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Abstract—Small-cell caching utilizes the embedded storage of
small-cell base stations (SBSs) to store popular contents for the
sake of reducing duplicated content transmissions in networks and
for offloading the data traffic from macrocell base stations to SBSs.
In this paper, we study a probabilistic small-cell caching strategy,
where each SBS caches a subset of contents with a specific caching
probability. We consider two kinds of network architectures: 1)
The SBSs are always active, which is referred to as the always-on
architecture; and 2) the SBSs are activated on demand by mobile
users (MUs), which is referred to as the dynamic on—off archi-
tecture. We focus our attention on the probability that MUs can
successfully download content from the storage of SBSs. First, we
derive theoretical results of this successful download probability
(SDP) using stochastic geometry theory. Then, we investigate the
impact of the SBS parameters, such as the transmission power and
deployment intensity on the SDP. Furthermore, we optimize the
caching probabilities by maximizing the SDP based on our stochas-
tic geometry analysis. The intrinsic amalgamation of optimization
theory and stochastic geometry based analysis leads to our optimal
caching strategy, characterized by the resultant closed-form ex-
pressions. Our results show that in the always-on architecture, the
optimal caching probabilities solely depend on the content request
probabilities, while in the dynamic on—off architecture, they also
relate to the MU-to-SBS intensity ratio. Interestingly, in both ar-
chitectures, the optimal caching probabilities are linear functions
of the square root of the content request probabilities. Monte-
Carlo simulations validate our theoretical analysis and show that
the proposed schemes relying on the optimal caching probabilities
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are capable of achieving substantial SDP improvement, compared
with the benchmark schemes.

Index Terms—.

1. INTRODUCTION

T IS forecast that at least a 100x network capacity increase
I will be required to meet the traffic demands in 2020 [1]. As
a result, vendors and operators are now looking at using every
tool at hand to improve network capacity [2].

In addition, a substantial contribution to the traffic explosion
comes from the repeated download of a small portion of popu-
lar contents, such as popular movies and videos [3]. Therefore,
intelligent caching in wireless networks has been proposed for
effectively reducing such duplicated transmissions of popular
contents, as well as for offloading the traffic from the over-
whelmed macrocells to small cells [4], [5]. Caching in third-
generation (3G) and fourth-generation (4G) wireless networks
was shown to be able to reduce the traffic by one third to two
thirds [6].

Several caching strategies have been proposed for wireless
networks. Woo et al. [7] analyzed the strategy of caching con-
tents in the evolved packet core of local thermal equilibrium
(LTE) networks.The strategy of caching contents in the radio
access network, with an aim to place contents closer to mo-
bile users (MUs) was studied in [8] and [9]. The concept of
small-cell caching, referred to as “Femtocaching” in [9] and
[10], utilized small-cell base stations (SBS) in heterogeneous
cellular networks as distributed caching devices. Caching strate-
gies conceived for device-to-device (D2D) networks were in-
vestigated in [11]-[13], where the mobile terminals serve as
caching devices. The coexistence of small-cell caching and
D2D caching is indeed also a hot research direction. In [14],
Yang et al. considered the joint caching in both the relays and
a subset of the mobile terminals, which relies on the coex-
istence of small-cell caching and D2D caching. Moreover, a
coded caching scheme was proposed in [15] to improve system
performance.

In this paper, we focus on the small-cell caching because
1) the large number of SBSs in 4G and fifth-generation (5G)
networks already provide a promising basis for caching [2]; and
2) compared with D2D caching, small-cell caching has several
advantages, such as the abundance of power supply, fewer grave
security issues, and more reliable data delivery. As illustrated in
Fig. 1, with small-cell caching, popular contents are transmitted
and cached in the storage of the SBSs during off-peak hours.
Then in peak hours, if an MU can find its requested content in
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Fig. 1. Small-cell caching.

a nearby SBS, the MU can directly download the content from
such SBS.

There are generally two approaches to implement the small-
cell caching, i.e., the deterministic content placement and the
nondeterministic content placement. In [9], [16], and [17], the
deterministic contents placement was analyzed. In these works,
the placement of popular contents was optimized using the in-
formation of the network node locations and the statistical or in-
stantaneous channel states. However, in practice, the geographic
distribution of MUs and the wireless channels are time variant.
Thus, the optimal content placement strategy has to be fre-
quently updated in the deterministic content placement, leading
to a high complexity and fewer tractable results. On the other
hand, the nondeterministic content placement permits simple
implementation and has a good tractability. In [18] and [14],
the distributions of SBSs and MUs were modeled as homo-
geneous Poisson point processes (HPPPs) to obtain a general
performance analysis for the small-cell caching. However, in
these works, all the SBSs were assumed to cache the same copy
of certain popular contents. In [11], probabilistic content place-
ment was proposed and analyzed in the context of D2D caching,
where each mobile terminal caches a specific subset of the con-
tents with a given caching probability. The throughput versus
outage tradeoff was analyzed and the optimal caching distribu-
tion was derived for a grid network relying on a particular proto-
col model. The idea of probabilistic content placement was also
investigated in the coded multicasting system [19]. Compared
with caching the same copy of certain popular contents in all the
SBSs, probabilistic content placement in small-cell caching can
provide more flexibility. Therefore, in this paper, we focus on
small-cell caching relying on probabilistic content placement,
shortened as probabilistic small-cell caching (PSC) for brevity.

In small-cell networks, there are two network architectures,
namely, the always-on architecture and the dynamic on—off ar-
chitecture. The always-on architecture is a common practice in
the current cellular networks, where all the SBSs are always ac-
tive. By contrast, in the dynamic on—off architecture, the SBSs
are only active, when they are required to provide services to
nearby MUs [20]. Aiming for saving energy consumption and
mitigating unnecessary intercell interference, the dynamic on—
off architecture has been proposed and it is currently under
investigation in 3GPP as an important candidate of 5G tech-
nologies in future dense and ultradense small-cell networks [2],
[21], [22]. Energy consumption is of critical interest in future 5SG
systems [23], [24], especially in ultradense networks. Compared
with the power-thirsty always-on architecture, where the energy
consumption grows with the network’s densification, the energy
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consumption of the ultradense network relying on the dynamic
on—off architecture mainly depends on the density of MUs in
the network [2]. The in-depth investigation of the associated
energy consumption issues of wireless caching will constitute
our future work.

Against this background, we study the PSC under the above-
mentioned pair of network architectures. First, we use a stochas-
tic geometry to develop theoretical results of the probability
Pr(D) that MUs can successfully download contents from the
storage of SBSs. Second, we investigate the impact of the SBSs’
parameters on Pr(D), namely, that of the transmission power
P and of the deployment intensity A,. In the always-on archi-
tecture, although Pr(D) monotonically increases with either P
or X, it approaches a constant when P or A, is sufficiently
high. In the dynamic on—off architecture, Pr(D) reaches a con-
stant when P is high enough, while it keeps on increasing as
s grows. Most importantly, we optimize the caching probabil-
ities for maximizing Pr(D) in the pair of network architectures
considered. We emphasize that it is quite a challenge to ap-
ply optimization theory to an objective function obtained from
stochastic geometry analysis, especially to derive a closed-form
expression for the optimal solution. Our results will demonstrate
that in the always-on architecture, the optimal subset of contents
to be cached depends on the content request probabilities, while
in the dynamic on—off architecture, it also depends on the MU-
to-SBS intensity ratio. Most interestingly, in both architectures,
the optimal caching probabilities can be expressed as linear
functions of the square root of the content request probabilities.

The rest of the paper is structured as follows. In Section IT we
describe the system model, while in Section III we present the
definition of PSC and formulate the probability that MUs can
successfully download contents from the storage of SBSs. The
main analytical results characterizing this successful download
probability (SDP) are presented in Section IV. In Section V,
we optimize the caching probabilities in both of the network
architectures for maximizing the derived SDP. The accuracy of
the analytical results and the performance gains of optimization
are characterized by simulations in Section VI. Finally, our
conclusions are offered in Section VII.

II. SYSTEM MODEL

We consider a cellular network supporting multiple MUs by
the SBSs operating within the same frequency spectrum. We
model the distribution of the SBSs and that of the MUs as two
independent HPPPs, with the intensities of A, and X,, respec-
tively. The transmission power of the SBSs is denoted by P.
The path loss of the channel spanning from an SBS to an MU
is modeled as d~ %, where d denotes the distance between them,
and o denotes the path-loss exponent. The multipath fading is
modeled as Rayleigh fading with a unit power, and hence the
channel’s power gain is denoted by i ~ exp(1). All the channels
are assumed to be independently and identically distributed.

A. Network Architectures

We consider two network architectures.
1) Always-On Architecture: In this architecture, all the
SBSs are assumed to be active, i.e., all the SBSs are
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continuously transmitting signals. This architecture is com-
monly employed in the operational cellular networks [25]. The
rationale for this architecture is that the number of SBSs is
usually much lower than that of MUs, and thus each and every
SBS has to be turned ON to serve the MUs in its coverage.

2) Dynamic On-Off Architecture: In this architecture, an
SBS will be active only when it has to provide services to its as-
sociated MUs. In future 5G networks, the intensity of deployed
SBSs is expected to be comparable to or even potentially higher
than the intensity of MUs [2]. In such ultradense networks, hav-
ing an adequate received signal coverage is always guaranteed,
since the distance between an MU and its serving SBS is short,
but the interference becomes the dominant issue. With the goal
of mitigating the potentially avoidable intercell interference and
saving energy, the dynamic on—off architecture has been identi-
fied as one of the key technologies in 5G networks [20]. With the
dynamic on—off architecture, an SBS will switch to its idle mode,
1.e., turn OFF its radio transmission, if there is no MU associated
with it, otherwise, it will switch back to the active mode.

B. File Request Model

We consider a contents library consisting of M different files.
Note that M does not represent the number of files available on
the Internet, but the number of popular files that the MUs tend
to access. We denote by ¢,,, the probability that the mth file F,,
will be requested. By stacking ¢, into {g,, :m=1,--- M},
we can get the probability mass function (PMF) of requesting
the M files. According to [26], the request- PMF of the files can
be modeled as a Zipf distribution. More specifically, for 7, , its
request probability g, is written as

1
o

qm = ﬁ
where [ is the exponent of the Zipf distribution and a large /3
implies having an uneven popularity among those files. From
(1), g,, tends to zero, as M — oo when (3 < 1, while it con-
verges to a constant value when 3 > 1. Note that (1) implies that
the indices of the files are not randomly generated, but follow a
descending order of their request probabilities.

Due to the limited storage of SBSs, an SBS is typically unable
to cache the entire file library. Therefore, we assume that the
library is partitioned into N nonoverlapping subsets of files,
referred to as file groups (FGs), and each SBS can cache only
one of the NV FGs. Note that the same FG can be redundantly
stored in multiple SBSs. The scenario of FGs with overlapping
subsets of files will be considered later, which will be compared
with the nonoverlapping scenario. We denote the nth FG, n €
{1,--- N} by G,. The probability ),, that an MU requests a
file in FG G,,, is thus given by

>

Qn =
m, forFy €Gy

(D

G- (2
III. PROBABILISTIC SMALL-CELL CACHING STRATEGY

In this section, we introduce the PSC strategy, and formulate
the probability that MUs can successfully download contents

from the storage of the SBSs, which is an important performance
metric of small-cell caching.

Generally, caching consists of two phases: a contents place-
ment phase and a contents delivery phase [27]. In the contents
placement phase, popular contents are transmitted and cached
in the storage units of network devices that are close to MUs. In
the contents delivery phase, the popular cached contents can be
promptly retrieved for serving the MUs.

A. Contents Placement Phase

In the content placement phase of PSC, each SBS indepen-
dently caches FG G,, with a specific caching probability, denoted
by S,,. Hence, from the perspective of the entire network, the
fraction of the SBSs that caches G,, equals to S,,. Since the dis-
tribution of SBSs in the network is modeled as an HPPP with the
intensity of A, according to the thinning theorem of HPPP [28],
we can view the distribution of SBSs that cache G,, as a thinned
HPPP with the intensity of S, Ag.

We assume that at a particular time instant, an MU can only
request one file, and hence, the distribution of MUs who request
the files in G,, can also be modeled as a thinned HPPP with
the intensity @), A,,. We treat the SBSs that cache G, together
with the MUs that request the files in G,, as the nth tier of the
network, shortened as Tier-n.

B. Contents Delivery Phase

During the contents delivery phase, an MU that requests a
file in G,, will associate with the nearest SBS that caches G,,,
and then attempts to download the file from it. We assume
that only when the received signal-to-interference-and-noise-
ratio (SINR) at the MU is above a prescribed threshold, can the
requested file be successfully downloaded.

If the MU cannot download the requested file from the cached
SBS, the requested file would be transmitted to the MU from
a remote content provider, which means the data should flow
across the Internet, the cellular core network, and the backhaul
network, as illustrated in Fig. 1.

C. Probability of Successful Download

Recent surveys show that 96% of the operators consider
backhaul as one of the most important challenges to small-
cell deployments, and this issue is exacerbated in ultradense
networks [29], [30]. If an MU can successfully download a re-
quested file from storages of SBSs, the usage of the backhaul
network will be greatly reduced and the transmission latency
of a requested file will be significantly shortened. Therefore,
we assume that a successful download of a requested file from
storages of SBSs is always beneficial to the network perfor-
mance. Accordingly, we focus on our attention on this SDP as
the performance metric for small-cell caching in the following.

According to Slyvnyak’s theorem for HPPP [28], an existing
point in the process does not change the statistical distribution of
other points of the HPPP. Therefore, the probability that an MU
in Tier-n can successfully download the contents from SBSs
can be obtained by analyzing the probability that a typical MU
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in Tier-n, say located at the origin, can successfully download
the contents from its associated SBS in Tier-n.

When the MU considered requests a file in G,,, its received
SINR from its nearest SBS in Tier-n can be formulated as

thozfa
oo Phe T 707

z) = 3
Tn(2) 5 (©)
where o2 denotes the Gaussian noise power, z is the distance
between the typical MU and its nearest SBS in Tier-n, x; repre-
sents the locations of the interfering SBSs, ® denotes the set of
simultaneously active SBSs, and x is the location of the serving
BS at a distance of z. Additionally, ||z;|| denotes the distance
between x; and the typical MU, while h,, and hwj denote the
corresponding channel gains.

Since the intercell interference is the dominant factor deter-
mining the signal quality in the operational cellular networks,
especially when unity frequency reuse has been adopted for im-
proving the spectrum efficiency, the minimum received SINR is
used as the metric of successful reception. Let § be the minimum
SINR required for successful transmissions and D,, be the event
that the typical Tier-n MU successfully receives the requested
file from the associated Tier-n SBS. Then, the probability of D,,
can be formulated as

Pr(D,) = Prlv,(2) > d]. 4)

Considering the request probabilities of G, and based on the
result of Pr(D,, ), we obtain the average probability that the
MUs can successfully download contents from the storage of
the SBSs, denoted by Pr(D), as

N
D)=3"Q, - Px(D,)

In essence, Pr(D) quantifies the weighted sum of the SDP,
where the weights are the request probabilities reflecting the
importance of the files.

&)

IV. PERFORMANCE ANALYSIS OF SMALL-CELL CACHING

In this section, we derive the SDP Pr(D) for the pair of
network architectures. Some special cases are also considered
with an aim to obtain more insights into the design of PSC.

A. Always-On Architecture

Our main result on the probability Pr(D) for the always-on
architecture is summarized in Theorem 1.

Theorem 1: In the always-on architecture, the probability
Pr(D) is given by

N
= Z Qn PI‘(D” )

n=1

N o0 «a 2
— ZQ”/ TSp s €Xp <—Z i )
n=1 0 P

2((1 = 8,)C(8,a) + S, A(6,a) + S,,)) dz
(6)

exp (—WASZ
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where A(6, ) £ 625 ,F1(1,1 — 2,2 — 2;-6), and C(6, @)
2 255B(2,1~ 7) Furthermore, 2F1( ) denotes the hyperge-
ometrlc functlon and B(-) represents the beta function [31].

Proof: See Appendix A. ]

From (6), we conclude that the probability Pr(D) increases
as the transmission power P grows, because exp( —Z“PL‘Z) in-
creases with P. Since it remains a challenge to obtain deeper
insights from (6), which is not a closed-form expression, two
special cases are examined in the sequel to gain deeper insight
on the performance behavior of Pr(D).

1) Path-Loss Exponent o = 4: According to 3GPP measure-
ment [32], the typical value of the path-loss exponent for SBSs
in practical environments is around 4. Substituting this typical
value of a = 4 into (6), we have

™
2

|0Y 4= Z Qnﬂ-SnF
\/f (S” + = f( - n) + Sn,\/garctan \/5)) (7)

n=1
Jerfe(z) is the scaled complementary

where erfcz(z) £ exp(z?
error function [33].

Regarding the relationship between Pr(D) and A, we pro-
pose Corollary 1.

Corollary 1: In the always-on architecture, for the special
case of @ = 4, Pr(D) monotonically increases with the increase
of L.

Proof: See Appendix B. |

From the results obtained in (6) that Pr(D) increases as P
grows, and based on Corollary 1, we conclude that when o = 4,
the SDP Pr(D) can be improved by either increasing the SBSs’
transmission power P or the SBSs’ deployment intensity A.
Furthermore, since (7) can be viewed as a function of the variable
P2, the effect of increasing P to kP on Pr(D) is equivalent to
increasing A, to VkX,, where k is a positive constant.

Moreover, according to the property of the function erfcz(z),

ie., lim, . erfcx(z) = \Fz we have
gim Pr(D) |a=a = Ahm Pr(D) |a=4
Qn Sn

N
; Vo + (Viarctan Vo + 1 — 21/6)S,

From (8), we have Remark 1.

Remark 1: In the always-on architecture, given o2 and 9, the
value of Pr(D) monotonically grows with the increase of P and
As, and it converges to a constant, when P or A, is sufficiently
large.

2) Neglecting Noise, i.e., o> = 0: In an interference-limited
network, where the noise level is much lower than the interfer-
ence, the impact of the noise can be neglected. In such cases,
we assume that 0> = 0, and it follows that Pr(D) in (6) can be
rewritten as

@®)

QnSn
—5,)C(0, ) + S,

.9

ZSA(S@ gy

316

317
318
319
320
321
322
323
324
325
326
327
328
329

330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346

347
348
349
350
351
352
353
354
355
356



357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373

374

375
376
377
378
379
380
381
382
383
384
385

386
387

388
389
390
391
392
393
394
395
396
397

CHEN et al.: PROBABILISTIC SMALL-CELL CACHING: PERFORMANCE ANALYSIS AND OPTIMIZATION 5

From (9), we have Remark 2.

Remark 2: In the always-on architecture operating in an
interference-limited network, the probability of successful
download depends only on the request probabilities and caching
probabilities of the FGs, i.e., Q,, and .S,,.

Note that in the scenario, where the different FGs may have
an overlapping subset of files, the probability Pr(D) still has
the same formulation as (6). However, all the subscripts n in
(6) should be changed to m, because we should consider both
the request probability and the caching probability of each file
Fm,ie., S, and @Q,,, instead of each FG G,,. Therefore, in this
scenario, the specific SBSs that cache F,, and the MUs that
request F,,, are viewed as Tier-m. Since all the derivations are
the same, our main results summarized in Theorem 1 as well
as the aforementioned corollary and remarks, are still valid in
conjunction with the subscript m. Hence we omit the analysis
for this scenario with overlapping subsets of files for brevity.

B. Dynamic On—Off Architecture

As mentioned, in the dynamic on—off architecture an SBS is
only active, when it has to provide services for the associated
MUs. Specifically, an SBS in Tier-n is only active, when there
is at least one MU in Tier-n located in its Voronoi cell. Hence,
the probability that an SBS in Tier-n is active, which is de-
noted by Pr (A,,), should be considered for the dynamic on—off
architecture.

Our main result on the probability Pr(D) for the dynamic
on—off architecture is summarized in Theorem 2.

Theorem 2: In the dynamic on—off architecture, the proba-
bility Pr(D) is given by

Pr(D) = Z Q.Pr(D,)
n=1

al o 22602 N
:Z Qn/ w5y As €XP (— 2 > exp( — TAg 22( Z
n=1 0 i=1,i#n

Pr(A;)S;C(0, ) + Pr(A,)S, A(S, ) + S,,,) ) dz? (10)

where Pr(A,,) denotes the probability that an SBS in Tier-n is
in the active mode, and

—-3.5
Pr(A,) ~ 1 - (1 N W> |

3554, ()

Proof: See Appendix C. |

Compared to Pr(D) in the always-on architecture, Pr(D) in
the dynamic on—off architecture also depends on the intensity
of the MUs X,. The reason behind this is that the number of
active SBSs in the network depends on the number of MUs in
the network.

From (10), we have Remark 3.

Remark 3: In the dynamic on—off architecture, given % and
J, the value of Pr(D) monotonically increases with the increase
of the transmission power P.

1) Neglecting Noise, i.e., o2 = 0: In an interference-limited
network, substituting 0% = 0 into (10), we have

PI'(D) ‘Uzﬂo =
ﬁ: QnSn
= Pr(A) S, A a) + 0, Pr(4:)S;C(6,a) + S,

(12)

From (12), we have Remark 4.

Remark 4: In the dynamic on—off architecture operating in
an interference-limited network, the probability of successful
download Pr(D) is independent of P, and depends only on Q),,,
Sy, as well as on the MU-to-SBS intensity ratio A, /As.

When considering the scenario of FGs with overlapping sub-
sets of files, the average probability Pr(D) cannot be formulated
as the sum of Pr(D,,) as in (5). Furthermore, we cannot formu-
late Pr(D) as Pr(D) = Zi{zl Pr(D,, ), which we propose for
the overlapping scenario in the always-on architecture. This is
because in the dynamic on—off architecture the active probability
of an SBS depends on the specific FG that it caches. Therefore,
the analysis of Pr(D) in the dynamic on—off architecture con-
sidering the scenario with overlapping subsets of files requires
further investigations as part of our future research.

V. OPTIMIZATION OF THE CACHING PROBABILITY

Alarger Pr(D) always benefits the network because of 1) the
backhaul saving and 2) the low-latency transmission of local
contents from SBSs [2]. Based on such facts, in this section, we
concentrate on maximizing Pr(D) by optimally designing the
caching probabilities of the contents in the system, denoted by
{SP:n=1,... N}

Note that there is a paucity of literature on applying opti-
mization theory relying on an objective function obtained from
stochastic geometry analysis, especially, when aiming for deriv-
ing a closed-form expression of the optimal solution. In order to
facilitate this optimization procedure, we ensure the mathemat-
ical tractability of the objective function by using a simple user
association strategy and neglect the deleterious effects of noise.

A. Always-On Architecture
From (9), we can formulate the optimization problem of max-

imizing Pr(D) as

Qn,Sn
(1-25,)C(0,a)+ S, A(d, ) + S,

max Pr(D) = max
{Sn} {Sn}

N
s.t. ZS" =1

n=1

Sp,>0,n=1,...,N.

n=1

13)

The solution of Problem (13) is presented in Theorem 3.

Theorem 3: In the always-on architecture, the optimal
caching scheme, which is denoted by the file caching PMF
{Sert}, that maximizes the average probability of successful
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download, is given by

f

Sort = =1,....,N (14
n ) (5 Oé) + 1 b} n ) ) ( )
where /€ = VT [Q]* 2 max{Q,0}, and

(6 a)+A(6 a)+1°
N*, 1< N* g N satlsﬁes the constraint that S,, > 0 Vn.

Proof: 1t can be shown that the optimization Prob-
lem (13) is concave and can be solved by invoking the
Karush—Kuhn—Tucker conditions [34]. The conclusion then
follows. |

From (14), when the request probability obeys @, >
£C2(8, ), G, is cached with a caching probability of Sy, oth-
erwise, itis not cached. This optimal strategy implies that ideally
the SBSs should cache the specific files with high request prob-
abilities, while those files with low request probabilities should
not be cached at all due to the limited storage of SBSs in the net-
work. Moreover, we can see that from (14) the optimal caching
probability of an FG is a linear function of the square root of its
request probability.

Regarding the scenario of FGs associated with overlapping
subsets of files, as we mentioned before, Pr(D) in this scenario
has the same formulation as that in the nonoverlapping scenario.
Therefore, the optimal caching probability of 7, in the scenario
of FGs having overlapping subsets of files can be formulated as

Som Ol 1 15
m = Oy £ 1| (15)
DORRVIORY

where /¢ = O —VCta)sv (amaysne and M (1 <M<
M), satisfies the constraint that 0 < S, <1 Vm, and V de-
notes the number of files in each FG.

Compared with the nonoverlapping scenario, the presence of
overlapping subsets among the FGs provides a higher grade of
diversity in the system. However, based on our simulations to
be discussed in the sequel, we find that the gain of maximum
Pr(D) obtained as a benefit of this diversity is limited, while the
algorithm associated with the optimal caching strategy of (15)
is more complex than that of (14).

B. Dynamic On—Off Architecture

In this architecture, as shown in (11), the probability Pr(.A,,)
that an SBS in Tier-n is in the active mode, is a function of the
ratio Q, A, /S, As. Since the intensity of SBSs is much higher
than the intensity of the MUs in this architecture, i.e., we have
Ay > A, the SBS activity probability Pr(A,,) in (11) can be
approximated as

Qn A’U

Pr(A,) ~ S

(16)

Substituting (16) into (12) and (5), we can formulate the op-
timization problem of maximizing the successful downloading
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probability as

max Pr(D) =
{Sn ,en

N
2,

N
s.t. ZS,,, =1

n=1

Qn Sy
%A((s? Ol) “En +Zi:i¢n Ql %0(57

max

{8 ,en Oé) ~g;i+ Sy

S, >0, n=1,...,N

I, if S, >0
&y = . (17)
0, 0.

if S, =

Different from the optimization problem in (13), the variable
&, 1s introduced to indicate whether G,, is cached. Due to the
existence of ¢,, which implies 2V hypotheses of file caching
states, Problem (17) is difficult to solve. Nevertheless, we man-
age to find the solution and summarize it in Theorem 4.

Theorem 4: The optimal caching scheme, i.e., the optimal
file caching PMF {S97!}, that maximizes the average probabil-
ity of successful download, is given by

Opt
Sn

(kV/Quér C(0,2) = Q2(C(6,a) — A(5, a))
=1 (& 3C0,0) - Qu2(C(3,0) — AB.0))) ,n < K

0, K <n<N.
(18)
where
K
€ = Z Qi
i=1
2 1+ K¢k %C(é, a) — &k %(O(é,a) — A(6, @) (19
K - \’ .
>t VQiék C(6,a) — QI(C(6, ) — A(5, a))
Regarding K, we have
K:argmax{Dk;kzl,z,...,N} (20)
k
where
Dy £ &

b (S, V26000 - GCE.a) —AG.a))

1+ k& %C((sa a) - fk%(c((sv a) - A<57 a))
(2D
and
Ay
N, if 3 <ay
. Ay
N _ N — 1, if ay < Z < any-—i 22)
)\'U
1, if an § I

476

477
478
479
480
481
482
483
484

485

486

487

488



489
490
491

492

493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

515
516

517

518
519
520
521
522
523
524

CHEN et al.: PROBABILISTIC SMALL-CELL CACHING: PERFORMANCE ANALYSIS AND OPTIMIZATION 7

Algorithm 1: Optimal Caching Probabilities in the
Dynamic On—Off Architecture.
1: Setj = N. .
2: Compute §; = > 7, Q;, and ¥; and a; in (24) and (23).
3: Compare = with a;. If = < a;, go to Step 4;
otherwise, set j = j — 1 and go to Step 2.
4: Set N = 3. R
5: Compute &, = S°F | Q; and Dy, in 21),k=1,--- ,N.
6: Set K = argmax { Dy, }.
k

7: Compute {x and (x in (19), then compute SO in (18).

Furthermore, the segmentation parameter a;, j = 2,..., N
is given by
a; = I,
T 056 - Q)(C(0,a) — A(6, @) + (1 = j9;)&;C (6, @)
(23)
where
VQi6C(6,0) — Q3(C(5,0) — A, 0))
= — . (24)
i=1 \/Q1€JC(67 Oé) - Ql (0(67 Oé) - A(67 Oé))
Proof: See Appendix D. |
To get a better understanding of Theorem 4, we propose
Algorithm 1 to implement Theorem 4.

From Theorem 4, we have the following remarks.

Remark 5: Inthe always-on architecture, the optimal number
of FGs to be cached depends only on {@,, : n=1,--- , N}.By
contrast, in the dynamic on—off architecture, the optimal number
of FGs to be cached depends not only on {@),, } but on the MU-
to-SBS intensity ratio A, /A, in the network as well.

Remark 6: According to (22), given A, , more FGs tend to be
cached in the SBSs, when X, becomes higher. Moreover, when
the intensity of SBSs is not sufficiently high to cache all the
FGs, the SBSs should cache the specific files with relatively high
request probabilities, which is consistent with the conclusion for
the always-on architecture.

Remark 7: In (18), with a practical region of the SINR
threshold and path-loss exponent from 3GPP, i.e., for €
[0.5,3] and « € (2,4], we have £ C(d, ) > Q,, (C(d, ) —
A(0,a)), and the optimal caching probability S97! ~
Ci\/Qu 26 C (8, 00) — € 2-C(6, ). From (14) and (18), it
is interesting to observe that the optimal caching scheme in both
the always-on architecture and in the dynamic on—off architec-
ture follow a square root law, i.e., ST? Pt is a linear function of

VQn.

VI. NUMERICAL AND SIMULATION RESULTS

In this section, we present both our numerical and Monte-
Carlo simulation results of Pr(D) in various scenarios. In the
Monte-Carlo simulations, the performance is averaged over
1000 network deployments, where in each deployment SBSs
and MUs are randomly distributed in an area of 5 X 5 km ac-
cording to an HPPP distribution. The intensity of MUs in the
network is 200/km?2. The transmission power of the SBSs, the

0.8

==Num. 3=0.25 FGNo=10
o Sim. 3=0.25 FGNo=10
—Num. 3=0.1 FGNo=10
% Sim. 0.1 FGNo=10
===Num. 3=0.25 FGNo=20
© Sim. &=0.25 FGNo=20|

0.7

~_~ 0.5 [
a
= s
&
0.4 e
«'n‘ Ed
0.3 B SO X
3 o’ 0

K-
0.2I o

6.5 06 07 08 09 1 11 12 13 14 15
Exponent of Zipf Distribution 3

Fig. 2. Numerical and simulation results of Pr(D) of the O-PSC strategy in
the always-on architecture.

noise power, the path-loss exponent, and the SINR threshold are
setto 30 dBm, —104 dBm, 4 and 0.25(—6 dB), respectively [32].
In the simulations of the always-on architecture, the deployment
intensity of SBSs is set to 80/km?, while in the simulations of
the dynamic on—off architecture, the intensity is set to 400/km?.

Furthermore, we consider a file library consisting of M = 100

files, and we partition the file library into N = 10 FGs with a
simple grouping strategy that the mth file belongs to G, if
me B m—1)+1,...,5%n]Vn € {1,..., N}. Note that the
specific choice of the file grouping strategy is beyond the scope
of this paper and it does not affect our results, because it only
changes the specific values of the request-PMF {Q,, }.

In addition, we consider the following two PSC strategies.

1) The request probability based PSC (RP-PSC) [12], where
the caching probability of one FG equals to its request
probability, i.e., S, = @Q,,. Intuitively, a particular FG is
more popular than another, the RP-PSC strategy will des-
ignate more SBSs to cache it. This strategy is evaluated
as a benchmark in our simulations.

2) The proposed optimized PSC (O-PSC) based on (14) in
the always-on architecture and (18) in the dynamic on—off

. t
architecture, where S,, = Sy,

A. Always-On Architecture

Fig. 2 compares the numerical and the simulation results con-
cerning Pr(D) of the O-PSC strategy. First, it can be seen that
the numerical results closely match the simulation results in all
scenarios. In the following, we will focus on the analytical re-
sults only, due to the accuracy of our analytical results. Second,
Pr(D) increases with the Zipf exponent (3. With a larger [, the
request probabilities of files are more unevenly distributed. In
such cases, a few FGs dominate the requests and caching such
popular FGs gives a large Pr(D). Third, Pr(D) will be lower, if
the value of § becomes higher. This is because when the SINR
threshold is increased, the probability that the received SINR
from the SBS storing the file exceeds this threshold is reduced.
Finally, we can see that Pr(D) increases as the number of FGs
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Fig.3. Pr(D) of the O-PSC strategy with different P and A in the always-on
architecture.
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-8-RP-PSC FGNo=10
0.5F =*-0-PSC FGNo=20
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Pr(D)

6.1 02 03 04 05 06 07 08 09 1
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Fig. 4. Comparison of Pr(D) versus ¢ of the RP-PSC and O-PSC strategies
in the always-on architecture.

decreases. Since each SBS only caches one FG, decreasing the
number of FGs implies that each SBS caches more files. Hence,
this Pr(D) improvement comes from increasing the stored con-
tents in each SBS.

Fig. 3 shows the SDP Pr(D) for the O-PSC strategy when the
transmission power P of SBSs varies within 2040 dBm and the
deployment intensity A, of SBSs varies within 10-400/ km?. To
highlight the asymptotic behavior of Pr(D) with the growth of
P, we set the noise power to —50dBm. We can see from the
figure that Pr(D) increases monotonically with P or A4. The
value of Pr(D) remains constant, when P or A, is sufficiently
high. This result illustrates the limit of Pr(D) in the always-on
architecture shown in (8).

In Fig. 4, we plot Pr(D) versus the SINR threshold 6 to com-
pare the performances of the RP-PSC and O-PSC strategies. We
can see that the proposed O-PSC strategy exhibits a significantly
better performance than the RP-PSC strategy. With the number
of FGs N = 10, the performance gain in terms of Pr(D) pro-
vided by the O-PSC strategy ranges from 20% to 50%, when
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-=-0-PSC FGNo=10
-8-RP-PSC FGNo=10
——0-PSC FGNo=20||
[-*-RP-PSC_FGNo=20

0.1 ---*

8.5 06 07 08 09 1 11 12 13 14 15
Exponent of Zipf Distribution 3

Fig. 5. Comparison of Pr(D) versus /3 of the RP-PSC and O-PSC strategies
in the always-on architecture.

0 varies from 0.1 to 1. When ¢ is high, the probability that
MUs can directly download the files from the storage of SBSs
becomes small. In such cases, the advantage of optimizing the
caching probabilities of the FGs is more obvious.

Even more significant Pr(D) improvement can be observed
for the case of N = 20 than that for N = 10. A larger number of
FGs means that less contents can be cached in each SBS, which
implies a very limited storage capacity. In such cases, the benefit
of optimizing the caching probabilities is more significant.

Fig. 5 compares Pr(D) in the context of RP-PSC and O-PSC
strategies versus the Zipf exponents (3. First, we can see that
the proposed O-PSC strategy greatly outperforms the RP-PSC
strategy in terms of Pr(D). With the number of FGs N = 20,
the performance gain of Pr(D) ranges from 65% to 20% when
( varies from 0.5 to 1.5. In other words, the Pr(D) improve-
ment decreases, as (3 grows. The reason behind this trend is
that for a large (3, a small fraction of FGs dominate the file
requests. Once the SBSs cache these very popular FGs, Pr(D)
will become sufficiently high. Thus, the additional gain given
by the optimization of caching probabilities becomes smaller.
Furthermore, compared with the case N = 10, the Pr(D) im-
provement when N = 20 is more significant. The reason for
this phenomenon has been explained above.

Fig. 6 compares Pr(D) in conjunction with the O-PSC strate-
gies in the overlapping and nonoverlapping scenarios. Since the
total number of files in our simulations is 100, in the figure, the
curves of “FGNo = 10” and “FGNo = 20 are compared against
the curves of “FilesPerGroup = 10 and “FilesPerGroup = 5,”
respectively. We can see that the performance of SDP in the sce-
nario of FGs having overlapping subsets of files is better than
that of the nonoverlapping subsets of files. The reason for this
observation is that allowing overlapping amongst the different
FGs provides a beneficial diversity of the FGs. Furthermore, we
can see that when the SINR threshold is increased, the advan-
tage of the overlapping scenario wanes. This is because when
the SINR threshold is high, the O-PSC strategy tends to cache
fewer popular files and the diversity of FGs becomes of limited
benefit here.
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Fig. 6. Comparison of Pr(D) versus ¢ in the overlapping and nonoverlapping
scenarios in the always-on architecture.
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Fig. 7. Numerical and simulation results of Pr(D) of the O-PCP strategy in
the dynamic on—off architecture.

B. Dynamic On—Off Architecture

Fig. 7 shows our comparison between the numerical and sim-
ulation results of Pr(D) for the O-PSC strategy. We can see
from this figure that the numerical results closely match the
simulation results in all scenarios. Similar phenomena can be
observed as in the always-on architecture.

1) Pr(D) decreases upon increasing the SINR threshold .

2) Pr(D) increases with the Zipf exponent .

3) Pr(D) increases when the number of FGs decreases.

The reasons behind these trends are the same as those dis-
cussed for the always-on architecture. Moreover, compared to
Fig. 2, the value of Pr(D) in the dynamic on—off architecture
of Fig. 7 is shown to be higher. The reason is that the dynamic
on—off technique efficiently mitigates the potential avoidable
interference in the network.

Fig. 8 shows the performance of Pr(D) for the O-PSC strategy
in the dynamic on—off architecture, when the transmission power

0.6
20 02047
P (dBm) 7“5 a /kmz)
Fig. 8. Pr(D) with different P and 4 in the dynamic on—off architecture.
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Fig. 9. Comparison of Pr(D) of the RP-PSC and O-PSC strategies versus §

in the dynamic on—off architecture.

P of SBSs varies from 20 to 40 dBm and the SBS intensity A
varies from 200 to 2000,/km?. We can see from this figure that
Pr(D) increases monotonically, when either P or A, increases.
Moreover, we can see that when P increases to a sufficiently high
value, any further increase of P will no longer improve Pr(D).
However, the increase of A, will always improve Pr(D), as seen
in (12).

Fig. 9 compares Pr(D) of the RP-PSC and O-PSC strategies,
when the SINR threshold § varies. It can be seen from the fig-
ure that compared to the RP-PSC strategy, Pr(D) is obviously
improved by the optimal caching PMF {Sy"'} in the O-PSC
strategy. With the Zipf exponent 3 = 1, the performance gain
of Pr(D) ranges from 7% to 30%, when ¢ varies from 0.1 to 1.
This observation is similar to that in the always-on architecture.
That is, the Pr(D) improvement achieved by the O-PSC strat-
egy is more pronounced, when the SINR threshold is higher.
Furthermore, the Pr(D) improvement is higher when the Zipf
exponent /3 is lower. The reason for this is explained above.
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Fig. 10.  Comparison of Pr(D) of the RP-PSC and O-PSC strategies versus

As in the dynamic on—off architecture.

Furthermore, in order to verify the optimality of the solution
given by our algorithm, we plot the optimal solution obtained
from the exhaustive search over all legitimate file caching states,
denoted by “Exh. Search” in the figure. Observed from the
figure that our solution exactly matches the optimal solution of
“Exh. Search,” which confirms our statement that the proposed
solution achieves global optimality.

In Fig. 10, we portray Pr(D) of the RP-PSC and the O-
PSC strategies versus the SBS intensity A. First, it can be
seen that compared with the RP-PSC strategy, the optimization
of the caching probabilities in the O-PSC strategy improves
Pr(D) in all scenarios. This Pr(D) improvement achieved by
the O-PSC strategy wanes slightly when A, increases because
when the SBS intensity is higher, each MU becomes capable of
associating with multiple SBSs, and thus, the probability that
MUs can successfully download contents from SBSs will be
higher. In such a case, the Pr(D) improvement obtained by the
optimization of the FG caching probabilities remains limited. In
addition, we verify the optimality of our solution by comparing
it to the optimal solution obtained from the exhaustive search.

VII. CONCLUSION

In this paper, based on stochastic geometry theory, we ana-
lyzed the performance of the PSC in a pair of network architec-
tures. Specifically, we analyzed the probability Pr(D) that MUs
can successfully download contents from the storage of SBSs.
We concluded that increasing the SBSs’ transmission power
P or their deployment intensity A is capable of increasing the
SDP. However, in the always-on architecture, Pr(D) remains
constant when P or A is sufficiently high, while in the dynamic
on—off architecture, Pr(D) always increases as A, grows.
Furthermore, in order to maximize Pr(D), we optimized the
caching probabilities of the FGs. Our results demonstrated that
in the always-on architecture, the optimal subset of FGs depends
on the contents request probabilities. In the dynamic on—off ar-
chitecture, a piecewise defined function of MU-to-SBS intensity
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ratio A, /As was introduced in order to find the optimal subset
of FGs to be cached. Interestingly, a similar optimal caching
probability law was found for both architectures, i.e., S,? Pisa
linear function of 1/@,,. Our simulation results showed that the
proposed optimal caching probabilities of the FGs achieve a
substantial gain in both architecture in terms of Pr(D) compared
to the benchmark S, = @,,, because more caching resources
are devoted to the more popular files in the proposed scheme.

APPENDIX A
PROOF OF THEOREM 1

In Tier-n of the always-on architecture, where the inten-
sity of the SBSs is S, A5, the PDF of z, i.e., the distance be-
tween the typical MU and its nearest SBS, follows f7(z) =
278, ks z exp(—mS, As2?). From (3) and (4), we have

Pr(D,) = Pr(y.(2) > 0)

—Q

/OO Phy,z
= Pr — 5
0 Z.TJ ed\{zo} Ph% ||.’L'7|| +o

0 s 2
(2/ E; [exp (—2“dT)] exp (—Z i )
0 P

278, Az exp(—mSy As2%)dz

> 5] fz (2)dz

(25)

where (a) is obtained by h,, ~ exp(1) and I = Zl,j €0\ {0}
ha, ||| represents the interference.

The interference I consists of two independent parts: 1) I;: the
SBSs in other tiers, which are dispersed across the entire area of
the network, and 2) I»: the SBSs in the nth tier, whose distances
from the typical MU are larger than z. Due to the independence
of I and I, wehave E; [exp (—2%61)] = Ey, [exp (—z%01,)] -
E;, [exp (—z%01,)].

Since the distribution of the SBSs in Tier-i is viewed as an
HPPP ¢; with S; A and therefore, we have

Ej, [exp (—z01)]

=Ej, . II e (—2"6ha, ||zl )
1S DRI
(b) 1
=, I —
/ . 14 298 ||z |7
| L3 62?:1.;#;, bi ” / ”
©) N 1
s exp | — Siks/ (1 — a) dz;
:lz; R? 14622 ||| :
al 1 2 2
2
=exp | -2 Y Siks—07 B (a, 1— a) 2 (26)

i=1,i#n

where (b) uses h,, ~ exp(1), and (c) uses E [[], .4 & (v)] =
exp (—o [ (1 =& (v)dv).
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As for I, we have

E;, [exp (—2%01)]

o 1
=e —SnAs2 l— ———— ) ]| d ||z
so(-sum2n [ (1 ) bl )
2 00 %—1
@ exp (—Snksﬁészz/ dl)
(@] §-1 1+l
26 2 2
2 Fy (l, 1——;2— ;—5))
a—2 « «

27)

= exp (—Sn A2

where (d) uses I £ 5127 [|z;]|“.
Our proof is completed by plugging (26) and (27) into
(25). |

APPENDIX B
PROOF OF COROLLARY 1

Since we have Pr(D) = >2_, @, Pr(D,), to prove that
Pr(D) increases with the increase of A4, we only have to prove
that Pr(D,,) increases monotonically upon increasing i, Vn.

Thus, in the following, we focus our attention on the proof that
OPr(D,)

o > 0.
To simplify our discourse, we use Cy = % %, and
c, & %\/? (Sn + %\/S(l —5,) 4 S,V6 arctan \/5)

Obviously, we have C| > 0 and C; > 0. Then, Pr(D,,) can be
rewritten as

Pr(D,) = CiA, exp(Cia)erfc(Cory). (28)
Hence, we have
Pr(D,
857)(\) = Cihs exp(C3A7) (1 — erf(Chy))
= (Cy exp(C342) 4+ Cihs exp(C327)2C5 1) erfe(Cay)
— ChAs exp(szki)%C’z exp(—C51%)
= ) exp(CI22)(1 + 20322 )erfc(Cars ) — C,C: X‘i
1 20 2 205 1024 ﬁ
(29)

According to [35], the continued fraction expansion of the
complementary error function is

erfc(z) = = exp(—z2)2—,am = % (30)

a;

From (30), we have erfe(z) > 2= exp(—2*) 7717 Substituting
2
ChAg for z, we have

Chg 1
exp(Cia)erfc(Cony) > —— ————. 31)
VT CIa2+ 1
Substituting (31) into (29), we can prove that Opgf”) > 0,

which implies that Pr(D) increases monotonically upon in-
creasing Ag. |

APPENDIX C
PROOF OF THEOREM 2

Similar to the derivation in Appendix A, in the dynamic on—
off architecture, the intensity of SBSs in Tier-n is also S, Ag.
hus, in Tier-n the distance z between the typical MU and
its nearest SBS follows the same PDF f(z) in the always-on
architecture. It follows that we have a similar formulation for
Pr(D,,) in the dynamic on—off architecture, yielding

Pr(D,) = /OOC E, oxp (=260 exp < Za]igz>

278, hsz exp(—mS, Ay 2% )dz. (32)

In the dynamic on—off architecture, the interference I only
arrives from the SBSs in the active mode. According to [36],
the activity probability Pr(.A4,,) of the SBSs in Tier-n, can be
formulated as

Q A >3<5

Pr(A,)~1— <1 + 355, .

As in Appendix A, we divide the interference into two parts:
I = I, + I,. The first part of interference I, is inflicted by the
active SBSs in any Tier-i, 7 # n, which can be viewed as a
homogeneous PPP with the intensity of Pr(.A4;)S;As. Hence,
we update (26) as follows:

E;, [exp (—z%01)]

al 1. (2 2
=exp | 27 Z Pr(Ay;)SMsacSFB (a,l — ) 22
i=1lii#n

(33)

The second part of the interference I, comes from the active
SBSs in Tier-n located in the area outside the circle with radius
z. We update (27) as follows:

Ep, [exp (—2%011)] = exp (— Pr(A,)
20 2 2

Integrating (33) and (34) into (32) completes the proof. |

Sy A2

APPENDIX D
PROOF OF THEOREM 4

Note that in the following proof, we simplify the notation by
introducing a £ 2=, C £ C(6, ), and A £ A(6, ).

First, we investiéate the optimization Problem (17) for a given
indicator vector €. Let us denote by N* the number of ones in
€, and by {nJ} the subscript of the ones in N*. Then, we have
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a new optimization problem represented as

z QTIJ Snj
j=1 Qn,aA+3 25 Qn,aC + Sy,

N
s.t. ZSH_}. =1
j=1

S, >0Vj=1,...N".

(35)

If we neglect the constraint Snj > (0, the solution to Prob-
lem (35) is presented in Lemma 1.

Lemma 1: Neglecting the constraint S,
solution for Problem (35) is given by

SO = C\/Qu, CE— @3, (C - A) -

1+ N*¢aC—ga(C—A)
Qn1 £C7Qr21, (C7A>

> 0, the optimal

[€aC — Qn,a(C — A)]
(36)
and ¢ £

where we have (2

Z.?le an, :

Proof: See Appendix E.

From (36), we propose Lemma 2.

Lemma 2: Given the request probabilities of two FGs
cached, where ),,, > Qn , according to (36), we have SOP"‘
SOpt

Proof See Appendix F.

Based on Lemma 2, we have S, = min{S;™} where
nj- = argmin,, {Q,, }. Hence, the constraint S, >0, Vj =
1,...N*, is equivalent to Sn . > 0. In order to ensure that

SOpt > 0, based on (36), we have

19'”]
a < Qn;., an"* (1971 £ = Qn, *)( A)+(1- N*ﬁ”ﬂ)gc
37
where
J@n € Qi (A= C)
PR (38)

TEN Qe+ a-0)
Hence, (36) only becomes the optimal solution of Problem (35),
when a meets the requirement (37).

Substituting the optimal solution in (36) into (35), we obtain
the maximum value of Pr(D) for the given indicator vector €,
yielding

a (Z?L \/Qn,. CE+ Q2 (A- c>)2
1+ N*€aC + €a(A - O)

Second, we extend the Problem (35) to Problem (17). Based
on the analysis above, given the indicator vector €1, when a <
ae, in (37), we can obtain the maximum Pr(D) denoted by D,
in (39). For e, if we have a., > ag,, then provided a < ag,
holds, we have a < ae,. Thus, €, and €, are both reasonable
for this optimization problem. Through the comparison of D,
and De,, we can find the right choice between €; and €,. Then
obtain the optimal solution of {.S,, } in form of (36).

Using {Q,, }, we can obtain the segmentation parameters for a
in (37). The smallest segmentation parameter is obtained when €

Dy-=¢— (39)
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contains IV ones, which is denoted by ay . Whena < ay,i.e., Ay
is high enough, all FGs can be cached in SBSs. Then, with the in-
crease of a, i.e., the decrease of A, some FGs cannot be cached,
where a reduced number of ones appear in €. Since we have
Q1 > Q2 > -+ > Qu, the unpopular FGs will be discarded one
by one. Accordingly, we can obtain both ¢; as well as the seg-
mentation parameter a;. As aresult, a piecewise defined function
regarding a is obtained like the number of ones in € is shown
in (20). |

APPENDIX E
PROOF OF LEMMA1

Neglecting the constraint S,,; > 0, it becomes plausible that
Problem (35) is a concave maximization problem. Adopting the
Lagrange multiplier A, we have

A(S, 1)

T Sn N*
Z Q J J + an/ _
Q“/ aA+ZL liitj anac + S“./ j=1
(40)
Using £ £ Zi\le Qn,; and % = 0, we have
n.aCé + %,a A-C
QuaCt+ @ ald=C) oo
<QC£ + a’(A - C)Qn_, + Snj>
Since Zj,l Sn, =1, we have

Opt
SO

= (4/Qu, aC¢ + Q2 a(A— C) — [€aC + Qua(A = C)]

(42)
where
ca V}+N*§a0+fa(A—C) ' 43)
S/ QngaC + Q3 a(A - C)
| |

APPENDIX F
PROOF OF LEMMA 2

First, based on the optimal solution given in (36), we have
08" Ja CE42Q,,(A-0)
aQn, 2 \/Q”/ C¢+ Q%J (A-0C)

+a(C—A). (44)

o o Opt

Since C(a,0) > A(a, ) > 0, we have gfg"’
£ J

C . Opt . .
3 c—x» Which means Sy increases with the growth of an s

> 0 when Q,,,,j <

when @), ; is no bigger than

1) Since @, <&, if 7=

the proof is completed
2) For A < 2, we consider the following case. Since

3
> 1, we have & Em > 5. Because Zj Qn,

C
20-4"
as,‘,""
> 2, for all Qn , 75— > 0, and

C—A = &, among
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the N* FGs cached, there is only one FG associated with
Qn, > % (*CTA We denote the request probability of this popular
file by ) and its caching probability by S ?Pt. Since the request
probabilities of other cached FGs must be less than %CCTA’ and

A @Opt

ﬁ > 0 when @,,; in this region, the highest caching prob-
ability among these less popular FGs occurs when only two
FGs are cached. That is, the other FG with request probability
@ = £ — Q. Denoted by Sg) P! its caching probability. We have

s s = ova (Jawoe - gita -0

- QCET QB )) (@~ Qua(C - ). (49

Since  Q1C€ + QF(A—C) — Q208 — Q3(A - C) = (Q1 —
Q2)€aA > 0, we have SPP' — S > 0. Thus, for the dominate
FG, its caching probability also dominates.

Combining the two parts above, we complete the proof. W
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Probabilistic Small-Cell Caching: Performance
Analysis and Optimization
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Guogiang Mao, Senior Member, IEEE, and Lajos Hanzo, Fellow, IEEE

Abstract—Small-cell caching utilizes the embedded storage of
small-cell base stations (SBSs) to store popular contents for the
sake of reducing duplicated content transmissions in networks and
for offloading the data traffic from macrocell base stations to SBSs.
In this paper, we study a probabilistic small-cell caching strategy,
where each SBS caches a subset of contents with a specific caching
probability. We consider two kinds of network architectures: 1)
The SBSs are always active, which is referred to as the always-on
architecture; and 2) the SBSs are activated on demand by mobile
users (MUs), which is referred to as the dynamic on—off archi-
tecture. We focus our attention on the probability that MUs can
successfully download content from the storage of SBSs. First, we
derive theoretical results of this successful download probability
(SDP) using stochastic geometry theory. Then, we investigate the
impact of the SBS parameters, such as the transmission power and
deployment intensity on the SDP. Furthermore, we optimize the
caching probabilities by maximizing the SDP based on our stochas-
tic geometry analysis. The intrinsic amalgamation of optimization
theory and stochastic geometry based analysis leads to our optimal
caching strategy, characterized by the resultant closed-form ex-
pressions. Our results show that in the always-on architecture, the
optimal caching probabilities solely depend on the content request
probabilities, while in the dynamic on—off architecture, they also
relate to the MU-to-SBS intensity ratio. Interestingly, in both ar-
chitectures, the optimal caching probabilities are linear functions
of the square root of the content request probabilities. Monte-
Carlo simulations validate our theoretical analysis and show that
the proposed schemes relying on the optimal caching probabilities
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are capable of achieving substantial SDP improvement, compared
with the benchmark schemes.

Index Terms—.

1. INTRODUCTION

T IS forecast that at least a 100x network capacity increase
I will be required to meet the traffic demands in 2020 [1]. As
a result, vendors and operators are now looking at using every
tool at hand to improve network capacity [2].

In addition, a substantial contribution to the traffic explosion
comes from the repeated download of a small portion of popu-
lar contents, such as popular movies and videos [3]. Therefore,
intelligent caching in wireless networks has been proposed for
effectively reducing such duplicated transmissions of popular
contents, as well as for offloading the traffic from the over-
whelmed macrocells to small cells [4], [5]. Caching in third-
generation (3G) and fourth-generation (4G) wireless networks
was shown to be able to reduce the traffic by one third to two
thirds [6].

Several caching strategies have been proposed for wireless
networks. Woo et al. [7] analyzed the strategy of caching con-
tents in the evolved packet core of local thermal equilibrium
(LTE) networks.The strategy of caching contents in the radio
access network, with an aim to place contents closer to mo-
bile users (MUs) was studied in [8] and [9]. The concept of
small-cell caching, referred to as ‘“Femtocaching” in [9] and
[10], utilized small-cell base stations (SBS) in heterogeneous
cellular networks as distributed caching devices. Caching strate-
gies conceived for device-to-device (D2D) networks were in-
vestigated in [11]-[13], where the mobile terminals serve as
caching devices. The coexistence of small-cell caching and
D2D caching is indeed also a hot research direction. In [14],
Yang et al. considered the joint caching in both the relays and
a subset of the mobile terminals, which relies on the coex-
istence of small-cell caching and D2D caching. Moreover, a
coded caching scheme was proposed in [15] to improve system
performance.

In this paper, we focus on the small-cell caching because
1) the large number of SBSs in 4G and fifth-generation (5G)
networks already provide a promising basis for caching [2]; and
2) compared with D2D caching, small-cell caching has several
advantages, such as the abundance of power supply, fewer grave
security issues, and more reliable data delivery. As illustrated in
Fig. 1, with small-cell caching, popular contents are transmitted
and cached in the storage of the SBSs during off-peak hours.
Then in peak hours, if an MU can find its requested content in

0018-9545 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Small-cell caching.

a nearby SBS, the MU can directly download the content from
such SBS.

There are generally two approaches to implement the small-
cell caching, i.e., the deterministic content placement and the
nondeterministic content placement. In [9], [16], and [17], the
deterministic contents placement was analyzed. In these works,
the placement of popular contents was optimized using the in-
formation of the network node locations and the statistical or in-
stantaneous channel states. However, in practice, the geographic
distribution of MUs and the wireless channels are time variant.
Thus, the optimal content placement strategy has to be fre-
quently updated in the deterministic content placement, leading
to a high complexity and fewer tractable results. On the other
hand, the nondeterministic content placement permits simple
implementation and has a good tractability. In [18] and [14],
the distributions of SBSs and MUs were modeled as homo-
geneous Poisson point processes (HPPPs) to obtain a general
performance analysis for the small-cell caching. However, in
these works, all the SBSs were assumed to cache the same copy
of certain popular contents. In [11], probabilistic content place-
ment was proposed and analyzed in the context of D2D caching,
where each mobile terminal caches a specific subset of the con-
tents with a given caching probability. The throughput versus
outage tradeoff was analyzed and the optimal caching distribu-
tion was derived for a grid network relying on a particular proto-
col model. The idea of probabilistic content placement was also
investigated in the coded multicasting system [19]. Compared
with caching the same copy of certain popular contents in all the
SBSs, probabilistic content placement in small-cell caching can
provide more flexibility. Therefore, in this paper, we focus on
small-cell caching relying on probabilistic content placement,
shortened as probabilistic small-cell caching (PSC) for brevity.

In small-cell networks, there are two network architectures,
namely, the always-on architecture and the dynamic on—off ar-
chitecture. The always-on architecture is a common practice in
the current cellular networks, where all the SBSs are always ac-
tive. By contrast, in the dynamic on—off architecture, the SBSs
are only active, when they are required to provide services to
nearby MUs [20]. Aiming for saving energy consumption and
mitigating unnecessary intercell interference, the dynamic on—
off architecture has been proposed and it is currently under
investigation in 3GPP as an important candidate of 5G tech-
nologies in future dense and ultradense small-cell networks [2],
[21], [22]. Energy consumption is of critical interest in future 5G
systems [23], [24], especially in ultradense networks. Compared
with the power-thirsty always-on architecture, where the energy
consumption grows with the network’s densification, the energy
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consumption of the ultradense network relying on the dynamic
on—off architecture mainly depends on the density of MUs in
the network [2]. The in-depth investigation of the associated
energy consumption issues of wireless caching will constitute
our future work.

Against this background, we study the PSC under the above-
mentioned pair of network architectures. First, we use a stochas-
tic geometry to develop theoretical results of the probability
Pr(D) that MUs can successfully download contents from the
storage of SBSs. Second, we investigate the impact of the SBSs’
parameters on Pr(D), namely, that of the transmission power
P and of the deployment intensity A,. In the always-on archi-
tecture, although Pr(D) monotonically increases with either P
or Ag, it approaches a constant when P or X, is sufficiently
high. In the dynamic on—off architecture, Pr(D) reaches a con-
stant when P is high enough, while it keeps on increasing as
s grows. Most importantly, we optimize the caching probabil-
ities for maximizing Pr(D) in the pair of network architectures
considered. We emphasize that it is quite a challenge to ap-
ply optimization theory to an objective function obtained from
stochastic geometry analysis, especially to derive a closed-form
expression for the optimal solution. Our results will demonstrate
that in the always-on architecture, the optimal subset of contents
to be cached depends on the content request probabilities, while
in the dynamic on—off architecture, it also depends on the MU-
to-SBS intensity ratio. Most interestingly, in both architectures,
the optimal caching probabilities can be expressed as linear
functions of the square root of the content request probabilities.

The rest of the paper is structured as follows. In Section IT we
describe the system model, while in Section III we present the
definition of PSC and formulate the probability that MUs can
successfully download contents from the storage of SBSs. The
main analytical results characterizing this successful download
probability (SDP) are presented in Section IV. In Section V,
we optimize the caching probabilities in both of the network
architectures for maximizing the derived SDP. The accuracy of
the analytical results and the performance gains of optimization
are characterized by simulations in Section VI. Finally, our
conclusions are offered in Section VII.

II. SYSTEM MODEL

We consider a cellular network supporting multiple MUs by
the SBSs operating within the same frequency spectrum. We
model the distribution of the SBSs and that of the MUs as two
independent HPPPs, with the intensities of 1, and X,, respec-
tively. The transmission power of the SBSs is denoted by P.
The path loss of the channel spanning from an SBS to an MU
is modeled as d~, where d denotes the distance between them,
and « denotes the path-loss exponent. The multipath fading is
modeled as Rayleigh fading with a unit power, and hence the
channel’s power gain is denoted by h ~ exp(1). All the channels
are assumed to be independently and identically distributed.

A. Network Architectures

We consider two network architectures.
1) Always-On Architecture: In this architecture, all the
SBSs are assumed to be active, i.e., all the SBSs are
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continuously transmitting signals. This architecture is com-
monly employed in the operational cellular networks [25]. The
rationale for this architecture is that the number of SBSs is
usually much lower than that of MUs, and thus each and every
SBS has to be turned ON to serve the MUs in its coverage.

2) Dynamic On-Off Architecture: In this architecture, an
SBS will be active only when it has to provide services to its as-
sociated MUs. In future 5G networks, the intensity of deployed
SBSs is expected to be comparable to or even potentially higher
than the intensity of MUs [2]. In such ultradense networks, hav-
ing an adequate received signal coverage is always guaranteed,
since the distance between an MU and its serving SBS is short,
but the interference becomes the dominant issue. With the goal
of mitigating the potentially avoidable intercell interference and
saving energy, the dynamic on—off architecture has been identi-
fied as one of the key technologies in 5G networks [20]. With the
dynamic on—off architecture, an SBS will switch to its idle mode,
i.e., turn OFF its radio transmission, if there is no MU associated
with it, otherwise, it will switch back to the active mode.

B. File Request Model

We consider a contents library consisting of M different files.
Note that M does not represent the number of files available on
the Internet, but the number of popular files that the MUs tend
to access. We denote by ¢,,, the probability that the mth file F,,
will be requested. By stacking ¢, into {g,, :m =1,--- M},
we can get the probability mass function (PMF) of requesting
the M files. According to [26], the request- PMF of the files can
be modeled as a Zipf distribution. More specifically, for F,,, , its
request probability g,, is written as

1
m’

qm = m
where (3 is the exponent of the Zipf distribution and a large 3
implies having an uneven popularity among those files. From
(1), g, tends to zero, as M — oo when (3 < 1, while it con-
verges to a constant value when 3 > 1. Note that (1) implies that
the indices of the files are not randomly generated, but follow a
descending order of their request probabilities.

Due to the limited storage of SBSs, an SBS is typically unable
to cache the entire file library. Therefore, we assume that the
library is partitioned into /N nonoverlapping subsets of files,
referred to as file groups (FGs), and each SBS can cache only
one of the NV FGs. Note that the same FG can be redundantly
stored in multiple SBSs. The scenario of FGs with overlapping
subsets of files will be considered later, which will be compared
with the nonoverlapping scenario. We denote the nth FG, n €
{1,--- N} by G,. The probability (J,, that an MU requests a
file in FG G,,, is thus given by

>

Qn =
m, forFy, €6y

(D

Gm- 2
III. PROBABILISTIC SMALL-CELL CACHING STRATEGY

In this section, we introduce the PSC strategy, and formulate
the probability that MUs can successfully download contents

from the storage of the SBSs, which is an important performance
metric of small-cell caching.

Generally, caching consists of two phases: a contents place-
ment phase and a contents delivery phase [27]. In the contents
placement phase, popular contents are transmitted and cached
in the storage units of network devices that are close to MUs. In
the contents delivery phase, the popular cached contents can be
promptly retrieved for serving the MUs.

A. Contents Placement Phase

In the content placement phase of PSC, each SBS indepen-
dently caches FG G,, with a specific caching probability, denoted
by S,,. Hence, from the perspective of the entire network, the
fraction of the SBSs that caches G,, equals to S,,. Since the dis-
tribution of SBSs in the network is modeled as an HPPP with the
intensity of A, according to the thinning theorem of HPPP [28],
we can view the distribution of SBSs that cache G,, as a thinned
HPPP with the intensity of .S, As.

We assume that at a particular time instant, an MU can only
request one file, and hence, the distribution of MUs who request
the files in G,, can also be modeled as a thinned HPPP with
the intensity @), A,,. We treat the SBSs that cache G, together
with the MUs that request the files in G,, as the nth tier of the
network, shortened as Tier-n.

B. Contents Delivery Phase

During the contents delivery phase, an MU that requests a
file in G,, will associate with the nearest SBS that caches G,,,
and then attempts to download the file from it. We assume
that only when the received signal-to-interference-and-noise-
ratio (SINR) at the MU is above a prescribed threshold, can the
requested file be successfully downloaded.

If the MU cannot download the requested file from the cached
SBS, the requested file would be transmitted to the MU from
a remote content provider, which means the data should flow
across the Internet, the cellular core network, and the backhaul
network, as illustrated in Fig. 1.

C. Probability of Successful Download

Recent surveys show that 96% of the operators consider
backhaul as one of the most important challenges to small-
cell deployments, and this issue is exacerbated in ultradense
networks [29], [30]. If an MU can successfully download a re-
quested file from storages of SBSs, the usage of the backhaul
network will be greatly reduced and the transmission latency
of a requested file will be significantly shortened. Therefore,
we assume that a successful download of a requested file from
storages of SBSs is always beneficial to the network perfor-
mance. Accordingly, we focus on our attention on this SDP as
the performance metric for small-cell caching in the following.

According to Slyvnyak’s theorem for HPPP [28], an existing
point in the process does not change the statistical distribution of
other points of the HPPP. Therefore, the probability that an MU
in Tier-n can successfully download the contents from SBSs
can be obtained by analyzing the probability that a typical MU
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in Tier-n, say located at the origin, can successfully download
the contents from its associated SBS in Tier-n.

When the MU considered requests a file in G,,, its received
SINR from its nearest SBS in Tier-n can be formulated as

Phy,z=¢
z;€®\{xo} Phy,[|lz;[|~ + o2

z) = 3
Yn(2) 5 (©)
where o2 denotes the Gaussian noise power, z is the distance
between the typical MU and its nearest SBS in Tier-n, x; repre-
sents the locations of the interfering SBSs, ® denotes the set of
simultaneously active SBSs, and x is the location of the serving
BS at a distance of z. Additionally, ||z;|| denotes the distance
between x; and the typical MU, while h,, and hfm denote the
corresponding channel gains.

Since the intercell interference is the dominant factor deter-
mining the signal quality in the operational cellular networks,
especially when unity frequency reuse has been adopted for im-
proving the spectrum efficiency, the minimum received SINR is
used as the metric of successful reception. Let § be the minimum
SINR required for successful transmissions and D,, be the event
that the typical Tier-n MU successfully receives the requested
file from the associated Tier-n SBS. Then, the probability of D,,
can be formulated as

Considering the request probabilities of G, and based on the
result of Pr(D,,), we obtain the average probability that the
MUs can successfully download contents from the storage of
the SBSs, denoted by Pr(D), as

N
= ZQn . Pr(D )

n=1

&)

In essence, Pr(D) quantifies the weighted sum of the SDP,
where the weights are the request probabilities reflecting the
importance of the files.

IV. PERFORMANCE ANALYSIS OF SMALL-CELL CACHING

In this section, we derive the SDP Pr(D) for the pair of
network architectures. Some special cases are also considered
with an aim to obtain more insights into the design of PSC.

A. Always-On Architecture

Our main result on the probability Pr(D) for the always-on
architecture is summarized in Theorem 1.

Theorem 1: In the always-on architecture, the probability
Pr(D) is given by

N
(D) = Z QnPr(Dn)

n=1

N
o0 z(Y(SO.Z
= ZQ” /o TSphs €XP <— 7 )

n=1

exp (—7'(')»522 (1=8,)C(6,0) + S, A(6, ) + S,)) dz

(©)
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where A(6, ) £ 625 ,F1(1,1 — 2,2 — 2;-6), and C(6, @)
225321~ 3) Funhermore, 2F1( ) denotes the hyperge-
ometric function, and B(-) represents the beta function [31].

Proof: See Appendix A. |

From (6), we conclude that the probability Pr(D) increases
as the transmission power P grows, because exp( —Z“T‘E"z) in-
creases with P. Since it remains a challenge to obtain deeper
insights from (6), which is not a closed-form expression, two
special cases are examined in the sequel to gain deeper insight
on the performance behavior of Pr(D).

1) Path-Loss Exponent o = 4: According to 3GPP measure-
ment [32], the typical value of the path-loss exponent for SBSs
in practical environments is around 4. Substituting this typical
value of a = 4 into (6), we have

0
5

N
P2
D) |a=a = Z Qnﬂ'snm
2
\/?Tz(s’l+ V(1 — ”)_y_S,L\/garctan\/S)) (7

n=1
where erfcz(z) = exp(z?
error function [33].
Regarding the relationship between Pr(D) and A, we pro-
pose Corollary 1.

Corollary 1: In the always-on architecture, for the special
case of @ = 4, Pr(D) monotonically increases with the increase
of Ag.

Proof: See Appendix B. |

From the results obtained in (6) that Pr(D) increases as P
grows, and based on Corollary 1, we conclude that when o = 4,
the SDP Pr(D) can be improved by either increasing the SBSs’
transmission power P or the SBSs’ deployment intensity Ag.
Furthermore, since (7) can be viewed as a function of the variable
P).2, the effect of increasing P to kP on Pr(D) is equivalent to
increasing A, to v/kA,, where k is a positive constant.

Moreover, according to the property of the function erfcz(x),

)erfc(x) is the scaled complementary

ie., lim, . erfcx(z) = \F , we have
Plim Pr(D) |a=a = th Pr(D) |a=4
QTL STL

]V
nz:l Vo + (Viarctan Vo + 1 — 2V/5)S,

From (8), we have Remark 1.

Remark 1: In the always-on architecture, given o2 and §, the
value of Pr(D) monotonically grows with the increase of P and
Xs, and it converges to a constant, when P or A, is sufficiently
large.

2) Neglecting Noise, i.e., o2 = 0: In an interference-limited
network, where the noise level is much lower than the interfer-
ence, the impact of the noise can be neglected. In such cases,
we assume that 0> = 0, and it follows that Pr(D) in (6) can be
rewritten as

®)

QnSn
—5,)C(0, ) + S,

Pr(D) |20 = ZSAM) e -9
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From (9), we have Remark 2.

Remark 2: In the always-on architecture operating in an
interference-limited network, the probability of successful
download depends only on the request probabilities and caching
probabilities of the FGs, i.e., ), and .S,,.

Note that in the scenario, where the different FGs may have
an overlapping subset of files, the probability Pr(D) still has
the same formulation as (6). However, all the subscripts n in
(6) should be changed to m, because we should consider both
the request probability and the caching probability of each file
Fm,ie., S, and Q,,, instead of each FG G,,. Therefore, in this
scenario, the specific SBSs that cache F,, and the MUs that
request F,,, are viewed as Tier-m. Since all the derivations are
the same, our main results summarized in Theorem 1 as well
as the aforementioned corollary and remarks, are still valid in
conjunction with the subscript m. Hence we omit the analysis
for this scenario with overlapping subsets of files for brevity.

B. Dynamic On—0Off Architecture

As mentioned, in the dynamic on—off architecture an SBS is
only active, when it has to provide services for the associated
MUs. Specifically, an SBS in Tier-n is only active, when there
is at least one MU in Tier-n located in its Voronoi cell. Hence,
the probability that an SBS in Tier-n is active, which is de-
noted by Pr (A,,), should be considered for the dynamic on—off
architecture.

Our main result on the probability Pr(D) for the dynamic
on—off architecture is summarized in Theorem 2.

Theorem 2: In the dynamic on—off architecture, the proba-
bility Pr(D) is given by

N
PI‘(D) - Z QnPr(D")

n=1

N 0 zaé‘o_Z
:ZQn/ 7-‘—Sn)”s eXp<— P )GXP<—7T)»522(
0

n=1

>

i=1,i#n
Pr(A;)S:C(6,a) + Pr(A,)S, A(6, ) + Sn> ) a2 (10)

where Pr(A,,) denotes the probability that an SBS in Tier-n is
in the active mode, and

-35
Pr(An)%1<l+Qn)m> .

3.55, As (n

Proof: See Appendix C. |

Compared to Pr(D) in the always-on architecture, Pr(D) in
the dynamic on—off architecture also depends on the intensity
of the MUs X,. The reason behind this is that the number of
active SBSs in the network depends on the number of MUs in
the network.

From (10), we have Remark 3.

Remark 3: In the dynamic on—off architecture, given o and
J, the value of Pr(D) monotonically increases with the increase
of the transmission power P.

1) Neglecting Noise, i.e., o2 = 0: In an interference-limited
network, substituting o> = 0 into (10), we have

Pr(D) [y20 =
i QnSn,
= Pr(A,)S, A ) + 300 L, Pr(A)S,C(6,a) + S,

(12)

From (12), we have Remark 4.

Remark 4: In the dynamic on—off architecture operating in
an interference-limited network, the probability of successful
download Pr(D) is independent of P, and depends only on @), ,
S,, as well as on the MU-to-SBS intensity ratio A, /As.

When considering the scenario of FGs with overlapping sub-
sets of files, the average probability Pr(D) cannot be formulated
as the sum of Pr(D,, ) as in (5). Furthermore, we cannot formu-
late Pr(D) as Pr(D) = Zﬁf;l Pr(D,, ), which we propose for
the overlapping scenario in the always-on architecture. This is
because in the dynamic on—off architecture the active probability
of an SBS depends on the specific FG that it caches. Therefore,
the analysis of Pr(D) in the dynamic on—off architecture con-
sidering the scenario with overlapping subsets of files requires
further investigations as part of our future research.

V. OPTIMIZATION OF THE CACHING PROBABILITY

A larger Pr(D) always benefits the network because of 1) the
backhaul saving and 2) the low-latency transmission of local
contents from SBSs [2]. Based on such facts, in this section, we
concentrate on maximizing Pr(D) by optimally designing the
caching probabilities of the contents in the system, denoted by
{8 :n=1,...,N}.

Note that there is a paucity of literature on applying opti-
mization theory relying on an objective function obtained from
stochastic geometry analysis, especially, when aiming for deriv-
ing a closed-form expression of the optimal solution. In order to
facilitate this optimization procedure, we ensure the mathemat-
ical tractability of the objective function by using a simple user
association strategy and neglect the deleterious effects of noise.

A. Always-On Architecture

From (9), we can formulate the optimization problem of max-
imizing Pr(D) as

max Pr(D) = max @n S
(5.1 {S.} = (1= 8,)C(6, ) + S, A(6, ) + Sy
N
S.t. ZS” =1
n=1
S, >0, n=1,...,N.
(13)

The solution of Problem (13) is presented in Theorem 3.

Theorem 3: In the always-on architecture, the optimal
caching scheme, which is denoted by the file caching PMF
{S2pt}, that maximizes the average probability of successful
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download, is given by

G —C(5,)

opt — =1,...,N
S AG,a)—C@a)+1| * T

(14)

N*
where /¢ = (Nul)zczg'g;ﬂm)ﬂ, [Q1F £ max{Q,0}, and
N*, 1 < N* < N satisfies the constraint that S,, > 0 Vn.

Proof: Tt can be shown that the optimization Prob-
lem (13) is concave and can be solved by invoking the
Karush—Kuhn—Tucker conditions [34]. The conclusion then
follows. [ |

From (14), when the request probability obeys @, >
£C?(8, ), G, is cached with a caching probability of Sy™, oth-
erwise, itis not cached. This optimal strategy implies that ideally
the SBSs should cache the specific files with high request prob-
abilities, while those files with low request probabilities should
not be cached at all due to the limited storage of SBSs in the net-
work. Moreover, we can see that from (14) the optimal caching
probability of an FG is a linear function of the square root of its
request probability.

Regarding the scenario of FGs associated with overlapping
subsets of files, as we mentioned before, Pr(D) in this scenario
has the same formulation as that in the nonoverlapping scenario.
Therefore, the optimal caching probability of 7, in the scenario
of FGs having overlapping subsets of files can be formulated as

G — O, )

AG, ) —C@a)+1]

Sg’;" = min

1 (15)

M*
where /€ = (]\JLV)CZ:(;{;)‘X%(M)H), and M*(1 < M* <
M), satisfies the constraint that 0 < S, <1 Vm, and V de-
notes the number of files in each FG.

Compared with the nonoverlapping scenario, the presence of
overlapping subsets among the FGs provides a higher grade of
diversity in the system. However, based on our simulations to
be discussed in the sequel, we find that the gain of maximum
Pr(D) obtained as a benefit of this diversity is limited, while the
algorithm associated with the optimal caching strategy of (15)
is more complex than that of (14).

B. Dynamic On—Off Architecture

In this architecture, as shown in (11), the probability Pr(A,,)
that an SBS in Tier-n is in the active mode, is a function of the
ratio Q,, A, /S, As. Since the intensity of SBSs is much higher
than the intensity of the MUs in this architecture, i.e., we have
As > Ay, the SBS activity probability Pr(.A4,,) in (11) can be
approximated as

(16)

Substituting (16) into (12) and (5), we can formulate the op-
timization problem of maximizing the successful downloading
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probability as

max Pr(D) =
{Sn sEn }

N

QnSn
7; Qn%A(d Oé) - Ep +Zi:i7§n QZ%C((S, Oé) . Ei—f—Sn

N
s.t. Z S, =1

n=1

max
{Sn sEn

S, >0, n=1,...,N
{1, if S, >0
En =
0,

if S, =0.

Different from the optimization problem in (13), the variable
e, is introduced to indicate whether G,, is cached. Due to the
existence of ¢,, which implies 2V hypotheses of file caching
states, Problem (17) is difficult to solve. Nevertheless, we man-
age to find the solution and summarize it in Theorem 4.

Theorem 4: The optimal caching scheme, i.e., the optimal
file caching PMF {S9?*}, that maximizes the average probabil-
ity of successful download, is given by

Sov!
CkV/Quéx C(6,0) — Q% (C(0,a) — A5, )
—{- (@%0(5, a) = Q. 2 (C(6,a) — A(5, oz))) n< K

a7

0, K <n<N.
(18)
where
K
€k 2> Qi
i=1
C A 1+ K&K ))LTI:C((;? Oé) - EK%(C((sa Oé) - A((sa Oé)) (19)
K = - .
Y VQikk C(5,0) — QH(C(5,0) — A(5,))
Regarding K, we have
K:argmaX{Dk:k:I,Z,...,ﬁ} (20)
k
where
Dy £ ¢,

2 (Sho) V@iECE,a) - Q(CT6,0) — A, a)))2
1+ kG EC06,0) — §2(C(5,0) — A(5,a))

21
and
Ay
N, if )Ts < ay
~ _ i < v
N N —1, if ay : <any-_i 22)
. Ay
1, if a, < Z
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Algorithm 1: Optimal Caching Probabilities in the
Dynamic On—Off Architecture.
1: Setj = N. _
2: Compute §; = > 7_, Q;, and 9; and a; in (24) and (23).
3: Compare i— with a;. If % < aj, go to Step 4;
otherwise, set j = j — 1 and go to Step 2.
4: Set N = 3. R
5: Compute &, = Zle Q;and Dy in(21),k=1,--- ,N.
6: Set K = argmax { D, }.
k

7: Compute {x and (x in (19), then compute S,(L)Pt in (18).

Furthermore, the segmentation parameter a;, j = 2,..., N
is given by
a; = I,
T (05€ - Q) (06, @) — A(6,q)) + (1 - j9;)§;C (6, )
(23)
where
. Q06 ) - QHC(,0) — A5, a))
. . (24
1YL VQi§C(a) — QHC(6,a) — AR, a))
Proof: See Appendix D. |
To get a better understanding of Theorem 4, we propose
Algorithm 1 to implement Theorem 4.

From Theorem 4, we have the following remarks.

Remark 5: Inthe always-on architecture, the optimal number
of FGs to be cached depends only on {@,, : n =1,--- , N}. By
contrast, in the dynamic on—off architecture, the optimal number
of FGs to be cached depends not only on {@),, } but on the MU-
to-SBS intensity ratio A, /A, in the network as well.

Remark 6: According to (22), given A, , more FGs tend to be
cached in the SBSs, when A, becomes higher. Moreover, when
the intensity of SBSs is not sufficiently high to cache all the
FGs, the SBSs should cache the specific files with relatively high
request probabilities, which is consistent with the conclusion for
the always-on architecture.

Remark 7: In (18), with a practical region of the SINR
threshold and path-loss exponent from 3GPP, i.e., for § €
[0.5,3] and « € (2,4], we have £ C(5, @) > Q,, (C(d, o) —
A(0,a)), and the optimal caching probability S97! ~
Ci\/Qn 2-€x C(6, @) — £ 2-C(0, ). From (14) and (18), it
is interesting to observe that the optimal caching scheme in both
the always-on architecture and in the dynamic on—off architec-
ture follow a square root law, i.e., S,?P‘ is a linear function of

VI. NUMERICAL AND SIMULATION RESULTS

In this section, we present both our numerical and Monte-
Carlo simulation results of Pr(D) in various scenarios. In the
Monte-Carlo simulations, the performance is averaged over
1000 network deployments, where in each deployment SBSs
and MUs are randomly distributed in an area of 5 x 5 km ac-
cording to an HPPP distribution. The intensity of MUs in the
network is 200/km?2. The transmission power of the SBSs, the

0.8

==Num. 3=0.25 FGNo=10
O Sim. §=0.25 FGNo=10|
—Num. 3=0.1 FGNo=10
* Sim. 3=0.1 FGNo=10
===Num. 3=0.25 FGNo=20
© Sim. &=0.25 FGNo=20|

.
-

K-
0.21' =

oY
6.5 06 0.7 08 09 1 11 12 1.3 14 15
Exponent of Zipf Distribution 3

Fig. 2. Numerical and simulation results of Pr(D) of the O-PSC strategy in
the always-on architecture.

noise power, the path-loss exponent, and the SINR threshold are
set to 30 dBm, —104 dBm, 4 and 0.25(—6 dB), respectively [32].
In the simulations of the always-on architecture, the deployment
intensity of SBSs is set to 80/km?, while in the simulations of
the dynamic on—off architecture, the intensity is set to 400/km?.

Furthermore, we consider a file library consisting of A/ = 100

files, and we partition the file library into N = 10 FGs with a
simple grouping strategy that the mth file belongs to G, if
me [B(n—1)+1,...,8n]¥n € {1,..., N}. Note that the
specific choice of the file grouping strategy is beyond the scope
of this paper and it does not affect our results, because it only
changes the specific values of the request-PMF {Q,, }.

In addition, we consider the following two PSC strategies.

1) The request probability based PSC (RP-PSC) [12], where
the caching probability of one FG equals to its request
probability, i.e., S, = @Q,,. Intuitively, a particular FG is
more popular than another, the RP-PSC strategy will des-
ignate more SBSs to cache it. This strategy is evaluated
as a benchmark in our simulations.

2) The proposed optimized PSC (O-PSC) based on (14) in
the always-on architecture and (18) in the dynamic on—off

. t
architecture, where S,, = Syr..

A. Always-On Architecture

Fig. 2 compares the numerical and the simulation results con-
cerning Pr(D) of the O-PSC strategy. First, it can be seen that
the numerical results closely match the simulation results in all
scenarios. In the following, we will focus on the analytical re-
sults only, due to the accuracy of our analytical results. Second,
Pr(D) increases with the Zipf exponent . With a larger 3, the
request probabilities of files are more unevenly distributed. In
such cases, a few FGs dominate the requests and caching such
popular FGs gives a large Pr(D). Third, Pr(D) will be lower, if
the value of 6 becomes higher. This is because when the SINR
threshold is increased, the probability that the received SINR
from the SBS storing the file exceeds this threshold is reduced.
Finally, we can see that Pr(D) increases as the number of FGs
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Fig.3. Pr(D) of the O-PSC strategy with different P and A in the always-on
architecture.

0.6 --0-PSC FGNo=10
-8-RP-PSC FGNo=10
0.5 —-0-PSC FGNo=20|
-*-RP-PSC FGNo=20

Pr(D)

6.1 02 03 04 05 06 07 08 09 1
SINR Threshold &

Fig. 4. Comparison of Pr(D) versus ¢ of the RP-PSC and O-PSC strategies
in the always-on architecture.

decreases. Since each SBS only caches one FG, decreasing the
number of FGs implies that each SBS caches more files. Hence,
this Pr(D) improvement comes from increasing the stored con-
tents in each SBS.

Fig. 3 shows the SDP Pr(D) for the O-PSC strategy when the
transmission power P of SBSs varies within 2040 dBm and the
deployment intensity A, of SBSs varies within 10—400/km?. To
highlight the asymptotic behavior of Pr(D) with the growth of
P, we set the noise power to —50 dBm. We can see from the
figure that Pr(D) increases monotonically with P or A,. The
value of Pr(D) remains constant, when P or A is sufficiently
high. This result illustrates the limit of Pr(D) in the always-on
architecture shown in (8).

In Fig. 4, we plot Pr(D) versus the SINR threshold ¢ to com-
pare the performances of the RP-PSC and O-PSC strategies. We
can see that the proposed O-PSC strategy exhibits a significantly
better performance than the RP-PSC strategy. With the number
of FGs N = 10, the performance gain in terms of Pr(D) pro-
vided by the O-PSC strategy ranges from 20% to 50%, when

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 00, NO. 00, 2016

-=0-PSC FGNo=10
-8-RP-PSC FGNo=10
--(0-PSC FGNo=20||
-*x-RP-PSC FGNo=20

0.1 - k"""

8.5 06 07 08 09 1 11 12 13 14 15
Exponent of Zipf Distribution

Fig. 5. Comparison of Pr(D) versus /3 of the RP-PSC and O-PSC strategies
in the always-on architecture.

0 varies from 0.1 to 1. When ¢ is high, the probability that
MUs can directly download the files from the storage of SBSs
becomes small. In such cases, the advantage of optimizing the
caching probabilities of the FGs is more obvious.

Even more significant Pr(D) improvement can be observed
for the case of N = 20 than that for NV = 10. A larger number of
FGs means that less contents can be cached in each SBS, which
implies a very limited storage capacity. In such cases, the benefit
of optimizing the caching probabilities is more significant.

Fig. 5 compares Pr(D) in the context of RP-PSC and O-PSC
strategies versus the Zipf exponents 3. First, we can see that
the proposed O-PSC strategy greatly outperforms the RP-PSC
strategy in terms of Pr(D). With the number of FGs N = 20,
the performance gain of Pr(D) ranges from 65% to 20% when
B varies from 0.5 to 1.5. In other words, the Pr(D) improve-
ment decreases, as (3 grows. The reason behind this trend is
that for a large (3, a small fraction of FGs dominate the file
requests. Once the SBSs cache these very popular FGs, Pr(D)
will become sufficiently high. Thus, the additional gain given
by the optimization of caching probabilities becomes smaller.
Furthermore, compared with the case N = 10, the Pr(D) im-
provement when N = 20 is more significant. The reason for
this phenomenon has been explained above.

Fig. 6 compares Pr(D) in conjunction with the O-PSC strate-
gies in the overlapping and nonoverlapping scenarios. Since the
total number of files in our simulations is 100, in the figure, the
curves of “FGNo = 10” and “FGNo = 20 are compared against
the curves of “FilesPerGroup = 10” and “FilesPerGroup = 5,”
respectively. We can see that the performance of SDP in the sce-
nario of FGs having overlapping subsets of files is better than
that of the nonoverlapping subsets of files. The reason for this
observation is that allowing overlapping amongst the different
FGs provides a beneficial diversity of the FGs. Furthermore, we
can see that when the SINR threshold is increased, the advan-
tage of the overlapping scenario wanes. This is because when
the SINR threshold is high, the O-PSC strategy tends to cache
fewer popular files and the diversity of FGs becomes of limited
benefit here.
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-e-overlap FilesPerGroup=10
-x-overlap FilesPerGroup=5

0.25

6.1 02 03 04 05 06 07 08 09 1
SINR Threshold 6

Fig. 6. Comparison of Pr(D) versus d in the overlapping and nonoverlapping
scenarios in the always-on architecture.
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Fig. 7. Numerical and simulation results of Pr(D) of the O-PCP strategy in
the dynamic on—off architecture.

B. Dynamic On—Off Architecture

Fig. 7 shows our comparison between the numerical and sim-
ulation results of Pr(D) for the O-PSC strategy. We can see
from this figure that the numerical results closely match the
simulation results in all scenarios. Similar phenomena can be
observed as in the always-on architecture.

1) Pr(D) decreases upon increasing the SINR threshold 0.

2) Pr(D) increases with the Zipf exponent (3.

3) Pr(D) increases when the number of FGs decreases.

The reasons behind these trends are the same as those dis-
cussed for the always-on architecture. Moreover, compared to
Fig. 2, the value of Pr(D) in the dynamic on—off architecture
of Fig. 7 is shown to be higher. The reason is that the dynamic
on—off technique efficiently mitigates the potential avoidable
interference in the network.

Fig. 8 shows the performance of Pr(D) for the O-PSC strategy
in the dynamic on—off architecture, when the transmission power

0.6
20 02047 )
P (dBm) A, (1/km?)
Fig. 8. Pr(D) with different P and A in the dynamic on—off architecture.
0.8
0.7
0.61
=)
Rt
A
0.5
-+-RP-PSC p=1
=—0-PSC B=1 RACTON
0.4l O Exh. Search p=1 Tt
“*[|-»-rP-PSC B=1.4 e
—-—0-PSC B=1.4
O Exh. Search f=1.4
0. : : : : :
8.1 02 03 04 05 06 07 08 09 1
SINR Threshold 6
Fig. 9. Comparison of Pr(D) of the RP-PSC and O-PSC strategies versus §

in the dynamic on—off architecture.

P of SBSs varies from 20 to 40 dBm and the SBS intensity X
varies from 200 to 2000,/km?. We can see from this figure that
Pr(D) increases monotonically, when either P or A, increases.
Moreover, we can see that when P increases to a sufficiently high
value, any further increase of P will no longer improve Pr(D).
However, the increase of A, will always improve Pr(D), as seen
in (12).

Fig. 9 compares Pr(D) of the RP-PSC and O-PSC strategies,
when the SINR threshold § varies. It can be seen from the fig-
ure that compared to the RP-PSC strategy, Pr(D) is obviously
improved by the optimal caching PMF {S."'} in the O-PSC
strategy. With the Zipf exponent § = 1, the performance gain
of Pr(D) ranges from 7% to 30%, when 0 varies from 0.1 to 1.
This observation is similar to that in the always-on architecture.
That is, the Pr(D) improvement achieved by the O-PSC strat-
egy is more pronounced, when the SINR threshold is higher.
Furthermore, the Pr(D) improvement is higher when the Zipf
exponent /3 is lower. The reason for this is explained above.
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Fig. 10.  Comparison of Pr(D) of the RP-PSC and O-PSC strategies versus

Xs in the dynamic on—off architecture.

Furthermore, in order to verify the optimality of the solution
given by our algorithm, we plot the optimal solution obtained
from the exhaustive search over all legitimate file caching states,
denoted by “Exh. Search” in the figure. Observed from the
figure that our solution exactly matches the optimal solution of
“Exh. Search,” which confirms our statement that the proposed
solution achieves global optimality.

In Fig. 10, we portray Pr(D) of the RP-PSC and the O-
PSC strategies versus the SBS intensity A,. First, it can be
seen that compared with the RP-PSC strategy, the optimization
of the caching probabilities in the O-PSC strategy improves
Pr(D) in all scenarios. This Pr(D) improvement achieved by
the O-PSC strategy wanes slightly when A, increases because
when the SBS intensity is higher, each MU becomes capable of
associating with multiple SBSs, and thus, the probability that
MUs can successfully download contents from SBSs will be
higher. In such a case, the Pr(D) improvement obtained by the
optimization of the FG caching probabilities remains limited. In
addition, we verify the optimality of our solution by comparing
it to the optimal solution obtained from the exhaustive search.

VII. CONCLUSION

In this paper, based on stochastic geometry theory, we ana-
lyzed the performance of the PSC in a pair of network architec-
tures. Specifically, we analyzed the probability Pr(D) that MUs
can successfully download contents from the storage of SBSs.
We concluded that increasing the SBSs’ transmission power
P or their deployment intensity A is capable of increasing the
SDP. However, in the always-on architecture, Pr(D) remains
constant when P or A is sufficiently high, while in the dynamic
on—off architecture, Pr(D) always increases as A, grows.
Furthermore, in order to maximize Pr(D), we optimized the
caching probabilities of the FGs. Our results demonstrated that
in the always-on architecture, the optimal subset of FGs depends
on the contents request probabilities. In the dynamic on—off ar-
chitecture, a piecewise defined function of MU-to-SBS intensity
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ratio A, /As was introduced in order to find the optimal subset
of FGs to be cached. Interestingly, a similar optimal caching
probability law was found for both architectures, i.e., S,Cl) Pisa
linear function of 1/@Q,,. Our simulation results showed that the
proposed optimal caching probabilities of the FGs achieve a
substantial gain in both architecture in terms of Pr(D) compared
to the benchmark S, = @,,, because more caching resources
are devoted to the more popular files in the proposed scheme.

APPENDIX A
PROOF OF THEOREM 1

In Tier-n of the always-on architecture, where the inten-
sity of the SBSs is S, A;, the PDF of z, i.e., the distance be-
tween the typical MU and its nearest SBS, follows f7(z) =
278, sz exp(—mS, As2?). From (3) and (4), we have

Pr(Dy) = Pr (. (2) > 9)

> Phy 2z~
= Pr — >
0 ZZ/ ed\{zo} Ph&l?] ||l'_1 || +o

00 o852
(2/ E; [exp (—z“dI)] exp (—Z ]ig )

0

> 51 fz (2)dz

2mSp sz exp(—mSy, Ag 22)dz (25)
where (a) is obtained by h,, ~ exp(1) and I = 2, €8\ 2o}
ha, ||z;]| " represents the interference.

The interference I consists of two independent parts: 1) I;: the
SBSs in other tiers, which are dispersed across the entire area of
the network, and 2) I,: the SBSs in the nth tier, whose distances
from the typical MU are larger than z. Due to the independence
of I} and I, we have E; [exp (—2%61)] = Ey, [exp (—2%011)] -
Ep, [exp (—2°01)].

Since the distribution of the SBSs in Tier-¢ is viewed as an
HPPP ¢; with S; A and therefore, we have

Ej, [exp (—z01)]

=Bn, e | JI e (=2"0h, Izl
zj 621\;1.i7&y, i
() 1
=K, H -
+J L ] + Zué €T —
K& XN 1isn b I J I
© > 1
= exp | — S,:)Ls/ (1 — u) da;
z:§én R 1+ 02 ||
\ 1 2 2
=exp | 27 Z Si)»s*&%B (’ 1— ) 52 (26)
i=1i#n « @ Q

where (b) uses h,, ~ exp(1), and (c) uses E [[], .4 & (v)] =
exp (—o [ (1 =& (v)dv).

688
689
690
691
692
693
694
695

696

697
698

700

701

702
703
704
705
706
07
708
709
710

~

711
712



713

714
715
716

77

718
719
720
721
722

723

724

725
726

727

728
729

730
731

732
733
734

CHEN et al.: PROBABILISTIC SMALL-CELL CACHING: PERFORMANCE ANALYSIS AND OPTIMIZATION 11

As for I, we have

Ej, [exp (—2"011)]

” 1
=exp| —Spis2m e Vaildllz
(s [ (1= i) 1etie)

: 2 !
@ exp <_S7L)L57T(5‘322a/ e ldl)
51

= exp (—Sn AsT2>

o —

27)

where (d) uses [ £ 5127 [|a;||“.
Our proof is completed by plugging (26) and (27) into
(25). [ |

APPENDIX B
PROOF OF COROLLARY 1

Since we have Pr(D) = szzl Q. Pr(D,), to prove that
Pr(D) increases with the increase of 1, we only have to prove
that Pr(D,,) increases monotonically upon increasing Ay Vn.

Thus, in the following, we focus our attention on the proof that
dPr(D,)

o > 0.
To simplify our discourse, we use Cy = % %, and
C, 2 %\/% (Sn + %\/S(l -8, + Sn\/garctan\/g).

Obviously, we have C| > 0 and C; > 0. Then, Pr(D,,) can be
rewritten as

Pr(D,) = CiA, exp(C5A%)erfc(Chiy). (28)
Hence, we have
Pr(D,
a(;ii) = Cihs exp(CI2) (1 — erf(Chhy))
= (Cy exp(C3A2) 4 Cihs exp(C527)2C5 1) erfe(Cay)
2
—ChAs eXp(szki)ﬁCz exp(—C51%)
2,2 252 2
= C] CXp(Cz)\S)(l + ZCZAg)erfC(C’zks) — C] 02)\.37.
S S \/,/Tr
(29)

According to [35], the continued fraction expansion of the
complementary error function is

erfc(z) = = exp(—2?) 5 (30)

a Pl

From (30), we have erfc(z) > = exp(fzz)%. Substituting
T3

CH, for z, we have

Crg 1
exp(Ciad)erfc(Cody) > —— ————. @31
VT CIA2+ 1
Substituting (31) into (29), we can prove that apar)i?,,) > 0,

which implies that Pr(D) increases monotonically upon in-
creasing Ag. |

APPENDIX C
PROOF OF THEOREM 2

Similar to the derivation in Appendix A, in the dynamic on—
off architecture, the intensity of SBSs in Tier-n is also S, Ag.
Thus, in Tier-n the distance z between the typical MU and
its nearest SBS follows the same PDF f(z) in the always-on
architecture. It follows that we have a similar formulation for
Pr(D,,) in the dynamic on—off architecture, yielding

/O VB [exp (—261)] exp <— Zal‘i"2>

2w Sy sz eXp(*ﬂ'Sn)\SZZ)dz.

Pr(D,) =

(32)

In the dynamic on—off architecture, the interference I only
arrives from the SBSs in the active mode. According to [36],
the activity probability Pr(.A4,,) of the SBSs in Tier-n, can be
formulated as

~ Quiu \

Pr(A,) =1 <1 + 3.5&)‘8) .

As in Appendix A, we divide the interference into two parts:

I = I) + I,. The first part of interference I; is inflicted by the

active SBSs in any Tier-i, ¢ = n, which can be viewed as a

homogeneous PPP with the intensity of Pr(A;)S;As. Hence,
we update (26) as follows:

E;, [exp (—z%01)]

al 1. (2 2
=exp | -2 Y Pr(4)Six,—6" B (,1-) 2
i=11i#n @ @ @

(33)

The second part of the interference I, comes from the active
SBSs in Tier-n located in the area outside the circle with radius
z. We update (27) as follows:

Ep, [exp (—2%011)] = exp (— Pr(A,)
26 2 2
p—) 2 Fy <l,l — E;Zf a;5)> . (34)

Integrating (33) and (34) into (32) completes the proof. [ |

Sy he2?

APPENDIX D
PROOF OF THEOREM 4

Note that in the following proof, we simplify the notation by
introducing a = 2=, C £ C(6,a), and A £ A(6, o).

First, we investiéate the optimization Problem (17) for a given
indicator vector €. Let us denote by N* the number of ones in
e, and by {n;} the subscript of the ones in N*. Then, we have
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a new optimization problem represented as

Z an S'n,j
=1 Qn,aA+ 3 Qn,aC + Sy,

ol (35)

s.t. ZS"J =1

j=1
Su, >0Vj=1,...N*

If we neglect the constraint Sn] > (, the solution to Prob-
lem (35) is presented in Lemma 1.

Lemma 1: Neglecting the constraint S,,; > 0, the optimal
solution for Problem (35) is given by

SO = ¢1/Qu, CE~ @3, (C = A) - [€aC — Qu,a(C - A)]
(36)
and &2

'1+N*£aC7§a(CfA)

where we have (2 0. 0-0I (C-A)

Zj‘\f:l Qn j*
Proof: See Appendix E.
From (36), we propose Lemma 2.
Lemma 2: Given the request probabilities of two FGs

cached, where Q,,, > @, , according to (36), we have Sﬁ Pt
S0,
Proof: See Appendix F.
Based on Lemma 2, we have S.°' = min {S;™} where
nf = argmin, {Q,, }. Hence, the constraint S, >0, Vj =
. N*, is equivalent to Sn . > 0. In order to ensure that

SOpt > 0, based on (36), we have
19”]
(In;. & = Qn, )(C—A) +

a< an/m afn,

(1 - N*ﬂnﬁ)gc
37
where

@i, EC+ Q3 (A= 0)
e+ @i a-c)

Hence, (36) only becomes the optimal solution of Problem (35),
when a meets the requirement (37).

Substituting the optimal solution in (36) into (35), we obtain
the maximum value of Pr(D) for the given indicator vector €,
yielding

U, (38)

A

a (E;\:Xl \/an Of + Q%j (A — C))2
1+ N*€aC + €a(A - C)

Second, we extend the Problem (35) to Problem (17). Based
on the analysis above, given the indicator vector €1, when a <
ag, in (37), we can obtain the maximum Pr(D) denoted by D,
in (39). For e, if we have a., > ag,, then provided a < ag,
holds, we have a < a,. Thus, €, and €, are both reasonable
for this optimization problem. Through the comparison of Dy,
and De,, we can find the right choice between € and ;. Then
obtain the optimal solution of {S,, } in form of (36).

Using {Q,, }, we can obtain the segmentation parameters for a
in (37). The smallest segmentation parameter is obtained when €

Dy =¢ - (39)
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contains /V ones, which is denoted by ay . Whena < ay,i.e., Ay
is high enough, all FGs can be cached in SBSs. Then, with the in-
crease of a, i.e., the decrease of A, some FGs cannot be cached,
where a reduced number of ones appear in €. Since we have
Q1 > Q2 > -+ > Qn, the unpopular FGs will be discarded one
by one. Accordingly, we can obtain both g; as well as the seg-
mentation parameter a;. As aresult, a piecewise defined function
regarding a is obtained like the number of ones in € is shown
in (20). |

APPENDIX E
PROOF OF LEMMA 1

Neglecting the constraint S,,, > 0, it becomes plausible that
Problem (35) is a concave maximization problem. Adopting the
Lagrange multiplier A, we have

A(S,2)
N* N*
n Sn
-y - >os,
7:1 Q7L,GA+ZT 11#/ Qn,aC+S7L, j:1
(40)
Using £ £ E;V:l Qy, and % =0, we have
n. aCE& + % a(A-C
Qn, aCC + Qn, ol ) + 1 =0Vn;. 41)

(aCE +a(A—C)Qn, +5,,)°
Since Zjvzl S

Opt
Sﬂ J

=1, we have

= (/Qu,aCE + Q3 a(A — C) — [¢aC + @ a(A - O]

(42)
where
ca NI + N*¢aC + €a(A - C) . 3)
S/ QugaC + @2 a(A - C)
|

APPENDIX F
PROOF OF LEMMA 2

First, based on the optimal solution given in (36), we have
S _ VA CE+2Qu(A-C)
0Qy, 2 \/an_ CE+ Q% (A-C)

+a(C— A). (44)

Opt
Since C(a,0) > A(a,0) > 0, we have aagnj
”J

%C%’ which means SS"‘ increases with the growth of Qn_, s
f C

when @), ; is no bigger than 3 7=

1) Since Q,,, <&, if z= > 2, forall Q,;, 5

the proof is completed.
2) For CC T <2, we consider the following case. Since

a7 > 5 - Because ). @y, =

> 0 when an <

aSOpl
> 0, and

C — > 1, we have &, among
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the N* FGs cached, there is only one FG associated with
Qn, > % CCTA- We denote the request probability of this popular
file by () and its caching probability by S ?pt. Since the request

probabilities of other cached FGs must be less than %CCTA, and
as

m > 0 when @, in this region, the highest caching prob-

ability among these less popular FGs occurs when only two
FGs are cached. That is, the other FG with request probability
@ = & — Q. Denoted by S? P! its caching probability. We have

S =5 = ¢Va (\/Q10£ +QHA-C)

- QCETBA-0)) + (@ - QualC - ). 49

Since  Q1C¢ + QF(A—C) — Q08 — Q3(A - C) = (Q1 —
2)€aA > 0, we have S?pt — Sg)pt > 0. Thus, for the dominate
FG, its caching probability also dominates.

Combining the two parts above, we complete the proof. W
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