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Abstract

Rate splitting (RS) and wireless edge caching are essential means for meeting the quality of service
requirements of future wireless networks. In this work, we focus on the cross-layer co-design of wireless
edge caching schemes with sophisticated physical layer techniques, which facilitate non-orthogonal
multiple access and interference mitigation. A flexible caching-aided RS (CRS) technique is proposed
that operates in various modes that specify the cache placement at the receivers. We consider two
caching policies: the intelligent coded caching (CC), as well as the well-known most popular content
(MPC) policy. Both caching policies are integrated within the design parameters of RS in order to serve
multiple cache-enabled receivers. The proposed technique is investigated from a system level perspective
by taking into account spatial randomness. We consider a single cell network consisting of center and
edge receivers and provide a comprehensive analytical framework for the evaluation of the proposed
technique in terms of achieved rates. Specifically, we derive the rate achieved at each receiver under
minimum rate constraints while incorporating the cache placement characteristics. Numerical results
are presented which highlight the flexibility of the proposed technique and show how caching can be

exploited in order to further boost the performance of RS.
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I. INTRODUCTION

With the rapid evolution of the Internet of Things (IoT) and the development of machine to
machine (M2M) networks, cellular subscriptions are proliferated, yielding to an ever increasing
data traffic [2]], while video demands have already become more prevalent. According to Cisco,
by 2022 nearly 80% of the mobile data traffic will be due to video streaming [3]. As such, the
foreseen wireless networks are expected to serve a massive number of subscribers requiring more
data at a higher rate and lower latency [4]. In order to meet the upcoming increase in spectral
efficiency requirements, wireless edge caching is deemed as an essential solution to enhance the
content delivery [S]. Specifically, by exploiting the popularity of the network requests and the
low cost of storage equipment, the most frequently requested data can be pre-fetched and locally
stored at the access points [7], or even at the end users cache [6]. In this way, a lower playback
latency can be attained while offloading the backhaul traffic in a cost efficient manner [8]. Even
though the concept of edge caching has been proposed as a solution to high video traffic, it can
be applied to any frequently requested data. The main challenge is to address the appropriate
caching policy by taking into account the network architecture [9]].

A very well-known scheme for cache placement is the most popular content (MPC) policy,
where the available cache is filled with the most popular files of the network [10]. In [11], the
authors consider the MPC policy applied at each small base station (BS) showing the impact
of the BS density and their storage size in terms of outage probability and delivery rate. The
benefits of the MPC policy have been further exploited in terms of cooperative transmissions. In
particular, the work in [12]], considers a cooperative cache-enabled relay system, and proposes a
hybrid caching policy that achieves a balance between the signal cooperation gain achieved by
the MPC and the largest content diversity (LCD) gain by caching different files at each relay
node. Aiming to achieve a high hit probability, the works in [13] and [14] suggest to follow
a probabilistic caching placement and randomly store files from the file library by taking into
account the files’ popularity.

While the aforementioned caching policies, such as MPC, require to store the entire files,
another approach of cache placement is the coded caching (CC), where partitions of the files are
stored instead [[15)]. The CC policy has been introduced by M. A. Maddah-Ali and U. Niesen in
[L6]], and it suggests an intelligently designed cache placement dedicated to a set of receivers and

takes into consideration the delivery phase. Specifically, partitions of the files are carefully stored



among the receivers, such that the cache placement can be exploited during the transmission for
employing linear network coding. In this way, the coded signal serves simultaneously multiple
receivers with a reduced transmitted load. In particular, it is shown that this policy is optimal
for minimizing the worst-case load [17]. The gains brought by CC have been investigated in
different network deployments including device-to-device networks [18] and multiple antennas
setups [19], [20] where CC increases the degrees of freedom [20]. Moreover, besides caching
at the receivers’ side, CC has been also exploited in networks with shared caches [21] and
has been applied for cache-enabled transmitters enabling in this way cooperative transmissions
during the delivery phase [22]. Due to its efficiency, it has been proposed as a key technology for
meeting the forthcoming demands in multimedia traffic while obtaining high throughput [23].
Nonetheless, the gains of CC from a system level perspective have not yet been reported.

With the available resources straining out, the development of M2M networks overlaid with
the cellular network imposes the need for multiple access schemes that manage to simultaneously
offer service to several subscribers. Throughout the evolution of communication systems, various
orthogonal multiple access (OMA) schemes were applied consisting orthogonality in several
dimensions e.g., time division multiple access, while the current fourth generation systems
have adopted orthogonal frequency division multiple access. However, requirements for future
networks necessitate the employment of multiple access schemes which are non-orthogonal
designed [4], in order to enable concurrent access of the channel resources. Recently, both
industry and academia have conducted fundamental efforts on the power domain non-orthogonal
multiple access (NOMA). This scheme employs superposition coding in order to serve two
receivers simultaneously and successive interference cancellation (SIC) is applied at the receiver
with the best channel statistics [24]. NOMA with an appropriate power allocation has been proved
to improve the performance of OMA in terms of the achievable sum rate [25]. Furthermore, it
has been shown that the NOMA scheme significantly improves the performance of the user with
the worst channel conditions, hence further outperforming OMA in terms of fairness [26]]. Due
to its superiority against OMA, NOMA has been proposed for the 3GPP-LTE (as multi user
superposition transmission) [27] and is a promising scheme for future wireless communications.
Moreover, applications of NOMA in cache-enabled networks have been studied extensively [28]-
[31]] with the available cache being exploited for interference cancellation, hence improving the
performance of the network [30], [31].

The NOMA scheme, is a special case of the so-called rate splitting (RS); a multiple access



scheme which consists of an extra degree of freedom in the power domain and allows partial
interference cancellation at both receivers. The concept of RS was first introduced in [32]] and
even though the scheme is known for a while, recent studies show the benefits and its applications
in different multiple antennas setups by optimizing the beamforming design. Specifically, the
authors in [33] consider a multiple-input single-output (MISO) broadcast channel and show that
RS provides a smooth transition between space division multiple access (SDMA) and NOMA
and outperforms them in terms of spectral efficiency with a lower computational complexity.
Furthermore, the MISO system with bounded channel state information errors at the transmitter
is considered in [34]], where the authors present the gains of RS in terms of max-min fairness.
This objective is also investigated in [35], where the authors consider transmit beamforming in
multiple multicast groups and present the benefits of RS through a degrees of freedom analysis.
A similar analysis is presented in [36] where the authors show that in a MISO system, NOMA
never outperforms RS in terms of sum multiplexing gain and max-mix fair multiplexing gain.
Additionally, the enhancements of RS in terms of spectral and energy efficient are also shown in
[37], where the authors study an RS-assisted non-orthogonal unicast and multicast transmission
system. Moreover, the RS scheme has been investigated in cache-enabled networks. Specifically,
the authors in [38]], exploit the CC policy and spatial multiplexing gains in a MISO setup
and show how this interplay can enhance the delivery time and channel state information quality
requirements. A similar setup is also investigated in [39], where a generalized degrees of freedom
analysis is derived by taking into account both centralized and decentralized placements for
cache-enabled users employing the CC policy. Although the current literature sheds light on the
efficiency of the RS, its performance in cache-enabled networks, from a system-level perspective
is missing from the literature.

Motivated by the above, in this work, we propose a cross-layer caching-aided RS (CRS)
technique which integrates the CC placement with the sophisticated physical layer scheme RS.
In particular, under the CRS technique, the RS scheme is employed by the the transmitter in
order to simultaneously serve multiple cache-enabled receivers whilst exploiting the properties
of cache placement. The proposed technique is investigated for a basic single cell downlink
network consisting of two classes of receivers; center and edge receivers. By taking into account
spatial randomness we provide a rigorous mathematical framework to analyze the performance
of the receivers employing the CRS technique, in terms of achieved rates. To the best of our

knowledge, this is the first system level analysis that considers the co-design of CC and RS. In



particular, the main contributions of this paper are summarized as follows:

« We present a communication technique that employs RS and operates in four modes, which
define the caching placement at each class of receivers. We consider the CC caching policy
as well as an entire-file-based placement i.e., MPC. Each mode of operation implements
specific communication techniques, based on the receivers’ file requests. In particular, a
linear network coding may be applied in the case of CC placement, whereas the cache
information can be utilized for interference cancellation, in the case of MPC. As such,
while the properties and applications of MPC or other entire-file placements have been
extensively presented in the literature [[10]]-[14], by employing the CRS technique, they
can be exploited for mitigating interference. This request-driven approach is flexible and
exploits the benefits of each caching placement under the employment of RS.

o The performance of our proposed technique is evaluated by following a probabilistic ap-
proach and by considering a fixed power allocation for RS. By using tools from stochas-
tic geometry, we provide closed-form expressions for the distributions of the signal-to-
interference-plus-noise ratio (SINR) at the receivers. Moreover, by taking into account
minimum rate constraints and, based on the channel statistics, analytical expressions for
the achieved rates are provided. We show how the caching placements, integrated within
the design parameters of RS, boost the performance of the receivers. Finally, we provide an
asymptotic case study, in terms of the transmit power, for the rates achieved at the receivers
and indicate how critical the choice of the design parameters is.

o Numerical results are presented, which validate our analysis and illustrate how the main
system parameters affect the performance of the network. We show how the proposed
communication technique affects the rate of a receiver, depending on the operating mode
and the receivers requests. In particular, the impact of the power allocation on the rates
achieved at the receivers is discussed while we demonstrate how this is affected by the
caching placements. Through our results, we highlight the performance gains brought by
the mutual benefit realized by the co-design of the considered caching placements and RS.

The rest of the paper is organized as follows. Section [[I| presents the cache-enabled network
model and our main assumptions. Section presents the proposed CRS technique we study
and Section provides the analytical framework for the achieved rates. Finally, Section

presents the numerical results and Section [VI| concludes our work.



TABLE 1

SUMMARY OF NOTATION

Notation | Description Notation | Description
K Number of receivers in each class w Pre-log factor
M Receiver’s cache size ¢ SINR threshold for the common stream
N Number of files cached in partitions Z(wi) SINR threshold for the private stream
Index n n-th receiver, n € {c, e} u Fraction of common rate allocation
S0 Common stream RY Common stream rate for both receivers
Sn n-th receiver’s private stream RO Common stream rate of a single receiver
Dz Power allocated to stream s, Ry n-th receiver’s rate for the common stream
B8 Power allocation factor for sg RE n-th receiver’s rate for the private stream
Power allocation factor for s, RAI n-th receiver’s rate for the private stream with interf.
74 n-th receiver’s SINR, = € {0,p,pI} || Rn n-th receiver’s rate
T Coverage probability of SINR 7 Rsum Sum rate
9n PDF of SINR 7 Index IIC | Information based interference cancellation is applied

Notation: P[X] represents the probability of the event X with an expected value E [X];
1(x) is an indicator function which gives 1 if z is true, otherwise gives 0; ‘A| denotes the
cardinality of the set A and min{a, b} returns the minimum value between a and b; () denotes
the binomial coefficient; 7(-,-) and I'(-) denote the lower incomplete and complete Gamma
functions, respectively. Finally, we define ffﬁ f(@)dz = limy, [7 f(z)dz. In Table we

provide the main notation used throughout the paper.

II. SYSTEM MODEL
A. Channel Model

Consider a single cell downlink network, where the transmitter is located at the center of the
cell and has a constant transmit power P. Let D(r) denote a disk centered at the transmitter with
radius 7. A set of 2K cache-enabled receivers is located within the disk D(ry). The receivers
are further classified to center and edge receivers with each class consisting of K receivers. The
center receivers are randomly distributed within D(r.) while the edge receivers are distributed

within the annulus formed by the difference of disks D(r.) and D(rq), where 7. < . < r¢|'} The

!The considered topology establishes different channel conditions between the served receivers [40] i.e., the center receivers
have better channel statistics with high probability. This is a common approach for employing the conventional NOMA scheme

[41]-[42], while it is shown in [1] that under the considered topology, the RS scheme adds more flexibility against NOMA.
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Fig. 1. A single cell downlink network with 2K = 10 cache-enabled receivers i.e., 5 center receivers and 5 edge receivers.

network’s topology is depicted in Fig. [T} Furthermore, we consider that all the wireless signals
suffer from both large-scale path-loss and small-scale block Rayleigh fading. As such, the channel
between the transmitter and the i-th receiver, i € {1,...,2K}, is given by L; = h;(1 + d®)~},
where h; ~ exp(1), d; denotes the distance of the i-th receiver from the transmitter and « is
the path loss propagation exponent. Finally, we take into account additive white Gaussian noise

with variance o2.

B. Rate Splitting

The transmitter employs the RS scheme in order to communicate two non-orthogonal signals
[33]; one for each class of receivers. We focus on the performance of a typical center receiver
and a typical edge receiver. As such, throughout this paper the indices ¢ and e refer to the center
and edge class, respectively. Accordingly, the transmitter employs the RS scheme to broadcast

the messages m,. and m, to the center and edge receiver, respectively. Each of the two messages

0
c

and m? are

is separated in two parts i.e., m. = {mY, m?} and m, = {m? mP}. The parts m
encoded together and transmitted in a common stream s, [32]. On the other hand, the parts m?
and m? are transmitted in two private streams s. and s., respectively. Then, the superposition of
the three streams is transmitted, by allocating the available power to sg, s. and s, with py = 3P,

pe = (1 —=p)pP and p. = (1 — B)(1 — p) P, respectively, where (3, p € [0, 1]. Note that, 5 and p



are the power allocation factors for the common and private streams, correspondingly. Therefore,

the received SINR at the n-th receiver for decoding the stream s, is given by

Po

_ 1
Pe + pe + 2L M

0
T
where n € {c, e}. If the common stream is successfully decoded, then the n-th receiver attempts

to decode the private stream s,,, with SINR n? given by

D pn

__ 2
where k € {c, e} and k # n. On the other hand, if s, is not successfully decoded, then the n-th

receiver attempts to decode the private stream with SINR 7!, which is expressed as

Pn
Do + pr + UQLgl'

3)

=
It is worth pointing out that, different from NOMA, the RS scheme allows partial interfer-

ence cancellation at both the receivers, without requiring a channel-based ordering between the

receivers.

C. File Placement - Coded Caching

We consider a file library consisting of the £’ most popular files of the network, each of equal
size. The files are sorted in descending order according to their popularity such that the file of
rank f is more popular than the file of rank f 4 1. Each receiver has an available storage of M
files. Consider a class of K receivers (center or edge) employing the CC policy introduced in
[16]], as follows. Each receiver in the considered class fills its available storage with a fraction
% of each of the N most popular files, N > M. Specifically, each file with a rank f < N,

= (It() and t = %, such that

is partitioned into a set of subfiles, denoted by A, where ‘Af
te{l,...,K—1}. Let W; denote the j-th set of receivers representing one of the ‘A f} ways to
form a subset consisting of ¢ receivers, such that ‘Wj‘ =tand je{l,..., |A f|} Each subfile
is then indexed according to Sy)y, and the i-th receive i€ {l,..., K} stores the subfiles

Tri=1{Srw, € Ay [ 1 € Wy, Vi), V<N, 4)

where |7}Z‘ = (f__ll), [16]. Consider for a example a class of K = 5 receivers, each with a

cache size of M = 6 files storing with CC the N = 10 most popular files. Each of these files

The receivers are indexed in a random order.



is partitioned into }Af| = 10 subfiles. In particular, the set of subfiles for the most popular
file i.e., f = 1, is given by A; = {51,{1,2,3}, 51,{1,2,4}, 51,{1,2,5}, 51,{1,3,4}, 51,{1,3,5}, 51,{1,4,5}7
S142341 514235} S1.245), S1,{3.45) - Then, the first receiver i.e., i = 1, stores the subfiles
Tia = {S1,1.2,3)> S1.{1,24}> S1,0125) S1,{1,34}> 51,0135} S1,{1,45}}- In a similar way all the 10
files are partitioned and the 5 receivers store files corresponding to their index . As such, each
receiver caches }T! = 6 subfiles from each of the 10 partitioned files. For example, the first
receiver caches the subfiles sets 711, 721, 731, Ta1, Ts1. To1, T71, Tsas Toa and Tigq. This
combinatorial file placement enables the possibility of employing a linear network coding at
the transmitter, in order to simultaneously serve the K receivers. Detailed specifications for the

transmission phase are provided in Section [lI]

III. A CACHING-AIDED RS TECHNIQUE

In this section, we present our proposed CRS technique and its employment in the network.
We first provide the file transmission protocol for a class of receivers and then we present the

various operating modes of the CRS technique.

A. File transmission Protocol

Consider a class of receivers; center or edge, employing the CC policy. The K receivers place
requests for files from the library. The transmitter responds to the K requests with a single signal

which conveys information for satisfying either a single request or all K requests. Specifically

o If all K requests are for files of rank f < N, then all the requested files have been cached
according to CC. In this case, the transmitter can employ a network linear coding and
transmit XOR messages such that the non-cached subfiles are delivered to the corresponding
receiver while simutaneously serving all the K receivers [[16]]. It is shown that the normalized
transmitted load (file size) that occurs for each receiver is % [[16].

« If at least one request is for a file of rank f > N, then XOR transmissions are not feasible
and therefore a single, randomly selected receiver is scheduled.

— If the request of the scheduled receiver is of rank f < N, the request refers to the
non-cached partitions of the file i.e., a partial file request (PFR) is placed. As such, the
remaining file portion, 1 — %, is transmitted.

— If the request is of rank f > N, then the requested file was not cached at all. Therefore

the receiver places an entire file request (EFR), and the complete file is transmitted.



It is worth pointing out that, when the K requests enable the XOR transmissions, not only all
the K receivers are served simultaneously, but also each receiver’s corresponding load is lower.
Furthermore, even when a single receiver is scheduled, due the CC placement policy and the
possibility of a PFR, a lower load could occur in comparison to the EFR caseﬂ which also
corresponds to the case where no files are cached.

Another case where EFR occurs is when the receivers employ caching policies which require
to store the entire files instead of the partitions of files. Evidently, all the non-cached requests
forwarded to the transmitter refer to entire files. In this work, besides CC, we also consider the
MPC caching policy. Different from the CC policy, when the MPC is employed at a class of
receivers, each receiver caches the M most popular files of the library [11]. As such, any file
request with rank f < M can be satisfied locally while the requests of rank f > M are forwarded
to the transmitter i.e., EFR. We focus on the performance evaluation of the wireless links, as such
when the MPC is employed, we consider that the transmitter schedules a receivelﬂ requesting
a file with rank f > M. That is, unlike CC file transmission capabilities, if MPC is employed
at the receivers, only a single request can be satisﬁe(ﬂ Moreover, we consider that when the
n-th scheduled receiver employs the MPC policy n € {c, e}, then this receiver is able to cancel
out interference when the k-th, k € {c,e}, k # n receiver requests for a file of rank f < M.
Whether a partition or the complete file is requested, we consider that the receiver employing
MPC can draw out interference by utilizing the information in its local cache. Throughout the
rest of the paper, we will refer to this technique as information-based interference cancellation
(IIC). Note that, any other caching policy with an entire files placement could be applied since

it would still enable IIC.

B. Operating modes of CRS

Given the caching policies CC or MPC, the file transmission protocol is employed indepen-

dently and simultaneously at the two classes of the receivers through the employment of RS at

*Note that, besides satisfying either K or a single receiver, more intermediate scheduling options could be taken into account
by adjusting accordingly the transmitted load.

*We focus on the worst-case scenario where there is at least one request not locally satisfied and therefore is forwarded to
the transmitter.

SMultiple receivers can be satisfied over a single signal in the case of common file requests. This does not affect the performance
of the typical receiver in a class since the transmitted load is the same i.e., one for EFR. Hence without loss of generality we

assume that each receiver requests for a different file.



TABLE II

THE MAIN FEATURES OF THE CRS TECHNIQUE

Modes Requests Scheduled Scheduled
of operation center/edge center receivers | edge receivers e e
All MPC f>MIf>M 1 1 EFR | EFR
f<M,VKIf>M K 1, w/IC XOR | EFR
CC/MPC fSN,VKIf>M K 1 XOR | EFR
fF<SMIf>M 1 1, w/lIC PFR | EFR
f>M/If <M, VK 1, w/lIC K EFR | XOR
MPC/CC f>M/f <N,VK 1 K EFR | XOR
f>MIf<M 1, w/IC 1 EFR | PFR
f<N,VK/ f < N,VK K K XOR | XOR
f<N,VKIf <N K 1 XOR | PFR
f<N,VK/f >N K 1 XOR | EFR
f<NIf <N,VK 1 K PFR | XOR
cc/ce F<NIf<N 1 1 PFR | PFR
f<NIf>N 1 1 PFR | EFR
f>NIf <N,VK 1 K EFR | XOR
f>NIf<N 1 1 EFR | PFR
f>NIf>N 1 1 EFR | EFR

the transmitter. Accordingly, the proposed CRS technique can be implemented in four operating

modes which are described as follows.

o All MPC: Each receiver in the network caches the files of rank f < M. The transmitter, in
this case, schedules one receiver from each class. We consider that the two receivers request
for two distinct files, both of rank f > M. In this case, both receivers place an EFR and
since their caches consist of the same files i.e., files of rank f < M, IIC is not feasible.

o Hybrid modes: One of the two sets employs MPC while the other one employs CC; (i)
CC/MPC and (ii)) MPC/CC, where X/Y denotes that caching policies X and Y are applied in
center and edge receivers, respectively. One of the two receiver classes employs MPC while
the other one employs CC. The receiver employing the MPC scheme always places an EFR,
while applying IIC if possible. That is, when the requests from the receiver class employing
the CC policy, are of rank f < M. Different from the MPC requests, the transmitted load
for serving the class employing CC, varies and depends on the requests of all K receivers as

explained in Section Note that, in the case where XOR transmissions are employed,
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Fig. 2. The proposed CRS operating in CC/MPC mode; K = 2, F' = 10, M = 3, N = 6. The transmitter serves through RS,
K center receivers, requesting the non-cached partitions of file ranks 3 and 5, with XOR transmissions and a randomly selected
edge receiver requesting the entire file of rank 6. Note that, interference mitigation is only achieved through RS since IIC is not

feasible.

the transmitter serves K + 1 requests, otherwise two receivers are served.

« All CC: Both classes of receivers employ CC, where the subfiles are independently par-
titioned between the two classes. Since all receivers have partitions of files in their cache
and not the entire files, IIC is not feasible by any receiver. However, all the possible loads
of the transmitter might occur by any class depending on the served receivers requests.
Specifically, in each class, either the XOR transmissions are employed, or the scheduled
receiver places a PFR or an EFR. When operating in this mode, depending on the requests,
the transmitter is able to satisfy either 2K receivers (when XOR transmissions are employed
for both classes), or K +1 (when XOR transmissions are solely employed for a single class)
or two receivers (without XOR transmissions).

The proposed CRS technique is summarized in Table [IIl and is depicted in Fig. [2[ which

demonstrates an example of the technique operating under the CC/MPC mode.

IV. CRS ACHIEVED RATES

In the following, we derive the rate achieved at the typical center and typical edge receiver
when the CRS technique is employed. By taking into account minimum SINR constraints, we
derive the rates of the receivers for all the operating modes presented in Section We present
how each stream is decoded and analytically demonstrate how the streams’ power allocation as

well as the various transmission loads affect the achieved rates.



A. Stream Decoding Rates

We consider that for decoding each stream, the rate at the n-th receiver should exceed a
predefined threshold given by log, (1 + () for s¢ and by log, (1 + &) for s,,. In order to define the
corresponding SINR threshold we need to take into account the transmitted file size. According
to the file transmission protocol provided in Section the load of the transmitter depends
on the available cache and the served requests. In particular, a file is either entirely transmitted
if an EFR is placed, or its non-cached portion is delivered; either to an individual scheduled
receiver placing a PFR or in XOR transmissions serving all K receivers in a class of receivers.
Thereafter, the amount of the required channel resources also varies. In order to capture this

effect, we consider that the rate at a receiver with SINR 7 is expressed by

R(wi,n) = wilog, (14 1), (5)

where the pre-log factor w; denotes the i-th element of the set w = {1, - Al/‘, TN 1?%’%,]\[ } and
corresponds to the inverse of the transmitter’s load for the cases EFR, PFR, XOR transmissions,
respectively. Note that, even though the XOR transmissions serve K receivers, we focus on their
average performance i.e., typical receiver, while the effect of K receivers is integrated in ws.
Following from the aforementioned when decoding the private stream, the SINR threshold varies
according to the requested file size and is given by Z(w;) = (1 + &)"/“" — 1. On the other hand,
since the stream sy should be decoded by both the scheduled receivers, the SINR threshold is
common and set at (. Consider now the case where IIC is not feasible. By taking into account the

streams decoding order and the corresponding SINR thresholds, the achieved rate for decoding

each stream is defined as follows.

o If both receivers successfully decode the common stream sq i.e., n° > ¢ and 1? > (, then
so has a rate RY = E [min{R(w1,n?), R(w1,n°)} | n° > ¢,n? > ¢]. As mentioned above the
SINR threshold is the same for the two receivers, while the min operation establishes that
the common stream’s rate is achievable by both receivers. Let u € [0, 1] define the common
rate allocation factor for the two receivers. Then, R(b) is allocated to the center and edge
receivers with w;uR) and w;(1 — u)RY, respectively; with i, j € {1,2,3}.

o If solely the n-th receiver successfully decodes s ie., 2 > ¢ and 70 < (, k # n, then
R} =0and R}, = WE [R(wr,n)) |1 > ¢ < (.

« Following the decoding order, if sy is decoded at the n-th receiver (0 > (), a partial

interference cancellation is established and the stream s,, is decoded if n? > Z(w;), with a



rate RP(w;) = E[R(w;,n?) | n° > ¢, n2 > Z(w;)].
e On the other hand, if sy is not removed i.e., 7]2 < (, then the stream s, is successfully
decoded if 72! > Z(w;), with a rate RE (w;) = E [R(w;, ") | 15 < ¢, np" > E(w;)].
In the case where IIC is employed at the n-th receiver, then the decoding rates are evaluated
A pnln

. s e 0 J 0 A Po b £
as above with the substitution of 7, n- and 75" with 7, ;o = oo Thaic = o2 and

772{110 = #, respectively. In the following we derive the achieved rate for decoding each

stream as defined above and evaluated by

E[1{c}R]
Ple]

where ¢ represents the event for which R > 0 i.e., if P[¢] = 0 then R = 0. For the derivation of

R=E|[R|e] = (6)
the achieved rates the coverage probability T, (t) 2 P[n > t] as well as the probability density
function (PDF) g, of each SINR are required. We provide the SINR distributions for both the
center and the edge receiver in Appendix |Al Also, besides 7, 1, the SINR expressions for the
n-th receiver are upper bounded when P — oco. As such, throughout the rest of the paper we

make use of the following set
19n={ r B _fo ,p—O}, @
Pnt Pk Pk Pot Dk Pn
where k € {c,e}, k # n and the i-th element of the set is denoted by ©J,, ;. Note that, when the

. . I
denominator of 1, ; becomes zero, then ¥,,; = oc. The expressions 12, n2, n2l, n® ;- and n*';, -

are upper bounded by ¥, 1, ¥, 2, U3, Up4 and ¥ i, respectively. Clearly ¥.; = ¥, 1, hence in

n,

the rest of the paper we drop the receiver index and make use of ¥;.

B. Achieved Rates: IIC is not feasible

We now derive the rate achieved at each receiver when IIC is not employed. We first obtain
the common rate RY for the case where both received SINRs at the center and edge receivers

achieve the minimum threshold (. As such, we first express the instantaneous common rate as
. 0 0 0 0
min{ R(w1,n,), R(wi, 1) [ 1. > ¢,ne > ¢}
R(Wb??g) |778>C7772>C7 77(?<7727

= ()
R(W1>778) | 77((:) > Cvng > Ca 773 < 77((:)

Since 7 and 7? are independent then their joint PDF is given by g,0(t)g,0(t) and by using (6),

the rate can be expressed as
E[1{ng > ¢,ng > ¢} min{R(wi,n2), R(wi, ne)}]

0 __
R = 2 (O () ’

(€))




and evaluated by

1 9 ry 9] px
R :—( / / R(wy, ) gq0 () gup (y) do dy + / / R(wi, y)gno (y)gne () dy d:c),
g () mag (O) N e ¢ Je
(10)
where 0 (¢), ™ (¢), gyo(t) and g,p(t) are provided in Appendix |[Al Note that, R accounts
for the case where both receivers successfully decode the common stream sy;. When the n-th
receiver decodes sy while the k-th receiver does not, with n # k, then due to the independence

between the SINRs 70 and 7?, the rate for decoding s, at the n-th receiver is given by

1 U1
RY = / R(w1,t) g0 (t) dt. 11
n T (C) C (wl )gnn( ) ( )

As such the achieved rate for decoding sy at the center receiver is

R (w;) = mpo(QwiuRy + (1 — m0(C)) wiRY, (12)
and, respectively, the achieved rate for decoding s at the edge receiver is
R (wy) = mp(Ow; (1 — )Ry + (1 — mp(¢)) wiRyY, (13)

where i, € {1,2,3}. From the expressions above, it is clear that, with a higher pre-log factor
w, a higher rate occurs and that depends on the served request. Furthermore, the flexibility of
RS allows to allocate Rg to the receivers, through the factor u, in order to enhance the rate at
either receiver, for the case where both decode sy. In particular, a higher v provides a higher
rate to the center receiver, while with a lower u higher rate is allocated to the edge receiver.
We now focus on the rate for decoding the private stream s,,. In the following proposition, we

provide the rate R?, which is the rate for decoding s,, when the common stream is successfully

decoded.

Proposition 1. The rate for decoding the private stream s,, n € {c, e}, when the common stream

Sg is successfully decoded is given by

1 19;,2
RE(w) = — / R(wi, t)gy (1) dt, (14)
T (Ewi) Sz !
if:()+79—1 > 1,¢ < V1, E(w;i) < Uy2 and by
=\wq T Yn,2
1 79;,2
RE(w; ——/ R(w;, t)g,»(t)dt, (15)
(wi) 70 () Jon (wi, 1) gyp (t)

if =—2—+ < 1,( < V4, E(w;) < Upa; otherwise RE = 0, where A\ = ¥, 4 (C‘l - 191_1) and

E(wi) 1=,

0y = (/\ + 19;’12)_1.



Proof. See Appendix [

On the other hand, when s is not successfully decoded, then the stream s,, is decoded with

rate R?!, which is provided below.

Proposition 2. The rate for decoding the stream s,, n € {c,e}, when s is not successfully

decoded is given by

1 L
R (W) = ———— / R(w;, t)g,pr(t) dt, (16)
et (E(Wi)) Sz ”"
if ¢ > vy, Z(w;) < Vp3 and by
) . " Rl g (1)
R (w;) = — / R(w;, t)g pr(t)dt, (17
an;f(:(a’i)) — 7 (Q) S "

if ¢ < 4, :()+w <1, E(w;) < 0;; otherwise R¥ =0, where A = U4 ((7' — 97") and
=(w; —,3
= +0;4)7"
Proof. See Appendix [
Provided with the individual rates for each stream we can now evaluate the rate achieved at

each receiver, which is given in the following theorem.

Theorem 1. The rate achieved at the n-th, n € {c,e} receiver for decoding the streams s

and/or s,, is given by

R = Rita) + =Ry ), (13)
i<V sy > L sy 2 L Y
Ru(wi) = Ry (wi) + Ry (wi), (19)
¢ <9 sy > b sy <L by
Ty (C)

R(w;) =

7, o1 (E(w;))

) ) 4+ R (wn)) + (11— — R ) rar) 20
7,1 (E(w;))
U”C<191,W+W<1andby
=\ n,3
Ra(wi) = Ry (wi), 1)
if ¢ >0, E(w;) < Uy 3, otherwise R, (w;) =0, where A = 1,4 (Cil — 191_1).

Proof. See Appendix [D} [



C. Achieved Rates: IIC is feasible

We now consider the case where IIC is employed at the n-th receiver. We first focus on the
case where IIC is employed at the center receiver i.e., n = ¢ and derive the common rate for the

case where both receivers decode sy, which is evaluated similar to equation (I0) and is given

as follows
1
.R/O,HCC _
’ 0 e (€) T ()
97 y 19;4 min{z,9; }
([ [ R Do dedy+ [ R g, (@) dyds),
¢ ¢ ' ¢ ¢ K

(22)
where g,0 (t) and g,o(t) are provided in Appendix |[Al Note that, different from R}, in this
case, the upper bounds of g,0(¢) and 9 e (t) are not equal i.e., 3 < 1,4, which requires the
min operation in the second integral. For the case where the center receiver decodes the stream

50, while the edge receiver does not, then the common rate at the center receiver is given by

1 Ve
0,IIC. _
Rc = W /C R((Ul, t)gng,llc (t) dt. (23)

7,0
Te,110

As such, the rate for decoding the common stream at the center receiver is given by
RO (W) = 0 (Qui RY™P + (1 — my0(C)) wi R, (24)

Clearly, the common rate achieved at the edge receiver is indirectly affected by the IIC at the

center receiver and is given as follows

ROMCe () =m0 (Owi(1 — u)ROTC + (1 - wngm@)) wiRy. (25)

Tle,11C

Similarly, with IIC employed by the edge receiver, the common rate when both receivers decode

50, 1s evaluated by

1
RO’HCe _
' T2 (€) ™o 1, (€)
Y., min{y, 97} 97 x
([T R oga@an, ) dedy+ [ [ R, o) dyd).
¢ ¢ ’ ¢ ¢ ’
(26)
and by
ROICe _ _ / e R(wy,t)g0  (t)dt (27)
e WUS,HC (C) ¢ ’ Te,11C ’



in the case where the edge receiver decodes the common stream while the center receiver does

not. As such, the rates for decoding sy are given by

RN ) = m QiR 4 (1= (O) wiRL, .

0
Te,11C

and by
RETIC (1) = g (O (1 — )RV 4+ (1= m,0(C)) wi RO, 29)

at the center and edge receiver, respectively.
We now proceed to the derivation of the rate achieved when the receiver n employs IIC and

decodes the private stream.

Proposition 3. The rate for decoding the stream s,, n € {c,e}, when sq is successfully decoded

and IIC is employed at the n-th receiver, is given by

1 o0
REIC () = — L / R(ws gy (1) dt. (30)
ﬂ—"fb,nc <:(wl)) E(wi) e
if 2(w;) (WpaC ' —1) > 1, < V4, and by
1 o0
RPC (1)) ::———————-]/ R(w;, t)g» (1) dt, (31)
7T772,HC (C) (9 aC=1—1)~1 M, 11C

if Z(w;) (Vs = 1) < 1,( < V4, otherwise RE = 0.
Proof. The proof is similar to the one provided for Proposition (I} given in Appendix [

Proposition 4. The rate for decoding the stream s,, n € {c,e}, when sy is not successfully

decoded is given by

RPLIC, (w;) = ; /(I/ﬁM)R(wi t)g pr (t)dt (32)
' T C@) Jay et
if ¢ > Ypa E(w;) <V, and by
R (w;) = 1 / e R(wi,t)g, e (t)dt,  (33)
! ' Tt o (Elwi)) = mp Q) Sz e T

if ¢ <Una, % <1 E(w) < (0pa(Cr+1) — 1)~'; otherwise RPIC» —

Proof. The proof is similar to the one provided for Proposition [2| given in Appendix |

Provided with the above, we obtain in the following theorem, the rate achieved at each receiver.



Theorem 2. The rate achieved at the n-th receiver employing IIC, for decoding the streams s

and/or s,, n € {c,e} is given by

anb,uc (E<w2))

REC" (wz) — RZO,HCn (Wz) + R;TOZ,HCn (Wi)7 (34)
W"?L,Hc (C)
. ﬂn,4<71_1 = -1
if ¢ < Upa, Ewr) 1=0na = L E(wi) (naC = 1) = 1, by
REC (w;) = RO (w;) + RPHO (), (35)

if C < s, somt =L S ] S(w;) (PnaC L — 1) < 1, by

E(wi)_lfﬁnA
RICn (wl> _ Lc(o (RSO,IICn (wl) + RPMCn (wl)) 1= .11 (C) RPLICy (wi)’
Tt (Ewi) Tt (Ewi)
(36)

. n —1_
if ¢ < VUpa, % < 1, and by

Ry (wi) = REPI (wy), 37)
if ¢ > U,4; otherwise RI = 0.
Proof. The proof is similar to the one given for Theorem [I] see Appendix [D] |

Finally, for the case where the k-th receiver employs IIC, the rate of the n-th receiver, denoted

by RIC< k = n, is evaluated by Theorem [1] with the substitution of R with R01Cx,

D. Sum rate of the typical receivers

We now focus on the performance for each of the considered modes; (i) All MPC (ii) CC/MPC,
(111) MPC/CC, and (iv) All CC. By operating in each mode, and based on the receivers’ requests,
the considered communication techniques may be combined, including XOR transmissions and

IIC. In the following theorem, we provide the sum rate achieved for each subcase.

Theorem 3. When IIC is not employed, the sum rate is given by

cRc ) eRe j
R (w1, 07) = (wi) + geRe(w))
Ge T Ge — Gcqe

where w; and wj is the pre-log factor corresponding to the request of the center and edge

, g €4{1,2,3} (38)

receivers, respectively and

e (€), ¢ <V gy > L
=13 =)™ s (39)
Wp[(E((A))), C<’l91,%<101‘<>191.
Tin :(wq;) _1977,,3
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If IIC is employed at the k-th receiver, k # n, the sum rate is given by
@RI (w) + IR ()

R (@i : (40)
) In + @ — anqi©
where wil I € {2,3}, denotes the file size of the request of the n-th receiver and
ﬂn,4<71_1
1IC _ 71-77,2,110 <<)7 C < [19”’47 E(Wi)_l_'ﬂnA > 17 41
qy = _ 911 (41)
W"Z{HC<:(M>>7 C < 19n74, m <1or < > ?911’4,
where A = 1,4 ("' —97").
Proof. See Appendix [

Provided with the above, we present now the various operating modes of the proposed com-
munication strategy and the rates that can be achieved when operating in any of the considered
modes.

1) All MPC: When both classes employ the MPC schemes, both the receivers place an EFR,
while IIC is not feasible. As such the sum rate is evaluated by Ry (w1, w1).

2) CC/MPC: In this mode, while the edge receiver places an EFR, depending on the request

of the scheduled center receiver, the following subcases might occur.

o If all the K requests of the center receivers are of rank f < M, then the sum rate is
evaluated by R!C¢(w;) i.e., XOR transmissions are employed with IIC performed by the
edge receiver.

« If a single center receiver is scheduled and places a PFR with rank f < M, then the sum
rate is R (w,). That is, the remaining portion of the partially cached file is transmitted
to the center receiver while the edge receiver performs IIC.

o If all the K requests are of rank f < /N while they are not all of rank f < M, then the
sum rate is given by Rgm(ws,w;) i.e., XOR transmissions are employed while IIC is not
feasible.

« If a single center receiver is scheduled and requests for a file or rank M < f < N, then
the sum rate is Rgym(wo,w;) i.e., a PFR is placed while IIC is not feasible.

« If a single receiver is scheduled requesting for a file of rank f > N i.e., placing an EFR

(different from the request of the edge receiver), then the rate is evaluated by Ry (w1, w1),

which is similar to the first mode rate.
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O EFR o0 EFR
16| A PFR _ e Ey A PFR

o XOR M- 10| @ XOR Y S
14 % EFR w/ IIC, - + XOR w/ IIC, B

* PFRw/IIC, n,;'ﬂ‘/’r % PFRw/ IIC, e
12 + XOR w/IIC, s gl| # EFRw/IIC. . L

Rate
Rate

Fig. 3. The rate at the center receiver for all the subcases. Fig. 4. The rate at the edge receiver for all the subcases.

3) MPC/CC: With this mode, the center receiver places an EFR and depending on the request
of the edge scheduled receiver several subcases occur. Specifically, the rates that can be achieved
are RICe(ws), RUCe (wy), Roum(wi,ws), Rsum(wi,ws) and Rgm(wi,wr); each occurring in a
similar manner with the previous mode.

4) All CC: In this case where both classes of receivers employ CC, since all receivers have
partitions of files in their cache, IIC is not feasible by any receiver. However, all the three
possible loads of transmitter might occur by any set. Specifically the sum rate can achieve

any of the following depending on the file requests; Rgum(ws, w3), Rsum(ws, w2), Reum(ws,wr),

7?/sum(w% W3), Rsum<w27 w2)’ 7?/sum(w% wl)’ Rsum<w17 wl)-

E. Asymptotic Analysis

1) IIC is not feasible: For the case where no IIC is employed and P — oo, 5 € (0,1),
p € (0,1) then limp_, m,(t) — 1 while 7 reaches its upper bound. As such, the rates at the

receivers become deterministic and are given by
Re(w;) = {1 > (HuR(w;, 91)
+ 1{. 2> Z(w;i) } R(w;, Ve 2))
+ 1 <(F1{es > Z(wi) R(wi, Ve 3), (42)
at the center receiver and by

Re(wi) = 1{’(91 > C}((l — u)R(wzﬁl)



22

18 2 — T T 25 T - - — =<
o FEFR - o - O EFR/EFR _a
16| A PFR - ,’;,’—1 A\ A PFR PR R *s A EFR/PFR g
o XOR Lo a- 10f| @ XOR -~ _ sl | @ EFR/XOR el
b+ Xomrw/mc, P X ] * PFRw/IC.| ¢ x-" A PFR/EFR el
o PFRw/ IIC, v \ + XORw/IIC, F o~ A PFR/PFR . A-~
12 ! 8y v =~ o prr/xor | P SA T - A
/ A 1 ~ n° 15 o XOR/EFR| , A--k- -8 L
o 10 ! ® AN ’ o~ M| A XOR/PFR|, A -
£ ’ o N ’ = o XOR/XOR|1 08¢~ O - &
= s!‘:\+ Il m Sa ™ = s W -e--®
ol S e T e 104 L 1§ -a &
~§‘ 5., ~ - ~l Sar = -
. \ ~ ‘ ~x _ | ~A P -a-"
6 % AN 1 8 ~A l:\B:N‘ i A -
[ gy | ~ 1 - b N Tt -
L ,j:_‘g.'—l'-j':ﬂ' ! *oa A__A_-A—’Ar 4 5,‘~n._:_2=~ﬁ'l'n’_A__A__m-*—A“f‘
4 - As ) ¢ % a_ a7 -e” A~ A ~E_;£ - - - A - —:_:A
A EEa o om0 -°" At e T o e e isr-ar~u S
) L - -0- -0 - r 0= - 0 ShE= '_9__0.—0-—8—'0
e . R oo
0 0.2 04 5 0.6 08 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
f 8 5]

Fig. 5. The sum rate for all the subcases Fig. 6. The sum rate for all the subcases Fig. 7. The sum rate rate for all the

obtained with the CC/MPC mode. obtained with the MPC/CC mode. subcases with CC employed at both sets.

+ 1{19632 > E(MJ}R((,%, ﬁe,2))
+ 1{191 < C}l{ﬁ&g > E(WJ}R(CUM 19,3,3), (43)

at the edge receiver. Subsequently, the asymptotic sum rate is given by Rum = Re(w;) +Re(w;),
i,7€{1,2,3}.

2) IIC is feasible: When IIC is employed at the nth receiver, then the rate at the receiver might
be bounded or not depending on the power allocation and the SINR thresholds. Specifically, Wﬁ,nc
is not bounded and corresponds to the SINR for decoding the private stream once the common
stream has been decoded and extracted. With P — oo the coverage probability goes to 1, as
such, even though the common stream’s rate is upper bounded (772,110)’ since ng,nc is not, the
rate increases with P. Therefore, the rates with IIC are only bounded when the common stream

is not decoded and in this case the achieved rate for the n-th receiver is given by

RECn (w;) = 14 < CH1{0;} > S(wi) }R(wi. 0;4). ()

V. NUMERICAL RESULTS

In this section, we provide numerical results to evaluate the performance of the typical receivers
employing the proposed CRS technique. Monte-Carlo iterations (10°) were carried out in order to
average under different channel realizations (network topology and Rayleigh fading). Throughout
this section markers and dashed lines represent simulation and analytical results, respectively,
and unless otherwise stated, we consider the following: P = 10 W, o> =107% r, = 50 m,

re=60m, 7o =70m, p=20.5, (=05 =1, u=0.5, M =30, N=50 and K = 5.
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In Fig. 3| and Fig. 4| we plot the rate achieved at the center and edge receiver, respectively,
for all the subcases with respect to the fraction of power § allocated to the common stream i.e,
po = [BP. In both figures, it can be observed that, the rate up to a certain value of (3, either
decreases or is zero (EFR case). This is due to the upper bounds of the SINR for decoding
the common stream, as explained in Appendix Bﬂ At these values, the rate of each receiver is
obtained from decoding the private stream with interference from sy, which decreases with 3
since less power is allocated to the private streams s. and s.. In Fig. [3| when comparing the
cases where an EFR is placed (with and without IIC) at the center receiver, we can see that
the value of S when sy can be decoded, is lower for the case where IIC is employed, while a
non-zero rate is achieved for all the values of 3. On the other hand, when IIC is not employecﬂ
due to the upper bounds of 7?/(Z(w;)), the rate with an EFR is zero until sy can be decoded.
When the stream s, is decoded, then the private stream s. can be decoded without interference
from s, if the fraction of power allocated to s., p is higher than a certain value given in Remark
Due to that constraint, the rate at the receiver is obtained solely due to decoding sg, and it
increases with 3, as expected. Similar observations hold in Fig. |4 for the edge receiver placing
an EFR (see Remark . Furthermore, in both figures, when comparing the cases EFR, PFR,
XOR, we can see the benefits brought by CC. When XOR transmissions are employed, all the
K requests are served with a higher pre-log factor w and therefore a higher rate is achieved.
Also, we can see that CC is beneficial even when XOR transmissions are not feasible. That is,
in the case where a PFR is placed, a better performance is achieved compared to the EFR case,
since wy, > wq. However, in Fig. @ once the stream s, is decoded, the rates in the cases of
PFR and XOR transmission, increase with (3, as expected, and then they decrease again. This
is due to the fact that, less power is allocated to the private stream which can be decoded with
higher rate than the common stream. On the other hand, at high values of [, the rate achieved
by decoding the common stream is higher than the one achieved by decoding the private stream,
as such the rates at the edge receiver increase again.

Moreover, we can see that the impact on the n-th receiver rate with IIC employed at the

k-th receiver, is different for the center and edge receivers. In Fig. [3| we can see that, for the

®In Remarks and provided in Appendix El we indicate the minimum power that should be allocated to a stream such
that under minimum rate constraints, the stream is decoded with a non-zero probability.
"Note that, the EFR case without IIC can capture the performance achieved when no caching is employed, as it corresponds

to requesting a non-cached file without the ability to exploit the local cache.
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Fig. 8. The rate at each receiver with respect to p, when XOR  Fig. 9. The sum rate with respect to the transmit power P;
transmissions are employed without IIC; N = 60, 8 = 0.7, solid lines represent the asymptotic cases; N = 60, K = 2,
¢=05,£¢=2. B=06,p=05¢=1¢§=2.

values of [ where the receiver is not able to decode sg, the performance of the cases with
and without IIC (at the edge receiver), are similar since the SINR constraints (upper bounds)
are the same. Once the common stream is decoded, the rates with IIC are lower, while after a
certain value of (3, they outperform the rates without IIC. This is due to the fact that, the rate
obtained from decoding the common stream depends on 7,0(¢) and T e (¢), accordingly while
W"S,HC(C ) > m(C). At lower values of 3, where less power is allocated to the common stream,
the gains brought by IIC are higher. This however, is a drawback on the center receiver’s rate
when RO > uR>M (see eq. (28)). On the other hand, at higher values of 3, while 7Tn2,Hc<C ) has
lower gains in comparison to 7,0 ((), RYMC(¢) outperforms RY(¢). At these values, the rates
with IIC perform better. Different from the center receivers rate, we can see in Fig. {] that when
IIC is employed at the center receiver, due to the difference in the channel conditions i.e., the
edge receiver has worst channel conditions with high probability, the impact of IIC employed
at the center receiver, is negligible for the edge receiver’s rate.

In Fig. |5, we present the sum rate with respect to [ for all the subcases obtained when
operating in CC/MPC mode. Since MPC is employed at the edge receivers, the scheduled edge
receiver always place an EFR i.e., the pre-log factor is w;. On the other hand, the pre-log factor
for the center receiver varies and depends on all the K requests placed by the center receivers
class, as explained in Section Note that, the rate achieved when EFR is placed by both

receivers, is also the only one that can be achieved when MPC is applied at both classes of
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receivers (all MPC mode). Furthermore, this case captures the performance achieved when no
caching is employed at the receivers, with the transmitter always serving requests for non-cached
files. As expected, this case is outperformed by the rates that can be achieved when the request
is cached according to the CC policy; even when the XOR transmissions are not employed i.e.,
with PFR. Moreover, when IIC is employed at the edge receiver, the gains brought by CC are
further boosted, as expected.

Fig. [ depicts the sum rate versus (3 for all the subcases that can be achieved when MPC
is employed at the center receivers and CC at the edge receivers i.e, MPC/CC mode. In this
case, the center receiver always places an EFR, while the load of the transmitter for the edge
receiver varies. We can see, as above, the gains achieved by PFR and XOR transmissions which
outperform the case where an EFR is placed by both receivers. For the cases of PFR and XOR
transmissions, we can see remarkable gains when IIC is employed at the center receiver. The
pre-log factor w boosts the performance of the edge receiver and combined with IIC at the
center receiver, which has better channel conditions, the performance increases significantly. In
addition, when IIC is employed, the value of § at which the common stream can be decoded,
is lower for the center receiver (see Remark [I). As a result, with a PFR by the edge receiver
and IIC at the center receiver, there is a range of values for which the sum rate performs better
than the case of XOR transmissions at the edge receivers without IIC at the center receiver.

In Fig. [/, we plot the sum rate with respect to 3 for all the subcases obtained when CC is
employed at each class of receivers. In comparison with the other modes, more subcases can be
obtained including cases where a pre-log factor higher than w, is obtained at both receivers; for
example the case PFR/XOR. Furthermore, we can see that the lowest performance occurs in the
case of EFR/EFR, while the highest rate is achieved when XOR transmissions are employed at
both sets. Even though, with this mode some of the subcases can be achieved by the previous
modes, the IIC is not feasible for further performance boosting since all the receivers partially
cache files.

Fig. [§] shows the rates achieved at each receiver when XOR transmissions are employed
at the center and edge receivers i.e., R.(ws) and R.(ws3) respectively, with respect to p, for

u € {0.2,0.5} and for K € {2,4}. It can be seen that, R.(ws) increases with p while R.(ws)

E(ws)
1+E(W3) ’

the probability 7,»(Z(ws)) is zero (see Remark , while m0(C) > m p1(E(ws)). As a result, at

decreases. This is expected since p. = (1—/)p, while p. = (1—3)(1—p). For values p <

those values of p the receiver has only rate from decoding the stream s,. When p becomes
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higher that the constraint, the private stream s, is decoded as well, and the rate increases with p,

as expected. In a similar way, the rate at the edge receiver decreases with p since less power is
1

allocated to s.. For values p > TR

and 7,0 (C) > 7,1 (E(ws)). At these values, the edge receiver’s rate occurs solely due to decoding

the probability 7,»(Z(ws3)) becomes zero (see Remark

the common stream. Furthermore, we can see that a lower value of u boosts the performance
of the edge receiver, while a higher value of u is more beneficial for the center receiver ﬂ This
is expected since w is the fraction of the common rate allocated to the center receiver while the
fraction (1 — u) is allocated to the edge receiver. Moreover, it is clear that with a lower cache
size, a worse performance is achieved at both center and edge receivers. Recall that, the impact
of cache size is captured by the pre-log factor i.e., ws, which decreases with a lower M and
subsequently lower rates can be achieved. Finally, the performance of both receivers increases
with higher K, which is expected since with higher K, a higher w; is obtained.

In Fig. 9 we plot the sum rate with respect to the transmit power for different loads as well
as with IIC employed at the center receiver. When IIC is not employed, the performance of each
receiver is bounded due to the SINR upper bound. As such, the rate increases with power until
reaching the asymptotic bound, whereas the higher w;, the higher the rate, as expected. When
IIC is employed, we present two cases (i) 5 = 0.6,£ = 2 and (ii) § = 0.3,£ = 1. In (i), while
the edge receiver’s rate is upper bounded, the center receiver’s rate is not. Therefore, the rate
increases with power and subsequently results in an ever increasing sum rate. This is due to the
fact that ¢ < ¥4, while the private stream’s SINR is not bounded. On the other hand, in (ii)
¢ >Veq and E(wy) < 19’41, thus both the center and edge receivers rates are bounded resulting

C,

in a bounded sum rate.

VI. CONCLUSIONS

In this work, we proposed a CRS technique that employs RS in order to serve cache-enabled
receivers by utilizing the benefits brought by the CC and MPC caching placements. The CC gains
were captured in terms of pre-log factor while the MPC policy was exploited for interference
cancellation. The proposed technique operates in four caching-based modes which can implement

several communication techniques according to the receivers requests. By considering spatial

8For a specific mode of operation and type of requests, the values of u, 8 and p can be numerically optimized under a certain

objective, by utilizing the provided analytical expressions.
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TABLE III

PARAMETERS FOR THE n-TH RECEIVER’S SINR DISTRIBUTIONS

0 » pl 0 P pl
n Tin In Tin Mn,11c Mn,110 Mn,110c
-1
0 U1 Un,2 Un,3 Ina o) 9,
s o2t o2t o2t o2t o2t o2t
n Po—(Pctpe)t Pn—PRt Pn—(Po+pg)t Po—Pnt Pn Pn—pot

randomness we followed a probabilistic approach to provide a complete analytical framework
in terms of achieved rate, under minimum rate constraints. We presented numerical results that
validated our analysis and we extensively discussed the importance of the power allocation
factors and their impact on the achieved rates under each mode of operation. The proposed CRS
technique brings further flexibility to the RS through the caching gains and their impact on the
achieved rates. Under certain rate requirements caching boosts the receivers’ rates and allows
more flexibility to the power allocation factors as well as the common rate allocation. Future
extensions of this work include multiple antennas configurations in order to unlock the potentials

of the RS scheme and subsequently enhance the performance of the CRS technique.

APPENDIX
A. SINR distributions

In what follows, we provide the coverage probability , and the PDF g, of the SINR 7 for
the center and edge receivers.
1) Center receiver: The coverage probability for the center receiver with SINR 7, is given
by
m) =14 <0 2280 (2] @s)

2 2/04
TCSU

and the PDF of 7 is given by

2exp (—s 1 sp+2/a 2 s
gn(t) = (Zs) — - "_2/a/ T\ ==, (46)
at (0t —1) \exp(syre) 52 a’r;

where 7, 0 and s, are given in Table [IlI| by setting n = c and k = e.

Proof. Consider the SINR given by for the center receiver i.e., n = c. The coverage

probability is evaluated as follows

a\—1 2
P[n?w}:P{(pﬁpe)hC(Hdc) +o Sﬂ

pohe(1+ dg)_l
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2(1+a> 1 e + De
:P{U(Jrc)g__pﬂ?} @7
pohe t Po
Based on the upper bound ¢J; given in (7)), we can see that for ¢ >
is zero. Hence, for t < 94,
2 «
a 1
Pl > ] B |exp | - 22T
11
(t-3)
2 1 «
_ / exp | —ZLET ) e ) an 48)
P m(r-3)
1 2T pre 2 1 o
=— / T exp —M dx do, (49)
T2 Jo

where (a) follows from h. ~ exp(1) and fy (z) = 1/mr? is the PDF of d.. We follow the same
procedure for the SINRs 7? and n?! and the final general expression for the coverage probability
is obtained from [43, 3.326.4].

Since the coverage probability m, () is the complementary cumulative distribution function
(CCDF) of SINR, we can use it to derive the PDF of 7 i.e., g,(t) = d(1 —m,(t)) /dt. Hence,
by using ([@9), the PDF of n? is evaluated as follows

Te 2 a
gne () :;_22/0 ﬂ?% exp —pg—éi J_r i; da
0\7% 91
B —23,79/“ exp (—syo (L+2%)) (14 2%)x
r2 Jo t (01t —1)
where the integral is solved with the help of [43] 3.326.4]. [

dx, (50)

Remark 1. It is clear that, when t > 0, the center receiver is in outage. Therefore, for a certain
6, this inequality provides the outage conditions with respect to the power allocation factors.
Specifically, mo(t) = 0if 8 < ¢, mp(t) = 0 if p < 5, mer(t) = 0 if {8 < %H,p <

W} 0}"{6> Ht,Vp} 7T0 c(t):()lfﬁ<l—_%, al’ldﬂpIC@):Olf{p:O,6>O} or

2) Edge receiver: The coverage probability for the edge receiver with SINR 7, is given by

_ 2 2 S\ (2 5
7T77(16)—1{t<9}oz(?“%—7“3)s;zz/aexp(sn) (V(eraa) 7(0/7’?))’ Gb
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and the PDF of 7 is given by

2exp (—s,) < r2

at (rz —rg) (0t — 1) \ exp (sy7¢)  exp (sy7)

(o ) ()
a a’ Ty a T,

where 7, 0 and s, are given in Table [IlI| by setting n = e and k = c.

gy(t) =

Proof. The proof is similar to the one provided for the center receiver’s distributions with the

substitution of fy_ (z) by fu, (z) = ( 1 - |
m(rg—r?

Remark 2. Similar to Remark [I} we can solve the inequality t > 0, in order to express the

effect of the power allocation factors on the coverage probability of the edge receiver. That
is, m(t) = 0 B < 74, mp(t) = 0 if p > £, mu(t) = 0if {B < ,p > #5510
or {8 > ﬁ,v/)} Mo () = 00 B < 250 and mp (1) = 0if {p = 1.5 > 0} or
{p<1,5> 55}

B. Proof of Proposition ]|

The rate achieved for decoding s., when sq is successfully decoded, is given by

E[1{ng > ¢, n? > Z(wi) } R(wi, n?)]
min{m, (), mp(E(wi))}

since R? is non-zero only if both the common and the private streams are successfully decoded.

We can deduce from 70 > ¢ and 77 > E(w,), that h, > —E’—?“tffﬁe), he > _52—(3”“;)
Pote™  po Pe( &) ~ pe
jﬂjﬁfﬁ) < (11+d 2 -)’ it implies that m,0(¢) > m,#7(Z(w;)). Therefore,

3 PQ Pe\ B(w;) ™ pe
the rate achieved from decoding s, goes to its upper limit which is 9. 2, and the rate is evaluated

RP =

Cc

(53)

respectively. When ((’
p

as follows
v — E[LnE > E(wi)}wilogy (1 + 12)]
’ e (Z(wi))

P

Wi c,2
= log, (14 t) g,#(t) dt. (54)

71-775 (E‘(wl)) /E‘(wz) ? K
On the other hand, when m,0(¢) < m,7(E(w;)), ie., Ui(ljcdi)e > (Hd?e , we need to
n(-m) ” et )
subtract the rate that is not achieved due to the outage of m,(¢) i.e., % < he <
Pe\Zi) " pe

2 e3 . .
—Zl(lidjp) > Therefore, in this case, R? can be evaluated by
PO Z,u

v — E[LnE > E(wi) ji logy (1 + ng)] — B [M{ne < ¢ > E(wi) jwi logy (1 +1¢)]
‘ 0 (C)
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W; 19;2 90
= i log 1+tggtdt—/ log, (14 t)g,r(t) dt
an(C) (/E(wz‘) 2( ) ! ( ) =(w;) 2( ) K ( ) >
o
w; c,2
= —— [ logy(1 +t)gye(t) dt. 55)
WWB(O /90 2 ) K (*)

For the evaluation of the upper limit of the rate E[1{n? < {,n? > Z(w;)}w; logy(1 + nP)] i.e.,
0y, we solve the inequality p, (% — 1;—2) > po (% — ’%), with respect to Z(w;), and is given
by Z(w;) < (;;—(c’ (¢t =o7") + 19;§>_ . For the derivation of R?, we substitute 7° and 7? with

nY and 7P, respectively, and follow similar procedure as above.

C. Proof of Proposition

The rate for decoding s., when s, adds interference to the received SINR, is given by

E [1{n? < {,mp" > E(wi)}wilogy(1 + 2")]
an’(E(Wi)) — 7(¢) ’

since R?! is non-zero with probability 7,01 (E(wi)) — mp(C). If ¢ = ¥y, then mp(¢) = 0 and the

REN = (56)

rate becomes independent of the condition 70 < . Therefore R?’ is evaluated by
E [1{n?’ > =(wi) }w; logy (1 + n2")]

71 (Z(w7))

pl __
R =

Wi 79;3
L S / log(1+ £)g,1(1) . 57)

el (Z(wi)) E(w;)

02(14d%) o?(1+d2) .
— 0 ey < he < oo e,
N E— =y

E(wy) Pe PO

On the other hand, if ¢ < ¥, then R?! is non-zero if

with probability m, ,1(=(w;)) — m(C). As such, by solving the inequality p. (% — %) >

Do (% — ’%) with respect to Z(w;), we evaluate the upper limit of RF! which is given by

-1
Ew;) < (g_o (=7t + 19;3{) :

H — . 0—2 o 0.2 o
Finally, when anz(:(wi)) < me(C) ie., (1+d2) (1+d2)

1_ pctpe 1 _ potPe
po(( PO ) pc<5(%‘> Pc

successfully decoded and removed, which implies s, is decoded with rate R?. If n{ is in outage

), then if n? > ¢, s¢ is

then P! is also in outage. As a result, R?! = 0. For the derivation of R?!, we substitute 70 and

nP! with n° and nP’, respectively, and follow the above procedure.

D. Proof of Theorem|l]

Consider the center receiver, a non-zero rate is achieved if the following streams are decoded;
(1) solely sg, (ii) so and s, (iii) solely s., where (ii) is the case where partial interference

cancellation is successful and hence s, is decoded without interference from s, while (iii) is
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the case where s. is decoded with interference from s,. Clearly, all the above cases depend
on m,0(¢) and in order to derive the achieved rate we will make use of the rates derived for
decoding each stream along with the corresponding conditions as follows.

When ¢ < 74, E(w;) < Uez and w01 (E(w;)) < my0(C), then Rre! = 0; as explained in Appendix
As such, the rate is given by either case (i) or (ii) i.e., both conditioned on 70 > (. When
E(wi) < V2 and mp(¢) < mp(E(w;)), then the rate is given by case (ii) and is evaluated by
Re. = R* + R? since in that case, s. is also decoded with probability 1. On the other hand,

p (E(wi))

when ,0(¢) > m,»(Z(w;)) then we have case (i), and with probability W”;T, the stream s,
n

is also decoded i.e., case (i1). Therefore the rate is given by R, = R.° + %Rﬁ) . Note that,
if Z(w;) > V.2, then m,p(Z(w;)) and RE are equal to zero and R. has only contribution from
R ie., case (i).

When ¢ < 1, E(w;) < ez and 701 (E(w;)) > mp(C), then R, is non-zero with probability
7,01 (E(w;)). Also, due to the fact that 72 > nP!, then mp(2(w;)) > mp(¢) also holds. Here, we
have the cases (ii) or (iii) i.e., R, = R + R2, if s is decoded, otherwise R, = RP!. Since

T p1(E(wi))—m,0(¢) )
o1 (E(wi)) > my(C), then R, = RP!, with probability "CIW e (see Appendix ; and

2T (E(wi))
T pI (E(%‘))—an(o

Re =R + R, with probability 1 — ———r=r"y
When ¢ > ¢ and Z(w;) < 9.3, then R, = RPL, since m,p0(¢) and R are equal to zero.
Finally, if ¢ < ¢4, Z(w;) < ¥.3, then R, = 0.

By following similar procedure as above, we derive the rate achieved at the edge receiver.

E. Proof of Theorem

We first focus on the case where IIC is not employed. The rate at the n-th receiver, n € {c, e},
requesting for a size file of wi is non-zero with probability ¢, which is evaluated by 0 (¢) or
7Tz (2(w;)), depending on the streams’ thresholds and the power allocation; see Appendix [D}
As such, the sum rate is non-zero when either a single or both receivers have non-zero rate i.e.,
with probability g. + . — qcqe.-

We now consider the case where IIC is employed at the k-th receiver. Recall that, IIC is
employed when a receiver employs the MPC caching policy, hence the file size of the request

is wil 1.e., EFR. In addition, IIC is employed when the n-th receiver requests for file portion

i.e., either wiz or w% corresponding to PFR or XOR transmissions. This is due to the fact that

IIC is feasible when the requests are of rank f < M. On the other hand, CC is employed for
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files f < N, N > M. As such when a receiver employs CC, EFR occurs for requests of rank

f > N, which are not available in the cache of the receiver employing the MPC scheme.
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