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Abstract— Caching is a promising technique for 5G networks
to reduce the backhual traffic and increase the overall network
efficiency. In this paper, we study the caching placement policy
with consideration of cooperative transmission for a two-hop
relay-enabled device-to-device (D2D) network. In the caching
placement phase, the probabilistic caching placement policy is
considered, and in the content transmission phase, the hybrid
automatic repeat request (HARQ) scheme with soft informa-
tion combining [i.e., energy accumulation (EA) and mutual-
information accumulation (MIA)] is utilized to improve the
content retrieval experience. Cache-aided successful transmission
probability (CSTP) is adopted as the main performance metric
in this paper. By using tools from stochastic geometry, analytical
expressions for the CSTP under different transmission schemes
are derived. In moderate or high SIR regime, the optimal caching
placement policy is identified based on the analytical expression
and the CSTP performance is maximized accordingly. Evaluation
results suggest that the MIA-based caching strategy performs
better as opposed to existing strategies in most cases, but this
outperformance vanishes when the transmission environment
becomes severe or when users’ requests become concentrated.

Index Terms— Caching, cache-aided successful transmis-
sion probability, device-to-device network, mutual-information
accumulation, stochastic geometry.

I. INTRODUCTION
A. Motivation

T IS predicted that the monthly world mobile data traffic
will approach 49 exabytes (1 exabyte = 1 billion gigabyte)
per month in 2021 which is 6 times higher than 7.9 exabytes
per month in 2016 [1]. Providing realible service for such
a huge volume of mobile data traffic becomes a challenging
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problem for the implementation and development of 5G net-
works. As a promising technique, caching enables intermediate
nodes between the content server and the end consumers
to prefetch relevant contents according to different caching
algorithms. Two major benefits can be achieved through the
use of caching. From the network’s perspective, the data traffic
between the content server and the end user can be reduced.
From the end user’s perspective, the delay to fetch such content
can be reduced, and thus the corresponding quality of expe-
rience (QoE) of retrieving the underlying content increases.
In fact, the essence of caching can be regarded as saving the
precious transmission resource through paying the price for the
storage resource. Since the storage resource is relatively cheap,
caching in wireless devices provides both positive technical
and economical impacts for future 5G networks.

One of the major challenges of caching is that the storage
capacity of the intermediate node is usually limited compared
to the overall predicted mobile data. Therefore, the design of
the caching algorithm, i.e., the caching placement policy is
of crucial importance to the caching gains, and attracts a lot of
attention in recent years. On the other hand, instead of focusing
on the caching placement policy exclusively, transmission
strategies should also be considered jointly. This is due to the
fact that the content still needs to be delivered to the end user
through radio transmission to complete the content retrieval
process. Accordingly, transmission schemes are also important
to maximize the underlying performance gain achieved by
caching. From the end user’s perspective, a content cannot
be retrieved locally via caching if a cache miss occurs or the
transmission from the caching node fails. Therefore, caching
placement policy and transmission strategies are coupled in
nature for caching networks and should be considered jointly
for the design of caching placement policy.

In order to improve the overall performance, relay-enabled
cooperation technique can be used in the transmission
process [2]. More specifically, if the transmission from the
caching node to the end user fails but a relay node near the
receiver decodes the content successfully, then the relay can
re-encode the content and transmit it to the end user [3].
By carefully selecting a relay user, the performance of the
relay-enabled cooperation scheme always outperforms the
conventional direct transmission [4], [5]. Together with relay-
enabled cooperation technique, the hybrid automatic repeat
request (HARQ) scheme with soft information combining can
be adopted at the end user. Equipped with this technique,
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the receiver of the end user will have the ability to accumu-
late information from multiple receptions. Depending on the
applied coding schemes utilized in the multiple transmissions,
energy accumulation (EA) or mutual-information accumula-
tion (MIA) can be achieved at the end user. In EA, the multiple
transmissions use the same coding scheme (such as repetition
coding in [6]) to encode the same content, and the messages
in different transmissions are identical. At the receiver side,
the end user receives redundant copies of the content. The user
can decode the content if the accumulated energy exceeds the
energy threshold which highly depends on the transmission
power and channel condition. On the other hand, if different
coding schemes are used in multiple transmissions (such as
rateless fountain coding in [6]) to encode the same content,
the messages in different transmissions are independent, and it
is a kind of MIA at the receiver side. The end user can decode
the content if the accumulated mutual-information exceeds the
entropy of the source [7].

The difference between MIA and EA can be easily under-
stood from a simple example that two transmitters send one
message to a destination, each via an erasure channel with the
erasure probability p.. If repetition coding is used (two trans-
mitters send redundant message), the destination can receive
(1—p?) bits per transmission on average. On the contrary, if the
two transmitters use different fountain codes, the transmitted
messages are independent and the destination can receive
2(1 — pe) (always > 1 — p?) bits in one transmission,

In this paper, we focus on analyzing the performance of
caching in two-hop device-to-device (D2D) networks [8], [9].
In D2D networks, users can fetch content from nearby peers
directly without going through the BS. This can improve the
end user’s QoE in content retrieval because the transmission
can achieve higher data rate and suffer lower delay due to the
proximity of communicating devices [10]. At the same time,
the transmission burden of the BS is alleviated. Depending on
the caching placement policy and the underlying transmission
scheme, a user can retrieve its desired content from itself
(self-caching), from nearby peers (D2D caching), or from the
BS (cache miss or D2D transmission failure). The caching
gain under the D2D network can be maximized by optimizing
the caching placement policy with consideration of various
transmission schemes.

B. Related Work

Applications of caching technique have been widely stud-
ied in different scenarios. As an early work to apply
caching in wireless network, [11] introduces the femtocaching,
i.e., caching is deployed at the femto base stations to reduce
the traffic of the backbone network. Femtocaching and D2D
caching are jointly considered to further increase the caching
gain in [12]. In addition, caching placement policy for
heterogeneous networks is studied in [13], [14]. Assuming
the cache can be retrieved as long as it is found locally,
these work mainly focus on designing the caching place-
ment policy without considering the impact of transmission
failure. D2D caching with the consideration of mobile users’
remain battery capacity is investigated in [15]. And [16]
studies the cooperation of multiple network operators when
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determining what to cache. Channel assignment policy in D2D
networks to minimize the average content delivery delay is
characterized in [17].

It is important to note that [18] jointly studies the caching
policy and transmission under D2D networks with the consid-
eration of interference and noise. The closed-form expression
for the optimal caching policy is found in some special cases.
Further, [19] extends the work by considering the gain of self-
caching. These work mainly focus on the transmission in a
single-hop network while [20] extends the single-hop transmis-
sion into multi-hop applying retransmission. The information
theory aspect of multi-hop transmission in caching area is
studied in [21].

On the other hand, EA and MIA are important cooperative
transmission strategies for wireless networks and receive a
lot of attention in the literature. To be specific, the perfor-
mance of EA and MIA in the multiple relay scenario are
compared in [6]. [7] uses MIA to assist the resource allocation
in multi-hop transmission network to minimize the end-to-
end relay under limited energy and bandwidth budget. Later,
Hao et. al. in [22] applies MIA in cognitive radio network
to improve the delay performance of the secondary users.
Also, in [23] EA and MIA are applied to increase secondary
user transmission opportunity and to increase the primary user
throughput. In addition, the benefit of MIA in coordination
joint transmission (CoMP) is studied in [24].

C. Main Contributions

Different from the literature that caching placement policy
and cooperative transmission scheme, especially the EA and
MIA, are analyzed separately, in this paper we study the inter-
play between the caching placement policy and the coopera-
tive transmission in relay-enabled D2D networks. Depending
on the applied caching placement policy and transmission
scheme, a user can fetch its desired content from itself, nearby
D2D users, or the base station according to the placed content
availability and the channel condition of the content transmis-
sion [19]. Our purpose is to maximize the probability that the
end users’ requests can be satisfied locally. This is achieved
through optimizing the caching placement policy with the
consideration of the transmission scheme. Here for relay-based
networks, different cooperative transmission schemes should
have the same performance in the first time slot because they
share the same transmission process. However, in the second
time slot, due to different accumulation strategies are used,
these schemes will have different performance. Cache-aided
successful transmission probability (CSTP) is utilized as the
performance metric to reflect the mutual impact of caching and
cooperative transmission [18]-[20]. Mathematically, CSTP can
be defined as the sum of the probability that a receiver
can retrieve its desired content from cache (including self-
caching and D2D caching) weighted by the corresponding
request probability. Using tools from stochastic geometry,
we obtain the expressions for the CSTP with respect to the
caching placement policy. And the analytical expressions of
optimal caching placement policy under different transmission
strategies can also be derived in the moderate or high SIR
regime (i.e., when the SIR threshold 6 > 1 dB).
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The detailed contributions of this paper can be listed in
the following. Firstly, although a lot of papers have been
carried out to study the caching and transmission, to the
best of our knowledge, this is one of the first works to
jointly analyze the performance of the caching and relay-
based cooperative transmissions in D2D networks on the con-
sideration of different HARQ techniques (EA and MIA) and
optimize the caching placement policy. The joint consideration
of caching and cooperative transmission could significantly
improve the caching performance. Secondly, using tools from
stochastic geometry, analytical expressions for the CSTP are
characterized. In addition, optimal caching placement poli-
cies are derived based on analytical expressions in various
operation regimes. Also, the analytical results are verified
using Monte Carlo simulations and numerical evaluations. The
results demonstrate that the CSTP performance is influenced
by both the underlying caching placement policy and the
transmission scheme. In addition, MIA based caching strategy
performs better than existing non-cooperative strategies in
most cases. However, the performance gain of MIA will vanish
when the required SIR threshold becomes high and when
the users’ requests become concentrated to the most popular
contents.

The rest of this paper is organized as follows. Section II
presents the system model and the CSTP formulation. And
an optimization problem is established to maximize the CSTP
performance in this section. Section III then provides detailed
analysis to maximize the CSTP performance. To be specific,
the analytical expressions of the CSTP are derived at first.
Then the CSTP is maximized by solving the optimization
problem, and the corresponding closed-form expression of the
optimal caching placement policy in the moderate and high
SIR regime is characterized. The impacts of various system
parameters on the performance of CSTP are investigated
via a series of simulations in Section IV. Finally, the paper
concludes in Section V.

II. CSTP FORMULATION
A. System Model

In this paper, we consider a cache-aided D2D network
where wireless users are modeled by a homogeneous Poisson
point process (HPPP) &, with intensity of A, [25], [26].
The total content library these wireless users may require
contains J contents, each of which is assumed to have a
normalized size. Let f; denote the index of the j-th content,
and denote p(j) as the popularity of content f;. Along with
the literature [17], [19], the popularity is modeled by Zipf

-

distribution with skewness parameter v, i.e., p(j) = ﬁ
=1

The content retrieval in the cache-aided D2D network con-
sists of a caching placement phase and a content transmission
phase [17]. In the caching placement phase, each user inde-
pendently and randomly caches relevant contents according to
the content popularity. In this paper, the probabilistic caching
policy with the probability vector q = {q1,- - ,q;, - ,qs} €
[0,1]**/ is assumed to be applied at each wireless user
[18]-[20]. Thus, a content f; is cached by a user with a
specific probability ¢; € [0,1]. Each user is assumed to be
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equipped with a common caching capacity Mg < J contents,
and the caching placement policy should follow

J
> g < Ms. ()
j=1

In the content transmission phase, the slot-based protocol is
assumed to be operated in the network. At a slot, each wireless
user has the probability of p to be active. Active wireless
users will initiate content requests to nearby wireless devices.
Accordingly, the active wireless users are potential receivers
of the underlying D2D network. On the other hand, wireless
users have the probability of 1—p to be inactive. These inactive
users will receive content requests from those active users and
are the potential transmitters of the underlying D2D network.
In this work we focus on a simplified case where wireless users
cannot serve others while being served. Under this assumption,
the potential receivers and potential transmitters respectively
follow HPPP &, with the intensity of A, = A, p and ®, with
the intensity of \; = A, (1 — p) based on the thinning rule
of HPPP [27]. We restrict p € [0.2,0.8] to avoid all users in
the underlying D2D network being active (p — 1) or inactive
(p — 0). To make our analysis more tractable, along with
the literature [26], [28], the transmitters in the two time-slots
are assumed to be independent and identically distributed, and
the influence of spatial and temporal correlation of interference
will be addressed in our future work.

In terms of radio access, the Rayleigh block fading is
assumed for the underlying wireless channels, and shadow fad-
ing is not considered in this work. Furthermore, wireless users
are assumed to use the same transmission power P across the
network. Therefore, for a typical D2D receiver (destination
user, DU) locating at the origin, the received signal-to-noise-
plus-interference ratio (SINR) can be expressed as
P |h0|27’7a

62 4+ I,

In this equation, hg ~ CN(0,1) and r are respectively the
Rayleigh fading coefficient, and the distance from X to the
origin, where Xy is the location of the desired transmitter
(source user, SU). o > 2 is the underlying path loss exponent,
and 07 is the noise power. I = Y« 4\ x, Plhx|* Dy is
the interference power suffered by the DU where Dy, is the
distance from the interfering user Xy, to the origin. Since D2D
networks usually operate in the interference limited regime,
we can safely assume [}, >> §2 =

SINR = (2)

B. Mode of Operation

When the DU requires a content f;, it first checks its self-
caching status. If f; is already cached by itself, then a self-
caching hit event happens and the request can be satisfied
immediately without any transmission or failure. Otherwise,
if the self-caching misses, the DU attempts to fetch the content
from nearby peers through D2D caching and transmission
[18], [19]. Before establishing the D2D link, the DU should
find an appropriate D2D transmitter who can provide the
content f;.

Like the named data networking (NDN), the D2D transmit-
ter selection can be performed by DU broadcasting Interest
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packets to nearby users [29]. The users satisfying the following
two conditions can respond the Interest and act as the D2D
transmitters. Firstly, the user should be inactive to ensure that
it can act as a transmitter; and the second condition is that
the required content f; is cached in the user’s memory. If
one or more potential transmitters satisfy the conditions, then
the nearest transmitter is chosen as the SU to maximize the
received SIR at the DU [17]. The SU selection process may
fail if no D2D users cache the required content. In this work
we treat this selection failure as D2D transmission failure
by assuming the SU is infinity from the SU, ie., r — oo.
According to [27], the distance r between the SU and the DU
follows the following distribution:

fr(r) = 277/\tqu67”>“qj r? 3)

Due to the channel fading and path loss, the transmission
may fail if the received SIR at the DU is lower than the
decoding threshold 6. The delay constraint of the transmission
is set to two time-slots in this paper, which means the D2D
transmission is regarded as successful if the DU can decode the
f; successfully within two transmissions. Otherwise, the D2D
transmission fails, and the DU’s request cannot be satisfied by
D2D caching.

To improve the overall network performance, the relay-
enabled cooperative transmission is applied in the content
transmission phase. And the decode-and-forward (DF) proto-
col is applied in the network. To be specific, if the transmission
from SU to DU fails but an intermediate user near the DU
decodes the content successfully in the first time-slot, such
user re-encodes the content and transmits it to the DU in
the second time-slot; and the intermediate user is called the
relay user (RU). The selected RU needs to meet the following
requirements. Firstly, the potential RU should be active and
requires f; in the first time-slot. Otherwise, the user cannot
be selected as RU if it is inactive or requires a content other
than f;. For the former case that the user is inactive, the user
should be selected as SU if f; is cached because it satisfies the
SU selection conditions, or acts as an interference transmitter
if f; is not cached. For the latter case that the user requires a
content other than f;, the user will treat the message related
to content f; as interference and discard it. The potential
RUs satisfying this condition follow the HPPP with density of
Aupp(j). The second condition is that the potential RU should
locate in the relay area (RA). Here the RA is composed by
a set of points that lay between the SU and the DU, i.e., the
distance between the RU and the SU (r;) and the distance
between the RU and the DU (r3) should not larger than that
between the SU and the DU (r). This condition guarantees
that the selected RU can provide a better channel condition
in the second transmission, and it has a higher chance to
successfully transmit f; to the DU. As shown in Fig. 1, in this
paper the RA is defined as a sector in which the vertex is the
DU, the radius is r, and the intersection angle is g which is
bisected by the segment between DU and SU [27]. Define Nr
as the number of potential RUs in the RA, and the probability
that no RU can be found in the RA is [27]

P(Nk = 0) = exp(— T Aupp(i)r?). @)
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DU

RU

SU

relay area (RA)

Fig. 1. Relay area in the RU selection process.

The third condition for the potential RUs is that the selected
RU decodes the content [; successfully in the first time-slot.
This condition ensures that the RU can perform as a transmitter
in the second time-slot. Otherwise, if the user fails to decode
f;, it will keep receiving the content to satisfy its requirement.
If no RU can be selected in the RA, the SU retransmits the
content f; to the DU in the second time-slot. On the other
hand, if one or more RUs are found, they can locate at any
point in the RA, but it is challenging to formulate their exact
locations. To make our analysis more tractable, the impact of
RU selection on the overall network performance is analyzed
by selecting the worst RU in the RA. The worst RU selection
will be elaborated later. After a RU is selected, rq, ro, and
the intersection angle between the bisection and 9, ¢, are all
fixed and can be expressed as

0<ry,re<m,

by
0< < —

<¢< 1
rf = r2+r§ — 271719 COS ¢. ®)

For ease of illustration in the following derivations, (5) can
be rewritten as 7o = (r where 3 € [0,1] and 77 = (1 +
(3% — 2 cos ¢)r? if necessary [26] . At the DU side, the DU
receives the transmitted messages and attempts to decode them
based on the received SIR. If the decoding fails, it stores the
messages and combines them with the subsequent received
messages until the delay constraint is violated or the decoding
succeeds. Based on the applied channel coding methods in the
multiple transmissions, EA or MIA is achieved at the DU side
to improve the decoding probability. If the decoding succeeds
before the delay constraints, the DU sends an ACK feedback
to the transmitter to stop transmission in the subsequent time-
slots. The delay of decoding and the ACK feedback are
assumed negligible in this paper.

Let P4 where A € {EA, MIA} denotes the successful trans-
mission probability within two transmissions when scheme
A is applied in the content retrieval process. The analytical
expressions of P4 regarding to different transmission schemes
will be given in the subsequent section. Then the CSTP,
denoted by 74 [20], can be mathematically expressed as

J
Ta= p(i)la x 1+ (1—q5)Pal. (©)

To maximize the CSTP performance which highly depends
on the caching placement policy and transmission strategy,
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the optimization problem can be formulated by

P4 : maximize Ty,
q
subject to (1),
0<g¢ <1, (N

where the constraint (1) indicates that the caching capacity
of every user is limited to Mg contents, and (7) means the
caching probability should not exceed one.

III. CSTP PERFORMANCE ANALYSIS

In this section, we analyze and maximize the CSTP perfor-
mance through solving the optimization problem P4. To be
specific, the expressions of the successful transmission prob-
ability P4, A € {EA,MIA}, are respectively given, and the
maximal CSTP performance are achieved for different trans-
mission schemes by obtaining the optimal caching placement
policies.

A. Derivation of Pga

The successful transmission event occurs if one of the
following cases happens under EA:

CASE I: The first transmission from the SU to DU succeeds,
i.e., the received SIR exceeds the decoding threshold 6. The
probability of this case is

Pea1(r) = Pi(SIRsp,y > ) = e ™MK, 8)
where ¢ = % <1, and K = %. The derivation is widely

applied in the literature and can be found in [27] (eq. (3.29)).
Here it should be noted that the SIRgp; means the received
SIR at the DU from SU in the first transmission. Similar
notations are also available in the rest of the paper. For
example, SIRgp indicates the received SIR from RU to DU
in the second transmission.

CASE II: The first transmission from the SU to DU fails,
and no RU can be selected in the RA. In the second time-slot,
the SU keeps transmitting f; using the same encoding method
so that the DU can accumulate energy from multiple recep-
tions. By conducting maximal ratio combing (MRC) technique
at the DU, the received SIR after the two transmissions can be
seen as the SIR summation of the two transmissions [6]. Thus,
the second transmission succeeds if the total SIR exceeds
the decoding threshold 6, and the successful transmission
probability is
Peau(r)

= PT(SIRSDJ < 9, NR = 07 SIRSD,I + SIRSD,Q > 9)

= P; (NR = 0) P; (9 — SIRSD’Z < SIRSDJ < 9)

(a) _ =y pp(G)r? OO ’

= e 47u fSIRSD,Z(y) fSIRsD,l (m)dmdy
0 O-y
6

- e*%“pp(j)rz/ TA KBy e K O gy
0

)
where (a) applies the result of (4) and the distribution of the
received SIR that

dP, (SIRgp < w) @ (1 -
dw o dw
= 57TK/\t7“2w6_1e_”KA”"2“6.

e—TI'K)\tT2UJ§)

fsrgp (W) =
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CASE III: The first transmission from the SU to DU fails
and there exists at least one RU in the RA. The selected
RU decodes the f; in the first transmission via its self-
caching or via the transmission from SU to RU. In the second
time-slot, the RU successfully transmits f; to DU using the
same coding scheme; and the DU decodes content f; by
combining the two receptions. The location of the selected
RU inevitably impacts the performance of CASE III. Since it
is difficult to get the exact expression of the RU location, in the
following theorem we provide the lower bound performance
by fixing the RU at the worst case as follows

Theorem 1: The worst RU in the RA is when ro = r and
¢ = 7. and the successful transmission probability in this case
is given by

PEAJH(T)
= Pr(SIRSD,j < 9, Ngr >0, SIRSRJ > 9, SIRSD,I‘FSIRRD,Z > 9)

= {1 - e*%MﬂP(J’)T’Q} [qj +(1—gq;) e*ﬂlﬂﬂ‘i(?*ﬁ)ﬂ}

0 .
X / wKAtéy‘S_lrQe*”)“KTz[yu(e*y)s]dy. (10)
0

Proof: The Proof is in Appendix A. [ |
Then, Pga can be derived by summing the probabilities of
the three cases and calculating the expectation over r, i.e.,

Pea = E; [Pea1(r) + Pea_n(r) + Pea_m(r)]
= ¢ Fea1 (45,0, (§)  p,0) + 47 Feaz (5,0,p (§)  p, 0)

. q;
+0; (1= ;) Fona (43,6:2 () 2,0) + — 5
j
(1)
where
FEAI (QJv(;ap(])vpvo)
_/9 K(Syé—l d
= g L . 5 5 2 Y,
{qj‘i‘zﬁp(])‘f'K{y +(0-y) }}
FEAQ(qjv(;ap(j)vpvo)
6 K6y6—1
= ; sdy
0 {qj+K[y5+(9—y) H
K(Syéfl i
Y,

0
Ly PrewryY ey
and

Fras (¢5,6,p(j),p,0)
_ /9 Kéyo~!
0 {qj+K [y5+(9—y)‘5} + K9 (2—\/5)}
B /9 Koy~ ldy .
o{qﬁK[yajL(g_y)ﬂJrKeé (2—\/§)+i1%pp(j)}

zdy

The detailed derivation process is in Appendix B.
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In the moderate or high SIR regime, the following approx-
imations hold

qj+K[y5+(9—y)5} %K[y“r(@—y)‘s},
T )+ K[+ 0=~ [+ 0 -]
(12)

where K > 1,6 < 1, and 0 < ¢; < 1. Let f(y) = K[y° +
(6—v)°], and via first-order derivation, we can get that f(y) €
(Ko°, 2K(g)5) > 1. Then the g; appeared in the Fgai, Fraz,
and Fgas can be safely removed with negligible influence.
Similarly, the term 0 < iﬁ (j) <1 also can be removed if
p €[0.2,0.8] and 0 < p(j) < 1. As a result, the Pga in (11)
can be simplified to

PEA:quEA (K7659)5 (13)
where
% 6—1
) 1
Fia (K,(S,G):/ L 3y + s (14)
O K[y +(0-y)

B. Derivation of Pya

Similar to the EA scheme, there are the following three
cases ensuring that the user can fetch its desired content via
caching when MIA is applied.

CASE I: The first transmission from the SU to DU succeeds,
i.e., the received SIR exceeds the threshold #. The successful
transmission probability of this case is the same as the CASE
I of EA scheme that

S5
PMIA?I(T) = PEAJ(T) = PI(SIRSDJ > 9) = 677r)\tK0 r2.
(15)

CASE II: The first transmission from the SU to DU fails,
and no RU can be selected in the RA. Thus the SU continues
to transmit the file f; to the DU in the second time-slot
using rateless fountain coding. It would succeed finally if the
accumulated mutual-information during the two transmissions
exceeds the decoding threshold log, (1 + ) [22]. The success-
ful transmission probability of this case is

Puia_n(r)
=P, [NR =0, SIRSDJ < 9,
log, (1 + SIRgp 1) + log, (1 4 SIRsp2) > log, (1 + 6)]

0—y

N 0 S s
= e B / N O S
0
(16)

CASE III: The first transmission from SU to DU fails, and
at least one RU can be selected in the RA. The selected RU
decodes the f; via self-caching or by transmission from SU.
In the second time-slot, the RU re-encodes the f; using
rateless coding and successfully transmits it to the DU. It is
worth noting that as stated in CASE III of the EA scheme,
the location of RU (r2 = r, ¢ = 7) provides the lower bound
of successful transmission probability. This conclusion also
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holds for the MIA scheme. Thus, the successful transmission
probability of this case under the worst RU is

Pyia_m(r)
= Pr [SIRSDJ < 9, NR > 0, SIRSRJ > 9,

log, (1 4+ SIRsp 1) + log, (1 + SIRgp2) > log, (1 4 6)]
_ {1 _ e—%)\upp(j)rz} |:Qj + (1 _ Qj) e—TrK)\tQE(Q—\/i)T2:|

0 : —y )\
/ TK N0y 112 eﬂr)‘tKTz [y8+(61)+_y) ]dy-
0

Overall, when MIA is applied, the successful transmission
probability at the DU can be calculated by summing the three
cases and then performing expectation over r, i.e.,

Puia =E; [Pvia 1(7) + Pyia () + Pvia_m (7))
= quMIAl (QJv 6,]7 (]) 5 P 0)+qj2‘FMIA2 (qj; 5,]3 (]) P 9)
+qj (1_qj)FMIA3(qj567p(j)7p79)7 (17)

where
FMIAI (QJv 6,]7 (]) s P 0)
1
g + K09
Koy~ ldy

v )
0 {qj +arZp () + K [yé " (%)6]}

Fviaz (g5,6,p(4) , p, 0)

0 Kéyd—ldy
frorle- )

/O{

5 2
g+ 1750 0) + K [y5+ (%) ]}
and

FMIA3 (QJv(;ap(j) apae)
Koéy®—!

_/9
o {Qjﬁ-K[yé'l-(%)é]-i-Kf)é(Q—\/ﬁ)}
0 Kéy‘s*ldy

e PR T

5dy

Similar with EA case, in the moderate or high SIR regime,
the Pyia can be simplified to
Puia = ¢jFvia (K,0,0) , (18)

where

0
oy 1
Fyviia (K,579)=/0 dy + ok (19)
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C. CSTP Maximization

After deriving the P4, the analytical expression of 74 can
be given. Now we are in the position of solving the optimiza-
tion problem P4. Due to the variable ¢; in the denominator of
the complex expression of P4, the optimization problem P4 is
hard to solve. However, we can get some instructive analysis
in the moderate or high SIR regime. Take the EA case as an
example. Since 7g4 in this case is concave with respect to g;,
the Karush-Kuhn-Tucker (KKT) condition can be applied to
solve the optimal caching placement policy [19]. Accordingly,

J
Lea(pi,q5) = —TEA+AL1ZQ;' - Ms, (20)
j=1
and
oL ,q .
-—Jﬁiﬁijﬁ)==—p(ﬂ[1+'0f—2%ﬂf%A]+lu, (21)
9q;
where Fga is shown in eq. (14). By %{’;l’q’) = 0 we can
yield the optimal caching policy, denoted by ¢j,, as
o 1w G5 )
=—[1—-— ——1]]. (22)
er =3 [ Fia <p(J)

The value of f“ can be found by bi-section method with the
constraint » i=14; < Mg [19]. Similarly, the optimal caching
policy in the MIA case, denoted by gy, can be expressed as

w2 1)
aMmIA 5 Fuma \ p (]) ,

where Fya is shown in eq. (19).

(23)

IV. PERFORMANCE EVALUATIONS

In this section, we evaluate the numerical results to illustrate
the influence of network parameters on the CSTP performance.
The numerical results are calculated based on (6) where
Pga (resp. Puvia) is based on (11) (resp. (17)). The applied
optimal caching placement policy is shown in (22) (resp. (23)).
As a baseline scheme, the existing without accumulation
scheme [20] is also given, in which the RU simply decodes
and forwards the data to the DU in the second time slot.
Furthermore, Monte Carlo simulations are performed to verify
the accuracy of numerical results. In the simulations, a D2D
network following HPPP with intensity A, = 10~2 users per
m? is considered. The path-loss exponent o is assumed to
value 4 in the simulations, and the transmission is treated as
successful if the received SIR exceeds the threshold ¢ = 2 dB.
Each user has an active probability p = 0.5 to initiate a content
f; from the content library containing J = 20 contents. Also,
the request follows Zipf distribution with skewness parameter
v =0.1.

A. Impact of Popularity Parameter ~y

Fig. 2(a) plots the CSTP performance as a function of
popularity parameter ~y for all the candidate schemes. A larger
7 means users’ requests are more concentrated to the most
popular contents. Such concentration feature indicates that
an arbitrary content request is more likely to be satisfied
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Fig. 2. Performance comparison of CSTP under different popularity
parameter ~y.

through caching. From this figure, it is observed that the
CSTP increases with v under all the candidate schemes. Also,
the MIA scheme outperforms the EA scheme, while EA shows
the similar performance compared with the without accumula-
tion scheme. This implies that the HARQ scheme, especially
MIA, can improve the CSTP performance as opposed to
existing schemes. In addition, one can find that the simulation
results are a little higher than that of numerical results for the
MIA case and EA case. The reason of the observation is that
our derivations are based on the worst RU selection process,
but this is not applied in the simulations.

Fig. 2(b) shows the optimal caching placement policy q
as a function of content index f; for EA and MIA schemes.
The caching placement policy is a decreasing function in terms
of f;. It is obvious that contents with higher popularity should
be cached with higher probabilities, while those with less
popularities can be discarded if the storage capacity is limited.
To have a better comparison, in this figure the popularity based
caching scheme is shown as a benchmark. In popularity based
caching scheme, the most Mg popular contents are cached
with probability 1 and the others are cached with probabil-
ity 0. If a content is not found by self-caching, it cannot be
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fetched from nearby peers via D2D caching either. Thus, this
is the most “selfish” probabilistic caching placement policy
without any caching diversity. For every scheme, the optimal
caching placement policy when v = 0.4 is more “selfish”
than that when 7 = 0.1. When users become “selfish”, they
allocate more caching space for the most popular contents.
Accordingly, the portion of users’ requests being satisfied by
D2D caching are reduced. This may happen when the D2D
transmission environment becomes severe, or when users’
requests are concentrated to the most popular contents. This
observation can also be seen in Fig. 2(a) that the performance
gap of different schemes decreases with ~. In addition, as seen
in Fig. 2(b), the optimal caching placement policy of EA is
more “selfish” than that of the MIA scheme. This is because
the EA achieves lower communication benefits compared with
MIA, and the D2D caching contributes less to the overall
CSTP performance accordingly. In this case, a more “selfish”
caching placement policy is adopted to increase the self-
caching benefit and to maximize the CSTP. Following the
logic, we can conclude that the optimal caching placement
policies of the without accumulation scheme and the single
hop transmission are more “selfish” than EA scheme; and the
illustration is omitted in this figure for brevity.

B. Impact of SIR Threshold 0

The impact of SIR threshold # on the CSTP is analyzed
in Fig. 3(a). From the figure, it can be observed that the
performance of CSTP decreases with 6 for all schemes. It is
obvious that the decoding condition becomes rigorous with
higher 6, and the successful transmission probability decreases
accordingly. When @ is large enough (e.g., § = 4 dB), more
rigorous channel condition is needed to decode the desired
content, and almost no transmission gain remains. In this case,
the D2D caching gain is negligible, and the self-caching dom-
inates the CSTP performance. Thus, when 6 is large enough,
the performance of all the candidate schemes converge to the
probability that the users’ requests can be satisfied by self-
caching. Such observation also can be seen in Fig. 3(c) that
the optimal caching placement when ¢ = 4 dB approaches to
the popularity based scheme. However, as shown in Fig. 3(b),
if only the transmission is considered and the influence of
caching placement is excluded (this is done by applying a fixed
caching placement policy to all the transmission schemes),
the conclusion that MIA always performs better than EA
can be drawn. The observation implies that such conclusions
in the transmission area do not hold in the caching area
anymore. Therefore, caching placement policy and cooperative
transmission are coupled in nature when maximizing the
caching performance.

In addition, from the Fig. 3(a) one may observe that the
outperformance of the MIA based scheme is not so significant
compared with the baseline schemes. The explanation is as
follows. As stated in the analysis part, the CSTP performance
is determined by two factors: the caching placement policy
and the transmission scheme. The following two conditions
need to be met to contribute to the increase of the CSTP:
1. The required content should be cached by some D2D
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Fig. 3. Performance comparison of CSTP under different decoding
threshold 6.

users (this depends on the caching probability vector); 2. The
required and cached content should be successfully delivered
to the DU. For the first condition, due to the fact that there
is limited caching space at D2D users the probability that
a particular content can be fetched nearby is low. That is
why the CSTP performance of different transmission schemes
cannot be differentiated significantly under the constraint of
limited caching capacity. However, advanced transmission
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Fig. 4. CSTP performance comparison under different active probability p.

schemes certainly improve the CSTP performance, and such
improvement could be significant in practical content retrieval
process under the caching capacity constraint.

C. Impact of User Active Probability p

The CSTP performance with user active probability p
changing from 0.2 to 0.8 is analyzed in Fig. 4. For all the
schemes shown in this figure, the change of p has negligible
impact on the CSTP performance. Although the influence of
p is omitted in deriving the optimal caching placement policy
as shown in (22) (resp. (23)) for the EA (resp. MIA) case, its
influence is considered when calculating Pga (resp. Puia) as
shown in (11) (resp. (17)). The stable performance indicates
that the value of p does not impact the CSTP performance and
that our approximation to remove its influence in deriving the
expression of the optimal caching placement policy in accu-
rate. The observation can be intuitively explained as follows.
The parameter p influences the density of D2D transmitters
(M = M(1 — p)), including the desired transmitter (SU)
and interference transmitters. When p is small, the transmitter
density is dense and the received powers of both the desired
signal and interference signal are high. On the contrary, in the
large p case, the transmitters are very sparse, and the powers
of the desired signal and interference signal are low. In both
cases, the SIR, i.e., the ratio of the desired signal power and
the interference signal power are comparative, thus the CSTP
performance does not fluctuate too much with the change of
p when other conditions are fixed. Similar conclusion can be
achieved by studying the user density \,, and the illustration
is omitted for brevity.

D. Impact of Path Loss Exponent «

Fig. 5 plots the impact of path loss exponent o on the
CSTP performance. When o = 2, all schemes have the same
performance. With the increase of «, the CSTP performance
increases for all schemes. The observation can be explained
as follows. For a lower «, the transmitted signal suffers more
path loss than the interference signals, and the received SIR
decreases gradually. When o = 2, almost all transmission
gain vanishes, thus the CSTP of different schemes converge
to the situation that only considers self-caching gain. This is
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very similar with the case when 6 > 4 dB in Fig. 3(a).
By accumulating mutual information in different transmis-
sions, the MIA scheme can perform better to counter the dete-
rioration of the transmission environment than other schemes.
This is why the MIA scheme always performs better than its
rival schemes when o > 2. With « increasing as well as the
transmission environment getting better, the outperformance of
MIA is more significant compared with other schemes. This
observation coincides with that in Fig. 3(a), indicating that
MIA scheme could get higher gain and has better performance
when higher transmission gain could be achieved.

V. CONCLUSION

Caching is a promising technique to mitigate the bur-
den of ever-growing data transmission in 5G networks, and
the applied transmission schemes highly impact the perfor-
mance gain of caching. In this work, the caching place-
ment policy was studied with consideration of cooperative
transmission in a two-hop device-to-device (D2D) network.
The hybrid automatic repeat request (HARQ) scheme with
soft information combining (i.e., energy accumulation (EA)
and mutual information accumulation (MIA)) was applied at
the user side. Cache-aided successful transmission probability
(CSTP) was adopted as the performance metric in this paper.
Based on stochastic geometry tools, the analytical expressions
for the CSTP were derived; and the corresponding optimal
caching placement policy was given to maximize the CSTP
in moderate or high SIR regime. Evaluation results indicate
that the MIA based cooperative caching strategy performs
better as opposed to existing strategies in most cases, but
such outperformance vanishes when the transmission envi-
ronment becomes severe or when the users’ requests become
concentrated.

APPENDIX A
PROOF OF THEOREM 1

PEA_IH (’I“) =P, [NR > 0] P; [SIRSRJ > 9]

P, [0 — SIRrp2 < SIRsp; < 6], (24)

where

us

PI[NR>O]:]-_PI[NR:0]:1_674)\7'p(j)r27 (25)
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KA 20°
— g+ (1 e RN
P; [0 — SIRgp, < SIRsp,; < 0]

oo
5.2
:/ WAtK(Sy‘S_lrge_”)‘*Ky "2
0

P. [SIRSRJ > 9] (26)

0
/ 7r)\tK5x5*1r267”)‘fo5r2dxdy
0—y

@ [°
= / TK M\ 2r26y0 1
0

% e~ TEXNr? B2y +(0—y) ]dy

77TK)\tﬁ2T205 _ e*ﬂ'K}\tT’ 290

+e 27

In the derivation, operation (a) follows that ro = gr (8 €
[0,1]) and 7% = (1 + 3% — 23 cos ¢)r?. Substituting (25), (26)
and (27) into (24), we can yield the mathematical expression
of Pea m(r), and this is a function of 5 and ¢ while 0 < § < 1
and 0 < ¢ < 7. And we can yield the mathematical expression
of Pea m(r, 3, ) as

Pea m(r, 3, ¢)
_ [1 _ e—gx,-p(w]

4
’ [/ TE NP r20y0 e TN [ 00 g
0

(1 o qj)e—ﬂ-K/\f,(l-FﬁQ—Qﬁcosqb)rQG‘s}

—|—6_7TK/\fﬂQT205 _ e_wK/\fﬂe&} (28)
and
%%W 2 (1 ) A K628 5in 6

w e TN 2Bcos 6)10° (99

Here (b) omits some terms unrelated to ¢ for ease of illus-
tration and the values of these terms are larger than zero.
Thus Pea m(r, ¢) is a decreasing function with respect to ¢.
Similarly,

OPea i (1, 5, ¢)

7 =y (8) +y2(0), (30)
where
y1(B) = P (Nr > 0)P (6 — SIRrp2 < SIRsp; < 6) (1—q;)
x e~ ™M K0T [—27r)\tK95r2 (B —cosd)],
y2 (B) = Pr (Nr > 0) P(SIRgg,; > 0)

X [—2%1{%9%26*“&9%%2 T 21 BK NG

0
X / y5_17"2 (1 — wAtK62r2y6)
0

The sign of y;(3) depends on 8 — cos ¢, ie., y1(3) < 0 if
0 <3 < cosd oryi () > 0 otherwise. And the sign of y2(03)
depends on the term (1 — 7\ K 3%r2y°®). Since the sign of
y2() relates to r and y, both of which are variables, we need
to eliminate their influence by the following integrals. Here it
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should be noted that, we only care about the sign of y2(03)
rather than its accurate expression.

6
yg(ﬁ) = / Pr (NR > 0) Pr(SIRSRJ Z Q)QWﬁKAtéyé_lT‘z
0

X (1 - WAtKQQTQy‘S) e—ﬂ'Af,Krz[62y5+(9_y)5]dy+y

(4
9 3 (Bo.r) / (1= 7NKB*r2y°) dy +Y
0
K 32r201+0
—y?(ﬂo,r)<9——t o >+Y,

1+06
where Y = P(Nr > 0)P,(SIRsg; > 0)(—27BKN\0°12
e~mKNME° 5%y 0 holds for arbitrary 3 € [0,1]. And in
(c), the mean value theorem of integral is applied that
ys' (Bo,r) =Py (N > 0) P,

(SIRSRl > 9) )\t257“ y 2

1
_é}\“ﬂ |:62y§+(9—1l) 2:|

X e >0

also holds for arbitrary 5y € [0, 1]. Further, to eliminate the
variable 7,

E.
7T>\tK62r291+6
/ fr |:y2 507 )<9_1—+5 +Y|dr
MK 2 291+6
= y2 ﬂ()vro / fr <9_ A 1ﬂ+5 )dT+F(Y)

25
= y3' (Bo,70) 0 <1— 7(64—61?(]]2) +F(Y).

In (d) the mean value of theorem of integral is applied and
y3' (Bo,m0) > 0 holds for arbitrary ro € (0,00). F(Y) =

fo fT Ydr > 0. As a result, the sign of y2(3) depends on
KpB%0° (1+0)g;
1 - (5+1) = I 1 — Ging <0, ie., g > ‘/Téq’ then

y2(B) < 0. To ensure 4/ % < 1, here we assume #° >

oL holds in the following derivation. And also, y(8) < 0
when 3 > cos¢. This Pga m(r) reaches its minimal value
when 3 = 1 and ¢ = 7. Then Pga_m(r) in this case is derived
as shown in (10).

APPENDIX B
DERIVATION OF Pga

Pea = E; [Pea ()] + Er [Pea_n(r)] + Er [Pea ()] -
E, [Pea1(r)]
= / 2w g re
0
Qj —|— K@é '
E, [Pea_n(r)]

_ / 27T)\tqu6*7r>\tqy'7“26*%)\upp(j)TZ
0

(€19

2 5.2
—TALqT efﬂAtKO ™ dr

(32)

0
></ WAtK(Sy‘S_lrQe_”K)‘*'[y5+(9_y)§]r2dydr
0
B /9 5quy571
= 2
. )
0 {%"’41 P (J) + K |y° + (0 —y) }}
= ¢;Feai (50,0 (5) , . 0) ,

dy

(33)
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where Substituting (32), (33) and (34) into (31) we can obtain the

expression of FPga shown in (11).

Feai(q5,0,p(4),p,0)
5Ky6—1

/9

0 {%"’41 ri4 (j)+K[y5+(9—y) }}
v [Pea_m ()]

/ /2,”_2)\ qj re*ﬂ')\th K)\ 7“2(52_]6 1 77rK)\t[y +(0—y) ]

1— e 5Xupp(i)r? g+ (1—q;) e ™M *(2-v2)r drdy
< I "]

5 dy,

6 poo
:// 2,”2)\%(]]2'[(7,35@/5716771')“{qJ+K[y5+(97y)5]}r2drdy

// 2772)\th( qj)Kr36y5_1
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