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Abstract—We consider an optimal cache-placement-and-
delivery-policy where traffic is offloaded from Single-Point Uni-
cast (SPUC) service by using network-level Orthogonal Mul-
tipoint Multicast (OMPMC) scheme. The files are classified
into two sets. The most popular files are cached at the BSs
using a probabilistic approach and are served by OMPMC. The
remaining files are fetched from the core network on demand and
served by SPUC. Optimal compound scheme is analyzed, based
on resource allocation between OMPMC and multi-antenna
SPUC schemes. If a user is not able to successfully receive the
requested file due to its experienced signal-to-interference-plus-
noise ratio, its request is in outage. A closed-form expression
is derived for the total outage probability based on stochastic
geometry for the compound scheme. An optimization problem
is formulated to design the caching policy for the compound
scheme. The optimal solution to this problem is obtained by
finding optimal cache placement, bandwidth allocation, and file
classification. Simulation results show that the compound scheme
outperforms other caching schemes in terms of the total outage
probability.

Index Terms—Wireless caching, compound cache delivery pol-
icy, multipoint multicasting, single-point unicasting, zero-forcing
beamforming, optimization problem.

I. INTRODUCTION

Wireless caching puts forward a promising approach to
tackle the increase in data traffic in wireless cellular networks
[1]. In wireless caching there is a cache placement phase [2],
during which the popular files are proactively stored at the
caches of Base-Stations (BSs), and a cache delivery phase,
during which the cached files are transmitted to the User
Equipments (UEs).

For cache placement, either a deterministic approach or a
probabilistic one can be leveraged [2]. Optimizing the cache
policy by the use of a probabilistic cache placement approach
is considered in several works, e.g., [3]–[6].

When analyzing cellular network performance, stochastic
geometry can be used to model the deployment of BSs and
location of UEs [5]–[7]. In [7], stochastic geometry is used to
analyze the performance of generic cellular networks. In [5],
the authors exploit the Poisson Point Process (PPP) to model

the deployment of a two-tier Heterogeneous Network (Het-
Net). A closed-form expression is obtained for the probability
of successful offloading. In [6], the probability of successful
transmission is analyzed using PPP to design an optimal cache
placement policy.

In the file delivery phase, different transmission schemes
have been applied. In [8], a probabilistic caching strategy
is applied to the BSs, and Single-Point Unicast (SPUC)
for file delivery is used; each UE is served by its nearest
BS, and other BSs storing the requested file interfere with
the desired signal. To achieve an optimal cache policy, the
caching probability of files is optimized considering success-
ful download probability as a performance measure. Zero-
forcing beamforming is exploited in [9], [10] to optimize
the cache policy for HetNets. To deliver the cached files
SPUC is utilized. In [11], a Coordinated Multipoint (CoMP)
transmission is leveraged to respond to the requesting UEs.
The authors exploit a Multipoint Unicast (MPUC) scheme for
cache delivery. Each UE is served in a collaborative fashion
by multiple BSs being clustered based on the file popularity.
In [6], the beamforming methods are investigated in small-cell
networks using a clustering model for BSs. Furthermore, the
authors apply a SPUC method to transmit the files.

In [12], we considered probabilistic cache placement and
Orthogonal Multi-Point Multicast (OMPMC) cache delivery
for cache-enabled networks. In this delivery scheme, all UE
requesting for a file are simultaneously fulfilled by the coop-
eration of all BSs that cache the requested file. Network-wide
orthogonal resource allocation, to distinct files, is considered to
remove co-channel interference. The overall outage probability
was derived for the OMPMC network, and a cache policy was
designed by optimizing the cache placement and network-wide
resource allocation. The OMPMC scheme can outperform
SPUC cache delivery from the outage probability perspective
if a small set of all requested files is popular and the BSs
can store that set despite the limited cache capacity. However,
when the file library grows, a compound delivery policy should



be considered to serve UEs.
Motivated by this, we consider a compound scheme based

on the OMPMC and SPUC delivery approaches. For this, we
classify the files into two separate sets, a popular set and the
remaining files in the library. Files of the former set are cached
at the BSs and delivered by OMPMC, whereas the remaining
files are served by SPUC. The traffic arising from the popular
set is thus offloaded to an OMPMC component of the network.
The network optimally decides which files should be cached
at the BSs to be broadcasted by the OMPMC and which
files to be unicasted towards demanding UEs by SPUC. We
consider a limited resource for the whole network from which
we optimally balance the resources needed for the OMPMC
and SPUC components. Assuming multi-antenna BSs, we
apply random beamforming and zero-forcing beamforming for
OMPMC and SPUC, respectively. Based on simulation results,
we show that the compound delivery scheme outperforms both
the OMPMC and SPUC schemes in terms of network outage
probability.

This paper is organized as follows. In Section II, the system
model is introduced. In Section III, the outage probability of
the proposed delivery scheme is analyzed. The optimization
problem is formulated in Section IV, while simulation results
are presented and discussed in Section V. Finally, Section VI
concludes the paper.

II. SYSTEM MODEL

A content library containing N files with different popular-
ity is considered. the probability that file n is requested by UEs
is denoted by fn. We consider the Zipf distribution (see [13])
to model the file popularity where fn = n−θ/

∑N
j=1 j

−θ for
n = 1, . . . , N , and θ is the skewness of the Zipf distribution.
Without loss of generality, we assume that all files have the
same size equal to one. A cellular network equipped with
caching BSs is considered. We assume that the BSs have
a limited capacity of M files, and they are equipped with
L antennas. The BSs are connected to the core network
with a high capacity link. Each BSs independently caches
files based on a common probabilistic model. The network
employs a combination of OMPMC and SPUC over the BSs
to fulfill UE requests. These schemes utilize network-wide
disjoint resources for file transmission. For OMPMC, each
cached file is broadcasted through the network by all BSs
caching that file and in a file-specific resource [12]. The SPUC
component operates as a conventional cellular network. The
requesting UEs are served by their nearest BSs. The requested
file is fetched from the core network and unicast towards the
requesting UE. In this work we consider a resource optimized
combination of OMPMC and SPUC. Accordingly, we assume
two separate sets of files being served by the OMPMC and
SPUC schemes. To analyze the cache policy, we assume that

the locations of UEs and BSs are based on two independent
PPPs, ΦUE and ΦBS, respectively, with intensities λUE and
λBS.

A. The Cache Placement Policy

We classify the library files into two disjoint sets F1 and
F2. The set F1 denotes the files being served by OMPMC
and the set F2 denotes the set being served by SPUC. The
BSs can proactively cache files from set F1 according to a
probabilistic approach modeled by a common caching weight
qn for n ∈ F1, 0 ≤ qn ≤ 1, where qn indicates the probability
that file n is stored at the BSs. To respect the cache capacity
of BSs, we have

∑
n∈F1

qn = M . According to the thinning
property of the PPP ΦBS, file n is cached at the BSs based on
a thinned PPP with intensity λBSqn [14]. The files from set
F2 are fetched from the core network if they are requested by
any UE.

B. The Cache Delivery Policy

Orthogonal resources WMM and W SU are reserved for
OMPMC and SPUC delivery, respectively. Respecting the total
resource of the network W tot, we have WMM+W SU = W tot.
The files belonging to F1 are delivered by OMPMC. These
files are cached at BSs using a probabilistic approach and
broadcasted across the whole network by all caching BSs.
Considering multi-antenna BSs, we apply random beamform-
ing in each BS to transmit the files. The OMPMC scheme
uses orthogonal transmission such that files are delivered in
dedicated disjoint resources. We denote the resource reserved
for file n in OMPMC by wn, 0 ≤ wn ≤ 1, and normalize it
by WMM so that

∑
n∈F1

wn = 1. Note that using orthogonal
resources removes all co-channel interference in OMPMC.
The files from F2 are fetched from the core network on
demand and unicast by the SPUC scheme. In the SPUC
component, all requesting UEs are responded by their nearest
BSs. Consequently, network performance can be analyzed
using Voronoi tessellation [15]. In each Voronoi cell, there
will be U demanding UEs that are served by the nearest BS
using zero-forcing beamforming. A BS with L antennas can
simultaneously serve up to L SPUC UEs. Thus if U ≤ L, all
UEs can be simultaneously served. If U > L, the BS randomly
selects L UEs to serve.

C. The SNR and Outage Probability of OMPMC Scheme

Considering the random beamforming applied in each BS
for the OMPMC component, the Signal-to-Noise-Ratio (SNR)
of UE k requesting file n is expressed as:

γMM
k,n = γ0

∑
j∈Φn

hj,k∥xj − rk∥−β , (1)

where γ0 = p0/σ
2
0 is the reference SNR with p0 the received

average power from BSs measured at a reference distance and



σ2
0 the noise power in the transmission bandwidth. In addition,

Φn is the set of BSs caching file n, xj and rk are the locations
of BS j and UE k, respectively, β is the path-loss exponent,
and hj,k is the effective channel gain between BS j and UE
k, formed based on the channel vector and the beamforming
vector. We exploit a standard distance-dependent model, and
assume an exponential distribution for the effective channel
gain, i.e., hj,k ∼ exp(1) [16].

Accordingly, the outage probability OMM
n,k for UE k request-

ing file n can be derived. Considering a spectral efficiency
threshold αMM for successfully transmission by OMPMC
[12], we get:

OMM
n,k = Pr

(
wn log2

(
1+γMM

k,n

)
≤ αMM

)
= Pr

(
γMM
k,n

γ0
≤ ηn

)
,

(2)
where ηn = (2α

MM/wn − 1)/γ0, Note that the threshold αMM

is related to the inverse of bandwidth WMM reserved for the
OMPMC scheme.

D. The SINR and Outage Probability of SPUC Scheme

To analyze the Signal-to-Interference-plus-Noise-Ratio
(SINR) of the SPUC scheme, we consider that BSs constitute
a Voronoi tessellation with different cells [17]. The size of
a Voronoi cell A is based on a gamma distribution that
depends on the BSs intensity λBS. The BS of each Voronoi
cell responds to U UEs, where U has a Poisson distribution,
which depends on the cell size A and the UE intensity λUE

[15]. We apply zero-forcing beamforming in each Voronoi
cell to respond to these U UEs. Consequently, the SINR for
requesting UE k, in a Voronoi cell, is expressed as:

γSU
k =

g0,k
∥∥x0 − rk

∥∥−β

1
γ0

+
∑

j∈Φ/0 gj,k
∥∥xj − rk

∥∥−β
, (3)

where g0,k is the effective channel gain between nearest
BS and UE k, constructed from the channel vector and the
beamforming vector. The location of the BS nearest to UE k

is x0, the set Φ/0 represents all BSs except the nearest BS, and
gj,k is the effective channel gain from BS j to UE k. In each
cell, if L ≤ U , all UEs are served by the nearest BS, otherwise,
it randomly selects L UEs to respond. Consequently, we have
g0,k ∼ Γ(max(L − U + 1, 1), 1) and gj,k ∼ Γ(min(L,U), 1)

[16], [17], where Γ(a, b) is the gamma distribution with shape
a and scale b.

If L ≥ U the outage probability for UE k served by SPUC
is thus expressed as:

EU, A

{
Pr
(
W SU log(1 + γSU

k ) ≤ 1
)}

, (4)

where EX{·} indicates the expected value with respect to X .
However, if L < U some UEs in the cell are in the outage.
Therefore, a specific UE is served by its nearest BS with the

probability PU = min(LU , 1). Overall, the outage probability
for this scheme becomes:

OSU
k = EU, A

{
(1− PU ) + PUPr

(
W SU log(1 + γSU

k ) ≤ 1
)}

.

(5)

III. TOTAL OUTAGE PROBABILITY ANALYSIS

According to the Slivnyak-Mecke theorem [14], for a
stationary and homogeneous PPPs, the performance can be
computed for a typical UE located at the origin. For OMPMC,
we can set r0 = 0, hj = hj,0, and OMM

n,0 = OMM
n .

Hereafter, we denote the OMPMC outage probability of file
n by OMM

n (WMM, wn, qn) to emphasize its dependence on
resource allocation and cache placement. Hence, taking into
account the file popularity, the overall outage probability for
OMPMC scheme is:

OMM
(
WMM,w, q

)
=
∑
n∈F1

fnOMM
n

(
WMM, wn, qn

)
, (6)

where q and w are the vectors containing qn and wn,
respectively, for all n ∈ F1. Furthermore, based on [12] for
path-loss exponent β = 4 we have:

OMM
n (WMM, wn, qn) = erfc

(
π2λBS

4

qn√
ηn

)
, (7)

where ηn = 21/(W
MMwn) − 1.

Similarly, for SPUC, we can set r0 = 0, gj = gj,0, and
OSU

0 = OSU. We then have:

Proposition 1. Assume a single-point unicast scheme applying
zero-forcing beamforming across a network with bandwidth
W SU serving a set of files F2, with BSs equipped with L

antennas and distributed according to a PPP with intensity
λBS, and UEs distributed according to a PPP with intensity
λUE, in an environment with path-loss exponent β = 4. The
overall outage probability for the interference-limited case is:

OSU(W SU) = c(κ, ρ)

∞∑
u=1

ΓSU(L, u, ηSU)

B(u, κ− 1)

( 1

1 + κρ

)u−1

, (8)

where κ = 3.575, ηSU = 21/W
SU − 1, B(·, ·) is the beta

function, ρ = λBS

λUE
∑

n∈F2
fn

, c(κ, ρ) = 1
κ−1

(
κ

κ+1/ρ

)κ
,

ΓSU(L, u, ηSU) =
1−

∫∞
0

f(R)
∑L−u

l=0
(−ηSUR4)

l

l! L(l)
I (ηSUR4;u,R)dR,

for u ≤ L

1− Pu

2F1

(
− 1

2 , L,
1
2 ,−ηSU

) , for u > L

,

f(R) = 2πRλBS exp(−πR2λBS), LI(w;u,R) is the Laplace
transform of the interference term I =

∑
j∈Φ/0 gj∥xj∥−β at

the value w with

LI(w;u,R) = exp

(
πR2λBS

(
1−2F1

(
−1

2
, u,

1

2
,− w

R4

)))
,



L(l)
I is the l-th order derivative of LI with respect to the first

argument, and 2F1 is the hypergeometric function.

Proof. The proof is not given due to the lack of space.

We consider the analysis presented in [6], where an ap-
proximation is derived for the coverage probability under
zero-forcing beamforming with a sufficiently precise solution.
Accordingly, we obtain an approximation for ΓSU(L, u, ηSU)

when u ≤ L as:

ΓSU(L, u, ηSU)≈

1−
L−u+1∑
l=1

(−1)l+1
(
L−u+1

l

)
2F1

(
− 1

2 , u,
1
2 ,−ηSUlξ

) , for u ≤ L,

where ξ = (L− u+ 1)!
−1

L−u+1 .
We are interested in a compound file delivery scheme based

on OMPMC and SPUC. The total outage probability is the
probability that a typical UE under service of the compound
scheme is in outage. This gives an overall system performance
that can be used to optimize the resulting compound scheme.
The total outage probability is expressed as:

Otot
(
W SU,WMM,w, q

)
=
∑
n∈F1

fnOMM
n

(
WMM, wn, qn

)
+
∑
n∈F2

fnOSU
(
W SU

)
. (9)

IV. OPTIMAL CACHE POLICY FOR COMPOUND FILE

DELIVERY

We assume that the files are sorted based on their popu-
larity, and follow a threshold-based strategy to optimize the
compound scheme. Files with index less than a threshold v

belong to F1 and files with index greater than v belongs to
F2, i.e., F1 = {1, . . . , v} and F2 = {v + 1, . . . , N}.

The cache policy optimization problem then is:

(P0) : min
WSU, WMM

q, w, v

Otot
(
W SU,WMM, q,w

)
,

s.t.



∑v
n=1 qn = M,

∑v
n=1 wn = 1,

0 ≤ wn ≤ 1, 0 ≤ qn ≤ 1,

WMM +W SU = W tot,

v ∈ {0, . . . , N}.

(10)

Optimization is over the network-wide disjoint resources of
the compound scheme, W SU and WMM, as well as over the
resource allocation and the cache placement of the OMPMC,
w and q. Problem P0 is non-convex, in general. To find
the solution, we use a predictor-corrector method [18], [19]
(designed for parametric optimization problems), and a line
search for v.
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Fig. 1: The total outage probability as a function of the UE intensity
λUE.

V. SIMULATION RESULTS AND DISCUSSION

We compare the optimal caching solution of the compound
scheme to the conventional multi-antennas SPUC [9], [10],
[17] and OMPMC schemes [12], from the literature.

We consider the following scenario: The number of files
is N = 100, the popularity skewness is θ = 0.6, the cache
capacity of BSs is M = 10, the total bandwidth of the network
is W tot = 15 in units [ Hz

bits/s ] and L = {2, 4, 8} antennas at
the BSs. The BSs are deployed based on a homogeneous PPP
with intensity λBS = 10 and UEs are located according to
another homogeneous PPP with intensity varying in the range
λUE ∈ [10, 100]. We consider a reference SNR γ0 = 1, which
corresponds to an environment with carrier frequency equal to
2 GHz, reference distance equal to 1 km, BSs transmit power
23 dBm, the sum of antenna gains at the BS and UE equal
to 9 dBi, and the UE noise figure 9 dB. Note that since the
reference distance is 1 km, the UE and BS intensities are in
the units of points/km2.

In Figure 1, the total outage probability is plotted as a
function of the UE intensity λUE. The compound scheme
outperforms other policies for all evaluated UE intensities and
numbers of antennas. Notice that the OMPMC scheme is in-
sensitive to the UE intensity and to the number of BS antennas.
Although OMPMC outperforms the SPUC schemes for large
UE intensities, the compound scheme remains superior to the
OMPMC also for those intensities. As the UE intensity grows,
the gap between the OMPMC and the compound scheme
decreases. The reason is that some UEs that prefers less
popular files are not served at all by the network. As the
number of antennas increases, the performance gap between
the compound and the SPUC schemes grows.
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To study how the compound scheme allocates resources
between OMPMC and SPUC, the bandwidth ratio W SU/W tot

is shown in Figure 2 as a function of the UE intensity λUE. As
the UE intensity increases, resources are allocated to SPUC.
Considering the insensitivity of OMPMC to UE intensity, the
reason is that the SPUC part needs more resources to optimize
the total outage probability as the number of requesting UEs
grows. When the number of antennas increases, the resource
reserved for the SPUC part decreases, as SPUC is then able
to fulfill more UEs in each cell per resource.

We use the ratio v/N of the threshold to the total number
of files, to investigate how the files are classified into F1

and F2 for the compound scheme as a function of the UE
intensity λUE. Figure 3 shows that as UE intensity increases
more files are cached at the BSs and offloaded to the OMPMC
component. The reason is that as the UE intensity grows, the
outage probability of the SPUC component increases. As the
number of antenna increases at the BSs, more UEs can be
served by the SPUC component.

VI. CONCLUSION

We considered file delivery in a cellular system based on
a compound scheme combining caching-based multicast and
on-demand unicast service. We classified the files into sets of
popular and less popular ones. Files of the popular set were
cached at BSs and delivered by orthogonal multipoint multi-
cast, simultaneously available to all users in the network who
are interested in those files. The less popular set is delivered by
on-demand single-point unicast transmissions. A closed-form
expression was obtained for the total outage probability of the
compound scheme based on stochastic geometry analysis. The
cache policy was formulated based on an optimization problem
and the compound scheme was jointly optimized based on the
caching placement, resource allocation and file classification.
We compared the performance of the proposed compound
scheme with the SPUC and OMPMC approaches from the lit-
erature. Simulation results showed that the outage probability
of the compound scheme outperforms other caching strategies
for different user intensities and number of antennas.
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