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Abstract—In this paper, we explore the content information
to design the joint caching and push mechanism in the small-cell
base stations (SBSs) powered by renewable energy. The problem
is formulated as a Markov decision process by exploring the
features of content popularity and renewal and by taking into
consideration the energy consumption for both content fetch from
core network and push to the users. The objective is to minimize
the number of requests which cannot be met by the SBSs.
We adopt the policy iteration algorithm to obtain the optimal
caching and push policy. According to the numerical results, the
performance gain with large SBS cache size is marginal due to
the limited energy. We also find that the optimal policy reveals
noticeable performance gain compared with the greedy fetch
policy and the non-push policy. In addition, simulations shows
the tradeoff between the number of cached contents in the SBS
and the available energy for content push.

I. INTRODUCTION

By utilizing the renewable energy from natural sources
such as solar, wind, kinetic activities and so on to sup-
port wireless communication systems, energy harvesting (EH)
technology [1] has been considered as one of the candidate
technologies to reduce the COy emissions. However, due to
the randomness of the energy arrival process and the limitation
on the battery capacity, energy waste or shortage will occur
when the energy harvesting process and the traffic pattern
mismatches with each other in either spatial or time domain.
To improve the efficiency of the harvested energy, one should
adjust the power allocation policy using the traffic information
to re-shape the energy profile to match the traffic profile.

In the literature, there have been extensive studies on
how to match harvested energy with traffic profile. Refs. [2],
[3] study the optimal power allocation with random packet
arrival under additive white Gaussian noise (AWGN) channel
and fading channel, respectively. The long-term spatial and
temporal variations of mobile traffic are considered in [4], [5],
and the renewable energy is adapted via resource allocation
and base station (BS) sleeping. However, the existing research
mainly depends on the bit-level information, i.e., if there are
bits to be transmitted or how many bits need to be transmitted.
The content information carried inside the bit stream is not
explored. In fact, as users may be interested in the same content
(latest news, popular videos and etc.), there are lots of repeated
transmissions if the content information is not used, which is

978-1-4799-6664-6/16/$31.00 ©2016 IEEE

not energy-efficient.

The content caching and push mechanism is viewed as a
promising way to improve the efficiency of content delivery in
wireless network. To reduce the core network overhead, con-
tents are suggested to be cached at the small-cell BSs (SBSs)
[6], [7] or relay nodes [8] with proactive caching [9]. On the
other hand, with the improvement of data storage capacity, user
devices are capable of storing large amount of data. Hence, the
content push mechanism [10] is developed based on wireless
multicast [11], [12] which broadcasts commonly interested
multimedia contents to multiple users simultaneously. People
further analyzed the capacity gain by push in the integrated
broadcast and communication network [13]. With renewable
energy, ref. [14] uses EH based SBSs to cache contents for
the deployment flexibility and energy consumption reduction,
and ref. [15] designs the energy-aware resource allocation
algorithm with limited content cache. However, joint content
caching and push policy design using renewable energy is still
an open problem.

In this paper, we combine the EH technology with the
content caching and push by considering EH powered SBSs
in heterogeneous cellular networks [16] under the recently
proposed GreenDelivery framework [17]. Previous work [18]
has studied the proactive push policy optimization. This paper
further extends to joint optimization of the content caching and
push considering caching overhead. Specifically, with the non-
negligible energy consumption of fetching contents from the
core network, the SBS can not cache all the contents due to
the limited renewable energy. It needs to decide when to fetch,
push or unicast contents depending on the energy condition.
We optimize the joint caching and push policy using Markov
decision process (MDP) [19] approach. Numerical results are
provided to illustrate the influence of cache size under different
parameter settings as well as the tradeoff between the number
of cached contents in the SBS and the available energy for
content push.

The rest of the paper is organized as follows. Section
IT presents the system model and the problem formulation.
Section III provides MDP-based formulation and analysis,
and obtains the optimal policy. Some numerical results are
provided in Section IV for performance evaluation. Finally,
Section V concludes the paper.
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Fig. 1. Two-tier heterogeneous cellular network. There are actually densely
deployed multiple small cells in a macro cell. Only one of them is depicted
as we focus on a single small-cell analysis.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider a two-tier heterogeneous cellular network shown
in Fig. 1, where a second-tier small-cell with radius R is
considered. The macro-cell BS (MBS) is powered by the power
grid and the SBS is powered by renewable energy, and the
harvested energy can be stored in a battery with capacity B ax.
There is a dedicated wired/wireless backhaul link for the SBS
to fetch contents from the core network through the MBS,
which consumes a fixed amount of energy Ey. The SBS has
a limited content cache size V. It can either unicast a cached
content to the specific user, or multicast a popular content to
all the users in its coverage with a fixed amount of energy E,,,
i.e., push. The instantaneous transmission rate for a user is
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where W is the bandwidth of the SBS, P; is the transmit
power, h is the small-scale fast fading coefficient, 5 and «
represent the pathloss constant and the pathloss exponent,
respectively, d is the transmission distance, o2 + I is the noise
plus interference power. Once a content is pushed to the user
side, the requests for this content can be immediately satisfied
by the users’ local cache. Then it is not necessary to transmit
the data from the SBS or the MBS.

r = Wlog, (1+ (1)

A. Content Distribution and Cache Model

The system is slotted with time slot length 7. The contents
are assumed of the same length and can be completely deliv-
ered in a time slot. The popularity of the contents varies from
each other. Statistical researches have shown that the content
popularity distribution is well fitted by the Zipf distribution
[20]. Due to the limitation of the cache size in the SBS, we
only focus on the top N popular contents. Specifically, the
popularity of the i-th ranked content can be expressed as
1/4v
f P = NL

Zj:l 1/5v

where v > 0 is the skew parameter. As people’s interest
changes over time, some contents may be outdated and re-
placed by new ones. Assume in each slot, a content leaves

) (@3]

the system and is replaced by a new one with probability
pe € [0,1]. The leaving content is uniformly chosen among
all the contents 1,2,--- , N.

There are two content cache states inA this system, i.e., the
number of cached contents in the SBS C}; and those at users
C}, where k is the time index. It is obvious that the most
efficient cache strategy is to cache the most popular contents.
As a result, we can use the number of cached content to denote
the caching states, and C}, indicates tha} the contents cached
in the SBS are those ranked from 1 to C, where Cj, < N. It
also holds for Cj. As in each slot, the SBS fetches or pushes at
most one content, and at most one content leaves the system,
we have

ék+1 € {maX{O, ék — 1}, C'k7min{N, é}c =+ 1}}, 3)
Cry1 € {max{0,Cy — 1}, Cr, min{Cy,Cr + 1}}. @)

B. SBS Action and Power Consumption Model

The SBS’s action includes: fetch a content from the MBS,
unicast the required content to a specific user, push a content
to all users, or sleep. Assume that the link between the MBS
and the SBS is orthogonal to the link between the SBS and
the users. Hence, the fetch action can be taken simultaneously
with push or unicast. The SBS’s action can be denoted by
ug = (U, uy), where

. J 0, do nothing

Uk = { 1, fetch a content ©)
0, do nothing

U = 4 1, unicast the required content 6)
2, push a content

The user request is assumed to follow the Bernoulli
distribution, i.e., there is a content request with probability
P € [0,1] in each time slot. The user generating the request is
assumed uniformly distributed in the coverage of the SBS, and
the required content is generated according to the popularity
of the contents. To transmit a content from the SBS to the
user with distance d, the required average data rate needs to be
achieved, i.e., 7o = Ey[r], where Ej, is the expectation operator
with respect to h, and 7 is calculated by (1). By solving it
numerically, the required power for sending a content to a user
can be obtained. Assume that the time slot 7§ is much larger
than the fast channel fading time. Hence, the randomness of
the channel is averaged out and the transmit power is only
distance-dependent, denoted by P;(d). Then the user request
can be represented by Qj = P;(d)Ts, which is the amount of
energy required for unicasting a content. Similarly, to push a
content, it must be guaranteed that all the users in the small
cell coverage can receive the content with rate rg. So the user
at cell edge (distance to the SBS is R) must be covered, i.e.,
E, = P,(R)T,. We also set (), = 0 to indicate either there is
no request or the requested content is available in the user’s
local cache. With the above energy consumption model, the
battery energy state Ej, is updated as

Ek+1 = min{Bmaxa Ek - Uk: + Ak}7 (7)

where Uy, is the energy used for transmission which satisfies
U < Ej, and Ay, is the amount of harvested energy in period
k, which is assumed ergodic and i.i.d. with average A. U, may



includes the energy for fetch, push and unicast. If 4, = u, =
0, we have Uy = 0, i.e., the SBS turns to sleep and the energy
consumption is negligiable.

At the beginning of each time slot, the SBS takes its action
based on the system states. When a user requests a content that
is not in its cache, and at the same time, the required content
is not in the SBS’s cache, or the SBS decides not to unicast
the content, the request has to be handled by the MBS, which
causes relatively higher energy consumption as the distance
from the MBS to the user is larger. The ratio of user requests
handled by the MBS is adopted as the performance metric. The
lower ratio of user requests handled by the MBS is achieved,
the more efficiently the harvested energy is used. The problem
is formulated as follows.

C. SBS Blocking Probability Minimization

Our problem can be described as minimizing the ratio
of user requests handled by the MBS over the total user
requests by adjusting the behavior of the SBS under the energy
constraint. Note that the ratio of user requests handled by the
MBS is equivalent to the SBS blocking probability which is
the probability that a user request is denied by the SBS. For
the ease of description , we use the blocking probability as the
objective instead of the ratio of user requests handled by the
MBS in the rest of the paper. Mathematically, the objective is
expressed as ~

min lim 5, ®)
K—+4o0o K
where K is the number of time slots, K is the number of
blocked requests and K is the number of requests. Notice
that the blocking probability of the requests and the blocking
probability over K time slots is related as

E KK K
where recall that p,, is the content request probability. Hence
for a given p,, minimizing the blocking probability of user

requests is equivalent with minimizing the blocking probability
over time. We can reformulate our problem as

€))

K
in i —. 1
min i 1

III. OPTIMAL POLICY DESIGN

To find the optimal solution for the problem (10), we need
to decide the SBS’s action based on the system state at the
beginning of each time slot. MDP [19], also termed as dynamic
programming (DP), is an effective tool to solve this type of
problems and is widely used for the control optimization of
stochastic process. It deals with the set of problems with
controlled Markov process where the control action in each
stage is based only on the current system state. In this paper,
the term “stage” is equivalent with the term “time slot”.
A standard MDP problem contains the following elements:
state, action, cost function, and state transition. Notice that
the energy state and the channel state are continuous in our
problem. To make the problem trackable, we first descretize
the system state, and then re-formulate our problem as a MDP
optimization problem and propose a policy iteration algorithm.

A. System State Descretization

The state of the system in stage k is denoted by

y, = (B, Qx, Cr, C), (11)

where as mentioned before, Ej; is the battery energy state, Qx
is the user request state, C and C; are the cache states in the
SBS and at users’ side, respectively. Recall that Q;, = 0 if there
is no user request or the requested content is already in the
user’s cache. Otherwise, )y, represents the energy consumption
for completing the required content transmission. For a user
request generated at distance d, Qr = P,(d)Ts, where P;(d)
is the transmission power obtained by solving (1) with r = rq.
Denote the state space as S.

We discretize the state space into a finite set by discretizing
the energy state and the user request state. The energy is
discretized with unit energy E\,,it. Then the energy state can be
denoted by Ey € {0,1, -, Epax} With Eyax Funit = Bmax-
FE), = i corresponds to ¢ Fy,; amount of energy in the battery,
and similarly, Aj;, = i corresponds to iFy,;; amount of energy
arrived in stage k.

To discretize (05, we select a series of distances 0 < d; <
dy < -+ < dy = R so that Py(d;)Ts = l; Eunit where [;
is a positive integer for any ¢ = 1,2,..., M. For any user
with distance to the SBS ranging from d;_; to d;, we unicast
the required content with energy P;(d;)Ts, which guarantees
the average data rate ry for all the users in this area. And
we set o = 0 denoting that there is no content transmission
request. Then the user request state can be denoted by Qi €
{0,1,--- , M}, where ), = i corresponds to the case that
l; Funis amount of energy is required for unicasting the content.
Notice that the required content is not always available in the
SBS as C; < N. In this sense, we further set QQ, = —
if the required content is not cached in the SBS, which will
cause a blocking event. The energy for push is quantized as
Ep, = Iy Eynit. Also we have Ef = [; Eyyit, Where the value
of j depends on the link capacity.

B. MDP Problem Formulation and Optimization

Besides the system state described in the previous subsec-
tion, we need to further clarify the action, the cost function and
the state transition to complete the MDP problem formulation.
The action uy, has been modeled as (5) and (6). Notice that in
different states, the SBS may not be able to take all the three
actions due to the limitation of available energy. A simple
example is that if £, = 0, the SBS can do nothing but sleep,
i.e., U = Uy = 0. Hence, the action space is state-dependent,
which can be expressed as wuy, € Uy (k).

The cost function depends on both the system state and
the action, denoted by gy (zx,ur). In our problem, the cost
happens if and only if there is a user request handled by the
MBS. Hence, we have gy (xy, ux) € {0,1}. gr(xp, ux) =1 if
the user request is handled by the MBS, and g (zg,ug) = 0
otherwise. We can express it as

1, ifQr=—1, or Qp > 0,up # 1
g (g, up) = { 0, otherwise 12



The state transition is expressed as

p$k4)Ik+1‘uk

=Pr(Egi1, Qit1, Cri1, Crit| Exy Qry Ci, Chy )
=Pr(Ey 1| Ex,Qr ur) - PrCri1, Cry1|Cr,Ch, ug)-
Pr@i+1|Crs1,Cri1)s (13)

where the second equality is derived by the definition of
conditional probability and the fact that for the given action
uk, Ex41 only depends on Ej and Q) according to (7), C1
depends on C’k and fetch action 4y, according to (3), and C41
depends on both cache states C, and Cy, as well as push action
uy, according to (4), and they correlate with each other due to
the content updating process. While ()51 only depends on
Ck+1 and Cj, as they jointly decide the probability with
which a requested content has been pushed, hence influence
the probability with which a unicast is required.

We calculate the state transition probability according to
(13). Firstly, to calculate the energy state transition probability
Pr(Er11|Er,Qk,ur), we denote p,(i),i = 0,1,--- as the
probability that ¢ F,,,;y amount of energy is arrived which sat-
isfies p, (i) € [0,1], >, pa(i) = 1. To simplify the description,
we set pq (i) =0,Vi = —1,—2,---. Then we have

Pr(Erq1|Ey, Qr,ur) =

Pa (Ek:+1 - Ek})a if Bj1 < Eaxsty = (07 O)
Emax—Er—1
1- Z pa(i)v ifEk+1 = Erax g = (07 O)
=0
Pa(Ery1 — Ex +1g,), if 1 < Enaxour=(0,1)
Emax_Ek‘HQ k_l
1-— Z Pa(i)> ifEk+1:Emaxauk:(07 1)
1=0
Pa(Ert1 — Ex 4 Inr), if B 1 < Emax,ur =(0,2)
Enax—ErHu—1 )
1-— > Pa (7). if B 11 < Emax,ur=(0,2)
=0
Pa (Ek-‘rl - Ek + lj)7 ifEk-‘rl < Emaxvuk = (17 0)
Emax—Er+1;—1
1-— E Pa (Z), if Ek+1 = Emaxvuk = (17 O)
=0
pa(Ek%»l*Ek“i’lj“i’le)a ifEk+1 <Emaxauk:(]—7]—)
Enax—ErHiHg,—1
1-— Z pa(i)y ifEk+1:EinaX7uk:(171)
=0
Pa(Exg1—Er+1i+1n),  if Exp1 < Enaxour=(1,2)
Enax—EtljHy—1
1-— > Pa(i). if Exp1=Fmax,ur=(1,2)
=0

(14)

Note that the action uy = (4, ux) = (0,0) can be taken in
any states, while u;, = (0, 1) can be taken under the condition
that @ > 1 and lg, < Ej, and uj, = (0,2) with condition
Iv < Ey and Cf < Cy. On the other hand, uj = (1,0) can
be taken if C} < N and l; < Ej, u, = (1,1) can be taken if
Cr < N, Qk > 1 and ZQA +1; < Ej, and uy, = (1,2) with
condition Ci < N, Iy +1; < E) and Ci < C). Also note
that when Ejy1 = Fpax, the energy arrival may exceed the
battery capacity. In this case, the probability is calculated by
summarizing all the possible energy arrival conditions.

Secondly, we calculate the content updating probability
(Ck+1, C’k+1|C;€,C'k,uk) Notice that the content states C

and Cj, can only increase or decrease by 1 or keep constant. For
notation simplicity, denote Cyy1 = (Cl1, Ck+1) Depending
on the content updating process, the cache state is updated as

Pr(Chs1|Ch, Cry up) =

pc%, if ﬂk = O,fl,k < 2,Ck+1 = (C:‘k ~1,ék — ].)

) or up = 1,0 < 2,Ckq1 = (Ck,Ck — 1)
pe L, if g, = 0,y = 2,Chy1 = (Cp — 1,C)

or ﬁk =1 ka = Q,Ck_H = ( Ak,ék)
pck ,1fuk—0 uk<2,Ck+1:(Ak—1,C~*k)

. ~ oruk—l,uk:2,0k+1:(Ak,ék+1)
pc%,if up = 1,u, < 27Ck+1 = ( Ak,ék)
P if iy = 0,k = 2, Chr = (Cr — 1,C + 1)
1—pc Sk, if Gy = 0,1k < 2,Cri1 = (Cr, Cr)

A orﬁkzo,ak=2,0k+1:(Ak,(:*k—i—l)
1—p & i Gy = 1,4y < 2, O = ( Ak +1,Cr)
or tp = 1,0, =2,Ckq1 = ( k-i-l C}c—i-l)
0, else

s)

For notation simplicity, we omit the boundary constraints on
the cache states. Specifically, if iy = 1, there is an additional
constraint that Cr < N. If @y = 2, we have Cj, < Cj. Also,
Ck+1 and Cr41 are nonnegative integers, and always satisfy
Crs1 2 Crqa.

Finally, the user request state transition is

Pr(Qp+1|Chi1, Cry1) =

pu(l_Z'CkJrl fz) if Qk+1 = —1

(1 _pu) +Pu ) im k+1 fL, if Qgyr1 =0 (16)
¢ dmfdm ,

Pu Zi:g;+1+1 fi Tl, if Qer1=m>0

where f; is calculated according to (2) and dy = 0. As the
users are assumed uniformly distributed in the cell, the request
is generated with distance to the SBS ranging from d,,_1 to
d,, with the probability equal to the ratio of the circular ring
area to the cell area.

Based on the above MDP-based system modeling, the
original optimization problem (10) can be re-written as

min lim —E
K—+o0o
k=0

K—-1
> g(xkauk(xk))] - (17)

The expectation operation is taken over all the random pa-
rameters including energy arrival, user request, and content
update. The optimization is taken over all the possible policies
{u1,ug, - }. It can be proved that for any two states, there is a
stationary policy w so that one state can be accessed with non-
zero probability from the other with finite steps. Consequently,
the optimization is irrelevant with the initial state z, and there
exists an optimal stationary policy u* [19, Sec 4.2].

According to [19, Prop. 4.2.1], the optimal average cost A*
together with some vector h* = {h*(x)|z € S} satisfies the
Bellman’s equation

A 4+ h*(z) = min
uweU (x)

yeS



Further more, if «*(x) attains the minimum value of (18)
for each x, the stationary policy u* is optimal. Based on
the Bellman’s equation, instead of the long term average cost
minimization, we only need to deal with (18) which only
relates with per-stage cost g(x, 1) and state transition Pr—sy|u-
The policy iteration algorithm [19, Sec. 4.4] can effectively
solve the problem. It starts with any feasible stationary policy,
and improves the objective step by step. Suppose in the j-th
step, we have a stationary policy denoted by u(?). Based on
this policy, we perform policy evaluation [19, Sec. 4.4] step,
i.e., we solve the following linear equations

AD 41D (@) = g2, D @)+ Pocsyun (@hP (y) (19)
yeS

for Vz € S to get the average cost AY) and vector h(). By
setting

B9 (Bpax +1L,M +1,N+1,N+1)=0,  (20)
a unique solution for (19) exists.

As u'9) may not be the optimal policy, we subsequently
perform policy improvement [19, Sec. 4.4] step to find the pol-
icy w*+1) which minimizes the right hand side of Bellman’s
equation

If w0t = ), the algorithm terminates, and the
optimal policy is obtained u* = u(?). Otherwise, repeat the
procedure by replacing u() with w(G+1 It is proved that
the policy iteration algorithm terminates in finite number of
iterations [19, Prop. 4.4.1].

IV. NUMERICAL RESULTS

In this section, we run some numerical simulations for per-
formance evaluation. We set the cell radius R = 50m, the re-
quired content delivery spectrum efficiency r9/W = 1bps/Hz,
the pathloss parameters § = 10dB and o = 2, and the Zipf
parameter v = 1. The maximum transmit power or equivalently
the transmit power for cell-edge user is set P;(R) = 1Watt.
The channel coefficient i follows Rayleigh fading, whose
mean value and the interference plus noise power o2 + I
are set so that (1) holds for r = ro,d = R, P, = P;(R).
The users are sorted into M = 3 classes and the energy is
quantized with unit Fy,; = B(R)Ts Hence, the number of
energy units for push is M, and the user request in class m
consumes m units of energy. The quantized battery capacity is
set to Eyax = 12. Assume the energy arrival process follows a
Poisson distribution with average arrival rate A units of energy.

Firstly, we study the influence of the cache size N on the
performance. We set N = 1,2, ..., Nyax and run the policy
iteration algorithm for each N. For comparison fairness, we
study the blocking probability associated with the fixed number
of contents Ny,.x = 15. In this sense, the user requests are
divided into two parts. The first is the set of requests for the
contents ranked in top N. The blocking of these requests is
calculated by the proposed algorithm. The second contains the
rest requests, which definitely causes blocking as they will
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Fig. 2. The influence of the cache size in the SBS on the performance with
various fetching energy. p, = 0.5, p. = 0.3, A = 0.6.
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Fig. 3. The influence of the cache size in the SBS on the performance with
various energy arrival rate. py, = 0.5,pc = 0.3, Ef = Eynit, A = A.

never be cached in the SBS. We combine the two parts and
calculate the overall blocking probability, which is depicted in
Fig. 2. It can be seen that the blocking probability continuously
degrades if there is no fetch energy consumption, as we can
cache as many contents as possible in the SBS to improve the
performance without additional cost. While if the fetch energy
Ey is not negligible, the blocking probability is almost constant
when the cache size becomes large. In this case, the system
is energy limited. Setting up a large cache size in the SBS
is not necessary. In addition, Fig. 3 shows that with different
energy arrival rates, the speed with which the performance
gain becomes marginal varies. Specifically, the performance
gain becomes marginal with N > 7 for A = 0.4. While for
A = 0.8, there is still noticeable gain when N = 12.

We further compare the proposed algorithm with some
heuristic algorithms to demonstrate the importance of joint
optimization of content caching and push. We consider the
following baseline algorithms: greedy fetch policy, in which
the SBS always fetches contents as long as there is sufficient
energy and the cache in the SBS is not full, threshold fetch
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policy, in which the SBS fetches contents if the cache size
in the SBS does not achieve a pre-defined threshold NV;y,, and
non-push policy, in which the SBS only unicasts the required
contents to the users on demand. Notice that the greedy
fetch policy is equivalent to the threshold fetch policy with
Nip, = N. Compared with greedy fetch policy, our optimal
policy reduces the SBS blocking probability by more than
40%. The results of threshold fetch policies with different Ny},
show a tradeoff between the number of cached contents in the
SBS and the available energy for content push. Larger Ny
allows more contents available in the SBS, but reduces the
energy available for push/unicast, and vice versa. Carefully
choosing Ny;, can achieve the minimum blocking probability.
In our settings, the optimal threshold is Ny, = 5. In addition
compared with non-push policy, the greedy fetch policy can
achieve more than 20% blocking probability reduction, which
illustrates the great performance improvement by push.

V. CONCLUSION

In this paper, content caching and push mechanism in
EH-powered SBSs is jointly optimized. To apply MDP tools,
we descretize the system energy and the user request into
finite states. The proposed policy iteration algorithm solves
the problem, and the obtained optimal policy performs much
better than the heuristic greedy fetch policy and non-push
policy. As the renewable energy is limited, the cache size in
the SBS does not need to be large, which greatly simplifies
the hardware design in the SBS. Also, using more energy to
fetch improves the content availability in the SBS, but degrades
the energy availability for push/unicast. The proposed optimal
policy well balances the content availability and the energy
availability. Future work includes the extension to the multiple
SBSs case, where energy-aware distributed content caching
and cooperative push needs to be further investigated.
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