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ABSTRACT In this paper, a cache-enabled wireless network with circuit power consumption is considered,
and the strategy of joint transmission and local caching is studied. The optimization problem of energy
consumption minimization is formulated, where the optimized variables include the transmission rate and
the local caching rate. The constraint conditions contain the maximum data departure curve, the minimum
data departure curve, and the range of the local caching rate. The original problem is intractable and
is transformed into a two-layer optimization one by variable substitution. Under given caching policy,
the sufficient and necessary conditions for the optimal offline transmission strategy are deduced by using
the transmission characteristics. Then, an energy-efficient offline transmission strategy is proposed, and
its optimality is proved. The simulation results are provided to verify the performance of the proposed
strategy. The simulation results reveal the impact of the cache capacity and the file popularity on energy
consumption. Under the same conditions, the performance of the proposed strategy is better than that of the
other known algorithms. The proposed strategy to energy-efficient communication is helpful for future green
communication.

INDEX TERMS Cache-enabled wireless networks, caching, energy consumption, offline transmission,
energy-efficient, file popularity.

I. INTRODUCTION
With the development of 5G wireless communication
technology [1], [2], the Internet of Things (IoT) has been
extensively applied, such as smart city, intelligent trans-
portation, driverless, smart home, smart medical, wearable
equipment and so on [3]–[5]. IoT enables each device to
connect the Internet, so that these devices can easily access
the network at any time. When billions of the devices
are connected to the Internet, a large amount of data will
be generated [6]. It is predicted that by the end of 2021,
the mobile traffic generated by IoT-related applications will
reach 49 Ebytes per month [7]. To enable the sustainable 5G
networks, energy efficiency (EE), which is measured in bits

The associate editor coordinating the review of this manuscript and
approving it for publication was Jun Wu.

per Joule, has become a new design metric for future green
wireless communication systems [8]–[10]. IoT is a hetero-
geneous resource-constrained network in essence [11]–[13].
The so-called constraints are that the computing power,
the battery and the memory of the device is limited [14].
To fulfill the needs of IoT, Information-Centric Network-
ing (ICN) is considered as a promising approach, which has
attracted wide attention [15]–[17].

As a novel Internet architecture, ICN is a content-based
approach. The user’s requirement can be satisfied whatever
the location of the information and the characteristic of its
source. The main features of ICN include network caching,
location-independent content name, enhanced security and
better mobility management, which enable ICN to be suitable
for the distribution of IoT huge data. Cachememory stores the
content, such as video and web pages, in the edge of wireless
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networks (the base station (BS), relay node, or user equip-
ment), and can effectively reduce the backhaul traffic load and
the energy consumption [18]. When a large number of users
request the same popular content at different time, the wire-
less networks need to transmit the same content to each user
repeatedly, which will cause the waste of time and frequency
resources [19]. If the BS can store the popular content in the
cache memory, the popular content only needs to be sent
once through the backhaul link, which can effectively reduce
the backhaul traffic load and the energy consumption [15].
The cache-enabled macro-cellular networks are considered
in [20], each BS is equipped with a large cache memory,
the users can directly achieve the required content from the
BS, rather than from the core networks by the backhaul link.
For the cache-enabled heterogeneous networks (HetNets),
the coverage area of a macro BS (MBS) overlaps that of
a small BS (SBS), they share the same spectrum resource.
In the cache-enabled HetNets, both the MBS and the SBS
are equipped with the cache memory, the users can get the
required content from the nearest MBS or the SBS [21].

In cache-enabled wireless networks, the network operation
can be divided into two phases: the content placement phase
and delivery phase. In the content placement phase, the appro-
priate content is stored in cache memory during the non-peak
periods.When the requested file is available in the local cache
memory (at the SBS or the user), the file can be served by
the cache instead of the MBS. This improves the quality of
service, and reduces the traffic load of the backhaul link,
which can achieve the local caching gain [22]. The content
delivery phase works in busy traffic periods, the network can
transmit the data file directly to the served users by unicast or
multicast transmission [23], [24], and the global caching gain
can be obtained. The delivery strategy needs to be designed
by holistically considering the size of the data, the power
allocation and the transmission time slot.

Recently, the joint content placement and delivery has
attracted attention [25]–[28]. When the traffic load is low,
some data can be prefetched before transmission, and the cost
of prefetching the data is also considered. The prefetching
gain is helpful to use the better channel conditions, equal-
ize the transmission rate, balance the network load, and
reduce the energy consumption. The prefetching transmission
strategies which minimize the energy consumption and the
bandwidth were considered in [29] and [30], respectively.
The cache was only used to store the prefetched content
for the users. Once the cached content was transmitted to
the users, it would be deleted from the cache, regardless of
any possible future requests for the content. Therefore, only
the prefetching gain was considered, and there was no local
caching gain in [29] and [30]. The joint optimal transmission
and caching strategies based on the prefetching gain and
local caching gain have been studied in [31] and [32]. The
energy consumption minimization of the MSB by jointly
designing the transmission strategy of the MBS and the
caching strategy of the SBS was studied in [31]. The original
infinite-dimensional optimization problem was transformed

into a convex optimization problem, the numerical simulation
results were given. The HetNets and D2D communication
were considered in [32]. In HetNets scenario, the cache was
located on the SBS, and the SBS could serve multiple users
at the same time. The optimization problem of minimiz-
ing the energy consumption could be solved by the dual
decomposition method, and a sub-gradient algorithm was
proposed.

In the research of the joint optimal transmission and
caching strategies in the above literature, only the radio
frequency (RF) transmission power consumption was con-
sidered, while the circuit power consumption, such as the
filter, AC/DC converter, mixer, and other devices, was
not taken into account. Without considering the circuit
power consumption, the rate-power function is concave and
monotonously increasing. Therefore, increasing the transmis-
sion time and reducing the transmission rate can reduce the
energy consumption [33]–[35]. The circuit power consump-
tion usually occupies a large proportion in the overall power
consumption, which cannot be ignored [36], [37]. When con-
sidering the circuit power consumption, the intermittent
transmission is the optimal transmission scheme [38], [39].

In this paper, the problem of minimizing the energy con-
sumption for cache-enabled wireless networks with circuit
power consumption is considered. The aim of the paper is to
investigate the energy-efficient transmission strategy by con-
sidering the prefetching and local caching gains. Compared
to the existing works, the main contributions of the paper are
summarized as follows:

(1) Firstly, the offline energy consumption minimization
for a cache-enabled wireless network with circuit power
consumption is established, and the optimization variables
include the transmission rate and the local caching rate. The
constraint conditions contain maximum data departure curve,
minimum data departure curve, and the range of the local
caching rate.

(2) Secondly, the original problem is non-convex, we trans-
form it into a two-layer optimization problem by variable
substitution. Under given caching policy, the sufficient and
necessary conditions for the optimal offline transmission
strategy are derived. Then an energy-efficient offline trans-
mission strategy is proposed, and its optimality is proved.
In addition, the computational complexity of the proposed
algorithm is analyzed, which is lower than that of the existing
algorithm.

(3) Thirdly, the simulation results are provided to verify the
performance of the proposed strategy. The simulation results
reveal the impact of the cache capacity and the file popularity
on the energy consumption. For the same conditions, the per-
formance of the proposed strategy is better than that of the
existing other algorithms.

The remainder of this paper is organized as follows.
Section II introduces the system model and presents the
initial problem formulation. Section III derives the nec-
essary and sufficient conditions for the transformed prob-
lem, and proposes an energy-efficient optimal offline
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transmission strategy. Section IV gives the simulation results
and some analysis. Finally, in Section V the conclusion is
drawn.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. DATA FLOW MODEL
A heterogeneous wireless cache network with the downlink
is considered as shown in Fig. 1. The MBS accesses the
core network, and transmits the users’ requested data files
to the SBS by a wireless backhaul link with the transmis-
sion rate r(t). Then the SBS sends the data to K users in a
time division multiple access (TDMA) method. Furthermore,
the SBS is equipped with a cache memory with capacity of
B bits, which is used to cache the received data from the
MBS. It is assumed that the MBS and the SBS all work in the
different frequency bands, therefore there is no interference
between them.

FIGURE 1. A system model of heterogeneous wireless cache network.

The transmission time T consists of N time slots, and
the starting point of the n-th time slot is denoted as sn. Let
0 = s1 < s2 < . . . < sN−1 < sN < T , and the length of the
n-th time slot can be expressed as tn = sn+1−sn. DefineF =
{f0, f1, f2, . . . , f|F |} as the set of all the possible requested data
files by the users, where fi is a specific data file. Specifically,
f0 defines as an empty file, which indicates that there is no
requested data file by the user at the corresponding time slot.

It is assumed that the requested data files for the users
are known for the MBS, i.e. the offline policy. At the time
duration [0, T ], the SBS transmits the data file to the cor-
responding user at each time slot according to the known
order of the user’s request. In order to formulate the related
optimization problem, some definitions are given as follows.
Definition 1: The user’s requested rate. The requested rate

d(t) is the transmission rate of the data file requested by the
user. The SBS must transmit the data file to serve the user
with not less than this rate d(t) ≥ 0, t ∈ [0,T ].

For simplicity and mathematical expression, we assume
that each requested data file has a fixed time slot length and a
constant requested rate. The time slot length and the requested
rate of a data file are usually determined by the upper protocol
stack of the system. For example, the requested rate of a
video file is higher than that of a general web browsing.

Therefore, the user’s requested rate can be expressed
as d(t) =

∑N
n=1 dnrect

(
(t − (sn + tn

/
2))
/
tn
)
, where

rect
(
(t − a)

/
b
)
denotes a rectangular function, the central

point is a and the length is b. If the same data file is requested
at time slots n and n′, there must be tn = tn′ and dn = dn′ .

FIGURE 2. Illustration of the requested data files.

Fig. 2 illustrates an example of the users’ requested
rates. The profile of the users’ requested data files are
{f1, f2, f0, f1, f3}. Since the data file f1 is requested at the first
and fourth time slots, therefore we have t1 = t4 and d1 = d4.
It should be noted that the optimal transmission and caching
strategy in offline mode is studied in this paper, so the profile
of the users’ requested data files is available for the MBS.
Definition 2:Local caching rate. The local caching rate c(t)

represents the rate at which the SBS caches the data file in the
local cache for the future user’s request while transmitting the
current data file. 0 ≤ c(t) ≤ d(t), t ∈ [0,T ].
As shown in Fig. 1, the cache memory in the SBS can be

virtually divided into two parts: the prefetching data from the
MBS and the local caching data from the SBS, respectively.
The prefetching data is determined by the transmission strat-
egy of the MBS, r 1

= r(t)|Tt=0, which provides the prefetch-
ing gain. The local caching data is determined by the local
caching policy of the SBS, c 1= c(t)|Tt=0, which provides the
local caching gain. When the same data files are requested
at the future time slots, the caching data of these files does
not need to download again from the MBS, which reduces
the energy consumption of the backhaul link. In practical
system, it is unnecessary tomove the data from the cache to be
stored again. We can consider that the SBS deletes the user’s
requested data at the rate d(t)− c(t).
Definition 3: Data departure curve. The data departure

curve D(t, r) represents the amount of the cumulative data
transmitted by the MBS at time t (t ≥ 0), which depends
on the transmission strategy of the MBS. Therefore we have
D(t, r) =

∫ t
0 r(τ )dτ .

Definition 4: Maximum data departure curve. The max-
imum data departure curve denotes the maximum amount
of data transmitted by the MBS at time t , which can
ensure that the amount of the transmission data by the
MBS does not overflow the cache. It is related to the local
caching strategy c of the SBS, and can be expressed as
B(t, c) = B+

∫ t
0 (d(τ )− c(τ ))dτ .

The minimum amount of the cumulative data transmitted
by the MBS at time t is bounded, which is determined by
the data which is not in the cache. If a specific file has been
transmitted by the SBS before, the cache stores a part of
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the data according to the local caching strategy. The MBS
does not need to transmit the caching data when the same
file is transmitted, and can only transmit the data with the
rate d(t)− c(ρ(t)), where ρ(t) : [0,T ]→ [0,T ] ∪ {−1} is a
mapping function. The mapping function maps a time slot
to the corresponding previous time slot for the same data file.
If the file has not been requested before, we define ρ(t) = −1,
and c(−1) 1= 0. The offlinemode is considered, ρ(t) is known
for the MBS. The lower bound of the data departure curve is
determined by the minimum data departure curve, which is
described as follows.
Definition 5: Minimum data departure curve. The mini-

mum data departure curve A(t, c), is the minimum amount
of the data cumulatively transmitted from the MBS, which
must satisfy the user’s requested data file. The minimum data
departure curve is also related to the local caching strategy c,
which can be represented asA(t, c) =

∫ t
0 (d(τ )− c(ρ(τ )))dτ .

B. TRANSMISSION MODEL WITH CIRCUIT
POWER CONSUMPTION
The RF transmission power of the MBS can be expressed
as p(t), and the corresponding real-time transmission rate
is r(t). The relationship between the transmission power and
the transmission rate can be expressed as

p(t) = g(r(t)), (1)

which should satisfy the following four assumptions:
(1) If r(t) ≥ 0, then g(r(t)) ≥ 0, for t ∈ [0,+∞), and

g(0) = 0;
(2) g(r(t)) is a monotonic increasing function of r(t);
(3) g(r(t)) is a strictly convex function of r(t);
(4) g(r(t)) is continuous and derivative.
It is obvious that the classical Shannon channel capacity

formula satisfies the above assumptions, the transmission rate
r(t) of the MBS can be expressed as

r(t) = ln(1+ h(t)p(t)) (2)

where h(t) represents the channel power gain from the MBS
to the SBS. Similarly in [31], [40], [41], the additional white
Gaussian noise channel model is considered, formula (2)
can be further expressed as r(t) = ln(1+ p(t)). Therefore,
we have p(t) = er(t) − 1. In addition to the RF transmission
power consumption, there are many other components that
consume the power in the actual system, such as AD/DA
converters, mixers, filters and analog RF amplifiers, which
are commonly referred to as the circuit power consumption.
When the RF power of the MBS p(t) > 0, the circuit power
consumption is denoted as ε > 0; when there is no data
transmission, the transmitter does not work, so p(t) = 0 and
the circuit power consumption ε = 0. Therefore, the actual
power consumption model of the MBS can be expressed
as [40].

Ptotal(t) =

{
p(t)+ ε, p(t) > 0;
0, p(t) = 0.

(3)

C. PROBLEM FORMATION
Based on the data flow model and the circuit power con-
sumption model, the optimization goal in this paper is to find
the joint optimal transmission and caching strategy, so that
the energy consumption of the MBS is minimized at the
whole time range [0, T ]. The optimization problem can be
formulated as follows

min
r,c

E(r(t)) =
∫ T

0
Ptotal(t)dt (4a)

s.t. D(t, r) ≥ A(t, c), (4b)

D(t, r) ≤ B(t, c), (4c)

r(t) ≥ 0, (4d)

0 ≤ c(t) ≤ d(t), (4e)

where (4a) is to minimize the energy consumption of the
MBS. The constraints (4b) and (4c) denote the feasible region
of the cumulative transmission data of theMBS. The cumula-
tive transmission data of theMBS at any time cannot overflow
the cache memory, but also must satisfy the user’s requested
rate at the same time. The constraint (4d) represents that the
transmission rate must be non-negative. The constraint (4e)
means that the caching rate should not exceed the user’s
real-time requested rate.

III. AN ENERGY-EFFICIENT OPTIMAL
TRANSMISSION STRATEGY
It can be seen that problem (4) is an infinite-dimensional
optimization problem, and is intractable in general. In this
section, we first give some properties of the optimal solu-
tion, so that the original infinite-dimensional optimiza-
tion problem can be transformed into a two-level finite-
dimensional optimization problem [33]. Then, based on the
Karush-Kuhn-Tucker (KKT) conditions of the optimization
problem, the related properties of the optimal solution of
the finite-dimensional optimization problem are revealed.
Finally, an energy-efficient optimal transmission strategy is
proposed to minimize the energy consumption of the MBS.

A. CONVERSION OF THE INFINITE-DIMENSIONAL
OPTIMIZATION PROBLEM
Because function g(·) is strictly convex, therefore the actual
power consumption Ptotal(t) also maintains strict convexity.
Then, we have the following Lemmas:
Lemma 1: In each transmission slot tn, n = 1, 2, . . . ,N,

the constant transmission rate is the optimal transmission
rate to minimize the energy consumption of the MBS.

Proof: The specific process can be referred to the proof
of Theorem 5 in [33].
Lemma 2: In each transmission slot tn, n = 1, 2, . . . ,N,

it is optimal for the cache memory to cache the data at a
constant rate.

Proof: The proof follows similarly to the proof of
Lemma 1 in [31].

According to Lemma 2, the local caching rate c(t) is a
piece-wise function. In addition, it is assumed that the user’s
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real-time requested rate d(t) is also a piece-wise function.
Their values may change only at the beginning of each time
slot. Therefore, themaximumdata departure curveB(t, c) and
the minimum data departure curve A(t, c) are the piece-wise
linear functions, and their slopes may only change at the
beginning of each time slot.

As shown in [42], when the circuit power consumption is
not taken into account, the continuous transmission of the
MBS at each time slot is optimal. When considering the
circuit power consumption, the continuous transmission may
not be optimal, and the intermittent transmission become
the optimal transmission. It is assumed that the actual trans-
mission duration of the MBS in each slot ti is τi, where
0 ≤ τi ≤ ti. From Lemma 1 and Lemma 2, the optimization
problem (4) can be equivalently transformed into the follow-
ing finite-dimensional form

min
{τi,ri,ci}

∑N

i=1
τi(eri − 1+ ε) (5a)

s.t.
∑n

i=1
riτi ≤ B+

∑n

i=1
diti −

∑n

i=1
citi, (5b)∑n

i=1
riτi ≥

∑n

i=1
diti −

∑
i∈8n

citi, (5c)

0 ≤ τi ≤ ti, (5d)

0 ≤ ci ≤ di, (5e)

for n = 1, 2, . . . ,N , i = 1, 2, . . . ,N , and (5a) − (5e)
are discrete expressions of (4a) − (4e), respectively. 8n is
a set of time slot indexes, in which the relevant data files
have been requested before. For the optimization problem (5),
the optimization variables {ci} only appear in the constraints,
but not in the objective function, so problem (5) can be further
written as a two-layer optimization problem.

min
{ci}

ψ({ci})

s.t. 0 ≤ ci ≤ di, (6)

for i = 1, 2, . . . ,N . ψ({ci}) can be expressed as

min
{τi,ri}

∑N

i=1
τi(eri − 1+ ε) (7a)

s.t.
∑n

i=1
riτi ≤ B+

∑n

i=1
diti −

∑n

i=1
citi, (7b)∑n

i=1
riτi ≥

∑n

i=1
diti −

∑
i∈8n

citi, (7c)

0 ≤ τi ≤ ti, (7d)

for n = 1, 2, . . . ,N , i = 1, 2, . . . ,N . The outer-layer
optimization variables {ci} of (6) are in the constraints (7b)
and (7c) of the inner-layer optimization problem, and affect
the feasible region of the data departure curve. The local
caching is meaningful only when there are the same requested
data files. Therefore, it is possible to search the same type
of data files to obtain the optimal local caching rate. In this
paper, the exhaustive search (ES) is used to solve the local
caching rate {ci}, and the computational complexity of ES is
related to the number of data files and the files popularity.
How to effectively obtain the optimal local caching rate {ci}

is still an open issue. Next, we focus on the solution of the
inner-layer optimization problem for the given local caching
strategy {ci}.

B. OPTIMAL TRANSMISSION CONDITIONS FOR
GIVEN CACHING STRATEGY
Note that τi(eri − 1+ ε) in (7a) and riτi in (7b) and (7c) are
non-convex since the Hessian matrices are not positive semi-
definite, problem (7) is non-convex. Through variable substi-
tution, it can be converted into a convex problem. We define
θi = riτi for i = 1, 2, . . . ,N . Note that θi is the amount of
the transmitted data actually by the MBS at time slot ti. The
optimization problem (7) can be rewritten as

min
{τi,θi}

∑N

i=1
τi(eθi/τi − 1+ ε) (8a)

s.t.
∑n

i=1
θi ≤ B+

∑n

i=1
diti −

∑n

i=1
citi, (8b)∑n

i=1
θi ≥

∑n

i=1
diti −

∑
i∈Bn

citi, (8c)

0 ≤ τi ≤ ti, (8d)

θi ≥ 0, (8e)

for n = 1, 2, . . . ,N , i = 1, 2, . . . ,N . Where
the term τi(eθi/τi − 1+ ε) is the perspective function of
the concave function eθi − 1+ ε. When τi = 0, we let
τi(eθi/τi − 1+ ε)= 0. Since the perspective function has
the convexity preservation, the objective function (8a) is
also convex [43]. Furthermore, the constraint conditions
in (8b) − (8e) are all linear. Therefore, problem (8) is convex,
and can be solved by the general convex methods such as
primal-dual algorithm and sub-gradient method [43]. The
computational complexity of the general algorithms is very
high. In this paper, we exploit the specific structure of the
optimization problem (8), and present a low complex algo-
rithm, which can provide more insights. The Lagrangian
function of problem (8) can be written as

`(τi, θi, λn, µn, ϕi, φi, γi)

=

∑N

i=1
τi(eθi/τi − 1+ ε)

+

∑N

n=1
λn

(∑n

i=1
θi − B−

∑n

i=1
diti +

∑n

i=1
citi
)

+

∑N

n=1
µn

∑n

i=1
diti −

∑
i∈Bn

citi −
∑n

i=1
θi


+

∑N

i=1
ϕi(τi − ti)−

∑N

i=1
φiθi −

∑N

i=1
γiτi, (9)

for i = 1, 2, . . . ,N and n = 1, 2, . . . ,N . λn ≥ 0, µn ≥ 0,
ϕi ≥ 0, φi ≥ 0 and γi ≥ 0 are the Lagrange multipliers
for the corresponding constraints in (8b)− (8e), respectively.
We denote θ∗i and τ ∗i as the optimal amount of the transmit-
ted data by the MBS at time slot ti and the corresponding
optimal transmission duration, respectively. Moreover, let
{λ∗n, µ

∗
n, ϕ
∗
i , φ
∗
i , γ
∗
i } be the optimal Lagrange multipliers for
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its dual problem. Therefore, the KKT conditions are

∂`

∂θi
= eθ

∗
i

/
τ∗i −

∑N

i=1
(λ∗n − µ

∗
n)− φ

∗
i = 0, (10)

∂`

∂τi
= eθ

∗
i

/
τ∗i − 1+ ε −

θ∗i

τ ∗i
eθ
∗
i

/
τ∗i + ϕ∗i − γ

∗
i = 0. (11)

Furthermore, the complementary slackness conditions are
given by

λ∗n

(∑n

i=1
θ∗i − B−

∑n

i=1
diti +

∑n

i=1
citi
)
= 0, (12)

µ∗n

∑n

i=1
diti −

∑
i∈Bn

citi −
∑n

i=1
θ∗i

 = 0, (13)

ϕ∗i (τ
∗
i − ti)= 0, φ∗i θ

∗
i = 0, γ ∗i τ

∗
i = 0. (14)

It should be noticed that since the optimization prob-
lem (8) is convex, the KKT conditions are the necessary and
sufficient conditions for the optimality of the transmission
schedule. Based on the KKT conditions, we will clarify some
specific properties of the optimal transmission strategy for
problem (8).
Lemma 3: If θ∗i = 0 or τ ∗i = 0, then the optimal transmis-

sion rate r∗i = 0.
Lemma 4: If 0 < τ ∗i ≤ ti and θ∗i > 0, then the optimal

transmission rate r∗i = ln
∑N

n=i (µ
∗
n − λ

∗
n).

Proof: If 0 < τ ∗i ≤ ti and θ∗i > 0, according to
the complementary slackness conditions in (14), we have
φ∗i = γ ∗i = 0. The optimal amount of the transmitted data
by the MBS at time slot ti can be obtained from (10) as
θ∗i = τ

∗
i ln

∑N
n=i (µ

∗
n − λ

∗
n). By substituting θ

∗
i = r∗i τ

∗
i into

the equation, we can obtain the optimal transmission rate as
follows

r∗i = ln
∑N

n=i
(µ∗n − λ

∗
n). (15)

Lemma 5: When the circuit power consumption is negligi-
ble, i.e. ε = 0, we consider this as the case of the ideal circuit
power consumption. There are only two possible optimal
transmission strategies for the MBS at each time slot ti:
(1) When θ∗i > 0, τ ∗i = ti . That is, when the MBS has the

data to transmit, the transmission duration lasts the whole
time slot.
(2) When θ∗i = 0, τ ∗i = 0. That is, when there is no data to

be transmitted by the MBS, the transmission duration is zero.
Proof: This lemma can be proved by using reduction to

absurdity. It is assumed that when θ∗i > 0, 0 < τ ∗i < ti.
According to the complementary slackness condition in (14),
we have φ∗i = ϕ

∗
i = γ

∗
i = 0, it can be obtained from (11)

eθ
∗
i

/
τ∗i − 1+ ε −

θ∗i

τ ∗i
eθ
∗
i

/
τ∗i = 0 (16)

by substituting θ∗i = r∗i τ
∗
i into (16), we obtain

er
∗
i − 1− r∗i e

r∗i = 0 (17)

The solution of (17) is r∗i = 0, and θ∗i = r∗i τ
∗
i = 0. This is

in contradiction with θ∗i > 0, and the hypothesis is not valid.
Therefore, when θ∗i > 0, we have τ ∗i = ti.
Lemma 6: When the circuit power consumption is non-

negligible, we regard this case as the actual circuit power
consumption. There is one of the two possible optimal trans-
mission strategies for the MBS at each time slot:
(1) τ ∗i < ti, r∗i = ree;
(2) τ ∗i = ti, r∗i ≥ ree,
where ree is the transmission rate that maximizes the sys-

tem EE, i.e. ree = argmax r
g(r)+ε .

Proof: Considering the complementary slackness condi-
tion in (14), when τ ∗i 6= 0, γ

∗
i = 0, (11) can be rewritten as

∂`

∂τi
= eθ

∗
i

/
τ∗i − 1+ ε −

θ∗i

τ ∗i
eθ
∗
i

/
τ∗i + ϕ∗i = 0, (18)

by substituting θ∗i = r∗i τ
∗
i into (18), we can obtain

r∗i e
r∗i − er

∗
i − ε + 1 =ϕ∗i . Let f (x) = xex − ex − ε + 1,

we have

f (r∗i ) = r∗i e
r∗i − er

∗
i − ε + 1 = ϕ∗i . (19)

Meanwhile, the system EE is defined as ξee(r) = r
er−1+ε ,

and it is easy to know that ξee(r) is a quasi-concave function.
Therefore, there exists a unique optimal solution ree, which
can be obtained by calculating the first derivative of ξee(r).

dξee(r)
dr

=
−f (r)

(er − 1+ ε)2
. (20)

It is noted that when r < ree, ξee(r) is a monotonic incre-
mental function about r; when r > ree, ξee(r) is a monotonic
decreasing function about r; andwhen r = ree, ξee(r) reaches
the maximum value, that is, the optimal EE. It can be summa-
rized as follows

f (r) < 0,
dξee(r)
dr

> 0, when r < ree;

f (r) = 0,
dξee(r)
dr

= 0, when r = ree;

f (r) > 0,
dξee(r)
dr

< 0, when r > ree. (21)

When τ ∗i < ti, by the complementary slackness condi-
tions in (14), we have ϕ∗i = 0. We can get f (r∗i ) = ϕ

∗
i = 0

from (19), therefore we obtain r∗i = ree from (21). Simi-
larly, when τ ∗i = ti, we have ϕ∗i ≥ 0, and f (r∗i ) = ϕ

∗
i ≥ 0 is

deduced from (19), and we can have r∗i ≥ ree from (21).
Considering the actual circuit power consumption, the non-

zero optimal transmission rate of the MBS must satisfy
r∗i ≥ ree for any time slot ti. That is to say, if ree can satisfy
the feasible region of the data transmission, any transmission
rate ri < ree will be replaced by ree. Because ree is the optimal
transmission rate for EE, it can also minimize the energy
consumption of the system. In this case, the transmission
duration of the MBS at each time slot is τ ∗i < ti, that is,
the data transmission is intermittent. If ree cannot satisfy
the feasible region of the data transmission, the MBS will
transmit the data at the whole time slot at rate r∗i ≥ ree.
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In addition, it should be noted that Lemma (6) only gives
the conditions that r∗i should satisfy, and the relationship
between the corresponding transmission duration τ ∗i and the
time slot ti for the optimal transmission strategy, but the
optimal transmission strategy that satisfies these conditions
is not unique. Any transmission strategy that transmits the
data with the rate ree in the transmission duration τ ∗i < ti is a
feasible optimal solution.
Theorem 1: Any feasible transmission strategy that satis-

fies Lemmas (3)−(6) is the optimal solution of the optimiza-
tion problem (8).

Proof: Lemmas (3)−(6) are derived from the KKT
conditions (10)-(14) of the optimization problem (8), while
problem (8) is a convex optimization problem. According to
optimization theory, KKT conditions are the sufficient and
necessary conditions for the optimal solution. Therefore, any
feasible transmission strategy satisfying Lemmas (3)−(6) is
optimal for the optimization problem (8).

IV. AN ENERGY-EFFICIENT OPTIMAL OFFLINE
TRANSMISSION STRATEGY
In this section, an offline transmission strategy with the
optimal EE based on Lemmas 3−6 is proposed, then its
optimality for problem (8) is illustrated.

When the local caching strategy {ci} is given, the feasi-
ble region of θi in problem (8), i.e. the right expressions
of constraints (8b) and (8c), can be uniquely determined.
So for a given local caching strategy {ci}, the maximum data
departure curveB(t, c) and theminimum data departure curve
A(t, c) of problem (8) can be obtained. Within the feasible
region, the optimal data departure curve for the case of the
ideal circuit power consumption can be obtained by using
the ‘‘String Tautening’’ algorithm [33], [44]. Intuitively it
is equivalent to binding one end of a string at the starting
point (0, 0) and passing the other end through the terminal
point (T , A(t)). When the string is pulled tightly between the
maximum data departure curve B(t) and the minimum data
departure curve A(t), the trajectory of the string is the optimal
data departure curve that minimizes the energy consumption
of the MBS. When ri < ree, the optimal data departure curve
can be achieved by replaced ri with ree, then we can get the
optimal data departure curve for the case of the actual circuit
power consumption. The specific algorithm is presented in
Algorithm 1.

Step 1−step 4 in Algorithm 1 can obtain the minimum
energy consumption for the case of the ideal circuit power
consumption. According to Lemma (5), the optimal solution
for the case of the ideal circuit power consumption is only
τi = 0 or τi = ti. The time slots for τi = ti are divided into
two sets of M |ri≥ree and N |ri<ree . Similarly, according to
Lemma 6, the optimal solution of problem (8) is one of τi = 0,
0 < τi < ti, and τi = ti. The case of τi = 0 is not considered,
and the solution sets can be classified into two sets of P|τi=ti
and Q|0<τi<ti .

For the set M |ri≥ree , τi = ti, r∗i can minimize the objective
function of the case of the ideal circuit power consumption.

Algorithm 1 An Energy-Efficient Offline Transmission
Strategy
1. Let tst = s1 = 0,Dopt (0) = 0,Dopt (T ) = A(T ), the opti-
mal data departure curve Dopt (t) is obtained recursively
from the starting point (tst = 0,Dopt (0) = 0).
2. Find out β0 = infFB = supFA and get the optimal
line segment L0.FB(FA) is a set of rays with positive slope
which intersects with B(t)(A(t)) from the starting point.
3. Get the first intersection point tend , and
L0(tend ) = B(tend ) or L0(tend ) = A(tend ). Set Dopt (t)
as L0(t), where t ∈ (tst , tend ].
4. If tend = T , go to step 5; else, set the starting point as
(tend ,Dopt (tend )) and repeat steps 2 and 3.
5. When ri < ree at time slot ti for Dopt (t), the correspond-
ing transmission curve is replaced by the line segment
which the starting point is si, the slope is ree, and the length
is τi =

riti
ree

.

When a constant ε is added to the objective function, r∗i is still
the optimal solution. Therefore we can let M |ri≥ree = P|τi=ti .
For the set N |ri<ree , r

∗
i can minimize the objective function of

the case of the ideal circuit power consumption, but it does not
satisfy the condition of the optimal solution of problem (8).
r∗i in the set N |ri<ree is replaced with ree, which can guarantee
theminimal data transmission requirements. Let the transmis-
sion duration τi =

riti
ree

, the set Q|0<τi<ti can be obtained, that
is the execution process of step 5 in the proposed algorithm.
Because ri < ree, τi < ti. In summary, the proposed algorithm
in Algorithm 1 satisfies Lemmas (3)−(6), so it is the optimal
solution of problem (8).

The computational complexity of the whole algorithm is
related to the number of the requested files, the file pop-
ularity and the cache capacity. It is assumed that there are
N requested files, the number of the file types is |F | ≥ 1,
the number of files fi is Ni, and we have

∑|F |
i=1 Ni = N . The

computational complexity of the local caching rate can be
expressed asO(N −|F |), which is related to the file popular-
ity. If the files are different, no local caching is required, all
local caching rates are 0, and the computational complexity
isO(1). If all files are the same, the computational complexity
isO(1). To sum up, the computational complexity of solving
the local caching rate is O(1) ∼ O(N − |F |).

The process of each slot in algorithm 1 includes two
steps. The first step is to find the optimal transmission
rate for the ideal circuit power consumption. The sec-
ond step is to compare the optimal transmission rate
with ree. The computational complexity in each slot is 2,
and the computational complexity of algorithm 1 is O(2N ).
Therefore, the computational complexity of the proposed
algorithm is O(2N ) ∼ O(2N (N − |F |)).

The computational complexity of the existing inner layer
transmission algorithm in [45] is O(N 2), the computational
complexity of the outer layer is O(N ), and the total compu-
tational complexity is O(N 3). Therefore, the computational
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FIGURE 3. Illustration of the proposed transmission strategy when the
cache capacity is 1 Mnats.

FIGURE 4. Illustration of the proposed transmission strategy when the
cache capacity is 3 Mnats.

complexity of the proposed algorithm is more efficient than
that of the existing one.

V. NUMERICAL RESULTS
In this section, we provide the numerical simulation results
of the proposed energy-efficient offline transmission strategy.
It is assumed that the system bandwidth W = 1 MHz,
the circuit power consumption ε = 3 Watt [36], [39]. The
time slot is normalized to ti = 1 s, i = 1, 2, . . . ,N .
Fig. 3 and Fig. 4 describe the optimal data departure curve

of the MBS when the cache capacities are 1 Mnats and
3 Mnats, respectively. The number of the data files is N = 4,
and the order of the data files is {f1, f2, f2, f1}, where the
sizes of the data files f1 and f2 are 1 Mnats and 2 Mnats,
respectively.

In Fig. 3, the cache capacity is 1 Mnats, and the optimal
caching rates are c(t2) = 1 Mnats/s, and c(t1) = c(t3) =
c(t4) = 0 Mnats/s, then the maximum data departure curve
and the minimum data departure curve can be obtained. For
the ideal circuit power consumption, in time slot t1, the trans-
mission rate of the MBS is r1 = 1.5 Mnats/s, and the
cumulative transmission data is 1.5Mnats. TheMBS not only
transmits 1Mnats data of the file f1 completely, but also trans-
mits 0.5 Mnats data of the file f2, which is stored in the cache.
It provides prefetching gain for the file f2. At time instant s2,
the interval between the maximum data departure curve and
the optimal data departure curve is 0.5 Mnats, which means
that there is still 0.5 Mnats free space available in the cache.
At time slot t2, the transmission rate r2 is 1.5 Mnats/s, and
the 0.5 Mnats data of the file f2 stored in the cache at time
slot t1 is also transmitted. The cumulative transmission data
is 3 Mnats at time instant s3, and the file f2 is transmitted
completely. The local caching rate is c(t2) = 1 Mnats/s, and
there is 1 Mnats data of the file f2 stored in the cache for the
future transmission, which provides the local caching gain.
The maximum data departure curve intersects the minimum
data departure curve at time instant s3, and the cache is full.
At time slot t3, the 1 Mnats data of the file f2 stored in the
cache is transmitted to the user. In order to satisfy the user’s
file request, the MBS must transmit the remaining 1 Mnats
data of file f2 to the SBS with rate r3 = 1 Mnats/s. At time
slot t4, the transmission rate of file f1 is r4 = 1Mnats/s, which
is the same as the user’s requested rate. Considering the actual
circuit power consumption, the optimal transmission rate is
ree = 1.463Mnats/s. At time slots t1 and t2, r1 > ree and r2 >
ree, the data transmission rate of the MBS is still r1 and r2.
Therefore, the optimal actual data departure curve overlaps
the optimal ideal data departure curve in these two time slots.
At time slots t3 and t4, r3 < ree and r4 < ree, the optimal
data transmission rate of the actual circuit power consumption
is replaced by ree at these two time slots. The transmission
duration τ3 =

r3t3
ree
= 0.684 s, and τ4 =

r4t4
ree
= 0.684 s. The

ideal energy consumption per unit bandwidth at the four time
slots is 3.482 J, 3.482 J, 1.718 J and 1.718 J, and the total
ideal energy consumption per unit bandwidth is 10.4 J. The
corresponding actual energy consumption per unit bandwidth
is 6.482 J, 6.482 J, 4.322 J, and 4.322 J, and the total actual
energy consumption per unit bandwidth is 21.61 J. It can
be seen that the actual energy consumption is greater than
the ideal energy consumption, it is mainly because the actual
energy consumption includes the circuit power consumption.

In Fig. 4, the cache capacity is 3 Mnats, and the optimal
caching rates are c(t1) = 1 Mnats/s, c(t2) = 2 Mnats/s,
and c(t3) = c(t4) = 0 Mnats/s. For the case of the ideal
circuit power consumption, the transmission rates are r1 =
r2 = 1.5 Mnats/s, and r3 = r4 = 0 Mnats/s. Since
ree = 1.463 Mnats/s, r1(r2) > ree, and r3 = r4 = 0
Mnats/s, the optimal data transmission curve for the case
of the actual circuit power consumption is the same as that
for the case of the ideal circuit power consumption. At time
slot t1, the MBS transmits a total of 1.5 Mnats data, which
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FIGURE 5. The energy consumption with respect to the size of the cache
capacity.

includes 1 Mnats data of file f1 and 0.5 Mnats data of file f2.
These two parts of data are stored in the cache, which provide
the local caching gain and the prefetching gain. In time slot t2,
the MBS continues to transmit the remaining 1.5 Mnats data
of file f2, and this part of data is also stored in the cache, which
provides the local caching gain. At time instant s3, the data of
files f1 and f2 are stored in the cache, and the cache is full.
At time slots t3 and t4, the MBS does not need to transmit
any more data, and the SBS can transmit the caching data
directly to the corresponding users, thus the energy saving
can be obtained. Therefore, the cache capacity has an impact
on the energy consumption.

Fig. 5 and Fig. 6 illustrate the energy consumption ver-
sus the cache capacity and the file popularity for different
algorithms, respectively. Considering a total of N = 60 files
that may be requested by the users, the requested rates d(t)
are distributed in the range of [0.1, 3.5] Mnats/s [31]. The
probability of the requested file fj is θj, which is independent
and identically distributed at each time slot and obeys the Zipf
distribution, i.e., θj = j−γ (

∑|F |
q=1 q

−γ ), where γ denotes the
skewness of the file popularity [32]. When γ = 0, the file
popularity obeys the uniform distribution. When γ becomes
larger, the file popularity begins to skew. For comparison,
the performance of the other four transmission algorithms are
given. The no caching algorithm (NCA): the MBS transmits
the data in real time with the rate r(t) = d(t), and there
is no cache at the SBS. The prefetching caching algorithm
(PCA): the cache is only used for prefetching data, that is,
it only provides the prefetching gain [29]. The local caching
algorithm (LCA): for the most popular files, they are cached
at the first time, then are stored in the cache for the rest time
slots, i.e., only the local caching gain is provided. The least
recently used caching algorithm (LRUCA): the cache always
stores the most recently requested files [46].

The energy consumption with respect to the cache capacity
is shown in Fig. 5, where γ = 0.4. The NCA does not have

FIGURE 6. The energy consumption with respect to the file popularity.

any prefetching gain and local caching gain, and consumes
themost energy. Its energy consumption does not changewith
the cache capacity. With the increase of the cache capacity,
the energy consumption of PCA decreases slowly, then the
curve of the energy consumption tends to be flat. The curves
of the energy consumption of LRUCA and LCA are similar
to that of PCA, but the performance of LRUCA is better
than that of LCA and PCA. The performance of the pro-
posed energy-efficient optimal strategy is obviously superior
to these of the other four algorithms. With the increase of
the cache capacity, the superiority of the proposed strategy
becomes more obvious. This is because the proposed strategy
makes full use of the prefetching gain and the local caching
gain.

Fig. 6 shows the impact of the file popularity on the energy
consumption of the MBS, and the cache capacity is 4 Mnats.
With the increase of file popularity, the curves of the energy
consumption in the five algorithms are all decreasing. NCA
consumes the most energy. The performances of LRUA, LCA
and PCA are similar. The performance of the proposed strat-
egy is obviously better than that of the other four algorithms,
which validates the superiority of the proposed strategy in
energy saving.

VI. CONCLUSION
The energy consumption minimization of the MBS for
the cache-enabled wireless network with the circuit power
consumption was investigated. The MBS transmitted the
wireless data to the SBS, and the SBS equipped with
a cache served the users. By utilizing the transmission
characteristics of the data files, the infinite-dimension
optimization problem was transformed into the finite-
dimension optimization problem. Under a given local caching
strategy, the maximum data departure curve and the mini-
mum data departure curve were determined. The sufficient
and necessary conditions for the optimal transmission strat-
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egy were obtained. Then, an optimal energy-efficient offline
transmission strategy was proposed. The simulation results
were provided to verify the performance of the proposed strat-
egy. The simulation results showed the influence of the cache
capacity and the file popularity on the performance of the
proposed strategy. By comparing with the other algorithms,
the performance of the proposed strategy had the obvious
advantage. In the future, we will extend our work to the case
of multiple antennas.
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