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Abstract—In practical cache-aided setups, users may enter or
depart the network at any time. The shared caching model can
mitigate the detrimental impact of such dynamic user behavior
by assigning users to a limited set of caching profiles. In this
letter, we propose a highly effective data delivery strategy relying
on an uneven subpacketization process to improve the finite-SNR
performance of dynamic networks. In order to maximize the
utilization of available spatial degrees of freedom, the number
of serving users per transmission is fixed to the maximal value,
resulting in a larger number of transmissions for users assigned
to caching profiles with smaller user counts. Consequently, users
assigned to different profiles may receive a varying portion of
their requested files in each transmission. To facilitate the efficient
delivery of unequal-sized data, an iterative beamformer design
given a variable rate allocation per user is also devised. Numerical
results demonstrate that the performance of the proposed method
is always superior to unicasting and other existing coded caching
approaches.

Index Terms—Coded caching, shared caching, dynamic
networks, uneven subpacketization, multi-antenna communica-
tions.

I. INTRODUCTION

ODED caching (CC) has been recently proposed as a

promising technique to support demanding multimedia
applications such as video-on-demand (VoD) and wireless
extended reality (XR) [1]. CC leverages the cache memory
of network users as a communication resource [2], enhancing
the achievable rate of single-stream downlink communications
by a multiplicative factor proportional to the cumulative cache
size of the entire network. This new CC gain is additive with
the spatial multiplexing gain of multi-antenna communica-
tions [3], [4], a critical component of existing and upcoming
standards [5]. The practical realization of CC gains in multi-
input single-output (MISO) setups is, however, restricted by
the subpacketization process that entails the fragmentation of
each file into numerous smaller parts, with the number of
fragments growing exponentially with the number of users
K [6], [7], [8]. A practical solution to combat this bottleneck
is to implement the shared caching model by assigning K users
to P < K caching profiles, such that each user is assigned to
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a single profile, and users assigned to the same profile store
the same content [9], [10], [11].

Notably, shared caching also provides a viable solution
to another critical challenge with CC schemes: the effective
management of dynamic networks that experience fluctuations
in the user population as the users may enter or depart
the network at any time. While conventional CC schemes
required a priori knowledge of the number of users for the
placement design, the works [12], [13], [14] embraced the
shared caching approach to address the dynamicity issue by
determining the number of caching profiles solely based on
the knowledge of the cache size of users. Specifically, the
work [14] presented a universal solution, with delivery algo-
rithms supporting any given network parameters in a dynamic
MISO-CC setup and closed-form degrees-of-freedom (DoF)
expressions that matched the information-theoretic bounds
of [10], [11] under the extremes of small and large spatial
multiplexing gains (compared to the CC gain).

Although the DoF metric is an appropriate performance
indicator in the high signal-to-noise ratio (SNR) regime, it
fails to capture the finite-SNR behavior properly [4], [15]. So,
we may still be able to improve the finite-SNR performance
of dynamic MISO-CC systems with proper beamforming
techniques [4]. Resource allocation in dynamic CC networks
has been studied in various works such as [10], [11], [12], [13],
[14], [16], [17], [18]. However, unlike the scheme proposed in
this letter, their performance is either limited to a specific set
of network parameters or they are not able to fully utilize the
available spatial multiplexing gain for the data delivery. This
letter provides a novel design for the delivery phase that ben-
efits from uneven subpacketization and a flexible, optimized
beamformer design to boost the finite-SNR performance of
dynamic systems compared to the state-of-the-art. The key
idea is to aim at serving a fixed (maximal) number of users
in each transmission to allow better balancing of the CC and
beamforming gains. The previous schemes relied completely
on beamforming techniques to design optimized beams that
could benefit from the increased interference-free subspace
stemming from the DoF loss incurred by the dynamic network
structure [13]. However, due to the logarithmic scaling of
the achievable rate w.r.t. the SNR, the relative rate gains
from optimized beamforming saturate as the number of users
within a given transmission interval is decreased. Hence,
the compensation for DoF loss was somewhat limited in
the dynamic schemes introduced in [12], [13], [14] as they
imposed no control over the number of users served per
transmission.

Dynamic user behavior prohibits the wireless network from
exploiting the maximal available spatial multiplexing gain
due to the non-uniform association of users to profiles. In
this letter, the aim is to design a transmission strategy that
not only fully utilizes the available spatial multiplexing gain
in uneven user-to-profile associations but also improves the
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Fig. 1. System model for a dynamic cache-aided MISO network with o =
2, v = % t = 2 and P = 3. Here, it is assumed that users {1,2,3},
{4,5} and {6} are assigned to profiles 1, 2 and 3, respectively, and store
the cache content of their corresponding profiles during the placement phase.
The delivery phase is comprised of 3 multicast transmissions such that users
assigned to profiles 1, 2, and 3 receive 2, 3, and 3 subpackets, respectively.

finite-SNR performance. To this end, we compensate for the
network dynamicity using an uneven subpacketization process
that allows serving more users in each transmission, close to
its maximal value in a comparable shared caching setup with
a uniform user-to-profile association [10]. To achieve that, the
users assigned to shorter-length caching profiles (i.e., profiles
with fewer assigned users) are served by more transmissions
but receive smaller chunks of their requested files in each
transmission compared to other users. This results in an almost
uniform number of users served by each transmission, thus
enabling more efficient usage of the available spatial DoF.
Of course, as users receive data chunks of unequal sizes,
we need multi-rate transmissions. This is addressed in this
letter with a fast, iterative beamformer design using a modified
version of the design in [14]. Simulation results confirm
that the resulting CC scheme for dynamic setups consistently
outperforms currently available schemes in the literature.

In this letter, boldface lower-case letters represent vectors.
We use [n] to denote the set {1,...,n}, and |£| to show the
cardinality of L. Also, L||M is the concatenation of £ and
M, (M]||M), shows a concatenations of M with itself,' and
for M C N, N\ M describes N' — M.

II. SYSTEM MODEL

A dynamic MISO network comprising a varying set of
cache-enabled single-antenna users and a base station (BS)
with L transmit antennas and the spatial multiplexing gain of
o < L is considered. The BS has access to a library of N
unit-sized files W1, W27 ..., WN and each user has a large
enough cache memory to store a portion 0 < v < 1 of the
entire library.” In this dynamic setup, users can freely enter
or depart the network at any moment; hence, the BS does not
have any prior information about the number of users to be
active during the data delivery. Assuming ~ is known, the BS
selects the parameters ¢, P € N, ensuring that £ = P~y. Upon
joining the network, each user k is assigned to a single profile,
represented by p[k] € [P] (see Fig. 1), and its cache content is
updated using a content placement algorithm. Let us represent
the users assigned to profile p by Uy, i.e.,Up = {k : p[k] = p}.
We express the number of users assigned to profile p € [P] as
the length of caching profile p and denote it by 7;,. Without
loss of generality, we assume 777 > 79 > --- > np. In this
letter, we also assume « < 71. Indeed, for the region o < 77,

I'We utilize the generalized multiset definition, in which same elements can
be repeated in the sets, e.g., {m, m} is not reduced to {m}.

2Clearly, if v — 0, the relative gain of CC w.r.t. to the spatial multiplexing
gain vanishes.
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adopting the proposed scheme in this letter becomes essential
to enhance the finite-SNR performance and enable the system
to exploit the available spatial multiplexing gain fully; instead,
when o > 71, the scheme in [14] can be used to deliver data
with the maximal available spatial multiplexing gain.

For the placement phase, we follow a similar approach as
in [2], such that each file W™, n € [N], is split into I;)
equal-sized mini-files W3 as W™ — {Wp : P C [P],|P| =
t}. Accordingly, each user k € U, stores the cache content
associated with profile p, denoted by Z, and given by Z, =
{WZ:P5p,PC[P],|P|=1Vnc [N]}.

Due to the dynamic nature of the network, the user popu-
lation fluctuates over time. During scheduled intervals, active
users in the network inform the BS of their desired files from
the library. To account for the worst-case scenario, we assume
that each file has equal popularity among users, and each user
requests a distinct file. Without loss of generality, let us assume
that user k requests the file wk. Then, the BS constructs
a number of transmission vectors using a content delivery
algorithm and delivers them to the requesting users, e.g., in
consecutive time slots. Every transmission vector x € clx1
contains a superposition of a number of precoded codewords,
and after its transmission, each target user k receives yp =
hI,;Ix + ny, where h;, € CL>1 is the channel vector between
the BS and user k and ny is the zero-mean additive white
Gaussian noise of variance Ny. In the existing works in
the literature [12], [13], [14], to handle non-uniformness in
the user-to-profile associations, the BS transmits a different
number of subpackets in each transmission, which degrades
the rate performance, especially in the finite-SNR regime.
In contrast, in this letter, we introduce a novel transmission
strategy that fixes the number of transmitted subpackets per
transmission to the maximal value. To achieve this, we split
each mini-file into an appropriate number of equal-sized
subpackets. However, the size of subpackets may vary across
different mini-files. The details are provided in the following
section.

In this section, we discuss the transmission strategy and
resource allocation during the content delivery phase. This
phase begins once the active users reveal their required files
to the BS. After receiving the users’ demands, the BS follows
the so-called flexible subpacketization process to split each
mini-file into several subpackets. The main concept behind this
process is to maximize the use of spatial dimensions; thus, the
users assigned to profiles with shorter lengths are served in
more transmissions, while their rates are adjusted accordingly
as their requested files are split into smaller subpackets.

The Flexible Subpacketization Process: Let us consider
the subset P C [P] of profiles with |P| = ¢, such
that P = {by,ba,...,0;} and ny, > mp, > - >
Ny For each k€ Uy, p € [Pl\p, the minifile

W7’§ is split into Qf subpackets W7]§ > Where Qp =
E(np, @) Da(ns,,np) [Tia Da(nb, M6, _,)-

anp >a Tr#yYy >«
o) ={ $ 7 Daten = {7ET 07
and ¢ € [Q%] increases sequentially to guarantee none
of the subpackets are transmitted twice. Here, we note
that if 7 = 1, it is supposed that []%_, Do, M, ) =
1, which results in QF = E(np,a)Dalny,,mp).
Next, we present the transmission strategy with flexible
subpacketization.
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A. Transmission Strategy

Our transmission strategy comprises (tfl) rounds, where
users from 7 + 1 profiles are served at each round. We denote
the set of profiles selected at round r by M(r). Every round
r also comprises p, individual transmissions, where at each
transmission, for every profile p € M(r), 7, = min(«,np)
users assigned to profile p are served. Let us assume M(r) =
{al., az, ..., azy1} such that ng > g, > --- > Nag., - Then,
pr 1s given as

Nay <«

1
= 7 . 2
Pr {ntn HH_I Dy, (nazanm 1) 0. W. @

Let us denote the /-th transmission of round r, [ € p, and
re(; +1) by the transmission pair (r, [), and represent the set
of users served by the transmission pair (r, [) with 7,. ;. These
user sets are built as follows: for 7;. 1, we pick the first 7j Tlp USETS
from every profile p € M(r). Then, for [ > 1, to build Tr i
for every profile p € M(r), we circularly shift the user indices
that were selected from profile p in transmission pair (r, [ — 1).
In mathematical terms, to build 7, ;, for every profile p €

M(r), we first define the set V), :’(Vp,lH v P, Do ( np,oc))
where for i € [Da(np, )]
Vi = {U o Up ((i + §)%np) pr> a 3)

and Uy (i) is the i-th element of U,. Here, % sign shows the
elevated mod operator, for which a% a = a and (b + a) %
a = b%a. Indeed, for i € [Dy(np, )], Vp ; makes i circular
shifts to Uy, and picks the first 7, elements from it. On the
other hand, during round r, each tuple V, ; with p € M(r)

- . . p,r . .
and i € [Dy(np,a)] is served in Dalnya) transmissions.

Therefore, for each p € M(r), we need to expand the set V,
t0 Ry, such that Ry, = (R ([ Ry (2 - [Ry(pr)), and for
I € pr, [Rp(l) | = 7p. Here, Ry(1) is the I-th 7,-tuple of
Ry, indicating the set of users assigned to profile p € M(r)
and served in the transmission pair (7, [). As a result, we can
formulate the set Ry as follows

Rp = (V:oHVp)(i- S

aTlpﬂ

Hence, during the transmission pair (7, [), we serve the users
assigned to the set 7, ;, which is given by:

7;,1 = Rar(l)HRm(l)H e HRangl(l)a )

where a; € M(r) for i € [t+1]. Using (5), the BS builds the
transmission vector for the transmission pair (7, /) as follows.

t+1 ]
Xei =2 iy 2iera @y Vi Ve (aye ©

where w; € CLx1 j € Rg, (1) are the beamforming vectors
that suppress the interference among users in set Rq; (1) . At
the end of this transmission, each user k receives the signal

T+1
W=D 1D icr, W WS W g T

For a; € M(r) and a; # plk], user k£ €

has J in its cache memory;
Trahas Wiy a) g | Y;
hence, it can regenerate the interference term

i+1 J :
Zizl,aﬁép[kL jE€Ra, (1) hk Wj WM(T)\{ai},q and subtract it
from y;, to obtain the' srgnal

5 J

Y = Zjen 0 B W ol + M D)

Here, we note that transmit beamforming vectors w; are
designed to deliver unequal data lengths. The following
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example studies the data delivery with flexible subpacketiza-
tion.

Example 1: Let us consider the cache- alded d2ynamic MISO
network depicted in Fig. 1, with a = 2, 5, P =3, and
t = 2, where users Uy = {1 , 3}, Us = {4 5} and Us = {6}
are assigned to profiles 1, 2 and 3, respectively, while n; = 3,
ne = 2 and n3 = 1. Durin% the placement phase, each file
W™, n e [6], is split into (%) = 3 mini-files W/ with P €
{{1,2},{1,3},{2,3}} such that user k € P stores Wp in its
cache memory.

For the dehvery phase, suppose that users {1, ..., 6} request
the files W1, ..., W9, respectively. In this regard, we have
Q2 =2, ng = 3 and Q%Z = 3, meaning that each mini-file
Wo3 is split into 2 subpackets W2k37 g Withk € Uy and g € 2],
each mini-file W/; is divided into 3 subpackets Wfj . with
k € Uy and ¢ € [3], and each mini-file Wlk2 is split into
3 subpackets W, .q» Where k € Uz and g € [3].

Durlng the dehvery phase, the transmission strategy consists
of (t +1) = 1 round, and this round is comprised of p; =
m Hz:Q Dq(ni,mi—1) = 3 transmissions. Here, M(1) =
{1,2,3}, and it is found that V; = ({1,2}]|{2,3}|I{3,1}),
Vo = ({4,5}) and V3 = ({6}). Then, as per (4), we have
Ri = ({1,2}][{2,3}{3,1}), R2 = ({4,5}[[{4,5}[[{4,5})
and R3 = ({6}[|{6}[|{6}).

Now, according to (5), during the transmissions 1, 2 and 3,

the users assigned to 77,1, 71,2 and 77 3 are served, respec-
tively, such that (see Fig. 2 for a better clarification):

Tia = (Ri(D[R2(1)[[R3(1)) = {1,2,4,5,6},
Ti2 = (R1(2)[R2(2)[R3(2)) = {2,3,4,5,6},
Ti,3 = (R1(3)[R2(3)[R3(3)) = {1,3,4,5,6}.

Now, the BS constructs the transmission vectors for the
transmissions 1-3. For instance, as per (6), the transmission
vector for the first transmission is given by:

X“_Zz 12;673(1 Wi =

6
+wo Wiy +wa Wiy +ws Wiy | +we Wiy,

where w1, for example, represents the beamforming vector of
user 1 that is designed to suppress the interference at user 2
according to the fact that R (1) = {1,2}. Finally, as per (7),
during the transmission pair (1,1), the received signal at user 1,
for example, is given by:

1
w1 Was 1

H 1 2 4
y1 = hy (w1 Wa3 1 +wo Wiz 1 +wa Wis 4
5 6

+ w5 W1371 + wWg W1271) + ny.
Here, user 1 has all subpackets 'W14371, W153,1 and W162,1
in its cache memory, therefore, it can regenerate the term
hil(wy W14371 + ws Wf’371 + wg W16271) and subtract it from
y] to observe the superposition signal §; = hlfwl W213 1+

Remark 1: The subpacketization complexity of the
proposed scheme is (%) max Q%. where P C [P], \77| =1
and p € [P]\'P. We know that « < 1y and 1 > --- > np.

Hence, as per (1), the subpacketization complexrty is upper
bounded by (]g )a H;f:l 1. As mentioned earlier, the existing
schemes [10] and [14] with the subpacketization complexity
of ( )a are also able to handle the data delivery in dynamic
networks with o < mn;. However, these schemes cannot
fully utilize the available spatial multiplexing gain for data
delivery. Notably, although our proposed scheme imposes
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Fig. 2. Graphical representation for the resource allocation in Example 1.

further subpacketization complexity compared to [10], [14], it
can fully benefit from available spatial multiplexing gain and
improves the finite-SNR performance, as it tunes the size of
each transmitted data based on the length of caching profiles.

B. Transmit Beamforming Design

Here, the aim is to assess the finite-SNR behavior based
on the symmetric rate performance. To this end, we design
flexible optimized beamformers that compensate for unequal
data sizes characterized by the dynamic nature of the network.
In this regard, for the transmission pair (r, [) with r €
[(ifl)] and | € [p,], as per (7), the achievable rate of user
k € T, is given by R, = log(l + I'y), where I';, =
Z_ieRp[k](l),]#k BT, P4 is the SINR at user k. As stated
in Section II, during the transmission pair (r, [), user k €
T, receives a 1/6, portion of its requested file, where 0}, =

plk] P . .
Q M\ {p[K]} ( t). Accordingly, to deliver a subpacket to user

k during this transmission, the delivery time 7} is obtained
as T, = ﬁ Now, for a given fixed transmit power P,
we solve the fkollowing optimization problem to minimize the
delivery time or, equivalently, maximize the achievable rate
for the worst user served in the transmission pair (7, /) as

2
.t E w <P
s.t kG'ﬂyz” k” < Pp, (8)

which is a weighted max-min optimization problem efficiently
solved in various studies, such as [6], [14], [19]. For instance,
by using a Lagrangian-duality-based technique [14, eq. (22)],
we can first write wi, = +/ppwy with ||[wg]| = 1, and
then, follow a similar way as in [14, eq. (23)] to get the
closed—forrp expression for the normalized beamformer w;, as
Wy = "k be/|°; by, where ° = Ip + Zjeﬂl)‘jhjh}{’
and A; is the dual variable corresponding to beamformer
w; found by fixed-point iteration [20]. We note that the
computation complexity for designing the beamforming vector
wy, is O(L3 + s 113). Accordingly, the beamforming power
Dp is computed by using the Lagrangian duality, as outlined
in [6, eq. (26)]. Now, for each transmission pair (r, [) with
T € [(Efl)] and | € [pr], we compute the transmission
rate R,; = minge7. ,log(l + I'y). Finally, in order to
assess the system performance, we can use the symmetric rate
inversely proportional to the total delivery time, where the
transmission time for each transmission pair (r, [) is mini-
mized by maximizing R, ; in the optimization problem (8).
Accordingly, the symmetric rate, defined as the total number
of bits per second delivered to %ach user in the delivery phase,

maxmin 0 Ry
wi : k€T, ’

(Z(EJrl) Pr 1

is obtained as Rsym = 2 Rr,z)_l’ It is worth
mentioning that any beamforming design, linear and non-
linear, can be applied to the proposed transmission strategy
to maximize the achievable symmetric rate. For instance, the

Vi m— | GIE R G
Vo = | GG GE EED
s — 8

(b) Mapping V1 — V3 to R1 — R3
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Fig. 3. Symmetric rate versus SNR for different ¢ values, where P = 6,
c=229and L =a=4.

linear beamforming design in problem (8) can be replaced
by the non-linear beamformers based on dirty paper coding
(DPC), where the optimal precoders may be solved via uplink-
downlink duality.

III. NUMERICAL RESULTS

We consider a dynamic network with K = 32 cache-
enabled users, where the users are randomly assigned to P
caching profiles. Note that, for a given  value, considering
any value for the number of files N > K does not alter the
simulation results, as both the placement and delivery phases
do not require the exact knowledge of N. To measure the
non-uniformness of the user-to-profile association, we use the
standard deviation parameter, defined as 02 = % 25:1(7710 -

navg)2 with navg = % Depending on the scenario, simu-
lations are done for three schemes: 1) the proposed scheme
in this letter with uneven subpacketization and optimized
beamformers, 2) the scheme in [14], referred to as DoF-aware,
where the optimized beamformer design of [6] is also applied,
and 3) a baseline scheme, dubbed as No-CC, where no coded
caching technique is applied (the cache contents are used only
for a local gain) but the optimized beamformer design of [6] is
still used to improve the rate. The No-CC scheme consists of K
transmissions such that users {1,2,...,a} are served during
the first transmission, and for each subsequent transmission,
the served user indices are a circular shift of the user indices
of the previous transmission.

Fig. 3 compares the performance of various schemes for
different values of ¢ and SNR when P = 6, 0 = 2.29,
and L = a = 4. Accordingly, in Fig. 4, the impacts of
spatial multiplexing gain « on the symmetric rate performance
of our proposed scheme and the DoF-aware approach are
depicted in a dynamic setup with L = o, P = 3, 0 = 3.77
and t = 2. As observed, the No-CC scheme has the worst
performance among the three schemes as it lacks any coded
caching gain. Furthermore, it is demonstrated that the proposed
scheme outperforms the scheme of [14] over the whole SNR
range and for every value of ¢ and «. This clarifies the
improvements resulting from the new design of the delivery
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Fig. 4. Symmetric rate versus SNR for different v values with L = «,
P=3,0=377and t = 2.
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Fig. 5. Symmetric rate versus SNR for different o values with P = 6, £ = 3
and L = a =4.

scheme that compensates for the non-uniformness in user-to-
profile association with uneven subpacketization.

For better clarification, let us take a closer look at the
performance comparison of the proposed and DoF-aware
schemes in Figs. 3 and 4. Recall that to handle non-uniform
user-to-profile assignments, both schemes select ¢ + 1 profiles
during each transmission. Let p be a selected profile, and
consider the transmission vectors that select profile p. While
the uneven subpacketization policy of our scheme enables
serving min(a,n,) users assigned to profile p with every
such transmission vector, with the DoF-aware scheme, some
vectors may not include any users assigned to profile p due
to the even subpacketization requirement. So, the average
number of users served with the transmission vectors is larger
in our scheme, and the gap in the number of users served
by the two schemes is proportional with min(a,7y). This
clarifies the performance comparisons: in Fig. 3, by increasing
t, the number of profiles served per transmission is increased
linearly, causing the performance gap to grow also visibly
larger. However, in Fig. 4, as we increase «, the performance
gap grows only slightly larger as the increase in the average
number of users served per transmission is proportional with
min(a,n,) which is capped by 7,.

Finally, Fig. 5 illustrates the impacts of non-uniformness
in the user-to-profile association on the performance of the
proposed scheme and the scheme of [14]. As observed, while
the performance of both schemes deteriorates as the user-to-
profile association becomes more non-uniform, our scheme
still outperforms the DoF-aware scheme of [14] over the entire
SNR range, and their performance gap is almost independent
of how non-uniform the association is.

IV. CONCLUSION

In this letter, we presented a novel data delivery algorithm to
boost the finite-SNR performance of cache-aided content dis-
tribution in dynamic MISO networks. Our solution optimized
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the utilization of spatial DoF by fixing the number of users
served per transmission at a maximal value derived from com-
parable shared caching setups with a uniform user-to-profile
association. This led to variable-sized file portions being
delivered to different users in each transmission. Accordingly,
an iterative beamformer design with multi-rate transmissions
was employed to facilitate the delivery of unequal-sized data.
It was shown through numerical simulations that our proposed
scheme consistently outperforms state-of-the-art solutions for
data delivery in dynamic MISO setups.
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