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AbstrAct
The explosive growth of wireless traffic 

demands and the shortage of licensed spectra 
motivate us to explore the utilization of unli-
censed bands (including mmWave bands and 
opened licensed bands of other wireless systems 
for the future) in LTE systems, so-called LTE-U. 
However, since unlicensed spectra are normally 
distributed over high-frequency bands and may 
suffer from random and uncontrollable interfer-
ence, there are many research challenges for 
LTE-U systems ahead. To tackle these challenges, 
we propose a C/U decoupled system architecture 
for LTE-U systems, which has the advantages of 
lower complexity, higher flexibility, higher reliabil-
ity, and higher system capacity. Specifically, we 
first design a framework and the corresponding 
system procedures for our proposed C/U decou-
pled LTE-U systems, including network architec-
ture, frame structure, and centralized resource 
management procedure. Then we put forward 
the corresponding enabling and supporting tech-
nologies to solve the research challenges, includ-
ing frequent inter-microcell handoffs, available 
unlicensed spectrum harvesting, and quality of 
service guarantee for traffic with high reliability 
requirements. We also conduct a simulation study 
to demonstrate the performance gain of the unli-
censed spectra transmissions in our proposed 
LTE-U systems. Finally, we discuss several remain-
ing research challenges, which could be potential 
topics for future research.

IntroductIon
According to a Cisco study and forecast [1], 
mobile data traffic is experiencing exponential 
growth and will increase nearly eight-fold with a 
compound annual growth rate (CAGR) of 53 per-
cent between 2015 and 2020. Unfortunately, only 
relying on spectrum efficiency and network densi-
ty, the current network capacity enhancement 
strategies will not catch up with this exponential 
growth. Thus, spectrum extension, as a straight-
forward solution for capacity enhancement, has 
attracted tremendous attention recently. How-
ever, as scarce and costly resources, licensed 
spectra are hard to come by for LTE systems. LTE 
systems may actually search for spectrum exten-
sion opportunities on public unlicensed bands, 
such as industrial, scientific, and medical (ISM) 
and unlicensed national information infrastructure 

(UNII) bands. However, the fact that these bands 
have become crowded and overutilized due to 
WiFi devices encourages LTE-unlicensed (LTE-
U) systems to extend their system bandwidth to 
other accessible bands, such as unallocated milli-
meter-wave (mmWave) bands [2]. According to 
the recent mmWave allocation policy released by 
the Federal Communications Commission (FCC), 
14 GHz of contiguous mmWave bands (57–71 
GHz) have been opened up for unlicensed use 
[3]. Moreover, the experimental tests performed 
in academia [4, 5] and the measurements con-
ducted in industry [6] reveal that even in the most 
crowded urban areas, many licensed spectra are 
extremely underutilized. These caused the FCC 
to review current static spectrum allocation poli-
cy and to open up licensed spectra for dynamic 
access to the underutilized licensed bands [7], 
which can also be viewed as unlicensed bands 
for LTE systems with secondary access priority. 
In this article, we study the robust network archi-
tecture and corresponding enabling technologies 
for LTE-U systems to facilitate the effective utili-
zation of unlicensed spectra. LTE-U is a standard 
proposal untapping the use of unlicensed bands 
at 5.8 GHz. In this article, we use it with a more 
extended meaning in the sense of an LTE system 
that can utilize any unlicensed band, including 
mmWave. In other words, we study LTE-U sys-
tems that can access unlicensed and licensed 
bands simultaneously. Due to the particularity of 
unlicensed spectra, many challenges have to be 
considered for LTE-U systems below.

Complex and Dense Heterogeneous Network 
Architecture: Unlicensed spectra are normally dis-
tributed over high-frequency bands with high path 
loss and should strictly comply with the power 
constraints that apply to dense microcellular 
coverage. However, current LTE systems always 
utilize macro-evolved NodeBs (eNBs) with macro-
cellular coverage. For compatibility, future LTE-U 
systems most likely will deploy both macro-eNBs 
and dense micro-eNBs, which will significantly 
increase complexity.

Frequent Inter-Microcell Handoffs: Inter-mi-
crocell handoffs will increase with the growth of 
the density of micro-eNBs, and bring more fre-
quent temporary data transmission interruptions 
due to the hard handoff procedures standardized 
by LTE specifications [8] and more handoff fail-
ures.

Difficult Interference Coordination: Unli-
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censed spectra suffer from not only controllable 
inter-microcell interference, but also uncontrolla-
ble interference from the wireless devices of other 
systems, which makes interference coordination 
more difficult. For better interference coordina-
tion, centralized resource management is neces-
sary for LTE-U systems.

Reasonable Available Unlicensed Spectrum 
Harvesting: The future LTE-U systems may treat 
various kinds of unlicensed bands as potential 
available spectrum. When LTE-U systems perform 
available unlicensed spectrum harvesting, access 
priorities and wireless environments of different 
unlicensed spectra should be taken into account.

Poor Reliability of Unlicensed Spectra: The 
traffic with high reliability requirements should be 
carried by reliable licensed spectra rather than 
interference-susceptible unlicensed spectra. How-
ever, the licensed spectra are limited and scarce, 
and thus unable to carry all the traffic with high 
reliability requirements, such as control informa-
tion, and delay-sensitive and interruption-sensitive 
data traffic. Thus, quality of service (QoS) guaran-
tee is a critical issue for LTE-U systems.

As a novel and advanced architecture with 
the advantages of low complexity, high flexibil-
ity, and high data rate, decoupled control/user 
(C/U) architecture is attracting more and more 
attention, and has been viewed as a promising 
technology for fifth generation (5G) systems [9, 
10]. To tackle the aforementioned challenges, 
we propose a framework for the C/U decoupled 
architecture for LTE-U systems. In this framework, 
micro-eNBs, also referred to as phantom eNBs, 
are not fully functional eNBs and are only config-
ured with low-complexity U-plane protocol, while 
macro-eNBs are in charge of fulfilling C-plane 
functions for the phantom eNBs. Accordingly, 
the system complexity and flexibility would be 
significantly reduced and enhanced when replac-
ing conventional LTE eNBs by the phantom 
eNBs to build dense small cell networks. Since 
the C-plane functions of phantom eNBs, such as 
those for measurement, radio resource control 

(RRC) connection management, and admission 
control, are centralized and coordinated by mac-
ro-eNB, it is possible to collect the unlicensed 
spectra state of different microcells and realize 
centralized resource management and optimi-
zation. From the aforementioned analysis, it is 
apparent that the inherent characteristics of C/U 
decoupled architecture can assist in addressing 
some of the challenges of LTE-U systems, such 
as reducing system complexity and realizing cen-
tralized resource management. However, there 
remain some challenges to be solved. Moreover, 
due to the particularity of C/U decoupled archi-
tecture, the framework and system procedures 
of C/U decoupled LTE-U systems significantly 
differ from the existing LTE specifications, which 
need to be redesigned. As a final remark, the 
C/U plane separation in the frequency domain 
is not surprising as it has been done already in 
traditional cellular system design: in all frequen-
cy-division duplex (FDD) systems, a certain 
number of frequency channels are reserved 
for control signaling. In fact, in [11], Zhai et al. 
demonstrated that by separating control messag-
es and data messages in the frequency domain 
in IEEE 802.11 systems, multihop ad hoc net-
works could significantly lower collisions and 
boost throughput performance. We expect that 
future high data rate wireless systems will benefit 
significantly by utilizing reliable lower-frequency 
bands to support control signaling to enable high 
data rate transmissions in high-frequency bands.

The remainder of this article is organized as 
follows. We begin with the design of the pro-
posed framework and the corresponding system 
procedures for C/U decoupled LTE-U systems, 
including network architecture, frame structure, 
and unlicensed resource management procedure. 
Then we introduce the enabling and supporting 
technologies solving or alleviating the negative 
effects of the aforementioned challenges. Finally, 
we discuss several remaining research challenges 
and outline our future potential research direc-
tions.

It is apparent that the 
inherent characteristics 

of C/U decoupled 
architecture can assist 

addressing some of 
the challenges of 

LTE-U systems, such as 
reducing system com-
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FIGURE 1. C/U decoupling-based LTE-U architecture.
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c/u PlAne decouPled lte-u ArchItecture
Figure 1 presents our proposed C/U decoupled 
LTE-U system architecture in which macro-eNBs 
use superior licensed spectra (normally lower-fre-
quency bands with less interference) to provide 
macrocell coverage, while dense microcells are 
covered by dense phantom eNBs with potentially 
inferior unlicensed spectra (normally higher-fre-
quency bands and more interference) to deal with 
more severe path loss and power constraints. Due 
to the negative impact of random and unpredict-
ed interference [12], unlicensed spectra are not 
suitable for carrying important control messages 
with high reliability requirements, which include 
not only the layer 3 (L3) signaling of the C-plane, 
such as system broadcast, paging, and measure-
ment configuration, but also the L1/L2 signaling 
of the U-plane, such as scheduling, power control, 
and hybrid automatic repeat request (HARQ). 
Therefore, despite U-plane functions implement-
ed at a phantom eNB, the U-plane control infor-
mation generated at the phantom eNB still needs 
to be forwarded by a macro-eNB to guarantee 
reliability. Dense phantom eNBs only provide 
ultra-wide-bandwidth access for U-plane data traf-
fic on unlicensed spectra. Moreover, if licensed 
resource is adequate, the U-plane data traffic 
with high reliability requirements should also be 
transmitted on licensed spectra. As for the proto-
col stack, a macro-eNB works as a normal base 
station with both C-plane and U-plane protocol 
stacks, while a phantom eNB is only configured 
with a U-plane protocol stack. For better unli-
censed resource utilization, centralized resource 
management is necessary. However, the huge 
burden of data management would emerge in this 
centralized mode. To realize complex resource 
allocation algorithms and promote computing 
computational efficiency, we employ a control 
center in our proposed architecture to manage 
both the licensed resources of macro-eNBs and 
the unlicensed resources of phantom eNBs, such 

as available unlicensed spectrum harvesting and 
joint licensed/unlicensed resource allocation. It 
is noticeable that the control center may need 
to provide the resource management for mac-
ro-eNBs and phantom eNBs in multiple macro-
cells [13, 14]; hence, it should be an individual 
hardware entity rather than merging into other 
entities, such as macro-eNB or a mobility man-
agement entity (MME)/serving gateway (S-GW). 
As shown in Fig. 1, fronthaul networks are in 
charge of establishing the connections among 
macro-eNB, phantom eNBs, control center, and 
MME/S-GW, which can be realized by heteroge-
neous physical media, including wireless point-to-
point transmissions, cable, fiber, and so on.

Undoubtedly, keeping C-plane protocol in 
macro-eNBs will significantly increase the sig-
naling overhead of macro-eNBs, since the mac-
ro-eNBs need to provide system broadcast 
information transmissions for all phantom eNBs 
and C-plane signaling transmissions for all users 
covered by it. However, it can also bring in more 
advantages. First, low complexity, high flexibility, 
low cost, low energy consumption, and efficient 
operation could be achieved, which have been 
discussed above. Second, by centralized radio 
bearer control in macro-eNBs, an LTE-U network 
can effectively control the load of each microcell 
to achieve network-level load balance. Third, due 
to suffering from interference, the signaling mes-
sages transmitted by macro-eNBs with licensed 
spectra will be more reliable than by phantom 
eNBs with unlicensed spectra. Finally, central-
ized C-plane control performed by macro-eNBs 
can make mobility management more efficient, 
as discussed below. Because of these benefits, 
the C/U decoupled architecture with C-plane 
protocol only deployed in macro-eNBs has been 
widely regarded as a promising technology for 5G 
mobile networks [9, 10, 13].

It is noteworthy that the unlicensed spectra 
used in our proposed LTE-U systems may con-
sist of multiple noncontinuous unlicensed bands 

FIGURE 2. Frame structures: a) TDD-LTE-U; b) FDD-LTE-U.
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with different bandwidth. Thus, the corresponding 
frame structure would significantly differ from that 
standardized by recent LTE specifications [15]. 
Figures 2a and 2b show the frame structures of 
C/U decoupled time-division duplex (TDD)-LTE-U 
and FDD-LTE-U, respectively. We assume that the 
licensed bands of LTE-U systems are continuous. 
It can be seen that there are only physical down-
link shared channel (PDSCH) and physical uplink 
shared channel (PUSCH) distributed in the sub-
frame of unlicensed spectra with only U-plane 
data traffic delivery. All sub-frames on licensed 
spectra should contain both control zone — phys-
ical control format indicator channel (PCFICH), 
physical HARQ indicator channel (PHICH), and 
physical downlink control channel (PDCCH) for 
downlink and physical uplink control channel 
(PUCCH) for uplink — and data zone (PDSCH 
and PUSCH) to carry all control information 
and part of the U-plane data traffic. To facilitate 
resource management and ensure the instanta-
neity of scheduling and decoding U-plane data 
traffic, the licensed and unlicensed sub-frames 
should maintain synchronization in the time 
domain with the same length. In addition, to carry 
the extra control information used to manage 
unlicensed spectra, more licensed resources for 
control signaling may be employed. For example, 
the control format indicator of a licensed down-
link sub-frame may be more than four orthogonal 
frequency-division multiplexing (OFDM) symbols, 
the maximum value standardized in [16], to carry 
more acknowledgment (ACK)/negative ACK 
(NACK), scheduling, and power control signal-
ing for unlicensed channels. More or even only 
PUCCHs are distributed on licensed uplink sub-
frames to carry more ACK/NACK and channel 
quality information (CQI). 

Figure 3 presents our designed unlicensed 
spectrum management which is divided into two 
main parts, available unlicensed spectrum har-
vesting, and joint licensed/unlicensed resource 
allocation. First, phantom eNB performs periodic 
or regular spectrum sensing to identify the state 
of unlicensed spectra and issues the correspond-
ing spectrum sensing report to control center. 
According to this report, the available unlicensed 
spectrum harvesting is executed in the control 
center. After that, the control center sends the 
spectrum harvesting results to macro-eNB where 
measurement reconfigurations are performed for 
all harvested available unlicensed spectra. Sec-
ond, according to the measurement reconfigura-
tion results from the macro-eNB, phantom eNB 
transmits reference signal (RS) on unlicensed 
bands. Meanwhile, the macro-eNB also needs 
to inform UEs of the results to allow the UEs to 
measure the RS transmitted by the phantom eNB. 
After the measurement by a UE, it feeds back 
a measurement report to the macro-eNB over 
PUCCH on licensed spectra, which contains the 
measured CQI of both licensed and unlicensed 
spectra. After then, all the measurement reports 
of all UEs are forwarded to the control center via 
macro-eNB, according to which the centralized 
joint licensed/unlicensed resource allocation is 
carried out. Upon receiving the joint resource 
allocation results, the macro-eNB and the phan-
tom eNB adjust their parameters to transmit on 
licensed and unlicensed spectra, respectively. 

Moreover, based on the allocation results for 
unlicensed spectra, the macro-eNB provides the 
corresponding scheduling signaling delivery over 
PDCCH to enable UE to decode the U-plane data 
traffic transmitted on unlicensed sub-frames.

enAblIng And suPPortIng technologIes
In this section, we present the enabling and sup-
porting technologies to address the aforemen-
tioned design challenges for our proposed C/U 
decoupled network architecture for LTE-U sys-
tems.

MobIlIty MAnAgeMent
More frequent temporary data transmission 
interruptions and more handoff failures will be 
induced with frequent inter-microcell handoff. To 
tackle this issue, we propose a phantom–phan-
tom seamless handoff scheme based on our pro-
posed LTE-U architecture, illustrated in Fig. 4 and 
described below. With C/U decoupled architec-
ture, all the radio resource control (RRC) signal-
ing messages related to the handoff procedure 
are generated in macro-eNBs. In the preparation 
stage, a user equipment (UE) periodically feeds 
back its measurement report to its macro-eNB 
based on the parameter set in the measurement 
configuration from the macro-eNB. Once the 
macro-eNB decides to trigger the phantom–
phantom handoff according to the measurement 
report, it delivers the handoff request to the target 
phantom eNB to inform it of the upcoming hand-
off and let it perform admission control, name-
ly, preparing and reserving required resources 
for the UE. Then the target phantom eNB issues 
the handoff request ACK, carrying the admission 

FIGURE 3. Unlicensed spectrum management.
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control information, toward the macro-eNB who 
needs to transparently forward all the admission 
control information without any modification to 
the UE in the handoff command. Meanwhile, 
the macro-eNB and the source phantom eNB 
exchange Packet Data Convergence Protocol 
(PDCP) sequence numbers (SNs) with each other 
to prevent out-of-order packet delivery, duplica-
tion, and loss. After that, the macro-eNB asks the 
corresponding MME/S-GW to switch the U-plane 
path from the source phantom eNB to the mac-
ro-eNB, and replaces the source phantom eNB 
to transmit U-plane data traffic on licensed spec-
tra. It is noticeable that the UE still resides at the 
original macrocell after the inter-microcell hand-
off. Therefore, there is no RRC connection recon-
figuration performed in the phantom–phantom 
handoff, which can be ignored by the RRC layer 
and regarded as more efficient and less compli-
cated L1/L2 handoff with brief signaling and short 
latency. Accordingly, the random access between 
the UE and the target phantom eNB barely pos-
sesses an L1/L2 signaling switch; only the physical 
(PHY) and medium access control (MAC) layers 
are involved. If the random access succeeds, the 
handoff execution stage is completed and the 
completion stage begins, in which the PDCP SNs 
are exchanged between the target phantom eNB 
and the macro-eNB, and the U-plane path switch-

ing from the macro-eNB to the target phantom 
eNB is performed. During the handoff procedure, 
all the signaling messages among the macro-eNB, 
the phantom eNB, and the MME/S-GW must be 
transmitted via the fronthaul networks.

Since the macro-eNB replaces the source 
phantom eNB to transmit U-plane data traffic on 
licensed spectra when handoff is executed, it can 
avoid the data transmission interruption caused 
by hard handoff and keep U-plane data traffic 
transmissions during the whole phantom–phan-
tom handoff procedure, so-called seamless hand-
off. Furthermore, even if a phantom–phantom 
handoff fails, the U-plane data traffic transmission 
is still preserved by connecting the macro-eNB 
until an unlicensed link is reestablished. Thus, our 
proposed phantom–phantom seamless hand-
off scheme can effectively address the frequent 
inter-microcell handoff issue. Although the seam-
less handoff can also be achieved by the dual 
connection in LTE systems, this seamless handoff 
is still an L3 handoff with a complex RRC con-
trol procedure and more RRC signaling messages 
transmitted [17]. Compared to that, our proposed 
seamless handoff is a simpler and more efficient 
L1/L2 handoff with briefer signaling and shorter 
latency. As for the inter-macrocell handoff, the 
macro–macro handoff should first be executed 
to establish C-plane link connection. Then the 

FIGURE 4. The proposed phantom–phantom seamless handoff procedure.
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phantom–phantom handoff is executed to estab-
lish U-plane link connection under the control of 
the target macro-eNB. Song, Fang, and Yan [18] 
conducted a detailed design of the inter-macro-
cell handoff procedure of C/U decoupled archi-
tecture, which is not described in this article for 
brevity.

sPectruM hArvestIng
There are two main purposes of spectrum har-
vesting. The first is to screen out the accessible 
spectra, complying with government regulations, 
and the second is to screen out the spectra with 
better wireless environments. Current schemes for 
spectrum harvesting can be generally classified 
into two categories: spectrum sensing and statis-
tical analysis. However, the individual spectrum 
sensing and the individual statistical analysis can 
only reflect current and historical average spec-
trum state, respectively, which cause inaccurate 
spectrum state identification [19]. Thus, the unli-
censed spectrum harvesting schemes should be 
determined by both spectrum sensing and sta-
tistical analysis. In this subsection, we design the 
spectrum harvesting scheme with both spectrum 
sensing and statistical analysis considered, which 
could be practically utilized in our proposed C/U 
decoupled LTE-U systems. Moreover, notice that, 
as mentioned before, LTE-U only attempts to uti-
lize the public unlicensed bands at 5.8 GHz. Here, 
we intend to make it more general by including 
other unlicensed bands, such as mmWave bands 
and open licensed bands of other wireless sys-
tems. However, most existing spectrum harvesting 
schemes with both spectrum sensing and statisti-
cal analysis considered are proposed to harvest 
the licensed bands of other systems in cognitive 
radio systems [19]. For feasibility, we extend this 
spectrum harvesting method to two other types 
of unlicensed spectra, namely, unallocated and 
public unlicensed spectra.

Licensed Spectra of Other Wireless Systems: 
In spite of the licensed spectra restriction being 
relaxed by the FCC, an LTE-U system, as a second-
ary user (SU), can access a licensed band only if 
it is detected to be unoccupied by primary users 
(PUs). For this reason, the function of spectrum 
sensing is to investigate whether a licensed band 
is busy or idle. However, it is important to note 
that even if a licensed band is detected to be idle 
before LTE-U systems access it, it is still possible 
to cause interference to PUs. This is because the 
PUs may access the frequency band between 
the latest spectrum sensing completion and the 
next spectrum sensing start. Therefore, the control 
center should set a high priority on selecting the 
licensed spectra with low traffic load from PUs, or 
PU load for short. A simple and effective metric 
can be adopted by the control center to assess 
the PU load, that is, the ratio of the number of 
sensed idle licensed bands to the total amount of 
spectrum sensing needed within a period of time. 
Obviously, a larger ratio means a lower PU load.

Unallocated Unlicensed Spectra: By check-
ing global spectrum allocation, we find that there 
is a vast amount of unallocated spectra, partic-
ularly on the mmWave spectra between 6 GHz 
and 300 GHz, which can be used for unlicensed 
access. Over these spectra, all wireless devices 
have equal priority to access; therefore, the key 

factor in spectrum harvesting is the interference 
environment. First, by spectrum sensing, we can 
screen out clean spectra based on judgment of 
whether the sensed interference power of an 
unlicensed band is lower than a given threshold. 
To guarantee transmission quality, LTE-U systems 
should have priority to access the unlicensed 
spectra with low probability of suffering from 
abrupt and unpredicted interference, which is 
proportional to the load level. Thus, second, the 
control center can adopt the ratio of the number 
of unlicensed bands sensed to be clean to the 
total number of spectrum sensing within a period 
of time to estimate the load level.

Public Unlicensed Spectra (e.g., 2.4 GHz, 5.8 
GHz, 24 GHz, 60 GHz ISM Bands, and 5.4–5.7 
GHz UNII Bands): As the most critical issue, the 
coexistence between LTE-U and WiFi systems 
must be considered when designing spectrum 
harvesting schemes for public unlicensed spec-
tra. According to [20], due to the specific carrier 
sense multiple access with collision avoidance 
(CSMA/CA) mechanism used for WiFi systems, 
once an LTE-U device transmits on an unlicensed 
band, all WiFi devices under the coverage of the 
LTE-U device would not access the unlicensed 
band anymore. Since public unlicensed spectra 
are opened up for each wireless device with equal 
priority, continuous occupancy by LTE-U devices 
will not violate any law or regulation, but will not 
be fair for other devices accessing this band via 
other protocols, such as IEEE 802.11 MAC pro-
tocols for WiFi systems. Therefore, LTE-U systems 
should also opportunistically access and proac-
tively release the public unlicensed spectra for 
WiFi systems for fairness. Song and Fang [20] put 
forward a coexistence scheme that can achieve 
this goal. For engineering implementation, a novel 
WiFi detection module is also designed, which 
can enable eNBs in LTE-U systems to carry out 
signal detection during the 802.11 PHY frame 
and transmit the 802.11 PHY frame. The coexis-
tence scheme can be described as follows. When 
the status of a public unlicensed band turns from 
busy to idle, initial spectrum sensing is performed 
by the WiFi detection module. If the band stays 
in idle status until the spectrum sensing is over, 
the eNB accesses this band and broadcasts LTE-U 
occupancy time information to all WiFi devices 
in the form of an 802.11 PHY frame. If the exist-
ing WiFi devices attempt to access the band, the 
eNB shall not access this band and decodes the 
802.11 PHY frame header with the WiFi detec-
tion module to obtain frame length information, 
after which it reruns the spectrum sensing. It is 
worth noting that the length of the spectrum sens-
ing determines the priority for LTE-U devices with 
respect to WiFi devices, which gradually decreas-
es with the increase of spectrum sensing time. 
According to [21], WiFi devices would not access 
the frequency band that has been occupied. 
Thus, based on the coexistence scheme in [20], 
the public unlicensed spectrum harvesting can be 
determined only through spectrum sensing.

Qos guArAnteed sPectruM AllocAtIon
Apparently, traffic with high reliability require-
ments is more suited to be carried by licensed 
spectra than by unlicensed spectra. Unfortunately, 
finite and scarce licensed resources cannot carry 

By checking global 
spectrum allocation, 

we find that there is a 
vast amount of unallo-
cated spectra, particu-
larly on the mmWave 

spectra between 6 
GHz and 300 GHz, 

which can be used 
for unlicensed access. 

Over these spectra, 
all wireless devices 

have equal priority to 
access; therefore, the 

key factor in spectrum 
harvesting is interfer-
ence environments.
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all that traffic, part of which needs to be offloaded 
to the unlicensed spectra with preferable reliabil-
ity. In this subsection, we study a joint licensed/
unlicensed spectra allocation scheme to guaran-
tee the QoS of each kind of traffic with as high 
reliability as possible. For this purpose, we need to 
address the QoS-based traffic priority classification 
and the unified reliability utility criterion for all 
unlicensed and licensed channels.

QoS-Based Traffic Priority Classification: Reli-
able transmissions of control messages directly 
impact normal network access, link quality main-
tenance, and network performance optimization, 
which is also a fundamental requirement for effec-
tive U-plane data traffic transmissions. Without 
question, all kinds of control messages should be 
ranked highest in priority. Thus, a coarse priori-
ty classification from high to low can be control 
messages: U-plane data traffic with high QoS 
and that with low QoS. A fine priority classifica-
tion should consider other performance metrics, 
such as traffic types and economic aspects. For 
instance, different kinds of control messages are 
classified with different priorities based on traf-
fic types. Another example is that the traffic from 
high-cost UE should have higher priority than that 
from UE pursuing low cost.

Unified Reliability Utility for Unlicensed and 
Licensed Bands: Ideally, the utility of channel reli-
ability should be determined by actual channel 
state [22, 23]. However, in practical operation, 
when resource allocation needs to be made, the 
actual channel state is always unknown and can 
only be estimated based on the measured one. As 
for a licensed channel, it can be assumed that no 
interference exists, and the measured channel state 
is approximate to the actual one under the assump-
tions of low mobility and flat fading channel. There-
fore, the reliability utility of that can be determined 
solely by the current measured channel state. How-
ever, on an unlicensed channel with uncontrollable 
interference, abrupt and unpredictable interference 
may cause a significant gap between the actual 
channel state and the measured one. This gap 
may make resource allocation unable to reach 
the planned transmission performance, even caus-
ing high bit error rate (BER) and link outage [24]. 
Hence, we define a reliability utility for unlicensed 
channels that considers both the current measured 
channel state and the potential gap between the 
measured and actual channel state, also referred to 
as channel instability.
Ureliability = 10 ⋅ log10(1+SINRRS (t))

reward  function with the current
measured channel state
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  (1)
where I(t) and SINRRS(t) represent the received 
interference power and signal-to-interfer-
ence-plus-noise ratio (SINR) on an unlicensed 
channel at time t obtained from spectrum sens-
ing and RS measurement, respectively. Assume 
that T is the current time, and the resource allo-
cation for the signal transmissions at t is carried 
out based on the channel measurement at t – t. 

According to [25], proper utility functions should 
exhibit three main properties, including twice dif-
ferentiability, monotonicity, and concavity/con-
vexity. The logarithmic functions can meet all 
these properties, which will be used to form the 
reliability utility in this article. The first term in Eq. 
1 is dependent on the current measured channel 
state. In the second term, we employ

log2 1+
I (t)− I (t − τ)

ΔIref

⎛

⎝
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as the channel instability criterion to character-
ize the difference degree between measured and 
actual channel state, which experiences logarith-
mic increase with the growth of |I(t) – I(t – t)|. 
DIref is a referenced gap, which should be different 
for different kinds of traffic. For example, traffic 
with high reliability requirements should get small 
DIref , with QoS more sensitive to channel reliabil-
ity. As a long-term statistic, we define the channel 
instability degree, namely, the second term in Eq. 
1, as the arithmetic mean of the channel instability 
criteria within a period of W + 1. It is apparent 
that the first term in Eq. 1 stands for a channel 
reliability estimation based on current measured 
channel state, while the second term could reflect 
the potential risk for the accuracy of that. Thus, 
the first term and the second term are taken as 
the reward and pricing function, respectively. e is 
a weight to adjust pricing factor.

Joint Licensed/Unlicensed Resource Allo-
cation: With our proposed reliability utility, the 
control center can normalize all unlicensed and 
licensed channels to the unified wireless resources 
with different reliability performance to perform 
joint licensed/unlicensed resource allocation. The 
joint resource allocation can be divided into two 
consecutive steps. The first step is channel sched-
uling under the assumption of equal power distri-
bution across all channels, described as follows. 
First, the control center calculates the reliability 
utility value for each UE on each licensed channel 
and each harvested unlicensed channel, respec-
tively. Then it finds the packet with highest-priority 
traffic in the transmission queue, and schedules 
the packet transmission with the channel that 
has the largest reliability utility for the intended 
UE. The allocation process is repeated until the 
allocated channels can satisfy the traffic require-
ments. When all the packets in the queue have 
been scheduled, the first step is complete. After 
that, the second step is to distribute power to the 
allocated channels with proportional reliability 
and traffic requirement constraints. The basic idea 
is to allocate adequate power to meet the reli-
ability constraint of each type of traffic, particu-
larly the traffic allocated the lower reliability utility 
channels, aiming to achieve the proportional fair-
ness among the traffic while maintaining the QoS 
guarantee of each traffic type. Note that since 
the packets with lower priority may be allocated 
lower reliability utility channels, multiple retrans-
missions may be needed due to high BER and 
link outage. For fairness, after every transmission 
failure, the priority of the failed packet should be 
raised properly. In this way, more reliable chan-
nels will be allocated to the retransmitted packet 
in the next resource allocation round to improve 
transmission success probability.

Without question, all 
kinds of control mes-
sages should be ranked 
highest in priority. 
Thus, a coarse priority 
classification from high 
to low can be control 
messages: U-plane data 
traffic with high QoS 
and that with low QoS. 
A fine priority classifi-
cation should consider 
other performance 
metrics, such as traffic 
types and economic 
aspects.
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PerforMAnce evAluAtIon
In this section, we conduct a simulation study to 
investigate the link robustness for our proposed 
C/U decoupled LTE-U systems. In the simulation, 
the link transmission performance of a user is 
investigated under different transmission distanc-
es and received interference power. Moreover, 
we also consider the C/U coupled LTE-U systems 
to make comparisons, in which control informa-
tion and U-plane data traffic are supported by the 
same eNB and transmitted on the same frequen-
cy band. In LTE-U systems, the essential condition 
to ensure that the U-plane data traffic transmitted 
over PDSCH on unlicensed spectra is success-
fully received by UE is that the control informa-
tion, such as scheduling signaling transmitted over 
PDCCH, is successfully received first [26]. Since 
control information always contains lower data 
volume, and adopts a low-rate modulation and 
coding scheme (MCS) to guarantee reliable trans-
missions, we can assume that the control infor-
mation would be successfully transmitted if the 
received SINR exceeds a predefined threshold. 
Accordingly, we can calculate the effective spec-
tral efficiency of U-plane data traffic by 

CU−plane
effective

   = P(SINRcontrol > η) ⋅ log2(1+ SINRU−plane),

where h, SINRU-plane and SINRcontrol denote the 
predefined threshold, the received signal SINR of 
U-plane data traffic, and the corresponding con-
trol information, respectively. As for delay, it can 
be calculated by 

D = i ⋅D ⋅(1− Psuccess )
i−1 ⋅Psuccess = D Psuccess ,

i=1

∞

∑
where     

Psuccess = P(SINRcontrol > h) · P(SINRU- plane > g) 

represents the successful transmission probability 
of one-round U-plane data transmissions. g and —D denote the received signal SINR threshold that 
can ensure successful U-plane data transmissions 
and the average delay caused by one round, 
respectively. In the simulation, the computations 
of P(SINRcontrol > h) and P(SINRU–plane > g) adopt 
the method provided in [18]. The main simulation 
parameters are listed in Table 1.

Figure 5 presents the effective spectral efficien-
cy of the unlicensed spectra, which are used to 
carry U-plane data traffic, vs. received interfer-
ence power. Assume that in C/U coupled LTE-U 
systems, U-plane data traffic and the correspond-
ing control information are all transmitted by a 
micro-eNB on the same unlicensed band, while 
they are transmitted by a phantom eNB on unli-
censed band and a macro-eNB on licensed band, 
respectively, in our proposed C/U decoupled 
LTE-U systems. Figure 5a shows that the effective 
unlicensed spectral efficiency of the C/U coupled 
LTE-U systems is always lower and more sensi-
tive to the growth of received interference power 
than that of the C/U decoupled LTE-U systems. 
This is because the interference on unlicensed 
spectra brings in the negative impact on not only 
the received signal SINR of U-plane data traffic, 

but also the transmission success probability of 
control information in the C/U coupled way, 
while the C/U decoupled LTE-U systems can 
effectively alleviate this negative impact by trans-
mitting control information on reliable licensed 
spectra. From Fig.5b, we can see that with the 
growth of received interference power, the effec-
tive unlicensed spectral efficiency of the C/U 
coupled LTE-U system rapidly declines. When the 
received interference power is raised to 3.5  
10–7 mW/10 MHz, the effective unlicensed spec-
tral efficiency of the C/U coupled LTE-U system 
becomes lower than that of the C/U decoupled 
LTE-U system, which has experienced high prop-
agation loss on licensed spectra (at 1500 m dis-
tance between a UE and the macro-eNB). Both 
Figs .5a and 5b demonstrate that our proposed 
C/U decoupled LTE-U systems could achieve 
significantly higher spectral efficiency in strong 
interference environments. The same conclusion 
can also be drawn from Fig. 6, which illustrates 
the transmission delay of U-plane data traffic 
caused by transmission failures and retransmis-
sions vs. received interference power. Obviously, 
with transmitting control information on reliable 
licensed spectra, the transmission success prob-
ability of control information is higher than that 
transmitted on unlicensed spectra, which results in 
higher transmission success probability of U-plane 
data traffic and fewer retransmissions. Hence, 
the U-plane data traffic delay of our proposed 
C/U decoupled LTE-U systems is always lower 
than that of the C/U coupled LTE-U systems, and 
the delay increase is slower with the growth of 
received interference power, especially in strong 
interference environments.

dIscussIon And future chAllenges
Clearly, despite many disadvantages in using unli-
censed bands in LTE systems, with proper novel 
design, such as deploying C/U decoupled net-
work architecture and innovative enabling tech-

TABLE 1. Simulation parameters [27, 28].

Parameters Values

Transmit power on licensed spectra 46 dBm/10 MHz

Transmit power on unlicensed spectra 30 dBm/10 MHz

Path loss model for urban macrocell 39 + 26 · log10(d[m]) + 20 · log10(fc[GHz]/5)

Path loss model for urban microcell 41 + 22.7 · log10(d[m])+ 20 · log10(fc[GHz]/5)

Log-normally distributed shadow fading devia-
tion for macrocell

6 dB

Log-normally distributed shadow fading devia-
tion for microcell

3 dB

Licensed carrier frequency 2 GHz

Unlicensed carrier frequency 6 GHz

h –6 dB

γ 0 dB

–
D 5 ms

N0 –174 dBm/Hz
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nologies, we can bring in tremendous capacity 
enhancement to LTE-U systems. However, both 
C/U decoupled architecture and unlicensed spec-
tra opportunistic access have been viewed as the 
promising key technologies of 5G mobile net-
works. Therefore, apart from two most fundamen-
tal performance indicators (i.e., spectral efficiency 
and transmission delay), more 5G required key 
performance indicators should also be evaluated 
for our proposed C/U decoupled LTE-U systems, 
such as latency caused by signaling congestion, 
handoff latency, connection density, and traffic 
volume density. Moreover, some challenges are 
still unresolved and need more comprehensive 
and deeper studies to make our design effective 
for practical use. Here, we discuss the remaining 
challenges, which could be our future research 
issues.

Interference coordination is a big and inevita-
ble challenge for each dense microcell network. 
Network-level centralized resource allocation is 
an effective way to perform interference coor-
dination among microcells. However, the com-
putation complexity of centralized resource 
allocation algorithms may be high, which would 
pose design challenges for engineering imple-
mentation. Beamforming technologies used in 
phantom eNBs to carry out interference coor-
dination were introduced in [9]. Besides higher 
received SINR brought by beams, strong direc-
tional transmissions can effectively suppress 
the interference to other users. Moreover, new 
issues are also emerging; for example, in mobility 
management, how to measure the beam signal 
of adjacent phantom eNBs to trigger handoff, 
and how to perform accurate and efficient beam 
training in handoff.

The frequency of resource re-allocation should 
be high enough to promptly adapt to radio envi-
ronment variation. However, frequent centralized 
resource re-allocation can greatly increase signal-
ing overhead and system burden. Hence, how to 
find a reasonable resource re-allocation triggering 
mechanism to effectively reduce the frequency of 
resource re-allocation, while ensuring the resource 
re-allocation to be promptly triggered to adapt 

to radio environment variation, is an important 
issue. To address this, we propose a semi-oppor-
tunistic and semi-periodic resource re-allocation 
triggering mechanism described as follows. By 
using unlicensed spectrum harvesting, if the con-
trol center finds that the available channel set of 
each phantom eNB has changed, new channels 
have been harvested, or old channels have been 
eliminated, the centralized resource re-allocation 
is triggered immediately. This can make LTE-U sys-
tems opportunistically trigger the resource re-allo-
cation according to the variations of interference 
environments to reduce the frequency of that. 
If no change happens in the available channel 
sets, the resource re-allocation will not be trig-
gered until the change happens in later spectrum 
harvesting, or the countdown of the resource 
re-allocation timer goes to zero. When a resource 
re-allocation procedure is finished, the timer goes 
to an initial value. It is easy to see that even if the 
resource re-allocation cannot be triggered by the 
variations of interference environments, it will also 
be triggered at least once within the duration of 
the timer, which can let LTE-U systems promptly 
adjust resource allocation parameters to adapt to 
the variations of radio environments caused by 
user mobility. In future research, we will improve 
our proposed mechanism by optimizing the unli-
censed spectrum harvesting cycle and resource 
re-allocation timer based on interference environ-
ments and user mobility.

Three main performance indicators impact 
quality of experience (QoE): data rate, cost, 
and the relevant indicators related to reliability, 
such as signal error probability and link outage 
probability. Both lowering cost and boosting 
reliability can improve the QoE. However, the 
enhancement of one of them always causes the 
deterioration of the other. This is because low-
ering cost always means more unlicensed chan-
nels used to support data transmissions with 
low reliability, while boosting reliability always 
needs to use more costly licensed channels. 
Thus, maximizing global QoE could be a good 
optimization objective for joint unlicensed/
licensed resource allocation to find an excellent 

FIGURE 5. Effective unlicensed spectral efficiency vs. received interference power: a) for different UE-phantom/micro distances dUE–P/dUE–Mi 
with a fixed UE-macro distance 500 m; b) for different UE-macro distances dUE–Ma with a fixed UE-phantom /micro distance 100 m.
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balance between cost and reliability, which is a 
potential research topic.

conclusIons
Utilizing unlicensed spectra in LTE-U systems 
holds the promise of alleviating licensed spectra 
scarcity and enhancing capacity. However, how 
to efficiently utilize unlicensed spectra to boost 
performance is challenging and of paramount 
importance. In this article, we first analyze the 
challenges encountered in the actual applications 
of LTE-U systems. To address these challenges, 
we have proposed a C/U decoupled LTE-U sys-
tem, which significantly differs from the popular 
standard LTE-U systems in terms of the utilization 
of licensed spectra and unlicensed spectra. For 
feasibility, we design a novel framework and the 
corresponding system procedures for our pro-
posed C/U decoupled LTE-U systems, including 
network architecture, frame structure, and central-
ized resource management. To further improve 
and optimize our proposed C/U decoupled 
LTE-U systems, we also put forward the enabling 
and supporting technologies, including a phan-
tom–phantom seamless handoff scheme, spec-
trum harvesting for different types of unlicensed 
bands, and QoS guaranteed joint licensed/unli-
censed resource allocation. Our extensive simu-
lations show that our proposed C/U decoupled 
LTE-U systems could achieve significantly better 
performance on both effective unlicensed spec-
tral efficiency and transmission delay than C/U 
coupled LTE-U systems. Finally, we discuss several 
remaining research challenges, which could be 
our future research issues.
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