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Abstract—This paper studies coded caching in a partially
cooperative D2D network, where only a subset of users transmit,
while all request files. We propose a novel coded caching scheme
that operates at all feasible memory regimes, regardless of
the number of non-transmitting users. Compared to all known
schemes, the proposed scheme requires the least amount of
information about non-transmitting users, and its delivery phase
is independent of the identities of non-transmitting users, thereby
reducing coordination overhead. We also derive a lower bound on
the transmission load. Using this, the proposed scheme is shown
to be optimal in the high-memory regime.

Index Terms—Coded caching, D2D network, partially cooper-
ative, selfish users.

I. INTRODUCTION

Cache-aided device-to-device (D2D) networks have been
extensively studied due to their significance in fifth-generation
(5G) and beyond cellular systems, as well as Internet of Things
(IoT) networks [[1]]. Coded caching creates coded multicasting
gains, enabling significant reductions in transmission load and
improvements in transmission capacity compared to uncoded
caching schemes. Coded caching in D2D networks is therefore
a promising technique in modern and future systems, including
5G and beyond cellular systems, mobile edge computing,
information-centric networks, and IoT networks. D2D coded
caching was first studied in [2] (referred to as the JCM
scheme). A D2D coded caching scheme operates in two
phases: a placement phase followed by a delivery phase. In
the placement phase, a central server places content in user
caches, while in the delivery phase the server is absent and
user demands are served through inter-user coded multicast
transmissions. Most existing D2D coded caching schemes
assume by default that all users transmit data during the
delivery phase. However, in practical scenarios, many of the
users show selfish behaviors [3]]. A user who does not transmit
data is referred to as a selfish user. The selfish behavior can
be for saving energy or due to privacy and security concerns
[3[l. Even though selfish users do not transmit data, they can
request files. A D2D network consisting of selfish users is
referred to as a partially cooperative D2D network.

Coded caching in a partially cooperative D2D network was
first studied by Tebbi and Sung in [4]. A (K, S, N) partially
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cooperative D2D network consists of K users, of which S
are selfish, each equipped with a cache of size M files, and
a central server with a library of N files. In [4], the authors
proposed two schemes: a deterministic caching scheme and a
random caching scheme. The scheme in [S]] has an improved
load compared to the deterministic caching scheme in [4].
Guan et al. in [6] proposed three partially cooperative D2D
coded caching schemes, namely Scheme A, Scheme B, and
Scheme C. Scheme A outperforms the deterministic scheme in
[4] and the scheme in [5]]. However, the deterministic scheme
in [4], the scheme in [5] and the Scheme A in [6] operate only
in the memory regime M/ > % (S+1). Scheme B and Scheme
C in [6] require knowledge of the identity of the selfish users
before the placement phase.

In existing schemes [4]-[6], the coded transmission design
explicitly depends on the identities of the non-selfish users.
While such information can be used to optimize the delivery
phase, it makes the transmission design sensitive to changes in
the set of non-selfish users. In practice, a user expected to be
a non-selfish transmitter may back out after the delivery phase
has started due to constraints such as limited energy resources,
unfavorable channel conditions, or local user-consent policies;
in such cases, schemes that rely on non-selfish user identities
require redesign or re-coordination of the coded transmissions.
By contrast, an identity-agnostic transmission design remains
robust, since any remaining or newly participating non-selfish
user can assist in completing the delivery phase by simply
transmitting the coded messages it can generate from its cache.
Importantly, all previously transmitted coded messages remain
useful, and no redesign of the transmissions is required.

Therefore, designing schemes that operate in all feasible
memory regimes and whose placement and delivery phases
are independent of selfish user identities is worth exploring.
The contributions in this paper are as follows:

e A novel coded caching scheme for a partially cooperative
D2D network is proposed. This scheme operates in all feasible
memory regimes, regardless of the number of selfish users. Un-
like existing schemes, the proposed approach does not require
knowledge of the identities of selfish users to design either
the placement phase or the delivery phase; it only requires
knowledge of the maximum possible number of selfish users
in the D2D network. For successful decoding, however, users
must be aware of the set of transmitting users.

e A general cut-set based lower bound on the transmission
load of a partially cooperative D2D coded caching scheme is
obtained. Using this bound, the proposed scheme is shown to
be optimal in the high-memory regime.

Notations: For any positive integer n and any integer m <



n, [n] denotes the set {1,2,...,n} and [m : n] denotes the set
{m,m+1,...,n}. For a set A and a positive integer i < |A],
(“f) denotes all the i-sized subsets of A. For sets A and B,
A\B denotes the elements in A but not in B.

II. SYSTEM MODEL

A (K, S, N) partially cooperative D2D network consists of
a central server with a library of N files {W,, : n € [N]} each
of size B symbols over a finite field F,, and K < N users
{Uy : k € [K]} each equipped with a cache of size M files,
among which S users are selfish. The condition M > KL_S is
needed to ensure that any possible demands can be met using
the cache contents of the (K — S) non-selfish users. Coded
caching scheme for such a network operates in two phases.
e Placement phase: During this phase, each file W, is split
into F' non-overlapping subfiles (referred to as subpacketiza-
tion level), i.e., W,, = {W,,; : i € [F]}. Each user Uy, where
k € [K], caches M B symbols in its cache, denoted by Zj.
The cache placement can be coded or uncoded. During the
placement phase, user demands are unknown. We assume that
only the number of selfish users, and not their identities, is
known before the placement phase.
e Delivery phase: During this phase, each user requests a file
from {W,, : n € [N]}, with the user demands represented by a
vector d = (dy, . . .,dr). Even though all users request a file,
only the (K —S) non-selfish users do the data transmission. Let
U = Up{Uk : k€ K,K C [K],|K| = K — S} be the set of
non-selfish users. For a given (f each non-selfish user Uy, € U
broadcasts a coded message X kd consisting of Sk’ 7 subfiles
using its cache content. The broadcast links between users
are assumed to be error-free. Using these transmissions along
with its cache content, each user can retrieve its requested
file. The corresponding worst-case load normalized to the
file size is given by R £ maxy (Zk:Ukeu;c Sk,i) /F. The

transmission of user Uy, denoted by X, - is a function only

of its local cache content Z; and the demand vector 7, and
is independent of Ux. In contrast, in existing schemes the
transmission design additionally depends on U.

III. MAIN RESULT

In this section, we first present a novel partially cooperative
D2D coded caching scheme. Then, we derive a lower bound
on the load and use it to show that the proposed scheme is
optimal in a certain memory regime. Theorem [I] states the
achievable load-memory pairs of the proposed scheme.

Theorem 1. For the (K,S,N) partially cooperative D2D
coded caching network, for every t € [0 : K —1], the following
memory-load pair is achievable,

N(it+1)(K-1)
(K —S)(K—1)+1tS’
(K-S8S)(K-1) K-t-1
(K-=S)(K-1)+tS t+1 )
Proof: The partially cooperative D2D coded caching
scheme that achieves (T)) is described below.

e :( (1

e Placement Phase : Let ¢ € [0 : K — 1]. Each file W,,,n €
[N] is divided into (K —S)(%; ") +S(5}) non-overlapping
subfiles, i.e.,

v e 5]}

These subfiles are then encoded  using a
[K (Kt_l), (K —-5) (Kt_l) + S(It{__lz)}l Maximum Distance
Separable (MDS) code. Recall that an [n, k] MDS code has the
property that the k& information symbols can be reconstructed
from any k out of the n coded symbols. By MDS encoding
each file prior to cache placement, file recovery depends only
on receiving a sufficient number of coded subfiles, rather
than on the identities of specific subfiles or the users that
deliver them. This property allows the delivery phase to be
designed such that each non-selfish user U, € Uk forms
its coded transmissions solely based on Zj and 7 without
requiring knowledge of which users are selfish. Without
the MDS encoding, successful decoding would rely on
receiving particular subfiles, which would inherently require
coordination and knowledge of the transmitting-user identities
during the delivery phase. The MDS encoded subfiles of

Wi, ¥n € [N], are denoted by {Yw— e {K(K_l)] }

t

Every j € [K(%;")] can be uniquely represented as j =
(k—1)("") + ¢&(T) for some k € [K] and T C [K]\{k}
with || = ¢, where the function ¢y : (X1}{F)) — {(Kt_l)}
maps a subset 7 to its lexicographic index in ([K ]>{k}). Then,
for every n € [N] and j € [K (% ")], we define erk% £ Y,
where j = (k— 1)(Kt_1) + ¢ (T). For each user Uy, k € [K],
the content stored in its cache, denoted by Zj, is given by

7 = {yﬁ; T CK\{k},|T| =t,n e [N]} U

U {975k T KNG, T =tn e N}
te[K]\{k}

Note that, the cache size M = |Z| = {N(Kt_l)}/{(K -
) () SN HNE DK =9 (" +
SODY = ANt + 1)(K = D}/{(K = S)(K —1) +tS}.

e Delivery Phase: Suppose user U, requests for the file Wy_,
where s € [K] and d, € [N]. Let Ux = |J, {Ur : k€ K, K C
[K], K] = K — S} be the set of transmitting users/non-
selfish users. User U, € Ux makes coded transmissions
corresponding to every set S C [K|\{k} with |[S| = ¢+ 1.
The transmission by user Uy, k € K, corresponding to some
S C [K]\{k} with |S| =t+1is

(k)
DY 2

sES

Note that, user U}, has access to erki} for every n € [N] and

T € ([K]>{k}), and thus it can create the transmitted coded
message. Consequently, the load incurred is

_ (K_S)(It{;l)
=S+ s
(K—S)(K—-1) K-t—1
K _SE-_D+iS i+l )



e Decodability: From the property of MDS codes, user Uy
can decode its demanded file Wy, from any distinct Q =
(K-295) (K ;1) +S5 (15:12) coded subfiles of it. In other words,
using any @ coded subfiles from the set {Yd(f’)T € K], T C
[KI\{¢},|T| = t}, the file W,, can be decoded. Note that,
for every n € [N] and k € [K], we have

v emnmnm == (577,

and for every ¢ € [K]\{k}, we have
K-2

(v s nTcmnam == (7).
Thus, each user has access to @), = (Kt_l) + (K — 1)(?__12)
coded subfiles of every file from their caches. We now consider
the decodability of selfish and non-selfish users separately.

First, let user Uy, k € K, be a non-selfish user. Let k' € K
such that &’ # k. Consider a set 7 C [K]\{k, £’} such that
|T| = t, and define the set S = T U {k}. Therefore, we have

|S| = t + 1. Consider the following transmission from user
Uy, corresponding to the set S

(k") (k")
@Yd S\{s} = de,T
seES
Since k € S\{s} for every s # k, user Uy has the coded
subfile Y( g\ (b for every k' € K, in its cache. Therefore,

from the delivery phase, user Uj, can decode Yd( 7)- for every

K € K\{k} and T C [K]\{k,k'}. For a k, k' € K, we have

HY;:/)F T C [K]\{k,k’}}‘ - ( ;2)

Thus, in addition to the subfiles in the cache, user Uj can get
Qr = (K — S —1)(%¥7) coded subfiles of Wy, from the

-1
delivery phase. Therefére, user Uy has a total of Q, + Qr

_ (K;1>+(K1)(15__12>+(K81)<Kt_2)
:(K—S)(Kt_l) +S(It(_12> =Q

coded subfiles of Wy, . Thus, the user Uy can decode Wy, .

Let user Uy, k € [K]\K, be a selfish user. Consider user
Uy such that &' € K. Consider a set 7 C [K]\{k, &’} such
that | 7| = ¢, and define the set S = T U {k}. Therefore, we
have |S| = ¢ + 1. Consider the following transmission from
user Uy, corresponding to the set S :

(k") _ v )
DYoo =Yore| D
seS SES,s#k
Since k € S\{s} for every s # k, user Uy has the coded
subfile Yd(]g g\ (s}’ for every k' € K, in its cache. Therefore,

from the delivery phase, user Uy can decode Y( % for every
k' e Kand T C [K|\{k,k'}. Fora k € [K ]\ICandk’ElC

Temne i} = (“7 %)

(k)
D Vi
sES,s#k

“4)

y*)

4.5\ (s} ®)

we have ‘{Yd(f:;- :

Thus, in addition to the subfiles in the cache, user Uy can get
Qr=(K-5 )( ) coded subfiles of W, from the delivery
phase. Therefore user U has a total of @), + Qr

_<Kt_1>+(K—1)<It{__12>+(K—S)<Kt_2>
K-1 K-2 K-—2
() e () s ()

= (Q coded subfiles of Wy, . That is, a selfish user obtains
more subfiles than required to decode its demanded file. Thus,
the user Uy can decode Wy, . This completes the proof. M
The proposed scheme works for any (K,S’, N) network
with S’ < S, achieving the same load, since (K —S') > (K —
S) non-selfish users are available and the scheme can proceed
by selecting any (K — S) users to perform the transmissions.
The following example illustrates Theorem [T}

Example 1. Consider a (6,2,6) network. Assume that t =
2. Each file is divided into 48 non-overlapping subfiles, i.e.,
Wy = {W, 1€ [48]},Yn € [6]. These subfiles are then
encoded using a [60,48] MDS code. The coded subfiles of
each file W, is represented as [Y,, ; : j € [60]].

Every j € [60] can be uniquely represented as j = (k —
1)104¢x(T) for some k € k(i] and T C [6]\{k} with |T| =2,
where the function ¢y, : ([6] R [10] maps a subset T to
its lexicographic index in ([6 \Q{k}).

The cache content of user Uy, denoted by Zy, is given by

7 = {Y,f”i} T C6\{k},|T|=2,n € [6]} U

U {%%:

Le[6]\{k}

Note that there are (g) + 5 x 4 = 30 coded subfiles of each
of 6 files in each user’s cache, and each coded subfile is of
1/48 file size. Therefore, M = 6 x 30 X 4—18 = % files. Let
d = (1,2,3,4,5,6), and let Uy and Us be the selfish users.
Thus the set of transmitting users is Ugy 2 36). User Uy, k €
{1,2,3,6} makes coded transmissions corresponding to every
set S € ([6]\3{k}). Each of the four transmitting users thus
transmits 10 coded subfiles. Therefore, R = 4 x 10 X 4—18 = %.
Now, consider user Uj.

T 5k T C6\{¢},|T]|=2,n¢ [6}}

User Uy already has 30 coded
subfiles of the demanded file W1 in its cache. It requires
18 more coded subfiles of W1 to decode Wi, since we
have used a [60,48] MDS code to encode the subfiles.
Consider a user from Uiy 236y other than Uy, say Us.
Consider a set T C [6]\{1,2} such thar |T| = 2,
e, T € {{3,4},{3,5},{3,6},{4,5},{4,6},{5,6}}.
Corresponding to each T, define the set S = TU{1}, i.e., S €
{{1,3,4},{1,3,5},{1,3,6},{1,4,5},{1,4,6},{1,5,6}}.

Corresponding to S = {1,3,4}, user U2 transmits
) SN g5 —v,, av?  av®

d1.{3,4} {1,409 Y, 1.3y 1,{3,4) P Y3 (14 DYy (7 31
From this transmzsston user Uy will get the coded
subfiles 'Y, {3 4 of the demanded file W1 since it have

the subfiles Yg( {)1 1) and Y4( {)1 3} in its cache. Similarly,
from the

transmissions by user Uy corresponding to
S = {17375}7{17376}7{17435}a{17436} and {175a6}}’



user Uy will get the coded subfile YIQ{)3 51 }/1(’2{)3’6}, }/1(’2{)475}7
Y1(2{)4 6} and Y( )56 , respectively. That is, Uy gets 6 coded

subfiles of the emanded file W1 from the transmissions of
Us, and similarly six coded subfiles from each of Us and Us.
Thus, Uy obtains a total of 18 coded subfiles of W1 from the
transmissions, and hence can decode W1.

Next, we derive a lower bound on the load using the cut-
set argument. This bound is obtained under the assumption of
a symmetric load, i.e., the transmissions made by each non-
selfish user are of equal size. This assumption was previously
used in [7]], where a lower bound on the optimal load—memory
trade-off was derived for the D2D coded caching problem in
which selfish users are not present. Further, this assumption
is relevant to our scenario since the delivery design must be
identity-agnostic to unknown realizations of non-selfish users,
necessitating a symmetric per-user transmission load.

Theorem 2. For the (K,S,N > K) partially cooperative
D2D coded caching scheme, the optimal-load memory trade-
off is lower bounded by

R (M) = m}? max(KNS_ij
56[ 1] — K—§5 [N/S]

(6)

Proof: Let s € [K — 1]. Consider s users in the network
such that the set of remaining K — s users includes at least
one non-selfish user. Among the considered s users, assume
that ¢ < min(s,S) of them are selfish users. Since the set
of s users can include at most K — S — 1 users, we have
¢ > max(0,s — (K — S) + 1). Without loss of generality,
we assume that the chosen s users are indexed from 1 to s.
Now, consider the demand vector d; = (1,2,...,5,0,...,0),
where user Uy demands for the file W}, for every k € [s].
The demands of the rest of the users are arbitrary. Let U be
the set of non-selfish users not part of the set of considered
s users. Note that [U| = (K — 8) — (s — £) > 1. Let X,
denotes the transmissions from users in U/ corresponding to
the demand vector Jl Now, consider another demand vector
dy = (s+1,542,...,2s,0,...,0) and denote the transmission
from users in U correspondmg to dy as Xo. Similarly, we
consider [N/s] such demand vectors to cover the entire file

library and the corresponding transmissions. Then, we get

N=HWp.n) < H(Zp.o), Xpa:inys)) (7a)

< H(Zp.s) + H(X[:n/67) (7b)
(K=8)—(-0[N] ..

S = ~|ran, o

where ([7a) follows from the fact that the entire file library
can be decoded using the cache contents of the chosen s users
and transmissions X [1:[N/s]] from users in ¢/. In addition,
follows from our symmetric load assumption, where the size
of the transmissions from users in U/ is [U|/(K — S) fraction
of the load. Rearranging the final inequality, for every choices
of s € [K—1] and £ € [max(0,s— (K —S)+1) : min(s, S)],
we have

N N —sM

M) 2 w=s—g =
K-S s

Since the RHS of the inequality decreases with increasing /¢, in

order to maximize the lower bound, we choose ¢ = max(0, s—

(K — S) + 1). Therefore, we get

®)

N —sM
R*(M)Z max S s—max(0,s—(K—S
) TGt B [y
N —sM

ma ]

sE[K— 1] max(K S s,1) |—N/S-|

Next, we show the 0pt1ma11ty of the proposed scheme in a
certain memory regime.

Theorem 3. The proposed scheme is optimal when

— <N M <1 and the corresponding optimal load is

=2
R'(M)=(K-S5)(1-M/N)/(K-5-1). ()

Proof: By substituting, s 1 in (6), we have the
following lower bound on the optimal memory-load trade-off

R(M) > (K — 8)(1— M/N) /(K —§—1).  (10)
By substituting ¢ = K — 2 in (1), we get My = N/{1 +

f(K_ i_)‘}} and the corresponding load achieved is R; =
ﬁ. Similarly, corresponding to ¢ = K — 1, the
memory-load pair (Ms, Re) = (IV,0) is achievable. By mem-
ory sharing, the load R(M) = 2% ES - (1 — 4%) is achievable

for every 1/{1+(K 1)21}<M/N<1 [ |

TABLE I: Comparison of all known and the proposed (K, S, N) partially cooperative D2D coded caching schemes.

SL Schemes and Information level . . . . .
No. Parameters (selfish users) Cache Placement Delivery Scheme Memory M Operating memory regime Transmission load R(M)
Deterministic caching Centralized and Dependent on tN N/ N 1 ] S K- 9'
p = e <M<N -
! scheme in [4], t € Z* Level 2 Uncoded Placement | selfish-user identities K R(S+1) <M <N (%) Zﬂ t+1— bl t—
i
. K K—i+1
cac . . M Mr
Random L.auhmg . Decentralized and Dependent on N . All feasible memory regime 12 R(7) i 1- i »
2 scheme in [4], Level 3 . .. [ = : N] N p AT T N N
Y NIK - - N Coded Placement | selfish-user identities K-S rs<M<N i=2
M € [N/(K - 8): N] refer [4] for r and R(i) expressions.
5 -
1 S K-S
Scheme in [5], Centralized and Dependent on N R K Z [( ) ( S+ +
(A% <M<N t t+1—
3 tez*t Level 2 Uncoded Placement | selfish-user identities K (b FHSM<N <,> =0 s K-S S K-S
h: = 2 E 14 o
where ¢; = min (i [ %] <M,,>. ¢ [=] <M,,>)
Ei - o -
Scheme A in 6] . Centralized and Dependent on N N Y \ 1 S K-S \t+1—1
4 te[K] Level 2 Uncoded Placement | selfish-user identities K xS+ <M< A () z(:, i \t+1—i)] t—i
=
Scheme B in [6], Centralized and Dependent on q(K—q—1)+1 N . TN
4 NE———="= 2 <M<N — M/N
3 S=1q€[K-1] Level 4 Uncoded Placement | selfish-user identities K(K—q-1)+1 K(S+1) <M<N (K/q)ll — M/N]
Scheme C in [6), Centralized and Dependent on tsN - . N . y TIN y
6 ts €[S, ta= =5 Level 4 Uncoded Placement | selfish-user identities S N/min(8, K = $)] < M < N| (N/M = 1) +([S (1 = M/N)]/[L + SM/N])
7 Proposed scheme in Level 1 Centralized and Independent of N(t+1)(K-1) All feasible memory regime (K=S)(K-1) K-t-1
Theoremmt c0: K—-1] eve Coded Placement | selfish-user identities | (K—S)(K—1)+tS N/(K—-S)<M<N (K=8)(K-1)+1S t+1




IV. PERFORMANCE ANALYSIS

In this section, performance analysis of the proposed scheme
is carried out by comparing with all known schemes. Different
partially cooperative D2D coded caching schemes vary in the
amount of information required about selfish users. To cate-
gorize the schemes, we define different levels of information,
listed below from the least to the most required:

o Level 1: Knowledge of the maximum number of selfish
users before the placement phase,

o Level 2: No knowledge of selfish users before the place-
ment phase, but knowledge of their identities to design
the delivery messages,

e Level 3: Knowledge of the maximum number of selfish
users before the placement phase and knowledge of their
identities to design the delivery messages,

o Level 4: Knowledge of the identities of selfish users
before the placement phase.

Table [ summarizes the level of information required and the
operating memory regimes of all schemes. Among them, the
proposed scheme requires the least information about selfish
users. Unlike existing schemes, its transmission design does
not depend on the identities of selfish users. Among all the
centralized schemes, only the proposed scheme operates in all
feasible memory regimes, regardless of the number of selfish
users. This follows from the fundamental limitation of uncoded
placement, which requires the file library to be duplicated at
least S + 1 times across the user caches to tolerate S selfish
users, yielding KM > (S+1)N,ie, M > (S+1)N/K.

Fig[T] compares the proposed scheme with existing schemes
for a (30,.5,100) network for different values of S. Among
the schemes requiring level 2 information about selfish users
and operating in the regime M > %(S + 1)—namely the
deterministic scheme in [4], the scheme in [5]] and the Scheme
A in [6], Scheme A in [6] performs best and is therefore
the only one plotted. The figure highlights memory regimes
where only the proposed scheme operates. The Scheme B in
[6] was studied only for S = 1. Compared to Scheme C in
[6]], the proposed scheme, despite requiring less selfish-user
information, achieves a lower load over the entire memory
regime for small S and in the high-memory regime for all S.
Compared to the random caching scheme in [4], the proposed
scheme achieves a lower load in the lower memory regime
and both scheme approaches the same load at higher regimes,
when the number of selfish users S is small. As S increases,
the load reduction achieved by the proposed scheme gradually
diminishes and, for sufficiently large .S, the proposed scheme
incurs a higher load than the existing schemes, particularly in
the low-memory regime. This behavior is a consequence of
the user-identity-agnostic coded transmission design adopted
in the delivery phase of our scheme.

V. CONCLUSION

In this work, we first proposed a novel partially cooperative
D2D coded caching scheme that operates at all feasible mem-
ory regimes. Unlike existing schemes, the proposed scheme
does not require knowledge of the selfish user identities; it
only needs to know the maximum possible number of selfish

30 T T T
q
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Fig. 1: Load-memory trade off of the proposed and existing
schemes for a (30, .5, 100) partially cooperative D2D network.

users in the network. A general cut-set based lower bound on
the load is also obtained. Using this, the proposed scheme is
shown to be optimal in the high-memory regime. Obtaining
tighter converse bounds and improved optimality guarantees
are directions for future work. Designing schemes that further
reduce the load by adapting to the exact number of selfish
users is also an interesting research direction.
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