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Abstract. In this paper, we compare different caching policies in a
cache-enabled heterogeneous network (HetNet). The network is equipped
with a tier of macro cell base stations (MBSs) with backhaul link and
a tier of small cell base stations (SBSs) with cache memories. The two-
dimensional spatial distribution of these two-tier network is modeled by
stochastic geometry theory, the probability of the files being requested
is modeled by Zipf distribution and the probability of the files being
cached on the SBS are modeled by different particular distributions cor-
responding to different caching policies. We use average outage probabil-
ity (AOP) to measure the performance of the system. In order to decilne
the AOP of a user request, we propose a new caching policy with equal
proportional probability. The performance of the new caching policy, the
affect caused by SBS density changing and the affect caused by cache
skewness changing are verified by Monte-Carlo simulation.

Keywords: Caching policy - Heterogeneous network - Stochastic
geometry - Average outage probability - Equal proportional probability

1 Introduction

With the explosive growth of mobile data services, the user’s demand for high-
speed data streams is rapidly growing. Since requesting contents from the cen-
tralized cloud usually generates significant backhaul link pressure, the recent
research tends to cache the contents on the edge storage deployed on the SBSs
of HetNet [1].

Focusing on the minimization of resource consumption, by combining the
caching memory and backhaul link as a unified resource with balance coefficient,
the optimal memory size has been obtained in closed-form, and the optimal den-
sity of SBSs has been found numerically, which can reduce the required capacity
of backhaul but keep the wireless QoS effectively [2].
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Focusing on different performance metrics, to reduce time delay, by jointly
modeling the backhaul and wireless transmission phases, a theoretical frame-
work for partially connected edge cache network was derived to characterize the
trade-off relations between time delay and deployment parameters, and the opti-
mal deployment strategy is obtained [3]. To maximize cache hit probability, by
modeling the network with limited number of BSs, cached files and users, [4]
relaxed the problem to a convex optimization problem and obtained the optimal
caching policy with randomized rounding algorithm. When considering outage
probability of the service, [5] compared the performance of different classical
caching policies and analytically derived the outage probability of serving the
requested content by jointly considering spectrum allocation and storage con-
straints. To maximize the success probability and area spectral efficiency (ASE),
[6] takes SBS idling into consideration and obtained the optimal caching proba-
bility respectively maximizing the success probability and ASE, which concluded
that each SBS tends to cache the most popular files to maximize ASE.

Focusing on special network structure, with extra D2D communication
inserted, [7] proposed a near optimal MOAC algorithm and a low-complexity
MRAC algorithm, which demonstrated that the proposed algorithms solved the
problem of user selfishness through the natural social efficiency and individual
rationality of the proposed auction model.

This paper characterizes the AOPs of user request corresponding to different
caching policies by modeling the spatial distribution of the BSs as several inde-
pendent Poisson Point Processes (PPPs). Unlike [5], we propose a new caching
policy which could avoid the shortcomings of the classical policies and provide
lower outage probability than the classical policies. Furthermore, we investi-
gate the relationship between the density of SBS and AOP and the relationship
between the sliding parameter and AOP.

2 System Model

Consider the downlink transmission scenario of HetNet with cache-enabled SBSs
and backhaul link-deployed MBSs as shown in Fig. 1. The two dimensional spa-
tial distribution of the MBSs and SBSs follows two independent PPPs denoted
by @\ and Pg, respectively, which represent the spatial location sets of MBSs
and SBSs. The density values of MBS, SBS are Ay (nodes per square meter)
and Ag, respectively. Since we only consider the performance from the user side,
we assume the spectrum allocation of both SBSs and MBSs and the same. The
transmit power of MBS, SBS is denoted by Py and Ps, respectively. The radium
of service area for each SBS is denoted by Ryax-

We assume that each user requests the content from a library which contains
N files, and the cache space of each SBS is M (M < N), where each file is
assumed to follow unit size. The files are indexed according to their popularity,
ranking from the most popular (the 1st file) to the least popular (the Nth
file). The probability of each file being requested follows the Zipf distribution,
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Fig. 1. HetNet with cache-enabled SBSs and backhaul-equipped MBSs.

according to which the requesting probability of the ith popular file is

; (1)

where 0 (6§ > 0) is the skew parameter of the popularity of different files, as ¢
grows larger, the gap between the high-popularity files and the low-popularity
files becomes larger.

We assume each SBS selects the files to be cached independently. The prob-
ability of the ith popular file to be cached on SBS is denoted as g; [8], since
each file follows unit size, the average space occupied by the ith popular file is
¢;, thus, the summation of ¢; is

N
> a=M 2)

The most commonly used caching policies are uniform caching policy (UCP)
and popularity-based caching policy (PCP), where UCP makes SBSs cache
each file with equal probability and PCP only cache the most M popular files,

denoted as
M

qi,UCP = W(l = 1,2, ,N) (3)
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‘ - 1 i:1727 7M (4)
%i,PCP = 9\ i=M+1,M+2,..,N

Since each SBS caches the files independently, the spatial location set of the
SBS which caches the ith file is denoted as ®g;, with the density value thinned
by value g;, i.e., Ag; = Agg;. On the contrary, Ps; and Mgy = Ag(1 — ¢;) denote
the spatial location set of SBSs which do not cache the ith file and their density
value, respectively.

The downlink signal-to-interference-plus-noise ratio (SINR) for a typical user
requesting the ith file when associating with SBS (MBS) is

PShSiRg»a
SINRg; = —2| 5
S Ig; + o2 ( )
PMhMRK/Ia
SINRyy = ——— 6
M IMz +0_2 ) ( )

where hg; and hy; are the equivalent channel power from the associated SBS
(MBS) i.e., Si0 (MO0) to the typical user, we assume both SBS-to-user and MBS-
to-user channels are modeled as Rayleigh fading channel. Thus, both hg; and
hy follow the exponential distribution with unit mean, i.e., hg;i ~ exp(1l) (i =
1,2,...,N), hym ~ exp(1) [9], Rg; is the distance between the typical user and
the nearest SBS which caches the ith file, Ry is the distance between the
typical user and the nearest MBS, « is the path loss exponent, for the ease
of the calculation below, the value of « is set to 4. The interference gen-
erating to the typical user which is associating with SBS is Iy; = Igm +
Isisi + Isisiv, where Isiv = 3 cq,, Pvha Ry Isisi = 2o jeasisio PohsijRsij
and Ig;sy =Y jed Pshg;j Rgi? respectively represent the interference produced
by the MBSs, the $BSs which cache the ith file, the SBSs which do not cache the
tth file. The interference to the typical user associating with MBS is Iny; = Inim+
Ivisi+1Ivisir, where Iniv = 375 c gm0 P By s Intisi = D s, PohsijRaj;
and Ingsir :ZJ'G@su PshSingi?, which represent the same as above. Since the
HetNets are usually interference-limited [10], we neglect the effect caused by the
additive noise, i.e., o2 = 0.

3 Caching Policies and Performance Analysis

In this section, we propose a equal proportional probability caching policy and a
connection strategy to increase the usage ratio of SBSs, then we use the outage
probability as the performance metric to analyze the validity of the system.
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3.1 Caching Policies and Connecting Strategy

When using UCP, if the request probability gap between each file is large (when
0 is large), the high-ranking files possess the same cache probability as others.
On the contrary, when using PCP, if the request probability gap between each
file is little (when ¢ is little), they low-ranking files still won’t be cached although
the gap of the requesting probability between the low-ranking files and the high-
ranking files is not large, resulting in the low cache hit probability.

The primary reason of this problem is the cache probability of a typical
file cannot match its corresponding request probability, to solve these problem,
the equal proportional probability caching policy (EPPCP) is proposed. In this
policy, the 1st popular file is most likely to be cached, i.e., argmaxg; = 1. Then

q; is equally proportional to ¢;_; with proportionality factor d (0 < d < 1), i.e.,
¢i = gi—1d. So if we sets ¢1 ((M/N) < 1 < 1) as a function of sliding parameter
0 (0 < 8 < 1) which makes ¢ slide from M/N to 1,1ie.,q1 = 8+ (1—0)(M/N),
according to (2), the summation of their average space is

N N

doai=) qd!
=1 =1
@aq (1 —dN)
T 14 (7)

B+ (1= B)(M/N)|(A - d¥)
1-d

=M

)

where step (a) follows the summation formula of geometric sequence, by solving
this Nth degree polynomial equation with dichotomy, we can obtain a unique
solution of d within (0,1), then we can obtain the caching probability of each file
a1, ¢2 = qid, g3 = 1d?, ..., gy = q1dV 1, the above is the achievement method
of EPPCP.

To release the load of the backhaul link, we use the SBS-priority connecting
strategy (SPCS). When a typical user requests the ith file, it firstly searches and
associates with the nearest SBS which caches the ith file within R,,.x, if there is
no SBS which satisfies the requirement, the nearest MBS would fulfill the request
and obtain the requested file from the core network through backhaul link. By
this strategy, the backhaul link would be occupied only when the SBSs cannot
provide service, resulting in link pressure to be released.

The probability of the user associating with SBS tier when requesting the
ith file is denoted as ps;, which is equivalent with the probability that there’s at
least one SBS within the circle area centered on the typical user of radius Ryax.

psi =1 — e 0T R (8)
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When a typical user connects with SBS tier, the probability density function
of user-SBS distance is

d(FR i| Rsi<Rmax (T))
FRsi|Rsi < Runax (T) = o Sd;

9)

. 2
2w Asre IS
T 1 — e~ @iAsTRE,,

similar to (9), when a typical user connects with MBS tier, the probability
density function of user-MBS distance is

fryu = 2mAnre M (10)

3.2 OQOutage Probability

We use AOP, i.e. Pyy; as the performance metric to reflect the quality of service,
which is the average probability that the downlink channel SINR be inferior to
the given threshold ~, which is

Pout = sz pSz out,Si (1 - pSi)Pout,Mi] (11)

where Py, s; represents the outage probability for a SBS-connected user when
requesting the ith file, which is

]P)out,Si = ]ERSi, [p(SINRSZ < 'V|RSZ = r)]
Rmax
=1- / p(SINRs; > 7|Rsi = T)fRsHRSi<Rmax (r)dr
0

Rmax

=1 —

Agmr?

~ ~ ~ 2mwqiAsre” 1t
[/ISiM(PsT*O‘ )EISiSi(PsT*O‘ )E Tsisi (P r=a’ 1 _ e=@%iXsTRE .

dr,

(12)

where Lrg, (557==), Lrsis (550==) and L, (5= ) respectively represent the
Laplace transform of the probability density function of Igin, Isisi and Isisy
with parameter ﬁ

Proof: Since Is;nm, Isis; and Ig;s; are independent of each other, so the prob-
ability density function of their summation is their convolution, i.e., frg, (u) =

fISiM (u) * fISiS'i (u) * fISiSi/ (u)7 then we get
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Pshg;r=«

— >
Si

vs;
= E;.. [p(hg; Is;
Is; [P(hsi > PST—O‘)| si]

p(SINRSi > ’Y|RSi = 7”) = p(

(a) —isi
=Ergle 7 |Isi]
* (13)

N /e_ e 15, (u)du

g v v
= Ligiu (W)ElSiSi (m)ﬁj&'&" (W)a

step (a) is from hy ~ exp(1), step (b) follows the theorem of convolution, i.e.,
f e_su<fa(u) * fb(u))du = f e_sufa(u)du f e_sufb(u)du'
0 0

0
The Laplace transform of L, (5;7==) is

ol _sinv
e Pgr—<

Ligin (ﬁ) =Er,,[ Isim]

= Eg,,.,,,, [exp(— i (Z Pubag Ryj))]

Ps’/‘_o‘ JEDPM
a Psr=«
@ Ry, [ng o j’; P
© exp(2mAm 7(PSTOCP—S|—T;;MmQ — 1)xdx) )
=exp(TAm /OO(PSraPir’y;Mu_g —1)du)
0

2
: P
(—i)exp(—%/\M“ 7137;\/[7"2)7

step (a) is from hyp ~ exp(1), step (b) is from the probability generating function
of PPP [11] and step (c) is from the assumption that the path-loss parameter

o =4.
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Similar to (14), Ly, (557==) and Lig,g, (5==) are

Y T
‘CISiSi(i_a) = Eog, [ H — —Oz]
Psr jews, T O YR ;

= exp(27rqi)\s/(

r

,',,—Ot

o — Dudz) (15)
rTY T

= exp(—wqi)\SﬁTQ(g - arctan(\/}ﬁ)))

y Psr—
Lr. ., (=——)=Egs_, =
Tsiss (PST_“) e [jel;[s, Pgr—o 4 ’YPSRSZ‘(;]
=exp(27(1 — gi)As /Oo(r_a —1zdz)  (16)
4 P 4 yp—a
0

2 9

:exp(—7(1 — Gi)As\/T7)

Similar to (12), the outage probability of the typical user request when asso-
ciating with MBS (i.e., Poys,Mmi) 1S

Pout,mi = ERy, [p(SINRMi < 'Y‘RMi = 7")]

[e o]

i Y i —Amnr?
:/(1_EIMiM(W)EIMiSi(W)Ell\/ﬁsy(W))Qﬂ)ﬂw,’qe AT g,
0
(17)
where EIMiSi(ﬁ)? ﬁlMiSi(ﬁ)’ ‘CIMis;/(#)) are
gl r®
’CIMiM(i_) = E@M\MO[ H 77—0]

Fuar=e sero " (18)

(—— (£ — arctan(—=)))

=exp(———= (= — arctan
P VTt 2 \/ 2
5y Pyr—«
EIMiSi(i_) = Eépsl‘[ H N — ]

Pyr—« ey, Pyr Jr’yPSRS; 19

P Riax

= exp(—7TgiNs /%Msﬁ(g — arctan(—Z2))
JLrsT
V. Pu
Y Pyr™@
EIMiSi’( 701) = Efpsﬁ [ H — —a}

Fuar seds, Pt s (20)

= exp(—w)\M\Fyr?(g - arctan(\%r)))

Thus, we can obtain the AOP of different caching policies by (11).
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4 Numerical Results
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Fig. 2. Outage probability v.s. skew parameter. \s = 1000km~!, 3 = 1.
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In this section, we present the numerical analysis of the outage probability,
and verify the analysis results with 10,000-time Monte-Carlo simulations of a
5km x 5 km size network. v is 20dBm, Py is 50dBm, Pg is 30dBm, M = 70,

N =100, Rumax = 30m, Ay = 10km ™",
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Fig. 4. Outage probability v.s. sliding parameter. A\s = 1000 km™*.

Figure 2 shows the AOP for different caching policies as the function of skew
parameter 0. We can see the results of the performance analysis match the
simulation results, the red line, i.e., the AOP of EPPCP is lower than oth-
ers at the range of (0.2, 1.0). When there’s no cache deployed on SBSs (i.e.
¢ =0,i=1,2,..,N), from (12) we have Poys; = 1,7 =1,2,..., N, since the
typical user associates with the nearest MBS regardless of the file it requests and
the interference produced by SBSs keeps unchanged with 4, the SINR does not
change with §, resulting in the AOP keeps stable. When using UCP, the outage
probability when requesting the ith file keeps unchanged, resulting in the AOP
stabilizes with ¢. Since the requesting probability gap between the high-ranking
files and the low-ranking files is not large between (0,1), the EPPCP has lower
Pout,si when requesting low-ranking files than PCP, resulting in lower AOP. On
the contrary, the AOP of EPPCP is higher than UCP between (0,0.2) for the
same reason. Since J has the typical value of 0.5~1.0 [12], EPPCP would be a
better option than other caching policies.

Figure 3 shows the AOP as the function of Ag. We find that for different
caching policies, the AOP firstly grows larger, that’s because when A\g = 0 (i.e.
there is no SBS), there’s no interference produced by SBS, which is the main
part of the total interference, resulting in large SINR. As A\g grows larger, the
AOP turns to fall since the average distance to the associating SBS gets shorter,
resulting in larger signal power received and larger SINR. Thus, when we build
ultra-dense HetNet with cache-enabled SBS, we would sacrifice a little bit of
AOP in exchange for the release of backhaul link pressure and lower time delay.
Unlike the above, when there’s no cache deployed, the AOP could only rise with
Ag since there’s only interference increasing caused by higher densed SBSs.
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Figure4 shows the AOP as the function of § when using EPPCP. We find
that the AOP becomes smaller with 3, which means the performance becomes
better with a more skewed caching policy.

5 Conclusion

In this paper, we applied an equal proportional probability caching policy with
SBS-priority connecting strategy on cache-enabled heterogeneous celluar net-
work. By modeling the spatial distribution of the BSs as two independent Pois-
son Point Processes, we obtained the average outage probability for a typical
user’s request. The simulation result showed that the proposed policy resulted
in lower AOP than the classical policies when 0 is in the interval (0.2, 1.0).
In addition, we investigated the relationship between the density of SBS and
AOP, which concluded the high-densed SBSs would sacrifice a little bit of AOP
in exchange for the release of backhaul link and lower time delay. Lastly, we
investigated the relationship between the sliding parameter and AOP, which
concluded the performance becomes better with a more skewed caching policy.
This paper highlights that the new caching policy performs better than the con-
ventional policies under cache-enabled HetNets, underscoring the fact that using
high-densed network in conjunction with a more skewed caching policy would
obtain a better system performance.
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