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Abstract—This paper studies the performance of cache-enabled
dense small cell networks consisting of multi-antenna sub-6
GHz and millimeter-wave base stations. Different from the
existing works which only consider a single antenna at each
base station, the optimal content placement is unknown when
the base stations have multiple antennas. We first derive the
successful content delivery probability by accounting for the key
channel features at sub-6 GHz and mmWave frequencies. The
maximization of the successful content delivery probability is a
challenging problem. To tackle it, we first propose a constrained
cross-entropy algorithm which achieves the near-optimal solution
with moderate complexity. We then develop another simple yet
effective heuristic probabilistic content placement scheme, termed
two-stair algorithm, which strikes a balance between caching the
most popular contents and achieving content diversity. Numerical
results demonstrate the superior performance of the constrained
cross-entropy method and that the two-stair algorithm yields
significantly better performance than only caching the most
popular contents. The comparisons between the sub-6 GHz and
mmWave systems reveal an interesting tradeoff between caching
capacity and density for the mmWave system to achieve similar
performance as the sub-6 GHz system.

Index Terms—Sub-6 GHz, millimeter wave, caching placement,
user association, dense networks.

I. INTRODUCTION

The global mobile data traffic continues growing at an
unprecedented pace and will reach 49 exabytes monthly by
2021, of which 78 percent will be video contents [2]. To
meet the high capacity requirement for the future mobile
networks, one promising solution is network densification,
i.e., deploying dense small cell base stations (SBSs) in the
existing macrocell cellular networks. Although large numbers
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of small cells shorten the communication distance, the major
challenge is to transfer the huge amount of mobile data from
the core networks to the small cells and this imposes stringent
demands on backhaul links. To address this problem, caching
popular contents at small cells has been proposed as one of
the most effective solutions, considering the fact that most
mobile data are contents such as video, weather forecasts,
news and maps, that are repeatedly requested and cacheable
[3]. The combination of small cells and caching will bring
content closer to users, decrease backhaul traffic and reduce
transmission delays, thus alleviating many bottleneck problems
in wireless content delivery networks. This paper focuses on
the caching design at both sub-6 GHz (uWave) and millimeter-
wave (mmWave)! SBSs in dense small cell networks.

A. Related Works

1) Caching in pWave and mmWave networks: MmWave
communication has received much interest for providing high
capacity because there are vast amount of inexpensive spectra
available in the 30 GHz-300 GHz range. However, com-
pared to pWave frequencies, mmWave channel experiences
excessive attenuation due to rainfall, atmospheric or gaseous
absorption, and is susceptible to blockage. To redeem these
drawbacks, mmWave small cells need to adopt narrow beam-
forming and be densely deployed in an attempt to provide
seemless coverage [4-6]. The study of content caching ap-
plications in mmWave networks is of great importance, due
to the fact that mmWave will be a key component of future
wireless access and content caching at the edge of networks
is one of 5G service requirements [6]. Cache assignment with
video streaming in mmWave SBSs on the highway is discussed
in [7] and it is shown to significantly reduce the connection
and retrieval delays. Certainly, combining the advantages of
puWave and mmWave technologies will bring more benefits
[8]. Caching in dual-mode SBSs that integrate both pWave
and mmWave frequencies is studied in [9], where dynamic
matching game-theoretic approach is applied to maximize the
handovers to SBSs in the mobility management scenarios. The
proposed methods can minimize handover failures and reduce
energy consumption in highly mobile heterogeneous networks.
Dynamic traffic in cache-enabled network was studied in [10].

'In this paper, we focus on mmWave frequencies from 30 GHz to 300
GHz.
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Recent contributions also pay attention to the caching in
MIMO networks such as [11-13]. In [11, 12], cache-enabled
cooperative MIMO framework for wireless video streaming
is investigated. In [13], coded caching for downlink MIMO
channel is discussed.

2) Optimization of content placement: Content placement
with finite cache size is the key issue in caching design,
since unplanned caching in nearby SBSs will result in more
interference. The traditional method of caching most popu-
lar content (MPC) in wired networks is no longer optimal
when considering the wireless transmission. A strategy that
combines MPC and the largest content diversity caching is
proposed in [14], together with cooperative transmission in
cluster-centric small cell networks. This strategy is extended
to the distributed relay networks with relay clustering in
[15] to combat the half-duplex constraint, and it significantly
improves the outage performance. A multi-threshold caching
that allows BSs to store different number of copies of contents
according to their popularity is proposed in [16], and it allows
a finer partitioning of the cache space than binary threshold,
but its complexity is exponential in the number of thresholds.

Probabilistic content placement under random network
topologies has also been investigated. In [17], the optimal
content caching probability that maximizes the hit probability
is derived. The results are extended to heterogeneous cellular
networks in [18] which shows that caching the most popular
contents in the macro BSs is almost optimal while it is in
general not optimal for SBSs.

3) Caching in Heterogeneous Networks: Extensive works
have been carried out to understand the performance gain of
caching for heterogeneous networks (HetNets) and stochastic
geometry is the commonly used approach. In [19], the optimal
probabilistic caching to maximize the successful delivery
probability is considered in a multi-tier HetNet. The cache-
enabled heterogeneous signal-antenna cellular networks are
investigated in [20]. The optimal probabilistic content place-
ment for the interference-limited cases is derived, and the
result shows that the optimal placement probability is linearly
proportional to the square root of the content popularity
with an offset depending on BS caching capabilities. Caching
policies to maximization of success probability and area
spectral efficiency of cache-enabled HetNets are studied in
[21], and the results show that the optimal caching probability
is less skewed to maximize the success probability but is
more skewed to maximize the area spectral efficiency. The
work of [22] proposes a joint BS caching and cooperation
for maximizing the successful transmission probability in a
multi-tier HetNet. A local optimum is obtained in the general
case and global optimal solutions are achieved in some special
cases. Cache-based channel selection diversity and network
interference are studied in [23] in stochastic wireless caching
helper networks, and solutions for noise-limited networks and
interference-limited networks are derived, respectively.

B. Contributions and Organization

The existing caching design for SBSs are restricted to the
single-antenna case and mainly for the ©Wave band. Little is

known about the impact of multiple antennas at the densely
deployed SBSs and the adoption of mmWave band on the
successful content delivery and the optimal content placement.
Analyzing multi-antenna networks using stochastic geometry
is a known difficulty, as acknowledged in [24]. In contrast to
existing works, in this paper we analyze the performance of
caching in multi-antenna SBSs in gyWave and mmWave net-
works, and propose probabilistic content placement schemes
to maximize the performance of content delivery. The main
contributions of this paper are summarised as follows:

« Derivation of successful content delivery probability
(SCDP) of multi-antenna SBSs. We use stochastic ge-
ometry to model wireless caching in multi-antenna dense
small cell networks in both ywave and mmwave bands.
The SCDPs for both types of cache-enabled SBSs are
derived. The results characterize the dependence of the
SCDPs on parameters such as channel effects, caching
placement probability, SBS density, transmission power
and number of antennas.

« Development of a near-optimal cross-entropy optimiza-
tion (CEO) method for a general distribution of content
requests. The derived SCDPs do not admit a closed
form, and are highly complex to optimize. To tackle this
difficulty, we first propose a constrained CEO (CCEO)
based algorithm that optimizes the SCDPs. The original
unconstrained CEO algorithm is a stochastic optimization
method based on adaptive importance sampling that can
achieve the near-optimal solution with moderate com-
plexity and guaranteed convergence [25]. We adapt this
method to deal with the caching capacity constraints and
the probabilities constraints in our problem.

« Design of a simple heuristic content placement algorithm.
To further reduce the complexity, we propose a heuristic
two-stage algorithm to maximize the SCDP via proba-
bilistic content placement when the content request prob-
ability follows the Zipf distribution [26]. The algorithm is
designed by combining MPC and caching diversity (CD)
schemes while taking into account the content popularity.
The solution demonstrates near-optimal performance in
single-antenna systems, and various advantages in multi-
antenna scenarios.

« Numerical results show that in contrast to the traditional
way of deploying much higher density SBSs or installing
many more antennas, increasing caching capacity at
mmWave SBSs provides a low-cost solution to achieve
comparable SCDP performance as pWave systems.

The rest of this paper is organized as follows. The system
model is presented in Section II. The analysis of SCDPs for
pwWave and mmWave systems are provided in Section III.
Two probabilistic content placement schemes are described
in Section IV. Simulation and numerical results as well as
discussions are given in Section V, followed by concluding
remarks in Section VI.

II. SYSTEM MODEL

We consider a cache-enabled dense small cell networks
consisting of the yWave and mmWave SBSs tiers. In such
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J=7

Fig. 1. Probabilistic content placement strategy.

networks, each user equipment (UE) in a tier is associated
with the nearest SBS that has cached the desired content,
and the optimal designs of content placement under such
association assumption can address the concern that operators
are required to place the content caches close to UEs [27].
We assume that there is a finite content library denoted as
F={fi,...,fj,..., fs}, where f; is the j-th most popular
content and the number of contents is .J, we assume each
content has normalized size of 1 and each BS can only store up
to M contents [16, 20, 23]. The analysis and optimization can
be applied to the case of unequal content sizes. It is assumed
that M « J. The request probability for the j-th content is
a;, and Z;’:l aj=1. Without loss of generality, we assume the
contents are sorted according to a descending order of a;.

A. Probabilistic Content Placement

We consider a probabilistic caching model where the content
is independently stored with the same probability in all SBSs
of the same tier (either pWave or mmWave) [17]. Let b,
denote the probability that the j-th content is cached at a SBS.
Fig. 1 shows an example of probabilistic caching with J =7
and M = 4, where the contents {fs, f3, f5, f7} are cached at
a SBS by drawing uniformly a random number which is 0.9 in
this example. In the probabilistic caching strategy, the caching
probability b = {b1,...b;,...bs} needs to satisfy the following
conditions:

Jj=1
0<b; <1, Vj (1)

Note that although the probabilistic caching strategy is used,
implementation of it will allow each SBS to always cache the
maximum amount of total contents up to its caching capacity
M.

B. Downlink Transmission

In the considered downlink networks, each pWave SBS
is equipped with N, antennas, and each mmWave SBS has
directional mmWave antennas. All UEs are single-antenna
nodes, in the both yWave and mmWave, only one single-
antenna user is allowed to communicate with the SBS at one
time slot>. The positions of pWave SBSs are modeled by

2In dense small cell networks, we assume that the density of users is much
higher than the density of pWave or mmWave SBSs and this can be handled
by using multiple access techniques [28].

a homogeneous Poisson point process (HPPP) ®* with the
density A\, and the positions of mmWave SBSs are modeled
by an independent HPPP ®™™ with the density A.,,. Define
<I>§‘ and ®7*™ as the point process corresponding to all SBSs
that cache the content j in the Wave tier and the mmWave
tier with the density b; A, and b; A, respectively.

1) pWave Tier: In the pWave tier, the maximum-ratio
transmission beamforming is adopted at each SBS. All chan-
nels undergo independent identically distributed (i.i.d.) quasi-
static Rayleigh block fading. Without loss of generality, when
a typical uWave UE located at the origin o requests the
content j from the associated yWave BS X, that has cached
this content, its received signal-to-interference-plus-noise ratio
(SINR) is given by

UAACS)

SINRY = TR TR
I; +1; +o,

2

where P, is the transmit power, h;‘ ~ T'(N,,1) is the
the equivalent small-scale fading channel power gain be-
tween the typical yWave UE and its serving pWave SBS,
where I'(kq, ko) denotes Gamma distribution, with a shape
parameter k; and a scale parameter ko. The path loss is
L (|x!)) = Bu(|X%])™™" with the distance | X!, where 83,
is the frequency dependent constant parameter and c, is the
path loss exponent. The O'Z is the noise power at a uWave UE.
The inter-cell interference I;-‘ and f;t are given by

"o ) ‘
Ij - Zie@?\xo PMhLOL (|Xz,o|)7

i 3)
7} = By Pl (X))

In (3), <I>§‘ \X, is the point process with density b;\, cor-
responding to the interfering SBSs that cache the content j,
and 65 = @ — ®F with density (1 —b;) ), is the point
process corresponding to the interfering SBSs that do not store
the content j. The h;,, hio ~ exp(l) are the interfering
channel power gains that follow the exponential distribution,
and | X; 0| , | Xk 0| denote the distances between the interfering
SBSs and the typical UE.

2) mmWave Tier: In the mmWave tier, we assume that
the directional beamforming is adopted at each mmWave SBS
and small-scale fading is neglected, since small-scale fading
has little change in received power as verified by the practical
mmWave channel measurements in [29]. Note that the tradi-
tional small-scale fading distributions are invalid for mmWave
modeling due to mmWave sparse scattering environment [30].
Unlike the conventional yWave counterpart, mmWave trans-
missions are highly sensitive to the blockage. According to
the average line-of-sight (LOS) model in [31, 32], we consider
that the mmWave link is LOS if the communication distance
is less than Dy, and otherwise it is none-line-of-sight (NLOS).
Moreover, the existing literature has confirmed that mmWave
transmissions tend to be noise-limited and interference is weak
[31,33]. Therefore, when a typical mmWave UE requests the
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content j from the associated mmWave SBS that has cached
this content, its received SINR is given by
P G L (V7))

2
Omm

SINR;nIn = (@)
where Py, is the transmit power of the mmWave SBS, G,
is the main-lobe gain of using direction beamforming and
equal to number of antenna elements [34] The path loss is
expressed as L (|Ymm|) Bmm (|Ymm|) with the distance
|Y/"™m| and frequency-dependent parameter Smmn. The path
loss exponent @ = ag, when it is a LOS link and a = ay
when it is an NLOS link. The 02, is the combined power of
noise and weak interference 3.

III. SUCCESSFUL CONTENT DELIVERY PROBABILITY

In this paper, SCDP is used as the performance indicator,
which represents the probability that a content requested by
a typical UE is both cached in the network and can be
successfully transmitted to the UE. We assume that each
content has 7 bits, and the delivery time needs to be less than
T. By using the Law of total probability, the SCDP in the
puWave tier is calculated as

Plap = Z a;Pr (I/Vulog2 (1+SINRY) > ﬁ)
Jj=1 T

J
— > a;Pr (SINRY' > ), 5)
j=1

where W, is the pWave bandwidth allocated to a typical
user (frequency-division multiple access (FDMA) is employed
when multiple users are served by a SBS in this paper), and

©u = 27T — 1. Likewise, in the mmWave tier, the SCDP is
calculated as
mim 77
SCD = Z CLJPI‘ ( mmlogz (1+SINR ) T)
J
2 r (SINR™ > ¢ (6)

where Wy, is the mm\i\’ave bandwidth allocated to a typical
user, and @y, = 2WmmT — 1. The rest of this section is
devoted to deriving the SCDPs in (5) and (6).

A. pWave Tier

Based on (2) and (5), the SCDP in the yWave tier can be
derived and summarized below.

Theorem 1: In the cache-enabled pWave tier, the SCDP is
given by

7
Pécp = Z a;Pjscp (05) (7
j=1

3mmWave in dense networks works in the noise-limited regime, since
the high path loss impairs the interference, which could improve the signal
directivity [33]. In contrast to the sub-6 GHz counterpart which is usually
interference-limited, mmWave networks tend to be noise-limited when the
BS density is not extremely dense, due to the narrow beam and blocking
effects [35]. For completeness, we also incorporate weak interference here.

where ijfSCD (b;) denotes the probability that the j-th request
content is successfully delivered to the pWave UE by its
serving SBS, and is expressed as

P],SCD

J COV .17 b f|X“|( ) (8)
where P

4 (z,b5) is given by (10) at the top of the this page,
which represents the conditional coverage probability that the
received SINR is larger than ¢,, given a typical communication
distance z. f| X“|( x) is the probability density function (PDF)

of the distance |X/'| between a typical yWave UE and its
nearest serving SBS that stores content j , and is given by
[36]

f|XJu|($) = 27Tbjz\uxe_”b-7')‘"m2. 9)
Proof 1: Please see Appendix A.
Note that P}'sqp, (b;) becomes the probability of successful
transmlss1on from the serving SBS to the typical user when
bj=1 in traditional pWave networks without caching. We
see that the SCDP expression for multi-antenna systems is
much complicated, compared to the closed-form expression
for single-antenna systems in [20].

B. mmWave Tier

Based on (4) and (6), the SCDP in the mmWave tier can
be derived and summarized below.
Theorem 2: In the cache-enabled mmWave tier, the SCDP
is given by
J
P = D a;

j=1

mmL

]SCD mmN b )

)+ Z a; P} scp (
where Pmsr?jg( ;) and Pmsnég (b;) denote that probabilities
that the content j is successfully dehvered when the mmWave
UE is connected to its serving mmWave SBS via LOS link
and NLOS link, and are given by

13)

mm,L _ . Did 2 boA
PID (b)) = 1 — e~ (min (Prdu))*mbsdmm 14
and
2 . - i 5 .
,P;nsrnc’g(b]) = eiDLTer/\mm — € (max (DL’dN)) ﬂ-by/\mn‘, (15)
1
i _ { PumGmmBmm \ °L B
respectively, where di = (Pl )™ and dy =

1
Pim Grim Bmm | N
PmmI mm

Proof 2: Please see Appendix B.

IV. OPTIMIZATION OF PROBABILISTIC CONTENT
PLACEMENT

In this section, we aim to maximize the SCDP by optimizing
the probabilistic content placement {b;}. The main difficulty
is that the SCDP expressions (7) and (13) do not have a
closed form for the multi-antenna case and whether they are
concave with regard to {b;} is unknown, which is much more
challenging than the single-antenna SBS case studied in [20].
Therefore, the optimal content placement problem for the
multi-antenna case is distinct. To tackle this new problem, here
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N,—1

5

(o)™ nl Puonr® Pu
Pl (x,b) = )] A1) 0 —oxp(— PHB =21\,
n=0 """ {tq}7_,€0© Hl tq!(q!) a 12 I
a=
-2+« 2 272 2 27 L
21, = 2 = = | T (1= b\ (™) P esc <> ) [T(T9@™) (10)
oy, «y, @, oy q=1
where © = {{t,};_1] X, ¢t = n,t, is an integer, Vn}, csc(-) is the Cosecant trigonometry function, and
g=1
2 —24+2(1+ ¢, F[1,°““‘2,2—l,— ]
T(l)(xa“) — P 2mb; A 2% o r2i o) an e o
! Pup ! 8 (L4 o) (a0 — 1) ap
2 o 2—ay 2m
— 47 (1—bj)/\u(<pu”x) cse — ), (11)
Ap
(@) 4, —(24a,)(1+q) —q(1+ )2F1 [1 *a, 22(;“’2 + 0427’_&] q
T (@) =2mb; Mg (—1) T~ CFem)(150) poa(isa >t a, T 27(1 = by)Aual(-1)
s 5 F(q_ a2 )F<2-(:Otu,)
x (z) TR gt - L, q> 1L (12)

" a,'(1+4q)

we propose two algorithms, the first one is developed based on
the CEO method that can achieve near-optimal performance,
and the other two-stair scheme is based on the combination
of MPC and CD content placement schemes with reduced
complexity.

A. The Near-Optimal CCEO Algorithm

The optimal caching placement probability in the multi-
antenna case is hard to achieve, so we introduce CEO to
resolve the difficulty of maximizing the SCDP by optimiz-
ing the probabilistic content placement. CEO is an adaptive
variance algorithm for estimating probabilities of rare events.
The rationale of the CEO algorithm is to first associate with
each optimization problem a rare event estimation problem,
and then to tackle this estimation problem efficiently by an
adaptive algorithm. The outcome of this algorithm is the con-
struction of a random sequence of solutions which converges
probabilistically to the optimal or near-optimal solution [25,
37]. The CEO method involves two iterative steps. The first
one is to generate samples of random data according to a
specified random (normally Gaussian) distribution. And the
second step updates the parameters of the random distribution,
based on the sample data to produce better samples in the next
iteration. The CEO algorithm has been successfully applied to
a wide range of difficult optimization tasks such as traveling
salesman problem and antenna selection problem in multi-
antenna communications [38]. It has shown superior perfor-
mance in solving complex optimization problems compared
to commonly used simulated annealing (SA) and genetic
algorithm (GA) [39] that are based on random search.

The original principle of the CEO algorithm was proposed
for unconstrained optimization. To deal with the constraints on
the probabilities {b;} and the content capacity constraint, we

propose a CCEQ algorithm as shown in Algorithm 1. In the
proposed CCEO algorithm, we force the randomly generated
samples to be within the feasible set {b;|0 < b; < 1, Vj} in
the Project step. To satisfy the constraint of Zj b < M, we

introduce a penalty function H (Z;’ b — M ) to the original
objective function in the Modification step, where H is a large
positive number that represents the parameter for the penalty
function. The dynamic Smoothing step will prevent the result
from converging to a sub-optimal solution. It can be seen
that at each iteration, the main computation is to evaluate the
objective functions for Ny times and no gradient needs to be
calculated, so the complexity is moderate and can be further
controlled to achieve a complexity-convergence tradeoff.

In Fig. 2, we provide an example of the iterative results of
content placement probabilities with iteration indices t = 1,
t =5,¢t =20, and t = 70. In this example, the algorithm
converges when ¢ = 70. Each sub-figure presents the resulting
mean value of u; at the end of iteration ¢, and it will help to
generate random samples in next iteration. We can observe that
when ¢t = 20, the caching placement probability is quite close
to the converged solution, which could significantly reduce
the complexity. Overall the CEO algorithm converges fast and
is an efficient method to find the near-optimal SCDP result,
and the complexity of the CEO algorithm is O (n3) [40]. It
is also noted that the top ranked contents are cached with
probability b; = 1, while to make effective use of the rest
caching space, caching diversity is more important. Based on
this observation, we design a low-complexity heuristic scheme
in the next subsections.

B. Two-Stair Scheme for the pWave Tier

To further reduce the complexity of the optimization, we
devise a simple two-stair (TS) scheme, when the content
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Algorithm 1 Constrained Cross-Entropy
(CCEO) Algorithm
Initialization: Randomly initialize the parameters of Gaus-
sian distribution N(p15,¢~0,07 ,—o) where t = 0 is the
iteration index. Set sample number N, the number of
selected samples N¢*¢ « N, the stopping threshold ¢ and
a large positive number H as the parameter for the penalty
function.
repeat
Sampling: Generate N; random samples b =
{b1,by,..bj,...by,} from the N (u,0}) distribution.
Projection: Project the samples onto the feasible set
{b;10 < b; <1, Vj}, ie., b = min(max(b,0), 1).
Modification: We modify the objective function to the
following:

Optimization

Pscn(b) = Pscp(b) — HmaX(ijl bj — M, 0), (16)

where Pscp(b) is the original objective function in (7)
and (13) for yWave and mmWave, respectively.
Selection: Evaluate Pscp(b) for N samples b. Let Z be
the indices of the N elite selected best performing samples
with PSCD(b).

Updating: for all j € F, calculate the sampling mean
and variance:

ﬁij _ Z bij/Nelite
i€l

a7

55 = . (bij — Jigg)? /N, (18)
ieZ

Smoothing: The Gaussian distribution parameters are

updated as follows,

My = Lﬁt + (1 - L)ut—h (19)

ol =Bl + (1 —B)or,. (20)

In particular, o is a fixed smoothing parameter (0.5 <
a < 0.9) while 5; is a dynamic smoothing parameter

given by
1 q
6t=ﬂ—ﬂ<l—t> ,

where [ is a fixed smoothing parameter (0.8 < <
0.99), and q is an integer with a typical value between 5
and 10.
Increment: ¢ =¢ 4 1.

until A convergence criterion is satisfied, e.g., r;gleaj_?c(af) <e

ey

Output: The optimal caching probability is b* = ;.
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o . .
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Content Index

Fig. 2. Evolution of the content placement probabilities in the CCEO
algorithm with parameters v = 1.5, J = 50, M = 10.

\ A

Fig. 3. Two-Stair probabilistic content placement strategies.

popularity is modeled as the Zipf distribution [14,17,26]
based on empirical studies, which is given by

J
L= g -
a; = m
J J /E 1 3

where v is the Zipf exponent that represents the popularity
skewness.

In the TS scheme, a fraction of caching space c¢M (0 <
€ < 1) at a SBS is allocated to store the most popular
contents which is called the MPC region. The remaining cache
space is allocated to randomly store the contents with certain
probabilities and is called the CD region. As illustrated in
Fig. 3, in the ‘Two-Stair’ caching scheme, the contents in the
CD region are cached with a common probability w. The rest
of the contents are not cached and must be fetched through
the backhaul links. These content placement schemes will be
studied in detail in the rest of this section.

In this scheme, the content placement probabilities {b;}
need to satisfy the following conditions:

(22)

bi=...=be =1,

b[EMJ-H =...= b[EMJJrlM—gMJJ = 1w, (23)

b[EMJ+l1V17,LEMJJ+1 =...=by= 0,
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which are characterized by two variables € and w, where w
denotes the common probability value that content j in the
CD region is stored at a SBS.
As such, the yWave SCDP (7) can be expressed as
leM]

Pécp = Z ajP]H,SCD (1)
j=1

IEMJ+lIVI—[51\/IJJ

+ > a;Pscp (). (24)

j=leM]|+1
It is seen in (24) that contents {1,---,|eM]|}
have the same SCDP Pfq.n (1), and contents

{[sMJ +1,---,leM]+ [WJ} have the same SCDP
Pl'sop (). Our aim is to maximize the overall SCDP, and

the problem is formulated as
L :
rgawx Pgep in (24)

st. Cl:0<e<1,
C2:0<w<«l,

C3:1(e=1)w =0, (25)

where 1(A) is the indicator function that returns one if
the condition A is satisfied. The convexity of the problem
(25) is unknown, and finding its global optimal solution is
challenging. To obtain an efficient caching placement solution,
we first use the following approximations [41]

7

M= is always positive, given =, the optimal ¢ is obtained
by solving the following equivalent sub-problem:
1—ry
) -]

(30)

(1—¢)

max ———
o<e<l J1=7v —1

l(ﬁfj — 1)+ (a +

where (¢ = > 1 is independent of . Thus, we have

,PJ%'L,'SCD(W)
the following theorem:

Theorem 3: The optimal solution of the problem (30) is
given by

e* = min(max(e,, 0), 1),

" =1/~
- (jgl_ll) 1) w+1
Proof 3: Please see Appendix C. For ¢, to be in the range
of [0,1], = should satisfy 0 < @ < 4.
Consequently, the problem (29) reduces to the following
optimization problem about w only:

DK
Pscp-

€19

-1

where ¢,

(32)

max
s:so(w),0$w<é

Since the problem (32) is non-convex, we propose to use
Newton’s method to solve it, which is shown in the Appendix
D. Note that the Newton’s method converges faster than the
Karush-Kuhn-Tucker (KKT) method and the gradient-based
method [42]. Suppose the obtained solution is @, then the
optimal <* is min(max(&,0), 1), and the optimal £* can be
obtained from (31).

C. Two-Stair Scheme for the mmWave Tier

Similar to the yWave case, the SCDP of the mmWave tier
1 can be approximated by

leM | 1—~
M) T -1
oy G 21 (26)
! JI-7—1
j=1
M2 oy MUYy e
Z aj I~ v — -
G Ji-v—1 J=7 —1
Ml—’y (1 — E) o 1—v
e l(a + p ) —€ ) (27)

respectively, based on the fact that for Zipf popularity with
0<~,v#1and M <« J, we have Zj]\/ilj*”//z;]nzl m7 x
(M*=7 —1) / (J*=7 — 1) [41]. Therefore, the objective func-
tion of (24) can be approximated as

~ M= Prsep()
Pscp * Pjsep (1) T _ 151 T - J]fﬂ 1

M -2\
+Plisen (#) 75— KH“) —e -

(28)

Note that for the special case of MPC caching, i.e.,e = 1,w =
~ 71—
0, the above reduces to Phcp, ~ Pllscp (1) ==
Then the problem (25) can be approximated as
~
max Psep

s.t. Cl-C3. (29)

Because € and w are coupled in the objective function of (29),
we use a decomposition approach to solve this problem. Since

(eM)' ™" =1

mm mm,L mm,N
SCD = (Pj,SCD(l) + Pj,SCD(l)) T 1

+ (Pros(w) + Prel(=))

j l(s—i— (1_€)>1_ﬂ{—617‘|.

w
Then the optimal two-stair content caching can be found
obtained by solving the following problem:

M
J=r -1

(33)

max PI in (33)
e,

st. Cl1-C3. (34)

The problem (34) can be efficiently solved by following the
decomposition approach. Given tw, the optimal ¢ is obtained
by solving the following equivalent sub-problem:

1—y
(em = 1)1+ (e 4+ 022)
J=r —1 ’
prom, L (1)+7)1‘111n‘N(1))
h gmm — ( 7,5CD 3,SCD
WHETE %o (Proes (@) + Proen ()
follow the same approach in the section IV-A, except that
the derivation of the search direction to solve the optimal w*,
which is provided Appendix E.

— ymm

max
O<exl1

(35)

. The rest procedures
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TABLE I
PARAMETER VALUES.
Parameters [ Values
Number of Antenna in Wave-SBS(/V,,) 2
Main-lobe Array Gain in mmWave-SBS (Gmm) 2
LOS region (Dr,) 15 m
Transmit power of each ;/Wave-SBS P, 20 dBm
Transmit power of each mmWave-SBS Pym 20 dBm
SBS’s density for pWave and mmWave /\#,)\mm=600/km2
Path loss exponent f.=1 GHz o,=2.5
Path loss exponent f.=60 GHz [43] ap.=2.25,an=3.76
Bit rate of each content (r/T) 4 x 10°bit/s
Available bandwidth in pyWave (W,,) 10 MHz
Available bandwidth in mmWave (W) 1 GHz
SBS cache capacity (M) 10
Content library size (J) 100
Zipf exponent () 0~2

-
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Fig. 4. Successful content delivery probability for content j versus the content
placement probability.

V. RESULTS AND DISCUSSIONS

In this section, the performance of the proposed caching
schemes are evaluated by presenting numerical results. Per-
formance comparison between cache-enabled pWave and
mmWave systems is also highlighted. The system parameters
are shown in Table I, unless otherwise specified. 1 GHz and
60 GHz are chosen for the pWave and mmWave frequency
bands, respectively.

Fig. 4 verifies the SCDPs for content j derived in Theorem
1 and Theorem 2 against the content placement probability.
The analytical results are obtained from (8), (14) and (15).
The SCDP for an arbitrary content j is observed to be a
monotonically increasing and concave function of the caching
placement probability for both ;Wave and mmWave systems.
Notice that all our derived analytical results match very well
with those ones via Monte Carlo simulations averaged over
2,000 random user drops and marked by ’-’.

In Fig. 5, we examine the comparison of successful trans-
mission probabilities of yWave from (8) and mmWave from
(14) and (15) as bit rate of each content varies, which

ik

—A— fc:l GHz

o
©
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fc:60 GHz, LOS q
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Fig. 5. Successful transmission probability, A\;;mm = 400/km2,bj =1.

corresponds to the case with caching placement probability
b; = 1. It is seen that when content size is small, the pWave
system shows better performance than mmWave, but as the
content size increases, the mmWave system outperforms the
uWave system for its ability to provide high capacity. The
successful mmWave transmission probability shows a ‘ladder
drop’ effect, and this is because the mmWave system combines
LOS part and NLOS part. The LOS effect is limited to the
region within the distance D;,) while NLOS has a much
wider coverage, so when the required content size is small,
the performance is dominated by the NLOS part. However,
the NLOS part cannot provide high capacity due to the much
larger path loss exponent a;, so its performance drops steeply
as the bit rate of each content increases.

Next, in Figs. 6-7, we compare the performance of the
two proposed content placement schemes with the close-form
optimal solution [20] and the intuitive MPC scheme [21] in
the yWave single-antenna case. Note that in the general multi-
antenna setting, the close-form optimal content placement is
still unknown. The SCDP with different caching capacity M
is shown in Fig. 6. It is observed that the CCEO algorithm
achieves exactly the same performance as the known optimal
solution in [20], and the proposed TS scheme provides close-
to-optimal and significantly better performance than the MPC
solution, especially when ~ is large and the caching capacity
M is small. The MPC solution is the worst caching scheme
because it ignores the content diversity which is particularly
important when the content popularity is more uniform. Fig. 7
shows the SCDP with different content sizes 7. It is found that
the SCDP of the TS scheme is closer to the optimum when
the n/T is large. However, as the bit rate of each content n/T
increases, both TS and MPC schemes become very close to
the optimal solution.

Fig. 8 shows the SCDP comparison of various systems
with different caching capacities M. It shows that both of
the proposed content placement schemes perform consistently
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Fig. 7. Successful content delivery probability for uWave single antennas,
v = 0.6.

better than MPC, especially for the 60GHz mmWave, the
SCDP of the TS scheme is close to that of the CCEO
algorithm. The results also indicate that yWave always has
a superior performance than the 60GHz mmWave with the
same SBS density of 600/km?.

Fig. 9 shows the SCDP comparison of various systems ver-
sus the caching capacities M with different content sizes. We
generate a random set of of content size S = {s1, ..., s;,...57},
where s; denotes the content size of f;. For simplicity, s; is
chosen to be 1 or 2 with equal probability of 0.5 in our simula-
tion. The caching probability satisfies 2}']:1 bjxs; < M. Itis
shown that in the unequal-size content case, CEO still greatly
outperforms MPC, following a similar trend as the equal-size
content case.

Caching capacity, M Caching capacity, M

Fig. 9. The impact of M on the successful content delivery probability with
unequal content size, v = 1.5.

Fig. 10 studies the impact of content library size on SCDPs
of different systems. It is seen that as the library size J
increases, the SCDP drops rapidly. The gap between the
proposed content placement schemes and the MPC scheme
remain stabilized when the library size increases.

Fig. 11 compares the SCDPs for the two proposed content
placement schemes against Zipf exponent 7. It can be seen
that the SCDP increases with  because caching is more
effective when the content reuse is high. In the high-v regime
of both yWave and mmWave systems, the content request
probabilities for the first few most popular content are large,
and SCDPs of both proposed placement schemes almost
coincide. It is noteworthy that the proposed TS placement
scheme achieves performance close to the CCEO algorithm,
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especially in the yWave system and at low and high v regimes.

Finally, we investigate the cache-density tradeoff and its im-
plication on the comparison of yWave and mmWave systems.
The CEO placement scheme is used. Fig. 12 demonstrates the
SCDPs with different caching capacity M, SBS densities A,
and A\, It is also observed that the yWave channel is usually
better than the mmWave channel when A = 600/km2, SO
with the same SBS density, pWave achieves higher SCDP. To
achieve performance comparable to that of the pWave system
with SBS density of 600/km2, the mmWave system needs
to deploy SBSs with a much higher density of 1000/km2,
but the extra density of Ay, =400 /km? is too costly to
afford. Fortunately, by increasing the caching capacity from
10 to 20, the mmWave system can achieve the same SCDP of

10

— & -mmWave,CEO,\__=600/km”

- - mmWelve,CEO,)\mm=800/km2

Successful content delivery probability

— % -mmWave, CEO,\__=1000/km’

, S Wave,CEO,Aﬂ:GOO/ka
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Caching capacity, M

Fig. 12. Cache-density tradeoff , v = 1.5.

91% as the pWave system while keeping the same density of
600/km2. This result shows great promise of cache-enabled
small cell systems because it is possible to trade off the
relatively cheap storage for reduced expensive infrastructure.

VI. CONCLUSION

In this paper, we have investigated the performance of
caching in yWave and mmWave multi-antenna dense net-
works to improve the efficiency of content delivery. Using
stochastic geometry, we have analyzed the successful content
delivery probabilities and demonstrated the impact of various
system parameters. We designed two novel caching schemes
to maximize the successful content delivery probability with
moderate to low complexities. The proposed CCEO algorithm
can achieve near-optimal performance while the proposed TS
scheme demonstrates performance close to CCEO with further
reduced complexity. An important implication of this work is
that to reduce the performance gap between the pWave and
mmWave systems, increasing caching capacity is a low-cost
and effective solution compared to the traditional measures
such as using more antennas or increasing SBS density. As
a promising future direction, to study cooperative caching in
a multi-band yWave and mmWave system could further reap
the benefits of both systems.

APPENDIX A: PROOF OF THEOREM 1

Based on (5), Pkp is calculated as

J I3 Iz
PL (X2
PSCD:ZGJPI‘ ’ Jf,u : > Pu
= i +I; + o2
J *© P.hY L (x)
HTg
=Y a;| Pr|—=Zr——>0¢,| flye(x)dz,
]Zzl jL T+ T +o2 T ||

Péfjv (I,bj)
(A1)
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where P% (x,b;) is the conditional coverage probability, and
f|X#|(x) is the PDF of the distance |X/|. Then, we derive
PCOV(x b )

P, ht B, am
Pl (x,b;) = Pr (“JBM > ‘Pu>

I+ T} + 02
()0“(7'4‘0') H

o0
= Pr(ht >
L ! P.Bu
ay N,—1 ((T+Ui)gpl‘xa“

o 8} (7‘+Uﬁ)ap”m 13 P/,LB;L
o
0 n

)d Pr(ztotal )

n=0
(A2)
where Ziorar = I} + T;. Note that
2
dn <exp <_ (TJFI:;LMB),T#V))
dv™
+ +
_ ( (Uﬁw> o ( (Uﬁ)w> a3
P.bu Py

By using (A.3), (A.2) can be rewritten as

Pl (1)
Nt e " [exp(= 52 £ (50 ) Lo (55
nz:O nl(— dvm

(Ad)

where Lzn (+) is the Laplace transform of the PDF Z'', and

Lo (+)is the Laplace transform of the PDF Z;. Then Lz (s)
is glven by

Lzi(s) = Eqn [exp (—SZ canp DuttioL ( |X“,|)

[T En.{exp(—sPuhioL (|Xi0l))}
ze@”\{o}

= Egn
(I)j

7 _
= exp [—J (1 —Ep, ., {exp( sPuhioBur _O‘“ } 27rb A rdr]

x

ve

) dPI‘ (Itotal é T)

11

Likewise, EI;L (s) is given by

Efu (5)

) =g [exp (<5 3, g P (%))

[ [ Ene.. {oxp (=sBuhioL (| Xk o]))}
keZ!

= E=u
Z;

=exp[

0

")3)

x 2w (1 —bj) /\,ﬂ‘dr]

x 1
(A.6)
Substituting (A.5) and (A.6) into (A.4), after some manip-
ulations, we can obtain the desired result (10).
APPENDIX B: PROOF OF THEOREM 2
Based on (4) and (6), the SCDP for a LOS mmWave link
can be derived as
DL P G /3 —QL
mm,L mmYmmPmmyY
PSCD = J Pr ( 0_2 > @mm) f|yjmm|(y)dy

Dp
=1wL<@j'meMMy
0 J

(y)dy

di
+1(Dp, > dL)J f|yjmm
0

—(min (Dp,d 27b: Amm
= 1 — ¢ (min(Dg,dv)) 7b; ,

(B.1)
yma|(y) s the PDF of

~thé distance |Y™™| between a typlcal user and its serving
mmWave SBS , which is given by [36]

1
) [e3
where dL = (M) L , f

PmmOmm

Py (9) = 27b; Ammye "0y >0, (B2)

Similarly, the SCDP for a NLOS mmWave link can be
derived as

* Promn Gram framy ™ N
mm,N mm Y mm/Mmm
PSCD - f Pr < 02

> @mm) f|y,mm | (y)dy
Dy, 7

dn
L(Ds <dy) | Siypuo ()
Dy, 7

e~ DimbjAmm _ e—(max(DL,dN))zﬂbjAmm,

(B.3)

where dy = (M N . Thus, we obtain the SCDP

expressions for a LOS/NLOS mmWave link.
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APPENDIX C: PROOF OF THEOREM 3

Let f; (¢) denote the objective function of the problem (30).
We can obtain the first-order and the second-order derivatives
of f; (¢) with respective to (w.r.t.) € as

afl (5) _ 1 m —y
Oe _Jlf,y_l[(go_l)(l_fY)E

+(1-7) (1—;> (5+ (1;€)>_7], (C.1)

and
62
b -

e (R O

(C.2)
respectively. Note that ) > 1 and = ﬂ 7 > 0, so we get
a2f 1(5) < 0, which means that f; (¢) is a concave function

afi(

wrt €. By setting 58) to zero, we obtain the stationary

point as

-

~((E

—1 =1/ -1
0_1_1> —1|lw + 1 . (C3)
Note that 0 < w

To obtain the optlmal
cases:
o Case 1: 0 < ¢, < 1. In this case, the optimal solution of
the problem (30) is ¢* = ¢,,.
« Case 2: ¢, > 1. In this case, %6(5) > 0 fore € [0,1], and
thus the optimal solution of the problem (30) is e* = 1.

1and 11/Owehavesozo.
*, we need to consider the following

Based on the above cases, we obtain (31) and complete the
proof.

APPENDIX D: NEWTON’S METHOD TO OPTIMIZE o IN (32)

We propose Newton’s Method to solve the non-convex
problem (32) with fast convergence. Based on (28), the first-
order derivative of Pf.p, is given by

aPL " M 0%
% = Plsep (1) o1 (1-7) 507%
OPlsep (@) M1~ (1—20)\'™"
7,SCD o 1
* Ow Jl”Y—1[<€O+ w > € ]
M= __0e,
+Plsen (@ )ﬁ(l -) {_E"vaw
J— _’Y —
v (et (1—¢p) 850(1 )+ g0 — 1 7
w 0w w?
(D.1)
where
Oe, 9 l,—1 A
0w ~(e0) <(w—1 -1 -1
1 %—1
(@) (- 1) (z,—fl - 1) ) (D.2)
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and
67) SCD( )

ow

98]
J Peov(x) (270\#356_7””)‘“”;2
0
_ 27T2w)\iacse_”w’\“$2)dm, (D.3)

respectively. In (D.3), to simplify the computation, we let
Pcov(ac) Pt (x,0), based on the fact that the interference
i + Ij can be approximated as Zke% P,hioL (| Xkol)s
particularly in the dense small cell scenarios [44]. Similarly,
the second-order derivative of P, (n,T) is given by

6275# M= _ 1.0,
s =Phson () 55— (1= )7 (151 (5 2)°
O*P oy (@) MY (1—¢,) 1=y
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—1 3 (1 —1 572
+ v Y (yw) (v - 1) (w - 1) ] (D.5)
and

0 Pi'scp (@) JX
0

Ow?
According to [42], the search direction in Newton method can
be defined as

Pcov(x)( - 4%2)\ZI36_WWA“x2

+ 27r3w)\i:c56_”w>‘”x2)dm. (D.6)

Aw = 6725;3’3 / 62;;%]3 . (D.7)

Then, w is iteratively updated according to
S+ =[= (0 +h(@A=)) . D3
where o denotes the iteration index, /% = % is already

defined in (30), 02 () is the step size that can be determined
by backtracking line search [45]. Thus, the optimal @™ can
be obtained when reaching convergence.
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APPENDIX E: DERIVATION OF THE SEARCH DIRECTION IN
THE NEWTON METHOD TO OPTIMIZE w IN (32)

We use Newton Method to solve the problem (32). Here
we only derive the search direction that involves the first and
second-order derivative, and the rest is similar to Appendix D.

We first derive the first-order derivative. Similar to (D.1),

oPt w 0PI (w
we change J’?fﬂr’( ) to J’?fﬂr)( ) and get the result below:
mim
,ST () _D2
Ja — _D]%ﬂ-)\mme DimwAmm
w

+ (min (DL, dL))*mA e~ (P m A,
+ (max (Dy, dy)) T Amme (M PLdx) 7@ hm (E 1)

Next we focus on the second-order derivative. Changing

p2ph p2pmm ] .
< 1P =) o 2 o @) in (D.4) leads to the following
result:
2 pmm
0"Pjsep (@) = D*x2)\2 = DEm@Am
02 L mm

— (min (Dy, dp.))*a2\2, e~ (min(Ddu) 7w A
— (max (DL; dN))4772)\r2nme*(max(DL,dN))zﬂ'w)\mm. (EZ)

Therefore, the search direction in Newton Method can be
expressed as
o
0~Psch
O0w?

mm_ OPEER
Aw 7w /

(E.3)

REFERENCES

[11 Y. Zhu, G. Zheng, L. Wang, K.-K. Wong, and L. Zhao, “Performance
analysis and optimization of cache-enabled small cell networks,” in
Global Commun. Conf. (GLOBECOM), IEEE, Singapore, Dec. 2017,
pp. 1-6.

[2] Cisco, “Cisco visual networking index: Global mobile data traffic
forecast update: 2016-2021 white paper,” Feb. 2017.

[3] C. Fang, F. R. Yu, T. Huang, J. Liu, and Y. Liu, “A survey of energy-
efficient caching in information-centric networking,” IEEE Commun.
Mag., vol. 52, no. 11, pp. 122-129, Nov. 2014.

[4] E. G. Larsson, T. L. Marzetta, H. Q. Ngo, and H. Yang, “Antenna
Count for Massive MIMO: 1.9 GHz versus 60 GHz,” arXiv preprint
arXiv:1702.06111, Feb. 2017.

[5] T Bai and R. W. Heath Jr, “Comparing mas-
sive  mimo and mmwave massive mimo,” 2016. [On-
line]. Available: http://users.ece.utexas.edu/~rheath/presentations/2015/
ComparingMassiveMIMOSub6GHzAndMmWavelCC2015Heath.pdf

[6] L. Wang, K.-K. Wong, S. Jin, G. Zheng, and R. W. Heath Jr, “A new
look at physical layer security, caching, and wireless energy harvesting
for heterogeneous ultra-dense networks,” IEEE Commun. Mag., vol. 99,
no. 1, pp. 1-1, Sep. 2017.

[71 J. Qiao, Y. He, and X. S. Shen, “Proactive caching for mobile video
streaming in millimeter wave 5G networks,” IEEE Trans. Wireless
Commun., vol. 15, no. 10, pp. 7187 — 7198, Aug. 2016.

[8] J. G. Rois, B. Lorenzo, F. Gonzélez-Castailo, and J. C. Burguillo, “Het-
erogeneous millimeter-wave/micro-wave architecture for 5G wireless
access and backhauling,” in IEEE, Euro. Conf. Netw. and Commun.
(EuCNC). Oulu, Finland, Sept. 2016, pp. 179-184.

[9] O. Semiari, W. Saad, and M. Bennis, “Caching meets millimeter wave

communications for enhanced mobility management in 5G networks,”

arXiv preprint arXiv:1701.05125, 2017.

B. Xia, C. Yang, and T. Cao, “Modeling and analysis for cache-enabled

networks with dynamic traffic,” IEEE Commun. Lett., vol. 20, no. 12,

pp- 2506-2509, Dec. 2016.

A. Liu and V. K. Lau, “Exploiting base station caching in mimo cellular

networks: Opportunistic cooperation for video streaming,” IEEE Trans.

Signal Process., vol. 63, no. 1, pp. 57-69, Jan. 2015.

——, “Cache-enabled opportunistic cooperative mimo for video stream-

ing in wireless systems,” IEEE Trans. Signal Process., vol. 62, no. 2,

pp. 390402, Jan. 2014.

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]
(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

13

S. Yang, K.-H. Ngo, and M. Kobayashi, “Content delivery with coded
caching and massive mimo in 5g,” in Turbo Codes and Iterative
Information Processing (ISTC), 2016 9th International Symposium on,
Brest, France, Oct. 2016, pp. 370-374.

Z. Chen, J. Lee, T. Q. Quek, and M. Kountouris, “Cooperative caching
and transmission design in cluster-centric small cell networks,” IEEE
Trans. Wireless Commun., vol. 16, no. 5, pp. 3401-3415, Mar. 2017.
G. Zheng, H. Suraweera, and I. Krikidis, “Optimization of hybrid cache
placement for collaborative relaying,” IEEE Commun. Lett., vol. 21,
no. 2, pp. 442 — 445, Feb. 2017.

W. C. Ao and K. Psounis, “Distributed caching and small cell coop-
eration for fast content delivery,” in Proc., ACM Intl. Symp. on Mobi.
Ad Hoc Netw. and Comp. (MobiHoc), Hangzhou, China, Jun. 2015, pp.
127-136.

B. Blaszczyszyn and A. Giovanidis, “Optimal geographic caching in
cellular networks,” in Proc., IEEE Int. Conf. Commun. (ICC), London,
UK, Sept. 2015, pp. 3358-3363.

B. Serbetci and J. Goseling, “On optimal geographical caching in
heterogeneous cellular networks,” in IEEE Wireless Communications
and Networking Conference (WCNC), San Francisco, CA, USA, Mar.
2017, pp. 1-6.

K. Li, C. Yang, Z. Chen, and M. Tao, “Optimization and analysis of
probabilistic caching in n-tier heterogeneous networks,” arXiv preprint
arXiv:1612.04030, 2016.

J. Wen, K. Huang, S. Yang, and V. O. Li, “Cache-enabled heterogeneous
cellular networks: Optimal tier-level content placement,” IEEE Trans.
Wireless Commun., vol. 16, no. 9, pp. 5939 — 5952, Sep. 2017.

D. Liu and C. Yang, “Caching policy toward maximal success probabil-
ity and area spectral efficiency of cache-enabled Hetnets,” IEEE Trans.
Commun., vol. 65, no. 6, pp. 2699-2714, Mar. 2017.

W. Wen, Y. Cui, F-C. Zheng, S. Jin, and Y. Jiang, “Random caching
based cooperative transmission in heterogeneous wireless networks,”
arXiv preprint arXiv:1701.05761, 2017.

S. H. Chae and W. Choi, “Caching placement in stochastic wireless
caching helper networks: Channel selection diversity via caching,” IEEE
Trans. Wireless Commun., vol. 15, no. 10, pp. 6626-6637, Jun. 2016.
X. Yu, C. Li, J. Zhang, and K. B. Letaief, “A tractable framework for
performance analysis of dense multi-antenna networks,” in Proc., [EEE
Int. Conf. Commun. (ICC), Paris, France, May 2017.

R. Y. Rubinstein, “Optimization of computer simulation models with
rare events,” Euro. J. Operations Research, vol. 99, no. 1, pp. 89-112,
May 1997.

L. Breslau, P. Cao, L. Fan, G. Phillips, and S. Shenker, “Web caching
and zipf-like distributions: Evidence and implications,” in Proc. IEEE
INFOCOM, New York, NY, Mar. 1999, pp. 126-134.

3GPP TS 22.261, “Service requirements for the 5G system,” Mar. 2017.
Y. Zhu, L. Wang, K.-K. Wong, S. Jin, and Z. Zheng, “Wireless power
transfer in massive MIMO-Aided HetNets with user association,” IEEE
Trans. Commun., vol. 64, no. 10, pp. 4181-4195, Jul 2016.

T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang, G. N.
Wong, J. K. Schulz, M. Samimi, and F. Gutierrez, “Millimeter wave
mobile communications for 5G cellular: It will work!” IEEE Access,
vol. 1, pp. 335-349, May 2013.

O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath,
“Spatially sparse precoding in millimeter wave mimo systems,” /[EEE
Trans. Wireless Commun., vol. 13, no. 3, pp. 1499-1513, Mar. 2014.
T. Bai and R. W. Heath Jr., “Coverage and rate analysis for millimeter-
wave cellular networks,” IEEE Trans. Wireless Commun., vol. 14, no. 2,
pp- 1100-1114, Feb. 2015.

J. Park, S. L. Kim, and J. Zander, “Tractable resource management
with uplink decoupled millimeter-wave overlay in ultra-dense cellular
networks,” IEEE Trans. Wireless Commun., vol. 15, no. 6, pp. 4362—
4379, Jun. 2016.

S. Singh, M. N. Kulkarni, A. Ghosh, and J. G. Andrews, “Tractable
model for rate in self-backhauled millimeter wave cellular networks,”
IEEE J. Sel. Areas Commun., vol. 33, no. 10, pp. 2196-2211, Oct. 2015.
K. Venugopal, M. C. Valenti, and R. W. Heath, “Device-to-device
millimeter wave communications: Interference, coverage, rate, and finite
topologies,” IEEE Trans. Wireless Commun., vol. 15, no. 9, pp. 6175-
6188, Jun. 2016.

J. G. Andrews, T. Bai, M. N. Kulkarni, A. Alkhateeb, A. K. Gupta,
and R. W. Heath, “Modeling and analyzing millimeter wave cellular
systems,” IEEE Trans. Commun., vol. 65, no. 1, pp. 403—-430, Jan. 2017.
H.-S. Jo, Y. J. Sang, P. Xia, and J. G. Andrews, “Heterogeneous cellular
networks with flexible cell association: A comprehensive downlink sinr
analysis,” IEEE Trans. Wireless Commun., vol. 11, no. 10, pp. 3484—
3495, Oct. 2012.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2018.2794368, IEEE

Transactions on Wireless Communications

[37]1 Z. 1. Botev, D. P. Kroese, R. Y. Rubinstein, P. L’Ecuyer et al., “The
cross-entropy method for optimization,” Machine Learning: Theory and
Applications, V. Govindaraju and C.R. Rao, Eds, Chennai: Elsevier BV,
vol. 31, pp. 35-59, 2013.

Y. Zhang, C. Ji, W. Q. Malik, D. C. O’Brien, and D. J. Edwards,
“Receive antenna selection for mimo systems over correlated fading
channels,” IEEE Trans. Wireless Commun., vol. 8, no. 9, pp. 43934399,
Sept. 2009.

M. Caserta and M. C. Nodar, “A cross entropy based algorithm for
reliability problems,” Journal of Heuristics, vol. 15, no. 5, pp. 479-501,
Mar. 2009.

R. Rubinstein, “The cross-entropy method for combinatorial and contin-
uous optimization,” Methodology and computing in applied probability,
vol. 1, no. 2, pp. 127-190, Sep. 1999.

M. Taghizadeh, K. Micinski, S. Biswas, C. Ofria, and E. Torng,
“Distributed cooperative caching in social wireless networks,” IEEE
Trans. Mobile Comput., vol. 12, no. 6, pp. 1037-1053, Jun. 2013.

W. Yu, T. Kwon, and C. Shin, “Multicell coordination via joint
scheduling, beamforming, and power spectrum adaptation,” IEEE Trans.
Wireless Commun., vol. 12, no. 7, pp. 1-14, July 2013.

T. S. Rappaport, E. Ben-Dor, J. N. Murdock, and Y. Qiao, “38 GHz
and 60 GHz angle-dependent propagation for cellular & peer-to-peer
wireless communications,” in Proc., IEEE Int. Conf. Commun. (ICC),
Ottawa, Canada, Nov. 2012, pp. 4568-4573.

X. Lin, J. G. Andrews, and A. Ghosh, “Spectrum sharing for device-
to-device communication in cellular networks,” IEEE Trans. Wireless
Commun., vol. 13, no. 12, pp. 6727-6740, Dec. 2014.
S. Boyd and L. Vandenberghe, Convex Optimization.
University Press, 2004.

[38]

(391

[40]

[41]

[42]

[43]

[44]

[45]

Cambridge

Yongxu Zhu is research associate at Loughborough
University now. She received the M.S. degree from
the Beijing University of Posts and Telecommunica-
tions and Dublin City Univeristy, in 2012 and 2013,
and the Ph.D degree in Electrical Engineering from
University College London in 2017. Her research in-
terests are in the areas of energy harvesting wireless
communications, wireless edge caching, millimeter-
wave communications, heterogeneous cellular net-
works, Massive MIMO, physical-layer security.

Gan Zheng (S’05-M’09-SM’12) received the BEng
and the MEng from Tianjin University, Tianjin,
China, in 2002 and 2004, respectively, both in
Electronic and Information Engineering, and the
PhD degree in Electrical and Electronic Engineer-
ing from The University of Hong Kong in 2008.
He is currently a Senior Lecturer in the Wolfson
School of Mechanical, Electrical and Manufactur-
ing Engineering, Loughborough University, UK. His
research interests include edge caching, full-duplex
radio, wireless power transfer, cooperative commu-
nications, cognitive radio and physical-layer security. He is the first recipient
for the 2013 IEEE Signal Processing Letters Best Paper Award, and he also
received 2015 GLOBECOM Best Paper Award. He currently serves as an
Associate Editor for IEEE Communications Letters.

14

Lifeng Wang (M’15) is the postdoctoral research
fellow in the Department of Electronic and Electrical
Engineering, University College London (UCL). His
research interests include massive MIMO, millimeter
wave, dense HetNets, edge caching, physical-layer
security, and wireless energy harvesting. He received
the Exemplary Editor Certificates of the IEEE Com-
munications Letters in 2016 and 2017.

Kai-Kit Wong (M’01-SM’08-F’16) received the
BEng, the MPhil, and the PhD degrees, all in Electri-
cal and Electronic Engineering, from the Hong Kong
University of Science and Technology, Hong Kong,
in 1996, 1998, and 2001, respectively. After gradua-
tion, he took up academic and research positions at
the University of Hong Kong, Lucent Technologies,
Bell-Labs, Holmdel, the Smart Antennas Research
Group of Stanford University, and the University of
Hull, UK. He is Chair in Wireless Communications
at the Department of Electronic and Electrical En-
gineering, University College London, UK.

His current research centers around 5G and beyond mobile communi-
cations, including topics such as massive MIMO, full-duplex communica-
tions, millimetre-wave communications, edge caching and fog networking,
physical layer security, wireless power transfer and mobile computing, V2X
communications, and of course cognitive radios. There are also a few other
unconventional research topics that he has set his heart on, including for
example, fluid antenna communications systems, remote ECG detection and
etc. He is a co-recipient of the 2013 IEEE Signal Processing Letters Best Paper
Award and the 2000 IEEE VTS Japan Chapter Award at the IEEE Vehicular
Technology Conference in Japan in 2000, and a few other international best
paper awards.

He is Fellow of IEEE and IET and is also on the editorial board of several
international journals. He has served as Senior Editor for IEEE Communica-
tions Letters since 2012 and also for IEEE Wireless Communications Letters
since 2016. He had also previously served as Associate Editor for IEEE Signal
Processing Letters from 2009 to 2012 and Editor for IEEE Transactions on
Wireless Communications from 2005 to 2011. He was also Guest Editor for
IEEE JSAC SI on virtual MIMO in 2013 and currently Guest Editor for IEEE
JSAC SI on physical layer security for 5G.

Liqiang Zhao (M12) obtained his BSc degree in
electrical engineering from Shanghai Jiaotong Uni-
versity, China, in 1992, and his MSc degree in
communications and information systems and the
PhD degree in information and communications
engineering from Xidian University, China, in 2000
and 2003, respectively. In 2005, he joined the school
of telecommunications engineering, Xidian Univer-
sity, China, where he currently develops his research
and teaching activities as an full professor. His cur-
rent research focuses on wireless communications,
especially software defined network, network function virtualization, edge
computing and caching, network slicing, energy harvesting, and nano-network.
He has published more than 150 papers in authorized academic periodicals.
He has hosted/participated a great many research projects, such as the National
Natural Science Foundation of China, 863 program, the EU FP6, FP7 plans,
and the Huawei fund.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.



