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Abstract— Unlicensed spectra access holds the promise of
alleviating licensed spectra scarcity and providing super high-
rate mobile data services, which has been viewed as one of the
key technologies of fifth generation (5G) cellular networks. In this
paper, we first design a framework for 5G licensed and unlicensed
spectra interoperable networks based on the cloud radio access
network technology and the control/data decoupled architecture.
Then, we investigate network-level cost-reliability tradeoff from
two aspects. First, we study a fundamental tradeoff between the
cost and the reliability by minimizing cost for a given reliability
level. Second, we define a quality of experience efficiency utility
as the complementary measure to characterize the cost and
the reliability, offering an inherent tradeoff between them.
Moreover, an interference power estimation method is proposed
to more accurately estimate channel states to guarantee resource
allocation effectiveness. Finally, we conduct extensive simulation
study and demonstrate the effectiveness of the interference power
estimation method.

Index Terms— C-RAN, control/data decoupling, joint
licensed/unlicensed resource allocation, cost-reliability tradeoff,
QoE efficiency.

I. INTRODUCTION

ACCORDING to the study and forecast conducted by
CISCO [1], mobile data traffic has been witnessed

tremendous growth and will increase nearly eight-fold with
the compound annual growth rate (CAGR) of 53% between
2015 and 2020. However, only relying on spectral efficiency
improvement and network densification, current widely used
network capacity enhancement strategies, will not catch up
with this exponential growth. Therefore, spectrum extension,
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as the most straight-forward solution, has attracted more and
more attention recently. Unfortunately, as a scarce and costly
resource, it is hard for operators to obtain more licensed spec-
tra. Using unlicensed spectra, such as industrial, scientific and
medical (ISM), and unlicensed national information infrastruc-
ture (UNII) bands, holds the promise of aiding limited licensed
spectra. Currently, LTE systems have been encouraged to
utilize unlicensed spectra, such as LTE-unlicensed (LTE-U)
and licensed-assisted access (LAA) systems [2], and the cor-
responding enabling technologies have been widely studied.
For example, Khawer et al. [3] research smallcell interference
mitigation strategy for LTE-U systems. The energy efficiency
optimization for LAA systems is studied in [4]. Besides low
frequency unlicensed bands, ultra-wideband mmWave bands
have been opened up for unlicensed use, such as 24-24.25GHz,
28-30GHz and 57-64GHz bands [5]. Hence, unlicensed spectra
access has been viewed as one of the key technologies for
5G mobile networks, which are highly probable to access
limited licensed spectra and ultra-wideband unlicensed spectra
simultaneously [6], [7].

However, unlicensed spectra are usually distributed over
high frequency bands with high path loss, the transmission
on which should strictly comply with the power limitation
ruled by government. To keep pace with those, dense microcell
networks are needed for unlicensed spectra coverage [3].
Conversely, licensed spectra are always distributed over low
frequency bands with low path loss, and high power is allowed
to be used to transmit signals. These can facilitate macrocell
coverage of licensed spectra to provide wide-range and reliable
transmission for broadcast and signaling, and reduce the
frequency of handoff [6], [8]. Therefore, 5G licensed and
unlicensed interoperable networks could well be deployed
with heterogeneous network architecture. However, in such an
architecture, the issues, such as high system complexity, com-
plicated resource management, etc., need to be addressed to
guarantee feasibility. Hence, we design a 5G licensed and unli-
censed interoperable network based on the C-RAN technology,
which is a promising architecture of 5G mobile networks [9].

In such a network, users need to communicate on licensed
and unlicensed spectra, simultaneously. It is noteworthy that
huge differences exist between licensed and unlicensed spec-
tra in terms of cost and reliability. To be specific, due to
license-free nature, the use of unlicensed spectra would be
more economical than licensed spectra. However, due to
uncontrollable interference suffered from coexisting wireless
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systems, wireless transmission on unlicensed spectra would
be less reliable than that on licensed spectra with exclusive
ownership. Accordingly, high transmission reliability always
means more licensed spectra usage with high cost, while
low cost always brings in low reliability due to more unli-
censed spectra utilized. Most studies on network optimization
focus on spectral efficiency (SE) and energy efficiency (EE)
to enhance system capacity and achieve green communica-
tions, respectively [10]– [12]. Unfortunately, jointly enhanc-
ing both SE and EE is challenging, because achieving an
improvement of one of them always means sacrificing the
other [13]. Thus, a fundamental tradeoff between SE and
EE has been widely studied. For example, by adjusting the
resource allocation, such as power distribution and chan-
nel assignment, Haider et al. [13], Zhang et al. [14], and
Xiong et al. [15] study the SE-EE tradeoff for mobile
femtocell, cognitive radio, and frequency division multiple
access (OFDMA) networks, respectively. Additionally, since
the economic efficiency (ECE) originally introduced in [16]
implicitly considers SE and EE as both metrics reflect rev-
enues and costs of network, it potentially offers a good
measure to perform SE-EE tradeoff [17]. By maximizing
ECE, Patcharamaneepakorn et al. [17] and Ku et al. [18]
explore the SE-EE tradeoff for generalized spatial modula-
tion and relay-aided cellular networks, respectively. Besides
SE-EE tradeoff, recent studies have been extended to mul-
tiple types of tradeoffs, in which two different performance
metrics are always conflicting with each other, such as
energy-delay tradeoff in green cellular networks [19], EE-
delay tradeoff in device-to-device communications in under-
laying cellular networks [20] and throughput-delay tradeoff
in mobile ad hoc networks [21], etc. However, to the best
of our knowledge, there is still no work done on cost-
reliability tradeoff for licensed and unlicensed interoperable
networks.

In this paper, we focus on investigating the cost-
reliability tradeoff in licensed and unlicensed interoperable
networks by adjusting joint licensed/unlicensed resource
allocation strategy, including channel assignment and power
distribution. The main objective of resource allocation is
to maintain planned system performance, which is carried
out based on periodic channel state measurement. However,
according to [22] and [23], channel state feedback delay may
significantly degrade system performance, particularly in a
radio environment with uncontrollable interference. This is
because in such a radio environment, measured channel state
may significantly differ from actual one at actual transmission
time [24]. The gap between them could make resource
allocation algorithm unable to reach the planned system
performance, namely, poor resource allocation effectiveness.
Thus, the inaccuracy of measured channel states is a
challenging problem for licensed and unlicensed interoperable
networks.

Based on the aforementioned analysis, our main contribu-
tions of this paper are summarized as follows:

1) We put forward an interference power estimation method
to more accurately estimate channel states to guarantee
resource allocation effectiveness.

Fig. 1. C-RAN based licensed and unlicensed interoperable networks
architecture.

2) We investigate a fundamental cost-reliability tradeoff by
solving a cost minimization problem with a given reliability
constraint. Then, inspired by SE-EE tradeoff with ECE, we put
forward a QoE efficiency utility as a complementary perfor-
mance measure for cost and reliability to assess an inherent
tradeoff between them.

The remainder of this paper is organized as follows.
In Section II, we describe the framework and the correspond-
ing system model of C-RAN based licensed and unlicensed
interoperable network. Section III presents our proposed inter-
ference power estimation method, and defines cost and relia-
bility utilities. In Section IV, we investigate the cost-reliability
tradeoff by minimizing cost for a given reliability. Then, a QoE
efficiency utility is proposed to study cost-reliability tradeoff
in Section V. Simulation studies are carried out in Section VI.
Finally, Section VII concludes the paper and outlines future
potential researches.

II. SYSTEM MODEL

In this section, we present a framework of C-RAN based
licensed and unlicensed interoperable network, which consists
of three main components, namely, remote radio head (RRH)
network, fronthaul network, and baseband unit (BBU) pool,
as shown in Fig. 1. The RRH network is deployed with
both macro-BSs and dense micro-BSs to provide the licensed
and unlicensed spectra coverage, respectively. By consolidat-
ing and migrating the functions of BSs, including baseband
processing, storage, computation and management, to BBU
pool, while only leaving RF units in the front-end, the com-
plexity of RRH network could be greatly reduced [9]. More-
over, energy consumption, as well as network deployment
and operational costs could be significantly decreased [25].
With cloud technologies, BBU pool can implement these BS
functions efficiently. More importantly, centralized resource
management for all macro-BSs and micro-BSs in the RRH
network can be realized, which could bring in higher spectrum
utilization, and better quality of service (QoS) or QoE. Due
to these benefits, employing C-RAN is necessary to make
our designed networks and proposed schemes effective for
practical use. Fronthaul network is in charge of establishing the
connection between RRH network and BBU pool, which can
be realized over heterogeneous physical medium, including
wireless point-to-point transmission, cable, fiber, etc [8].
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Fig. 2. Received Signal on unlicensed channel.

Because of low transmission reliability of unlicensed
spectra, control information with high reliability requirements
should be carried by reliable licensed spectra rather than unli-
censed spectra. Thus, the control/data decoupled architecture,
as a fundamental reliability guarantee for each user, should
be employed in our proposed architecture, in which control
information is supported by macro-BSs on limited licensed
spectra to guarantee reliable transmissions, while micro-BSs
can only transmit data information on wide bandwidth unli-
censed spectra to enhance system capacity [8]. If resources
are adequate, licensed spectra are also allowed to carry part
of data information to improve network reliability level.

In this paper, as case study, we consider a licensed
and unlicensed interoperable network with a macro-BS and
dense micro-BSs, and only downlink transmissions will
be studied. The main notations are shown as follows.
N = {n |n = 1, 2, · · · , N } is the set of micro-BSs or
microcells. �n = {un |un = 1, 2, · · · , Un } and � =
{�1, · · · ,�N } = {un |un = 1, · · · , U } denote the sets
of users within microcell n and macrocell, respectively.
S = {s |s = 1, 2, · · · , S } stands for the set of interfer-
ence sources, such as Wi-Fi, LTE-U, LAA, etc. �li =
{l |l = 1, 2, · · · , L } and �unli,n = {k |k = 1, 2, · · · , K } rep-
resents the sets of licensed channels and the unlicensed
channels used in microcell n, respectively.

Two kinds of interferences will be encountered on an
unlicensed channel, as shown in Fig. 2. One is the inter-
ference among microcells, namely, intra-system interference.
With centralized management by BBU pool, the intra-system
interference is controllable. The kind of interference caused
by other wireless devices, so-called inter-system interference,
is uncontrollable, the strength and arrival of which are random
and unpredictable in time, frequency and space [26]. The
received signal of user un on unlicensed channel k, which
has been allocated to un , can be calculated as

yk
n,un

= xk
n hk

n,un
+

∑

m∈N,m �=n

xk
m gk

m,un
+

∑

s∈S

xk
s gk

s,un
+ zk

un
,

(1)

where xk
n is the desired signals transmitted by micro-BS n on

unlicensed channel k. xk
m and xk

s represent the intra-system
and inter-system interference signals from micro-BS m and
interference source s, respectively. hk

n,un
, gk

m,un
and gk

s,un
stand

for the gains of the links from n to user un , from m to un and
from s to un , respectively. zk

n,un
denotes the received additive

white Gaussian noise (AWGN).

Let pk
n,un

, pk
m,um

and pk
s represent the transmit power of n,

m and s on k, respectively. un and um are the desired users
which k is allocated with in microcell n and m, respectively.
Accordingly, the signal to interference plus noise ratio (SINR)
at un on k can be given by

rk
n,un

= pk
n,un

· ∣∣hk
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(2)

where N0 and B stand for noise spectral density and channel
bandwidth, respectively.

Due to spectrum regulation, it can be assumed that licensed
spectra would not suffer from any interference from other
wireless devices. Besides, to simplify calculation, we assume
that the interference from adjacent macro-BSs can be ignored
by reasonable network planning. Therefore, the received signal
and SINR on licensed channel l for un can be expressed as

yl
un

= xlhl
un

+ zl , (3)

r l
un

= pl
un

∣∣hl
un

∣∣2

B · N0
, (4)

where xl and pl
un

denote desired signals and power transmitted
by macro-BS on l, respectively. hl

un
is the channel gain of the

link from macro-BS to un .

III. INTERFERENCE POWER ESTIMATION METHOD, AND

UTILITY DEFINITIONS OF COST AND RELIABILITY

In this section, an interference power estimation method
is proposed to more accurately estimate channel states.
To facilitate the cost-reliability tradeoff study, cost and reli-
ability utilities for licensed and unlicensed channels will be
defined.

A. Interference Power Estimation Method

Uncontrollable interference on unlicensed spectra is always
coming from two sorts of interference sources. One is
from opportunistic access systems, such as Wi-Fi devices
with carrier sense multiple access with collision avoid-
ance (CSMA/CA) [27], and cognitive radio (CR) devices [28].
The other is from spectrum sharing systems, such as LAA
and LTE-U devices. Thus, uncontrollable interference power
may be hybrid signals from different systems with different
spectrum access mechanisms, which make it very complex
and its variation rules hard to grasp. For this reason, Grey
Markov chain prediction model will be used to estimate it,
which integrates the advantages of both Grey theory and
Markov chain prediction model, and can precisely predict
such a dynamic systems with both tendency and randomness,
respectively [29], [30]. In this paper, the predicted object is
the overall interference power mixed with uncontrollable inter-
ference and noise, which cannot be distinguished by spectrum
sensing. Measured interference power can be obtained by sens-
ing blank slots or time-frequency resource blocks embedded in
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unlicensed channels [31]. Let I k
un

(t) = ∑
s∈S

pk
s (t)

∣∣hk
s,un

(t)
∣∣2 +

B ·N0 be measured interference power on unlicensed channel k
sensed by user un at time t . Assume that feedback delay is τ ,
which means that resource allocation for wireless transmission
at t + τ is performed based on channel state measurement
at t . The gap between the measured interference power I k

un
(t)

and actual one I k
un

(t + τ ) may significantly degrade resource
allocation effectiveness and transmission performance at t +τ .
To accurately estimate channel states, we input current and
historic measured interference power into the Grey Markov
chain prediction model to obtain predicted one for time t + τ ,
Ĩ k
un

(t + τ ), which is described as follows.
Step one: Input current and historic measured interference

power into GM (1,1) model, and output initial predicted values
of H + 2 moments from time t − H τ to t + τ , Î k

un
(t ′),

t ′ = t − H τ, · · · , t, t + τ . Then, calculate residual error
between the initial predicted and actual values of H + 1
moments from t − H τ to t by ek

un
(t ′) = I k

un
(t ′) − Î k

un
(t ′),

t ′ = t − H τ, · · · , t .
Step two: By dividing state, calculating state transition

probability, and determining the most likely state, we can
obtain the most likely residual error of predicted time t + τ ,
ẽk

un
(t + τ ), the detailed derivation process of which sees

Appendix A. With ẽk
un

(t +τ ), the predicted interference power
can be derived as

Ĩ k
un

(t + τ ) = Î k
un

(t + τ ) + ẽk
un

(t + τ ). (5)

B. Cost Utility

Building on the definitions in [16], we define a unified cost
utility for a licensed/unlicensed channel as

c = cP · p + cli/cunli . (6)

where cp and p denote the cost per joule (monetary unit/J)
and the power (W) consumed by transmitting a channel
resource. cli/cunli represents overall costs not related to power
consumption, including hardware operational and spectrum
licensing costs, of a licensed/unlicensed channel. Because of
costly spectrum license, cli would substantially exceed cunli .

C. Reliability Utility

The ideal reliability utility should reflect actual channel
states [32], [33]. However, in practical operation, when
resource allocation needs to be made, the actual channel state
is always unknown and can only depend on the measured one.
This makes resource allocation inaccurate and less effective,
especially in a wireless environment with uncontrollable inter-
ference. To more accurately reflect potential transmission reli-
ability of channels, apart from current channel measurement,
the risk for inaccuracy of measured channel states should be
also considered in channel reliability utilities. Thus, based
on the original definitions in [34], we define a reliability
utility, in which a channel reliability estimation based on
measured channel states, and an average difference degree
between measured and actual channel states, also referred
to as channel instability statistic, are taken as reward and

pricing functions, respectively. According to [35], proper util-
ity functions should exhibit three main properties, including
twice differentiability, monotonicity and concavity/convexity.
Accordingly, for user un on unlicensed channel k, the reward
function is defined by 10 · log10(1 + SI N Rk

n,un
(t)), where

SI N Rk
n,un

(t) = pk
n,un (t)·∣∣hk

n,un (t)
∣∣2

∑
m∈N,m �=n

pk
m,um (t)·∣∣hk

m,un (t)
∣∣2+I k

un (t)
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achievable received signal SINR under pk
n,un

. We employ

log2(1 +
∣∣I k

un (t ′)−I k
un (t ′−τ )

∣∣
�Ire f

) as a criterion of channel instabil-
ity to characterize the difference degree between measured
and actual channel states, where �Ire f is a referenced gap.
Apparently, the instability criterion experiences logarithmic
increase with the growth of the gap

∣∣I k
un

(t ′) − I k
un

(t ′ − τ )
∣∣.

As a long-term statistic, we define the pricing function as the
weighted mean of the channel instability criteria at previous
J + 1 moments, which can be calculated as

DoI k
un

(t)=

t∑
t ′=t−J τ

(1−a J+1− t−t ′
τ )·log2(1+

∣∣I k
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)
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t ′=t−J τ

(1 − a J+1− t−t ′
τ )

,

(7)

where a = 0.7 in this paper, and the pricing function is more
sensitive to the instability criteria of the moments closer to t
with higher weights.

Here, the reliability utility is defined as

UoRk
n,un

(t)

= 10 · log10(1 + SI N Rk
n,un

(t)) − DoI k
un

(t)

= 10 · log10(1 + pk
n,un
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n,un

(t)
∣∣2

∑
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pk
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(t)
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un
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)

− κ ·
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�Ire f
)

t∑
t ′=t−J τ

(1 − a J+1− t−t ′
τ )

,

(8)

where κ is a weight to adjust pricing factor. With our proposed
predicted interference power, the corresponding reliability
utility can be expressed by

UoRk
n,un

(t)

= 10 · log10(1 + pk
n,un

(t) · ∣∣hk
n,un

(t)
∣∣2

∑
m∈N,m �=n

pk
m,um

(t) · ∣∣hk
m,un

(t)
∣∣2+ Ĩ k

un
(t+τ )

)

− κ ·

t∑
t ′=t−J τ
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τ ) · log2(1 +
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un (t ′)
∣∣∣

�Ire f
)

t∑
t ′=t−J τ

(1 − a J+1− t−t ′
τ )

.

(9)

Under the assumption of no interference suffered, low
mobility and flat fading channel, we can suppose that the
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measured channel states are approximately equal to the actual
one on licensed channels, and the channel instability value is
zero. Thus, for user un on licensed channel l, the reliability
utility can be given by

UoRl
n,un

= 10 · log10(1 + pl
un

· ∣∣hl
un

∣∣2

B · N0
). (10)

IV. COST VERSUS RELIABILITY

Assume that �un and �un represent the set of the unlicensed
and licensed channels allocated to un , respectively. In order to
ensure each user allocated with adequate wireless resources to
meet its data rate requirements, we have an achievable data
rate constraint for each user as below.

∑

k∈�un

B log2(1 + r̃ k
n,un

) +
∑

l∈�un

B log2(1 + r l
un

) ≥ Rreq,tot
un ,

∀un ∈ � (11)

where Rreq,tot
un represents the total data rate require-

ments, including both control and data information, for un .

r̃ k
n,un

= pk
n,un ·∣∣hk

n,un

∣∣2
∑

m∈N,m �=n
pk

m,um ·∣∣hk
m,un

∣∣2+ Ĩ k
un

is the received signal SINR

for un on k under the predicted interference power Ĩ k
un

.
To simplify calculation, all channels used in RRH network
are assumed to have the same B .

With the control/data decoupled architecture, adequate
licensed resources should be allocated to each user to support
control information transmission. Thus, we have

∑

l∈�un

B · log2(1 + r l
un

) ≥ Rreq,con
un ,∀un ∈ � (12)

where Rreq,con
un denotes the rate requirements of control

information for un .
For energy saving, the transmit power of a macro-BS

and all micro-BSs within a macrocell cannot exceed pre-
determined thresholds Pmax

li and Pmax
unli , respectively. Moreover,

each micro-BS should obey power limitation � on unlicensed
spectra ruled by government. All the energy constraints can
be expressed as

∑

un∈�

∑

k∈�un

pk
n,un

≤ Pmax
unli , (13a)

∑

un∈�

∑

l∈�n

pl
un

≤ Pmax
li , (13b)

∑

un∈�n

∑

k∈�un

pk
n,un

≤ �. ∀n ∈ N (13c)

A. Cost-Reliability Tradeoff by Minimizing Cost for
a Given Reliability Constraint

A fundamental network-level cost-reliability tradeoff can be
investigated by seeking for optimal joint licensed/unlicensed
resource allocation strategy, which could minimize the cost
for a given reliability. This leads to the following optimization

problem with the aforementioned constraints.

min
∑

un∈�

[ ∑

k∈�un

(cP · pk
n,un

+ cunli )+
∑

l∈�un

(cP · pl
un

+cli )

]

subject to

∑

un∈�
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(
10 · log10(1+ pk
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n,un

∣∣2
∑

m∈N,m �=n
pk

m,um
· ∣∣hk

m,un

∣∣2 + Ĩ k
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−κ · DoI k
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+
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10 · log10(1+ pl · ∣∣hl
un

∣∣2

B · N0
)

]
= Rel,

(11), (12), (13a) − (13c). (14)

The optimization problem in (14) involves both power distri-
bution with continuous variables and channel assignment with
binary variables, also referred to as mixed binary integer pro-
gramming problem, which is generally hard to obtain the opti-
mal solution [10]. In this paper, we adopt the Per-Stage Dual-
Variable Update (PSDU) scheme, originally introduced in [36],
to solve such an optimization problem. Through Lagrange
relaxation, the Lagrangian with respect to transmit power
Punli := {

pk
n,un

}
un∈�,k∈�un

and Pli := {
pl

un

}
un∈�,l∈�un

is
shown in (15) at the bottom of the next page, where μ :={
μun

}
un∈�

, α := {
αun

}
un∈�

, θ , η := {ηn}n∈N, λ and γ are
the Lagrange multipliers for the constraints. Accordingly, the
dual problem can be given by

max D1 (μ,α, θ, η, λ, γ )

subject to μ ≥ 0, α ≥ 0, θ ≥ 0, η ≥ 0, λ ≥ 0 and γ ≥ 0,

(16)

where D1 (μ,α, θ, η, λ, γ ) = inf
Punli ,Pli

L1 (Punli , Pli ,μ,α,

θ, η, λ, γ ) is the Lagrange dual function. To solve (16), the
infimum of (15) needs to be obtained for given Lagrange
multipliers. We use the primal-dual decomposition scheme
to get optimal transmit power, which can achieve the infi-
mum [31]. With the primal-dual decomposition scheme, the
joint optimization problem will be decomposed into two
convex single-variable optimization problems with only one
kind of variables (Punli or Pli ) involved, which can be solved
by the Karush-Kuhn-Tucker (KKT) conditions.

Since the PSDU is an iterative algorithm, we employ the
iterative water-filling scheme to update the transmit power at
each iteration. At iteration s′, the transmit power update can
be derived by

pk(s ′)
n,un

=
[
μ

(s ′−1)
un · B

ln 2 + θ(s ′−1) · 10
ln 10

cp + λ(s ′−1) + η
(s ′−1)
n

−

∑
m∈N,m �=n

pk(s ′−1)
m,um · ∣∣hk

m,un

∣∣2 + Ĩ k
un

∣∣hk
n,un

∣∣2

]+

0
, (17)

pl(s ′)
un

=
[
(μ

(s ′−1)
un + α

(s ′−1)
un ) · B

ln 2 +θ(s ′−1) · 10
ln 10

cp + γ (s ′−1)
− B · N0∣∣hl

un

∣∣2

]+

0

,

(18)
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where [a]+0 = a if a > 0, otherwise [a]+0 = 0. Clearly, the
Lagrange multipliers from the last iteration s′ − 1 determine
the water-filling level.

The channel assignment update is carried out based on the
updated transmit power P(s ′)

unli and P(s ′)
li . Since each unlicensed

channel can be only allocated to one user within a microcell,
unlicensed channel k is allocated to unique u∗

n ∈ �n , if

u∗
n = arg min

un∈�n

{
(cP · pk(s ′)

n,un
+ cunli )

− μ(s ′−1)
un

· B · log2(1 + pk(s ′)
n,un ·∣∣hk

n,un

∣∣2
∑

m∈N,m �=n
pk(s ′)

m,um ·∣∣hk
m,un

∣∣2+ Ĩ k
un

)

− θ(s ′−1) ·
(

10 · log10(1+ pk(s ′)
n,un ·∣∣hk

n,un

∣∣2
∑

m∈N,m �=n
pk(s ′)

m,um ·∣∣hk
m,un

∣∣2+ Ĩ k
un

)

− κ · DoI k
un

)
+ λ(s ′−1) · pk(s ′)

n,un
+ η(s ′−1)

n · pk(s ′)
n,un

}
.

(19)

Similarly, licensed channel l is allocated to unique u∗
n ∈ �

within a macrocell, if

u∗
n = arg min

un∈�

{
(cP · pl(s ′)

un
+ cli )

− (μ(s ′−1)
un

+ α(s ′−1)
un

) · B · log2(1 + pl(s ′)
un · ∣∣hl

un

∣∣2

B · N0
)

− θ(s ′−1) ·10·log10(1+ pl(s ′)
un · ∣∣hl

un

∣∣2

B · N0
)+γ (s ′−1) · pl(s ′)

un

}
.

(20)

According to (19) and (20), update �un and �un for
∀un ∈ �. To maximize the Lagrange dual function (16), opti-
mal Lagrange multipliers need to be found under the updated
power distribution and channel assignment. The subgradient
method [37], as a simple and effective way, is used here
to update the Lagrange multipliers at iteration s′, as shown

Algorithm 1 Optimal Joint Licensed/Unlicensed Resource
Allocation for Optimization Problem (14)

1. Initialization: Set s′ = 0. Initialize Lagrange multipliers
as some large enough values. Initialize P(0)

unli and P(0)
li by

equal power distribution, namely, pk(0)
n,un = Pmax

unli
N ·K and pl(0)

un =
Pmax

li
L . Set �un = ∅ and �un = ∅ for ∀un ∈ �.

2. Iteration s′:
1) calculate the transmit power for ∀un ∈ � on ∀k ∈ �unli,n

and ∀l ∈ �li , namely pk(s ′)
n,un and pl(s ′)

un , according to (17) and
(18), respectively.
2) For ∀k ∈ �unli,n , n = 1 · · · N , allocate unlicensed channel
k to u∗

n according to (19). If pk(s ′)
n,u∗

n
�= 0, update �u∗

n
by

�u∗
n

= �u∗
n
∪ {k}, otherwise do not assign k in this round.

3) For ∀l ∈ �li , allocate licensed channel l to u∗
n according

to (20). If pl(s ′)
u∗

n
�= 0, update �u∗

n
by �u∗

n
= �u∗

n
∪ {l},

otherwise do not assign l in this round.
4) Update Lagrange multipliers μ(s ′), α(s ′), θ(s ′), η(s ′), λ(s ′)

and γ (s ′) by the subgradient method according to (21a)-(21f),
respectively.
3. Decision: If all Lagrange multipliers converge, output
the channel assignment (�un and �un of ∀un ∈ �) and
power distribution (Punli and Pli ). Otherwise, set s′ = s′+1,
�un = ∅ and �un = ∅, and return to 2.

in (21a)-(21f) at the top of the next page, where ε is a small
step size. In summary, algorithm 1 gives an overall iteration
procedure to solve the optimization problem (14).

V. QoE EFFICIENCY

Enlightened by using ECE to study the SE-EE
tradeoff [17], [18], we propose a QoE efficiency which
is a complementary performance measure to cost and
reliability. Both lowering cost and heightening reliability can
improve QoE, however, enhancement of one of them always
makes the deterioration of the other. Thus, maximizing

L1 (Punli , Pli ,μ,α, θ, η, λ, γ )

=
∑

un∈�

[ ∑

k∈�un

(cP · pk
n,un

+ cunli ) +
∑

l∈�un

(cP · pl
un

+ cli )

]

+
∑

un∈�

μun ·
[

Rreq,tot
un −

∑

k∈�un

B · log2(1 + pk
n,un

· ∣∣hk
n,un

∣∣2
∑

m∈N,m �=n
pk

m,um
· ∣∣hk

m,un

∣∣2 + Ĩ k
un

) −
∑

l∈�un

B · log2(1 + pl
un

· ∣∣hl
un

∣∣2

B · N0
)

]

+
∑

un∈�

αun ·
[

Rreq,con
un −

∑

l∈�un

B · log2(1 + pl
un

· ∣∣hl
un

∣∣2

B · N0
)

]

+θ ·
[
Rel−

∑

un∈�

∑

k∈�un

(
10 · log10(1+ pk

n,un
· ∣∣hk

n,un

∣∣2
∑

m∈N,m �=n
pk

m,um
· ∣∣hk

m,un

∣∣2+ Ĩ k
un

)−κ · DoI k
un

)
−

∑

un∈�

∑

l∈�un

10 · log10(1+ pl
un

· ∣∣hl
un

∣∣2

B · N0
)

]

+λ ·
( ∑

un∈�

∑

k∈�un

pk
n,un

− Pmax
unli

)
+

∑

n∈N

ηn ·
( ∑

un∈�n

∑

k∈�un

pk
n,un

− �

)
+ γ ·

( ∑

un∈�

∑

l∈�n

pl
un

− Pmax
li

)
. (15)
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μ(s ′)
un

=
[
μ(s ′−1)

un
− ε ·

( ∑

k∈�un

B · log2(1+ pk(s ′)
n · ∣∣hk

n,un

∣∣2
∑

m∈N,m �=n
pk(s ′)

m,um · ∣∣hk
m,un

∣∣2 + Ĩ k
un

)+
∑

l∈�un

B · log2(1 + pl(s ′) · ∣∣hl
un

∣∣2

B · N0
) − Rreq,tot

un

)]+

0
,

(21a)

α(s ′)
un

=
[
α(s ′−1)

un
− ε ·

( ∑

l∈�un

B · log2(1 + pl(s ′)
un · ∣∣hl

un

∣∣2

B · N0
)−Rreq,con

un

)]+

0
, (21b)

θ(s ′) =
[
θ(s ′−1) − ε ·

( ∑

un∈�

∑

k∈�un

(
10 · log10(1 + pk(s ′)

n,un · ∣∣hk
n,un

∣∣2
∑

m∈N,m �=n
pk(s ′)

m,um · ∣∣hk
m,un

∣∣2 + Ĩ k
un

) − κ · DoI k
un

)

+
∑

un∈�

∑

l∈�un

10 · log10(1 + pl(s ′)
un · ∣∣hl

un

∣∣2

B · N0
) − Rel

)]+

0
, (21c)

η(s ′)
n =

[
η(s ′−1)

n − ε · (� −
∑

un∈�n

∑

k∈�un

pk(s ′)
n,un

)

]+

0
, (21d)

λ(s ′) =
[
λ(s ′−1) − ε · (Pmax

unli −
∑

un∈�

∑

k∈�un

pk(s ′)
n,un

)

]+

0
, (21e)

γ (s ′) =
[
γ (s ′−1) − ε · (Pmax

li −
∑

un∈�

∑

l∈�n

pl(s ′)
un

)

]+

0
. (21f)

QoE measure could be a good way to find an excellent
balance between cost and reliability.

A. Definition of QoE Efficiency Utility

Generally, three main types of performance indicators
impact on QoE, namely, data rate, cost and the relevant indica-
tors related to reliability, such as delay, signal error probability,
link outage probability, etc [38]. In this paper, we formulate
the constraint (11) to guarantee data rate requirements of
each user to be satisfied, therefore it can be assumed that
the data rate for each user has the same influence on QoE.
To simplify calculation, we define a QoE efficiency utility with
only cost and reliability considered. Among numerous existing
utility functions, we found that the sigmoidal (S-shaped)
function [35] is a proper and simple function to form QoE
utility functions shown as follows.

u1(c) = 1

1 + eξ1(c−c0)
, ξ1 > 0, (22)

u2(UoR) = 1

1 + eξ2(UoR0−UoR)
, ξ2 > 0, (23)

where c and UoR represent the values of cost and relia-
bility utilities, respectively. ξ1 and ξ2 are sensitivity para-
meters, by tuning which the sensitivity of utility function
to variables can be adjusted. c0 and UoR0 are reference
points which are always regarded as satisfaction thresholds.
The sensitivity parameters and reference points determine
the steepness and center of the S-shaped function, respec-
tively. From (22) and (23), we can see that the growth
of cost and reliability has the opposite effect on QoE
utility, namely, lowering and heightening it, respectively.

Without loss of generality, we adopt the most common
multi-criterion utility functions, namely, the additive aggre-
gate function [35], to define the QoE efficiency utility for
user un as

QoE Eun

= φun,0 ·
[

u1

( ∑

k∈�un

(cP · pk
n,un

+ cunli )

+
∑

l∈�un

(cP · pl
un

+ cli )

)]
+ φun ,1

×
[
u2

( ∑

k∈�un

(
10 log10(1+ pk

n,un
· ∣∣hk

n,un

∣∣2
∑

m∈N,m �=n
pk

m,um
· ∣∣hk

m,un

∣∣2+ Ĩ k
un

)

− κ · DoI k
un

)
+

∑

l∈�un

10 log10(1 + pl
un

∣∣hl
un

∣∣2

B · N0
)

)]
,

(24)

where φun,0 ≥ 0 and φun ,1 ≥ 0 denote preference weights
of cost and reliability, respectively, with φun,0 + φun,1 = 1.
The first term and the second term in (24) represent QoE gain
obtained from cost and reliability, respectively.

B. Cost-Reliability Tradeoff by Maximizing QoE Efficiency

To investigate the network-level cost-reliability trade-
off, optimization objective is to maximize the global
QoE efficiency, namely, the summation of the QoE effi-
ciency utilities of all users un ∈ �. Moreover, the equations
of (11), (12) and (13a)-(13c) will be employed as the
constraints. Accordingly, the optimization problem can be
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formulated as follows.

max
∑

un∈�

{
φun ,0 · u1

( ∑

k∈�un

(cP · pk
n,un

+ cunli )

+
∑

l∈�un

(cP · pl
un

+ cli )

)
+ φun,1 · u2

( ∑

k∈�un

(10 · log10(1

+ pk
n,un

· ∣∣hk
n,un

∣∣2
∑

m∈N,m �=n
pk

m,um
· ∣∣hk

m,un

∣∣2 + Ĩ k
un

) − κ · DoI k
un

)

+
∑

l∈�un

10 · log10(1 + pl
un

· ∣∣hl
un

∣∣2

B · N0
)

)}

subject to (11), (12), (13a) − (13c). (25)

Similar to (14), we still face a mixed binary integer pro-
gramming problem in (25), and PSDU is also used to solve
it. The Lagrangian with respect to Punli and Pli is given in
(26) shown at the top of the next page, whose dual function
is D2 (μ,α, η, λ, γ ) = sup

Punli ,Pli

L2 (Punli , Pli ,μ,α, η, λ, γ ).

The traditional solutions for constrained optimization prob-
lem, e.g., KKT condition, would encounter the NP-hard prob-
lem in (26). Thus, we use fixed-point method to update the
transmit power distribution at each iteration. By taking the
first-order derivative of (26) and setting it to zero, we can
obtain optimal Punli and Pli for given Lagrange multipliers at
iteration s′ as follows.

pk(s ′)
n,un

=
[

μ
(s ′−1)
un · B

ln 2 + φun,1 · β0(pk(s ′−1)
n,un ) · 10

ln 10

λ(s ′−1) + η
(s ′−1)
n − φun,0 · α0(pk(s ′−1)

n,un ) · cp

−

∑
m∈N,m �=n

pk(s ′−1)
m,um · ∣∣hk

m,un

∣∣2 + Ĩ k
un

∣∣hk
n,un

∣∣2

]+

0
, (27)

pl(s ′)
un

=
[

(μ
(s ′−1)
un +α

(s ′−1)
un ) · B

ln 2 +φun,1 · β1(pl(s ′−1)
un ) · 10

ln 10

γ (s ′−1) − φun,0 · α1(pl(s ′−1)
un ) · cp

− B · N0∣∣hl
un

∣∣2

]+

0

, (28)

where α0(pl
un

), β0(pk
n,un

), α1(pl
un

) and β1(pk
n,un

) are pre-
sented as (29a)-(29d) shown at the top of the next page.

With the updated power distribution, channel assignment at
iteration s′ is performed as follows. Unlicensed channel k is
allocated to u∗

n ∈ �n , if

u∗
n

= arg max
un∈�n

{
φun,0 · u3

(
cP · pk(s ′)

n,un
+ cunli

)

+φun,1 · u4

(
10 · log10(1+ pk(s ′)

n,un

∣∣hk
n,un

∣∣2
∑

m∈N,m �=n
pk(s ′)

m,um

∣∣hk
m,un

∣∣2 + Ĩ k
un

)

−κ DoI k
un

)
+μ(s ′−1)

un
log2(1+ pk(s ′)

n,un

∣∣hk
n,un

∣∣2
∑

m∈N,m �=n
pk(s ′)

m,um

∣∣hk
m,un

∣∣2+Ĩ k
un

)

−λ(s ′−1) · pk(s ′)
n,un

−η(s ′−1)
n · pk(s ′)

n,un

}
. (30)

Algorithm 2 Optimal Joint Licensed/Unlicensed Resource
Allocation for Optimization Problem (25)

1. Initialization is same with Algorithm 1.
2. Iteration s′:
1) Update the transmit power for ∀un ∈ � on ∀k ∈ �unli,n

and ∀l ∈ �li by fixed-point method according to (27) and
(28), respectively.
2) Update the channel assignment for ∀k ∈ �unli,n , n =
1 · · · N , and ∀l ∈ �li according to (30) and (31), respec-
tively. The updates of �u∗

n
and �u∗

n
are same with Algorithm

1.
3) Update the Lagrange multipliers by subgradient method
according to (21a), (21b) and (21d)-(21f).
3. Decision is same with Algorithm 1.

Licensed channel l is allocated to u∗
n ∈ �, if

u∗
n = arg max

un∈�

{
φun,0 · u3

(
cP · pl(s ′)

un
+ cli

)

+ φun,1 · u4

(
10 log10(1 + pl(s ′)

un · ∣∣hl
un

∣∣2

B · N0
)

)
+ (μ(s ′−1)

un

+ α(s ′−1)
un

) · B log2(1 + pl(s ′)
un

∣∣hl
un

∣∣2

B N0
)−γ (s ′−1) · pl(s ′)

un

}
.

(31)

Since u1(•) and u2(•) in (22) and (23) are used to assess
the QoE metric of all channels allocated to one user, the
corresponding reference threshold c0 and UoR0 are too big to
assess that of one single channel. Therefore, in (30) and (31),
we adopt u3(•) and u4(•) to calculate the QoE metric of one
single channel with smaller reference threshold c1 and UoR1,
respectively. With the updated power and channel allocation,
we can attain the supremum of Lagrangian for given Lagrange
multipliers. To minimize the dual function, we update the
Lagrange multipliers by the subgradient method. To sum up,
an overall iteration procedure to solve (25) is described in
algorithm 2.

VI. SIMULATION RESULTS AND ANALYSIS

By conducting simulation study, we demonstrate the effec-
tiveness of our proposed interference power estimation method
and defined reliability utility. In addition, the simulation results
of two tradeoff methods are presented to evaluate the cost-
reliability tradeoff for licensed and unlicensed interoperable
networks.

A. Simulation Setup

We consider a licensed and unlicensed interoperable net-
work with a macro-BS and N = 19 micro-BSs as shown
in Fig. 3. Un=10 users are randomly distributed in each
microcell, totally U = 190 users in macrocell. The radiuses
of macrocell and microcell are 1200m and 275m, respectively.
To simplify calculation, we assume that each user has equal
total data rate requirement Rreq,tot

un = 50Mbits/s and equal
control information rate requirement Rreq,con

un = 3Mbits/s.
Other simulation parameters are listed in Table I.
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L2 (Punli , Pli ,μ,α, η, λ, γ )

=
∑

un∈�

{
φun,0 · u1

( ∑

k∈�un

(cP · pk
n,un

+ cunli ) +
∑

l∈�un

(cP · pl
un
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+
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αun ·
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· ∣∣hl
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+λ ·
(
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∑
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)
+
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ηn ·
(
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k∈�un
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n,un

)
+ γ ·
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∑
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)
. (26)

α0(pk
n,un

) =
d u1

(
cP · pk

n,un
+ cunli + ∑

k′ �=k,k′∈�un

(cP · pk′(s ′−1)
n,un + cunli ) + ∑

l∈�un

(cP · pl(s ′−1)
un + cli )

)

d pk
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, (29a)

β0(pk
n,un

) = d u2
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10 · log10(1 + pk

n,un
· ∣∣hk

n,un

∣∣2
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, (29b)

α1(pl
un

) =
d u1
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n,un + cunli ) + cP · pl
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+ cli + ∑
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(cP · pl′(s ′−1)
un + cli )

)

d pl
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, (29c)

β1(pl
un

) = d u2
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k∈�un

(10 · log10(1 + pk(s ′−1)
n,un · ∣∣hk

n,un
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∣∣2 + Ĩ k
un

) − κ · DoI k
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) + 10 · log10(1 + pl
un
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∣∣∣
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. (29d)

For simulation, proper interference model is essential, which
can be formulated as

I (t + τ ) = [B · N0, I (t) + δ(t + τ )]+0 , (32)

where δ(t + τ ) = normrnd(0, σ 2) +
∞∑

w=1
w Ī (λWi τ )w

w! e−λWi τ

denotes unknown interference variations during the time from
t to t + τ . The first term stands for random interference
variations caused by other cellular systems, such as LTE-U,
and normrnd(0, σ 2) obeys Gaussian distribution with mean 0
and variance σ 2. The second term is interference variations

caused by Wi-Fi devices, in which interference arrival obeys
Poisson distribution with arrival rate λW i . w and Ī are the
number of arrival Wi-Fi interference and average received
interference power, respectively. Accordingly, the (32) can
be rewritten as I (t + τ ) = [B · N0, mormrnd(I (t) +∞∑
w=1

w Ī (λWiτ )w

w! e−λWi τ , σ 2)]+0 . Since I (t) can be obtained by

measurement, we assume that ζ = I (t)+
∞∑

w=1
w Ī (λwiτ )w

w! e−λwiτ

is known at any time to simplify calculation. Obviously, in
the interference model, ζ and σ 2 reflect average interference
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TABLE I

SIMULATION PARAMETERS [17], [39], [40]

TABLE II

INTERFERENCE ENVIRONMENT DISTRIBUTION

Fig. 3. Simulation model.

power and the instability of unlicensed channels, respec-
tively. To approximate practical scenario, different interference
environments should be experienced in different spaces and
frequencies. Thus, we divide the whole macrocell and 500MHz
unlicensed spectra into three regions and two frequency bands,
respectively. Besides, two sorts of interference environments
are assumed, which are considered as relatively good and
bad interference environments, respectively. Limited by the
capability of simulation tools, we assume that all unlicensed
channels on one frequency band share the same interference
environments in one specific region, and the number of
regions, frequency bands and interference environments are set
to be relatively small. The detailed interference environment
distribution used in simulation is shown in Table II.

B. Accuracy of Our Proposed Interference
Power Estimation Method

In Fig. 4 and Fig. 5, we provide the predicted and measured
interference power on one unlicensed channel in interference

Fig. 4. Interference power versus time under ζ = 5×10−9 and σ = 2×10−9.

Fig. 5. Interference power versus time under ζ = 5×10−9 and σ = 8×10−9.

environments of ζ = 5 × 10−9 and σ = 2 × 10−9, as well as
ζ = 5×10−9 and σ = 8×10−9, respectively. The interference
power of 100 moments is simulated, in which the simulation
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Fig. 6. Instability versus time under ζ = 5 × 10−9 and σ = 2 × 10−9.

Fig. 7. Instability versus time under ζ = 5 × 10−9 and σ = 8 × 10−9.

data of 20 moments from t ′ = 81τ to 100τ are presented.
Note that actual interference power at t ′ is also the measured
one used in resource allocation for signal transmission at
t ′ + τ . From Fig. 4 and Fig. 5, we can see that the predicted
interference power (red line with circle) are more close to
the actual one (blue line with star), than the measured one
(yellow line with square), which indicates that our proposed
interference power estimation method has better accuracy.
Moreover, by comparing the Fig. 4 with Fig. 5, we find that the
predicted interference power under σ = 2×10−9 is more close
to the actual one than that under σ = 8×10−9. It implies that
the growth of σ makes channel states become more instable
and harder to estimate. This hypothesis can be testified in
Fig. 6 and Fig. 7, which show the channel instability defined
in (7) in the same interference environments with Fig. 4
and Fig. 5, respectively. From those, we can observe that
although the growth of σ aggravates channel instability, the
accurate predicted interference power can effectively ease this
aggravation.

C. Impacts of Defined Reliability Utility on Resource
Allocation Performance

We employ a rate-maximization optimization problem,
which is the most common scheme to execute resource
allocation, to testify positive impact of the defined reliabil-
ity utility on resource allocation performance. To simplify
calculation, only unlicensed spectra and measured channel
states are considered in optimization problem, which can be

Fig. 8. Spectral efficiency versus user data rate requirements.

formulated as

max
∑

un∈�

∑

k∈�un

B log2(1+ pk
n,un

· ∣∣hk
n,un

∣∣2
∑

m∈N,m �=n
pk

m,um
· ∣∣hk

m,un

∣∣2+ I k
un

)

subject to

∑

k∈�un

B log2(1+ pk
n,un

·∣∣hk
n,un

∣∣2
∑

m∈N,m �=n
pk

m,um
·∣∣hk

m,un

∣∣2+ I k
un

) ≥ Rreq,tot
un ,

∀un ∈ �

(13a), (13c). (33)

A low-complexity suboptimal resource allocation algorithm
originally proposed in [10], is adopted to solve (33) by
separating channel and power allocation, in which unlicensed
channels with high reliability utilities will be prior scheduled
to support user data rate transmission. The detailed solution
process is described in Appendix B. To verify the effectiveness
of defined reliability utility, we assume that ζ = 5 × 10−9

is same for each unlicensed channel, and other parameters
are same with Table II, which can make potential trans-
mission reliability among different unlicensed channels more
difficult to be distinguished. For comparison, we adopt the
conventional reliability utility, which only considers measured
channel states, as reference. Fig. 8 presents achievable spectral
efficiency in actual interference environments for different user
data rate requirements. It is easy to see that using defined reli-
ability utility in resource allocation can bring higher spectral
efficiency than referenced one. This is because with defined
reliability utility, all unlicensed channels selected to transmit
signals possess lower instability (σ = 2 × 10−9), while
scheduled unlicensed channels with referenced one almost
equally split between the channels with (σ = 2 × 10−9) and
(σ = 8 × 10−9). It proves that the defined reliability utility
can more accurately reflect potential transmission reliability of
unlicensed spectra than the referenced one, and can effectively
assist to guarantee resource allocation effectiveness.

D. Cost-Reliability Tradeoff

Fig. 9 and Fig. 10 present the convergence behaviors of
Algorithm 1 and Algorithm 2, respectively. Apparently, both
of them can converge with no more than 40 iterations. The
choice of the Lagrange multipliers is crucial for convergence
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Fig. 9. Convergence behavior of Algorithm 1.

Fig. 10. Convergence behavior of Algorithm 2.

Fig. 11. Cost-reliability tradeoff by the cost minimization with a given
reliability constraint.

speed. In simulation, we initialize the Lagrange multipliers
with μ

(0)
un = 2 × 108, α

(0)
un = 1.5 × 107, θ(0) = 7 × 105,

η
(0)
n = 5 × 105, λ(0) = 5 × 106 γ (0) = 5 × 106.
The network-level cost-reliability tradeoff is investigated

using (14) as illustrated in Fig. 11. For comparison, simulation
results of both the predicted and measured interference power
are given. In Fig. 11, X and Y axes express, respectively,
actual achieved global reliability and cost utilities obtained
by employing resource allocation strategy from Algorithm 1 in
actual interference environments. Since no matter the predicted
or measured interference power always differs from the actual
one, the actual achieved global reliability utilities are not

Fig. 12. The total achievable data rate versus the reliability constraint.

always equal to the given reliability constraint Rel. We can
see that the cost is presented to grow with the increase of
reliability, because with the growth of Rel, system haves
to allocate more costly licensed channels to satisfy higher
reliability requirements with higher cost caused. Moreover,
using predicted interference power in Algorithm 1 can make
better cost-reliability tradeoff performance, namely, the cost
of that always lower than using measured one. Two reasons
motivate this phenomenon. First, with predicted interference
power, unlicensed channels in proposed scheme always have
lower instability and higher reliability utilities. Accordingly,
to achieve the same network reliability performance, more
power or costly licensed channels would be invested with
measured interference power utilized. Second, using predicted
interference power can effectively help resource allocation
guarantee effectiveness. Fig. 12 shows total achievable data
rate for different Rels. With predicted interference power
used, the achievable data rate is approximate to the total
data rate requirements of 190 users, namely, 9500Mbits/s
when Rel ≤ 135000. Once Rel > 135000, the achiev-
able data rate will exceed the requirements. This is because
when Rel ≤ 135000, reliability improvement is carried out
by replacing unlicensed channels with licensed channels to
support user data delivery. However, when Rel > 135000,
even all licensed channels used, the reliability performance
requirements still cannot be satisfied. Redundant transmission
way will be aroused to provide further reliability improve-
ment with more wireless resources allocated and extra data
rate. However, when measured interference power used, the
achievable data rate has already exceeded the requirements
when Rel = 120000. Obviously, low reliability of unlicensed
channels with measured interference power makes the system
has to using redundant transmission way to reach the given
reliability constraint at the beginning.

Fig. 13 shows the cost-reliability tradeoff by maximizing
global QoE efficiency under different preference weights φun,0
and φun,1, φun,0 + φun,1 = 1 (Algorithm 2). To investigate
the impact of preference weights on cost-reliability tradeoff,
we assume that φun,0 = φ0 and φun,1 = φ1 for ∀un ∈
�. Since the values of cost and reliability utilities do not
lie in the same order of magnitude, the different sensitivity
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Fig. 13. Cost-reliability tradeoff by maximizing global QoE efficiency.

Fig. 14. The global QoE efficiency versus φ0.

parameters need to be set in (22)(23), namely, ξ1 = 2000
and ξ2 = 0.025. Additionally, to simplify the calculation,
we assume that all users share the same referenced satis-
faction threshold with c0 = 6.8 × 10−3, UoR0 = 685,
c1 = 6.8 × 10−5 and UoR1 = 6.85. With large φ0, users
prefer to economical wireless data services, which facilitates
more cheap unlicensed channels allocated to provide data
transmission with low cost and reliability. On the contrary,
when φ0 is small, system needs to schedule more costly
licensed channels, and even adopt redundant transmission
to meet the user preference for high reliability, resulting in
high cost and reliability. By comparison, we found that using
predicted interference power in Algorithm 2 always results in
better cost-reliability tradeoff performance, namely lower cost
than using measured one to get the same reliability. Fig. 14
presents the summation of QoE efficiency utilities of all users
for different φ0, and indicates that using predicted interference
power lets network possess better QoE efficiency performance
than using measured one. Moreover, in Fig. 14, we also testify
QoE improvement performance of Algorithm 2. Since resource
allocation strategy from Algorithm 1 can minimize the cost for
a given reliability, which can also facilitate QoE improvement,
we regard Algorithm 1 as reference. We can observe that no
matter the predicted or measured interference power is used
in resource allocation, the achieved global QoE efficiency of
Algorithm 2 significantly exceed that of Algorithm 1, in which
the reliability constraint Rel is set to be 1.3×105. This proves
that Algorithm 2 has better QoE improvement performance.

VII. CONCLUSIONS AND FUTURE RESEARCH

In this paper, we have studied network-level cost-reliability
tradeoff for a C-RAN technology and control/data decoupled
architecture based 5G licensed and unlicensed interoperable
network. We have proposed an interference power estimation
method based on Grey Markov chain prediction model, whose
simulation study indicates that it can accurately estimate
channel states to assist to effective resource allocation. Then,
we have investigated a fundamental cost-reliability tradeoff
by minimizing cost for a given reliability. The simulation
results show that with the growth of reliability constraints,
system has to allocate more costly licensed channels, even
using redundant transmission, to meet reliability performance
requirements, causing increasingly higher cost. Moreover, the
cost-reliability tradeoff is carried out by maximizing global
QoE efficiency. The corresponding simulation study indicates
that this tradeoff scheme can provide a good balance between
cost and reliability based on the preference of users to effec-
tively enhance network QoE performance.

It is notable that besides control information, the traffic
with high reliability requirements, such as delay-sensitive and
interruption-sensitive traffic, should be also carried by licensed
spectra. Unfortunately, finite and scarce licensed resources are
not able to support all those traffic, parts of which needed to
be offloaded by unlicensed spectra with preferable reliability.
Hence, the joint licensed/unlicensed resource allocation algo-
rithm, which can guarantee the QoS of each kind of traffic,
would be an interesting topic for our future researches.

APPENDIX A
DERIVATION OF ẽk

un
(t + τ )

Step One: The original array of a moment
T ′ is composed of Q actual interference power
X (0) =

{
I k(0)
un (T ′ − Q), · · · , I k(0)

un (T ′ − 1)
}

. Let

X (1) =
{

I k(1)
un (T ′ − Q), · · · , I k(1)

un (T ′ − 1)
}

be first-
order accumulated generating operation (AGO) of
X (0), whose elements are generated by I k(1)

un (i) =
i∑

j=T ′−Q
I k

un

(0)
( j), i = T ′ − Q, · · · , T ′ − 1. With X (1),

the first-order differential equation set is defined as
d I k

un
(1)

(i)
di + a I k(1)

un (i) = b. The least square method is

used to find a and b with

[
a
b

]
= (BT B)−1 BT c, where

B =
⎡
⎢⎣

−(I k(1)
un (T ′ − Q) + I k(1)

un (T ′ − Q + 1))/2, 1
...

−(I k(1)
un (T ′ − 2) + I k(1)

un (T ′ − 1))/2, 1

⎤
⎥⎦,

and c = [I k(0)
un (T ′ − Q + 1) · · · I k(0)

un (T ′ − 1)]T .
Then, the predicted values can be derived as
Î k(1)
un (i) = (I k(1)

un (T ′ − Q) − b/a)e−ai + b/a, and
Î k(0)
un (T ′) = Î k(1)

un (T ′) − Î k(1)
un (T ′ − 1).

Step Two: Assume that the set of the residual error
values of H + 1 moments from time t − H τ to t is
E = {

ek
un

(t − H τ ), · · · , ek
un

(t − τ ), ek
un

(t)
}
. Firstly, divide the

elements in E into D states. In this paper, the uniform division
way is used to partition the scope of each state. Accordingly,
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TABLE III

TRANSITION PROBABILITY TABLE

the scope of state d ∈ {1, 2, · · · , D} can be expressed as
(min(E)+(d−1)· max(E)−min(E)

D , min(E)+ d · max(E)−min(E)
D

]
.

Secondly, construct the state transition probability matrix. Let

p(q)
i j = M(q)

i j
Mi

stands for the q-step transition probability, where

Mi and M(q)
i j are the number of state i and the transition

sample number from state i to j after the duration of qτ
(q steps). Thus, the q-order transition probability matrix can
be constructed as P(q) = (p(q)

i j )D×D. Thirdly, form transition
probability table and calculate the sum of transition prob-
ability. Calculate the t1 + 1 transition probability matrixes
from 1-order to (t1 + 1)-order. If the state at time t − iτ ,
i ∈ [0, t1], is dt−iτ , put the dt−iτ − th row of (i + 1)-order
transition probability matrix into the row, related to time t−iτ ,
in Table III. Then, the transition probability sum of each
transition state is calculated, and find the greatest one to be
treated as the most likely state of time t + τ . Finally, assume
that the most likely state is d∗, the corresponding most likely
residual error can be obtained by

ẽk
un

(t + τ ) = min(E) +
(

d∗ − 1

2

)
· max(E) − min(E)

D
.

(34)

APPENDIX B
SOLUTION PROCESS OF (33)

The overall solution process is divided into the suboptimal
channel assignment, and the optimal power distribution with
a fixed channel assignment, which can be described as:

1. Initialization: Initialize Punli by equal power distribu-
tion, namely, p̄k

n,un
= Pmax

unli
N ·K . Besides, set �un = ∅.

2. Channel assignment:
1) For ∀un ∈ �, find an unlicensed channel k∗ with the

largest reliability utility UoRk∗
n,un

than others in �unli,n . Let
�un = �un ∪ {k∗} and �unli,n = �unli,n − {k∗}.

2) Repeat
Find the user un with the smallest Aun =

∑
k∈�un

B log2

(
1+ p̄k

n,un ·
∣∣∣hk

n,un

∣∣∣
2

∑

m∈N,m �=n
p̄k

m,um ·
∣∣∣hk

m,un

∣∣∣
2+I k

un

)

Rreq,tot
un

. For found un , find k∗

with the largest UoRk
n,un

and let �un = �un ∪ {k∗} and
�unli,n = �unli,n − {k∗}.

Until Aun ≥ 1 for ∀un ∈ �.
3. Power distribution: With the fixed unlicensed channel

assignment, the optimization problem (33) can be solved by
Lagrangian and KKT condition, by which the optimal power

distribution for given Lagrange multipliers can be obtained.
And the optimal Lagrange multipliers can be attained by
subgradient method.
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