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Beamforming in Wireless Coded Caching Systems
SNEHA MADHUSUDAN

Department of Electrical Engineering

Chalmers University of Technology

Abstract

A design of beamforming along with coded-caching in wireless networks is consid-
ered, where a server with multiple antennas broadcasts contents to cache nodes
serving the users. This design benefits from the gains obtained from the coded-
caching scheme and beamforming while transferring contents to the cache nodes. A
comparison of the gains in a network having traditional /un-coded caching scheme is
studied. The joint design of beamforming and coded caching provides multi-casting
opportunities, which balances out the effect of noise and interference in the wire-
less network. Finally, the effect of different buffering and decoding methods on the
performance of coded-caching scheme is also studied. The results show that with
proper beamforming, the coded-caching scheme can reduce the peak backhaul traffic
considerably.

Keywords: Multicast, beamforming, coded-caching, un-coded caching, caching, back-
haul, 6G, beyond 5@G, genetic algorithm and backhaul traffic.
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices
7 Indices for users
t Index for time step

Parameters
P Maximum transmit power
¥ Probability of successfully removing interference
n Probability of successfully decoding a sub-packet
« Power split parameter
A AWGN

Variables
hit Channel realizations during low traffic period
hi'T Channel realizations during high traffic period
w; Beamforming weights
N Number of files
RN Rate for particular sub-file
RN Total Rate for a particular file
KN Total information in nats for a particular file
KY Total information in nats for particular a sub-file
N; Sub-files
C; Cache node
M Number of files in a cache node
K Number of cache nodes
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Introduction

1.1 Introduction

According to [1], the concentration of users and the number of wireless devices have
increased by orders of magnitude over the recent years. The continuous increase in
the traffic within the networks and the high demands for the required data rates by
the users [2] are being satisfied by incorporating techniques like network densifica-
tion as mentioned in [3], [4], [5]. Network densification simply means adding more
base stations (BSs) of different types in a specific area to help serve more devices
in the network [6]. The main challenge in this technique arises when the number of
BSs and the users increases and all BSs have to be connected to the core network
through the transport networks [7]. In particular, the increase in the traffic between
the BS and a core network, popularly known as the backhaul traffic, may lead to
backhaul congestion which in turn causes an end-to-end (E2E) delay in the network.
In order to help reduce the backhaul load and E2E latency, wireless caching schemes
may be used [§].

Caching is a technique used in wireless systems to store popular, reusable contents
nearer to the end users during the low traffic (LT) periods, to help reduce the back-
haul load. This technique is found very helpful in backhaul or delay constrained
applications like device-to-device (D2D) [9]-[10], vehicle-to-everything (V2X) [11]
and integrated access and backhaul (IAB) [12, 13, 14, 15]. In particular, the tech-
nique of coded-caching introduced by Maddah-Ali and U. Niesen in [16, 17, 18] has
shown promising results in reducing the requirement of the peak rate of the backhaul
links during the high traffic (HT) periods.

Along with the concept of coded caching (CC), a technique known as beamforming
is also utilized in the thesis to investigate on how beamforming can affect the per-
formance of the CC networks. Beamforming is a signal processing technique that
helps improve the signal quality and the user’s achievable rate [19].
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1.2 Objectives

The aim of this thesis is as follows.

o Perform a deep review and a comparison between un-coded and coded caching
schemes.

o Develop a wireless channel model by taking into consideration different wireless
aspects of the link between the server and the cache nodes.

e Perform simulations to demonstrate the efficiency of CC, as compared to un-
coded caching scheme, and analyse the effect of beamforming.

 Study the effect of various parameters and different message decoding/buffer-
ing methods on the network performance.
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Theory

2.1 Background

According to [20], CISCO predicted that by 2022, 79% of the world’s mobile traffic
in the network would be video as shown in Fig. 2.1. Therefore, while most of the
network traffic like breaking news, trending tweets and video are cacheable, the main
importance is given to video.

100 46% CAGR
2017-2022
80

60

Exabytes
per Month
40

20

0
2017 2018 2019 2020 2021 2022

M Mobile Video (59%,79%) M Mobile Non-video (41%,21%)

Figure 2.1: World’s mobile data traffic [20].

traffic/month
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2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
H Non-Video ®Video mM2M

EB

Figure 2.2: Global mobile traffic by different service types [21].

Similarly, [21] shows the estimation of global mobile traffic by different service types
like video, non-video, machine-to-machine (M2M). It is observed from Fig. 2.2 that
the video streaming occupies and contributes to most of the network and is estimated

3



2. Theory

to increase dramatically after the year 2020. As estimated in [21], the video traffic
would be 6 times more than that of the non-video types of service or application in
the year 2030, when compared to the year 2020.

Application Traffic Daily Profile in NAR (2020)

NAR 2020

B Communicating

B Gaming
Storage

M Computing

Streaming

12 2AM 4AM 6AM BAM 10 12 2PM 4PM 6PM 8PM 10
AM AM  PM PM

Figure 2.3: Application traffic daily profile in Western Europe 2020 [21].

From Fig. 2.3, it is also observed that video has the highest variation in the daily
profile and the backhaul peak rate is the highest during the night time, e.g., around
10 pm in Western Europe. The high variations in the daily traffic profile leads to
the network not being utilized completely during the off-peak hours, for instance,
during the day. This makes the network economically less feasible.

In order to avoid these peak variations and to flatten out the curve of Fig. 2.3 or dis-
tribute the traffic uniformly during the day, caching schemes are used. The popular
contents requested by the users during the high traffic period are predicted before-
hand and placed at cache nodes nearer to the end users during the off peak/low
traffic hours. The process of caching not only helps in reducing the cost, but also
reduces the backhaul load and uniformly distributes the traffic over time to utilize
the network in a more efficient manner. Presently, the concept of caching is being
used in data delivery systems for example, in Netflix’s video streaming service [22]
and Facebook’s photo caching [23].

2.1.1 Concept of Caching

Caching simply means to predict the popular contents that the users may request
during the HT period and store them at the cache nodes nearer to the end users in
order to reduce the backhaul congestion and E2E delay in the network. The gains
obtained through the process of caching depends highly on the local memory size at
the cache nodes and also on the accuracy of predicting the popular contents. For
instance, if the size of the local memory of the cache nodes is insufficient to store a
good portion of the popular contents, the caching becomes impractical. This leads
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to a gain that is almost insignificant [24].

Although the users have memory, the size of the memory in the mobile devices is
still not sufficient to store a significant portion of popular contents. Even so, since
the number of mobile devices and users are continuously growing, taking advantage
of the aggregated cache that is spread across the network would be useful to make
it work like a larger cache, which can lead to a significant gain in backhaul peak
traffic reduction [24].

The process of caching takes place in two different phases:

« Placement phase: This phase of caching occurs during the off peak hours or
during the LT period, for instance, around 4 am in the morning. The popular
contents, which the users might later request for, are predicted and stored at
the cache nodes in this phase.

o Delivery phase: This phase occurs during the peak traffic hours or during
the HT period, e.g., around 9 pm, when the network is busy. In this phase,
the users reveal their requests for the desired contents. If the user’s requested
content is already cached during the placement phase, the content is delivered
to the user directly from the cache node without having to connect to the
server. If the requested content is not present in the cache node, it has to be
provided from the server.

The event when the user’s requested content is not present in the cache node is
known as cache miss. The difference between the two caching schemes, traditional
and coded caching schemes, depends on how the contents are placed at the cache
nodes during the placement phase and later accessed during the delivery phase.

2.2 Comparison between Un-Coded Caching and
Coded Caching Schemes

This section provides an in-depth conceptual understanding and a comparison be-
tween different caching schemes, that is, coded and un-coded caching schemes.

2.2.1 Traditional/Un-Coded Caching

During the placement phase of the traditional/uncoded caching scheme, identical
copies/portions of contents are placed at every cache node in the network. In such
a scenario, when the users reveal their requests and the requested data is already
cached, the data is directly fetched from the local copies made at the cache node
during the placement phase, rather than getting them all the way up from the server.
Therefore, caching the contents beforehand saves time, makes use of the resources
in an efficient manner and reduces the backhaul load. However, when the user
requests for a content that is not present in its associated cache node during the
delivery phase, the contents have to be fetched all the way up from the server which
can cause latencies and results in increased traffic.
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The gain obtained in the network following this scheme is dependent on the indi-
vidual memory size at each cache node. The limitation of this traditional caching
scheme is that, if the size of the cache memory at each cache node is insufficient
for it to store an ample portion of the popular contents, the obtained gain will be
negligible.

2.2.1.1 Un-Coded Caching: Example 1

Consider a simple network having a server with N = 2 equally-popular files (File A
and File B) and K = 2 cache nodes. Let us assume that each user can cache up to
M =1 file during the placement phase and each user requests for a single file during
the delivery phase. The files in the server are divided into smaller sub-files as Aj,
Ay and By, B, respectively.

Placement phase: During the placement phase, two cache nodes are filled with
identical sub-files of equal size as shown in Fig. 2.4. That is, both the cache nodes
are filled with A, and B;.

Server

Cache Node 1 1 l Cache Node 2

By | B
- -
] ]

USER1 USER 2

Figure 2.4: Traditional Caching Scheme: Placement phase.

Delivery Phase: During the delivery phase, assume User 1 (mobile device 1),
associated with cache node 1, requests for file A (green) and User 2 (mobile device
2), associated with cache node 2, requests for file B (yellow) as depicted in Fig. 2.5.
The cache nodes are first checked if any portion of requested file is present in the
cache. If it is present, the request is satisfied by fetching part of the contents directly
from the cache nodes. If the requested file/sub-file is not present in the cache, they
are fetched from the server and the cache is possibly updated. The user is then
served with its requested contents.
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BT

Cache Node 1 1 Cache Node 2

___I
[]

USER 1 USER 2

Figure 2.5: Traditional Caching Scheme: Delivery phase.

For example, in Fig. 2.5 we can see that User 1 is requesting for file A (green).
When checked at the cache node 1, only a part of file A, that is, sub-file Ay, is
present in the cache node 1 from the placement phase. Therefore, User 1 receives
Ay directly from the cache node and the complementary sub-file A, is fetched from
the server (either directly from the sever to the user or via the cache node). User 1
will then have the sub-files A; and A which is nothing but file A. Similarly, when
User 2 requests for file B (yellow), cache node 2 is checked for any sub-files of B.
Since B is already present in the cache node from the placement phase, User 2
receives sub-file By directly from the cache node. The complementary sub-file Bs
is fetched from the server and sent to User 2 (either directly from the sever to the
user or via the cache node) so that, in the end, User 2 will have file B.

This thesis aims to reduce the worst-case peak traffic load that occurs when dif-
ferent users request for different files. The worst-case peak traffic load obtained in
this example using the traditional caching scheme is 1 file. This is because, in the
worst-case, one whole file (sub-files A and By) is fetched from the server during
the delivery phase. Suppose both the users request for the same file, that is, if both
User 1 and User 2 request for file A (yellow), only sub-file A5 needs to be broadcast
to both the users during the delivery phase. The peak traffic in this scenario would
then be half a file.

The worst-case peak traffic load in the network obtained for the considered example
of traditional caching scheme is given by:

M 1
M=K|l—-—)=2(1-=-]=1 2.1
R R
where, (1 — %) in (2.1) is known as the local caching gain [25] and is dependent

on the individual cache sizes in the network. Therefore, if the cache size is not
large enough to store a significant portion of contents, the gain obtained becomes
insignificant [24].

When compared to the no-cache scheme, that is, a network without any caching,
the worst-case peak traffic load is improved by the traditional caching scheme. In

7
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a network without any caching, the worst-case peak traffic load for the above con-
sidered example is 2 files. That is, two whole files will need to be fetched all the
way from the server in order to satisfy the users with their requested contents or files.

2.2.1.2 Un-Coded Caching: Example 2

Consider another example of a network with N = 3 equally-popular files and K = 3
cache nodes. Assume that each user can cache up to M = 1 file during the placement
phase and each user requests for a single file during the delivery phase. The 3 files
are further divided into three sub-files that are concatenated as:

A — > A Ay As,
B— — > By, By, Bs,
C—— >0, 0 Ch.

(2.2)

Placement phase: During the placement phase, the three cache nodes are filled
with identical sub-files of equal size as shown in Fig. 2.6. That is, all cache nodes
are filled with sub-files (A;,By,Ch).

Cache Node 1 1 CacheJ'Node 2 i Cache Node 3

USER 1 USER 2 USER 3

Figure 2.6: Traditional Caching Scheme example: Placement phase.

Delivery Phase: During the delivery phase, assume User 1 (mobile device 1),
associated with cache node 1, requests for file A (green), User 2 (mobile device 2),
associated with cache node 2, requests for file B (orange) and User 3 (mobile device
3), associated with cache node 3 requests for file C (blue) as depicted in Fig. 2.7. As
mentioned earlier, the cache nodes are first checked if the requested file is present in
the cache. If it is present, the request is satisfied by fetching the contents directly
from the cache nodes. If the requested file/sub-file is not present in the cache, it is
fetched from the server and then sent to the user.
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Cache Node 1

T

USER 1 USER 2 USER 3

Cache Node 3

Cache'Node 2

Figure 2.7: Traditional Caching Scheme example: Delivery phase.

For example, in Fig. 2.7 it can be seen that User 1 is requesting for file A (green).
When checked at the cache node, only a part of file A, that is, sub-file Ay, is present
in the cache node from the placement phase. Therefore, the other sub-files A, and
Ajz are fetched from the server and sent to User 1 during the delivery phase (either
directly from the sever to the user or via the cache node). Sub-file A; is fetched
directly from the cache node as it was cached during the placement phase. The User
1 will then have the sub-files A, As and A3 which is nothing but file A. Similarly,
when User 2 requests for file B (orange), the cache node is checked for any file/sub-
files of B. Since B is already present in the cache node from the placement phase,
By and Bs are fetched from the server and then all sub-files are concatenated and
sent to User 2 during the delivery phase. Finally, when User 3 requests for file C
(blue), cache node of User 3 is checked for any sub-file of C. Since C} is already
present in the cache node from the placement phase, Cy and Cj are fetched from the
server and then all sub-files are concatenated and sent to User 3 during the delivery
phase so that the User 3 is provided with the complete file C.

In this example, the worst-case peak load in the network, i.e., for the users request-
ing different files, is 2 files. This is because as shown in Fig. 2.7, two whole files, i.e.,
6 sub-files each of size 1/3 of a file, are fetched from the server during the delivery
phase/high traffic period. This can be calculated as:

R(M)zK(l—%>:3<1—%>:2. (2.3)

When the number of users in the network increases, the worst-case peak load also
increases. The worst-case peak traffic load in the network with un-coded caching
scheme according to [16], [17], [18] is given by

R(M) =K (1- %) | (2.4)
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2.2.2 Coded Caching

The CC scheme focuses on solving the question of how to make use of all the mem-
ories in the network and access the contents stored at a cache node during the
placement phase, when requested by the users during the delivery phase so that the
peak traffic in the network is reduced.

During the placement phase of the CC scheme, different parts of the content files are
distributed in different cache nodes, all over the network. Maddah-Ali and Niesen
in [16], [17], [26] showed that making use of these distributed contents at different
caches in a cooperative manner can result in substantial global gain that corre-
sponds to the total cache available in the network. During the delivery phase, the
distributed contents also make way for multi-casting opportunities. That is, a single
coded packet that is dependent on the multiple requests from multiple users can be
sent in a single transmission which then serves multiple users at once. The most
important feature of any CC scheme is to combine all requested packets and form
a single packet from which the receivers on the caches can mitigate the interfering
packets and retrieve or decode the packet of interest with the help of the already
cached sub-packets.

2.2.2.1 Coded Caching: Example 1

Consider again a simple network system having a server with N = 2 equally-popular
files (File A and File B) and K = 2 cache nodes. Let us assume that each user can
cache up to M = 1 file during the placement phase and each user requests for a
single file during the delivery phase. The files in the server are divided into smaller
sub-files as Ay, Ay and By, B».

Placement phase: During the placement phase, different contents are placed at
different cache nodes all over the network and the network is diversified as shown in
Fig. 2.8. The sub-files Ay, B; are placed at cache node 1 and sub-files Ay, By are
placed at cache node 2. For the sake of simplicity, we assume that all sub-files to
be of equal size. When compared to the un-coded caching scheme, the transmission
load of sub-files during the placement phase of the CC scheme is doubled (see Section
2.2.1.1). However, this is not problematic as the process of placement occurs during
the LT period.

10
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I

—

Cache Node 1 l

= =
] i

USER 1 USER 2

Cache Node 2

Figure 2.8: Coded Caching Scheme: Placement phase.

Delivery phase: During the delivery phase, when the users start to make their
requests for the contents, the desired contents that are not already present at the
cache nodes are fetched from the server and transmitted to both the cache nodes
using a common coded signal as shown in Fig. 2.9. The common coded signal has
sub-files that are superimposed with each other and it depends on what the users
request for during the delivery phase.

Server --

Cache Node 1 l Cache Node 2
A

___IW
]

USER1 USER 2

Figure 2.9: Coded Caching Scheme: Delivery phase.

For example, when User 1 requests for file A (green) and User 2 requests for file
B (yellow) as shown in Fig. 2.9, a common coded signal comprising of sub-files
that are not already present in the cache nodes is broadcast to both cache nodes
simultaneously. In our example, the cache node 1 has Ay, B; from the placement
phase and needs sub-file A; from the server to decode and retrieve the complete
file A for the first user during the delivery phase. Similarly, cache node 2 has A,,
Bs from the placement phase and needs sub-file B; from the server to decode and
retrieve the complete file B for the second user during the delivery phase. Therefore,
the common coded signal transmitted during the delivery phase would be (A2® B1)

11
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where, @ is the superposition operator. Tables 2.1, 2.2 and 2.3 show the common
coded signals for different cases of user’s requests and also the missing parts of the
contents at each cache node.

User 1 | User 2

B | = =
B = B3| =

Table 2.1: User Requests.

User 1 | User 2
Ay Ay
Ay By
B, Ay
By By

Table 2.2: Missing parts at the cache nodes.

Common coded signal | Backhaul load
Ay P Ay 0.5
Ay @ By 0.5
By ® Ay 0.5
By ® By 0.5

Table 2.3: Common coded packets.

Since both users are simultaneously served from the common coded signal in just a
single transmission, a multi-casting opportunity is exploited. By doing so, the back-
haul load and congestion is reduced which, in turn reduces latencies in the network.

The worst-case peak-load obtained in this example using the CC scheme is 0.5 file,
as opposed to the traditional /un-coded caching scheme with a worst-case backhaul
load of 1 file (see Section 2.2.1.1). This is because, instead of fetching one whole
file from the server as in the case of traditional caching scheme, only half a file is

fetched during the delivery phase of the CC scheme.

The worst-case peak-load obtained in the CC scheme according to [16], [17], [18] is

given by
R(M) =K (1- %) (HlKM> =2(1- ;) (;) ~05. (2.5)

12
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2.2.2.2 Coded Caching: Example 2

Consider again another example of a network with N = 3 equally-popular files and
K = 3 cache nodes. Assume that each user can cache up to M =1 file during the
placement phase and each user requests for a single file during the delivery phase.
The three files are further divided into three sub-files of equal size which are con-
catenated as

A — > Ay, Ay, Ay,
B - — > B, By, Bs,
C——>C), 0 Ch.

(2.6)

Placement phase: During the placement phase, the three cache nodes are filled
with different portions or sub-files as shown in Fig. 2.10. That is, the cache nodes
are filled with concatenated sub-files as follows:

Cache node 1 — — > (44, By, (1),
Cache node 2 — — > (Ay, By, Cy),
Cache node 3 — — > (Ajz, B3, C3).

Cache Node 1 Cache Node 2 i Cache Node 3

USER 1 USER 2 USER 3

Figure 2.10: Coded Caching Scheme example: Placement phase.

Delivery Phase: During the delivery phase or high traffic period, when the users
reveal their requests for the desired files, the cache nodes are checked to find any
part of the requested files. The rest of the sub-files that are not already present
in the cache node are broadcast to the cache nodes using common coded signals as
shown in Fig. 2.11.

13
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A N R

Cache Node 1

he N

USER 1 USER 2 USER 3

Figure 2.11: Coded Caching Scheme example: Delivery phase.

For example, when User 1 requests for file A (green), User 2 requests for file B (or-
ange) and User 3 requests for file C (blue) as shown in Fig. 2.11, a set of common
coded signals comprising of sub-files that are not already present in the cache nodes
are broadcast to the cache nodes from the server sequentially. In our example, the
cache node 1 has A;, B; and C; from the placement phase and requires sub-files
Ay and As from the server to decode and retrieve the complete file A for the first
user during the delivery phase. Similarly, cache node 2 has Ay, By and C5 from the
placement phase and requires sub-files By and B3 from the server to decode and
retrieve the complete file B for the second user during the delivery phase. Finally,
cache node 3 has A3, B3 and (3 from the placement phase and requires sub-files C
and Cy from the server to decode and retrieve the complete file C for the third user
during the delivery phase. Therefore, the common coded signals transmitted during
the delivery phase to cache nodes 1, 2 and 3 respectively would be:

Common coded signal broadcast to Cache nodes 1 and 2 : (A2 @ B1).
Common coded signal broadcast to Cache nodes 1 and 3 : (A3 & C1).
Common coded signal broadcast to Cache nodes 2 and 3 : (B3 & C2).

The caches decode only the intended sub-files and the rest are either removed or
treated as noise (see Section 3.3). The worst-case peak load for this example would
then be 1 file since only 1 whole file i.e., three sub-files of size % of a file is fetched
from the server in the form of a set of common coded signals. The worst-case peak
load is calculated as:

R(M) =K (1 _ %) <ﬁ> _3 (1 _ %) (%) _ 1 (2.8)

2.2.2.3 Coded Caching: General Case

When a general case with a single server consisting of N files serving K cache nodes
is considered, we assume that the number of cache nodes and users are not more

14
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than the number of files in the server. Each cache node is said to store up to M files
during the placement phase. During the delivery phase, it is assumed that each user
requests for a single file and the server broadcasts the sub-files that are not already
cached during the placement phase to the cache nodes.

Placement phase: During the placement phase, the N files in the server are sym-
metrically divided into sub-files of equal size such that each cache node is able to
store % portion of each file that is present in the server. This placement/caching
of sub-files in the CC scheme is based on the strategy proposed by Maddah-Ali and
Niesen in [16], which is popularly known as the Maddah-Ali-Niesen (MAN) scheme.

Therefore, each file is split into (If ) sub-files of equal size, where t = % [27]. Using

this strategy, every cache node can cache up to % sub-files out of an entire %
number of sub-files. Furthermore, these sub-files can be transmitted towards the
intended cache-nodes using separate narrow-beams, which is discussed more in the

upcoming sections.

Delivery phase: Once the users reveal their requests for the desired contents dur-
ing the delivery phase, the server broadcasts common coded signals comprising of
a superposition of sub-files, to serve the users with their intended requests. This
common coded signal depends on the actual requests from the users as mentioned in
Section 2.2.2.1. Because of the placement strategy followed according to the MAN
scheme, the server can serve up to (¢t + 1) users by multicasting the common-coded
signal to this set of users simultaneously in the network.

2.2.2.3.1 Performance Metrics In the literature, without considering the wire-
less network between the server and the cache nodes, different metrics are used to
evaluate the performance of caching methods. Two main metrics are as follows:

o Worst-case peak load: The worst-case peak load, as defined in 2.2.2.1 for
the CC scheme, can be calculated as [16]:

R(M) =K (1- %) <1> | (2.9)

KM
1+ 75

where (1 — %) is known as the local caching gain and (W) is known as

the coding gain. The total gain obtained in the network that uses CC scheme
is known as the global caching gain and is dependent on the aggregate of all
caches in the network.

o Network throughput: The throughput of the network is defined as the
amount of information or contents that is correctly delivered to the users per
unit time. According to the MAN scheme, by considering a perfect channel
between the server and the caches, the throughput is calculated as:

1+ (BM
throughput = <(N)) . (2.10)

M
=%
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2.3 Beamforming

5G may operate at millimeter wavelengths and the network is exposed to interfer-
ences like multipath effects, scattering or diffraction very easily. With the increase
in the number of 5G networks and smartphones, the technique of beamforming plays
a very crucial role [28].

Beamforming is a widely used technique in the signal processing, radar, biomedical
industry and most importantly in communications. In communication systems, the
beamforming technique is used to steer and focus the radiating radio frequency (RF)
signals towards the intended users or a set of users. Instead of broadcasting a specific
signal to all users that are within the range, beamforming uses multiple antennas to
steer and send out the signal to, e.g., a single user such as a mobile device, laptop or
a tablet which results in better connectivity and reliable data transfer [29], [30], [31].

The signal transmitted from a single antenna is nothing but electromagnetic waves.
These electromagnetic waves, when radiated, tend to spread out in all directions until
they encounter an interface like a physical object or a barrier like a wall. Therefore,
to focus such waves or signal in a particular direction, multiple antennas are used.
These multiple antennas are closely spaced to each other and broadcast the same
signal at slightly different times [32]. This focused transmission of the signals can be
achieved by choosing appropriate phase and power values at each stream of different
antennas where the superposition of signals each with separate directivity is done.
This adjusting or choosing of phase and power values determines the best path the
signal should take to reach the intended user. That is, beamforming shapes the RF
beam as it propagates in the physical space [29].

2.3.1 Types of Beamforming

Depending on the type or implementation, beamforming can be categorised into
three types as follows:

1. Analog Beamforming: In early years, beamforming had an analog solution
with fixed phase shifters to create beams at a single frequency [33]. Later,
many phase shifters were incorporated in a switching architecture to produce
multiple beam patterns. In the end, phase shifters that were adjustable were
incorporated at each antenna element so the beams could travel in any di-
rection. Figure 2.12 shows the basic architecture of the analog beamforming
technique.
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NWW
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Baseband RF Chain ] e
Processing s

<«——— ADC ; i/

Figure 2.12: Analog Beamforming.

On the transmitter side, as shown in Fig. 2.12, the digital domain generates
the baseband signal that is converted into an analog signal using the digital
to analog converter (DAC). The signal is then up-converted and passed to
the analog beamforming network through a splitter. In the beamforming net-
work, weights are applied to the incoming signals by the phase shifters that are
present at each antenna element [33]. The receiving side performs the opposite
functions like phase shifting, combining and down-converting the received sig-
nal to a baseband frequency which is then converted to digital domain samples
using an analog to digital converter (ADC).

The precoding or combining i.e., adjusting the amplitude and phase of the
signals is done after the up-conversion in the transmitter or before the down-
converstion in the receiver [28]. At the end of the analog beamforming tech-
nique, the same signal with different phases is produced at the end of each
antenna element and transmitted into a specific direction.

Benefit: The analog beamforming technique is cost efficient since only a single
pair of ADC and DAC and only one RF chain are used [33]. Because of this,
the power is also efficiently consumed. Note that, by power efficient it simply
means that the baseband power consumption is low but, the overall link is not
power efficient and as analog beamforming is less precise, the received SINR
might be lower than that of digital beamforming.

Limitations: Even though analog beamforming is cost and power efficient at
a first glance, it may have the following limitations:

e The signals may be prone to interference in the unwanted directions as
nulls cannot be generated in particular directions during the transmission
or reception of the signal.

o Multiple users cannot be satisfied, that is, multi-user MIMO cannot be
implemented as the same signal with different phases is generated at the
end of this method [34].

e The analog components used in this network can introduce distortions
and losses.
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¢ Analog beamforming cannot perform frequency-adaptive beamforming in
frequency selective channels.

2. Digital Beamforming: To overcome the limitations of analog beamforming,
the technique of digital beamforming can be used [35]. A simple architecure
of digital beamforming is as shown in Fig. 2.13.

AY
. v

Baseband <«—— ADC

Processing
+

Precoding/Combining

—>» DAC
/\/ RF Chain

Figure 2.13: Digital Beamforming.

28?

Instead of using only a single pair of DAC and ADC and one RF chain block
like in the analog beamforming technique, digital beamforming uses a pair of
DAC and ADC and an RF chain at each antenna element. The precoding or
combining, that is adjusting the amplitude and phase of the signals is done
before the up-conversion in the transmitter or after the down-conversion in
the receiver [33].

Benefits:

e Null creation in the unwanted directions which reduces interferences in
those directions and hence increases the signal strength in the desired
direction. Hence, the coverage of a BS is also increased [36].

« Spatial multiplexing because of multiple spatial streams generated by dig-
ital beamforming [37]. Because of this, multiple users can communicate.

Limitation: The implementation cost and the power consumption in digital
beamforming is high because many ADC, DAC components and RF chains
are used in the architecture [36].
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3. Hybrid Beamforming: The hybrid beamforming technique is a combina-
tion of analog and digital beamforming [35]. Analog beamforming method
is less flexible but is cost and potentially power efficient, whereas the digital
beamforming method is flexible but the cost and power consumption is high.
Hence, a new technique, that is a compromise between the analog and dig-
ital bemaforming methods, called hybrid beamforming [38] was introduced.
The hybrid beamforming method is mainly used for the mmWave frequency
systems [39] and the simple architecture of it is as shown in Fig. 2.14.

——> DAC —
Baseband «—— ADC

Processing
+

Precoding/Combining

RF
Precoding/Combining

o g
oY hg

«——— ADC

Figure 2.14: Hybrid Beamforming.

The precoding or combining, that is, adjusting the phase and amplitude of
the signal at each stream, is done in both the analog as well as the digital
domains. Because of this, components like ADC/DAC and RF chains can be
fewer than the number of antennas. Hence the cost and power consumption
remains efficient. This system is also flexible and can produce spatial streams
on the order of the number of RF chains. Since the number of RF chains in
hybrid beamforming is fewer than that of digital beamforming, the number

of spatial streams generated are fewer than that of pure digital beamforming
[33].

2.3.2 Benefits and Limitations of Beamforming

In general, incorporating the technique of beamforming in communication systems
offers many advantages as well as disadvantages which are mentioned below:

Benefits:
e Provides high antenna gain and the signal strength is higher in the desired
direction.
e Suppresses interference by creating nulls in the unwanted directions.
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o Increases spectral efficiency which in turn improves the capacity in the network
(34].

o Multiple users can be served by creating multiple spatial streams [37].

 Simple to implement analog beamforming as it is power and cost efficient [29].

Limitations and considerations:
e The cost can be high with the implementation of digital beamforming as it
requires more resources like ADC/DAC pairs and RF chains.
o Along with the cost, the power consumption is also high with digital beam-
forming.
o With higher frequencies and more number of antennas, the implementation of
massive MIMO and beamforming can be costly and complex [29)].

2.4 Literature Review

The concept of caching is considered to be one of the important features in future
wireless technologies [27] and is incorporated in various wireless network applications
such as D2D [9]-[10], multi-hop networks [40], small cell networks [41], Coordinated
Multi-Point (CoMP) [42] and cache-enabled helpers [43]. Caching is also seen in
context-aware networks using edge/cloud computing which is investigated in [44].
The problems of edge caching is studied in [8] and information about CC is given
in [45].

In [16], the concept of CC is proposed that achieves a global caching gain when a
common coded signal is broadcast to different users requesting for different contents
in the network. The extending works of [16] consider various structures like hier-
archical CC [46], online CC [47] and multi-server scenarios [48]. All of the above
mentioned works are from an information theoretical perspective.

When wireless network perspective is considered, various works that extend the con-
cept of CC [16] in the high signal-to-noise-ratio (SNR) regime are observed. Different
papers that consider the wireless interference channel, the effect of delayed chan-
nel state information at the transmitter (CSIT), and a wireless channel with mixed
CSIT along with CC can be seen in [26], [49] and [50] respectively. Some works also
consider interference management in wireless CC networks [51], rate splitting along
with CC [25] and CC in wireless D2D networks [52].

When finite SNR regime is considered, CC for multiple-input single-output broad-
cast channel (MISO-BC) with rate splitting as the main idea can be seen in [53] and
the same with multiple antennas is considered in [54]. The work in [55] considers CC
along with zero-forcing (ZF) to further benefit from the spatial and global caching
gains. The performance of CC in [54] and [55] can be further improved by carefully
coding and designing beamformers, as can be seen in [56]. Further management of
interferences is discussed in [27]. Also, CC along with multicast beamformers that
are designed in the low SNR regime in [56] and [27] can be extended, to benefit from
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the gains obtained from spatial multiplexing, global caching and by interference
management because of transmitting the common coded signals in parallel.
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Methods

3.1 Beamforming in Wireless Coded Caching Sys-
tems

Along with the CC scheme, the technique of beamforming can also be incorporated
in the network to direct the packets or the sub-packets towards the intended users,
so that the users can correctly decode the desired contents with better signal quality.
As mentioned earlier in the CC scheme, the broadcasted common coded signals are
visible to all intended users [56]. From one cache node perspective, the common
coded signals contain both the sub-files that are desired and also the unwanted sub-
files.

For example, consider a simple network having an L-antenna server with N = 2
equally-popular files (File A and File B) and K = 2 single-antenna cache nodes. Let
us assume that each user can cache up to M = 1 file during the placement phase
and each user requests for a single file during the delivery phase. The files in the
server are divided into smaller sub-files as Ay, Ay and By, Bs respectively.

Placement phase: During the placement phase, when the cache nodes are filled
with different portions of the files from the server, separate narrow beams can be
used in different time slots to direct the transmission of the sub-packets towards
their respective cache nodes as shown in Fig. 3.1.
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Server [

Narrow Beam
w2

Narrow Beam
w1

Cache node 1 Cache node 2

USER 1 USER 2

Figure 3.1: Beamforming in Coded Caching: Placement phase where narrow beams
are used in different time slots to serve the cache nodes.

The signals transmitted to each cache node during the placement phase in the net-
work is given by

Yor = VPR wi[Ai(O)Bi(1)] + [Ze,, (8) Ze o (1)), (3.1)
Yor = VPR ws[As (1) Bao(t)] + [Zoy, (8) Zes o (8)], (3-2)

where, P is the total transmit power of the server, h%T, 1 = 1, 2 is the channel realiza-
tions vector during the LT or placement phase for different cache nodes, w;,, i = 1,2
are the beamforming vectors used to generate narrow beams for the placement of
the sub-files at the respective cache nodes and Z¢, j,¢,j = 1,2, is the unit-variance
additive Gaussian noise.

Delivery phase: During the peak traffic hours or the delivery phase, when the

users reveal their requests for the desired contents, the common coded signal is
broadcast to both cache nodes using a common wide beam as shown in Fig. 3.2.
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{ Packet A for user 1 } { Packet B for user 2 }

Figure 3.2: Beamforming in Coded Caching: Delivery phase.

The signals transmitted to each cache node during the placement phase in the net-
work with N = 2 files and K = 2 users is given by

Yor = VPRI w, 2S(t) + Zoy (1), (3.3)
Yoo = VPRI w, 2S(t) + Ze, , (1), (3.4)

where, P is the total transmit power of the server, h?T, 1 = 1,2 is the channel
realizations during the high traffic or delivery phase for different users, wj o is the
beamforming vector used to generate a wide beam to transmit the common coded
signal and Zg, ;,4,j = 1,2, is the unit-variance additive Gaussian noise. The com-

3

mon coded signal in this example is given by

S(t) = ady(t) + V1 — a2B;y(t), (3.5)
where, a € [0, 1] is the power split parameter of the sub-files.
Once the common coded signal is broadcast to the cache nodes, each cache node tries
to decode the intended content correctly using the already cached sub-file as well as

the common coded signal. The details of the decoding methods will be explained in
Section 3.3.
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3.2 Optimization

In this thesis, the optimization of the beams for networks having beamforming along
with CC scheme is done using the Genetic algorithm (GA). GA is an optimization
technique that is based on natural selection and genetics. GA is part of a larger
group of computation called evolutionary computation [30, 31, 57, 58, 59, 60, 61].

3.2.1 Genetic Algorithm

In optimization techniques like the GA, a set of possible solutions for the given for-
mulation undergo modifications by, e.g., the mutation and recombination to produce
a new set of children (solutions) and the process is repeated for many generations
(iterations) [62]. Each individual/solution is assigned a fitness value (cost) according
to the objective function and the fitter the individual, the higher are the chances
for the individual to continue the process and produce more fitter individuals. This
repeats for many generations until a stopping criterion is reached. Figure 3.3 shows
the steps involved in GA.

Initialization of
population

3
>
Y

Fitness
evaluation

Y

Continue until
Convergence

T

Reproduction

Selection

Figure 3.3: Basic steps in GA.

In this thesis, since we have beamforming only at the transmitter and not at the
receivers, i.e., multiple transmit antennas at the transmitter and a single antenna at
the receiver, the algorithm starts by creating sets of beams at the transmitter. These
sets of beams are the sub-matrices chosen from the discrete fourier transform (DFT)
based codebook. In every iteration, the best beam that is obtained depending on the
performance metrics is chosen. This best beam that gives the best result is known
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as the 'Queen’ [58], [57]. As the performance metric for selecting the best solutions,
we consider the maximum of the minimum signal-to-interference-noise-ratio (SINR)
as observed by different cache nodes. Then, new sets of beams are generated around
the Queen by choosing beams around the Queen and by randomly choosing a num-
ber of solutions from the DFT-based codebook for the remaining columns, so that
the algorithm does not get stuck in the local minima [58]. At the end of a number of
iterations that the designer chooses, the best beam that yields the best performance
according to the mentioned performance metric is chosen.

3.2.2 Algorithm Description

Considering the example used in the previous section for beamforming in wireless
CC system, the general steps used for the beam refinement using GA for a given
time slot with instantaneous channel realizations are as shown below:

o Step 1: Initialization: Randomly pick a set of matrices of beams from the
pre-defined DFT-based codebook.

« Step 2: Selection: For every precoding/beamforming matrix, calculate the
objective metric (the minimum of the SINRs observed by different cache nodes
in this case). Select the best beamforming matrix called as the 'Queen’ that
yields the best result for the objective metric.

o Step 3: Queen: Save the Queen.

o Step 4: Generate a new set of beamforming matrices by slightly modifying
around the Queen.

o Step 5: The rest of the columns in the beamforming matrix are the columns
randomly picked from the pre-defined DFT-based codebook.

e Step 6: Go back to Step 2 and iterate the procedure over a number of itera-
tions set by the designer.

e Step 7: Return the Queen as the final beamforming solution in the considered
time slot.

Note that the files in the server have information in them which are represented
in nats. Suppose file A has K* nats of information and file B has KP nats, the
information in the sub-files A, Ay, By, By is divided as [63]

K* = K + K3,

KB =K+ K2
(3.6)
Also, the code rates of the sub-packets are defined as
2R* = R + Ry,
2R" = R} + RY.
(3.7)
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where, R® and RP, i = 1,2, are the rates of the sub-files. Here, (3.7) is based on

7 )

(3.6) and the fact that the sub-files are of length L while the files are of length 2L.
Also, we define R} = KTZA, RE = KLZB,Z' = 1,2, and R* = g—;, RB = 12%3 Note that,
in general, iterative algorithms may take time to converge. However,
e as we show in the simulations, our proposed GA converges with few iterations.
o Also, the server-cache node link is stationary, in which the beamforming up-

date does not occur frequently.

It is interesting to note that in our method the beams of the placement and the
delivery phases are optimized separately because in practice the placement and
delivery phases occur in different periods and it is not possible to optimize them at
the same time.

3.2.3 Optimization Problem

The network Successful Transmission Probability (STP) is defined as the average
probability that the cache nodes decode their intended files correctly [63] and it is
given by

1
Pr (STP) = 5 (PI‘ (Clsuccessful) + Pr (CQSuccessful)) . (38)

Here, C1 and C2 are cache nodes 1 and 2 respectively. Note that in (3.8) and
the simulations, we concentrate on the cases with two cache nodes. However, it is
straightforward to extend the results to the cases with multiple cache nodes. The
final problem statement that would maximise the network STP by optimising the
power split parameter o and the beamforming weights in (3.1) — (3.4) is given as
follows:

mazx (STP) (3.9)

such that the constraints mentioned below are met.

Constraints:

a € |0,1],

w | < 1,

w,|* <1,

lwy o* < 1.
(3.10)
The STP is calculated according to various decoding methods that is discussed in
Section 3.3, w; where ¢ = 1,2, are the beamforming weights for narrow beams during
the placement phase, w; 2 are the beamforming weights for the wide-beam during
the delivery phase and P is the total transmit power. Note that the optimization of

the power split parameter « is done through a simple exhaustive search while the
beams are optimized by GA.
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3.3 Decoding Techniques

The network STP can be maximized by properly choosing the power split parameter
and also by optimizing the beamforming vectors. Depending on how the sub-files
are cached or delivered, STP can be calculated for various decoding methods as
follows.

3.3.1 Decoding Method 1: Joint Decoding during HT Pe-
riod using Successive Interference Cancellation (SIC)

In this decoding Method 1, the sub-files received during the placement phase are
cached and the intended sub-file is decoded using maximum ratio combining (MRC)
and SIC during the delivery phase. Consider the following steps to decode the in-
tended file.

1. Assume that User 1 requests for packet A and User 2 requests for packet B.

2. The idea is to first decode the unwanted sub-file from the received common
coded signal using MRC between the received signals at the cache node during
the placement and the delivery phases and subtract or remove it from the
common coded signal using SIC. The decoding happens during the HT period
or the delivery phase, where the intended sub-files are concatenated and the
whole file is decoded in one shot.

3. Consider cache node 1. The signal received at cache node 1 during the delivery
phase is given by Yy in (3.3).

4. The signals associated with sub-files [A;(t)B(t)] are already cached at cache
node 1, but not decoded, during the placement phase.

5. The first step is to decode and remove By (t) from the common coded signal
given by Y using MRC. Here, Y in (3.3) and part of Y¢; in (3.1) associated
with B, (t) are combined using MRC and decoded.

6. Next B, (t) is subtracted from the common coded signal that is, by using SIC
to get an interference free signal which is given by

YCI = Oé\/?hI;IT’LULQ {Avg(t)] + ZCl,1<t) (311)

7. Lastly, we concatenate (3.11) and the part in (3.1) associated with A;(t) in
(3.1) to decode the whole file A.

8. Similarly, cache node 2 follows the same procedure to decode the file B.

Let gi" = [hYTwy, ?, g57 = |h3Tw,, |* be the channel gains obtained during
the placement phase/LT period for cache node 1 and 2, respectively, and gl =
|hiTwq 2)% | g3 = |hY w, 2|? be the channel gains obtained during the delivery
phase/HT period for cache node 1 and 2, respectively.

The network STP for the decoding Method 1 is calculated as follows [63]

1
STP = 3 (my + m2y2), (3.12)

where,
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« Probability of successfully decoding By (t) is given by

(1-a?) Pgi'" LT B
m = Pr (log (1 + (1 (a2 Py + Py | > R . (3.13)

« Probability of successfully decoding file A after removing the interference B, (t)
from the received common coded signal during the HT period is given by

v = Pr (log (1 + PglLT) + log (1 + (aQPg{{T)) > QRA) . (3.14)
« Similarly, for cache node 2, the probability of successfully decoding A (t) is
given by
(@®) Pgy'" LT A
=Pr|l 1 P > . 1
o= (o (10 (g ) 1) 2 1) o9

« Probability of successfully decoding B(t) after removing the interference A,(t)
from the received common coded signal during the HT period is given by

vy = Pr <log (1 + ngLT) + log (1 + ((1 - az) Pg§T>) > QRB) . (3.16)

3.3.2 Decoding Method 2: Joint Decoding during HT Pe-
riod without SIC

This method decodes the intended sub-files in one go by considering the interference
as noise. That is, this decoding method does not use SIC. By doing so, the delay and
complexity introduced in the implementation of decoding Method 1 can be reduced.
Using decoding Method 2, (3.12) can be rearranged as [63]

1
STP = o (m + %), (3.17)
where, .
+ The probability of decoding both the intended sub-file Ay(t) received during
the HT period and A;(t) that was already cached during the placement phase
is given by

v = Pr (log (1 + PglLT) + log (1 + (1 n (Ef_) Z%Pg{”))) > 2RA> .
(3.18)

+ The probability of decoding both the intended sub-file B (t) received during
the HT period and By(t) already cached during the LT period is given by

o = Pr <log (1+ Pgs™) +log (1 + ( 1(;(32 igi;%)) > 2RB> . (3.19)
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3.3.3 Decoding Method 3: Separate Decoding with SIC

In decoding Method 3, the intended sub-files are decoded separately during the
placement phase (LT) and during the delivery phase (HT). The network STP is
then calculated as [63]

1
STP = B (my11 7z + n2721722) (3.20)

where,
« 1 and 7, are same as in (3.13) and (3.15), respectively, and are the equations
representing the probability of decoding B (t) and Ay(t) at cache nodes 1 and
2, respectively.
« The probability of cache node 1 decoding the intended sub-file A, (t) during
the placement phase or LT period is given by

71 = Pr (log (1 + PglLT> > R’f) : (3.21)

« The probability of cache node 1 decoding the intended sub-file A,(t) during
the delivery phase or HT period after decoding the interfering sub-file Bl(t)
is given by

2 = Pr (log (1 + aQPg{{T> > R‘;) . (3.22)

« The probability of cache node 2 decoding the intended sub-file B, (t) during
the delivery phase or HT period after decoding the interfering sub-file Az(t) is
given by

Y21 = Pr (log (1 + (1 — a2) nglT) > R{B) . (3.23)

e The probability of cache node 2 decoding the intended sub-file Bg<t) during
the placement phase or LT time is given by

Y22 = Pr (log (1 + Pg;JT—i-) > Rf) : (3.24)

3.3.4 Decoding Method 4: Separate Decoding without SIC

Decoding Method 4 considers decoding the intended sub-files separately, the same
as in decoding Method 3 but, by considering the interference as noise. That is,
the sub-files are decoded without using SIC. The network STP in this case is then
calculated as [63]

1
STP = 3 (Y1712 + Y21722) 5 (3.25)

where,
o 711 and 9o are same as in (3.21) and (3.24), respectively.
« The probability of cache node 1 decoding the intended sub-file A,(t) by con-
sidering B, (t) interference as noise during the delivery phase or the HT period

is given by
(o) Pgi™ A
=Pr|l 1 . 2
V12 r(og( +<1—|—((1—042)Pg{”) > R (3.26)
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« The probability of cache node 2 decoding the intended sub-file B, (t) by con-
sidering As(t) the interference as noise during the delivery phase or the HT
period is given by

Y1 = Pr <log (1 + (1%?(32 igii))) > Rf’) . (3.27)
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Simulation results

The simulation results are generated for a network with a single server consisting
of multiple or a single transmit antennas serving two cache nodes. The channel
considered in this thesis is the Rayleigh fading channel. The parameters considered
for the simulation setup are as follows:

o [ =10, 16 or 32 transmit antennas at the server for a network that incorporates
CC/ un-coded caching and beamforming and L = 1 for the case when the
network incorporates CC/ un-coded caching without any beamforming,.

e The total transmit power range is -10:10:60 dB.

e K = 2 cache nodes.

o Number of considered channel realizations is 15000.

e The number of GA iterations during for the placement and delivery phases is
150 iterations.

o The pre-defined considered date rates are [0.5:0.5:8] nats-per-channel-use (npcu)
and we always consider R4 = RE.

The STP and the throughput are calculated for networks incorporating CC and
un-coded caching schemes with the above parameters. The same metrics are also
calculated and compared for various decoding methods as mentioned in Section 3.3.

4.1 CC and Un-coded Caching without Beam-
forming

Figures 4.1 and 4.2 show the STP versus the transmit power in networks having
un-coded caching and CC schemes without beamforming, respectively. The perfor-
mance of both schemes is compared for various decoding methods as mentioned in
Section 3.3. Here, we consider 2 cache nodes, data rate of 2 ncpu, transmit power
of -10:10:50 dB, no beamforming and 1 antenna at the server.

In un-coded caching, only decoding Methods 2 and 4 are considered. This is because,
in the un-coded caching scheme, since we are transmitting the signals in two separate
narrow beams and at different time slots, there are no interferences between the
signals and hence SIC is not needed. Thus, Methods 1 and 3, which follow SIC-
based interference cancellation of the superimposed signals, are not of interest in
the un-coded caching scheme. Whereas, in the CC scheme, there is interference and
SIC may be considered. When the plot of network STP versus transmit power for
decoding Methods 2 and 4 are compared in Fig. 4.1 and Fig. 4.2, network having
un-coded caching scheme performs better than the network utilizing the CC scheme
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, in terms of STP, because of no interference between the signals. However, this is
at cost of extra transmissions and, consequently, lower throughput (see Figs. 4.7

and 4.8).
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Figure 4.1: Network STP v/s the transmit power in un-coded caching scheme
without beamforming for a network with 2 cache nodes, data rate of 2 ncpu, transmit
power of -10:10:50 dB and 1 antenna at the server.
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Figure 4.2: Network STP v/s the transmit power in CC scheme without beam-
forming for a network with 2 cache nodes, data rate of 2 ncpu, transmit power of
-10:10:50 dB and 1 antenna at the server.

4.1.1 Beamforming with CC

When beamforming along with CC is incorporated in a network, GA-based opti-
mization technique has been used to obtain the best beam during the placement
and delivery phases according to the specified performance metric as mentioned in
Section 3.2.

In Fig. 4.3, different examples of the convergence of the GA are demonstrated for
different iterations of Algorithm 1. The figure demonstrates the minimum SINR
observed by both cache nodes as the number of iterations increases. Here, we con-
sider 2 cache nodes, transmit power of 60 dB, 32 antennas at the server and 150 GA
iterations. As shown in Fig. 4.3, the GA converges with a few number of iterations.
Also, the GA may temporally be trapped in a local minimum. However, due to
Step 5 of the Algorithm 1, the GA can come out of the local minimum and converge
towards the global optimum solution.
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Figure 4.3: Minimum SINR of the cache nodes v/s the GA iterations for a network
with 2 cache nodes, transmit power of 60 dB, 32 antennas at the server and 150 GA
iterations.

Figure 4.4 shows the STP versus the transmit power for a network that incorpo-
rates CC scheme along with beamforming and also compares the results for various
decoding methods. Here, we consider 2 cache nodes, transmit power of -10:10:40
dB, 32 antennas at the server and data rate of 2 ncpu. As observed from Fig. 4.4,
we see that the performance of decoding Methods 1 and 2 are similar and that of
decoding Method 1 is slightly better than that of decoding Method 2. It is also
observed that there is a significant difference between the performances of decoding
Method 3 and 4 when compared to decoding Methods 1 and 2. Note that the same
point is observed in the cases with no beamforming, as shown in Fig. 4.2. This
indicates that, compared to separate decoding, the joint decoding of the sub-files
improves the network STP considerably. Note that joint decoding of Methods 1
and 2 is at the cost of additional decoding complexity. However, the drawback with
Methods 3 and 4 is that, there the cache nodes may unnecessarily decode sub-files
during the LT period which are not later requested by the users during the HT
period. On the other hand, with proper beamforming and joint decoding, the effect
of SIC-based interference cancellation on the network STP is negligible. This is the
reason that the difference between the STP of Methods 1 and 2 is negligible. On
the other hand, with separate decoding of the sub-files, interference cancellation be-
comes more important leading to considerably better STP in Method 3, compared
to Method 4.
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Figure 4.4: Network STP v/s the transmit power in CC scheme with beamforming
in a network with 2 cache nodes, transmit power of -10:10:40 dB, 32 antennas at
the server and data rate of 2 ncpu.

4.1.2 Comparison of Beamforming with CC and Un-coded
Caching schemes

In this section, the performances of networks having CC and un-coded caching
schemes along with beamforming are compared.

The STP is calculated and compared for various decoding methods as shown in Fig.
4.5. Here, we consider 2 cache nodes, transmit power of -10:10:40 dB, 32 anten-
nas at the server and data rate of 2 ncpu. From Fig. 4.5, it can be immediately
seen that, in terms of STP, the network incorporating the un-coded caching scheme
along with beamforming performs better than the network having the CC scheme
along with beamforming. For example, when decoding Method 2 is considered, the
gap in the performance in terms of STP is very small. However, for the considered
parameter settings of the figure, in Method 4, we see a significant gap between the
STP of the networks with CC and un-coded caching schemes along with beamform-
ing. This is intuitive because, as opposed to the CC scheme in which the signals
are superimposed during the delivery phase at the cost of additional interference,
in the un-coded schemes the sub-files are transferred in different time slots with no
interference. However, as we show in the following, the implementation of un-coded
scheme leads to considerable throughput drop, compared to the CC method (see
Figs. 4.7 and 4.8).
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Figure 4.5: Network STP v/s the transmit power in un-coded caching and CC
schemes with beamforming for a network with 2 cache nodes, transmit power of -
10:10:40 dB, 32 antennas at the server and data rate of 2 ncpu.

Figure 4.6 shows a comparison of the network STP versus the data rate for both CC
and un-coded caching incorporated networks for various decoding methods. Here,
we consider 2 cache nodes, transmit power of 20 dB, 32 antennas at the server and
data rates of [0.5:0.5:8] ncpu. Similar to Fig. 4.5, the performance (in terms of STP)
of the network having un-coded caching scheme with beamforming is better than
that of a network having CC scheme with beamforming. Also, there is a significant
gap between the STPs of Methods 1 and 2 (joint decoding) and Methods 3 and 4
(separate decoding) before they all reach an STP value of 0. It can also be noticed
from Fig. 4.6 that, Method 3 (separate decoding with SIC) tends to perform better
than Method 2 (joint decoding without SIC) when the data date increases. Thus,
interference cancellation is more important, than joint decoding at high data rates.
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Figure 4.6: Network STP v/s the data rate in un-coded caching and CC schemes
for a network with 2 cache nodes, transmit power of 20 dB, 32 antennas at the server
and data rate of [0.5:0.5:8] nepu.

Figure 4.7 shows the network throughput versus the number of transmit antennas
at the server. Here, for the CC scheme, the throughput is defined as

n= Rl Pr(Clsuccessful) + R2 PT(OQSuccessful)y (41)

where R;,7 = 1,2, are the data rates for communications to cache node i. Also,
Pr(Clsyccesstul) and Pr(C2ccesstul) are the successful decoding probability in cache
nodes 1 and 2, respectively, which for different Methods 1-4 are given in Section 3.3.
On the other hand, for the un-coded caching methods, the throughput is given by

A A

1
n= §(R1 Pr(Clsuccessful) + RQ Pr(CQSuccessful))a (42)

where Pr(é’ Lsuccesstul) and Pr(é2suecessfu1) are the successful decoding probability in
the un-coded caching methods. Note that the term 1 in (4.2) comes from the fact
that, in the un-coded caching scheme during the HT period, the signals are trans-
mitted in two time slots, as opposed to the CC method with one-shot transmission

of the superimposed signals.

Here, we consider 2 cache nodes, transmit power of -10:10:20 dB, L = 10, 16, 32
antennas at the server and a data rate of 2 ncpu and as observed from Fig. 4.7, the
throughput of the network having CC scheme along with beamforming is consid-
erably higher and better compared to the network incorporating un-coded caching
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scheme with beamforming. It can also be seen that, for all the considered methods,
greater number of antennas at the server improves the throughput in the network.
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Figure 4.7: Network throughput v/s the transmit antennas in CC and un-coded
caching schemes with beamforming for a network with 2 cache nodes, transmit power
of -10:10:40 dB, L = 10,16,32 antennas at the server and data rate of 2 ncpu.

In Fig. 4.8, the throughput of the networks having CC and un-coded caching schemes
along with beamforming with different numbers of DFT-based beams are compared.
Here, we consider 2 cache nodes, transmit power of -10:10:40 dB, 32 antennas at the
server and data rate of 2 ncpu. As observed from Fig. 4.8, the throughput of the
network having CC with beamforming is significantly better than that of a network
utilizing un-coded caching with beamforming. That is, although CC scheme reduces
the STP slightly, compared to the un-coded caching method, the CC reduces the
backhaul traffic at HT periods significantly.
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Figure 4.8: Network throughput v/s the transmit power in CC and un-coded caching
schemes with beamforming with different beamwidths for a metwork with 2 cache
nodes, transmit power of -10:10:40 dB, 32 antennas at the server and data rate of
2 nepu.

4.1.3 Comparison of network having CC with and without
beamforming

Figure 4.9 shows the comparison of network STP v/s the transmit power for Method
2 in networks incorporating CC and un-coded caching schemes with and without
beamforming. Here, we consider 2 cache nodes, transmit power of -10:10:50 dB, 32
number of antennas at the server when beamforming is considered, 1 server antenna
when no beamforming is considered and data rate of 2 ncpu. From Fig. 4.9, it is
observed that the network having CC/un-coded caching schemes along with beam-
forming achieves a higher gain when compared to a network having CC/un-coded
caching schemes without beamforming. It can also be observed from Fig. 4.9 that
the network utilizing the un-coded caching scheme with or without beamforming
performs slightly better than that of the network having CC with or without beam-
forming in terms of STP. This is because, the CC scheme overcomes the problem
of delays in the network, but it has to deal with the interferences and different dis-
tances between the server and the cache node. In case of a network with un-coded
caching scheme, the signals are more focused and do not have interferences and
hence performs better in terms of STP, at the cost of throughput.
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Figure 4.9: Network STP v/s the transmit power in CC and uncoded caching
schemes with and without beamforming for a network with 2 cache nodes, transmit
power of -10:10:50 dB, 32 antennas at the server when beamforming is considered,
1 server antenna when no beamforming is considered and data rate of 2 ncpu.
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Conclusion

The impact of adaptive transmission and various decoding methods as well as dif-
ferent caching schemes on the networks with beamforming along with CC scheme
was studied. As shown, using caching the backhaul traffic can be reduced and the
network STP maximized by using beamforming along with CC. The interference
and the delays in the network are reduced which results in better gains and network
throughput. Furthermore, an efficient GA-based scheme for beamforming optimiza-

tion in CC networks was developed, which shows promising results in reducing
backhaul traffic.
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Future Work

Although CC shows as a promising technique to reduce backhaul traffic, it has some
practical issues. Most importantly, CC-based scheme should allow the cache nodes
to decrypt the messages, which does not fit well with the end-to-end encryption
requirements. There are few works on semi-encrypted CC, e.g., [64], [65], [66].
Other alternative technologies include introducing trusted representatives [67], [68],
i.e., having “representatives” of the content provider at the network which have
the users key and can decrypt the messages, or considering partial encrypted CC
methods where each cache node can only decrypt its related messages but not those
related to other caches, e.g., [69]. However, end-to-end encrypted CC is still an open
problem to be solved.
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