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Abstract—We propose a new class of coded caching schemes
for wireless networks, which we term as non-orthogonal mul-
tiple access (NOMA) aided aggregated coded caching (NACC),
which manages to alleviate both the uneven channel bottleneck
as well as the shared-cache limitation. In particular, NACC
uses an aggregation principle to efficiently serve users with
unequal channel strengths, as well as uses for the first time the
NOMA principle to simultaneously transmit to multiple users
that share the same exact cache state. This transmission strategy
represents an efficient utilization of NOMA within the coded
caching framework. We analyze the high-SNR transmission
performance of the proposed scheme and derive analytical
expressions for the achievable rate and the effective gain, pro-
viding a qualitative understanding of its spectral efficiency. Our
numerical results for urban Micro-cell environments abiding by
5G standards, demonstrate that NACC achieves — with a single
transmit antenna — the same spectral efficiency as a multi-user
(MU) multicasting system with 32 transmit antennas, while it
also matches the spectral efficiency of traditional MU unicasting
system with 8 transmit antennas.

I. INTRODUCTION

Coded caching has emerged as a promising technique
to improve spectral efficiency by creating new multiplexing
space through the use of cached content at receivers [1]-
[6]. Originally proposed by Maddah-Ali and Niesen in [1],
the coded caching scheme divides files into multiple subfiles
and delivers coded multicast messages generated from these
subfiles to users. This approach, known as the MN scheme,
enables interference-free transmissions to multiple users,
each with different content requests. Coded caching offers
a theoretical coded caching gain (or multiplexing gain) of
K~ +1, where K is the total number of users and « € [0, 1]
is the cache size normalized to the library size. Such gains
can be particularly beneficial in reducing peak traffic loads
during busy periods in content delivery networks.

However, when coded caching is applied to wireless envi-
ronments, where users experience varying channel qualities,
the advantages of coded caching will be severely constrained
by the so-called worst-user bottleneck. In wireless broadcast
channels, the multicast rate is fundamentally limited by
the user with the worst channel conditions, leading to a
significant reduction in the effective multicast gain, particu-
larly in low-to-medium SNR regimes common in practical
deployments. Another critical bottleneck is the finite file-
size constraint. This occurs because coded caching schemes
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require files to be divided into numerous subfiles, which
typically grow exponentially with K. To address this, coded
caching often repeats its operation over several rounds,
forcing the theoretical gain to reduce to Ay + 1, where A is
determined by the subpacketization level, and which remains
clearly within the single-digit range [3]. This also inevitably
forces some users to cache the same content. These two
bottlenecks significantly impact the performance of coded
caching in wireless networks.

Our previous works in [7]-[10] addressed the worst-user
bottleneck under the finite file-size constraint through the
design of the so-called aggregated coded caching (ACC).
Specifically, in the presence of finite subpacketization, we
developed ACC that effectively mitigated the worst-user
bottleneck by fully exploiting the shared side information
among the users with the same cached content. This approach
replaced the worst-user limitation with a worst-group-of-
users effect. This ACC scheme, however, relied on time-
division multiplexing (TDM), which, while mitigating the
impact of the worst-user bottleneck, is suboptimal for wire-
less environments characterized by the asymmetry in channel
conditions.

The primary drawback of TDM lies in its sequential na-
ture, which limits spectrum utilization, particularly in urban
Micro-cell environments that are typically governed by the
high signal-to-noise ratio (SNR) regime [11], [12]. In such
settings, non-orthogonal multiple access (NOMA) offers a
more efficient alternative [13]-[15], as it can serve multiple
users simultaneously by leveraging power-domain multiplex-
ing and successive interference cancellation (SIC). NOMA is
particularly advantageous in high-SNR regimes, where it has
been shown to address the asymmetry of wireless channels
and significantly enhance spectral efficiency compared to
TDM. We note that there have been studies integrating
caching with NOMA, but the majority of these works focus
on applying NOMA in uncoded caching scenarios (cf. [16],
[17]). Existing coded caching studies, on the other hand,
mostly consider ideal channel conditions and do not place
significant emphasis on the physical-layer transmission de-
sign [18]. To the best of our knowledge, very few works
have explored incorporating NOMA into coded caching to
improve its delivery performance in realistic wireless envi-
ronments. This combination holds significant research value,
as NOMA, being a physical-layer multiple access technique,
and coded caching, fundamentally a content-delivery strategy,
operate at different layers. Effectively integrating these two
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technologies to maximize their complementary benefits poses
an interesting and worthwhile challenge.

In this paper, we first design the NOMA-aided ACC
(NACC) scheme. Building on the original ACC framework,
the NACC scheme effectively incorporates the NOMA tech-
nology and its advantages, failoring a transmission strategy
specifically for coded caching in realistic wireless environ-
ments with fading and asymmetric channels. Notably, under
practical high-SNR conditions, this scheme substantially im-
proves the spectral efficiency of the original ACC scheme.
We then focus on analyzing its performance in the high-
SNR regime. Specifically, we derive analytical expressions
for the achievable rate and the corresponding effective gain
over uncoded caching, providing valuable insights into the
scheme’s spectral efficiency. These expressions also offer an
efficient tool for quick evaluation of the delivery performance
under various conditions.

In our numerical results, which are based on 5G standards
in an urban Micro-cell setting, we demonstrate that the
proposed NACC scheme achieves a remarkable improve-
ment in spectral efficiency compared to the original ACC.
Moreover, the proposed scheme with a single transmit an-
tenna achieves the same spectral efficiency as the system
with 32 transmit antennas in the multi-user multicasting
scenario which can be treated as classical XOR-based multi-
antenna coded caching (e.g., [2]). It is worth noting that such
a compared system employs the optimal full-digital (FD)
beamformer based on NP-hard and non-convex optimization.
Furthermore, compared to the multi-user unicasting scenario,
which corresponds to the uncoded caching scenario where the
multi-antenna transmitter must simultaneously send multiple
signal symbols to serve multiple users, our scheme again with
a single transmit antenna matches the spectral efficiency of a
multi-user unicasting system with 8 transmit antennas using
minimum mean squared error (MMSE) precoding optimized
over the operational multiplexing gain.!

II. SYSTEM MODEL AND NACC DESIGN

In a cache-aided system, a single-antenna transmitter
serves a total of K users, each requesting different files
from a shared library, denoted as F. The library contains
N equal-sized files with F' bits2, where N > K. While
the transmitter has full access to the entire library, each
user has limited storage, capable of caching only a fraction

Notations: For a positive integer N, we use the notation [N] £
{1,2,...,n}. For two sets A and B, A\ B represents the set difference,
i.e., the elements in A excluding those in B. | - | denotes the cardinality
of a set or the magnitude of a complex number. X ~ ) indicates that the
random variable X follows the distribution ). Specifically, CA represents
the complex Gaussian distribution. For a matrix A, we use AT A*,
and AH to denote its transpose, element-wise conjugate, and conjugate
transpose, respectively. Iy, denotes the L x L identity matrix, and Of,
represents a L X 1 zero vector.

2In practical applications like Netflix, each popular movie is divided into
multiple equal-sized files, each typically several tens of megabytes. For
example, the top 100 most popular movies can be split into such equally
sized files, forming the library F. We refer to [19] for more details.

~v € [0,1] of the total library content. The communication
system is designed to handle time-varying user requests,
with peak and off-peak periods. To efficiently manage these
variations, the process is divided into two phases: the cache
placement phase, which occurs during off-peak times when
network traffic is lower, and the content delivery phase, which
happens during peak times when user requests are served by
intelligently combining cached content and the transmitted
data. This strategic use of cached content minimizes the
load during high-demand periods and improves the delivery
performance over peak times.

A. NACC Design

Before introducing the NACC design, we first give the fol-
lowing result for the multi-user Gaussian broadcast channel
(BC) in Proposition 1.

Proposition 1: The capacity region of a t-user Gaussian
BC, where each user ¢ € [t] has a SNR of SNR; and
requests message W, while having access to side infor-
mation W; = {W;},2 jef, is given by the set C =
{(Rl,RQ, .. .,Rt) : 0 < RZ < 1Og2(1 + SNRl), xS [t]} .
Proof: We refer to [20, Thm. 6] for the proof. [ |

Let A denote the number of distinct cache states (they
will be explained in the cache placement design) imposed
by the file-size constraint, where A < K, and assume for
simplicity that K is an integer multiple® of A. In this setting,
the same cache content is stored across B = K /A users per
cache state. In the following, we will elaborate on the NACC
during the cache placement and content delivery phases.

1) Cache Placement: The cache placement process fol-
lows the standard approach of the MN scheme [1].
Specifically, each file W, in the library F is di-
vided into (%) non-overlapping and equal-sized subfiles,
W, — {Wf T C[A],|T] =Av}, where T represents
subsets of cache states. Then, A distinct cache states
are created, with the g-th cache state, Z,, defined as
Z, = {W] T CIAL|T|=Ay,g€T,Vn€[N]}. The
users are evenly distributed into A user groups, and all
B = % users in each user group g € [A] have the same
cache state Z,. The b-th user in the g-th group is denoted by
Uy, Where g € [A] and b € [B], and let dy;, € [N] denote
the file index requested by user Uy 4.

2) Content Delivery: There are |, 7A+1) transmission
stages. Each such stage involves serving a unique set G
consisting of Ay+1 distinct cache states (or the collection of
the indexes of user groups). In total, there are B(A~y+1) users
in the set G who are served during this transmission stage, but
whether the users within a group are served simultaneously
depends on the specific multiple access method. In this
scheme, NOMA allows multiple users within the same group

3We note that the core concepts of the ACC scheme can be readily
extended to various existing coded caching schemes to improve their delivery
performance over realistic wireless channels, including decentralized ones
where K is typically not an integer multiple of A (cf. [7]).
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to be served simultaneously, unlike the original ACC where
users in a group are served sequentially using TDM.

In a given transmission stage for serving the users in
set G, the transmitter sends a superposition of B distinct
signal symbols, with each symbol carrying information for
A~ + 1 users. The users associated with the same signal
symbol belong to different user groups, meaning that each
user has a distinct cache state. Specifically, the b-th symbol
is generated usmf a multi-rate modulation on the requested
subfiles Wg\{q geg } where the adopted multi-rate
scheme ach1eves the channel capacity region described in
Proposition 1. As arranged in the cache placement phase and
stated in Proposition 1, due to g € G\ {¢'} for ¢’ # g, user
Uy, has cached the subfiles

(WM. ¢ e g, ¢ #g, ne [N}, (1)

which allows it to decode the intended subfile Wg\{g V after
successfully receiving the b-th signal symbol. By transmlttlng
B such signal symbols, all B(Avy + 1) users in the set G are
served. After ( 1(\7) transmission stages, all users will have
obtained their requested files in full.

The users in each user group are ordered by their channel
strengths, from the weakest to the strongest. In SIC, each
user first decodes the signals intended for users with weaker
channels, removes these from the received signal, and then
decodes its own signal. NACC allows us to improve spectral
efficiency by enabling simultaneous transmission within a
user group, ensuring that the system effectively uses the
available bandwidth and mitigates the limitations posed by
variations in user channel conditions. This contrasts with the
original (TDM-based) ACC which often leads to underuti-
lization of resources, especially in high-SNR scenarios.

Remark 1: The total CSI overheads in the NACC and in
the original ACC should be approximately the same; both
them use CSI for rate adaptation to |G|B users. The only
additional complexity brought about by NOMA is that each
user has to perform SIC to decode its own message.

B. NACC Signal Processing

For a specific user-group set G with |G| = Ay+1 selected
user groups for service during the ACC delivery phase (cf.
Section II-A), the transmitted signal is designed as

B
s = szl VP Sp, 2

where p is the transmit SNR, and s; is the signal symbol
that carries the messages intended by |G| users, each with
the b-th weakest channel link quality in each user-group of
G, and where «y, € [0, 1] is the power-splitting factor for the
symbol s, which satisfies that Zle ap = 1. The received
signal at user U, for any g € G and b € [B] is of the form

B —
Ygb = hgp szl \/ PT g6 0Sb + Zgbs 3

where hgp, € C represents the channel gain from the
transmitter to user Uy, 74, denotes the distance between

the transmitter and user U, 3, n > 0 is the pathloss exponent,
and z,;, ~ CN(0, 1) represents the additive white Gaussian
noise (AWGN).

Based on the design in Section II-A, user Ug; has
cached the content requested by users from any other user-
group g with g € G\ {g}. We have that user U,; can
decode its intended signal s; at its single-link capacity and
retrieve the desired message by leveraging its cached content.
This is facilitated through a multi-rate transmission scheme
that ensures the channel capacity region, as specified in
Proposition 1, is achieved. Furthermore, because user Uy ;
has a stronger link than user Uy for any b’ < b, it can
also successfully decode signal s by combining it with
its cached content, provided that s, is transmitted to user
Uy s at its single-link capacity. Note that user Uy 3, for any
g € G\ {g}, can also decode s, at its single-link capacity,
thanks to the multi-rate transmission applied to s;,. Under the
SIC framework, user Uy ; first decodes the signals intended
for weaker users, removing the corresponding interference.
For signals intended for stronger users, user U, treats
them as noise. As a result, under basic Gaussian signalling
assumptions, the achievable transmission rate for Uy ; is [13]

p—oo0 Qp 1
Ry "= In (1+B >+O(p) )

i=b41 Y
where H, ) = T‘;ZVlg’b‘Q accounts for channel fading and
pathloss, and O(-) is known as big-O notation. Specifically,
lim, o, O(p~') = 0. As U, p has the strongest link quality
within the user-group g and can therefore decode the signals
of all other users, the achievable rate for U, p is

1
Ry =In(1+papHyp)=In(papHy )+ O(;) 5)

The achievable (sum) rate R, = 25:1
group g € G takes the form

Ry, for the user-

) +0 (1) .

p
After some simple mathematical manipulations, we can fur-
ther simplify R, as R, = In (pHy 5)+O(p~'). This implies
that the achievable rate for user group g approaches the rate
achieved by always serving the strongest user in the high-
SNR regime, thereby providing spatial diversity among the
users within the group [13].

As the transmission stage for G ends when all users
from the worst user-group in G decode their subfiles (cf.
Section II-A), the achievable rate of the NACC scheme is

Rxacc = |G mingeg { Ry} (6)

where the factor |G| is due to the fact that the transmitter
serves |G| user groups at a time. Therefore, the average rate
RYOMA of NACC is of the form

Rnacc=|G|In(p) + \GIE{ In (gfgg{HwB})} +O(%)' @

Ry=In(pagH, p) +Z ln<1+b
b=1 =b41 Y
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Remark 2: In comparison to the original ACC scheme
whose average rate takes the form (cf. [9])
) f1+(;)
P

and considering In(Hy ) > + Zle In(Hgyp), we always
have that Rxacc > Racc. Thus, the NACC always outper-
forms the original ACC in high SNR.

Rmmzwln@%HﬂEhgg{ }:m

III. PERFORMANCE ANALYSIS

We consider a single-cell setting in which a single-antenna
transmitter serves K cache-aided single-antenna users who
are uniformly distributed throughout a ring with inner radius
D1 and outer radius D5 surrounding the transmitter. Consid-
ering the propagation models defined by the Third Generation
Partnership Project (3GPP) [12], we have the instantaneous
SNR at user Uy 3 as

P,

SNRyp = ——77—7—
9:b NOB Ny¢By¢L.

[hg.pl "7y 5 ®)
where P;, Ny, and B,, are the transmit power, the noise
density, and the bandwidth, respectively. In the above, hg
corresponds to the fast-fading channel coefficient, drawn
from a zero-mean unit-variance complex Gaussian distri-
bution. In (8), B¢ is a path-loss component that depends
only on the carrier frequency (fcm,), while Ny denotes the
noise figure that measures the practical imperfections of the
receiver, and L. represents a constant loss term accounting
for slow fading and other practical factors (rain, foliage,
etc.). To facilitate notation, we define p £ W to
incorporate all the terms in SNR, ; other than the distance
and the effect of fast fading, which can be regarded as the
transmit SNR in Section II-B. As the users are uniformly
distributed within a ring, the probability density function
(PDF) of 743 is (cf. [21])

2r

ropi DisrsDe ©)

Fraalr) = B~ o

Similar to our previous works [7]-[10], we define the
effective gain to reflect the real performance boost in finite
SNRs brought about by the considered coded caching scheme.

Definition 1 (Effective coded caching gain): The effective
coded caching gain of a particular coded caching scheme is
the ratio of the average rate achieved by the said scheme over
the average rate attained by simple uncoded TDM.*

We consider the affine approximation (with respect to In x)
In(142) ~Inx on the capacity, due to the fact that In(1+
x) = Inz + O(x~1). We first derive the affine-approximated

4Uncoded TDM refers to a scenario where users cache content using
an uncoded caching strategy, and the transmitter sequentially sends the
uncached portions of each requested file over time. In uncoded caching, each
user can, for example, store the first Fy bits of every file in the library.

average rate of TDM. Recall that for any g € G and b € [B],
the average rate of uncoded TDM takes the form

Rrpy =E {m (1 + pr;g\hg,b|2)} . (10)
Lemma 1: The affine-approximated rate for TDM is
- n D31In Dy — D?1n D,
R =lnp— - — 11
ToM =Inp—§+ 5 -0 DI D2 Y
where £ = 0.5772... is the Euler-Mascheroni constant.
Proof: Refer to the proof of [9, Lem. 1]. [ |

We derive an analytical expression for Ryacc in
Lemma 2, where © is defined as

7 T(2,D0e ") ~T(2,Dge " )\5]'"7!
92/1— 1—(— 1(" — 2) G, D3 )> du,
§(D2 — D?)nexp(—2x/n)

0

12)

where I'(-, -) denotes the upper incomplete Gamma function
[22, Eq. (8.350.2)].

Lemma 2: The affine-approximated average rate of NACC
takes the form

Rxacc = |G]In(p) — [G|O.

The effective coded caching gain of NACC over uncoded
TDM is approximated as

13)

= fENACC
G == =
NACC R

TDM RTDM .

Proof: The cumulative distribution function (CDF) of
Hy g = maxyep{r, /|hgs|*} can be derived as

Futy o @) = [ By (e (72,) )
b=1

B ( 2 Do
1-— / rexp(—xr")dr)
D2 _ 12
b=1 —Di

D;?:c — (2, Djx)\"?
- — DY)na2/m )

(14)

15)

Let H; £ —1In (mingeg{Hg’B}). The CDF of Hg is
derived in (16), shown at the top of the next page, where
(a) follows from using the CDF of H, p. Following the
same reason as [9, Eq. (18)], we can regard Hg as a non-
negative random variable, and its expectation can be derived
by © £ E{Hg} = [;° (1 — Fu,(z))dz, which yields (12).
We can then easily derive (13) by considering © in (7). The
derivation of the effective gain in (14) is straightforward by
considering (11) and (13) in Definition 1. |

IV. NUMERICAL RESULTS

We validate our analytical results using Monte Carlo
simulations for an urban Micro-cell environment based on
3GPP’s 5G standards. In line with 5G specifications [12], we
use the following parameters: carrier frequency fgp, = 3.5
GHz, bandwidth B,, = 20 MHz, noise spectral density
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Firg(0) = P (g1, 5} > exp()) © [1 (-

191

(2, D} exp(—x)) —T'(2, D} exp(_:C)))B] ”

3(D3 — D?)nexp(—2z/n)

Ny = —174 dBm/Hz, and Ny = L. = 10 dB. According
to 3GPP [12], Bf (dB) = 32.4 + 20log;, fau, with a path
loss exponent n = 2.1. For user placement, we follow the
guidelines in [11], considering a ring-shaped area around the
transmitter with distances between D; = 10 and D, = 100
meters. We note that the typical Micro-cell transmit power
is around P; = 33 dBm [11], [12]. To capture a broader
operational range, we extend the power values in Figs. 1-2.
In the ACC scheme, the number of users caching the same
content (i.e., B) can be as large as 16 in an urban Micro-cell
environment (cf. [9]).

A. Multi-antenna Transmitter Serving a Benchmark

We consider an L-antenna transmitter to simultaneously
serve K’ single-antenna cache-aided users, uniformly dis-
tributed within a Micro-cell, under two different scenarios:
uncoded unicasting and coded multicasting. In the uncoded
unicasting scenario, users cache content based on an uncoded
caching strategy (cf. Footnote 4). As a result, the transmit-
ter must send the requested files separately to each user.
Leveraging multiple antennas, the transmitter can send K’
distinct signal symbols to the users in parallel, with each
symbol corresponding to the content of a different file and
being mapped to a specific user. To manage inter-user inter-
ference, an appropriate precoding scheme is employed. For
coded multicasting, we adopt the standard XOR-based coded
caching approach (cf. [2]) to deliver content efficiently.’
These two scenarios serve as performance benchmarks.

Let H € CLxX represent the instantaneous channel
matrix from the L-antenna transmitter to the K’ single-
antenna users, where the k-th column of H, denoted by
hy, is the channel vector corresponding to the k-th user.
Specifically, hy, ~ CN'(0r, 7, "I,), where ry, following the
same distribution as r 3, is the distance from the transmitter
to the k-th user.

In uncoded unicasting with equal power allocation for the
users, the average (sum) rate of linear precoding is

X £ |nf wy|?
=3 e {1 )
k=1 L+ 4% 3 0z, b wi|?

where wj, € CE*! with unit-norm denotes the k-th column
of the precoder matrix W € CLxK', Here, we consider the
MMSE precoder where the precoding matrix (without power
normalization) is W/ = HH (HTHH+ %IKr) _1, which will

3 Although ACC can be extended to work with multi-antenna transmitters,
this paper focuses on the single-antenna case, with multi-antenna ACC
design left for future work. We refer to [23] for additional details.

form the actual precoding matrix W by normalizing each
column in W’ into unit-norm [24].

In coded multicasting, the multicasting rate is always
limited by the user with the worst channel link quality to
guarantee successful decoding at the K’ users served in a
time. The averaged (sum) rate over the served K’ users is

{111 (1 n pthMcF)}}. (18)

As ACC only changes the content delivery way, K’ should
be equal to |G| under the same file subpacktization level.
In (18), fyic € CL*! denotes the applied beamformer. In
this paper, we consider three different beamforming designs,
as follows,

fFD = argmax min {|hTf]?Y, s. ¢ ||f]]2 =1
i = argmax uin (), 5.0 IR = 1

Ryic = E{K' min
ke[K']

19)

1
£40 = in {|[WZf]?Y, st [F(O)|>= =,V € [L
Ve ey (AT o IROF = 7 vee )

(20)

fMRT _ 1

= =1 h;, 2n
Me 1> kerrn Bl Zke[K'] g

where ff2, and f}2. are the FD and analog (AD) beamform-
ers optimized for the max-min fairness (MMF) respectively.
In (20), f(¢) denotes the ¢-th element of f. We note that
both the optimized designs for f{2. and £}2 are non-convex
NP-hard optimization problems (cf. [25], [26]), while the
maximum ratio transmission (MRT) beamformer fﬁ\/[/[g‘T is
widely considered as a simple but well-performed beamform-
ing scheme (cf. [27], [28]).

Similar to reflecting the boost performance of coded
caching in finite SNRs, we define the effective gain as the
ratio of the average rate achieved by the said multi-antenna
unicasting (or multicasting) scheme over the average rate
attained by uncoded TDM (single-antenna). The effective
gains in uncoded unicasting and coded multicasting are
respectively

N Ryic
MO Rrom

GUCé;RUCa G

(22)
Rrpwm

where Rrpy is given by (10).

B. Numerical Comparisons

In Fig. 1, we plot the average rate of NACC, as well as
the average rates of the original (TDM-based) ACC, uncoded
TDM (single-antenna) and MMSE precoding with L = 8
transmit antennas in uncoded unicasting. We also plot the re-
sults derived by using Lemma 2 in dashed lines. Specifically,
the number of users served in a time under MMSE precoding
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Fig. 1: Performance comparison between single-antenna ACC and multi-antenna uncoded unicasting for |G| = 6 and L = 8, where the multiplexing gain

(i.e., number of users served in a time) of MMSE precoding is optimized.
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T T T
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Fig. 2: Performance comparison between single-antenna ACC and multi-antenna coded multicasting for |G| = K’ = 6 and L = 32. where the red dashed

line in the right figure represents the multiplexing gain in the high-SNR limit.

is optimized by maximizing the average rate in (17) w.r.t.
K'. Since the Micro-cell operates in the high-SNR regime,
we do not optimize the power-splitting factors in NOMA.
Following the approach in [13], we set ay, = B_Tb"‘l, where
@ is chosen to satisfy Zszl ap = 1. The results in Fig. 1
show that the NACC scheme achieves significantly higher
spectral efficiency than the original ACC and uncoded TDM
schemes. Moreover, the performance of the NACC, even with
a single transmit antenna, approaches the spectral efficiency
of the MMSE precoding with 8 transmit antennas in multi-
user unicasting. This highlights the potential of the NACC
to deliver competitive performance with far fewer antennas,
showing its efficiency in modern wireless networks.

In the following, we perform some numerical results to
compare the delivery performance between single-antenna
ACC separately using TDM and NOMA schemes and multi-
antenna coded multicasting in an urban Micro-cell in Fig. 2.
We note that the MN scheme represents a typical XOR-
based coded caching approach. As highlighted in [7]-[10],
ACC provides a highly efficient transmission method for
the content delivery process in coded caching over realistic

wireless channels, clearly demonstrating that XOR-based
transmission is no longer suitable for such scenarios. To
further validate this fact, we also use the (single-antenna)
MN scheme as a benchmark. In Fig. 2, the plotted lines
for FD and AD beamformers are generated via numerically
solving the corresponding MMF optimization problems (cf.
(19) and (20)) in each channel and location realization.
We note that there are several efficient methods tailored
to numerically solving the aforementioned MMF problem.
For simplification, we use the built-in function “fminimax”
in MATLAB to numerically solve the MMF problems. For
clarity, we omit the analytical results from Lemma 2, as they
closely match the simulations.

In Fig. 2, we can see that the fully optimized FD beam-
former always has the best delivery performance, followed
by the figures for NACC with B = 16 and B = 8, the
MRT beamformer and the fully optimized AD beamformer,
while the effective gain over uncoded TDM of the (single-
antenna) MN scheme is the lowest. This advantage of the
fully optimized FD beamformer is partly due to its ability
to employ fully connected radio frequency (RF) chains,
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albeit at a cost (not recorded here) of a much larger power
consumption and a much larger computational complexity
from having to continuously solve an NP-hard non-convex
optimization problem. It is worth noting that the NACC
delivery performance almost converges to the delivery perfor-
mance of the fully optimized multi-antenna FD beamformer
over the entire SNR regime, especially when we increase
the number B of users per cache state (from B = 8 to
B = 16). Despite using TDM in the original ACC scheme, it
is as powerful as the fully optimized AD beamformer which,
similar to the FD case, requires continuously solving an NP-
hard non-convex MMF problem.®

V. CONCLUSIONS AND DISCUSSIONS

We proposed NOMA-aided Aggregated Coded Caching
(NACC), a new class of coded caching schemes that mitigates
both uneven channel bottlenecks and shared-cache limita-
tions. NACC efficiently serves users with unequal channel
strengths and, for the first time, uses non-orthogonal multiple
access (NOMA) to serve multiple users sharing the same
cache state. NACC effectively integrates two fundamentally
different technologies, coded caching and NOMA, providing
an efficient transmission solution for coded caching in real-
istic wireless channels. Our analysis shows that NACC can
achieve, with a single transmit antenna, spectral efficiency
comparable to systems with many more antennas. This high-
lights its potential to reduce resource usage, such as antennas
and power, in wireless networks.

We recognize the practical limitations regarding the num-
ber of SIC layers used in NOMA (typically 1-3 layers).
To address this, we propose initially applying NOMA to
pairs of users sharing the same cache state. Once these two
users decode their intended subfiles, they can be seamlessly
replaced by another pair from the same user group without
disrupting the multi-rate transmission, following the TDM
approach used in the original ACC scheme. This hybrid
strategy combines the benefits of both NOMA and ACC,
optimizing the use of resources. Furthermore, to compensate
for the reduced spatial diversity when B is small, a few
transmit antennas can be employed. Extending this design
to multi-antenna ACC will be explored in future work.
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