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Abstract— A location-aware multi-antenna coded caching
scheme is proposed for applications with location-dependent
data requests, such as wireless immersive experience, where
users are immersed in a three-dimensional virtual world. The
wireless connectivity conditions vary as the users move within
the application area motivating the use of a non-uniform cache
memory allocation process to avoid excessive delivery time for
users located in wireless bottleneck areas. To this end, a location-
aware placement and delivery array (LAPDA) is designed for
cache-aided multiantenna data delivery with a fast converging,
iterative linear beamforming process. The underlying weighted
max-min transmit precoder design enables the proposed scheme
to serve users in poor connectivity areas with smaller amounts
of data while simultaneously delivering larger amounts to other
users. Our new scheme is suitable for large networks due to
its linear transceiver structure and it is not constrained by the
number of users, cache size, or the number of antennas at the
transmitter, unlike the existing schemes. Despite non-uniform
cache placement, the proposed scheme still achieves a significant
degree of coded caching gain that is additive to the multiplexing
gain and greatly outperforms the conventional symmetric CC
schemes in terms of both average and 95-percentile delivery time.

Index Terms— Multi-antenna communications, coded caching,
location-dependent caching, immersive viewing.

I. INTRODUCTION
OBILE data traffic is exponentially growing, and
this trend will continue as the market is constantly
inundated with technologies and devices that support new
data-intensive applications in different forms and capabil-
ities [1]. Wireless eyewear devices, for example, enable
data-intensive mobile extended reality (XR) applications [2],
[3], which are also subject to strict quality of service (QoS)

Manuscript received 4 July 2023; revised 14 January 2024; accepted
25 April 2024. Date of publication 9 May 2024; date of current version
11 October 2024. This work was supported in part by the Academy of
Finland, Coded Collaborative Caching for Wireless Energy Efficiency, Cache-
Aided mmWave Access for Immersive Digital Environments, 6G Flagship
under Grant 319059, Grant 343586, and Grant 346208; in part by the Riitta
Jorma J. Takasen Foundation; in part by the Nokia Foundation; in part by the
Walter Ahlstrom Foundation; and in part by the Tauno Tonning Foundation.
An earlier version of this paper was presented in part at the 2022 IEEE Inter-
national Conference on Communications (ICC), Seoul, South Korea [DOI:
10.1109/GLOBECOM48099.2022.10001456]. The associate editor coordinat-
ing the review of this article and approving it for publication was B. Smida.
(Corresponding author: Hamidreza Bakhshzad Mahmoodi.)

The authors are with the Centre for Wireless Communications, University of
Oulu, 90014 Oulu, Finland (e-mail: Hamidreza.bakhshzadmahmoodi @oulu.fi;
mohammadjavad.salehi @oulu.fi; antti.tolli@oulu.fi).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TWC.2024.3395371.

Digital Object Identifier 10.1109/TWC.2024.3395371

requirements such as low latency (< 10 ms) and high data rate
transmission (6.37—95.55 Gbps) [4], [5], [6], [7], [8], [9]. This
differs greatly from conventional ultra-low latency and low-
rate requirements for internet-of-things applications [10]. The
low latency, along with the high delivery rates, require more
sophisticated transmission methods than those offered by cur-
rent wireless network standards [6], [7], [8]. Therefore, to meet
the requirements of future wireless XR applications, new
delivery schemes with higher bandwidth efficiency are needed.

One possible option, given that upcoming mobile broadband
applications rely heavily on asynchronous content reuse [11],
is to utilize proactive caching at the end-users to relieve
network congestion and bandwidth consumption during peak
times [12]. In this regard, various studies have explored
proactive caching in single-input single-output (SISO) config-
urations, demonstrating its benefits for meeting XR application
requirements [13], [14], [15], [16]. Specifically, with the
available memory at the end users, the whole or part of the
requested content can be cached beforehand and rendered by
the end user at the request time. This results in significant
bandwidth and delay-reduction gains and alleviates the traffic
burden over the wireless network [13], [14], [15], [16].

Unlike conventional caching schemes that rely on the
available memory of each user (see, e.g., [11], [12], [13],
[14], [15], [16], [17], [18]), the coded caching (CC) scheme
originally introduced in [19] benefits from the aggregated
memory throughout the network. In fact, it enjoys a so-
called global caching gain, available through careful cache
placement and multicast transmissions that results in improved
overall performance compared to traditional schemes [11],
[12], [13], [14], [15], [16], [17], [18]. As such, the transmission
bandwidth for delay-constrained XR applications has been
effectively reduced in SISO setups by leveraging coded cache
placement and mobile device computing capabilities [20].

The CC scheme is especially advantageous for large net-
works as the achievable global caching gain scales linearly
with the number of users in the network. This makes it ideal
for collaborative XR scenarios where a group of users is
served simultaneously within a confined environment, with
each user’s individual actions impacting the results perceived
by all users (c.f., [2], [21], [22], [23], [24]). In this regard,
a location-dependent CC-based cache placement and delivery
scheme, originally designed for SISO setups, has been pro-
posed in [21]. Note that in such scenarios, mobile users can

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-2325-2214
https://orcid.org/0000-0003-2392-3484
https://orcid.org/0000-0001-6219-9770

12688

experience outdated cached information when the cache size is
limited compared to the library size, requiring a large number
of data uploads to refresh caches. This issue is tackled in [25]
for small-cell networks (SCNs), where the main focus is on
designing caching patterns to reduce upload traffic rather than
identifying cached file parts.

The CC scheme’s ability to combine global caching and
spatial multiplexing gains is another critical feature [26]. This
is particularly appealing given that multi-antenna connectivity
will be a crucial feature of upcoming communication sys-
tems [5]. Thus, the SISO setup in [21] has been extended to
a multiple-input single-output (MISO) setup in [22], [23], and
[24], to benefit from spatial multiplexing and global caching
gains simultaneously. In this paper, we intend to overcome
some of the practical limitations of our earlier schemes in [22],
[23], and [24]. Notably, we propose a new location-dependent
CC scheme, suitable for large networks due to its linear
transceiver structure, and not constrained by the number of
users, cache size, or the number of antennas at the transmitter,
unlike the existing schemes.

A. Literature Review

Coded Caching: The original CC scheme in [19] was
intended for SISO setups with an error-free shared link. This
work was later extended to more practical scenarios, including
multi-server [27] and MISO [26], [28], [29] setups. The early
high signal-to-noise ratio (SNR) analysis in [26], [27], and [28]
proved that the so-called degrees of freedom (DoF) achieved
by the MISO-CC scheme is optimal under uncoded cache
placement and single-shot data delivery. Later, the analysis
in [29] showed that an optimized multi-antenna precoder
design is necessary for the CC scheme to perform well also
in the low-SNR regime. Soon, device-to-device (D2D) CC
schemes were proposed (e.g., [30], [31], [32]) to increase
the network throughput. Despite exciting theoretical gains, the
real-world implementation of CC schemes has been restricted
by a wide range of practical issues, which are highlighted
below.

1) The Subpacketization Effect: One prominent problem
is the exponentially growing file-division requirement (Ww.r.t
the network size), known as the subpacketization bottleneck.
To address this issue, a combinatorial subfile assignment based
on placement delivery arrays (PDA) was proposed in [33].
The PDA structure provides a set of conditions (reviewed
for MISO systems in Section III) that allows a given matrix
to be used for both content placement and delivery of a
CC scheme, thus translating the subpacketization reduction
problem to finding a small-dimension matrix satisfying PDA
conditions. Interestingly, authors in [33] demonstrated that all
the schemes in [19], [26], [27], [28], [29], [30], [31], and
[32] could also be presented as PDAs. Motivated by the gen-
eralized framework in [33], various PDA-based CC schemes
were later proposed for different settings, aiming for reduced
subpacketization [34], [35], [36]. CC methods can be divided
into different categories by their core caching and transmission
scheme designs, which are briefly reviewed in the following.

A major breakthrough in subpacketization reduction was
achieved with the introduction of signal-level CC schemes
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in [37]. In contrast to bit-level CC schemes [19], [26], [27],
[28], [29], [30], [31], [32], where file fragments intended to
different users are combined/separated using bit-wise XOR
operations in the finite field, signal-level CC schemes rely
on the superposition of all precoded data terms in the signal
domain and the regeneration and cancellation of the unwanted
parts at the physical layer of each receiver (see [2] for a
more detailed explanation). As a result, the design flexibility is
greatly increased compared with bit-level schemes, enabling
the subpacketization requirement of MISO-CC setups to be
even smaller than their comparable SISO-CC settings [37].
The signal-level scheme of [37] was then extended to cen-
tralized [38] and decentralized [39] shared-cache scenarios
where a limited number of cache-enabled helper nodes serve a
group of cache-less users. The applicability of signal-level CC
schemes was later extended, e.g., to multiple-input multiple-
output (MIMO) setups [40], [41], and to dynamic networks
wherein users may freely enter/depart the network at will [42],
[43], [44]. Finally, to make the design of signal-level CC
schemes more systematic, an enhanced PDA framework, called
multi-antenna placement and delivery arrays (MLPDA), was
proposed in [45]. Of course, signal-level CC schemes also
suffer from drawbacks such as inferior finite-SNR perfor-
mance compared with bit-level CC schemes [46], [47] and
the requirement to regenerate and remove the interference in
the physical layer [2]. However, the remarkable flexibility of
signal-level approaches continues to inspire ongoing research
endeavors aimed at utilizing them to overcome different
implementation challenges encountered in CC schemes.

2) The Near-Far Effect: Another crucial problem of con-
ventional CC schemes is the near-far issue, which affects
content delivery applications (e.g., [26], [27], [28], [29],
[301, [31], [32], [33], [34], [35], [36]) in general and XR
applications in particular. In CC schemes, a common multicast
message is transmitted to serve several users at a time, and all
these users must be able to decode the message simultaneously.
As a result, the achievable rate is always limited by the
user(s) with the worst channel condition. Studies on SISO-CC
networks have shown that the practical gains of CC schemes
could entirely vanish at the low-SNR region due to the near-
far issue [48]. To address this issue, a congestion control
technique is proposed in [49] with the intention of avoid-
ing serving users that experience adverse channel conditions
altogether. Similar scheduling approaches are also proposed
in [50] and [51], where joint queue minimization and packet
control, as well as power minimization and scheduling, are
considered for delay-constrained CC applications. In another
work [52], a CC scheme with partial codewords (i.e., with a
smaller number of data terms in the codeword compared to the
baseline CC scheme of [19]) is introduced to adjust the user-
specific quality of experience (QoE) based on their current
channel conditions.

In [26], [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38], [45], [53], and [39], equal-sized data chunks
are combined to form a common message. In contrast, in [54],
data terms with different sizes are combined via nested
code modulation (NCM), creating codewords that serve every
user in the multicasting group at a different rate. Similarly,
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combining the shared-cache idea of [37] with the NCM
of [54], the near-far problem was mitigated in [55] and
[56]. The proposed system model in [54] assumed fixed
link capacities, particularly tailored for backhaul networks.
Motivated by the results in [54], a location-dependent CC
scheme was proposed in [21] for networks with variable
link capacities, particularly applicable for future wireless XR
applications. Later, the SISO setting in [21] was extended
to a location-dependent MISO setup in [22], [23], and [24].
Specifically, while the schemes in [22] and [24] benefit from
the NCM for data delivery, the scheme in [23] uses a modified
version of the signal-level scheme in [53] to support multi-rate
transmission. Nevertheless, the schemes proposed in [22] and
[24] do not scale well with the increasing number of users.
This is attributed to the exponential increase in the number
of variables and constraints in the transmit precoder design
optimization problem and the complex receiver structure. Sim-
ilarly, the signal-level scheme proposed in [23] is limited to
scenarios where the global caching gain is not greater than the
multiplexing gain. Hence, a general framework that can scale
with the number of users without such scaling impediments is
still missing in the literature.

B. Our Contribution

This study builds upon our prior work presented in [24]
and aims to rectify certain limitations of our earlier approach,
which was based on the multiserver scheme in [26]. It’s critical
to highlight that as outlined across various sections of our
present study, the method disclosed in the prior publication
exhibits limitations concerning scalability. This stems from
the underlying cache placement and delivery scheme, which
is based on the multi-server CC scheme originally proposed
in [26] and [29]. Specifically, the complex beamformer design
and high subpacketization requirement render the previous
study more suitable for smaller networks comprising fewer
users. In contrast, the scheme proposed in this current study
demonstrates enhanced scalability, primarily owing to its foun-
dation on a PDA-based approach. This approach facilitates the
use of signal-level CC schemes, allowing the use of compu-
tationally efficient iterative unicast beamforming design, and
hence, rendering it better suited for larger networks.

Thus, the novelty of this study lies in its innovative
location-dependent multi-antenna CC scheme, which lever-
ages location-aware placement and delivery arrays (LAPDAS)
formed by using the proper set of MLPDAs (c.f., [45]). Due
to their underlying design, MLPDAs are capable of addressing
scalability concerns while also offering low subpacketization
requirements, which is the key objective of the current study.

In the considered system setup, users are equipped with
dedicated cache memories and can roam freely within the
application environment. A location-aware, non-uniform mem-
ory allocation strategy similar to [24] is employed to ensure
that users in areas with poor wireless link quality do
not experience excessive delivery times. Due to different
amounts of memory allocated to different locations, multiple
location-dependent MLPDAs are utilized to define which
part(s) of every file should be cached by each user. As a result,
the number of cached subfiles for each location-dependent
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content could be different, and hence, a different transmis-
sion schedule may be needed to deliver the missing subfiles
requested at each location. To handle this requirement, a file-
mapping process is devised where all requested files in
different locations are divided into equal numbers of file
fragments (of various sizes). A common MLPDA is then used
to deliver all requested file segments to all users, regardless
of their location.

Parts of this paper have been published in our previous
work [23]. In this paper, one important limitation of [23]
is addressed, namely the requirement for a larger spatial
multiplexing gain than the global caching gain. This limitation
arose from the utilization of the CC scheme proposed in [53],
which is primarily designed for scenarios with a lower global
caching gain relative to the multiplexing gain. To circum-
vent this limitation, we instead utilize a set of appropriately
designed MLPDAs, which are demonstrated to be a general
framework for signal-level CC schemes [45], including shared
caching-based approaches (e.g., [38], [40], [41]). Serving
a large number of concurrent users submerged into a col-
laborative XR experience within a bounded environment is
an ideal scenario for the proposed delivery scheme. In this
regard, we follow the XR connectivity framework proposed in
our earlier work [24] but utilize a simple linear transceiver
design for data delivery with a fast iterative beamforming
process through the use of LAPDAs that enable unicast
transmissions. In particular, the unicast transmission allows a
low-complexity beamformer design based on weighted max-
min optimization, which is iteratively solved via Lagrangian
duality. This fast beamformer design allows the proposed
scheme to be applied to large networks, leading to signif-
icantly higher achievable coded caching gains compared to
our previous method presented in [24]. This translates into a
notable performance advantage over conventional unicasting
and multicasting schemes, as demonstrated by simulation
results.

C. Notation and Structure

Matrices and vectors are presented by boldface upper and
lower case letters, respectively, and calligraphic letters are used
to denote sets. For the set A and vector v, |A| and |v]||
represent the cardinality of .A and norm of v, respectively. For
two sets .4 and B, A\B includes the elements of A that are
not in B. Finally, W denotes the set of non-negative integers,
[m] represents the set of integers from 1 to m, and @ denotes
addition in the corresponding finite field.

The rest of this paper is organized as follows. In section II,
we describe our location-based system model. A two-phase
cache placement scheme comprised of memory allocation and
cache arrangement processes is described in section III, while
section IV discusses the delivery procedure. In section 1V-B,
weighted-max-min beamforming, tailored for the considered
location-based cache placement setup, is introduced. In the
end, numerical results are provided in section V, while
section VI concludes the paper.

II. SYSTEM MODEL

A downlink scenario is considered where a server with
L transmit antennas serves K single-antenna, cache-enabled
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Fig. 1. An application environment with K = 3 users, split into S = 8 STUs.
r(s) is the STU-specific achievable rate and 7(3) > r(2) > r(7). X123 is
the transmitted message, X; and w; represents the data part intended for user
4 and its corresponding precoder, respectively. The black bar below each user
indicates how much of the requested data is cached.

users.! The users are located within a bounded environment,
such as a gaming hall, an operating room, or an exhibition hall.
The system model is quite similar to our previous study in [24]
but with new placement and transmission schemes designed to
support large networks with improved scalability. Let K = [K]
denote the set of users with limited memory capacities who
can navigate within the coverage area. Users are assumed to
request data from the server, depending on their location and
application requirements.

The environment is partitioned into S single transmission
units (STU), wherein a distinct 3D image is required to recon-
struct the 360-degree spherical virtual viewpoint around the
user at each STU [2]. Essentially, the entire coverage area is
segmented into S non-overlapping segments. The granularity
level S is assumed to be selected such that STU formation
results in nearly the same large-scale characteristics of the
wireless channel at all points within an STU [24]. As a small
example, Figure 1 represents a simple application environment
with eight STUs, where S denotes the set of STUs.

We also assume the 3D image within each STU can be
decomposed into static and dynamic components [2], [24].
An example of such decomposition is shown in Figure 2.
A proper modeling structure, such as the one described in [3],
would allow users to cache the entire static part and a signifi-
cant portion of the dynamic part in advance [24]. In this paper,
we concentrate on the efficient delivery of this cacheable part
of the content.” Since we assume the requested file contains
sufficient data to render the entire 360-degree spherical field
of view (FoV) around the user, any dynamic changes resulting
from the user’s head rotations or alterations in the environment
will be rendered locally by the user. This process is done with
locally available sensory data or follows after receiving the
requisite instruction set from the server for reconstructing and
superimposing the dynamic content.

Denote W (s) as the (cacheable part of) file required for
reconstructing the detailed FoV in STU s € S and, without

"Here, L refers to the attainable spatial multiplexing gain at the transmitter,
which is upper-bounded by the real number of antennas. Nevertheless,
‘antenna count’ is used throughout the text for simplicity.

2Due to the interaction of objects in the virtual world, the base station must
also provide control data to aid users in reconstructing the dynamic content.
However, such control data is considered to cause a fairly minor overhead
and is omitted in this paper.
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Fig. 2. XR data decomposition into static and dynamic parts.

loss of generality, assume |W (s)| = F bits for every s € S.
Unless otherwise stated, this paper considers normalized data
units, and F' is dropped in subsequent notations. System oper-
ation consists of two phases: cache placement and delivery.
During the placement phase, each user k, equipped with a
cache memory of size M (normalized) bits, stores a message
Zy = Zpr(W(s1),...,W(sg)) in its cache, where Zj(-)
denotes a function of the files W (s), Vs € S, with entropy
not larger than M bits.

During the delivery phase, users located within the appli-
cation environment request missing data from the server to
reconstruct the FoV of their current locations. Specifically,
a request vector d = {di | di € S, Vk € K} is first
collected at the base station (BS), where Wy, = W(sgq,) is
the file requested by user k in STU sg4,. It’s important to
note that users located in different STUs request unique files.
However, if two users k and k are located in the same STU
s (i.e., 84, = s4;), both users request the same file, while the
delivered missing parts may differ based on users cached data.
This particular 360-degree spherical FoV remains the same
(i.e., Wy, = Wy, ) regardless of the actual viewpoint of each
user, which depends on the user’s specific headset orientation
and is presumed to be locally processed.

To deliver missing parts of the files in d, the BS then
transmits several precoded messages x;, at different intervals,
where U C K denotes the set of users receiving (a part of) their
requested data from x;,. The number of precoded messages
(and hence, the number of different user sets /) depends on the
underlying CC scheme. Every message x;; comprises several
unit power codewords zj, where xj;, contains useful data for
a user k € Y. Thus, xz, is built as x;; = Zkeu Vi Ty, where
vy € CF denotes the precoding vector dedicated to codeword
xy. To be specific, v is designed to suppress the interference
caused by x; on a subset of users in 7, C U that can not
remove the interference by their cache contents. After the
transmission of xy,, every user k € U receives

vk =y > Vg + 2, )
keu

where the channel vector between the BS and user & is denoted
by h;, € CE, and z, ~ CN(0, Ny) represents the additive
white Gaussian noise. Note that both the local cache content
Z. and the received signals from the wireless channel over
different time intervals are used at the decoder of user k to
reproduce the requested file Wy, . Moreover, the instantaneous
channel state information at the transmitter (CSIT) is assumed
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to be available during the delivery phase, which is utilized for
beamformer design and rate allocation.’

Finally, as discussed in [24], an approximate throughput
estimate, e.g., based on the statistics collected from previous
application runs, is required for proper location-dependent
cache placement. In essence, considering that the requested
files in this study directly correlate with users’ locations,
and each location may have varying wireless connectivity,
allocating different portions of memory to different files based
on the approximated (statistical) throughput becomes impera-
tive. This stands in contrast to conventional CC studies that
typically allocate the same memory portion to all files (refer,
for example, to [26], [27], [28], [29], [30], [31], [32], [33],
[34], [35], and [36]).

Unlike the delivery phase, it is not possible to calculate
instantaneous achievable rates during the placement phase.
This is because important information such as concurrently
scheduled users, their locations, channel conditions, and pre-
coding algorithms is not yet available. The aim of the
approximation is to have a relative rate difference among dif-
ferent STUs available to allocate distinct portions of memory
to them accordingly. Intuitively, to avoid extensive transmis-
sion times for users with poor connectivity, data needed at
STUs with the lowest approximated rates should occupy most
of the memory. To this end, we use the following (statistical)
rate approximation [24]

Pr ||hy,|?

Ny )}

where C), is a pre-log scaling factor containing any practical
overhead, Pr is the transmission power, €2 is the commu-
nication bandwidth, and hy, € CL is the channel vector
between the server and a user k located in STU s. Note that
the expectation is taken over all user locations and channel
realizations within STU s (c.f. [24] for more details).

Note that before actual data delivery, we do not have precise
predictions for the delivery rates, but for the cache placement
we can rely on coarse approximations such as (2). These
coarse approximated values provide comparative indications
of the available data rates across different locations useful for
the initial data placement phase. By using these approximated
data rate differences, we can allocate memory more effectively,
alleviating inefficient use of wireless resources in poorly con-
nected areas. Yet, other methods such as collecting statistics
from past active users, could also serve this purpose effec-
tively. The primary aim remains the same: finding these areas
to optimize resource use and enhance network performance.

r(s) = %CpE[IOg(l + [files/second], (2)

III. CACHE PLACEMENT

A PDA-based location-dependent cache placement scheme
comprising two consecutive processes, memory allocation
and cache arrangement, is used in this paper. The memory
allocation process is similar to [24] and prioritizes content
requested in locations with poor wireless connectivity in

3CSIT measurement is feasible through reciprocal reverse link pilot mea-
surements assuming data delivery is carried out within the channel coherence
time. A detailed discussion on CSI acquisition in CC networks can be found
in [53].
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order to mitigate excessive delays during the content delivery
phase. Given the result of the memory allocation process,
the cache arrangement process is then used to clarify what
data parts should be cached by each user. One of the key
novelties of this paper is the introduction of a PDA-based
cache arrangement process that allows the overall scheme to
be scalable w.r.t various network parameters. Nevertheless, for
clarity, the memory allocation process of [24] is also briefly
explained in the following.

Memory Allocation [24]: Real-time applications (e.g., XR)
typically require a bounded delivery time. Excessive delivery
delays can be circumvented by reserving a larger share of
memory to store data requested in poor connectivity areas.
Accordingly, the memory allocation process specifies the nor-
malized cache size m(s) reserved for storing (a fraction of)
each STU-specific file W (s) at every user. This paper assumes
no prior knowledge about the users’ spatial locations during
the subsequent delivery phase; hence, we consider uniform
access probability for all STUs during the placement phase.*
Following [24], if m(s) values are known, the total delivery
time T can be approximated as

. K 1—mf(s)
T =
T Km+ L ses r(s)
where m = rpig m(s) is the least allocated memory for a STU

and r(s) is t?le approximated rate at STU s (c.f. Eq. (2)).
The Km + L term in the denominator of (3) approximates
the achievable DoF for the non-uniform memory allocation
scenario (note that for the uniform allocation, the DoF is
upper bounded by K 4 + L [45]), and the term K max 17_7(255)
approximates the worst-case delivery time across asll the STUs
when K users are served simultaneously. In order to find
approximate m(s) values that minimize the expected delivery

time, we first rewrite (3) as TT =

[seconds], 3)

1—m(s) d
'er% maXses r(s) a'n
then, formulate the memory allocation process as the following

linear fractional programming (LFP) problem:

min LL
m(s), yv20,m>0  m+
1—m(s
s.t. 7() <~, Vs€S,

r(s)
m < m(s), Vs €S, Zm(s) <M. &
sES

Note that at the optimal solution to (4), m = m = ng%g] m(s).
Using the Charnes-Cooper transformation, the LFP in (4) can
be reformulated as a linear programming problem and solved
efficiently [24]. For ease of exposition, we assume that K'm(s)
is a positive integer for all s € S throughout the text. The
non-integer K'm(s) case is addressed in Appendix B using
time-sharing, which is an alternative method that surpasses

the performance of the approach proposed in [24].

Cache Arrangement: We utilize a location-aware placement
delivery array (LAPDA) to store data fragments of files in
users’ cache memories. Let Q denote a specific LAPDA con-
sisting of a set of S STU-specific MLPDA matrices Qs, s € S,

4The placement efficiency can be further improved by using prior knowl-
edge about the access likelihood for each STU.
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that are interrelated with an extra cross-matrix condition that
ensures data delivery is possible with the given non-uniform
memory allocation. Before going through a detailed explana-
tion of LAPDA, let us first review the general definition of
MLPDA:S.

Definition 1: A (L,K,Fs,Zs,N;) MLPDA Q, =
[Qs(fs, k)], fs € [Fs], k € [K], is a Fs x K matrix whose
elements include the specific symbol “x” and N positive
integers {1,2,...,Ng}. For positive integers L, K, Fs, and
Zs, Qs satisfies [45]:

Cl1. The symbol “x” appears Zs times in each column, such
that IZ,— =mf(s);

C2. Each integer n € [N,| appears at least once in the
martrix;

C3. Each integer appears at most once in each column;

C4. For every n € N, if we define U(n,s) := {k | 3fs €
[Fsl, Qs(fs,k) = n}, Fn,s) = {fs | 3k €
K], Qs(fs,k) = n}, and QF to be a sub-matrix of
Qs comprised of all rows and columns containing n
(ie, QF = [Qs(fsak)]vfs € F(n,s), k €U(n,s)), the
number of integer entries in each row of QU is less than
or equal to L, i.e.,

{k | kelU(n,s), Q¢(fs, k) € [Ns]} < L,
Vfs € F(n,s).

As discussed in [45], the (L, K, Fy, Zs, N;) MLPDA Q;
uniquely identifies a placement-delivery strategy for a MISO
network with K cache-enabled users, a coded caching gain
of ty = K'm(s), and a spatial multiplexing gain of L. In this
regard, each file is first divided into F; subpackets, from which
all subpackets f; € [Fs] are stored by all users k € [K]
if Qs(fs,k) = . The delivery phase then consists of N
transmissions, where at transmission n € [Ng], subpackets
fs € F(n,s) are sent to users k € U(n, s) if Qs(fs, k) =n.

Now, we translate each condition in Definition 1 to its
corresponding CC design requirements. Since using Qg each
file is first divided to F subfiles, from which Z, files are
cached at each user, term IZ,— determines the fraction of each
file that is cached by each user. Hence, C1 ensures that
the memory constraints are met. Next, since based on the
definition, subfile f; € F(n,s) is sent to user k € U(n,s)
only if Qs(fs,k) = n, condition C'2 prevents empty trans-
mission. C'3 prevents multiple subfiles from being transmitted
simultaneously to a single user by ensuring that no two f
share the same integer n for a user. Transmitting more than
one file to a user at a time requires complex transceiver
designs involving successive interference cancellation (SIC)
(refer to [24]). Finally, the number of integers in each row of
sub-matrix Q7 determines the number of users missing the
intended subfile. Condition C4 ensures that any interference
not eliminated by cache content is suppressed by a proper
precoder. Remember that each file f; € F(n,s) is sent to
a single user k € U(n,s), hence, the number of users that
do not have f; € F(n,s) in their cache memory should not
exceed L — 1. Hence, together with the user interested in file
fs € F(n,s), the total number of users missing f is limited
by L.
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Algorithm 1 Location-Based Cache Placement

1: procedure MEMORY ALLOCATION
Find {m(s)} by solving Eq. (4)
3: procedure CACHE_ARRANGEMENT
4 for all s € S do

5: W(s) — {Wy(s) | Vf € [F]}
6: for all f € [Fs] do
7:
8
9

»

for all k£ € KC do
if Qs(f, k) = * then
Put Wp(s) in the cache of user k

For the proposed location-dependent cache placement where
each STU s € S has a possibly different allocated memory
portion m(s), it is necessary to use a different MLPDA Q; for
each state to satisfy the memory constraint. This is different
from conventional MLPDA schemes that use a single MLPDA
to store all library files. In fact, given a set of MLPDAs
{Qs}. the files for every STU s € § are first divided into
F, subfiles, where F can vary for each STU. Then, for every
STU s € S, every user k € K caches all subfiles fs € [F] if
Qs(fs, k) = *. Algorithm 1 summarises the placement process
for a set of MLPDA {Q;}.

Using a distinct Qg for each STU results in an unequal
number of subfiles Fy, number of cached data elements Z,,
and time slots Ny to deliver location-dependent missing data.
Hence, an additional cross-matrix condition is added to the
conventional MLPDA definition to ensure a feasible delivery
scheme for the proposed non-uniform placement. Accordingly,
a proper LAPDA Q is defined as follows.

Definition 2: A (L, K,{Fs},{Zs},{Ns}) LAPDA Q is a
set of S number of (L, K, Fs, Zs, Ns) MLPDAs Qs where for
every (s,8) € S for which m(s) > m(8) we have

C5. Vfs; e [Fg}, dfs € [Fs] : Bfg - st,
C6. Vfs € [Fs], 3fs € [Fs]: By, C By,,

where By, = {k | k € [K]|, Qs(fs,k) = =} is the set of
columns including * in their f’th row.

For a given file f; stored in the memory of users in By,
condition C5 implies that there must exist at least one file
fs cached by users in By, where By, is a subset of By,.
For example, if By, = {1,2,3}, there must be at least one
file fs; with B, being {1,2} or {1,3} or {2,3}, given that
Km(s) =3 and Km(§) = 2. Similarly, condition C'6 implies
that the same number of users who have cached f; must have
also cached fs. For example, if By, = {1, 2}, there should be a
corresponding file fs with By, being {1,2,3} or {1, 2,4}, etc.,
provided that K'm(s) = 3 and K'm(8) = 2. The additional
conditions in Definition 2 become more clear upon reviewing
the delivery algorithm in Section IV. These extra conditions
ensure the practicality and viability of the delivery scheme,
as further detailed in Appendix A.

The following example illustrates the entire cache placement
process, including memory allocation and cache arrangement.
In Section IV, we propose a novel delivery algorithm tailored
for the above-described non-uniform cache placement that
achieves a significant coded caching gain, similar to the
location-dependent scheme of [24], but now applicable to
much larger networks.
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TABLE I

LOCATION-SPECIFIC RATE AND MEMORY ALLOCATION
FOR EXAMPLE 1

s=1 s=2 s=3 s=4 S=0
[ r(s) [[3x10% [2x10% | 1x10% | 2x10% | 3x 103
[m(s) || 025 0.5 0.75 0.5 0.25

Example 1: To illustrate the proposed location-dependent
cache placement, we consider an example scenario from [24]
with K = 4 users and L = 2 transmit antennas. The
environment is split into S = 5 STUs, and for each STU,
the required data size is F' = 400 Megabytes. Each user has
a cache size of 900 Megabytes; hence, the normalized cache
size is M = 2.25 data units. The approximated normalized
throughput value for each STU is as given in Table I, where
the memory allocation resulting from solving (4) is also shown.

Consider the following MLPDA matrices Q1-Qs, which
satisfy the conditions in Definition 1 for the resulting m(s)
values in Table I:

* 1 1 2

* 3 2 3

* 6 8 10

1 x 4 4

5 %« 6 5 s ok 21 * ok k1
— 6 = 9 11 — 1% %2 _ 1 % % %

Q= 2 4 % 7 Q2 = 21 x % Qs = x* 1xx |0

7 8 % 9 * 21 % * ok 1 %

8 9 x 12

3 5 7

10 10 11 =

12 11 12 =

(&)

Q4 = Qq, and Qs = Q. It can be seen that Q1-Qs form a
LAPDA according to Definition 2, and hence, can be utilized
for location-dependent data delivery. In this regard, using
Q1-Qs for the data placement, files W (1) and W (5) are first
divided into 12 subfiles, from which 3 are cached in each
user’s memory. Similarly, files W(2) and W (4) are divided
into 4 subfiles, and 2 of them are cached in the memory of
each user. Finally, the file W (3) is divided into 4 subfiles, from
which 3 are cached in each user’s memory.

IV. CONTENT DELIVERY

During the delivery phase, users move within the applica-
tion environment (hence, change their locations) over time.
In each time instance, users reveal their location-dependent file
requests to the server.” Without loss of generality, we consider
a specific time slot, where every user k£ in STU sj requests
the file Wy, = W(sy) from the server to reconstruct its
STU-specific FoV. Accordingly, the server builds and transmits
several precoded messages to the requesting users. To recon-
struct W (sy,), user k requires one normalized data unit, from
which a portion of size my = m(s) units is available in its
cache and the remaining part should be delivered by the server.
Note that the conventional PDA-based delivery schemes are
suited for scenarios where all users cache the same amount of
data (e.g., [37], [45], [53]). So, they do not apply to our case
where users have cached different amounts of their requested
files.

5Using dynamic CC techniques [42], [43], [44], this system model can be
easily modified to the case only a subset of users reveal their requests in each
instant.
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A. PDA-Based Delivery

To tackle the challenge posed by uneven memory alloca-
tion, we first make a temporary assumption that all users
have cached the same portion of m = mingcx my of their
requested files, and use any conventional PDA-based delivery
scheme in the literature (e.g., [37], [45], [53]) to generate a
set of preliminary transmission vectors (PTVs). These vec-
tors are subsequently adjusted to accommodate the different
file-indexing procedures employed for STU-dependent cache
placement during the placement phase. Using the ‘min’ oper-
ation can limit the performance in certain scenarios when a
subset of users have relatively smaller m/(sy) values compared
to the rest, e.g., as they are close to the transmitter. To address
such cases, the concept of phantom users has been proposed
in [24] to separately serve users with small m(sy) value
via unicasting. However, in larger networks considered in
this paper, such scenarios are less probable. This is due to
the variable m in the LFP formulation (4), which inhibits
assigning small values to any m(s), especially when the ratio
L/K is small (e.g., for K > L case considered in this paper).

For clarity, we designate X;; to represent a PTV, which
will be later modified to form the transmission vector X,.
In order to build %, we use the MLPDA Q corresponding to
the location of the user with the least available memory, i.e.,
Q = Qs,., k* = argmingex m(s;). This means we need
N = N cpnsecutive transmissions, and the PTV at time

instant 1 € [] is given as

x(n) = Xun) = Zkeu(n) Vi(n)Wen(sk) ., (6)
where

Un) =1k | 3¢ € [F.], QUL K =n} ()

is the set of users served in the n’th transmission, f;* is the
temporary index of the subfile destined to user k € U(n),
and vi(n) is the optimized beamforming vector dedicated to
user k. Specifically, vi(n) is designed to suppress ng(sk)
at every user in the interference indicator set

Te(n) = {j|j €Un) \ k, QUfI'.j) # *}. (8)

In fact, Zy(n) includes all users j € U(n) \ k that do not have
Win (sk) available in their cache.

Since %(n) is built using matrix Q but data placement is
done using the set of matrices Q, the temporary index f,? may
not coincide with the missing subfiles of the files requested
by every user k € U(n). Example 2 clarifies this statement.

Example 2: Consider the network in Example 1, for which
the cache placement is given in (5). Consider a specific time
instant n with the following user-to-STU associations: s1 = 1,
So = 2, s3 = 3, and s4 = 4. Denoting the set of requested
sub-files for user k with My, and assuming A =W (1), B =
W(2), C =W (4), D=W(5), we have

My = {A4, A5, Ag, A7, Ag, Ag, A1o, A1, Ar2},
Mg = {B3, By}, Mz ={Cs}, Ms={D1,D2}. (9)

Note that the subfiles of A,B,C,D are
1/12,1/4,1/4,1/4 data units in size, respectively. Here, the
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Algorithm 2 File-Fragment Index Matrix

Algorithm 3 Location-Aware Content Delivery

1: function INDEX-GENERATOR({G}, Q)
2 for all £ € [K] do

3 Pp,—0

4 for all n € []\7] do

5: for all k& € U(n) do

6: X — fr

7 for all m € [o] do

8: for all w € [F, ] do

9: if gy .,k > O then
10: Pr(n,m) —w
11: Ix,w,k < Ix,w,k — 1
12: Break;

13: return {P;}

minimum available amount of the requested data in cache
belongs to user 1; hence, Q = Q1, and we serve all users in
N = Ng, =12 time slots. For example, the first PTV is built
as

5((1) = V1(1)A4 + Vg(l)Bi + V3(1)Ci,

and the rest can be built accordingly. Now, considering %(1),
temporary file indices for users 1, 2, and 3 are 4, 1, and 1,
respectively. However, from (9), users 2 and 3 already have
By and C4 in their cache memories. Hence, we must carry
out an appropriate index mapping process in PTVs before
transmission. As a side note, using (8), one can easily verify
that the interference indicator sets for PTV x(1) are I;(1) =
3, Ig(l) = 3, and Ig(l) = 2.

To adjust temporary file indices in PTVs, we first note that
every user k appears F—Z times in all PTVs, where Z = Z, o
and F' = F,, ... However, in practice, every user k needs F, —
Zs, subfiles to construct its FoV. Hence, to uniformly map
the missing subfile indices fs, € [Fs,] into temporary PTV
indices fr € [F], we need to divide each subfile into D, =
a% file-fragments, where « is a normalizing coefficient
guar%nteéing Dy, is an integer for every user k (for example,
we may set o to be the smallest common multiplier of all
Fs, — Z,, values). We use W;i(sk), ¢ € [Dg], to represent
the file-fragments resulting from subfile Wy, (sg).

After the division of subfiles into file-fragments, the trans-
mission vectors x(n) are obtained from PTVs x(n) by
replacing each subfile Wy (sy.) with q | (ng(n,m)(sk) ,

me|a

where [ [ denotes bit-wise concatenation, Py, is the N xa user-
specific file-fragment index matrix (explained shortly), and
q(Wp, (n,m)(5k)) represents the file-specific counter corre-
sponding to the ¢’th fragment of the file Wp, (, ) (si). After
initializing with ¢ = 1, it is incremented by one each time
a fragment of Wp, (n,m) (sk) is assigned to the transmission
vector. Finally, x(n) is expressed as

x(n) = Z vi(n) H (ngk(n,m)(sk>)'

keU(n) me[a]

(10)

Matrix elements Py (n,m) € [Fs,] are designed such that
1) all the missing subfiles are delivered to all the users
and 2) the cache-aided interference cancellation is performed
correctly. To build Py, we first form K user-specific File-

Mapping (FM) matrices Gg,Vk € [K], with size F' x Fj,,

1: procedure DELIVERY({Qx})

2: k* = arg mingex my,

3 Qe Qe

4 q<—0

5: for all £ € [K] do .

6: Form Gy, based on Q

7: Compute P, based on Gy, using Algorithm 2
8 for all n € [N] do

9: x(n) <0

10: for all £ € U(n) do

11: xp «— 0

12: for all m € [o] do

13: p — Pg(n,m)

14: d(Wp(sk)) < a(Wp(sk)) +1
15 X — a(Wp(sk))

16: xp — [1 &kv Wi (sw))

17: x(n) «— x(n) + vg(n)zy

18: Transmit x(n)

to map missing subfile indices to temporary PTV indices.
Denoting the i’th row and j’th column of the matrix Gy
by g; jk, it represents the number of file-fragments of the
subfile W;(sy) that should be included in the concatenation
process while building x(n) in (10), if the corresponding PTV
x(n) includes Wj(s;) (recall that j € [F,,] and i € [F)).
Accordingly, the FM matrices G,k € [K]| are defined as
follows:

Definition 3: A user-specific FM matrix Gy =
gijk], Vi € [F),j € [Fs],k € [K] is a F x F,,
matrix whose elements are comprised of non-negative
integers, and satisfy the followings:

Cl. Denoting the temporary index set (TIS) of user k as N,
(i.e., Nk\ = F - Z), every row of Gy not included in
Nk should be zero, i.e.,

Vk € [K], Vi € [F]\ N, Vj € [Fs,].

Gijk =0,

C2. For every user k, denoting the set of its missing subfile
indices in STU sy, as a requested index set (RIS) Ny, (i.e.,
\Ni| = Fs, — Zs, ), every column of Gy, not included
in Ny, should be zero, i.e.,

gijk =0, Vke[K], Vje[Fs,]\ N, Vicl[F]

C3. Based on Definition 1, each temporary index i € N,
appears only once in PTVs. However, every user k needs
a total number of Dy,(Fs, — Zs,) = a(F — Z) = a| Ny
file-fragments. Thus, « file-fragments must be considered
for the concatenation process in (10), i.e.,

> gisr=a, VkeK] Vie .
JEN

C4. As discussed above, each missing subfile of user k
is divided into Dy, file-fragments. To make sure that
all these file-fragments are delivered, the sum of the
elements in every column of Gy, that is included in RIS
must be equal to Dy, i.e.,

3" Gigs =D, Yk, Vi € My

i€EN, k
The conditions C1-C4 in Definition 3 constitute a system
of equations that needs to be solved to obtain the matrix Gy.
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The details of creating and solving this system of equations
are provided in Appendix A.

Once {Gy} matrices are found, we can use Algorithm 2
to build {P;}. In a nutshell, in each round (indexed by
n € [N] and m € [a]), if 9fn w15 positive, a file-
fragment of W, (sk),k € U(n) 1s assigned to Py(n,m)
and 9ir wk is subtracted by 1 for the following rounds. The
whole delivery process is summarized in Algorithm 3, and a
clarifying example is provided in the following.

Example 3: Consider the network in Example 2,
with the set of requested subfiles for each user (M;-
My) given in (9). Following Definition 3, the TIS
(the set of temporary indices) of each user can be
written as N7 = {4,5,6,7,8,9,10,11,12}, Np =
{1,2,3,7,8,9,10,11,12}, N3 = {1,2,3,4,5,6,10,11,12},
and Ny = {1,2,3,4,5,6,7,8,9}, while the RIS (the
set of missing subfile indices) for each user is given as
N = {4,5,6,7,8,9,10,11,12}, Nb = {3,4}, N3 = {4}
and Ny = {1,2}. Note that while the TIS is the same size
for all users, the size of the RIS can be different. To map
each RIS into its corresponding TIS, we first need to divide
the requested subfiles of users 1-4 into D1 = 2, Dy = 9,
D3 =18, and D4 = 9 file-fragments, respectively (note that
« = 2 is required to have integer Dy, also for k = 2,4). Then,
according to (10), each subfile ng(sk) is replaced by the
concatenation of o = 2 missing file-fragments W;k(n’m (sk)-
As a result, recalling from Example 2 that the size of) each
missing subfile for users 1-4 is 1—12 i, %, and % data units,
the size of the transmitted data to these users would be
%, %8, 3—16 and %8 data units, respectively. Note that the size
of the intended data for each user is proportional to the
approximated rate at its location.

Now, let us review how the transmission vector x(n) is built
from PTV x(n). First, we form the FM matrices G1-Gy4 to
map each RIS Ny, k € [K] to its corresponding TIS Nj,. One
such set of matrices is as follows

000000000000 0002
000000000000 0002
000000000000 0002
000200000000 0000
000082000000 00600

G = 000000200000 Go = 0020 |
000000020000 0020
000000002000 0020
000000000200 0002
000000000020 0020
000000000002 0011
0002 2000
0002 2000
0002 2000
0002 0200
0003 3000

Gs = 0000 | Gy = 0200
0000 0200
0000 0200
0002 0000
0002 0000
0002 0000

Accordingly, based on FM matrices and Algorithm 2, the
file-fragment index matrices Py, are built as follows

4 4 4 4 4 4 00
T 7 00 4 4 11
10 10 4 4 00 11
00 33 4 4 22
2 8 13 29 30
Pi=|g s [\P2=]0g0 ['Ps=]%11[Pa=]22
9 9 33 4 4 00
0 0 33 4 4 22
11 11 4 4 00 11
0 0 33 4 4 11
12 12 00 4 4 22
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Therefore, using (10), the first transmission vector would
be built as x(1) = v1(1)[[(A}, 43) + v2(1) [1(B}, B?) +
v3(1) [1(C}, C3). Note that Py(n,m) = 0 means there is no
transmission for user k € [K) in time-slot n. € N.

Then, the corresponding received signal at three users are

y1 = 21hfvi(1) + zah{ vo(1) + 23hiv3(1) + 21,
y2 = 21hE vy (1) + 22h& vo(1) —i—@h?Vg(l) + 22,
ys = a1hi'vi(1) + z2hiva(1) + wshg va(1) + 25, (1)

where, ©1 = [[(A}, A%),20 = [[(Bi,B3) and x5 =
[1(C4,C%). Recalling that files A, B, and C correspond
to the content of states 1, 2, and 3, respectively, based on
the MLPDAs Q1-Qs, the underline terms in the received
signal yi are available the user k’th cache memory. Hence,
by estimating hf v;(1) (using precoded downlink pilots), the
underlined interference terms of the received signals can
be removed. Furthermore, the terms with double underline
in equation (11) are suppressed through the utilization of
beamforming vectors v1(1), va(1), and vs(1), which are
designed based on the user’ interference sets I,(1) to Zs(1)
(cf. Example 2). Hence, the intended data can be successfully
decoded by each user. Note that user 1 has to receive more
data compared to users 2 and 3 due to its larger file size,
which is in line with its higher achievable data rate as it is
located in state s1 = 1 (cf. Example 1I).

B. Weighted Max-Min Beamforming

In this section, we explain the optimal design of pre-
coding vectors vi(n) in (6) to enhance the finite-SNR
performance. Unlike the conventional max-min beamforming
problem addressed in previous works such as [29], [32],
[53], we consider a weighted-max-min (WMM) beamforming
approach to enable multi-rate transmission. In this regard,
we alter the iterative approach presented in [53], with a
slight modification to account for the weighted beamforming
requirements, wherein the weights reflect the non-uniform
quantities of data transmitted to different users. To this end,
we first briefly review the delivery process.

As discussed in Section IV, the proposed scheme serves
all the users using N transmission vectors x(n). Every vector
x(n) comprises |U/(n)| data terms xj, and the same number of
beamforming vectors vi(n) as represented in (1). Hence, the
corresponding received signal at user k in n’th transmission
can be rewritten as

Y = thvk.(n)xk + Z thvl(n)xz

i€Zx(n)
+ D

JEUMNT(n)

where Zi,(n) = {i € U(n) | k € Z;(n)}. In (12), each intended
message xj contains a fresh data for user k£ with size

v (m)a; + 2, (12)

o 1—my

i (13)
FSk_ZSk) B

Cr =
Fyaf

Recall that z;, comprises « file-segments, where each segment

is D%c of a subfile and each subfile is = data units in

Fs,,
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size. Note that the underlined terms in (12) are removed
from the received signals by utilizing cache memories and
estimating the equivalent channels hf’v;(n) prior to the
decoding process. Consequently, these terms are not regarded
as interference. So, the received SINR at user k is calculated
as follows

[hf v (n)?

> b vi(n)[2 + No-
i€Zx(n)

T = (14)

Moreover, the required time to deliver x; is calculated as

T, = log(iii'y;c)' Thus, the total delivery time to send x(n)
is Ty (n) = maXgey(n) Tk [seconds].

Now, since we aim to minimize the delivery
time, the beamformer optimization problem is

formulated as mingy, } maxyey(n) Tk, or equivalently as
max(y, } Mingey(n) o 10g(1 + &), where log(1 + %) is
the dedicated rate to user k. Hence, the weighted minimum
rate maximization for a given transmission X,y can be
formulated as  maxyy, (n),y,} MiNkeri(n) i log(1 + k).
Now, an equivalent objective can be achieved by using
MaX{v, (n),5,7:} 7> such that ¥ < % log(1 + i), Vk € U(n).
By utilizing the fact that 5 < - log(1 + ) is equivalent to
exp(¥) < (14 %)“]7, we can express the weighted-max-min
(WMM) beamforming problem as:

max
{vi(n),v, v}

st Y*F —1 <, Vkel(n),
[hil vy (n)]?
> Ihfivi(n)]2 4+ No’
> Ivem)|? < Pr,

keU(n)

e < Vk € U(n),

5)

where Pr is the transmit power and v = exp (7). The quasi-
convex problem (15) is similar to the one discussed in [53], but
with additional convex constraints y** —1 < 7z, Yk € U(n).0
This problem can be optimally solved by conducting a search
over 7y using bisection and applying the Lagrangian duality
(LD) scheme in [53] for a fixed v = v — 1.

The LD scheme is an iterative fast-beamforming method
used for linear-beamformer design in the literature (c.f., [53]
and the references therein). Since it has already been thor-
oughly described in [53], we will briefly review the LD
scheme and its modifications for our WMM optimization.
Specifically, we iteratively determine the optimal value of
using a bisection search, where v, = y°* — 1. Once 7 is fixed,
we employ the fixed point iteration method [53] to obtain
the dual variables vy, for Vk € U(n). Specifically, in the
initial step, we initialize v as vp <« vi[l]. Subsequently,
we iteratively update the dual variables until the desired level
of convergence is attained. For each iteration 7 + 1, the dual
variable vy, is updated according to the following:

Hy—1 -1
ve(r+ 1) = (" = 1) (b2 (Dhe) 5 (16)
®Note that vk is convex for ¢, > 1. Since {cy} are just considered as
weights for rate allocation purposes, they can be easily replaced by {cj «
Ck/minke[K] ci } to make y“+ a convex function.
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where X (1) = Zkezk(n)yk(T)hkh;;H + NoI. When (16) is
converged, the normalized beamformer vi(n),Vk € U(n),
is calculated as vi(n) = X, 'hy/||=; 'hy||, where £ =
Zkelk(n)l/,;h,;hg + NpI. To determine the power vector of
the beamformers, denoted by p, we can follow the same steps
as presented in [53, Eq.(26)]. Note that ~ will be updated
based on p to satisfy the power constraint Pr. Hence, the set
of optimal downlink beamformers is computed as vi(n) =
V/PeVi(n), where py is the k’th entry of p. Note that the
difference between the beamformer designed described above
and the one in [53], lies in the definition of ~, which is now
user-specific (). Unlike in [53], v is determined based on
the user-specific data size cj in the current context.

Remark 1: Similar to [24], the proposed WMM beamform-
ing in (15) results in proportional rate allocation such that
% = & V(k,k) € U(n). However, unlike [24], the
proposed delivery scheme in this paper removes the need
for successive interference cancellation (SIC) at the receiver.
Herein, the SIC requirement is removed due to condition
C3 in Definition 1, which prevents multiple message trans-
missions to a single user at a time. This paper proposes a
scheme that is more suitable for large networks, not only
because of its simplified transceiver design, but also because of
its reduced processing requirements for signal-level delivery,
decreased subpacketization [44], and the ability to employ
shared caching concepts [38], [39], [43].

Now, using Eq. (13), the total transmission time 77 for the
whole delivery process can be calculated as

1
Tr=3-% 2
N

ne

1—myg
max —————.
]kGZ/I(n) log(1 + i)

A7)

It is imperative to note that the calculation of the total
transmission time 77 in equation (17), relies on knowing
the beamformers for all N transmissions, which in turn
requires accurate information about user locations and channel
conditions. However, during the placement phase, the actual
user locations and channel states are unknown, rendering 77
computation infeasible. To address this challenge, we adopt an
approximation for 77 for placement purposes that assumes a
uniform access probability for all STUs. This approximation is
in accordance with the findings presented in [24] and is based
on the delivery in Section IV. Thus, the same approximation
as in [24] is obtained in this paper, despite the utilization of
different delivery and placement techniques.
Lemma 1: The total delivery time Tt calculated in (17) can
be approximated as
. K 1—m(s)
Tr= Km + L se5 r(s) (18)
Proof: We first substitute log(1 + ~yx) in (17) with its
upper bound r(sy) given in (2) to get
Tr ~ — 1 max 1= my

F—Z e ket(n) T(Sk)

19)

max =Rl o gy Immis)
ket(n) "G T Ges s
we substitute the RHS of (19) with its upper bound to get

1-m(s) Note that % = ﬁ, where
5

Then, using inequality

T N max
T ™ 57588 ()
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P2 . . . 1- .- .
W is nothing but the sum-DoF [45]. Hence, approxi- ',’ f/
. F_Z) . I T L AS N B (N SRR
mating w with its upper bound Km + L [45], we have Fi ‘l’ Local
0.8F ; Coded " Cachjut
K 1—mf(s) f Caching] '} .
Tr ~ max 20 07k | . S
T K L () 0) e [
06} ! I
Note that 77 = minye[x) m(sk) requires user location knowl- & ! 1
edge, which is unknown during the placement phase. Thus, & 051 ! H
replacing 7 with its lower bound m, (18) is achieved. O ©oaf ! H
] §
0.3} { 1
V. SIMULATION RESULTS i | 2
02} . ’l —Smgl-e-user placement, w/o CC
To evaluate the proposed location-dependent scheme, ! g [===Multi-user placement, w/o CC
. . . . . .. 0.1F ] ] Uniform placement, w/ CC
we conduct numerical simulations in a scenario similar to the y j == = = Multi-user placement, w/ CC
one studied in [24], albeit with a much larger number of users 0 ;1 — 6 = é 1'0 1'2 1'4 lIG 1'8 2'0 2'2
K.” Specifically, we consider a 30 x 30[m?] XR application Total transmission time (7%) [ms]
environment, where a unique 3D image is required at each
Fig. 3. The CDF of delivery time (logarithmic-scale) for

STU of size 1 x 1[m?] to reconstruct a detailed FoV (resulting
in a total number of S = 900 STUs). A transmitter with L
antennas is located on the ceiling, 5[m] above the floor, in the
middle of the room. We assume that the small-scale fading
of the channel vectors hy, follows a Rayleigh distribution and
use the path loss model of [24] for a user at STU s € [S]:

PL(s) = 32.4[dB] + 201og,o(f) + 10nlog,o(ds) + ¢,

where d represents the distance between the center of STU
s and the transmitter, 7 = 3 is the pass-loss exponent, and
f denotes the frequency. To simulate the effect of randomly
placed objects that can obstruct the propagation path between
the transmitter and receivers, we use the term ¢ ~ N(0,0),
where o is the standard deviation. Note that ¢ is similar
to the shadowing effect observed in outdoor propagation
environments. We calculate the expected delivery rates 7(s)
for the initial memory allocation in (4) by averaging over
the rate values for all possible user locations and channel
realizations in a given STU (c.f., Eq. (2)). Without considering
the shadowing effect (, the transmit power is assumed to pro-
vide a 5[dB] SNR at the room boundaries, (unless mentioned
otherwise). During the delivery phase, optimized weighted
max-min beamformers (15) are used, and users are assumed
to be located at any STU with equal probability.

Due to the stringent requirement of XR applications for a
bounded delivery time, we use the 95-percentile of expected
delivery time as a key performance metric (see [24]). We eval-
uate four distinct placement and delivery schemes:

« Single-user placement, w/o CC: This scheme employs a
memory allocation process similar to [21] that maximizes
the local caching gain at bottleneck areas (equivalent
to (4), when the denominator of the objective function
is ignored). Data transmission is done with conven-
tional unicast beamforming and without using any CC
technique.

Multi-user placement, w/o CC: This scheme employs
the memory allocation process proposed in Section III,

TThe number of users in [24] is limited to nine due to the complex
transceiver design and the large subpacketization requirement. Of course,
it provides an improved multicasting gain by serving multiple users with a

single message.

K =36,M/S=033L=6and o =7.

but data transmission is done with conventional unicast
beamforming and without using any CC technique.

o Multi-user placement, w/ CC: This scheme employs
the memory allocation process proposed in Section III,
together with the location-dependent CC delivery scheme
in Algorithm 3;

o Uniform placement, w/ CC: This scheme employs the
conventional uniform memory allocation together with
the CC delivery scheme proposed in [43] based on shared
caching idea.

In all of these schemes, we use the shared caching approach
described in [43] to construct a proper PDA, satisfying the
conditions outlined in Definition 1 (as well as Definition 2 for
location-dependent CC schemes).

All schemes are compared in terms of their delivery times

for 500 random user drops and the resulting cumulative
distribution functions (CDF) are shown in Fig. 3. As shown,
the scheme with uniform placement has the worst variation
in total delivery time, making it unsuitable for applications
with real-time content requests (e.g., XR gaming). This vari-
ation occurs because uniform placement only maximizes the
minimum global caching gain, leading to optimal performance
when all users have good connectivity but poor performance
when some users experience poor connectivity in bottleneck
areas. A location-dependent placement (even without any CC
technique) can avoid this issue and improve overall perfor-
mance. Furthermore, we observe that when no CC technique is
used, single-user placement outperforms multi-user placement
due to its higher local-caching gain. However, single-user
placement is unsuitable for multicast CC transmission as
it does not allocate any cache to the content requested in
locations with good connectivity, reducing the possibility
of achieving any coded caching gain. Finally, the proposed

CC-based transmission scheme with multi-user placement pro-

vides the best performance as it enables a global caching gain

while also avoiding wireless connectivity bottleneck areas.
Figure 4 compares the performance of different schemes for
various values of o, which controls the attenuation intensity in
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Fig. 4. Delivery time (logarithmic-scale) versus o, where

K =36,M/S =0.33, and L = 6.

different STUs. For small o, the traditional uniform-placement
method performs just as well as the proposed CC scheme
with multi-user placement, and sometimes even better. This
is because, with small o, the variation in large-scale fad-
ing among STUs is small, and hence, non-uniform memory
allocation is unnecessary since it reduces the minimum achiev-
able coded caching gain. However, the proposed scheme is
more effective (outperforming all other schemes) for larger
o, as there are more attenuated STUs with significant rate
differences to well-conditioned STUs. In fact, in these cases,
the rate improvement for individual users outweighs the DoF
loss caused by the memory allocation process (Km + L vs
K % + L for the uniform placement case).

Figure 5 compares different scheme based on the SNR
value at the room border. As depicted, the single-user cache
placement scheme is the best option when the received SNR
is very low. In this case, the achievable rate at different
locations is highly diverse, making the local caching gain the
most influential factor in reducing the overall delivery time.
Conversely, when the transmit power is high enough to make
all locations have similar achievable rates, coded caching gain
is the primary factor in reducing the overall transmission time.
Therefore, uniform placement is optimal as it maximizes the
minimum achievable DoF.

Figure 6 compares different schemes for a different number
of transmit antennas (L). Results show that when L is large,
the coded caching gain is less effective in improving overall
performance since L is the main contributor to the achievable
DoF, i.e., Km + L. Thus, location-dependent schemes with
no CC techniques perform almost as well as the proposed
method with multicast CC transmission. However, when L is
relatively small, the coded caching gain is crucial in reducing
the transmission time, and the proposed scheme is much more
effective than the single-user cache placement case.

Finally, Figures 7 and 8 support a similar conclusion:
Figure 7 illustrates that the local caching gain is the most
influential factor in reducing delivery time when the avail-
able memory is small. This is because the CC gain K1 is
much less than the number of transmit antennas (L) in such
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Fig. 6. Delivery time versus (Logarithmic-scale) the number of antennas
(L), where K = 36,M/S = 0.33, and 0 = 7 [dB].

scenarios. Figure 8 shows that the performance gap between
the proposed method and the rest widens as the number
of users increases due to higher achievable CC gain (Km)
for larger K. Note that the number of antennas L and the
number of users K investigated in the simulation results are
significantly greater than those considered in [24] due to the
lower complexity of the proposed method herein.

It is worth noting that while the spatial multiplexing gain is
generally independent of the coded caching gain, in practice
it is restricted by the number of antenna elements and RF/BB
(baseband) chains. Furthermore, depending on the SNR range
(which is inherently limited by cell size), it may not be bene-
ficial to design the system based on the largest possible spatial
multiplexing gain. In the finite-SNR region, the achievable sum
rate across users is intrinsically power-limited, and therefore
splitting the available transmission power among a larger
number of beams may even worsen the symmetric rate more
than by increasing DoF (given that linear transmit beamformer
processing is used). This effect is studied in the context of
coded caching schemes in multiple papers, including [29]
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Fig. 8.  Delivery time (logarithmic-scale) versus user count (K), where
M/S =0.33,0 =7,and L = 6.

and [53]. In contrast, the coded caching gain is characterized
by two important characteristics: first, it scales with network
size, and second, its effect is independent of SNR range.
As a result, based on figures 6 and 8, in conjunction with
the practical constraints, it becomes more apparent how the
coded caching gain impacts system performance.

VI. CONCLUSION

In this paper, we have proposed a cache placement and
delivery scheme for location-dependent data requests suitable
for future collaborative wireless XR applications. Our scheme
mitigates excessive delivery times through an efficient memory
allocation process. We allocate a large portion of memory to
bottleneck areas by approximating a rate difference between
various locations in the application hall. Due to its simple
transceiver design, reduced subpacketization and processing
requirements, and the ability to employ shared caching con-
cepts, the proposed scheme can be easily implemented in large
networks with many users utilizing a well-defined LAPDA
structure. Numerical results demonstrated the superiority of the
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proposed approach in different scenarios, especially those with
high channel variations and a large number of users, for which
a bounded transmission time was ensured by minimizing
the use of wireless resources in bottleneck areas. In the
future, the proposed approach could be extended to include
multiple transmitters, incorporate side information regarding
user movements and STU transition probabilities, and examine
more dynamic scenarios where users’ cache content is updated
as they navigate through the environment.

APPENDIX A
FM MATRIX FORMATION

Section IV introduces the mapping process from RIS N
to the TIS N}, to serve user k appropriately. To facilitate this
mapping, K MF matrices Gy, are defined. The element g; ; 1
in Gy specifies the number of file fragments {W7(sy.),j €
Ni,q € [Dg]} that should be substituted for the temporary
index i € Nj. According to Algorithm 3 for the delivery
process, the content transmitted with temporary index i € N},
during transmission n € [N] must be cached by all users
k € U;(n), where U;(n) == {k | k € U(n),Q(i,k) = *}.
On the other hand, based on the cache placement described in
section III, sub-file W;(s) is cached by all users k € U;(s),
where U;(s) = {k | k € [K], Qs(j,k) = =}. Hnece, the
value of g; ;1 is determined as follows:

Gijk >0, if U;(n) CU;(sk)
gij,k = 0, otherwise

VkE[K],ViENy,
’ VieEN .

In cases where U, (n) € U;(s,) for some j € Ny, and i € Ny,
it means that there is at least one user in the set U;(n) who
does not have W75 (sy,) in its cache. This violation of condition
C.4 in Definition 1 results in interference-limited transmission.
Consequently, for such cases, no file fragment WJ‘? (sx) should
substituted for the delivery index i € Ny, ie., 9i,jk = 0.

Next, as discussed in section IV, the total number of
file-fragments substituted for a temporary index i € N}, must
be equal to «.. Thus, the non-zero variables g; ; » must satisfy
the following

Z gije =0, Vkel[K]|Vie N
JEN

2n

Additionally, the total number of file fragments for each sub-
file W;(sg) is equal to Dj. Therefore, the total number of
file fragments {W}(sx),j € N} substituted for different
temporary indexes {i|U;(n) C U;(s),i € Nj} should sum
up to Dy. In other words,

Z gijk = Dr, Yk € [K],Vj € Np.
i€ENG

(22)

Consequently, to form each user-specific matrix Gy, the server
needs to solve the non-zero variables {g; ; + }, satisfying F'—Z
conditions in (21) and F,, — Z,, conditions in (22). Hence,
to form the matrix Gy, the server needs to solve the following
system of equations

Aky = bk7 (23)
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where, Aj, € {0,1}#**¥* is the coefficient matrix, ¢ =
F+F,, —(Z+Z,,) is the total number of conditions in (21)
and (22), ¢ is the total number of non-zero variables, y €
WYk is the variable vector, and by, € {«, Dy }#* is the target
vector. Based on each user state sy, variable y in (23) is given
in one of the following closed-form [57]

1) Over-determined case (Rank(Ay) = ¢y):
= (AL AL "Alby,
=)

y = Ap (ARAL) by + (I- AL (ARAL)™

2) Under-determined case (Rank(Ay,)

"AL)yo,

In case Rank(Ay) < min{yx, 1y}, there are several methods
(e.g., singular value decomposition and rank decomposi-
tion [57]) available to solve (23), which are beyond the scope
of this study. It is worth noting that Definition 2 ensures
that there is at least one g; ;1 > O for every i € N} in
equation (21), and similarly for every j € N}, in equation (22).
Consequently, these equalities remain valid at all times, and
equation (23) has a solution that is not empty.

Lastly, it is noteworthy that the LAPDA Q fundamen-
tally constitutes a compilation of S individual MLPDAs
Qs thereby aligning its complexity with that of Q. Addi-
tionally, the formation of matrices Gy involves solving
a system of equations, as detailed earlier. Consequently,
assuming a worst-case quadratic complexity similar to that
discussed in [53] for MLPDA formation, the overall com-
putational complexity is approximately characterized by
O (S(max{K, F;})* + K (min{¢x, ¥ })?).

APPENDIX B
NON-INTEGER CODED CACHING GAINS

We follow a similar memory-sharing scheme as in [19] for
non-integer coded caching gains (i.e., in case K'm(s) is not
an integer). In this regard:

1. File W(s) of state s is first divided into two
non-overlapping parts Wi(s) and Ws(s), where
(Wi(s)| = ([Km(s)] +1— Km(s))[W(s)| and
(Wa(s)| = (Km(s) — [Km(s)]) [W(s)|.

2. Two separate MLPDAs Q(s) and Q(s) are formed based
£t -
[Km(s)]
T

on Definition 1, such that

£~ -

3. Each user caches the data part W;(S) based on Q(s),
and data part W(S) based on Q(s), according to the
placement scheme in section III.

It can be verified that the proposed memory-sharing process
does not violate the cache constraint, i.e., % (LKm(s)|+
1= Km(s)) + L (| Km(s) — Km(s)]) = 5500 =
m(s).

In this case, the delivery will be done in two sub-phases
based on time-sharing. In the first sub-phase, (§; =
([Km(sg+)]+1—Km(sg)) portion of the files are delivered
based on Q1 = Q(sk+), where k* = mingex mg. The
remaining Bo = (Km(sg+) — | Km(sg~)]) portion of files are
delivered in the second sub-phase based on Qy = Q(sp+).
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We consider two cases for data delivery, 1) |Km(s;)] >
| Km(sg+)] and 2) | Km(sk)| = [ Km(sg+)].

Case 1 (| Km(sk)| > |Km(sg~)]): Since in this case, for
all user k, the placement is done differently for Wi(sy)
and Ws(sg), the index mapping process is also separately
performed for Wi (sy) and Was(sg). To this end, during the
first delivery sub- phase (1 portion of every sub-file of W1 (sy,)

is divided into D,C = g% smaller fragments, where
=Sk TSk
F and Z are equivalent to F,  and Z, . respectively.

Similarly, ﬂl portion of every mb -file of W2(sk) is divided

into and D} = a% smaller fragments. Then, based
on Ql,g(sk), and Q(sk), two file-fragment matrices P} and

Bi are formed for W1 (sy) and Wa(sy), respectively. Using
B,ﬁ and Bi, each transmitted message to user k will carry o
file-fragments of (§; portion of Wi (sx) and « file-fragments
of 3, portion of W5 (sy). The remaining B2 portion of Wi (sy)
and Ws(sy) will be delivered in the second sub-phase, using
Q2, Q(sk), and Q(sy) to form f,i and fi. For the sake of
brevity, we avoid reviewing a similar process in the second
delivery sub-phase.

Case 2 (|Km(sk)|=|Km(sk~)]): In this case,
(LKm(si)] +1 — Km(sy)) portion of W (sy) (i.e., Wy(sy))
is already cached based on Q1 and can be easily delivered by
forming P}. The remaining (3 — (LKm(sk)] +1—Km(sk))
portion of W (s) can also be delivered in the first delivery
sub-phase based on Q1 and Q(sy). In this regard, first
B1 — ([Km(sg)] +1— Km(sg)) portion of of every sub-file
of Wy(sg) is divided into and D? = a%

fragments. Then, using P} and P?, each transmltted message
to user k will carry o file-fragments of Wi(s;) and «
file-fragments of 5, — (LKm(sk)J +1— Km(sg)) portion of
Wa(sg). In the second sub-phase, the remaining portion of
W (s), e [ (Km(si) = [Km(se)]) = (81— (LKm(si)] +
1-— Km(sk))>] = 1— 1 = B2 portion of Wy (sy), will be
delivered based on Q2 and Q(sy).

smaller
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