= —mM—. 4.23
1l—a+aHg ( )

Communication scheme for a € [ap 1,0 k1] Here, when a > a1, the
scheme already exists; we use

= / N / < 424
U argn/e[glfgglm{n apy < o} (4.24)
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where

n—"=_
Of =
""" T D(Hg — H,—1) 47

(4.25)

and directly from the algorithm designed for the case of I' > 1 in [74], we get

(K —T')(Hk — Hy)

(K—n)+an+K(Hg — Hy— 1)) Iz (4.26)

T = max{1l — 7,

4.4 Bounding the gap to optimal

T(v,2)
T*(v,0)
T(v,«) and the optimal T*(v, «), is always upper bounded by 4, which also

serves as the proof of identifying the optimal 7™(v,«) within a factor of 4.
The outer bound (lower bound) on the optimal 7%, is taken from Lemma 3.1
in Chapter 3, and it takes the form

This section presents the proof that the gap , between the achievable

1 Ms
T*(v,o) > max ————(Hy— ——).
( ) s€{l,..,[ 2]} (Hsoz+1—a)( LEJ)

s

(4.27)

We proceed with the fist case of « = 0,T"' < 1.

4.4.1 Gap for a=0,I"<1

Our aim here is to show that % < 4, where we use the above lower bound,
and where we recall that the achievable T" took the form

T=Hg— K.
We first see that
T Hig — K Hiy — K
< KZ2T < K2 (4.28)
T* max H, — %2 max  H, — 22—
sefln[ 2]} S ey 1-°%
Hiy — K
< KZ27 (4.29)
max Hg — 17‘;’_1
se{l,..,[ 47} K
Hyi — Kvy
< o KysZ fo(7s 8¢) (4.30)
Hs. — K—sc+1

where (4.28) holds because || < w, where (4.29) holds because N >
K, and where the last step holds because v < % and because we choose

s = |[VK|]. We proceed to split the proof in two parts: one for K > 25, and
one for 2 < K < 25.
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Case 1 (« =0,K > 25)
Here we see that the derivative of f,(, s.) takes the form

dfO(’% SC) _ 5 HKSE

dy " A w1 “31)
KlogK, (VK -1 1
z— (K—\/R+2_§) (4.32)

_Klog(K)(l_ VK +1
A 2 K-VE+2
>0 (4.34)

) (4.33)

where A is easily seen to be positive, where the second step is because v K —1

se < VK and Hy > log(K), and where the last step is because 0 < VK41

<
<
K—VK+2 —

%. Hence

1 Hyg —1
mas fo(7.50) = foly = i) = — KL s
7€l 5] Hse = g=opn

Now it is easy to see that K_Sszc_l < K_\I/%H since s, = L\/EJ < VK. Now
consider the function

_ K log K

CK-VE+1 4

and let us calculate its derivative

dE) -1

dK (K —VEK +1)2 4K
which we see to be negative for any K > 36. This allows us to conclude that

2
Kg[%xoo} f(K) = f(25) = 0.3858, and also that stccﬂ < l°g4K +0.3858.

Now let us go back to (4.35), where using the above maximization, we can
get

FK)

1 Hig —1
f Y= 7S S
oY= Fgr%0) Hy, — (12K 1 0.3858)
Hig —1
< 1 4 log K
3log K + e + log = — (<5~ + 0.3858)
log K + €25 — 1
=T g 2 (4.36)
7log K + €x + log 7 — 0.3858
<4 (4.37)

where the second step is because H;, > logs. + €xo > log(\/F — 1)+ €0 >
10g(2VK) + €so = 3 log K + € +log 2, and where (4.36) holds because Hx <
log K + €95 since K > 25.
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4.4. Bounding the gap to optimal

Case 2 (¢ =0,K =2,...,24)

This is an easy step, and it follows after choosing s = 1 in the outer bound,
which gives

<4 (4.38)

because v < % and K < 24.
This completes the whole proof for a« = 0,I" < 1.

4.4.2 Gap for a > 0,I'< 1

To bound the gap between the achievable

Hi-T

l—a+aHg’ 0<a< Qp 1
_ (K-T)(Hg—Hy)
T = (K—n)+a(n+K(}§iK—lHn—1))’ apy < a < apppl (4.39)
1—7, _K-=1-T" <a<l

(K=1)(1—)
from Theorem 4.1 (recall that n = 1,..., K — 2), to the optimal 7% bounded
in (4.27), we will use the fact that
(Hg =T

max  Hy — M
se{l, [ 2]} 15

<4,VN > K >2,VI' < 1. (4.40)

We will split our proof in two main cases: one for « € [0, o 1), and another

for a € [ap,1,1] (recall from (4.1) that op, = WM)

Case 1 (a €[0,ap1])

Directly from (4.39), let us use 7" := % to denote T' when « € [0, o 1].
Now the gap is simply bounded as

T Hig —T

s < 1 Ms

T max m(Hs— N )(1_a+aHK)

se{l,..,[ ]} L5
(Hg —T)(1 — o+ aH,)
= i <4
max_ (Hs — 2%:)(1 —a+ aHg)
se{l | M)} L5

after observing that s < K and after applying (4.40).

Case 2 (a € [ap1,1])

Let us use
(K —T)(Hg — Hy)

T = R0+ aly+ K (Hx — B, =1))

(4.41)
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4. FEEDBACK-AIDED CODED CACHING WITH SMALL CACHES

to denote T'(vy, «) in (4.39) when a € [app, 0y yt1], 1 =1,..., K — 2. For the
rest of the proof, we will use the following lemma.

Lemma 4.1 T"" is decreasing with n, while o, is increasing with 1.

Proof. See Appendix 4.6.2. =

Given that T"" decreases in 7, we will just prove that < 4, which will

automatically guarantee TT/’:] < 4 for all n and thus for all values of a.

Subcase 2-a (K > 25): From (4.40), we see that

T _ (K —T)(Hg —1)(1 — o + aH,)
T+ — _ sM _ _
MK -T)(Hg —1)(1 —a+aH,) 44,

T (K-14a(l+ K(Hk —2))(Hx - T) =~ B

where we use Ay := (K —T")(Hg — 1)(1 — a+ aH,), and where we use B; :=
(K—14a(l+ K(Hg —2)))(Hk —T') to denote the denominator of the last
expression. To upper bound the gap by 4, we will simply show that A1 < Bj.
Towards this we will first show that

A — By = 04(1 — HK>(K(HK — Hg — F) —|—FHS)
+(a—1)(K — Hg)(1 —T) (4.42)

is negative. To see this, we easily note that (o — 1)(K — Hg)(1 —T') < 0. To
guarantee that the first term above is also negative when I' < 1, we just need
to show (for the same s that we chose before given the same parameters, but
when « was zero) that

K(Hg — Hy—T)+TH, = K(Hg — Hy — T +~vH,) >0

which is easy to see because Hxy — Hy — '+ vyHy = Hx — Hs +v(Hs — K) >
Hyi — Kv > 0 since H; — K < 0 and « € [0,1]. This completes this part of
the proof.

Subcase 2-b (K < 24): Here we choose s = 1 in the outer bound, and we
directly have

' Hip—K KH
— < ﬁ_ﬂgK_Klszl (4.43)

because v < % and K < 24.
This completes the whole proof for a > 0,I" < 1.

84



4.5. Conclusions

4.5 Conclusions

Motivated by realistic expectations that cache size — at wireless receivers/end-
users — will be small ( [14]), and motivated by the well known limitations
in getting good-quality and timely feedback, the work combines these scarce
and highly connected resources, to conclude that we can attribute non-trivial
performance gains even if the caches are with vanishingly small v — 0. This
synergy between feedback and caching, allows for a serious consideration of sce-
narios where even microscopic fractions of the library can be placed at different
caches across the network, better facilitating the coexistence of modestly-sized
caches and large libraries.

4.6 Appendix

4.6.1 Proof of Corollary 4.3

Our aim here is to show that for large K, and when v < 1, the achievable
T (both from Theorem 4.1 corresponding to the case of I' < 1, but also from
(4.5)), has a gap to optimal that is at most 2, for all . We first consider the
scenario where o = 0, and note that

TT>1,a=0)=Hg — Hgy <log(K) + €2 — log(K~)
1
<log(—) + e
Y
TIT <1l,a=0)=Hg — Ky <log(K) + e
1
<log(=) + €
Y
and thus note that in both cases, we have that
1
T <log(—)+ €2, VI' >0
Y

which means that

T log(L) + € log(L) + e
I &) < ) . (4.44)
T max  Hs — %~ ~ H,, — 75<

se{lo | 1} L) 5]

for any s. € {1,...,[2;]}. Now let us choose s, = L\/gj, and note that

N
N > Ms? > s., which means that % — 1. Consequently, from (4.44), for

Sc

both cases, we have

log(%) t €2
< Ii B
K—oo T* ~ K—oo log(se) — vs2

b 2log(se) + €2

=2 4.45
K—oo log(sc) —1 (4.45)
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proving the tighter gap to optimal, which is at most 2, for the case of o = 0.

The additional case for @ > 0,I' < 1 is handled in the extended version
in [75], while the case of @ > 0,I' > 1 (but still with 7 < 1) can be found
in [74].

4.6.2 Proof of Lemma 4.1

We need to show that «y,, is increasing in 7, and that 7" is decreasing in 7.
The first follows by noting that

Q] — oy = (Hk — Hn) _ (Hg — Hnﬂ)
T (Hg—Hy=1)+ & (Hp—Hy1—1)+ 25,
Hy — H, + 1=

- n+1
© (Hg—Hy—1)+ 1) ((Hg — Hypp1 —1)+ ) >0 (4.46)

which holds because n > I'.
To see that T"" decreases in 7, after simplifying notation by letting

D, :=(K—-n)+an+KHr—-H,—-1))
Dpp1= (K —n—1)+a(n+1+ K(Hyx — Hysr — 1))

to denote the denominators of 7" and of T""*! respectively, we see that

T — T Hyg — Hy  Hg — Hyp

K-T D, Dyt
(54 + Hy — Hg)(1— )
a Dan—l
K- 1 1 1
G - Gatae o tr)i-ao
— >0 (4.47)
DnDn—H

which holds because n < K and n—}rl > #Ni € [1,K —n]NZ. The above

inequality is strict when n > I'. This completes the proof.
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Chapter 5

Coded caching for reducing
CSIT-feedback 1in wireless

communications

In the same K-user symmetric MISO BC setting as before, the work explores
the role of caching content at receiving users for the purpose of reducing the
need for current feedback. Emphasis is entirely on current CSIT quality, and
this chapter does not consider delayed CSIT. In this setting, we show how
caching, when combined with a rate-splitting broadcast approach, can not
only improve performance, but can also reduce the need for CSIT, in the
sense that the identified cache-aided optimal DoF associated to caching and
perfect CSIT, can in fact be achieved with reduced-quality CSIT. These CSIT
savings can be traced back to an inherent relationship between caching, perfor-
mance, and CSIT; caching improves performance by leveraging multi-casting
of common information, which automatically reduces the need for CSIT, by
virtue of the fact that common information is not a cause of interference. At
the same time though, too much multicasting of common information can be
detrimental, as it does not utilize existing CSIT. Our caching method builds
on the Maddah-Ali and Niesen coded caching scheme, by properly balancing
multicast and broadcast opportunities, and by combing caching with rate-
splitting communication schemes that are specifically designed to operate un-
der imperfect-quality CSIT. The observed achievable CSIT savings here, are
more pronounced for smaller values of K users and N files.



5. CODED CACHING FOR REDUCING CSIT-FEEDBACK IN WIRELESS
COMMUNICATIONS

5.1 Introduction

5.1.1 Cache-aided K-user broadcast channel

We continue to explore the same wireless communication setting where a K-
antenna transmitter communicates information to K single-antenna receiv-
ing users (see Fig 2.1). The entire information content at the transmitter
consists of N distinct files Wy, Wa, ..., Wy, each of size f bits. Fach user
k =1,2,...,K has a cache Zj, of size M f bits, where M < N. After each
transmission, the corresponding received signals at receiver k, can be modeled
as

yp=hix+z, k=1,... K 5.1
k

where € CE*1 denotes the transmitted vector which satisfies a power con-
straint E(|z|?) < P, where hj, € CE*! denotes the vector fading coefficients,
and where zj represents unit power AWGN noise at user k.

We first proceed with motivating examples that provide insight on different
elements of the problem.

5.1.2 Motivating examples
Example - (M = 0)

Let us first consider the no-caching case where M = 0, which — again without
loss of generality — can be taken to correspond to a delivery phase that is
strictly of a broadcast nature. In this broadcast channel, the sum DoF with
perfect CSIT, is equal to K, which means that the K requested files' will take 1
time slot to deliver, corresponding to an optimal 7*(M = 0,a = 1) = T*(0) =
1. Applying the new result by Davoodi and Jafar [63], which states that the
maximum DoF of K can only be achieved in the presence of @ = 1, immediately
reveals that to achieve the optimal 7%(0) = 1, we need a = ay, = 1.

Example - (N = K =2)

Let us now offer a more involved example, which reveals an interesting achiev-
able tradeoff between T, M and «. Specifically let us consider the case where
N =K =2, and let 0 < M < 1. There are two files, which we relabel as
Wy = A, Wy = B, each of size f = log P bits.

In this example, for the placement phase, we first split both files A and B
into three subfiles, i.e, A = (Aj, A, A3), B = (B1, B2, B3), where the subfiles
A;, B;,i = 1,2 are each of size @ bits, and where As and Bs are each of
size (1 — M) f bits. We fill up the caches as follows Z; = (A1, B1) and Zy =

!Recall that the request considered over the delivery phase, is one where each user
requests a different file.
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(Ag, Bs), so that each user has in their cache, an equal part of clean information
for each file.

For the delivery phase — and again focusing on the request Wp, = W; =
A, Wg, = Wy = B — we see that to complete the task, user 1 needs subfile
As (which is available in the cache of user 2) as well as As, and user 2 needs
subfile By (available at the cache of user 1), as well as B3. As a result, As® By
(containing %f bits) has information that can be useful to both users, while Ag
and Bs has private information for user 1 and 2 respectively. The challenge will
be to communicate this information, as efficiently as possible, over a channel
with imperfect feedback, corresponding to some o < 1. Towards this, let us
consider a scheme that sends a single transmission of the form

AL 1
xr=wc+ hya +hya (5.2)

where & € C>*!, where w € C?*! is a randomly chosen precoder, and where

~ L ~
h, € C?*! is a precoder that is orthogonal to the estimate hy, for hy. Addi-
tionally, the above symbols ¢, ai, as are respectively allocated power as follows?
given by

Pl = p pla) = ple) - pa
and are allocated rate as follows
’]"(c) = (1 j— Oé)f, T(al) — /r'(a2) — Oéf

In particular, a; is loaded with alog P bits from As, and as is loaded with
alog P bits from Bj, while c is loaded with the %f bits of Ay @ By, as well as
with the max{2((1 — M)f —Taf),0} bits of A3, Bs that did not fit inside a;
and as. The precoders, power-allocation and rate-allocation are known to all

nodes. As a result the received signals at the two users, take the form

L1 L1
ylzh{wc+h{h2a1+h{h1ag+ 21
e M V) =~

Po PO po
~ 1 ~ 1
y2 = hlwe+hlhya; +hIhias+ 2 (5.3)
—— e N —r
P PO po PO
where N - N N
T% 2 2 AN 2 Ty 2 - po
Elhy hy az|” = E|(hy + hy)hy az|” = Elhy by as]” = P
TAJ_ 2 ~T ~T ~ 1 2 ~T”‘J_ 2 . 0
E’thQ a/1| :E|(h2 +h2)h2 a1| :E|h2h2 a1| = P~
2We here use = to denote ezponential equality, i.e., we write f(P)iF’B to denote
. log f(P) _
Plgnoo logP
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At this point, user 1 can decode common symbol ¢ by treating all other signals
as noise. Consequently, user 1 removes thwc from y; and decodes private
symbol a;. From ¢, user 1 can recover Ay @ By, which combined with Z;
allows for recovery of As. Finally from ¢ and aq, user 1 can recover As. Given
that A; is already available in its cache, user 1 can thus reconstruct A. User
2 similarly obtains B.

To calculate the achieved T for this example, we note that the total of
MEL(1—M)f+ (1 —M)f = (3M)log P bits in Ay ® By, Ag, By, was
sent at an achievable rate (provided by this specific rate-splitting scheme) of
(I1—a+a+a)f =(1+ «)log P bits per time slot. Hence the corresponding
achievable duration is

4—-3M
T(M,«a) = M ta) (5.4)
As we will show later using basic cut-set bound arguments, the optimal T*(M)
— associated to perfect CSIT — takes the form T%(M) =1 — % =1- %
Hence equating

4—-3M M

T(M,0) = —— =T*(M)=1- —

21+ «) 2

and solving for «, gives that any «a bigger than
M

=1-—) 0<M<I1 5.9
Qi 9 _ M? = = ( )
suffices to achieve the optimal T*(M,a = 1) = 1 — % A few simple obser-

vations include the fact that, as expected, oy, reduces with M (Fig. 5.1), as
well as the fact that for M = 0, we have oy, = 1, which correctly reflects the
discussion in the previous example, which reminded us that in the broadcast
channel, in the limit of high P, perfect CSIT is necessary for DoF optimality,
i.e., perfect CSIT is necessary to transmit one file to each user within a time
duration that is asymptotically optimal. On the other hand, we see that hav-
ing M > 1, leads to ay, = 0 because, as we have seen in [2]|, when M > 1
(N = K =2), a simple transmission of a common message, suffices to achieve
T*(M) = 1 — 4. Since the transmission is limited to a common symbol, it
does not require CSIT.

Example - (N = K =2, M = 1/2). Modifying coded caching for the
BC

Let us now look at the interesting instance of N = K = 2, M = 1/2, which
showcases some of the differences between the multicast case in [2]| and the
broadcast approach here, and which motivates caching specifically for the
multi-antenna wireless setting, as compared to caching for the multicast case
with a single shared medium with only serial multicast possibilities, that was
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Qip

0 | | | | | | | | |
0 01 02 03 04 05 06 07 08 09 1 1.1

cache size, normalized by f

Figure 5.1: Required a4, to achieve the optimal T*(M) in the K = N = 2
cache-aided MISO BC.

explored in [2]. Towards this, we recall that in [2], the optimal T = 1 was
achieved by splitting files A and B into two halves, i.e., as A = (41, A2) and
B = (B, Bs), by setting Z;, = Ap® By, k = 1,2, and by sequentially transmit-
ting® two common messages, By and then As, to achieve the aforementioned
optimal 7" = 1. What we point out here is that this caching would not work
for the MISO-BC case (where the optimal T is 7% = 1 — & = 3) because it
leads to a delivery phase that only transmits common information, and thus
does not leverage existing CSIT to improve performance.

We proceed with the description of the main results.

5.2 Main Results

We now describe the optimal 7%(M) that is achievable with perfect CSIT
(o = 1), and then provide an achievability bound on T'(M,«), and thus
an achievability bound on the smallest «y, that achieves the optimal T (M)
above. We recall that the following results hold for f = log P, in the limit of
large P.

Lemma 5.1 In the cache-aided K-user MISO BC, with N files of size f, and
with caches of size M f, the optimal T*(M,« = 1) takes the form

oM
T*(M) =1~ % (5.6)

Proof. Let us first create the outer (lower) bound on T, using basic cut-set
bound arguments in a manner that is similar to that in |2], [37]. Consider a
simplified setting, where there are s users (s € {1,... ,mm{[%J,K}}) Dur-
ing the placement phase, the users’ corresponding caches Z1, ..., Zs are filled,
while during the delivery phase, each of the s users makes || sequential
requests (one after the other), corresponding to a total of s|%-] requested

3For the worst-case request that is assumed without loss of generality.
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files W, ..., WSLQJ by all the users together. Note that for integer %, these

requests span all NV files. We now consider a total of L%J sequential transmis-
sions X1, .. .,XLQJ, such that X and Zy, ..., Zs can reconstruct Wy, ..., W,

such that similariy Xo and Z1,...,Zs can reconstruct Wyy1,..., Was, and so
on, until we have that Xq,... ,XLQJ and Zy,...,Zs can reconstruct all the

requested files W1, ..., WSLNJ. )

s

To apply the cut-set bouhd, we place the L%J broadcasting signals X1, ..., XLgJ ,
each of duration T, on one side of the cut, together with all the caches
Z1,...,2s, and then on the other side of the cut, we place all the requests

of s users for a total of SI_%J files, each of size f. Hence it follows that

N

| = IsT+sM > H(Z, ..., Zs, X1, X))
S s

> H(Zy,..., Ze, X1, X o [Wh, oo W, )

rslSa—ep)
> 51— ep) 6.7

where we have used that the K x s interference-free MIMO channel provides
s degrees of freedom (this is in the limit of f — o0), and where we have used
Fano’s inequality. In the same limit of f — oo, we have that e; — 0. Thus
solving for T, and optimizing over all possible choices of s, we obtain

T> max (1- ﬁ) (5.8)

T se{l,min{| &) K}} 12
which obviously gives that "> 1 — %

To achieve this with perfect CSIT, is very easy. First let each user cache
any f % bits from each file, which leaves for (1 — %) f bits, per user, that must
be delivered during the delivery phase. For the worst case where each user
requests a different file, this corresponds to a broadcast transmission, which
can be handled in T =1— % time slots, in the presence of perfect CSIT. This
completes the proof. m

Having established the optimal T*(M,a =1) = 1— %, let us now establish
an inner (achievability) bound on T'(M, «), and translate that onto a bound
on

M
ay, = argmin{a : T(M,a) =1 — ﬁ}
The result will be presented for the simpler case where K = N.

Proposition 5.1 In the cache-aided K-user MISO BC, with N = K files of
size f, and with caches of size M f, an achievable T'(M, «) takes the form

K — M(1+K)

T 0) = Tk~ Tya (59)
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which implies that the optimal T* = 1— % can be achieved with an o that need
not be bigger than
N—-1-M

Qp = .
M4 (N-1-M)

Proof. The proof is presented in the following subsection, by presenting the
caching and delivery scheme that achieves the above performance in the pres-
ence of imperfect CSIT. m

5.2.1 Coded caching and delivery with imperfect CSIT

To design the caching, each of the N files W,,, n=1,2,..., N is first divided
into two parts,
Wy = (W5, WE)

where the information in W} is never cached. For p = %, W has size pf,
and W}, has size (1—p)f. The main idea is to apply the caching method of [2],
but to restrict this to the subfiles {W<}_,, rather than applying it on the
whole {W,,}V_,. Towards this, let us first split each subfile W¢ into N subfiles
Wy, T € Q, where Q = {7 C [K], s.t. |[7| = N — 1}, and where we have used
the notation [K]£{1,2,..., K}. We note that the union of the above subfiles
forms W, and that each subfile W), ; has size %. Based on the above, and

following in the footsteps of [2], we form the caches as follows
Zi Wy, ¥n={1,2,...,N},Vr € Q, such that k € 7.

It is easy to see that each cache Zj has % bits originating from any specific
WE.
For the delivery phase, the transmitter sends

r=wc+ga1+- --+gpar+--+ggax (5.10)

where each aj carries information from W,f , i.e., information that has not been
cached anywhere, while ¢ carries all the % bits of

X = &py Wy [5]\(k}

which can be seen as common information that is simultaneously useful to
all receivers. Additionally, ¢ carries the extra private information that could
not fit in each ap. In the above, g,, £k = 1,2,..., K are precoders that are
designed to be orthogonal to the channel estimates of all users other than k.
Finally the power and rate allocation was given by

Pl = p, pla) = po
r& =1 —-a)f, r® =af, k=1,... K. (5.11)
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As a result, the received signals yi, kK =1,2,..., K take the form

K
yr = h}we+hig,ar + Z hlg,ai+ z (5.12)
2 e i=1,i#k o
PO

and we can see that, due to the power allocation and CSIT quality, symbols
ar do not cause interference to unintended users; at least not above the noise
level. At this point, user k can decode the common symbol ¢ by treating
all other signals as noise. Consequently, user k removes h%wc from gy, and
decodes its private symbol ag. Then it can recover Wg, g)\(x} from Z; and c,
and Wfék from c and ay. Since it already has Wg, -, user 1 reconstructs Wg, .
The same approach resolves the requests of the other users.
As before, we see that we were able to communicate

MK M MK
N—1+K(N—1))f:(K_N—1+K(N—1)

(K — ) log P

bits of information. With the achievable rate of the communication scheme
scaling as (1 + (K — 1)a)log P + o(log P) per channel use, it becomes clear
that as f increases, the transmission duration becomes
MK M
K- N1 T K(N-1)
1+ (K -1)a
K _ MOtK)

=T & Ta fl)a. (5.13)

T(M,«a) =

Setting (M, a) = T*(M) = 1 — & and solving for a, provides the achievable
CSIT threshold? ay,.

Example: We here present a final example to offer some clarity on the de-
signed scheme. We do this for the case of N = K = 3, M = 1. As before, we re-
name the files (W1, Wy, W3) =: (A, B, (), and since 7 € {{1,2},{1,3},{2,3}},
we split these as A = (A12,A13,A23,Ap), B = (Blg,Blg,ng,Bp) and C' =
(Ch2,Cq3,Cas,CP), where AP, BP CP will be private information for user 1, 2
and 3 respectively. In the above, the subfiles A, B, C, are each of size %,
and they appear in Zj for any k € 7 (see Fig. 5.2).

For request A, B,C by user 1,2,3 respectively, we can see that user 1
needs Ass which is available at Zs, Z3, user 2 needs Bys which is available at
Z1,Zs, and user 3 needs C1s which is available at Z1, Z5. Hence considering
the common information Az @ Bis @ Ci2, we see that upon decoding this
common information, user 1 can automatically reconstruct Assg (by removing

4t is interesting to note that for a = aup, all private information is stored in symbols
ak, k=1,2,..., K.

94



5.2. Main Results

{t 2 3} [M']

{1,2}{1,3} {2, 3} |-|=M' -1

server

placement
7 Zy Zs caches

Ang | Agz | Ass iff

Agp | A1 | Ais A, €7

Biz| Biz | Bis|  jer
Byz | Bas | Bas
Ci2 | Ci2 | Cu3
| Ci3 | Cas | Cas

Figure 5.2: Placement of parts into user cachesfor N = K =3, M/ 2 N—1 = 2.

Bi13® C12), and users 2 and 3 can act similarly to respectively reconstruct By
and 012.
During the delivery phase, the transmitter sends

T = wc+ gia1 + goa2 + gsas (5.14)
with power and rates set as

pl) = p plu) = po
PO =1—q, r® =q, k=123 (5.15)
where A9z ® B3 @ C12 is carried exclusively by ¢, while AP, BP CP are respec-

tively placed in aq, a9, a3, and any leftover information is placed in c.
The received signals y; take the form

3
yr = hiwe+ hi g ar + Z hlg.a;+ z (5.16)
P P i:17i7£k PO

PO

and as before, user 1 can decode ¢ and a; to reconstruct all of A, and similarly
for user 2 and 3 which reconstruct B and C' respectively.
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COMMUNICATIONS

To calculate T, we note that there is a total of 3 — % bits of information
to be communicated (total information in Agz @ Bis @ Cia, AP, BP, CP). Since
the rate-splitting scheme has an achievable rate of (1+ 2«) log P bits per time
slot, we have that

3 _ 4M

T(M =1,a)= 3

( o) =T oo

which, when equated with T*(M,a=1) =1 — % = %, gives
1 3
oup = =-.
"TIr1
It is worth comparing the above scheme which achieves oy, = %, to a

scheme that uses the caching method in [2]|, which — for these values of M, N
— would not immediately allow for the possibility to have a common symbol
that is simultaneously useful to everyone, and would thus not allow for the
CSIT savings presented above. This is because in [2], the files are divided as
A= (Al,AQ,A3),B == (Bl,BQ,Bg),C = (01,02,03), forming caches Zk =
(Ag, B, Ck), k =1,..., K, which means that (again for delivery of different
files I/VF1 = A, WF2 = B,VVF3 = C), A \ Zl = (Ag,Ag),B \ ZQ = (Bl,Bg), C\
Z3 = (C1,C3), which in turn implies transmission of two-pair XORs (A @
By, A3 & Cy, B3 @ C3) (rather than triplet XORs in our case) which allows for
the optimal T = 3/4, but only under the condition of perfect CSIT.

5.3 Conclusions

Motivated by recent advances in caching content at users (cf. [2,37,38]), which
utilize multicast gains to increase throughput and reduce the network load,
and motivated by sophisticated transmission schemes in multiuser settings that
utilize precoder-enabled broadcast gains to increase the overall capacity of the
system (sometimes in the presence of imperfect feedback [9,20,21,63]), we have
here jointly treated these multicast and broadcast efforts, in a complementary
manner that jointly compensated for each approach’s limitations.

Particularly we focused on the effect of jointly treating caching and com-
munication in broadcast-type communications, and explored the benefits of
caching, not only in improving performance, but also in reducing the CSIT
required to achieve this optimal performance.

Future work will include an effort to reduce the achievable bound T'(M, «v),
as well as efforts to further reduce the CSIT-quality exponent oy, associated
to the optimal performance.
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Chapter 6

Wireless Coded Caching: A
Topological Perspective

In this work, we move away from feedback and consider the aspect of topology.
We explore the performance of coded caching in a SISO BC setting where some
users have higher link capacities than others. Focusing on a binary and fixed
topological model where strong links have a fixed normalized capacity 1, and
where weak links have reduced normalized capacity 7 < 1, we identify — as a
function of the cache size and 7 — the optimal throughput performance, within
a factor of at most 8. The transmission scheme that achieves this performance,
employs a simple form of interference enhancement, and exploits the property
that weak links attenuate interference, thus allowing for multicasting rates to
remain high even when involving weak users. This approach ameliorates the
negative effects of uneven topology in multicasting, now allowing all users to
achieve the optimal performance associated to 7 = 1, even if 7 is approximately
aslow as 7 > 1—(1—w)Y where g is the coded-caching gain, and where w is the
fraction of users that are weak. This leads to the interesting conclusion that
for coded multicasting, the weak users need not bring down the performance
of all users, but on the contrary to a certain extent, the strong users can
lift the performance of the weak users without any penalties on their own
performance. Furthermore for smaller ranges of 7, we also see that achieving
the near-optimal performance comes with the advantage that the strong users
do not suffer any additional delays compared to the case where 7 = 1.



6. WIRELESS CODED CACHING: A TOPOLOGICAL PERSPECTIVE

6.1 Introduction

As we have noted, recently the seminal work in 2| introduced coded caching
as a means of using caches at the receivers in order to induce multicasting op-
portunities that lead to substantial removal of interference. This breakthrough
provided impressive throughput gains, and inspired a sequence of other works
such as [13,38,57,58,73,76-81], as well as [46,56,82-85], and even extensions
that are specific to wireless networks [15,45,60,62, 70,74, 86].

Emphasis in [2] was placed on the symmetric, error free, single-stream BC,
where each link from the transmitter to any of the receivers was identical,
with normalized capacity equal to 1 file per unit of time. For this topo-
loglcally s%/mmetrlc setting, it was shown that a delivery phase with delay

T suffices to guarantee the delivery of any K requested files to
the users. ThlS was achieved by caching a fraction  of each file at each cache,
and then by using cache-aided multicasting to send the remaining information
to Kv 4+ 1 users at a time. In this symmetric setting, the resulting coding
gain Gmaz = K&K;’) = 14 K~ far exceeded the local caching gains typically
associated to receiver-side caching.

What was also noticed though is that, because of multicasting, the perfor-
mance suffered when the links had unequal capacities. Such uneven topologies,
where some users have weaker channels than others, introduce the problem
that any multicast transmission that is meant for at least one weak user, could
conceivably have to be sent at a lower rate, thus ‘slowing down’ the rest of
the strong users as well. For example, if we were to naively apply the delivery
scheme in [2] — which consisted of a sequential transmission of (- +1) differ-
ent XORs (one XOR for each subset of K41 users) — we would have the case
that even a single weak user would suffice for the performance to deteriorate
such that T(K,7) > T(K,7 = 1), V7 < 1. Such topological considerations'
have motivated work such as that in [81] which — for the setting of the broad-
cast erasure channel — includes a ‘balancing’ solution where only weak users
have access to caches, while strong users do not.

Our motivation is to mitigate the performance degradation that coded
caching experiences when some link capacities are reduced. The key to mit-
igating this topology-induced degradation, is a simple form of interference
enhancement which exploits the natural interference attenuation in the direc-
tion of the weak links, and which allows us to maintain — to a certain degree
— a constant multicasting flow of normalized rate 1.

'Tn wireless communications, there is a variety of topological factors — including propa-
gation path loss, shadow fading and inter-cell interference [87] — which lead to having some
links that are much weaker or stronger than others; a reality that has motivated a variety
of works (e.g. [18,19,88-92]) relating to generalized degrees of freedom (GDoF).
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6.1. Introduction

Caches

Figure 6.1: Cache-aided K-user SISO BC.

6.1.1 Cache-aided SISO BC

We focus on the topologically-uneven wireless SISO K-user broadcast channel,
where K — W users have strong links with unit-normalized capacity, while
the remaining W users have links that are weak with normalized capacity
7 for some fixed 7 € [0,1]. For notational convenience we will assume that
users 1,2,..., W are weak, and that users W 4+ 1,..., K are strong. In this
setting, where a single-antenna transmitter communicates to K single-antenna
receiving users, at any time t, the received signal at user k takes the form

Ykt = VPhy o+ 21y k=1,2,--- | K (6.1)

where the input signal z; has bounded power E{|x;|?} < 1, where the fading
hi+ and the noise 2 are assumed to be Gaussian with zero mean and unit
variance, and where the link strength is 7, = 1 for strong users, and 7, = 7 for
weak users. In this setting, the average received signal to noise ratio (SNR)

for the link to user k is given as®?

E{|V P hy 42, |*} = P™.

As before, we focus on the high SNR (high P) setting, and we make the
normalization — without loss of generality — that each library file W,,, n =
1,..., N, has size f (bits) which — in the high SNR setting of interest here
— is set equal to f = logy(P). Consequently the aforementioned capacity of a
strong (interference free) link, is now 1 file per unit of time, while the capacity

2Additionally in the high P regime of interest here, it is easy to see that
Pr(|VPmehy > = P™) = 1.

3We here use = to denote ezponential equality, i.e., we write g(P) = PE to denote
Jim 1089(P)

= B. Similarly > and < will denote exponential inequalities.
P00 log P
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6. WIRELESS CODED CACHING: A TOPOLOGICAL PERSPECTIVE

of a weak link is 7 files per unit of time. The cache Zj of user k has size M f
bits, where M (M < N) defines the aforementioned normalized cache size
M
A

T=N (6.2)

Our results consider the case where N > K, and consider the measure of
performance T' — in time slots, per file served per user — needed to complete
the delivery process, for any request. After the aforementioned normalization
f =log(P), this measure matches that in [2].

6.1.2 Notation and conventions

We will use £ 2{1,2,---, K} to denote the (indices of the) set of all users,
W=2{1,2,--- ,W} to denote the set of weak users, and S&{W +1,--- , K}
to denote the set of strong users. We will also use w=W/K to define the
fraction of the users that are weak. We will use I' £ % = K~ to denote the
cumulative (normalized) cache size, and for any integer L, we will use

L(1—1)
1+ Ly

to denote the delay associated to the original coded caching solution in 2] with
L strong users and no weak users (7 = 1).

Consequently we will use T'(K) 2 ]isrl;{?/) to describe the performance for
the case of L = K users, as this was derived in [2] for integer Ky = {0,1,--- , K}
(for the general K+, the lower convex envelope of the integer points is achiev-

able). Similarly T(K — W) = % will simply correspond to the case

of L=K—-W,and T(W) = ml/fl;,z) to the case of L = W, and we stress that
T(K), T(K — W), T(W) all correspond to the case of T = 1. We here note
that for clarity of exposition, we allow for an integer relaxation on (K — W)y
and W~. This relaxation, which allows for crisp expressions, will be lifted in
Section 6.5.4 which, for completeness, presents the extension of the algorithm

in [2] for any 7, using memory-sharing between files (see also [40]).

T(L)2 (6.3)

6.2 Throughput of topological cache-aided BC

The following describes, within a factor of 8, the optimal T'(7) as a function
of K,W,~, 7. The results use the expression
_ T(W)
Tthr =
TW)+T(K —-W)

and

(Kl )
_ ot _
1 = for W < K(l 'y) (6. )

1, otherwise.
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The following applies to the case of centralized placement.

Theorem 6.1 In the K-user topological cache-aided SISO BC with W weak
users,

T(W)

pa 0<rt< Tthr
T(T): mln{T(K - W) + T(W)7 M}? Tihr < T < Tehr (65>
T(K)v Tehr < T <1
s achievable, and has a gap from optimal
T(r)
<8 6.6

that is always less than 8.

Proof. The scheme that achieves the above performance is presented in Sec-
tion 6.3, while the corresponding gap to optimal is bounded in Appendix 6.5.1.
]

What the above shows is that there are three regions of interest. In the
first region where 7 > 7yp,., despite the degradation in the link strengths, the
performance of all users remains as if all links were uniformly strong (as if
7 = 1). In this setting, instead of experiencing the phenomenon that the weak
users ‘pull down’ the performance of all users, we observe the interesting effect
of strong users bringing up the performance of the weak users, to the optimal
T(K) associated to 7 = 1. The conclusion is that in this first region, the reduc-
tion in the capacity of the weak links 7, does not translate into a performance
degradation. This is because, even when multicasting involves weak users,
the employed superposition scheme allows for an overall multicasting rate of
1. Then, there is an intermediate region where there is a degradation in the
overall performance by a factor ™= (rather than by a factor %) Finally there
is the third region 7 < Ty,., where due to the substantially limited capacity
of the weak links, the transmission to the weak users becomes the bottleneck
and the performance is dominated by the delay of serving the weak users, and
it deteriorates by a factor % Interestingly, within this region, and particu-
larly when 7 € [0, M], while the near optimal performance reflects the
bottleneck due to the weak users, it is also the case (this can be seen in the
description of the scheme) that the delivery to the strong users finishes much
earlier, and that the strong users do not suffer any additional delays compared
to the case where 7 = 1; each strong user completes reception of their file with
delay that is not bigger than T'(K).

In all cases, we see an improvement over the aforementioned naive sequen-
tial transmission of XORs, for which it is easy to show that the performance
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takes the form

Thw = T(K)(l + Tt:T (1 - T)) (67)
_ T(f) (1—(1— r)(1— 7)) (6.8)

where we see that T,,,(7) > T(K) for any 7 < 1. The gains of the proposed
method, compared to the naive sequential multicasting, are more prominent
when 7 is reduced (0 < 7 < Ty,), and when K+ > 1 and W+ < 1, in which
case the gains are bounded as

T, _ 2

T(r) W~y

and can become large when W+ becomes substantially small.

Example 6.1 (K =500,W =50,y = 5%) Directly from the above we see that

245 0<7<0.36
T = ¢ min{68.6, %1}, 0.36 <7 <0.69 (6.9)
T(K)=445, 069<71<1

which means that, with a tenth of the users being weak, as long as T > 0.69,
there is no performance degradation due to reduced-capacity links, and every

user receives their file with delay T(K) = KU=%) — 445 associated to 7 = 1.

1+ K~y

Regarding the first region, the following quantifies the intuition that the
topology threshold 74, (until which, capacity reductions do not degrade perfor-
mance), is a function of the degree of multicasting (coding gain) gmaz = K~y +

1= K(1 - 7)/T(K).
Corollary 6.1 The threshold Ty, which guarantees full-capacity performance
T(K), lies inside the region Ty, € [1 — (1 —w)Imer, 1 — (1 — w — {75)9mas],
which also means that

T(r)=T(K), VT > 1— (1 —w)Imaz 4 y9Imaz,
Thus as v decreases, this threshold approaches

Tihr & 1 — (1 — w)9mae,

Proof. The proof consists of basic algebraic manipulations and can be found
in the Appendix. m

We again note that a simple sequential delivery of the XORs would have
resulted in 7y, = 1.

We extend the above to the link-capacity threshold

Tihr,G £ arg min{7: T(1) < G-T(K), G > 2} (6.10)

until which, the performance loss is restricted to a factor of G > 2. For
example, for any 7 > Ty, 2, the scheme guarantees that 7'(7) < 2T(K).
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Figure 6.2: 7yprp = 1 — (1 — w)9mae= denotes the lower bound of 74p,-, while

T =1—(1—w— %)gm” denotes the upper bound.

Corollary 6.2 For any T > Typrq = 1+w(g”“:LM_1) dmer (G > 2), the perfor-

mance degradation is bounded as T'(1) < G- T(K).

Proof. The proof is presented in Appendix 6.5.3. m

Example 6.2 (w = %O,gmaz = 11) Here, as we have seen, Ty, = 0.686,
whereas
0.55
TthT,G = 7, G 2 2 (611)

which means that any link-capacity reduction down to, for ezample, T > Typro =
955 — 0.275, only comes with a performance deterioration of at most 2 (T(1) <
2T (K), V1 > 0.275).

6.2.1 Decentralized case

We proceed to provide similar results for the case of decentralized placement,
where as described in [38], the caching phase is a random process. The result
takes the same form as above, except that now we substitute 7'(L) from (6.3)
with the decentralized equivalent 7'(L) = =2X(1—(1-9)") (L = K, K—=W, W)
(cf. [38]), and where we substitute Ty, Tep,r with

/ _1_(1_7)W —/ 1_(1_7)W

T = —— T, = —.
P (1=K T T 2 (A=W — (1= ) KW

For completeness we present the result below.

Theorem 6.2 [n the K-user topological cache-aided SISO BC with W weak
users, and decentralized cache placement,

O, osr<d,
T={ TE-W)+T'W), 7, <7<1), (6.12)
T/(K)v Tt/h’r <7<l
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Figure 6.3: 7, corresponding to distinct values for gains gp,q.. For example,
for gmaer = 5 and w = 0.1 then 7, ~ 0.4.

is achievable and order optimal.

The delivery scheme that allows for the above, is identical to the one in
the centralized setting (see below), and the only difference is in the analysis
of T'(7) which accounts for the new thresholds 7/,,.,7;,,. The claim that the
scheme is order optimal, follows from the arguments in [38] and the arguments
in the proof of the gap in the previous theorem.

6.3 Coded caching with simple interference
enhancement

We proceed to describe the scheme, for the cases in Theorem 6.1.

6.3.1 Scheme for 7 > 7,

The following applies to the case where W < K(1 — 7).

Placement phase

The placement phase is identical to that in [2|, where we recall that each
file W,,, n = 1,...,N is equally split into (IF() subfiles {Wy, 7 }rcw, where
Ur2{r C K : |7| =T}, such that each cache Z is then filled according to
Zy = {Wn,T}ne[N],re\ImkEr

Delivery phase

At the beginning of the delivery phase, the transmitter must deliver each
requested file Wg, to each receiver k, by delivering the remaining (uncached)
subfiles {Wpg, +}r¢, for each user.
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Figure 6.4: The plot shows the gain as a function of 7 when K = 500, W = 50.
The horizontal lines represent the maximum gain ¢pq, corresponding to 7 =1,
and demonstrate how these can be achieved even with lesser link capacities.

We first recall from [2] that for any ¥ € Ury 2{yp € K : || =T + 1},
then

Xy 2 Orep W v\ (k) (6.13)

suffices to deliver to each user k € 1, their requested file Wg, 4. To satisfy all
requests {Wg,\Zx}1,, the entire set Xy £{Xy}ycw,,, consisting of |Xy| =
(Flil) folded messages (XORs), must be delivered, where each XOR contains
(has size)

Xy| = [Wayr| = -1 (bits). (6.14)

(r)

We distinguish between the subset of XORs Xy 4 é{Xw VY, sty MW =
(0} C Xy that are only intended for strong users, and the remaining subset
X = Xy\ Xy s that have at least one weak user as an intended recipient.

Let T7 be the duration required to deliver all of Xy ,, to all weak users
k € W. Let the transmission first take the form

xr=c+by, te [O,Tl] (615)
where the power and rate of the symbols are allocated such that

E{jei?} = P°, r{? =7 (6.16)
E{p2t =P ", rP =1-7 (6.17)

(e) (

where 7,

(b))

resp. 7, ) denotes the prelog factor of the number of bits rt(c) f

carried by symbol ¢; (resp. rt(b)) at time ¢. In the above, ¢; will carry informa-
tion from Xy 4, while b; will carry the information from Xy ;. As we see, the
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reduced power of b; guarantees that it does not interfere with weak users (at
least not above the noise level).
During this period, the received signals y;,; take the form

Ykt = V Phkﬂgct +V Phk,tbt + 2kt keS8 (6.18)
—_———— ——
P pl—r po
?/k,t =V PThk,tCt —+ vV PThk,tbt + Zk,ta k? € W (619)
v
PT PO po

allowing each weak user to directly decode ¢;, and allowing each strong user
k € S to first decode ¢; by treating b; as noise, and to then decode b; by
removing ¢;. This is achieved because the interference to the strong users was
enhanced (see [93] and [94]) in order for it to be removed.

Depending on the size of Xy ,, and Xy ,, we will have two cases. In the first
case, all the information in Xy 4 is delivered by b; within the aforementioned
duration 77, and thus 7" = Tj. In the second case though, the delivery of
Xy s takes longer than the delivery of Xy ,, (longer than T7), in which case the
remaining information is transmitted during an additional period of duration
T3, during which the transmission (as it is intended only for strong users) takes
the simpler form

Tr=c¢, TE [Tl, T + TQ] (620)
during which the power and rate are set as
E{|c/|?} = P°, »{9 =1 (6.21)

which allows each strong user to directly decode ¢;.
In both cases, each strong user can decode Xy ,, and Xy 4, while each weak
user can decode Xy 4, and the delivery process is completed.

Calculation of T

To calculate the duration of the delivery phase, let us use

() f

(r)

to denote the size (in bits) of Xy s, and let us use

Qu= | Xy || X | = (bits)

Qu = |Xu||Xy| — Qo (bits)
to denote the size of Xy ,,. We now treat the aforementioned two cases.
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Case la: T} > ~22_ (this corresponds to 7 € [0,74,]) Here T =T} is

(1-7)
directly calculated, and takes the form

_ _ Qw o 1 (I;jr‘f/) K(l _7) _ TthrT(K)
T_Tl_?_;(l— (rﬁ))HK’Y — (6.22)

Case 1b: T} < (16_27;“)]@ (this corresponds to 7 € (74, 1]) The transition
to this new case, happens as soon as 1] < (16_272)]0, which happens as soon as
T > Typy (€., T = Typ, is derived by setting T} = (16_27:)}0) Recall that now

T =T, +T5. We can easily calculate that the second period (during which we
multicast to strong users at full rate) has duration

Qo — (1 —7)fT1
f

Ty =

where Qg — (1 — 7)fT} is the amount of the remaining information of Xy 4
that had not been handled during the first period of duration 7. Adding the
two components gives us

K(1—19)
T=T,+T, = =T(K 6.23
1+ 12 1+ Kr (K) ( )

which matches the aforementioned performance T'(K) corresponding to uni-
formly strong topology (7 = 1).

6.3.2 Scheme for the case of 7 < 7,

The following applies for all W < K. Here the idea is that, because the
weak link capacities are small, we treat the weak users separately from the
strong users. While we generally transmit to both strong and weak users
simultaneously, caching at the strong users is independent of the caching at
the weak users, and each XOR is meant either for strong users exclusively, or
for weak users exclusively. Transmission again takes the form x; = ¢+ b, and
¢; will deliver the group of XORs meant for weak users, while b, will deliver
the group of XORs for the strong users.

For the case of the weak users, the total information that will be sent is
fT(W)log(P) bits, while for the strong users, this will be fT(K — W) log(P)
bits. There will be again two cases, where the split is again a function of the
amount of information that needs to be delivered to the weak vs. to the strong
users. In the first case, the transmission and allocation of power and rate, are
the same as in (6.15) and (6.16), while in the second case they will be the same
as in (6.20) and (6.21).
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Case 2a: fT(fi_);V) < fTT(]YV) (corresponds to T € [Ty, Tenr]) For this

case — corresponding to the scenario where the delivery to the strong users
does not take longer than the delivery to the weak users — T can be readily
calculated to be

- JTOV) _T(W)

Tf T
Case 2b: fT(g_(;)‘}V) > ﬂ;(}/v), (corresponds to 7 € [0,7y,,]) In this sec-
ond case, in addition to the above mentioned T} = m, the second period

p-
duration T5 is readily calculated to be

fT(K=W) - (1 -7)fT
f

Ty =

which eventually gives
T=T1+1T; = T(K — W) + T(W) (6.24)

Combining this with the results corresponding to cases la and 2b, gives the

desired

TthrT(K)
T

T(r) = min{T(K — W) + T(W), .

6.4 Conclusion

In this work we explored the behavior of coded caching in the topological
broadcast channel (BC), identifying the optimal cache-aided performance within
a multiplicative factor of 8. Our proposed scheme uses a simple form of in-
terference enhancement to alleviate the negative effect of having to multicast
to both strong and weak links. By showing that the optimal performance
can be achieved even in the presence of weaker links, the work reveals a new
role of coded caching which is to partially balance the performance between
weaker and stronger users, and to a certain degree without any penalty to the
performance of the stronger users.

6.5 Appendix

6.5.1 Proving the gap to optimal

To prove the gap to optimal in Theorem 6.1, we first recall from [40] (which

T(K) < 4. Let us consider the

corresponds to the case of 7 = 1) that T r=1)

following three cases.
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Case 1 (7ynr < 7 < 1) In this case, the bound is direct, by seeing the
following

Case 2 (Tghr < 7 < Typr) We first recall that T'(K) is increasing with K,

since K(1 )1 )
-7 -7
T(K) = = (1- )-
14+ Kv ~y 14+ Kvy
This means that T(K — W) < T(K) and T(W) < T(K), and consequently

that

T(r) = min{T(K — W) + T(W), 7 TE) (6.25)

<T(K-W)4+T(W)<2T(K) (6.26)
which yields the desired

T(T) 2T(K) 2T(K)
T*(T) = T*(7) = T*(r=1)

<8.

Case 3 (0 < 7 < Typr) For this case, to get a lower bound on T'(7), we use
the bound in [40] for a system with K = W users, all of them having a link
of capacity 7. This means that the lower bound in [40] holds, after simple
normalization (division) by 7. At the same time, we know that for this case,
the achievable performance here is @ Given that the normalization of the
lower bound, matches the normalization of the achievable performance, then
the gap remains, as in [40], equal to % < 4.
Combining the above three cases, yields the desired

T

7+ =°
which completes the proof.

6.5.2 Proof of Corollary 6.1

From (6.4) we recall that for W < K(1—+) then 74, = 1— % To simplify
Y
we note that
(kyt1) E-WEK-W-1 K-W-EKy
() K K-1 K — K~
w wk
:u_ma_w—gifynu—w—%jéi)
il w1
= 120(1 W= Z) (6.27)
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K—W)

Kvy+1
K . wi s - . . . wi wk~y

and (K7+1). Since % is increasing with i, we have 0 < 7% < KRR~

Applying this inequality to the last equation above (cf.(6.27)), gives

where the first equation comes from expanding the binomial coefficients (

(]_ —w — ﬂ)gmax S (g}f{l‘i) S (1 _ w)gmax
1- v (K’y—i-l)

which in turn gives the lower and upper bound of 7, in the form 7,15 =
1= (1 —=w)9me and Typrup =1 — (1 —w — 175)9me=. It is easy to show that
the difference between the upper and lower bound is not larger than %7 +1,
which vanishes as v decreases.

6.5.3 Proof of Corollary 6.2
Let us recall from (6.25) that when 7, < 7 < 745, then

T(r) = min{T(K — W) + T(W), T“”:C(K)} (6.28)

<T(K —W)+T(W) < 2T(K) (6.29)

which, together with the fact that G > 2, implies that such a performance
degradation (beyond a factor of 2), requires that 7 < 7y,., which in turn says
that the achievable T'(7) takes the form T'(7) = % Applying this in the
definition in (6.10), yields the presented Ty, -

6.5.4 Removing the integer relaxation constraint

To remove the aforementioned integer relaxation, we consider the extension of
the centralized MN algorithm in [2], to any value of v (not just when K+ is
an integer). This has already been addressed in [40] which plots the interme-
diate values. For the sake of completeness we proceed to explicitly describe
the corresponding performance, achieved here by the memory-sharing scheme
described below. The following holds for any v and for 7 = 1.

Proposition 6.1 In the K-user cache-aided SISO BC, with N > K files and
cache size such that Kv € [t,t+1],t =0,1,--- , K — 1, then

T"(K)=((t+1)— Ky)i:lt + (Kvy — t)K_tf;D
_ K-t N (Kvy—t)(K +1) (6.30)

t+1 | (t+1)(t+2)

is achievable and it has a gap from optimal

T//T(f() <4 (6.31)

that is less than 4.
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The above maintains the gap from optimal of 4, simply because the inter-
polation gives an improved performance over the case where K € [1,2,..., K]
(see also [40]). The expression coincides with the original T'(K) for integer val-
ues of K. The purpose of this proposition is to allow for the applicability of
Theorem 6.1 without the integer relaxation assumption. With 7”(L) in place,
Theorem 6.1 can apply, simply now with slightly different values for 7, and
Tenr, Which though are more complicated and which do not offer any additional
insight and are thus omitted.

Below we briefly describe the scheme.

Proof of Proposition 6.1

Let I' = % € [t,t+ 1], for some t =0,1,--- , K — 1. Let us start by splitting
each file W,, into two parts, where the first part WV(LI) has size ((t +1)— Ky)f

and the second part W,gQ) has size (K~ — t)f. Split each cache Zj into two

o 1Zeal _ ((t+1)—K~)
[Zk2] — (Kv—t)

parts, Zy 1, Zk2 such tha Focusing on the first part,

apply the original MN algorithm, where now the library is {Wél)}ﬁle, the
caches are {Zj 1} |, and caching is performed as though Kv = t, i.e., by
splitting each half-file Wél) into ([t( ) equally-sized subfiles W,%),T € U, (each
subfile now has size ((t+1)—K~)f/ (It()), and by filling the caches according to

Zr1 = {WTS}T)}ne[N],Te\I/t,ker Then simply create the sequence of (tfl) XORs

(where now each XOR is intended for ¢t+1 users), the delivery of which requires

(v11)

(%)

We then do the same for the second half of the files (second library { Wi )

TW = (t+1— K~r) : (6.32)

n=1
except that now we substitute ¢ with ¢ 4+ 1, to get a corresponding duration of
@ (i)
T = (K~ —1t) R (6.33)
(11)

Combining the two cases yields the whole duration of the delivery phase to be

K—t (Kvy—t)(K+1)

T =70 L 72 _
+ tr1 D12

(6.34)

which completes the proof.
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Chapter 7

Achieving the DoF Limits with
Imperfect-Quality CSIT

In this chapter, we investigate the problem of how to exploit imperfect CSIT
without involving caching. This is done here in the setting of the two-user
single-input single-output X channel. In this setting, recent works have ex-
plored the DoF limits in the presence of perfect CSIT, as well as in the presence
of perfect-quality delayed CSIT. Our work shows that the same DoF-optimal
performance — previously associated to perfect-quality current CSIT — can
in fact be achieved with current CSIT that is of imperfect quality. The work
also shows that the DoF performance previously associated to perfect-quality
delayed CSIT, can in fact be achieved in the presence of imperfect-quality
delayed CSIT. These follow from the presented sum-DoF lower bound that
bridges the gap — as a function of the quality of delayed CSIT — between the
cases of having no feedback and having delayed feedback, and then another
bound that bridges the DoF gap — as a function of the quality of current
CSIT — between delayed and perfect current CSIT. The bounds are based on
novel precoding schemes that are presented here and which employ imperfect-
quality current and/or delayed feedback to align interference in space and in
time.

7.1 Introduction

We consider the two-user Gaussian single-input single-output (SISO) X chan-
nel (XC), with two single-antenna transmitters and two single-antenna re-
ceivers, where each transmitter has an independent message for each of the
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Figure 7.1: 2-user SISO X channel.

two receivers. The corresponding channel model takes the form

Yt = hil)fﬁgl) + h§2)$§2) + my
1

)

=g o) + e 4y (7.1)

where at any time t, hgi), gy) denote the scalar fading coefficients of the chan-
nel from transmitter ¢ to receiver 1 and 2 respectively, where m;, n; denote
the unit-power AWGN noise at the two receivers, and where x§1)7 1= 1,2
denotes the transmitted signals at transmitter ¢, satisfying a power constraint
E(|$§Z)|2) < P. Naturally each xgi) may include some private information
— originating from transmitter ¢ — intended for receiver 1, and some private
information intended for receiver 2.

In this setting, for a quadruple of achievable rates R;;, ¢,7 = 1,2 cor-
responding to communication from transmitter ¢ to receiver j, we adopt the
high-SNR DoF approximation

Ri.
d;; = i J i i=1,2 7.2
9= g p hi=l (7.2)

to describe the limits of performance over the XC, particularly focusing on the
sum DoF measure ds, := di1 + do1 + di2 + dao.

In this context, the challenge originates from the fact that each transmitter
is both an interferer as well as an intended transmitter to both receivers.
Crucial in addressing this challenge is the role of feedback — and specifically
of CSIT — which can allow for separation, at each receiver, of the intended
and the interfering signals. In particular, while the optimal sum DoF without
CSIT has been shown to be dy, = 1 (cf. [25]), the DoF increases to dy = £ in
the presence of perfect-quality delayed CSIT (see [98] which proved that this
performance is optimal over all linear schemes), and the DoF further increases
to an optimal sum-DoF of dy, = % (see [99]) in the presence of perfect-quality
and instantaneously available CSIT (perfect current CSIT), other related work
can be see in [100-102].

7.1.1 Feedback quality model

Motivated by practical settings of limited feedback links, we here consider
the case where feedback can be of imperfect-quality, and potentially also de-
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layed. Towards this, let ﬁgz) , gt“) denote the current CSIT estimates of channels
i) gt tively, and let
., g; respectively, and le

M =n ki, g =g —gl” (73)

be the estimation errors, modeled here as having i.i.d Gaussian entries.

Similarly for delayed CSIT, along the same lines as in [1,103], let hf),gf)
denote the delayed estimates of channels hgi), ggi), where these estimates are
obtained sometime after the channel elapses, and let

) =n? =0, g =gl - g (7.4)

be the associated CSIT errors, modeled here as having i.i.d Gaussian entries.
In our context, we again consider

L logERYR B[
a=—lim ————— = — lim

P—oo log P P—o0 log P
to here be the current CSIT quality exponent describing the quality of current
CSIT, equally for both ¢ = 1,2, and we similarly consider

7 (@)12 ()12
= ym 8B T ) losEllG |1

P—oo lOg P P—oo log P
to be the delayed-CSIT quality exponent. In our DoF setting, and following
arguments directly from [29], we can safely consider that the two quality ex-
ponents are bounded as
0<a<p<l.

Having o = 1 corresponds to the case of perfect CSIT, for which case — as
stated above — the optimal sum DoF was established to be equal to dy = %,
while having 8 =1 (a = 0), corresponds to the case of perfect-quality delayed
CSIT, for which case the optimal linear sum DoF was established in [98] to be

6
dzzg.

7.2 DoF performance with imperfect-quality
current and delayed CSIT

Motivated by works such as that in [104] which presented a distributed inter-
ference management technique which can obtain the optimal DoF with local
and perfect current CSIT with a certain fractional delay, and by works on
imperfect current and delayed CSIT over the broadcast channel [9,20,21,105],
we here explore the role of feedback in moving between these extremal points
(a =1 and B8 =1,a = 0) by considering different values of o and g.
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Theorem 7.1 For the two-user XC with perfect-quality delayed CSIT, and
with imperfect current CSIT of quality exponent «, the optimal sum DoF is
lower bounded as

4 6 2a(2-3a)

dy, > min(f, -+

3’5 5(4—Ta) ): (7.5)

As a result, the optimal sum DoF dy = % can be achieved with imperfect
current CSIT of quality that need not exceed o =

O[>

Proof. The result follows by analyzing the performance of the communication
scheme which will be presented in section 7.3.1. m

We note that the above expression, evaluated at a = 0, yields the afore-
6

mentioned sum DoF dy = 2.

We now shift attention to the case of imperfect-quality delayed feedback,
and of no (or very limited) current feedback, corresponding to having § < 1
and o = 0. As argued in [9], interest in imperfect-quality delayed CSIT relates
to the fact that § is more indicative of the quality of the entirety of feedback
(timely plus delayed), and hence, any attempt to limit the total amount of
feedback — that is communicated during a certain communication process —
must focus on reducing 3, rather than just focusing on reducing ov. We proceed

with the associated result.

Theorem 7.2 For the two-user XC with no current CSIT and with imperfect

delayed CSIT of quality exponent B, the optimal sum DoF is lower bounded as
6 g

ds; > min(=,1+ =).

» > mln(5, + )

: (7.6)

As a result, the (linear-) optimal sum-DoF ds, = g, previously associated to
perfect-quality delayed feedback, can in fact be achieved with imperfect-quality
delayed CSIT of quality that need not exceed 8 = %

Proof. The result follows by analyzing the performance of the communication
scheme which will be presented in section 7.3.2. m

7.3 Achievable schemes for SISO XC

We proceed with the description of the scheme corresponding to Theorems 7.1
and 7.2.
The schemes are designed to have S phases, where the sth phase (s =

1,---,5) consists of Ts channel uses. In describing the schemes, we will use
a double time index s,t to correspond to the t** time slot, t = 1,---, T}, of
phase s.
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The general structure of the transmitted signals at any timeslot ¢ of phase
s, will be

1
uia £2(+ '

!/

¥
Lst = (2
+u

cmﬁ—uS

a/(1)+ (t)b(1)+ /(1t)b/(1
) (2 S S S (S

s,t t ) 71‘/)
A0 o 4o Ay

where, depending on the instance, some of these symbols will be deactivated
resulting in a simpler transmitted signal. In the above, ag%, a’ glz will denote
independent information symbols, from transmitter ¢ to receiver 1, while sym-
bols bgi), v gi) are intended for receiver 2, again from transmitter ¢. In addition,
cst will represent a common information symbol generally intended for both
g%,u’g,vgz,v’gz are unit-norm ‘precoding’ scalars
which — when combined in time and space — help align the interference from

the distributed transmitters at the unintended receivers.

receivers. Furthermore u

Communication takes place under an average power constraint P on both
transmitters. We use the following notation to describe the allocated power
on different symbols

P 2 E|al)2, P 2 B0, PO LEB2, PO 2R

and note that this holds equally for both transmitters, i = 1, 2. Furthermore,
we use r? to mean that, during phase s, each symbol as Ht=1,--- T, carries

r%log P + o(log P) bits. Similarly, we use 7%, 7% 7% r¢ to describe the prelog

8787878

factor of the number of bits carried by a g z, bglz, b’g 2, cs,¢ Tespectively.

We now proceed with the details of the first scheme.

7.3.1 Schemes for XC with imperfect current CSIT

We note that typically, a receiver encounters interference originating from two
transmitters. The general idea behind our scheme is that a receiver uses linear
combinations of received signals to remove as much interference as possible
from one transmitter, and then have the other transmitter help out — with
precoding that employs imperfect-current and delayed feedback — in removing
the remaining interference. This will be achieved with a proper choice of pre-
coding scalars that are functions of imperfect current and delayed CSIT. Given
that this CSIT can be of imperfect quality, the interference may not be fully re-
moved immediately, thus forcing power-and-rate regulation of the information
symbols, as well as a multiphase scheme that uses proactive encoding which
handles interference at later stages of the communication process, and which
then allows for retrospective decoding of the original private information.
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Coding

The phase durations 711,75, -+ ,Tg are chosen to be integers such that

1> = T1§7 TS = TS—1M7 Vs € {3747' o 75_ 1}7
Ts = Ts_1y = Tiép" 3y (7.7)

_ 8(-) _ 2 _
where £ = 3(4—-Ta)? H = 4—%&’7 - 2(10:(1) :

Phase 1 Phase 1 consists of % sub-phases, with each sub-phase consisting of
three consecutive time slots. We will focus on the first such sub-phase (i.e., the
first 3 time slots of the first phase), corresponding to time (1,1),(1,2), (1, 3).
The rest of the sub-phases will simply be a repetition of this first sub-phase,
with each sub-phase corresponding to new information symbols. In this first
sub-phase, the transmitted signals are

e

p(D)
1,1 1,2
&+ v

i1 = (2)
big+ b5

, L1,2 =
a

1 1
P13 = [ <2>a§é%)+bg(’2% (2)]
7 uy 3077 + vy 3by )

where the power and normalized rates are set as

r = =1, =" =10 (7.8)
and where
2) (1 2)5 (1
L) 9“98 o2 _ hg%hgg
1,3 — 0 (2)° 1,3 — (2"
919 ey

To gain insight into the workings of the scheme, we note that, for example,
(2)

u, 3 is chosen to assist receiver 2 remove the interference from transmitter 2
3

using delayed estimates gglt) , gﬁ) as well as using current imperfect estimates

of the two channels leading to receiver 2 from the two transmitters. We note
that the above expression reflects our assumption that delayed CSIT here is
of perfect quality.

Excluding the noise term for the sake of brevity, the received signals at
receiver 1 take the form

Y11 = hﬁaﬁ + hﬁ(aﬁ + a/fi)
Y12 = hglgbg% + h%(bg + b,f%)
s = B0+ 00) + A ual) + o363 (7.9
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(1)

Upon receiving the above, receiver 1 removes the unintended symbol b; 5 from
transmitter 1, using the following linear combination, to get

y1,3/h$:)), - y1,2/hf%

11,1
2 2 2 2
oL M e M e B e A
a11 + 15011+ ( U3~ (1)) 127 T2
13 his 12 12
P
P pQ-a)

where under each term we noted the order of the summand’s average power,
where 711 denotes the interference from transmitter 2 onto receiver 1 during
this first sub-phase of the first phase, and where the power of this interference
is bounded as

TR L ¢ BT R 1
. ) ) ] 5 /
12 M3his 1,2
2)7(2)3(1) (2701 2
. hg,% hg,gh’(lf)) - hg,?);hg,g b(2) + Plfa;Plfa (7 10)
- (1) (1)7(2) 1,2 a ’ ’
hl 2 h1 3h1,3

In the above, precoding with v%, managed to bring down the residual in-

terference of b@ (due to imperfections in current CSIT), to the levels of the

interference imposed by b’ 52%

Receiver 2, which follows a parallel course of action, now experiences in-
terference 01 1 from transmitter 2, where this interference is similarly bounded
above by P'=%. At the end of this first sub-phase (3 time slots), transmitter
2 uses its partial knowledge of current CSIT to reconstruct {i,1,6:,1}, and to

quantize each term to get
i1 =11 — 111, O11="011—011.
Allowing for (1 — «) log P bits per interference term, allows in turn for
E([i11]%) = E(|61,1]*) = 1.

At this point, this same procedure described here for the first sub-phase of
the first phase, is repeated for the remaining % — 1 sub-phases, corresponding
though to new information. This process results in the accumulation of a total
of %(1 — a)log P quantization bits representing residual interference. These
bits will be distributed evenly into the common symbols {027,5};‘21 of the second
phase.
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2) Phase s, 2 < s < S — 1: Phase s consists of % sub-phases, each
consisting of 4 consecutive channel uses. As before, we describe the first sub-
phase, corresponding to time (s, 1), (s,2),(s,3), (s,4), where the transmitted
signals are

1 1 1 1
(@B [ser
s, 1 — (2) ) s$,2 — b(z)
CS,]. + as,l 0572 + 8,2

al) + o/ 40 4 v

s

Cos +ul) a(21) + a,(zg) + ”223) (bf% T blf?)’) ]

Ls,3
) 5,3\ s, s,
a1 00
Tsa = " @) 0
Cs,4 +a s,3 +b s,3
where
2) A(1 1 1) ~(2 ~(2
O (e S B 1 BN
Uz = o Ysd = @ Coom Do
95,193,3 gs,l gs,3gs,3 93,4
2)7 (1 1 7 (2 7(2
M e e
s,3 ~ ’ s4 2 2)~ (1 ~(1 .
R

and where the rates and power are allocated as follows

Pl(C) - P, Pl(a) _ Pl(b) - PQa’ Pl(a’) _ Pl(b/) - po

rgcs’l) = r&csg) = rch’B) =1- 204,7’505’3) =1-aq,
r® =1 = 20,11 = ") = . (7.12)

We focus on the noiseless version of the signals of the first receiver, which take
the form

o = W8+ KO + ) 2

o = Wes 4 KOO + )+ nE

v = W8ess + HYT + ') 4 o0+ )
+ R + ) + B0 +5)

ysa = h esa+hl (Wl al) -0+ 08 (@ %) + 0.

At this point, receiver 1 decodes ¢y 1, Cs 2, Cs.3, €5 4 by treating the other signals
as noise'. After removal of these common symbols, receiver one has 7/ st =

!For the case of cs 4, note that this is achieved by proper choice of u(slﬁ
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Ysit — hgt)c&t,t =1,---,4, where

Vo =3+ ) 4 1500
Vo= 3083 50D 1
Vs = M3+ 2 )

he)(a'C) + 60, (7.13)

Interference alighment and power reducing Receiver 1 considers the
following linear combination

is,l
(2 (2)
’y/s,3 y/s,Q hs,S (2) hs,z (2) 5,3 (2),/(2)
5y = st (Cayvss Ty sz Ty Vsl s s
3 b ha kG ¥
pa

as a means of canceling the unintended information from transmitter 1. In
the above, we use o051 to simply denote the part of the received signal —
during this sub-phase — that consists of desired symbols, while we also recall
that i, denotes the interference from transmitter 2. The interference relating

to bglg + b/g has been removed by the actions of transmitter 1. Choosing
n@j, ™

vgg hflzh&z’ guarantees that
o 1ol [ pome) 2
. 2 _ s, sy ,
E|ZS,1| - ]E (h(lg) Us,3 h(1% )bs,Q + E (1?2 s 3b
~(1) % 2

h(2) h( )h(l) h(l)h(2)

~ R ?2) ( 5,3 si? o (2?3 S,S)bg?Q) + pe - po (714)
h hs Sh

and using y'; 5 and y/'; 5, receiver 1 removes the interference from transmitter
1 and also reduces interference from transmitter 2. Similar arguments apply
also for the interference 6,1 at receiver 2 originating from transmitter 2.

We also consider

(1)

3/33 y/sz Z/s4 (1) (1) /(1)
) _ 5 _ 5 _ 82+( 54)b +77b

i el iii N

PO

PO
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1) 1)
where 0,9 is the desired signal, and where n = % - % With proper
s5,3"s,3 5,2
choice of precoding scalars, we have
(1) 2 1) pWH) 1)7(2)
E (n—h5’4v(14))b(12) g h52<h53h _hs,3hs,3)b(12)
o T G T e
D732 71230 2 T (1)7(2 2
|63 (B3 — RESRGS) (B33 — hhZ)) o[ o
T B T
and )
D032 5230
J(1) hgo (h§,§h§,§ - hgg 8,3) /(1) 0
Blnbsz| =El-5) @y s =T
hs,2 hs 3hs,3

(2)

Using ', o and 3’ 4, receiver 1 removes the interference relating to by, +

v 9?2 in 9/, 3, and the power of bg12) and o/ g is reduced below the noise level.

Similarly receiver 1 can also get

1 1
c i% §§ e
which will be used later to decode.

Quantizing and retransmitting the interference Up to this point, we
have removed the unintended signals from transmitter 1, and now focus on the
interference originating from transmitter 2. After the first sub-phase of phase
s, transmitter 1 reconstructs is 1, 05 1 using its knowledge of delayed CSIT, and
quantizes these into

g5,1 = Zbs,l - %s,h és,l = 95,1 - 95,1
requiring a total of 2alog P bits, allowing for bounded noise

E(lis1[*) = E(|fs1/*) = 1

Consequently during phase s, a total of §Tlog P bits are accumulated, and

will be distributed evenly into the common symbol sets {cs+17t}tT;{1 of the next
phase.

8) Phase S: Phase S has L& sub-phases, each consisting of 3 consecutive
time slots. Focusing on (S5, 1), (S 2),(S,3), we have

1) 1)
Tgq = as1 b2
’ cs1+ a(l) cs2 + bg)Q
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xs3 = ((213)1 T)b(l) (2),(2)

$3+ Ugzag) +vg3bgs
where (2) (1) )5 (1)
CRb i T
951953 hgohgs

and where the power and rate are set to

P = p p\» = px p® = pe

rgc) =1-aq, rga) = rgb) = a. (7.15)
As before, receiver 1 decodes and removes the common symbols to get

1) (1) @ (
l//s,1: (s,la(s,l h51 5)1

oL

(1) 1) ) (2)( (2 (2

2
Vs = hs,3(as 1 “s,?aas,)1 + ”s,%bfq,;) (7.16)

which are then linearly combined to get

2) 2) 2)
- Bl Gt - )
0 o it tsstsitlaytss Ty Vs,
hS,3 hS 2 hS,?) hS,?) hS,Q
Pe PO
where
2 ~(9) ~ ~ 1Y ~ 2
(hgévm_hgé)b@) g hg%hgé—hgéhgéb@) - po
W Uss” ) Ps2| = 07,0 s2| =
hS,3 hS,Q hS,3hS,3
Decoding

1) Phase S: Receiver 1 first decodes cg; by treating all other signals as noise,
and then removes hgzcs,t from yg;. At this point, for each sub-phase, the
receiver experiences an equivalent 2 x 2 MIMO channel of the form (with

bounded noise)

(1) (1)
y/s,1 hS,l hsz a(sli
Yss _Yse2 | = 2) )
hgy o hSY 1 < T Us3 as1

S

allowing receiver 1 to decode a(slﬁ, ag)l. Now receiver 1 can go back one phase

and reconstruct {ig_1,},°;" using knowledge of the common symbols of this
last phase. Similar actions are performed by receiver 2.
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2) Phase s,s =S —1,---,2. As before, receiver 1 first decodes ¢ ;. Using
the already decoded {cs+1,t}zﬂj11 , receiver 1 reconstructs {557t,§5,t}£1, and
for each sub-phase, subtracts is1 to get 051, up to bounded noise. The same
receiver also employs the estimate §5,1 as an extra observation. Thus now
receiver 1 sees a 4 X 4 MIMO channel of the form

r (1) (2) (1) T

s <h> ! P ( )0 1)
’ h'%) (2) (%) @) || a
S, S, 1
Ysi 1 ol Ug 3 1 ) Ug f’)
08,1 . h<1) 5,3 5,3 QSJ
= M
ous | | —rmull 0 0o -1 (oW
0s.1 o @) @ @ o' @)
0 5,3 u(z) _9s1 g Yss u(2) 5,3
g(l) 5,3 (1) (1) %s,3
L 5,3 gs,l 5,3 .
A

where one can check that matrix has a full rank almost surely. With the above
linear independence established, we now see that we have accumulated two
observations of power P?®, and two observations of power P%, while at the
same time, there are two information symbols of power P?® and of rate 2« and
two information symbols of power P% and of rate a. This suffices for receiver

1) (2 1) @ . . )
gl), ag 1), a’g 1), a’g g The process is the similar for receiver 2.

8) Phase 1: Similarly, receiver 1 first reconstructs {i1 1, §1,1}tT;1 from {62715}321
for each sub-phase to get a 3 x 3 MIMO channel of the form

1 to decode a

(1) (2) (2)
hy 3 hii hyi (1)
Y11 r3 (2) ajq
yli"i; — y1772 _% 1 1,3 u 0 (7 )
OB 1,1|= B 71,3 ay’y
Lo o2 @ (2) (2) ()
(9171 0 913,(2) 911 91 a/l 1
o3 T Tm 6 ’

91,3 1,1 91,1

where obviously the matrix has a full rank almost surely. Therefore, receiver
can decode aﬂ, afi with rate 1 respectively, and o’ ﬂ with rate 1—a. Receiver

2 acts the same.

DoF calculation

Adding up the private information transmitted over the different phases, we
get that

S—1 S
ds- = (%(6 —20)+ Y %(m) + %4(1)/(2 )
=2 i=1
S
=3a+ (T1(2 - 13—104) — nga)/(z Ts)
=1
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Considering that 0 < p < 1, for an asymptotically high S, we get

— 2( —%104)+§Tus’37 6 2a(2—3a)
2= o+t T2 +T( _l_,uS S(V_L)) 3+ 5( —7@)

which proves the result, and which additionally shows that the optimal sum
DoF % is achievable even with o =

el

7.3.2 Schemes for XC with imperfect delayed CSIT

We proceed to focus on the achievability with imperfect delayed CSIT.
The phase durations 711,75, --- ,Tg are chosen to be integers such that

Ty =Ts1&, Vs €4{2,3,---,5 -1},
Ts =Tg_1y =T %y (7.17)

where £ = A Y =

Phase 1 Like before, phase 1 consists of % sub-phases, with each sub-phase
consisting of three consecutive time slots. Focus on the first such sub-phase
denoted as (1,1),(1,2),(1,3). The rest of the sub-phases will simply be a
repetition of this first sub-phase, with each sub-phase corresponding to new
information symbols. In this first sub-phase, the transmitted signals are

cr1+af) +a't

)

(1) 1)

cl2 + bST% + b’f% cizt+ajq+ bg,z

L11= 2 y L1,2= 2 y £1,3= 2 2
i i o4 0)
(7.18)
where the power and normalized rates are set as
Pl(c) -~ P Pl(a) - Pl(b) - Pl(a/) - Pl(b/) - PB
T‘EC) =1- ﬁ,ria) = rgb) = rga/) = r%b/) = . (7.19)

After the transmission, the received signals at receiver 1 take the form
1 1, ( 2) (2
= s ] <
vz = hihers + h 00 + 6 + n560)
yra = h{ers + A% (el +009) + h@)( o+ ) (7.20)

where we ignore the Gaussian noise. At this point, we see that user 1 can
decode ¢q 1,12, c1,3 from the three received signals with rate 1 — /3 by treating
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all the other signals as noise, respectively. After removal of these common
symbols, receiver 1 has v} , = y1+ — hgt)cl,t, t=1,2,3 where

1 1 2) (2
L= HdGand + 't + hial)
Yho = his®l) +b'1) + hC)b
1 1 2
vhs = hia(alld +003) + A% (e +03) (7.21)
Upon the above, receiver 1 removes the unintended symbol b( ) from trans-
mitter 2, using the following linear combination, to get
11,1
(1) (1) (1) (1)
Y 3 Y1 2 his (1) (2) 13 M (1) his /(1)
=—2ay1 +ay 1+ (3 )b b (7.22)
h(g) h(g) hf% 1,1 1,1 hg?% h(2) 1,2 hg?% 1,2
PB )

where we noted the order of the summand’s average power of the desired
signals and interference, where 7; 1 denotes the interference from transmitter
1 to receiver 1 during this first sub-phase.

Receiver 2, which acts similarly, now experiences interference 6 1, where
this interference is similarly bounded above by P?. At the end of this first
sub-phase (3 time slots), transmitter 1 uses its partial knowledge of delayed
CSIT to reconstruct {i1,1,61,1}, and to quantize each term to get

i1,1 = 41,1 — 11,1, t11 =011 —011.

We have that E(|i11]?) = E(]01.1]%) =P, we choose a quantization rate that
each iy 1,611 has §log P bits, thus allowing in turn for E(|711|%) = E(|f11%) =1

The same procedure is repeated for the rest % — 1 sub-phases, with new
information carried by each symbol from the transmitters. Consequently, the
accumulated interference {71 ;}7; and {f; ;}1., is of size @ log P bits, which
will be assigned evenly into the common symbols {027t}21 of the second phase.
By doing so, each user’s own interference can be removed to the noise level
(cf. (7.22)), and also it can be served as an extra observation for the other.

2) Phase s, 2 < s < S —1: Phase s (Ts = (1 /3) Ts—1) is similar to phase

1, which consists of % sub-phases, each consisting of 3 consecutive channel
uses. The transmitted signal takes the same form as in phase 1 (cf. (7.18)),
as well as the corresponding power and rate of the symbols (cf. (7.19)), where
the common symbols {cs,t}tTil carry the residual interference from phase s —1,
and all the other symbols carry new private information to the corresponding
user.

At the end of the transmission of phase s, the received signals are of the
same form as phase 1 (e.g, for user 1, {ys}i2; is the same as in (7.20)). Tt
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is easy to see that each receiver can decode the common symbols {cs,t}?il by
treating interference as noise.

Now we go back to the previous phase s — 1. With the knowledge of
{cs,t}fil, user 1, 2 can reconstruct the accumulated estimates

- T._ —~ Ts_
{is—1b.27 {01 127"

of all the interference, respectively. Take user 1 for example, it first subtracts
= 9;71,3 9271,2
is—1,1 from —5== — —5
h571,3 s—1,2
of phase s — 1, and each sub-phase follows the same course of actions. Then
together with y; ; and the estimates 0511 being an extra observation, it can

obtain a 3 x 3 MIMO channel of the form

(cf. (7.22)) up to noise level in the first sub-phase

1) (1) (2)

y/ hs—l,l hs—Ll hs—l,l (1)
Viis  Via s s o1 ||
s—13 _ Is—-1,2 _ ~ _ !/
h(2) h(2) 28—1,1 - h’227)1,3 5_171
e 53712 9(1)13 9(1>11 9(1)11 a(2)

sl @ O o 0 sohl

9s-1,3  9s-11 9s- 1,1

where obviously the matrix has a full rank almost surely. Therefore, receiver
can decode agl_)l 1 a’gl_)l 1> aiQ_)l , with rate /3 respectively. Receiver 2 acts the
same. 7 7 7

Now we come back to phase s. Like phase 1, we know that each user can
remove {Cs,t}tTil part from the received signals and creates residual interfer-
ence after linear combination. With partial knowledge of delayed CSIT, the

transmitter can reconstruct the interference {is ¢}, {fs,}12, with quantized
28T
3

{isi )=, {054} will be carried by {cs+17t}f;{1 sequentially in the next phase
s+ 1.
3) Phase S: In this phase, for any ¢ € [0, Ts], the transmitted signals take

the forn
C
LSt = |: So’t:|

where the power and rate are set to

estimates {Es,t}tTil, {és,t}?i1 of size log P bits. Finally, the information of

P = p =1, (7.23)

This phase delivers the residual interference from phase §— 1, i.c. {ig_14},°"

and {55,1715}?:5{1. It is easy to see that each user can decode the common
symbol with rate 1.
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DoF calculation

Adding up the private information transmitted over the different phases, we
get that

T S—1 T S
ds = (5B =P +68)+ ) 5(68)/(D_T.)
=2 i=1

S

=26+ (Ti(1 - B) — Ts(28)) /(D T2)

i=1
Considering that 0 < ¢ < 1, for an asymptotically high S, we get

Tl(]_ — B) - T1€S_2(25) =1+ é

T + g5 3

ds =26 +

which proves the result, and which additionally shows that the linear optimal
sum DoF g is achievable even with § = %

7.4 Conclusions

This work provided analysis and novel schemes for the setting of the two-user
SISO X channel with imperfect quality current and delayed CSIT, offering
insight on how much delayed and/or current feedback quality suffices to achieve
a certain target sum-DoF performance.
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Chapter 8

Conclusion and Future work

8.1 Conclusions

In terms of feedback, the work explored the fundamental limits of the cache-
aided wireless broadcast channel, identifying the optimal cache-aided DoF
within a multiplicative factor of 4. The constructed caching-and-delivery
schemes adapted caching and transmission, to the CSIT quality in order to
meet these limits. More importantly, the schemes exploited the interesting
connections between retrospective transmission schemes which alleviate the
effect of the delay in knowing the channel, and coded caching schemes which
alleviate the effect of the delay in knowing the content destination. These con-
nections are at the core of the coded caching paradigm, and their applicability
can extend to different settings which we plan to explore in the future. Such
connections exist because, both delayed feedback, as well as caching, can be
used to set up multicasting.

The work advocated that the interplay between coded-caching and CSIT
feedback is particularly important because CSIT and coded caching are two
powerful tools that are simultaneously synergistic as well as competing, in
handling interference. This joint exposition of these two intertwined tools,
was motivated directly from the prospect of distributing predicted content
‘during the night’, in order to alleviate a very large number of CSIT predictions
and disseminations per second during the day. What the work shows is that a
modest amount of caching can go a long way in removing the burden of having
to acquire high-quality timely CSIT. Along the same lines, an interesting way
to interpret the results here, is to say that content prediction during the night,
allowed for CSIT delays during the day.

In terms of this interplay and tradeoff, what we have seen (Chapters 2,3)
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is that there is a certain amount of caching that is needed to take a system
that had perfect CSIT (a = 1,7 = 0), and completely substitute current CSIT
with caching (v > 0,a = 0), without degrading performance. The conclusion
is that v ~ e~! suffices for this. Extending this rationale, we also draw the
conclusion that if we allow for a somewhat degraded performance d = 1/G (for
some G > 1) — which essentially means that a fraction 1/G of interference
is removed — then we will see an exponential reduction in the required cache
size that is needed for this performance, down to a more manageable v ~ e~ .
This is in contrast to the single-stream case (and all known instances that
have been studied to date - even those employing many antennas and full
feedback) where the equivalent reduction in v would be inversely proportional
to G, corresponding to a much more demanding v ~ é This exponential
dependency suggests that, for increasing K, caches that are vanishingly small
compared to the file library, can go a long way in removing the burden of
having to acquire timely and high-quality CSIT.

Chapters 2-3 also discuss the good match between coded caching and ret-
rospective transmission methods, showing that the latter methods offer a near
optimal utilization of the increase in v as compared to a large class of commu-
nication schemes that have similar performance without caching, but which
fail to match well the coded caching framework. This suggests that these
retrospective methods are a main ingredient in better utilizing caching. In
a somewhat converse manner, we show how cache-aided communications can
utilize a vanishingly-small portion of D-CSIT compared to traditional D-CSIT
schemes, simply because caching helps ‘skip’ the parts of the schemes that
require the highest D-CSIT load. The comparison carefully normalizes the
number of full D-CSIT scalars sent, by the coherence period T, and by the to-
tal amount of data delivered. The derived substantial reduction of the cost of
D-CSIT, is accompanied by the surprising finding that for v > % this D-CSIT
cost is even less than that of the the very efficient zero forcing precoder, which
has to additionally deal with harder-to-obtain current CSIT.

Table 8.1: Summary of results (as K increases to infinity)
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8.1. Conclusions

Ramifications of a little caching in larger BC systems While imple-
mentation of coded caching in large BC systems might currently be problematic
for different practical reasons (see for example [58]), the derived near-optimal
limits in this large K setting, suggest very substantial gains for small values
of 7. One of the most promising elements comes from the fact — as we have
mentioned before — that the derived interference removal gains are no longer
linear in v as they were in the single stream case where we saw that the per-
user DoF dss(y,« = 0) — ~, but rather have an exponential element in the
sense that any linear decrease in the required fraction d of the interference re-
moved, allows for an exponential reduction in the required . So assume that
you wanted to half a gap G to (the interference-free) optimal, we would now
only need to additively increase v by about e 5 (e, v —=> v+ e_%), unlike

a linear system that would require an additive increase of v by about é (see
Table 8.2)1.

Table 8.2: Cache size increase 71 — 2 needed to half the gap, i.e., needed for
improvement T'(y1) = G — T(72) = %, G > 2 (large K)

local caching | single stream | derived here

G
nrprl | p-nrg | n-nmez

It is interesting to note that these conclusions are made in the presence of
a small gap to optimal (at most 4), which additionally converges to 2 as K
increases and ~ decreases to smaller values.

Library design The fact that now, small v values can theoretically have
a substantial impact, may offer food for thought on how we design libraries.
In the past, having caches that were very small compared to the library size
(M < N, i.e., v very small), might not have been interesting (in terms of
exploiting receiver-side caches in wireless settings), simply because a small ~
carried lesser impact (limited impact with only local caching gains, and impact
proportional to 7y in single-stream coded caching systems). Now though, one
might consider having a much larger library, even if caches are relatively small,
because this will allow a frequent applicability (due to the large N) of the now
non-trivial coded caching gains that are offered even by comparably very small
cache sizes.

!Note that if there are only local caching gains, the achieved T = K (1 — ), approaches
T — G only if v — 1, because K > G.
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A little caching has more impact than a little feedback One could
argue that the fact that

d(’y,a = O) -

log(*)

implies that caching can be more impactful than ‘comparable amounts’ of
CSIT (i.e., when a = «y). This conclusion of course suffers from the fact that
it is hard to quantify what it means to have comparable amounts of these two
different resources. The fact though that now — for small v, « — « has a linear
effect on the above interference removal fraction, while v has an exponential
element in this, may allow with some more confidence the conclusion that for
smaller values of v and «, caching carries more impact. The intuition could be
that if we started off with a system that had no current CSIT and no caching
(o« = = 0), and we had to choose between injecting a little bit of caching
(v small) or a little bit of CSIT feedback (a small), then the exponential
gains associated to small values of v would be good motivation to consider the
caching option.

Need to tighten the gaps to optimal The fact that the gains now have
an exponential element in them, further accentuates the need to have tight
bounds to optimal. This is because — based on the above discussion — the
significance of a gap-to-optimal @), can be proportional to the significance we
attribute to a reduction of cache sizes, from v ~ e~ to vy = e @,

This need to tighten multiplicative gaps to optimal in high- f (high file size,
i.e., DoF) settings, is further accentuated by the fact that such multiplicative
gaps, spread the ambiguity that comes with asymptotic approximations, to
all parameters of the system, and not just the parameters of approximation.
While having a gap-to-optimal that does not scale with K, certainly offers
very valuable information, the larger these gaps are, the more they can hinder
many meaningful comparisons in settings of operational significance. Tak-
ing as an example the single-stream case, a gap to optimal that can be as
high as some @ > 1 (Z < Q) does not (directly) allow for simple conclu-
sions of the form T™ (72, a) < T*(71, ), 72 > 71 for any K that is less than
K < (1?7(1;;2’2_)58:13% (assuming .the denominator.is. positive). This is sim-
ply because the gap might be maximal at 7; and minimal at 2. In any case,
in DoF terms, guaranteeing a bounded gap to optimal simply says that there
exists a non-zero capacity slope as log(SNR) increases. This is of course a non-
trivial piece of information, but indeed it should be taken at its own value.
Stating that a scheme is ‘near optimal’ simply because the gap to optimal is
non-infinite, can be counter productive, especially when we consider that K is
finite.
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Chapitre 9

French Summary

9.1 Motivation

Les solutions de communication actuelles ne se basent pas sur les grands
réseaux car, a mesure que le nombre d’utilisateurs augmente, ces solutions ne
peuvent pas séparer complétement les signaux de tous les utilisateurs. Ceci
a son tour peut progressivement laisser & chaque utilisateur de petits débits
de communication, et il arrive & un moment ou le trafic de données sans fil
devrait augmenter de 10 fois en seulement 5 ans [1]. Si les volumes de données
continuent & se développer si rapidement, il est prévu que les réseaux sans fil se
feront bientot s’arréter, compromettant inévitablement les fondements infor-
matifs de la société. Ce dépassement de réseau débordant peut également avoir
des conséquences environnementales sévéres, car les systémes actuels nécessite-
raient des augmentations exponentielles de la puissance d’émission pour tenir
compte des futurs volumes de données; Les télécommunications ont en fait
déja une empreinte carbone plus élevée que aviation [2|. Malgré I'imminence
de cette surcharge, le consensus est qu’il n’existe pas de technologie existante
ou actuellement envisagée qui résout cela, méme pas avec 'augmentation de
la bande passante de la force brute, ni du nombre et de la taille des stations
de base.

Le probléme a résoudre la surcharge ci-dessus, provient principalement de
la nature intrinséquement en temps réel des communications, ol les données
doivent étre « servies » a temps. Cela implique d’adapter en permanence les
communications — en temps réel — aux états rapidement fluctuants d’un
grand réseau sans fil. Dans ce contexte, « Feedback » se référe a l'action
consistant a diffuser de grandes quantités d’informations générales (appelées
information d’état des canaux, ou CSI) sur les forces instantanées de chaque
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chemin de propagation entre les différents noeuds. Ces canaux fluctuent jus-
qu’a des centaines de fois par seconde, donc & mesure que la taille du réseau
augmente, les frais généraux consomment de plus en plus de ressources, ne
laissant éventuellement aucune place aux données réelles.

Les limites de la PHY basée sur les feedback La plupart des méthodes
de communication utilisent les feedback comme principale ressource. Les feed-
back servent principalement & séparer les signaux des utilisateurs, donc, plus
le processus de rétroaction est amélioré, plus le signal «direction» est efficace,
plus la séparation du signal est élevée, moins les interférences sont élevées, plus
les taux sont élevés. Le probléme est que les feedback consomment toutes les
ressources du réseau. Il n’y a pas si longtemps, il a été révélé que, en raison
des feedback, de nombreux réglages cellulaires ne pouvaient jamais échapper
a du débit petite, indépendamment de toute forme possible de coopération
en matiére de transmission [3]. Cela constituait un proxy pour les limites de
nombreuses architectures, comme dans le MIMO massif (voir I'approche «
Grassmann-manifold » [4]), ou méme dans des solutions totalement décentra-
lisées telles que les méthodes puissantes d’alignement des interférences [5], ou il
y a une aggravation polynomiale du probléme de rétroaction et une complexité
super exponentielle requise pour obtenir un débit non disparaissant. Méme si
le retour d’informations a été relégué en temps différé (ce qui est beaucoup
plus facile & obtenir), cela force encore les taux proches de zéro (cf [6, 7] ainsi
que [8,9], etc.). Enfin, méme si les réseaux étaient fortement densifiés avec une
infrastructure filaire, les blocages d’échantillonnage-complexité et de propaga-
tion qui en découlent, peuvent largement dépasser les goulots d’étranglement
de rétroaction (voir le recent [10]).

Un moyen clair de voir ce probléme du goulet de ‘rétroaction’ est que dans
le simple réglage du grand MIMO, ou la performance optimale sans interfé-
rence (qui peut étre obtenue par simple inversion de canal) suppose que la
chaine (qui change jusqu’a quelques centaines de fois par seconde) est connu
du coté de I'émetteur, de maniére instantanée, ce qui implique une rétroac-
tion en temps réel sans délai des estimations des canaux qui ont une précision
presque parfaite. Comme on I’a soutenu, c¢’est impossible, et les imperfections
CSIT qui en résultent entrainent une détérioration spectaculaire de la per-
formance [4]. Pour voir cela mieux, notez que le canal est accompagné d’une
période de cohérence T pendant laquelle le canal est & peu prés invariant
dans le temps et a une largeur de bande de cohérence W qui est l'intervalle
de fréquence sur lequel la chaine reste encore fixée. Les grands frais généraux
d’acquisition de chaque estimation de la chaine forcent les degrés de liberté
par utilisateur d (d ~ Capacity oot 1 capacité normalisée — voir plus tard) étre

logSNR
borne supérieure comme

min (K, TC;}VC) (1- min (K, TC;/VC)) < T.W,

0
K TV, SR

18
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qui s’évanouit lentement & zéro, car le frais généraux supérieures avec K qui
peuvent dépasser la fenétre de cohérence ToWe. Cela se manifeste dans une
variété de paramétres, y compris celui du duplexage par division de temps
(TDD) avec une réciprocité de liaison montante descendante.

L’émergence de « coded caching » Récemment, une solution de couche
supérieure a été proposée qui compté sur les données du caching codées par
réseau aux dispositifs de réception [11]. La solution proposée a été motivée par
le fait que le trafic sans fil est lourdement vidéo ou audio a la demande (plus
de 60%), ce qui implique une capacité a prévoir les demandes de données a
l’avance (« la nuit précédente »). Cette approche était basée sur la contenu du
caching d’une bibliothéque existante de nombreux fichiers populaires. Chaque
utilisateur pré-sauvegarderait (sans connaitre les demandes du lendemain) une
séquence de sous-fichiers soigneusement sélectionnée de la bibliothéque, spécifi-
quement congue pour accélérer les communications (du lendemain). Contraire-
ment & ce qui précéde, la mémoire a été utilisée pour diffuser des informations
sur le coté (contexte), qui peuvent étre mieux utilisées par multidiffusion, c’est-
a-dire en transmettant des signaux qui doivent étre «entendus» par plusieurs.
Ceci est exactement le contraire de la séparation assistée par la rétroaction,
ol en général, les utilisateurs n’entendent que leurs propres signaux. Cette ap-
proche prometteuse - qui a été présentée & ’époque pour la chaine de diffusion
d’un seul flux sans erreur (ligne filaire), offre des gains — en termes de degrés
de liberté par utilisateur - ce qui peut rester limité : le gain de DoF est resté
approximativement égal au rapport entre la taille du cache et la taille de la
bibliothéque.

Insight : I’idée derriére ’exploration des feedback et le caching Notre
travail cherchera & fusionner ces deux mondes apparemment indépendants du
caching et de la PHY avancée assistée par des feedback. Ce travail est une ré-
ponse naturelle au besoin apparent d’utiliser conjointement ces deux ressources
puissantes dans les communications sans fil : la mémoire et les feedback. Pour-
quoi le processus de rétroaction de la diffusion de CSI aujourd’hui serait-il si
fortement lié au processus de stockage de données préventif hier 7 Pour voir
cela, rappelez-vous que les feedback et la mémoire sont complémentaires; la
rétroaction sépare les signaux, tandis que la mémoire les rassemble (car les
informations latérales permettent la multidiffusion, ce qui est le contraire de la
séparation du signal). Cela signifie que lorsque les feedback incomplet entraine
par inadvertance une séparation de signal incompléte, cela renforce paradoxa-
lement 'impact de la multidiffusion assistée par mémoire. Cela tient également
a l'inverse, et en substance, chaque élément s’appuie sur les imperfections de
I'autre. La deuxiéme connexion découle du fait que les deux cas sont confron-
tés & des problémes paralléles. La facon dont nous cachons mardi, sachant que
les demandes de fichiers seront révélées mercredi, est un probléme structurel-
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FIGURE 9.1 — Cache-aided single-stream BC.

lement similaire a la fagon dont nous transmettons maintenant, sachant que le
« emplacement » (canal) sera révélé plus tard. C’est ce deuxiéme lien struc-
turel qui permet a la mémoire de faire des feedback en temps réel sans délai
pertinents, et c’est la premiére connexion qui donne une certaine propriété de
secours fiables a cette dualité.

Insight : Le pouvoir des micro-insertions préemptives de données
dans des paramétres sans fil Les méthodes traditionnelles du caching
(préfetching) réduisent principalement le volume du probléme pour le lende-
main, reflétant ’ancien dicton ‘Faites quelque chose aujourd’hui, afin que vous
ne deviez pas le faire demain’. Plutét que de modifier le volume du probléme,
une approche beaucoup plus puissante consiste & utiliser des éclaboussures de
mémoire pour changer la structure du probléme. Pour clarifier les choses, éta-
blissons une analogie. Imaginez que vous étes assis a une table ol tout le monde
parle italien, sauf vous. Vous ne comprenez presque rien, jusqu’a ce qu'un bon
traducteur samaritain propose par intermittence de petits conseils (peu de
mots sur ce qui est dit). Nous savons tous que cela peut étre trés utile. Suppo-
sons maintenant qu’il existe de nombreux sujets de conversation possibles et de
nombreux auditeurs non-italiens, qui ont été enseignés séparément la veille de
quelques points sur chaque sujet. Supposons que cette « formation commune »
a été congue, de sorte que le traducteur puisse utiliser des phrases simples qui
sont utiles & beaucoup a la fois (peu de mots - en raison du contexte d’offre
de formation — plus d’une discussion). Le lendemain, les auditeurs choisissent
un sujet qu’ils veulent écouter. Ensuite, le traducteur doit communiquer dans
un contexte ol la capacité des auditeurs a comprendre, n’est pas stable. Il ne
sait pas complétement dans quel état ils sont, mais doit néanmoins compenser
les crevasses dans la compréhension, de sorte que, a la fin, il puisse satisfaire
la curiosité de tous les auditeurs aussi rapidement que possible. Cela a marqué
un paralléle & notre contexte, qui est encore plus impliqué.
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Bref apercu des défis existants du « coded caching »

Considérez un réseau sans fil avec un serveur et K recevant des utilisateurs,
en demandant des données d’une bibliothéque de N fichiers possibles, ot, pour
simplifier, chaque fichier est de longueur f bits (voir Fig. 9.1). La bibliothéque
(catalogue) est connue a l’avance, et peut par exemple se composer de films po-
pulaires, ot chaque fichier peut étre environ une minute de I'un des nombreux
films « populaires » qui pourraient étre demandés le lendemain. Considérons
un lien (diffusion) partagé et simplifié sans bruit. Le lien est un flux unique,
et a une capacité normalisée f (un fichier par unité-temps normalisée). Servir
un utilisateur & la fois, impliquerait un temps requis 7" = K nécessaire pour
garantir 'achévement de la livraison pour tout K fichier demandé. Cela cor-
respond & un débit (normalisé) par utilisateur de d = % (fichiers par unité
de temps). Comme K augmente, ce taux par utilisateur disparait a zéro. Sup-
posons maintenant que chaque utilisateur (chaque récepteur) dispose d'une
mémoire de stockage (cache) de capacité égale & M < N files. En mettant
un cache a chaque utilisateur ‘pendant la nuit précédente’ (hors heures de
pointe), une fraction v = % < 1 de chaque fichier signifie que toute demande
de ‘jour’ de la bibliothéque pourrait étre traité dans 7' = K (1 —+) qui produit
un rendement amélioré de ‘jour’ de d = ﬁ—v) — 0 qui va toujours & zéro a
mesure que K augmente. C’est I’approche de prélecture précitée utilisée dans
les systémes actuels.

En général, des schémas de pré-tragage traditionnels basés sur la routage
et la popularité produiraient un faible débit normalisé

d(v) — —0

Kp

ou 3 ici capture la taille du cache v, et les popularités du fichier (cf. ci-
teJTLC :15, NA :17). Cette ligne de recherche «préfetching» a produit des
résultats attrayants, qui peuvent bien fonctionner dans I'Internet filaire avec
des protocoles basés sur le routage, mais pas dans les réseaux sans fil modernes
qui sont fondamentalement différents, car leur structure et leur « topologie »
fluctuent jusqu’a des centaines de fois par seconde, aussi bien qu’a cause de
la manipulation structurelle impliquée des signaux (par exemple, dans les pa-
ramétres sans fil, les interférences sont quelque chose a utiliser, plutét que
d’étre toujours évité comme une collision). La variante codée évoluée de ceci
dans [11], a montré qu’en mettant en cache les données d’une maniére spéci-
fique, essentiellement le codage a travers les caches pendant la phase de mise
en cache, et a travers différentes données demandées par différents utilisateurs
(au lendemain), on pourrait servir Utilisateurs avec une seule transmission de
multidiffusion codée par réseau, et atteindre — pendant la période de livraison
« jour » — un débit
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qui était directement proportionnel & la taille du cache M, et qui ne s’est pas
rapproché de zéro & mesure que K augmentait. Le probléme est que, pour des
valeurs relativement faibles de v — Le débit par utilisateur indiqué ci-dessus
serait & peu pres
d—s L ~y
L=~

qui est trés problématique car v devrait étre microscopiquement petit, dans
I'ordre de v ~ 10~* — 1072 ou méme moins ( [12]), reflétant la croyance lar-
gement répandue que de maniére réaliste, les périphériques utilisateurs finaux
ne pourront cacher qu’une petite fraction de la bibliothéque, parce qu'une telle
bibliothéque doit étre trés importante pour qu’elle soit demandée assez sou-
vent le lendemain. Plus le nombre de fichiers de bibliothéque N est élevé, plus
il est probable que le contenu demandé découlera de cette bibliothéque, et plus
souvent les gains de mise en cache codés apparaitront. Tout autre chose que le
microscopiquement petit v impliquerait soit des caches de taille irréaliste, soit
des bibliothéques peu pratiques qui n’aboutissent presque jamais a des gains
de mise en cache. L’attente est que M < N > K > 1.

Le probléme persiste méme en présence de considérations de popularité de
fichiers réalistes, qui ont joué un role central dans les approches de prélecture
qui ont précédé la mise en cache codée. Comme nous ’avons vu dans [13| pour
une distribution réaliste des popularités de fichiers, les gains, méme s’ils dépas-
saient de loin les gains traditionnels de mise en cache locale de la prélecture,
étaient mettant a I’échelle en fait encore en tant que d — I' pour plus petit
(voir aussi [14]). En fait, le méme probléme persistait méme en présence d’'un
puissant groupe de L serveurs/antennes (ot L = MK, A € (0,1)) qui a servi les
K utilisateurs sur un réseau sans erreur qui, méme en présence d’hypothéses
de rétroaction parfaite, a donné un débit (voir [15])

d(y) = A+~

ce qui signifie que le gain attribué a la mémoire est de nouveau d(vy) — d(y =
0) = v simplement parce que le terme d(y = 0) = A (c’est facile & Voir) est uni-
quement dii & avoir plusieurs serveurs (antennes multiples) avec les feedback en
temps réel parfait, dont nous avons discuté avant, n’est pas réaliste pour grand
K. Toutes les solutions existantes basées sur la mémoire que nous connaissons
ont eu un impact restreint pour les petits v. Comme nous le montrons, cette
limitation d(vy) — d(y = 0) =~ ~, n’est pas fondamentale.

Un autre ingrédient essentiel est la topologie et la fagon dont cela affecte
I'utilisation de la mémoire. Encore une fois, cela est presque entiérement in-
exploré (avec une exception notable dans [16]) (En ’absence de mémoire, un
certain travail a été fait sur la compréhension de la relation entre rétroaction
et topologie, cf. [17-19] ainsi que [9]).

Permettez-nous d’explorer davantage 1’état de 'art de certaines solutions
aidées par la rétroaction récemment (en mettant l'accent sur les délais de
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rétroaction et les considérations de qualité) qui sont plus proches de 'esprit
de cette thése, puis des solutions assistées par la mémoire apparues au cours
des 2-3 derniéres années.

9.2 Autre état de ’art

Notre travail ici — qui considére l'application conjointe de CSIT et la
mise en cache codée comme deux outils puissants et interconnectés pour élimi-
ner les fractions importantes de 'interférence dans les réseaux sans fil multi-
utilisateurs — se construit sur de nouveaux travaux sur la mise en cache codée
et sur les nombreux résultats sur les ramifications de la performance de la
rapidité de rétroaction et de la qualité. Commencgons par un trés bref apergu
des travaux antérieurs dans le domaine de la gestion de I'interférence aidée par
la rétroaction (en se concentrant principalement sur la BC et sur le contexte
de ce travail ici), qui sera ensuite suivi d’'un apergu plus complet de la mise
en cache- Des efforts connexes, se concentrant presque exclusivement sur les
développements entourant la mise en cache codée.

Etat de I’art sur la gestion des interférences aidée par
rétroaction (pas de caching)

Le role de la rétroaction dans I’élimination des interférences multi-utilisateurs
implique naturellement de nombreuses directions et facettes. Une direction par-
ticuliére de la recherche dans ce domaine a cherché a dériver des limites de DoF
qui reflétent les effets de la qualité et de la rapidité des feedback, et qui souvent
— sous différents contextes et sous différentes formes — employent des sché-
mas de communication qui fonctionnent rétrospectivement pour atténuer I'effet
Des retards de CSIT et des imperfections. De tels travaux incluent le travail
de Maddah-Ali and Tse [6] qui a montré comment les communications rétros-
pectives sur un canal de décoloration rapide, peuvent rendre 1'utilité CSIT
complétement obsoléte, ainsi que d’autres travaux ultérieurs [7,8,20-28] qui
s’appuient sur cela pour intégrer davantage les considérations de qualité CSIT.
D’autres travaux qui se rapportent a ’approche ici, se trouvent dans [29-32].

Etat de I’art sur la gestion de l’interférence assistée par cache

Les avantages de la mise en cache codée sur la réduction des interférences
et 'amélioration des performances sont venus plus récemment avec le travail
précité de Maddah-Ali et Niesen dans [11] qui a considéré un systéme de mise
en cache ot un serveur est connecté a plusieurs utilisateurs via un lien partagé,
Et a congu une nouvelle méthode de mise en cache et de livraison qui offre
conjointement un gain de multidiffusion qui contribue a atténuer la charge de
la liaison et qui a démontré qu’il y avait un écart optimal d’au maximum 12.
Ce travail a ensuite été généralisé dans différents parameétres, notamment le
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paramétre De différentes tailles de cache pour lesquelles Wang et al. In [37] a
développé une variante de I’algorithme dans [11] qui permet d’obtenir un écart
maximal de 12 & partir de la 'optimale de la théorie de 'information. D’autres
extensions ont inclus le travail dans [38] par Maddah-Ali et Niesen qui ont
considéré le paramétrage de la mise en cache décentralisée ot la performance
obtenue était comparable & celle du cas central [11], malgré le manque De
coordination dans le placement de contenu. Pour le méme réglage unique en
un seul flux de [11], le travail de Ji et al. dans [39] considéré comme un
scénario ou les utilisateurs font plusieurs requétes et ont proposé un schéma
qui a un écart optimal a moins de 18. Encore une fois pour le paramétre
[11], le travail de Ghasemi et Ramamoorthy dans [40], ont dérivé des limites
extérieures (inférieures) plus serrées qui s’améliorent en fonction des limites
existantes, et I'ont fait en refaisant le probléme lié comme 'une des étiquettes
optimales des feuilles d’un arbre dirigé. D’autres travaux peuvent étre trouvés
dans [41] ot Wang et al. ont exploré le lien intéressant entre la mise en cache
et le codage source distribué avec des information sur le c6té. Des conclusions
intéressantes sont également tirées dans le travail d’Ajaykrishnan et al. dans
[42], qui a révélé que lefficacité de la mise en cache dans le cas d’un seul flux est
diminuée lorsque N approche et dépasse K2. En outre, Amiri et al. Amélioré
la performance originale de Maddah-Ali et Niesen lorsque le systéme a plus
d’utilisateurs que de fichiers (K > N), tandis que dans [43| Amiri et Giindi
a réussi a améliorer les performances (retard réduit, jusqu’a un maximum de
2), pour des valeurs spécifiques de M.

En évitant les liens sans erreur d’un seul flux, différents travaux ont consi-
déré l'utilisation de la mise en cache codée dans différents réseaux sans fil,
sans toutefois prendre en compte la qualité de rétroaction CSIT. Par exemple,
les travaux de Huang et al. dans [44], considéré un BC de décoloration sans fil
assistée par le cache ou chaque utilisateur connait une qualité de lien différente
et a proposé un schéma de communication sous-optimal basé sur la réparti-
tion du temps et de la fréquence et de I'attribution de la puissance et de la
bande passante et qui a été évalué a l'aide de simulations numériques pour
éventuellement montrer que le débit produit diminue & mesure que le nombre
d’utilisateurs augmente. Les travaux ultérieurs de Timo et Wigger dans [16]
ont été considérés un canal de diffusion d’effacement et ont exploré comment
lefficacité du systéme aidé par le cache peut s’améliorer en employant des
tailles inégales de cache qui sont des fonctions des différentes qualités de ca-
nal. Un autre travail peut étre trouvé dans [45] ou Maddah-Ali et Niesen ont
étudié la chaine d’interférence sans fil ot chaque émetteur posséde un cache
local et a montré des avantages distincts de la mise en cache codée qui résulte
du fait que le contenu se chevauche & Les émetteurs permettent une annulation
efficace des interférences.

Un travail différent a également examiné les effets de la mise en cache dans
différents paradigmes de chaines non classiques. L’'un des premiers travaux
de ce genre axés sur les paramétres pratiques du réseau sans fil, comprend le
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travail de Golrezaei et al. dans [46], qui a considéré un paramétre cellulaire de
liaison descendante ol la station de base est assistée par des noeuds auxiliaires
qui forment conjointement un réseau de mise en cache distribué sans fil (pas de
mise en cache codée) o les fichiers populaires sont mis en cache, ce qui entraine
une augmentation substantielle du nombre d’utilisateurs autorisé par autant
que 400 — 500%. Dans un contexte quelque peu apparenté, le travail dans [47]
par Perabathini et al. ont accentué les gains d’efficacité énergétique de la mise
en cache. Des travaux intéressants peuvent également étre trouvés dans 48|
et dans [49] sur l'utilisation de la géomeétrie stochastique et du codage réseau
pour la modélisation de caches et périphériques de stockage sans fil, ainsi que
dans [50,51] que Explorez les considérations de couche supérieure relatives a
la mise en cache.

D’autres travaux de Ji et al. dans [52] dérivent les limites des réseaux
de mise en cache appelés combinés dans lesquels une source est connectée a
plusieurs nceuds utilisateur via une couche de noeuds de relais, de sorte que
chaque noeud d’utilisateur avec mise en cache est connecté & un sous-ensemble
distinct de Les nceuds de relais. Un travail supplémentaire peut également étre
trouvé dans [53] ou Niesen et al. considéré comme un réseau assisté par le
cache ou chaque nceud est situé au hasard dans un carré, et il demande un
message disponible dans différents caches répartis autour du carré. D’autres
travaux connexes sur la mise en cache peuvent étre trouvés dans |39, 54-58|.

Les travaux qui combinent des considérations de mise en cache et de rétro-
action dans les réseaux sans fil ne sont que récemment lancés. Une référence qui
les combine, se trouve dans [59] ou Deghel et al. considéré comme un MIMO
canal d’interférence (IC) avec des caches sur les émetteurs. Dans ce réglage,
chaque fois que les données demandées résident dans les caches pré-remplies, la
charge de transfert de données de la liaison backhaul est atténuée, permettant
ainsi que ces liens soient plutot utilisés pour échanger CSIT qui supporte I'ali-
gnement des interférences. Un travail simultané encore plus récent peut étre
trouvé dans [60] ou Ghorbel et al. ont étudié la capacité du canal d’effacement
de paquets de diffusion activé par le cache avec des retours ACK/NACK. Dans
ce contexte, Ghorbel et al. Astucieusement montré — d’une maniére intéres-
sante également en utilisant un algorithme de type rétrospectif, par Gatzianas
et al. Dans [61] — comment les feedback peuvent améliorer les performances
en informant I’émetteur lors de la renvoi des paquets qui ne sont pas recgus
par l'utilisateur final et qui sont regus par des utilisateurs involontaires, ce qui
permet des opportunités de multidiffusion.

Le premier travail qui considére l'interaction réelle entre la mise en cache
codée et la qualité CSIT, peut étre trouvé dans [62] qui a considéré le probléme
plus facile de la maniére dont la performance optimisée par cache (avec la mise
en cache codée) peut étre obtenue avec CSIT de qualité réduite.
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Measure of Performance

La mesure de la performance ici sera la durée T (normalisée) — dans les
créneaux horaires, par fichier servi par utilisateur — nécessaire pour compléter
le processus de livraison, pour toute demande. Notez qu’il s’agit d’une mesure «
pire cas » (correspondant au cas ot chaque utilisateur exige un fichier distinct).
Ce T ne doit pas étre per¢cu comme une mesure de latence traditionnelle, mais
plutot comme mesure de débit !, simplement parce que de la normalisation par
la quantité d’informations envoyées.

De maniére équivalente, lorsque cela est significatif, nous considérons éga-
lement le degrés de liberté assistés par cache par utilisateur (DoF assisté par
cache) qui est simplement 2

-~
d=——¢€|0,1 9.1
T e.1] CRY
qui est en effet une mesure de débit ? de la phase de livraison et qui n’inclut pas
les avantages d’avoir un contenu déja disponible aux récepteurs (gain de mise
en cache local) et se concentre plutot sur la capture L'effet de la rétroaction
et la mise en cache codée, dans le traitement des interférences.

Modéle de canal de diffusion assisté par le cache

Nous considérerons principalement le réglage de la multiple-input single-
output (MISO) BC symétrique ot un émetteur équipé des K antennes, com-
munique aux K utilisateurs avec une seule antenne. L’émetteur a accés & une
bibliothéque de N fichiers distincts Wy, Wa, - -+, Wy, chaque taille |W,,| = f
bits. Chaque utilisateur k € 1,2, ..., K a un cache Zj avec la taille |Z| = M f
(bits), et cette taille prend la forme normalisée

La taille cumulative prend également la forme

s KM

r
N

ce qui signifie simplement que la somme des tailles des caches sur tous les
utilisateurs est Gamma fois le volume de la bibliothéque de N -file.

La communication comporte deux phases, la phase de placement et la phase
de livraison. Au cours de la premiére phase (heures creuses), les caches {Zj, }H*_,

1. En fait, dans [11], la méme mesure est appelée rate.

2. Nous notons que Kd est simplement le gain de codage K (1 — v)/T qui est souvent
utilisé pour quantifier le gain de la mise en cache codée.

3. Par définition du DoF, ce débit serait maintenant — dans le paramétre SNR élevé
d’intérét — comme dlog,(P) bits (dlog,(SNR) bits) du contenu résolu par utilisation de la
chaine (phase de livraison)
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FIGURE 9.2 — Cache-aided K-user MISO BC.

aux utilisateurs sont pré-remplis avec les informations provenant des N files

{W,}N_,. Au cours de la deuxiéme phase, la transmission commence lorsque

chaque utilisateur k& demande un seul fichier Wg, hors de la bibliothéque.
Dans ce réglage, les signaux recus & chaque utilisateur k prennent la forme

yk:h;‘gaz—i—zk, k=1,....K

ott € CK*1 désigne le vecteur transmis satisfaisant une contrainte de puis-
sance E(||z||?) < P, ou h;, € CKX! désigne les coefficients de décoloration
vectorielle du canal de 'utilisateur k et ol zj représente le bruit AWGN de
I'unité au récepteur k.

A la fin de la communication, chaque utilisateur récepteur k combine les
signaux recus y; — accumulés pendant la phase de livraison — avec les in-
formations disponibles dans leur cache respectif Zj, pour reconstituer leur
souhaité fichier Wk, .

Modéle de rétroaction de type CSIT

La communication se déroule également en présence d’informations d’état
de canal sur I’émetteur. La rétroaction du type CSIT est cruciale dans la ma-
nipulation des interférences et peut donc réduire considérablement la durée
résultante T de la phase de livraison. Ce CSIT est généralement de qualité im-
parfaite, car il est difficile a obtenir de maniére rapide et fiable. Dans le régime
d’intérét SNR (haute puissance P), cette qualité CSIT actuelle — chaque fois
que cela est supposé étre disponible — sera concisément représentée sous la
forme de 'exposant de qualité normalisé [20] (voir aussi [8])

0o — lim C8EllRr — hil?]
’ P—oo log P

L kell,... K} (9.2)

ou hy — flk désigne l'erreur d’estimation entre ’estimation CSIT actuelle ﬁk
et la chaine parfait hy. La gamme d’intérét? est a € [0,1]. Dans certains

4. Dans le régime SNR élevé d’intérét ici, « = 0 correspond & n’avoir essentiellement
aucun CSIT actuel (cf. [63]), tout en ayant o = 1 correspond (encore dans le régime SNR
élevé) au CSIT parfait et immédiatement disponible.
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cas (Chapitres 2 et 3), nous supposerons également la disponibilité du CSIT
retardé (comme par exemple [6], ainsi que dans une variété d’ceuvres sui-
vantes [8,20-27| ainsi que [64-66]) ot maintenant les estimations retardées
de n’importe quel canal, peuvent étre recues sans erreur mais avec un retard
arbitraire, méme si ce délai rend ce CSIT complétement obsoléte.

Intuition : feedback mitigés Ce modéle CSI mixte (partiel CSIT et CSIT
retardé) capture bien différents réglages réalistes qui peuvent impliquer des
corrélations de canaux et une capacité a améliorer CSI & mesure que le temps
progresse. Ce méme CSI modéle est particuliérement bien adapté a notre réglage
de mise en cache ici, car il refiéte explicitement deux ingrédients clés qui,
comme nous le verrons, sont profondément liés avec la mise en cache codée ; a
savoir la qualité de la rétroaction (qui révélera un compromis entre la mémoire
et la rétroaction) et la rapidité de rétroaction (qui introduit un aspect non
linéatre du probléeme, qui a son tour peut étre traduit en un drame — non
linéaire — augmentation dans l'impact de la mise en cache).

9.3 Résumé détaillé des contributions

Cette thése se concentre sur la mise en cache codée et cherche & comprendre
comment la mise en cache codée peut étre combinée de maniére significative
avec différents ingrédients du réseau sans fil tels que les feedback, les antennes
multiples et méme la topologie. Dans cette section, nous résumons toutes les
contributions de la thése.

Chapitre 2 : Les gains synergiques de la mise en cache codée et des
retards de CSIT retardés La premiére partie du travail explore les gains
synergiques entre la mise en cache codée et lesfeedback retardés du CSIT. Ici,
nous considérons le MISO (BC) canal de diffusion sans fil & K -user (K <
N) avec évanouissement aléatoire et CSIT retardé (a = 0), et identifiez la
performance optimale des degrés de liberté assistée par le cache dans un facteur
de 4. Pour H, & Yo % désignant le numéro harmonique, le premier résultat
indique que
T =Hg — Hgy

est réalisable et a un écart-pour-optimal qui est inférieur & 4, pour tous les
paramétres de probléme (pour tous K, 7).

En présence de I'approximation logarithmique bien connue H, ~ log(n)
(qui devient serré lorsque K augmente) alors le T ci-dessus prend la forme

1
T =log(—
(,y)
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——Typical DoF gains
H —Synergistic DoF gains

FIGURE 9.3 — Gain typique d(y) — d*(y = 0) attribué uniquement a la mise
en cache codée (ligne pointillée) par rapport aux gains synergiques dérivés ici.
Plot tient pour K élevé, et les gains principaux apparaissent pour des valeurs
plus faibles de 7.

et le DoF correspondant par utilisateur prend la forme

1) = (=t (93

Ce que nous voyons, c’est que — pour des valeurs plus importantes de K
— le gain correspondant qui est directement attribué a la mise en cache
* 1-— i
d(v) —d*(y=0) = —5- >, ¥y € (0,1]
log(a)

peut considérablement dépasser le gain typique de mise en cache codée (par
utilisateur DoF) ~. Le gain apparait trés fortement a des valeurs inférieures de
7, olt nous voyons que la dérivée — lorsqu’elle est évaluée 4 v = 1/K — prend
la forme

§(d(y) —d(y =0)) K

~
~

o7y ‘7:% log? K

révélant un boost substantiel de DoF aux premiers stades de . Ceux-ci peuvent
étre comparés aux gains linéaires avant ce travail (voir la figure Fig.9.3), ou la

§(d(~)—d(r=0) 5
(r-dr=0) _oG) _y

dérivée est constante

Dans le méme régime, ces gains impliquent en fait un effet exponentiel
(plutot que linéaire) de la mise en cache codée, en ce sens que maintenant, un
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MN MAT — MAT -
MN folding encoding, decoding MN
> i into order- iDDi
caching skipping of order decoding
(Ky +1) first (Ky +1)
XORS Ky phases symbols

FIGURE 9.4 — Composition de base du schéma. Le « codage / décodage MAT
» correspond au schéma dans [6], tandis que ‘MN cache / pliage’ correspond
au schéma dans [11].

modeste v = e~ peut offrir un trés satisfaisant
e’ 1
dly=e")~ = (9.4)

qui est seulement un facteur G de l'optimal sans interférence (sans cache)
d=1.

Par exemple, stocker sur chaque périphérique uniquement un milliéme de
ce qui est considéré comme un contenu ‘populaire’ (y = 10~2), nous abordons
'optimisation sans interférence dans un facteur de In(10%) ~ 7 (par utilisateur
DoF de 1/7), pour n’importe quel nombre d’utilisateurs.

Intuition sur les schémas :
L’idée clé derriére le schéma principal est que l'algorithme de mise en cache
crée un probléme de livraison multi-destination qui est identique a celui qui
est résolu efficacement par les derniéres étapes du schéma MAT (voir Fig.9.4).
Essentiellement, la mise en cache nous permet de sauter les premiéres K~y
phases (c.-a-d. sauter les premiéres phases) du schéma MAT, qui ont la durée
la plus longue (la phase ¢ a une durée de 1/i) . Cela nous donne une idée
de la raison pour laquelle 'impact des petits caches (petit ) est important ;
Méme les petits caches peuvent supprimer une grande partie de la durée de la
communication.

Lors du décodage MAT, nous procédons simplement au décodage du coded
caching basé sur l'algorithme dans [11].

Preuve de la borne extérieure :

Notre objectif est de réduire la durée T', qui garantit la livraison de K dif-
férents fichiers a K utilisateurs, via un MISO canal de diffusion avec CSIT
retardé et en présence de K caches, chacun de taille M f. Laissez Tb étre la
durée nécessaire pour résoudre le réglage plus simple ot nous voulons servir
s < K différents fichiers a s utilisateurs, encore une fois en présence de leurs
propres caches. Naturellement 75 < T car nous ignorons 'interférence des uti-
lisateurs K — s restants (dont les demandes sont ignorées). Maintenant, laissez
T3 (T3 < Tb), soit la durée nécessaire pour résoudre le méme probléme, sauf
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que maintenant tous les s caches sont fusionnés, et chacun des s les utilisateurs
ont accés a tous s Caches. Nous choisissons de répéter cette derniére expérience
L%J fois, couvrant ainsi une durée totale de TgL%j. A ce stade, nous transfé-
rons au réglage équivalent de s -user MISO BC avec CSIT retardé et un lien
de multidiffusion aux informations latérales aux récepteurs, de capacité d,,
(fichiers par intervalle de temps). En supposant que dans ce dernier contexte,
le décodage se produit a la fin de la communication, et une fois que nous

N

dnT3| =] = sM (9.5)

(Ce qui garantit que les informations latérales du lien latéral, tout au long du
processus de communication, correspondent & la quantité maximale d’informa-
tions dans les caches), nous avons alors cela

T2 () 2 | )s (9:6)

ou d'(d,) est une borne supérieure de la MISO BC de s utilisateurs avec CSIT
retardé et la liaison latérale. Utilisation de la limite

d'(dyn) = (1 + du)

s

de [67] et en appliquant (9.5), on obtient

d'(dm) = (1 + )
H T3 2|
et nous obtenons donc
N s sM N
T —|—(14+ ——)>|— )
g 0 ) = L s 97)
ce qui signifie que
M
Ty > H, — 2o (9.8)

ce qui implique que le optimal 7™, pour le probléme origina de s utilisateurs,
est limité comme

Tzﬂzm—ﬁT (9.9)

La maximisation sur tous les s, donne

sM
T > max

s (9.10)
se{l,...min{| & | K}} 15 ]

Ces résultats ont été présentés en
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— Jingjing Zhang, Petros Elia, “The Synergistic Gains of Coded Caching
and Delayed Feedback”, arXiv :1604.06531, April 2016.

— Jingjing Zhang, Petros Elia, “Fundamental Limits of Cache-Aided Wire-
less BC : Interplay of Coded-Caching and CSIT Feedback”, IEEE Tran-
sactions on Information Theory, to appear 2017.

Chapitre 3 : compromis entre mémoire et CSIT actuel Dans le cha-
pitre 3, nous présentons sous forme fermée (pour le méme MISO BC de K
utilisateurs, avec un émetteur de K anthennas desservant des K utilisateurs
avec des caches) l'interaction préalablement inexplorée entre la mise en cache
et la qualité des feedback. Plus précisément, nous verrons que le T' réalisable
et son DoF d(v, ) correspondant, prennent le formulaire

(1 —7)(Hk — Hrey)

L ar T+ (A —a)(1—7)
d(y,0) = a+ (1 — a)H;__;m

et sont tous les deux prouvés étre au maximum un facteur de 4 de 'optimal.
Sous I'approximation logarithmique, le T' dérivé prend la forme

T(v,a) =
et le DoG dérivé prend la forme

d(v,a) =a+ (1 —«)

Si nous devions nous concentrer sur le plus grand réglage de K (pour des
interprétations croquantes), ce qui suggere ci-dessus est que le CSIT actuel
offre une augmentation initiale de DoF de d*(y = 0,a) = « (cf. [68]), qui est
ensuite complété par un gain DoF

1 -
log(£)

attribué a la synergie entre CSIT retardé et mise en cache.

L’expression de DoF' indique clairement un certain troquer entre « et 7,
d’ott 'on peut imaginer échanger 'un pour 'autre. Par conséquent, pour cap-
turer les économies de rétroaction (aidées par la mémoire), considérons

d(vy, @) — d*(’y =0,a) > (1-a)

da() Zargmin{a’ : (1 -9)T"(y = 0,0') <T(7,0)} — (9.11)

décrivant la réduction de CSIT en raison de la mise en cache (de o, jusqu’a
un fonctionnement opérationnel «, sans perte de performance) et pour lequel
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nous montrons que la mise en cache peut réaliser une réduction CSIT qui, sous
I’approximation logarithmique, prend la forme

1 —~

da(v,0) = (1 —a)d(y,a=0) = (1 - a)log(l) :
~y

En outre, un simple calcul — que nous montrons ici pour le régime plus
grand de K qui donne une meilleure compréhension — peut nous dire que

Yo Zargmin{y 1 d(y, @ =0) > d*(y = 0,a)} =/
Y

ce qui signifie que 'y’a = e~1/® guffit d’atteindre — en conjonction avec CSIT

retardé — la DoF performance optimale d*(y = 0, «) associée a un systéme
avec CSIT retardé et CSIT actuel de la qualité a. Cela nous indique la quantité
de mémoire nécessaire pour remplacer le CSIT actue par CSIT retardé sans
perte de performance, ce qui peut étre interprété comme le cotit de la mémoire
pour acquérir la capacité de « tampon CSI ».

Intuition sur les schémas :

Pour offrir une certaine intuition sur les schémas, nous notons que la partie de
mise en cache est modifiée de [11] & ‘fold * (combiner linéairement) les don-
nées des différents utilisateurs en blocs multicouches, d’'une maniére telle que
lalgorithme de transmission subséquent (algorithme Q-MAT, voir [68]) (spé-
cifiquement Les derniéres K — 1, (1o € {I, ..., K —1}) phases de 'algorithme
QMAT) peuvent délivrer efficacement ces blocs. De maniére équivalente, les
algorithmes sont étalonnés de sorte que l’algorithme de mise en cache crée
un probléme de livraison des destinations multiples qui soit identique a celui
résolu efficacement par les derniéres étapes du schéma de communication du
QMAT type.

Ensuite, I'intuition est que lorsque a augmente, nous pouvons avoir plus
de données privées, ce qui signifie qu’il y a moins & mettre en cache, ce qui
signifie que la mise en cache peut avoir une redondance plus élevée, ce qui im-
plique des XOR d’ordre supérieur, ce qui signifie que nous pouvons multicast
a plus d’utilisateurs a la fois, ce qui signifie que nous pouvons sauter plus de
phases de QMAT. L’intensité de I'impact de petites valeurs de ~ se rapporte
au fait que les premiéres phases de QMAT sont les plus longues. Donc, alors
qu’un petit v ne peut que sauter quelques phases, il saute les plus longs, ce
qui permet de réduire considérablement le délai (voir Fig.9.4).

Intwition sur la limite extérieure :

La preuve de la limite inférieure sur 7" commence comme le cas d’avoir seule-
ment retardé le CSIT ; D’abord, supposons seulement s < K utilisateurs qui
partagent des caches et qui ne sont pas entravés par le reste, puis répétez cette
L%J fois. Ensuite, nous avons di dériver de nouvelles limites extérieures pour
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FIGURE 9.5 — Systéme de communication rétrospective assisté par le cache.

le MISO BC de s utilisateurs avec CSIT mixte (la nouveauté ici devait tenir
compte de la rétroaction actuelle de qualité imparfaite) et avec une présence
supplémentaire d’un lien paralléle du de s débit total sM f bits . Cette limite
utilise une séquence d’inégalités fondées sur ’entropie. La preuve continue alors
comme dans le cas de « = 0. La limite inférieure 7™ prend la forme

1 Ms
T (v, ) > max - (H,-— )
( ) SG{L-..{%J} (Hsa +1- Oz)( Lﬂj )

s

(9.12)

Les résultats peuvent étre trouvés dans

— Jingjing Zhang, Petros Elia, “Fundamental Limits of Cache-Aided Wire-
less BC : Interplay of Coded-Caching and CSIT Feedback”, in Proc. 54th
Annual Allerton Conf. Communication, Control and Computing (Aller-
ton’16), Illinois, USA, October 2016.

— Jingjing Zhang, Petros Elia, “Fundamental Limits of Cache-Aided Wire-
less BC : Interplay of Coded-Caching and CSIT Feedback”, IEEE Tran-
sactions on Information Theory, to appear 2017.

Voir également

— Paul de Kerret, David Gesbert, Jingjing Zhang, and Petros Elia, “Op-
timally bridging the gap from delayed to perfect CSIT in the K-user
MISO BC”, in Proc. of IEEE Information Theory Workshop (ITW’16),
Cambridge, UK, September 2016. (long version, arXiv :1604.01653).

— Paul de Kerret, David Gesbert, Jingjing Zhang, and Petros Elia, “Op-
timal DoF of the K-User broadcast channel with delayed and imperfect

current CSIT”, IEEE Transactions on Information Theory, submitted
2016. (arXiv :1604.01653).

Chapitre 4 : mise en cache codée assistée par rétroaction avec de
trés petits caches Le chapitre 4 explore la mise en cache codée assistée
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par rétroaction pour le méme MISO BC symétrique, mais en mettant 1’ac-
cent sur des caches trés petites, en mettant ’accent sur le cas ot la taille du
cache cumulatif est inférieure a la taille de la bibliothéque (c.-a-d. KM < N,
I'£ K~ < 1). Ce qui suit identifie, jusqu’a un facteur de 4, le optimal 7%, pour
tous I' € [0, 1]. Nous utilisons I’expression

cn=1,....K —1. (9.13)

Le résultat nous indique que pour KM < N (I' < 1) et pour N > K, alors
pourn=1,..., K — 2,

Hig-T
PR P <o
= (K*n)+a(n+K(§{Kan—1))’ alb(ﬂilg—ra < Qpp+1 (9.14)
1= ®ni Ses!

est réalisable et a un écart d’optimisation qui est inférieur & 4 (% < 4 pour
tous o, K. Pour o > (KK#I(;EW), T est optimal.

En l'absence de CSIT actuel (o = 0), & nouveau pour K < 1, le résultat
nous indique que

T=Hg-T

est réalisable et a un écart d’optimisation qui est inférieur a 4.

Directement & partir de la performance réalisable (9.14) et de la définition
d’économie de CSIT (9.11), nous pouvons avoir les réductions de CSIT (de
a+ 6(v,a) a la «a opérationnelle) qui peut étre réalisé en raison de la mise en
cache codée, sans perte de performance. Dans la (K, M, N,«) BC aidée par

caching avec I' < 1, alors

WK-H 1
I({K_KI;) (a+ =), 0<a<ap

(1—a)(KHy—nHg)

(7, ) = KHy 1 (H—1) @ Qb S @< Qi1 (9.15)
K(1—~)—1
1-ao e =k

Le dernier cas de I’équation ci-dessus montre comment, en présence de la mise

en cache, nous n’avons pas besoin d’acquérir une qualité CSIT supérieure a
a = Kl-—y-1
(K=1)(1=)"

Sur les schémas :

Ici, le travail propose de nouveaux schémas qui stimulent I'impact des petits
caches, car ils parviennent & relever le défi supplémentaire d’avoir une partie
du contenu de la bibliothéque non mis en cache, ce qui nous oblige & changer
dynamiquement la redondance de la mise en cache pour compenser cela.
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FIGURE 9.6 — oy, obligatoire pour obtenir le optimal 7(M) dans le MISO BC
assisté par cache avec K = N = 2.

Sur la bordure extérieure :

La limite inférieure de T s’inspire directement de celle du chapitre 3 qui a été
dérivée pour tous N, K, M, ~, et qui peut donc étre appliquée ici pour la plage
v €0, -

Les résultats ont été publiés en

— Jingjing Zhang, Petros Elia, “Feedback-Aided Coded Caching for the
MISO BC with Small Caches”, to appear in Proc. of IEEE International
Conference on Communications (ICC’17), Paris, France, May 2017. (long
version, arXiv :1606.05396).

Chapitre 5 : Echange des feedback avec la mémoire : pas de CSIT
retardé Dans le chapitre 5, nous considérons le méme MISO BC comme
précédemment, sauf que les commentaires retardés sont supprimés. Dans ce
réglage, et pour N = K, la valeur optimale T* =1 — % sans interférence peut
étre obtenue avec un « qui ne doit pas étre plus grand que (Voir Fig. 9.6 for
N =K =2).

N—1-M
My (N-1-M)
K

Qth =

Sur les schémas :

Ceci a été obtenu en combinant la mise en cache avec une méthode de diffu-
sion par répartition des taux; Une approche qui non seulement a amélioré les
performances, mais aussi réduit le besoin de CSIT, en ce sens que la DoF per-
formance optimale (sans interférence) associée a la mise en cache et au CSIT
parfait a été réalisée avec un CSIT de qualité réduite.

Sur la bordure extérieure :
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Caches

F1GURE 9.7 — MISO BC de K utilisateurs assisté par cache

La seule borne extérieure utilisée est que 7' > 1 — v qui est la borne simple
aprés avoir supprimé toutes les interférences.

Les résultats ont été publiés en

— Jingjing Zhang, Felix Engelmann, and Petros Elia, “Coded caching for re-
ducing CSIT-feedback in wireless communications”, in Proc. 53rd Annual
Allerton Conf. Communication, Control and Computing (Allerton’15),
Illinois, USA, October 2015.

Chapitre 6 : Mise en cache codée sans fil : une perspective topolo-
gique Dans le chapitre 6, nous nous éloignons des feedback et considérons
Paspect de la topologie dans un SISO BC de base. La topologie ici signifie
simplement que certains liens sont plus forts que d’autres. Cette asymétrie
peut étre une responsabilité, comme nous commentons ci-dessous, mais cela
peut aussi étre une bénédiction ; aprés tout, on peut facilement « cacher » les
interférences dans la direction des canaux faibles. Dans ce contexte, la thése
explore les performances de la mise en cache codée dans un réglage sans fil de
SISO BC ou certains utilisateurs ont des capacités de liaison plus élevées que
d’autres. Tous les utilisateurs ont la méme taille de cache. En mettant ’accent
sur un modéle topologique binaire et fixe ou les liens forts ont une capacité
normalisée fixe 1 et ot les liens faibles ont la capacité normalisée réduit 7 < 1,
nous identifions — en fonction de la taille du cache et 7 — la performance
optimale du débit, dans un facteur au maximum de 8. Le schéma de trans-
mission qui réalise cette performance, utilise une forme simple d’amélioration
de l'interférence et exploite la propriété que les liens faibles atténuent les in-
terférences, ce qui permet aux taux de multidiffusion de rester élevés Méme
lorsqu’ils impliquent des utilisateurs faibles. Pour tout K, W,~, 7, ou W est le
nombre d’utilisateurs « faibles », le T'(7) réalisable (ce qui est au maximum 8
fois par rapport a I'optimum théorique) prend la forme
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FIGURE 9.8 — 7yprpB = 1 — (1 —w)9me= désigne la limite inférieure de 7y, alors

que Tgpyp=1—(1—w — %)gm” désigne la limite supérieure.

), 0<7< T
T(r)={ min{T(K — W) + T(W), 2 lEN 7 < 7 < 7,
T(K)v Tthr<7§1

A partir de la derniére partie de I’expression ci-dessus, nous voyons que
cette approche améliore les effets négatifs de la topologie inégale en multidiffu-
sion, permettant maintenant a tous les utilisateurs d’atteindre la performance
optimale T'(K) associée & 7 = 1, méme si 7 est approximativement aussi bas
que

7>1—(1—-w)?

ol g est le gain de mise en cache codée, et ot w = W/K est la fraction
d’utilisateurs faible (voir Fig.9.8). Cela conduit & la conclusion intéressante
que, pour la multidiffusion codée, les utilisateurs faibles n’ont pas besoin de
réduire les performances de tous les utilisateurs, mais au contraire, dans une
certaine mesure, les utilisateurs puissants peuvent élever les performances des
utilisateurs faibles sans aucune pénalité performance.

Example 1 (K =500, W = 50,v = %) Directement de ce qui précéde, nous
voyons cela

25 0<7<0.36
T = ¢ min{68.6, 221}, 0.36 <7 <0.69 (9.16)
T(K)=445, 069<7<1
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ce qui signifie que, avec un dixieme des utilisateurs faible, aussi longtemps que
72> 0.69, il n’y a pas de dégradation de performance due & des liens a capacité
réduite et chaque utilisateur regoit son fichier avec un délai T(K) = Iﬁlﬂ) =

44.5 associ€ a T = 1.

Sur les schémas :

Pour ce faire, nous avons utilisé I’amélioration des interférences, en effectuant
un codage de superposition au niveau de la puissance et ’annulation des in-
terférences successive, ot les utilisateurs forts traitent d’abord leurs propres
signaux comme bruit pour décoder les signaux des utilisateurs faibles, puis
décodent le leur. Notez que, si nous avions simplement envoyé les signaux de
multidiffusion séquentiellement au débit maximum autorisé (selon la destina-
tion), ce seuil 7 aurait été 1 (et donc toute réduction de capacité, méme pour
W =1 utilisateur, Aurait eu un cott en termes de performance globale).

Sur les limites extérieures :

Pour abaisser la limite de T', nous procédons a I'idée d’envisager un cas « plus
facile » d’avoir seulement des utilisateurs faibles de W qui ne sont pas entravés
par les utilisateurs restants. Maintenant, pour ce systéme plus petit avec des
utilisateurs de K = W, nous exploitons le jeu de coupe lié¢ dans [11], ou chaque
utilisateur a un lien de capacité 7. Ce faisant, nous pouvons obtenir une limite
inférieure de 7" aprés une simple normalisation (division) par 7. Pour 7 > 7,
nous avons établi une limite inférieure plus serrée sur T', qui est bornée par le
systéme d’avoir des K utilisateurs forts (c.-a-d. 7 = 1) de [11] en raison de la
capacité limitée des utilisateurs faibles.

Les résultats ont été publiés en

— Jingjing Zhang, Petros Elia, “Wireless Coded Caching : A Topologi-
cal Perspective”, submitted to IEEE International Symposium on Infor-
mation Theory (ISIT’17), Aachen, Germany, June 2017. (long version,
arXiv :1606.08253).

Chapitre 7 : Le SISO XC avec CSIT de qualité imparfaite Dans le
chapitre 7, nous présentons un résultat qui n’implique pas la mise en cache.
Cette partie explore les limites DoF de la chaine SISO X (deux utilisateurs)
avec un CSIT de qualité imparfaite (voir Fig.9.9), et cela montre que la méme
performance DoF optimale — précédemment associée a une parfaite - CSIT
de qualité actuelle - peut en fait étre atteint avec CSIT actuel qui est d’une
qualité imparfaite. Le travail montre également que la performance DoF précé-
demment associée au CSIT retardé de qualité parfaite, peut en fait étre réalisée
en présence d’'un CSIT retardé de qualité imparfait. Ceux-ci découlent de la
limite inférieure de somme-DoF' présentée qui relie I’écart — en fonction de la
qualité du CSIT retardé — entre les cas d’absence de rétroaction et de rétro-
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FIGURE 9.9 — Systéme de communication rétrospective assisté par le cache.

action retardée, puis une autre borne qui relie I’écart DoF — en fonction de
la qualité du CSIT actuel — entre CSIT retardé et parfait.

Sur les schémas :
Les limites intérieures sont basées sur de nouveaux schémas de précodage qui
sont présentés ici et qui utilisent un courant de qualité imparfait et / ou une ré-
troaction retardée pour aligner les interférences dans I'espace et dans le temps.

Plus précisément, nous montrons que pour le XC a deux utilisateurs avec
CSIT retardé de qualité parfaite, et avec CSIT actuel imperfect de I’exposant
de qualité «, la somme optimale DoF est inférieure &

46 2a(2-3a)

ds 2 min(z, 54+ T 70y )

Par conséquent, la somme optimale DoF dy = % peut étre obtenue avec une
4

CSIT actuelle imparfaite de qualité qui ne doit pas dépasser a = 3.

En outre, nous montrons que pour le méme XC a deux utilisateurs sans

CSIT actuel et avec CSIT retardé imparfait de 'exposant de qualité (3, la
somme optimale DoF est inférieure a

6 p

dy, > min(—=,1+ =

» 2 min(z, 1+ 7)

et, par conséquent, la somme (linéaire) optimale-DoF dy = g, précédemment

associée & une rétroaction différée de qualité parfaite, peut en fait étre réalisée

avec un CSIT retardé de qualité imparfait Qualité qui ne doit pas dépasser

=1

Les résultats ont été publiés en

— Jingjing Zhang, Dirk TM Slock, and Petros Elia, “Achieving the DoF
limits of the SISO X channel with imperfect-quality CSIT”, in Proc. of
IEEFE International Symposium on Information Theory (ISIT’15), Hong
Kong, China, June 2015.
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9.3. Résumé détaillé des contributions

Chapitre 8 : Conclusions Le chapitre 8 présente quelques conclusions,
résumant certains des résultats, en discutant certaines ramifications possibles
de la quantité de mise en cache modérée dans la conception de BC systémes
et de bibliothéques de fichiers de plus grande envergure, certaines réflexions
sur le fait que la mise en cache est une ressource plus impactante que les
CSIT feedback et une petite discussion sur La nécessité d’établir des limites
extérieures plus strictes en matiére d’information pour le cas des réseaux sans
fil assistés par le retour et le cache.
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