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Abstract—Unlicensed spectra fusion technology for LTE
holds the promise of alleviating the licensed spectra scarcity
and enhancing capacity. It allows LTE to effectively utilize
the unlicensed spectra distributed over high frequency
bands with significant different propagation characteristics
from its licensed spectra. However, the interference caused
by other systems over unlicensed spectra, particularly the
public unlicensed spectra, is viewed as the most serious
challenge. In this paper, aiming to guarantee the feasibility
in existing LTE systems, we design a novel unlicensed
spectra fusion scheme based on the popular standard TDD-
LTE systems. To mitigate the interference, we develop an
interference coordination scheme which is carried out in
two stages: screen the available unlicensed channels for
every UE, and allocate unlicensed spectra based on Hun-
garian algorithm. We have conducted extensive simulation
study and demonstrate that our proposed scheme can
handle interference coordination effectively and enhance
throughput significantly.

Index Terms—Unlicensed spectra fusion, Interference co-
ordination, resource allocation, throughput maximization.

I. INTRODUCTION

Undoubtedly spectrum extension is a straightforward
approach for enhancing wireless system capacity. How-
ever, radio spectrum is a precious and scarce natural
resource and is most often regulated through licensing.
Therefore, it is hard for operators to obtain more licensed
spectra. Despite spectrum scarcity, various experiments
reported that the current fixed spectrum allocation policy
has resulted in severely low spectrum utilization in both
time and space, even within spectrum-scarce urban areas
[1]. To address this issue, US Federal Communication
Commission (FCC) published a report prepared by the
Spectrum-Policy Task Force, and relaxed the ruling of
license usage, stating that “In many bands, spectrum
access is a more significant problem than physical scarci-
ty of spectrum, in large part due to legacy command-
and-control regulation that limits the ability of potential
spectrum users to obtain such access [2]”. Thus, in
this paper, we focus on the unlicensed spectra fusion
mechanism design for LTE systems to enable the use
of unlicensed spectra to enhance capacity while guar-
anteeing communication quality. To avoid the violation

of the radio regulation policy for the licensed bands
of other systems, we focus on the use of the free
public unlicensed spectra, e.g., the ISM bands (2.420-
2.4835GHz, 5.725-5.875GHz, 24-24.25GHz, etc in Chi-
na), and investigate the feasibility of the unlicensed
spectra fusion technology for LTE systems.

For engineering implementation, reference [3] de-
signs a cognitive pilot channel (CPC) based backward-
compatible network access scheme for LTE-CR to fa-
cilitate the application of cognitive radio (CR) in LTE
systems. Besides the system procedures related to the
initialization access designed in [3], a chain of system
procedures, performed after the initialization access,
about signal transmission and communication quali-
ty maintenance, also referred to as unlicensed spectra
fusion, should be designed as well. Haykin [4] puts
forward a basic cognitive design for CR, which contains
three tasks: radio-status analysis, channel identification
and dynamic spectrum management. The first two are
carried out at a receiver, and the last one is carried out at
a transmitter. Unfortunately, this design procedure could
only be implemented in CR, not with LTE because of
two main reasons: i) LTE cannot employ the interference
strength, so-called interference temperature in CR, but
Signal-to-Interference plus Noise Ratio (SINR), as the
metric of channel status; ii) Due to the limitation of
UE capacity, the dynamic spectrum management must
be performed by eNB no matter whether it is the trans-
mitter or receiver, and thus the asymmetric procedure
of downlink and uplink should be redesigned to utilize
the unlicensed spectra in LTE. To solve these problems,
our first contribution in this paper is to address the un-
licensed spectra fusion based on the standardized TDD-
LTE techniques to ensure its feasibility in LTE. Two
main reasons inspire us to adopt the TDD-LTE as the
fundamental technologies to perform redesign. First, the
system design for TDD-LTE based unlicensed spectra
fusion is more challenging than that based on FDD-
LTE due to higher system complexity of TDD-LTE.
Particularly, as for the system procedures related to the
sub-frame distribution, the design for TDD-LTE is much
more complex than that for FDD-LTE. Second, most
system design procedures for TDD-LTE, which are not
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related to the sub-frame distribution, can be extended to
FDD-LTE, such as physical channel, physical-transport-
logical channel mapping, and unlicensed channel-state
identification.

According to [5], communication over the public
unlicensed spectra, which is free of charge and licens-
ing suffers from interference of other systems whose
strength varies in both time and frequency. Obviously,
the radio environmental instability makes interference
coordination extremely difficult when the unlicensed
spectra fusion is deployed in LTE. As for the interfer-
ence coordination of spectrum sharing, there are many
schemes developed for CR so far, which can be classified
into two main types according to the way a secondary
user accesses the unlicensed spectra. The first one is
the opportunistic spectrum access (OSA), also known
as the interweaving scheme, under which a secondary
user accesses a frequency band only when it is detected
not being used by primary users [6]. The second type
is the spectrum sharing (SS), also known as the un-
derlaying scheme, under which secondary users coexist
with the primary users who are protected from harmful
interference [7][8]. There is also a hybrid approach
aiming to increase the throughput of the aforementioned
two schemes, in which secondary users initially sense a
frequency band (as OSA) and then adapt their transmit
power, based on the outcome of the spectrum sensing,
to avoid causing harmful interference (as SS) [9~11].
Unfortunately, these schemes for CR are not suitable for
LTE that attempts to access the public unlicensed spectra
because here there is no distinction among users from
LTE and other systems and all of them have the equal
priority. In other words, no system has the obligation to
make a concession to avoid interference to other systems.

Hence, for interference coordination in public spectra,
it has been suggested that multiple systems should co-
operate to minimize the interference impact by choosing
appropriate power levels and frequency bands [12][13].
This approach may be feasible when different systems
are jointly designed with a common goal, or complying
with some common agreements. Unfortunately, in a
public unlicensed spectra scenario where regulations are
more relaxed and systems may compete with each other
to gain access to the shared medium, the cooperation
between two different systems, such as LTE and 802.11,
is hard to achieve. Non-cooperative schemes for the
public spectra sharing could be accomplished by means
of power control in which systems adjust their transmit
power according to the severity level of interference al-
ready experienced themselves [14][15]. However, despite
no enforced spectrum rules about the upper limit of
power over unlicensed bands stated by FCC or other or-
ganizations [16], all wireless devices still strictly comply
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with a maximum power constraint practically. Evidently,
it is impossible for LTE to unboundedly raise its power
against serious interference.

There is no doubt that the interference from other
unlicensed systems is the greatest challenge for LTE
over unlicensed spectra under non-cooperative situation.
It is notable that, normally, unlicensed systems have
small coverage and may cause local interference impact
on LTE. In other words, users at different locations
experience different channel conditions, a poor channel
for one user may be a good channel for another. Fur-
thermore, for any unlicensed channel, LTE system may
find a UE which has the desirable channel condition.
This is especially true in macro/micro cell environment
in LTE systems with large coverage and plenty of UEs.
Thus, a judicious unlicensed channel allocation can
potentially facilitate the system to implement effective
interference coordination over unlicensed spectra. From
the discussion above, we have also exploited a compu-
tationally efficient unlicensed channel allocation scheme
to achieve the functionalities of both interference coor-
dination and throughput maximization under the equal
power allocation for all allocated channels. For better
interference coordination, the preliminary interference
assessment should be done in the unlicensed channel-
state identification before performing channel allocation
that screens available channels for every UE from all
unlicensed channels to ensure that each allocated channel
meets the basic reliability requirement.

The rest of paper is organized as follows. In Section II,
we design the unlicensed spectra fusion scheme based on
the TDD-LTE standard. As the fundamental component
of this procedure to realize interference coordination
and throughput maximization, the unlicensed channel
allocation algorithm is presented in Section III. The
analytical model is developed to assess the performance
in Section IV and simulation studies are carried out in
Section V. Finally, Section VI concludes the paper.

II. UNLICENSED SPECTRA FUSION

To better elaborate our design, we will focus on TDD-
LTE systems and present the fusion procedures over
unlicensed spectra. Due to the limited capability of UE,
the procedures for downlink and uplink are naturally
asymmetric, and both consist of five steps as shown in
Fig.1 and Fig.2, respectively. In this section, we present
these five steps and their mutual relationships in detail:

Step 1: Detection of the SINR over the Unlicensed
Spectra

As it is well-known, the periodic detection of SINR
is the primary approach to estimate channel quality used
for air interface and mobility management in LTE [35].
For implementability, we adopt the same way to sense
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the unlicensed spectra under the lack of cooperation
in heterogeneous networks. For management tractability
and consistency with LTE, channel partition on unli-
censed spectra is necessary. We hereby define a novel
dedicated channel for unlicensed spectra as Physical
Downlink/Uplink Unlicensed Frequency Channel (P-
DUFCH/PUUFCH). These channels are configured with
one Physical Resource Block (PRB) and one sub-frame
(Ims) in frequency and time domain separately, both
of which could rerun the resource allocation [18], de-
scribed as in Fig.3. Moreover, to deal with the instability,
the unlicensed channel should only support traffic data
transmissions, without handling any control information
for better radio channel environment, reliability and
stability. As a result, there should be only PDUFCH and
PUUFCH distributed on unlicensed bands without any
other channels.

To perform the frequency-selective scheduling on un-
licensed spectra, the SINR of all unlicensed channels on
each radio path between eNB and all UEs should be
obtained. For consistency, we adopt the same method
as in LTE to estimate the channel-state that is needed
by the receiver for detection of the Reference Signal
(RS) within the channel. The SINR of PDUFCH could
be obtained by detecting Common Reference Signal
(CRS) [19], and Sounding Reference Signals (SRS)
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Fig. 3. PDUFCH and PUUFCH

could be used for PUUFCH [20], both of them being full-
bandwidth RS. To avoid collision, the SRS of multiple
UEs could employ the method of frequency or code
division multiplexing (FDM/CDM) simultaneously. In
addition, the distribution density of RSs, determined by
coherence time and coherence bandwidth [21], is critical
for channel estimation because the excessive denseness
degrades the data efficiency and the excessive dispersal
leads to inaccuracy. Fig.3 shows the RS distribution
presented in LTE specification [18] that is applicable
to frequency bands around or below 5GHz, but unap-
plicable to higher frequency bands. For example, with
25GHz, according to the parameters given in Spatial
Channel Model and International Telecommunication
Union [22~24], the coherence bandwidth is 770kHz, and
the coherence times of downlink and uplink are 0.36ms
and 0.18ms, respectively, with Doppler shift of uplink
doubling that for downlink. Thus, in terms of higher
frequency bands, such as millimeter wave bands above
30GHz, the RS distribution in frequency domain needs
denser than that shown in Fig.3 in order to guarantee
accuracy.

Unfortunately, the channel sensing granularity of CS-
MA/CA based systems, like WiFi, might be shorter than
the interval between two RSs of LTE. The impact of
this fact is that CSMA/CA based systems may access
the unlicensed spectra which are being occupied by LTE
but no data, while only RSs are transmitting on them. For
example, in Fig.3, the interval between CRSs is 1425 or
213us (two or three symbol times). Hence, there would
exist the 142us or 213 s silence time over an unlicensed
channel with only CRSs transmission for LTE. Whereas,
according to the specifications of 802.11n [36], the
sensing time of 802.11n is from 34us to 9241us (from
DIFS to DIFS+CWmax). If a 802.11n device begins to
detect the channel after a CRS finishing transmission and
the sensing time is shorter than the silence time, it would
consider this channel to be idle and access it. In order
to shun this negative impact, LTE should arrange data
delivery on each unlicensed channel used by it, unless
the quality of a channel is too poor to support the lowest
rate transmission, like BPSK.
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In particular, the corresponding physical-transport-
logical channel mapping should be redesigned, as pre-
sented in Fig.4 and Fig.5 [25]. We redefine a new trans-
port channel, namely Downlink/Uplink Unlicensed Fre-
quency Channel (DL-UFCH/ UL-UFCH), which merely
takes the data from Dedicated Traffic Channel (DTCH)
and deliver it to PDUFCH/PUUFCH only. Accordingly,
the unlicensed physical channels only carry the data from
DL-UFCH/UL-UFCH. Moreover, it should be noted that
an unlicensed channel is not suitable for supporting
delay-sensitive applications because transmission delay
may be unpredictable due to uncontrollable strong in-
terference. Another consideration is that licensed and
unlicensed spectra, which may be separated significantly
further apart in frequency domain with significantly
different propagation characteristics, should be config-
ured with different Link Adaptation Techniques (LAT)
[17][26]. For instance, higher transmit power is allocated
to higher unlicensed bands to cope with higher propaga-
tion loss, with different coherence bandwidth and time to
adapt to different modulation and coding scheme (MCS)
at a proper granularity.
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Step 2: Unlicensed channel-state identification

There are two main tasks in this step. The first
task to make LTE complete the preliminary interference
coordination is to screen the available channel for every
UE from all unlicensed channels to ensure that every
UE could be assigned with a channel to meet the basic
reliability requirement. Suppose SIN R;;, obtained in
Step 1, denote the SINR value of PDUFCH ; detected
by UE i in the downlink or that of PUUFCH j detected by
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eNB from UE i in the uplink. The basic communication
reliability is assured by choosing a channel with the
SINR margin I' large enough, as a design parameter,
under operating conditions all the time. If SINR;; > T,
channel j is viewed as being available and a candidate
potentially allocated to UE i in the subsequent channel
allocation.

The second task is to convert and simplify the SINR
values to the brief channel-state information to alleviate
the overhead of feedback and information processing.
Like Channel Quality Indication (CQI) employed in
LTE, our proposed channel allocation algorithm seeks a
strategy for the maximum throughput. We take channel
capacity as the channel-state information, defined as
Channel Capacity Indication (CCI) given below:

, round[Bu log, (1+IOSINRU/10)] ifSINR;;>D
cCiji=
K 0 ifSINR;;<T

(D

where cci;; denotes the channel-state information of
channel j for UE i. If channel j is available for UE
i, the actual channel capacity can be calculated by
B_log, (14 105N R/ 103, with the unlicensed channel
bandwidth B.=180k H z. round[e] converts the values to
positive integer which adjusts to the proposed algorithm.
Otherwise cci;; = 0.

Step 3 and Step 4: Feedback information and dynam-
ic unlicensed spectra management

Feedback information is delivered in air interface.
Thus, to protect feedback from the unstable radio en-
vironment, we configure feedback channel with licensed
bands, which is normally not interfered by other systems.
On the other hand, LTE achieves the various features by
dynamic unlicensed spectra management, such as chan-
nel allocation, power control and so on. In this paper, we
only focus on channel allocation by which we further
complete the interference coordination and throughput
maximization for unlicensed spectra. Considering UE
capability, dynamic unlicensed spectra management must
be carried out at eNB. For downlink operation, spectrum
management can only be executed after eNB receives the
feedback information from feedback channel PUCCH
(Physical Uplink Control Channel), where feedback in-
formation is CCIL. On the other hand, in uplink, eNB
can immediately fulfill spectrum management following
Step 2 at eNB, and then send the feedback information,
namely scheduling signaling of PUUFCH, to UEs, by
feedback channel PDCCH (Physical Downlink Control
Channel).

It is apparent that part of steps, depending on air
interface, would be restricted by the distribution of
downlink/uplink sub-frame with Time Division Duplex-
ing of TDD-LTE. To facilitate management, we expect
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to design a reasonable distribution cycle on sub-frame to
match the existing sub-frame distribution configuration
of TDD-LTE. At first, an appropriate cycle length should
be selected to adapt to the time-varying conditions of ra-
dio channel environment, while reducing system burden.
Therefore, we choose 10ms, the duration of one radio
frame and a typical length of TDD-LTE, as the cycle
length to give a design example with one of the sub-
frame distribution configurations standardized by TDD-
LTE specifications shown in Fig.6 [18]:

In Fig.6, sub-frames from 0" to 10*" constitute a
radio frame in which D, U and S represent downlink,
uplink and special sub-frame, respectively. Special Sub-
frame is located in the 1" and 6! sub-frames and
involves Downlink and Uplink Pilot Time Slot (DWPTS
and UpPTS) as well as Guard Period. Downlink cycle
starts with detection of SINR performed on the first
downlink sub-frame D(0), and then UEs send feedback
information to eNB via PUCCH of the first uplink sub-
frame U(2). According to the feedback information, eNB
is in charge of all PDUFCH signaling from D(4) to the
S(1) of the next radio frame and carries out the resource
allocation. In terms of uplink, the SINR of PUUFCH
is detected in U(2), followed by Step 2 (channel-state
identification), and Step 3 (spectrum management) is car-
ried out at eNB. Afterwards, eNB transmits the feedback
information to UEs on PDCCH in D(4) to schedule all
PUUFCH within from S(6) to U(3) of the next radio
frame. If PDCCH resources in D(4) are insufficient, eNB
could also utilize other downlink sub-frames, like D(4)
and D(9), to schedule the PUUFCH at later sub-frames.
Once one cycle finishes, the system shall start a new
cycle with the SINR detection of D(0) and U(2) in the
new radio frame. Since few symbols are used for data
transmission in special sub-frame (especially only 1 or
2 symbols are allocated for UpPTS), and some special
control information, such as primary synchronized sig-
nals and random access signallings, are delivered by
that, special sub-frame would not need to undertake any
feedback information delivery normally. It is possible
that unlicensed spectra may suffer from the uncertain
and abrupt interference from CSMA/CA based systems,
like WiFi. Therefore, for the future evolution, the gap
between SINR detection and the transmission based
on that should be as short as possible to mitigate the

— Channel Scheduling

tep D Step

'p -] Step 5 Step 5

— Step flow

negative impact due to abrupt interference. Accordingly,
after a new SINR detection, receivers should feedback
the detection results as soon as possible. In the best
case, the minimum gap between SINR detection and the
feedback is one sub-frame (1ms). However, the mini-
mum gap is determined by the sub-frame distribution
configuration adopted by LTE. For our design based on
the sub-frame distribution configuration shown in Fig.6,
we configure the gap between SINR detection and the
feedback with two sub-frames, the minimum value which
can be achieved, rather than four in the current release of
LTE specifications [37]. Moreover, the sub-frames, like
D(0), S(1), U(2) and U(3), which cannot be allocated
based on the latest SINR detection, would transmit based
on the last SINR detection to avoid any blank sub-
frame. As a result, according to CSMA/CA mechanism,
CSMA/CA based systems cannot access the unlicensed
spectra and cause interference until LTE releases them.
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Step 5: Signal transmission

Fig.7 presents the frame structure of unlicensed spec-
tra, in which the downlink transmission of PDUFCH
signaling complies with the channel allocation from Step
4 and are scheduled by the PDCCH within the same
downlink sub-frame. For uplink, UEs send uplink signal
on PUUFCHs indicated by the feedback information in
PDCCH of the previous downlink sub-frame. It is note-
worthy that the issue on whether an unlicensed channel
has successful transmission or not is determined by not
only the quality of the channel, but also that of licensed
channels. For example, the feedback channel outage will
terminate the whole fusion procedure, and the outage of
the scheduling channel PDCCH in downlink indicates
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that UEs cannot distinguish and demodulate their own
transmitted data. Thus, to assess the unlicensed channel
transmission performance, the quality of the correspond-
ing licensed channels should be treated as one of the
decision factors.

ITII. UNLICENSED CHANNEL ALLOCATION
ALGORITHM

As discussed in Section II, unlicensed channel alloca-
tion, executed in dynamic spectrum management, should
play a role in the interference coordination by enabling
each UE to have the channel with the preferable link
quality. Besides, it should also consider the features of
maximizing throughput and preserving fairness.

Let x;; denote the status variable for the unlicensed
channel allocation: x;; = 1 if channel j is allocated to
UE i, otherwise x;; = 0. To ensure that the unavailable
channels for one UE are unlikely to be assigned for this
UE, the algorithm should set the corresponding CCI to
be small enough in a maximum assignment problem.
Therefore, we should have the first constraint.

x;;=0, for any cci;; = 0. ()
The capacity of each unlicensed channel is determined
based on the assumption that each UE has abundant data
to proceed with full-load transmission on the unlicensed
channel assigned to the UE. When channel j has been
allocated to UE i, the actual capacity of channel j
can be calculated as ¢;; = B.log, (1 + ].OSINRij/lO).
Moreover, the total throughput of the whole unlicensed
bands is equal to the value of adding up the capacity
0]\2 a%\lf unlicensed channels and can be obtained with
> 3" cijxij. In addition, it is noticeable that the most
i=1j=1
straijghtforward way to guarantee the fairness between
different UEs is to equally allocate the number of chan-
nels to each UE under the constraint (2). Assuming that
the total numbers of UEs and the unlicensed channels
are M and N, respectively, the corresponding constraint
is given below:

N <1, M >N
J=1 <p+1, M < N and L%J:p
i=1,2,--- .M

N
where p = 1,2,-- -, N, and ) x;; represents the total

=1
number of channels allocatéd to UE i. If M=N, the
system allocates one channel to one UE; if M > N, at
least (M-N) UEs would not be assigned any channels;
and if M < N and || = p, (N — Mp) UEs can
obtain (p + 1) channels, while others get p channels.

http://dx.doi.org/10.1109/TMC.2016.2530061

Furthermore, each channel can only be assigned to one
UE, accordingly, the constraint is given below:

M
Zmij =1, forany j. 4)
i=1

To improve spectrum efficiency, we adopt the through-
put maximization in each allocation as the optimization
target with the throughput maximum optimization prob-
lem formulated as

M N
Z Z CijTij &)
i=1 j=1

subject to 2)(3)4)

Apparently, this problem can be viewed as a max-
imum assignment problem with ¢;; as the cost co-
efficient. Therefore, we can solve the problem using
Hungarian Algorithm [34] after substituting c;; with
cci;j= round (¢;;) to meet the requirement of Hungarian
Algorithm for the cost coefficient. This process, namely
channel-state information generation, is complemented
in Step 2. It is well known that this algorithm can
achieve throughput maximization and fairness, while the
effectiveness for interference coordination, the greatest
challenge for communicating over unlicensed spectra,
has not been proven under non-cooperative heteroge-
neous networks, which would be validated by simulation
in Section V. The coefficient matrix is defined as

maximize

CCi11 CCilg CCilN

CC?;21 CC’iQQ CCiQN
CCIyxN= ) ) . ) (6)

CCiMl CC’L']\/IQ CC’L']\/[N

However, Hungarian algorithm is usually used to
solve the minimum problem. Thus, with respect to the
maximum problem, the coefficients should carry out
the second transformation from cci;; to a;;=m — cci;;,
where m is the largest element in C'Clp;«n. Mean-
while CC1Iyrx n is changed into Ay n= (Gij) yy ny =
(m — cciij) Mxn, Whose minimum problem shares the
same optimal solution with the maximum problem of
CC1Ipr«n. Another issue that must be considered is that
the number of UEs and channels would be different in
most practical cases while the Hungarian Algorithm only
applies to the standard case of M = N with the square
coefficient matrix. As for the nonstandard cases, relevant
solutions have been known as well, nevertheless, the
existing common methods are inappropriate for M < N
case in this paper, which should be improved. The
detailed solution is described below.

If M = N, we can immediately solve the problem
by Hungarian algorithm and obtain the optimal solution
matrix, the process of which can be presented as
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X = Hungarian(Aprxn) @)

If M > N, the number of UEs exceeds the

number of channels by (M — N). We firstly extend

Apxn with (M — N) columns to a square matrix

as Buyxaur=[Avxn (0)arx(am—ny]. then solve it by

Hungarian algorithm and obtain the optimal solution
matrix X'=(x;;)mxm-

X'= Hungarian(Bsx ) 8)

Finally, we retain the first N columns and remove the
rest columns of X’ to turn it into an M X N matrix
X=(x;j)mxn. Apparently, X is the optimal solution
matrix of Aprxn.

If M < N, the number of channels exceeds the
number of UEs by (M — N). Suppose that N = pM +¢q
p=12--5q=01,--and ¢ # 0 if p=1). In
order to make the algorithm to satisfy the constraints,
a reasonable solution with low complexity consists of
three steps as shown below:

ApxnN

A
Step 1: Extend Ap;«ny for A M

(1p+1)MxN =
AmxnN

which means that each of UEs is replaced by the (p +
1) identical UEs with the same cost coefficient. After
extension, there would exist (p+1)- M UEs represented
by (p+ 1) - M rows and there still exist N channels
represented by N columns in the new matrix. At this
moment, because the number of UEs exceeds the number
of channels by (p+1)- M — N =M — ¢, fill (M —q)

columns 0 to A, 15/, y to forma (p+1)M x (p+1) M
square matrix
Ayun 0---0
Ayun 0---0
Alprmxiom = | L ©)
Ayun 0---0
(M—q)

columns

Step 2: Obtain the optimal solution matrix of

A%erl)MX(erl)JV[ by Hungarian Algorithm

2

(p+1)MX(p+1)M)
T1,(p+1)M
T2 (p+1)M

XEerl)MX(erl)M
T11

T21

= Hungarian(A
L12
T2

L(p+1)M,1  T(p+1)M,2 L(p+1) M, (p+1)M

(10)

and then remove the latter (M — ¢) columns from
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/
X(P+1)MX(p+1)M as
T11 Z12 T1,N
. T21 T22 T2, N
X(P+1)M><N:
Lp+1)M,1 L(p+1)M,2 Z(p+1)M,N
(11)
Step 3: Start with the first row, and extract every
sequential M rows from XZ;+1)M><N to obtain (p+1)-
M x N matrices.
XJT\I4><N:
T(n—1)M+11 LT(n—1)M+12 T(n—1)M+1N
LT(n—-1)M+21  L(n—1)M+22 L(n—-1)M+2N
TnM1 TnM?2 TnMN

n=12,...,p+1
(12)
Then add up all of the M x N matrices to obtain the
solution matrix X« n of Ay .

pt1
Xuxn= Y Xiren

n=1

13)

The LTE system could rely on the above-introduced
algorithm to obtain the optimal solution matrix X =
(xij)mxnN, based on which the channel allocation is
conducted.

IV. SYSTEM MODEL AND PERFORMANCE ANALYSIS

In this section, we show the effectiveness of our
proposed scheme in terms of interference coordination
and throughput enhancement by comparing the received
SINR of unlicensed channels and system throughput
before and after employing the proposed scheme. There-
fore, we firstly analyze how to compute the received
SINR of unlicensed channels in both downlink and
uplink. In addition, with the aforementioned analysis, the
transmission failure over an unlicensed channel is related
not only to the quality of the unlicensed channel, but
also to that of the corresponding licensed channels. We
also redefine the unlicensed channel transmission failure
probability under this new transmission system and give
the calculation process in this section.

A. SINR on an unlicensed channel interfered by other
systems

Assume that the interference source is from 802.11
devices in 5GHz bands, referred to Access Points
(APs). The propagation between a transmitter and
a receiver in urban cellular scenario is regarded as
Non Line-of-Sight (NLOS) case and the small-scale
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fading obeys Rayleigh fading [24]. As shown in Fig.8,
on the X-Y two-dimensional coordinates, (zg,yo)
and (x,y) are the position coordinates of eNB and
a UE. Again, assume there are three APs within the
coverage of an eNB, each of which occupies different
unlicensed bands, and (z;,y;) represents the position
coordinate of AP;, i = 1,2,3. honyp and hap are
the heights of eNB and AP, and the heights of all
APs are the same for simplicity. Hence, the distances
from eNB to the UE, from AP; to the UE, and from
eNB to AP, can be expressed as Denp ur =
V(@ =202+ (y —y)? + hixg.  Dap,_u =
V(z—2)?+(y—y)? +hip and Dexpap, =
V(@0 — )2 + (yo — yi)? + (hex — hap)?
respectively. Then from [24], the corresponding
path loss can be given by:

PLeng_urldB] = PL(Z) 4 10nlog,, Zaxpue
+10nlog;, % + EeNB_UE

(14)

where f. stands for the carrier frequency of the un-
licensed channel, PL(Z) is the path loss at reference
distance x evaluated by Hata Model for the urban sce-
nario, n is the path-loss exponent which depends on the
frequency, antenna heights and propagation environment.
EeNB_UE, €AP; UE and e.nB_ap; denote, respectively,
the shadow fading in dB and all of them are assumed
to obey Gaussian distribution with mean 0 and standard
deviation o. Similarly, PLap, yg and PL¢NB_ap, can
be derived from (14).

OFDM (Orthogonal Frequency Division Multiplexing)
is employed [27][28]. Suppose there are totally C sub-
carriers. In one symbol duration, the baseband signal
received by the UE from the eNB in the downlink can
be expressed as:

TeNB_UE = PleNB_UE * SheNB_UE * RenB_UE(t)

c—1 4
@ Y dpe??™ A L nenp ur(t)

m=0

15)

where plZyp yp denotes the path loss, shiyp g
represents the log-normally distributed shadow
fading, [plont_uE - shenp_up|” =10~ FLexsue/10
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-1
hexp_ur(t)= Y hixp_upd(t — Tinp_up)  is  the
0

microscopic multiple Rayleigh fading, L is the number
of resolvable multipath components; d,, is the desired
data transmitted by sub-carrier m with the transmitted
power  Pd.np[dBm] = 10logo(E {|dm|2});
t € [0,T, + Ts), T, and T represent the time
duration of Cyclic Prefix (CP) and effective OFDM
symbol, respectively; Af is the sub-carrier spacing;
nenp_ur(t) stands for the zero-mean Additive White
Gaussian Noise.

Assume that the length of CP is longer than the
maximum delay spread Ty(T, > T,), resulting in no
Inter-symbol Interference. Thus, the output signal on
m!" sub-carrier at the receiver in the k" time chip
duration can be calculated as [30][31]:

; RTHT
YXp_ve(k) = % kT+ TeNB_UE ()

.e—j27rfm(t—kT)Ap(t _ kT)dt
= pleNB_UESheNB_UEdm A, (K)

the desired signal

-1
+ > plexs_ushens_uedmAj (k) + Nexs_un (k)
m#m

notse

ICI(Inter—carrier Inter ference)

(16)

where T'=T,+T; is the time duration of OFDM symbol,
p(t) is the pulse shaping function. Heng pr(k) =
pleNB_UESthB_UE)\gi(k) is the channel fading gain on
the desired signal with

N 1 " ‘o 1l T
)\%(k’):? Z e_jQ‘n'7 . /0 hleNB_UE(t + kT)dt
% 1=0
(17)

and Geng ug(k) = pleng ueshens ueAn (k) repre-
sents the Inter-carrier Interference (ICI) for /m sub-carrier
contributed from m sub-carrier with

L—1

e—J2m i
zgo (18)

' foT hing vp(t +KT)e Tt
Then the desired received signal power on down-
link within one Resource Element (one sub-carrier X one
OFDM symbol) can be derived as:

Ni(k) = 7

Proxt_ugldBm] = 101og,(E |||

|plens_uE - shens_us|” - E |/\m(k)|2})

=10 logm <E “dm‘z}) + 10 loglo (‘pleNB_UE . SheNB_UE‘2>

+101log; (E U)‘ﬁ(k’)ﬂ)
= Pden — PLenB_UE + SeNB_UE
(19)
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where For

Qenp_vr=101log;, (E [{Ag(k)ﬂ).

E U)\:ﬁ(k)ﬂ, we offer the calculation details in
Appendix A.

Since both LTE and 802.11 adopt OFDM as the
fundamental technologies, based on calculation illustrat-
ed above, we can similarly obtain the received desired

signal power of uplink Pryg_eng.

Pryg_exg[dBm] =Pdyg — PLenB_uk + QUE_eNB
(20)

where Pdyg denote the transmit power of UE within
15kHz bandwidth, with the unit of dBm. Qug_enB
stand for the small-scale fading channel gain of
UE-eNB links. As stated in [32][33], we normal-
ly set transmit power of eNB at 43dBm/IMHz, and

the power of 15kHz bandwidth approximately to

43/10 2 .
Pdexp=101logl{{’ *1PKH2/IMIZ) o 951Bm. Suppose

that the power of the UE is set to Pdyg= 16dBm due
to its battery limitation.

Thus, the received signal SINRs for the downlink and
the uplink can be computed, respectively, as follows:

SINRp|dB] = Prexg_ug[dBm| — 10log1o (I5%;)
(21

SINRUL [dB] = PrUE_cNB [dBm] — 10[0910 (12%3)
(22)

where I/°k and I'%!g represent the total power of the
mixed signal of the interference and noise experienced
by UE and eNB, respectively. By sensing unlicensed
channel, systems can only obtain the overall power of
interference and noise but cannot distinguish them.

B. Transmission failure probability on an unlicensed
channel

According to the analysis in Section II, we know
that a transmission failure on an unlicensed channel
happens when either the unlicensed channel itself or
its corresponding licensed channels, used for feedback
or scheduling, experience outage. As it is well-known,
the outage probability characterizes the situation that the
received signal is too weak to be properly decoded and
maintain normal link connection. It is assumed that if
the received signal quality is lower than a threshold ~
(dB), the outage would happen. Since LTE has the sole
ownership on its licensed spectra, it could be assumed
that there is no external interference on it and employ
Signal-to-Noise Ratio (SNR) as the metric of licensed
channel quality. Moreover, to simplify calculation, we
assume that the same transmit power is allocated to
the unlicensed and the licensed spectra, and all licensed
channels have the same carrier frequency. With the
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aforementioned assumptions, the received signal SNR of
licensed channel in the downlink and the uplink can be
expressed as:

SNRIE"*1[dB] = PdenpldBm] — PLISE 5[]
+Qligensed, — 101ogy (B x 10N0/10)

. : 2
SN Riisg=e4[dB|=Pdyg[dBm] — PLYgsy 5[] >
+Qiisensed — 101ogy (B x 10Ne/10)

(24)

where QIFE 5 and Q"SRG represent the small-scale
fading gains of licensed channels, and PLéﬁ@%’ﬁfg signi-
fies the path loss with carrier frequency fy:

Thus, the outage probability of the licensed channel,

including downlink and uplink, is shown as:

Phiitge = PISNREE™ < 4] (29)
Pl age = PISNREE™ < 9] (26)

which can be calculated as follows:

= PlPduxs — PLEGTS + O
—101logy (B x 10M0/10) < 4]

= Pleexs_ug > Pdeng — PL(Z) — 10nlog,, 2xp-un

€T

licensed
PDL_outage

—10nlog;o 45 + Qiggrsed, — 10logy, (B x 10N0/10) — 4]

=1— ®{[Pdoxp — PL(Z) — 10nlog,, Pexpue

xT

~10nlog;o £ + QKEE — 10log;e (B x 10%/1°) —4)/0}

27)

Similarly, P{jfens¢d ~ can be obtained by the same

calculation process. Equally, the outage probability of
unlicensed channels are

PR ontage = PISINRpL <] (28)
Py} itage = PISINRyL <] (29)

whose detailed calculation processes could refer to (27).

Apparently, the calculation of unlicensed channel
transmission failure probability on the downlink and the
uplink would be different due to different spectra fusion
procedures. In the downlink procedure, there are three
essential conditions that must be satisfied to guarantee
the transmission success: 1) no outage happens in the
PUCCH for the feedback; 2) no outage happens in
the PDCCH when used for delivering the scheduling
information on PDUFCH; 3) no outage happens in the
PDUFCH used for transferring the traffic information.
Based on the unlicensed spectra fusion cycle illustrated
in Fig.6, the time lag among the aforementioned three
events within one cycle is less than 10ms, even if events
2) and 3) occur simultaneously in the same downlink
sub-frame. Thus, it is reasonable for UE in urban s-
cenario with low mobility to assume that these events
occur when the UE is located in the same position. The
three events are mutually independent. Consequently,
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the downlink transmission failure probability on the
unlicensed channel can be calculated as:

unlicensed __ licensed licensed
PDL _failure — ( PUL outage) X ( PDL outage)
(1 _ Punlzcensed)
DL_outage
(30)

In the case of the uplink, two basic conditions must
be satisfied for a successful transmission are: 1) no
outage happens in the feedback channel PDCCH; 2) no
outage happens in the PUUFCH in order to support the
traffic delivery. Hence the uplink transmission failure
probability on the unlicensed channel can be calculated
as:

Punlzcensed _ (1 _ Plzcensed )

unlicensed
UL._failure = DI outage) X (1= P )

U L_outage

€29

V. SIMULATION RESULTS

In this section, we conduct simulation study for the
interference coordination, throughput enhancement and
fairness performance of the proposed unlicensed spectra
fusion scheme. To make comparisons, we also consider
the Proportional Fair Scheduling (PFS) used on unli-
censed spectra as the reference scheme. PFS is a classical
algorithm and known in [38][39] to provide an efficient
throughput-fairness tradeoff in OFDMA-based systems.
The key principle is that channel j is assigned to user
1* = arg max ﬁ, i € M, where M is the set of
UE, R;; is the achievable rate of user i on channel j,
and R;(t — 1) is the average rate of user i over the time
window in the past and defined as

- )F(f—l +—ZR7J
WieN;

(32)

where T,, is the window size and is equal to 2s in
our simulation, N; is the set of the channels assigned
to UE i. Since PFS works effectively in terms of the
time-average fairness and throughput, the simulations for
unlicensed channel allocation based on our proposed and
the reference scheme should perform multiple times with
once per 10ms.

The simulation parameters are presented in Table I, the
cell is situated on the X-Y two-dimensional coordinate
with 3km radius, and the eNB is located at (3,3). In
order to thoroughly evaluate our proposed scheme, we
deploy 3 APs in the cell each of which is located at
different location and occupy different unlicensed bands.
Moreover, because APs are generally used for small
coverage and may be employed by different systems with
different power configurations, we assume that the power
of APs is lower than eNB, but higher than UE, and use
three values in this paper, namely, 22dBm, 20dBm and
18dBm, respectively, for our study. Thus, LTE would
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suffer from the interference of one specific unlicensed
channel caused only by one AP. Moreover, 2000 UEs are
spread all over the cell in different positions with unifor-
m distribution. Additionally, for the unlicensed spectra
simulation layout, we assume that LTE coexists with 3
APs on a continuous unlicensed band with the center
frequency at SGHz. Because we regard APs as 802.11
devices which communicate through constant bandwidth
channel (20/40MHz for 802.11n, 20/40/80/160MHz for
802.11ac, etc), it is reasonable to assume that no matter
how much the bandwidth of the unlicensed band is, AP1,
2 and 3 occupy the lower, medium and higher part of
this band, respectively, and the bandwidth taken by each
of them is uniformly distributed.

TABLE 1
SIMULATION PARAMETERS[31][32]

Parameters Value
Cell Radius (R) 3km
Outage Threshold () -20dB
Available Unlicensed Channel Threshold (T") 6dB
Path Loss Parameter (n) 4
Shadow Fading Deviation (o) 4dB
Unlicensed Channel Center Frequency 5GHz
Licensed Channel Carrier Frequency 2GHz
Thermal Noise Density (Np) -174dBm/Hz
Antenna Pattern Omni
Channel Bandwidth (B.) 180kHz
Location 3.,3)
eNB Transmit Power 25dBm/15kHz
Antenna Height 30m
Location (1.54.5)
AP1 Transmit Power 22dBm/15kHz
Antenna Height 10m
Location (2.5,2.5)
AP2 Transmit Power 20dBm/15kHz
Antenna Height 10m
Location 4,1)
AP3 Transmit Power 18dBm/15kHz
Antenna Height 10m
Quantity (M) 2000
UE Distribution Uniformly-spaced
Transmit Power 16dBm/15kHz
Antenna Height 1.5m

First, we investigate the interference coordination per-
formance by SINR distribution. In these simulations,
LTE shares the 4.83-5.17GHz unlicensed band, contain-
ing 2000 unlicensed channels, with 3 APs. However,
UEs may be allocated with no, one or more than one
channel in one allocation with PFS, while each UE
can only obtain one channel with Hungarian Algorithm
when the number of channels and UEs is equal. For
comparison, the average SINR of each UE is employed,

S S SINREG)

o lienk .
calculated by SINR; = = , where K is
the total number of channels allocated, N is the set
of the channels assigned to UE i in k" allocation, and
SINRE(j) denotes the SINR value of the channel j.
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Fig. 9. Downlink average SINR distribution: (a) based on reference
scheme, (b) based on our proposed scheme.

Fig.9 (a) and (b) present the downlink average SINR
distribution of the reference scheme and our proposed
scheme, respectively, where a point represents a position
with one UE. It can be seen that the UEs closer to AP
have lower average SINR in Fig.9 (a). The reason is that,
though not much, there still exists opportunity to assign
an unlicensed channel to the UE closer to the AP that
communicates on this channel by PFS. In this case, UE
would experience strong co-channel interference, which
degrades the average SINR. Whereas from Fig.9(b), all
UEs within the cell have higher average SINR by our
proposed scheme, and the entire surface of Fig.9(b)
appears to be smooth, which indicates that the main
impact factor of average SINR distribution is the path
loss and the impact from APs does not exist to some
extent. Therefore, the comparison between Fig.9(a) and
(b) directly illustrates that our proposed scheme has
significantly better performance attained from the down-
link interference coordination. Moreover, this conclusion
can be verified by comparing the simulations of our
proposed scheme with the reference scheme in terms of
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(b)

Fig. 10. Downlink transmission failure probability: (a) based on
reference scheme, (b) based on our proposed scheme.

the downlink transmission failure probability. As shown
in Fig.10(a) and (b), the reference scheme causes higher
transmission failure probability for UEs around APs,
while our proposed scheme could eliminate this kind of
harmful impact effectively.

Second, we simulate the average SINR and transmis-
sion failure probability for the uplink under the same
radio environment. Apparently, Fig.11(b) and Fig.12(b)
show that our proposed scheme makes all UEs attain
high-grade uplink transmission quality, higher SINR and
lower transmission failure probability than the refer-
ence scheme. This is because our proposed scheme
only allocates a channel to the UE that has superior
propagation condition over the channel. For example,
a channel occupied by an AP should be allocated to
the UE with shorter distance to the eNB than that AP
under the condition that the power of the UE is lower
than that of the AP to ensure higher uplink received
power against interference. Unfortunately, in the refer-
ence scheme, systems may assign a channel to the UE
with the inferior propagation condition. Undoubtedly,
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Fig. 11. Uplink average SINR distribution: (a) based on reference
scheme, (b) based on our proposed scheme.

our proposed scheme can perform uplink interference
coordination better over the unlicensed spectra.

Third, Fig.13 and Fig.14, respectively, illustrate the
reachable average throughput on downlink and uplink
when our proposed scheme works in two extremely
opposite interference environment. In these two figures,
X and Y axes express, respectively, the number of
channels and the average throughput of the whole sys-
tem bandwidth, containing all the unlicensed channels.
Besides, the line with circle denotes that the LTE is
operating in the most severe interference environment
when all APs transmit with full power over the un-
licensed channels they have occupied. On the other
hand, the line with star denotes the best interference
environment with no interference. As for reference, the
line with diamond and square represents the reference
scheme under the most hostile environment and the best
environment, respectively. From the figure, we observe
that the throughput with our proposed scheme, no matter
whether it is for the uplink or downlink, is significantly
higher than that for the reference scheme in the worst
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(b)

Fig. 12. Uplink transmission failure probability: (a) based on reference
scheme, (b) based on our proposed scheme.
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Fig. 13. Average downlink throughput over unlicensed spectra

interference environment. Moreover, in the best interfer-
ence environment, our proposed scheme can also bring
in higher throughput than the reference scheme. It shows
that our proposed scheme has significantly better perfor-
mance for throughput enhancement, especially in the bad
interference environment. Moreover, it is noteworthy that
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the throughputs of our proposed scheme in the worst and
the best interference environment are extremely similar,
which could directly reveal that the interference has less
impact on throughput. Meanwhile, it demonstrates the
excellent performance due to the interference coordina-
tion in our proposed scheme. However, there still exists
the significant gap for the throughputs of the reference
scheme between in the best interference environment and
in the worst interference environment. This implies that
the interference coordination of our proposed scheme is
much better than the reference scheme.

0.9p 1
08 F Q 4
0.7
__06F
=
“ o5t
0.4F
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0.2 Proposed scheme
bosoo —<— Reference scheme
0.1 L .
5 10 15 20 25 30

k

Fig. 15. Jain’s fairness index for downlink

Finally, the Jain’s index for the rate fairness scheme
will be adopted to evaluate the fairness performance of
our proposed scheme. This fairness metric is introduced
by WiMAX Forum [40] and has been widely used in
relevant works [38]. It is defined as

- (33)
M 3 (k)
i=1

where 7;(k) is the achievable rate of UE i after k'
allocation. The index is lower-bounded by 1/K, cor-
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Fig. 16. Jain’s fairness index for uplink

responding to the most unfair case, and upper-bounded
by 1. In Fig.15 and Fig.16, the Jain’s index of downlink
and uplink is given under M = 2000, N = 2000 and
K = 30. The results show that the fairness metric of
our proposed scheme is always better than the reference
scheme with PFS. Furthermore, the fairness performance
for PFS in the initial and previous allocation is extremely
bad, while that of our proposed scheme is always excel-
lent at the beginning.

VI. CONCLUSION, DISCUSSION AND FUTURE
RESEARCH

In this paper, we have developed a novel unlicensed
spectra fusion scheme for LTE that can significantly
improve the system capacity and effectively perform
interference coordination. Because of the particularity
of the public unlicensed spectra, the system procedures
in our spectra fusion scheme differs from the existing
LTE and have not been designed. Thus, one of our main
contributions is to design the system procedures of the
unlicensed spectra fusion based on the popular standard
TDD-LTE. Based on these procedures, the interference
coordination scheme is developed in two stages: 1) To
ensure that every UE is assigned a channel with link
quality satisfying the basic reliability requirement; 2)
To maximize the system throughput with guaranteed
fairness in the unlicensed channel allocation scheme
based on the Hungarian algorithm. Finally, we have
conducted extensive simulation studies and show that our
proposed scheme could make every unlicensed channel
allocated to the UE that has preferable link quality with
higher received signal SINR and lower transmission
failure probability. It has been demonstrated that our
proposed scheme could achieve interference coordination
on the unlicensed spectra remarkably well. In addition,
the simulation results on throughput confirm that our
proposed scheme possesses the outstanding performance
on both interference coordination and throughput en-
hancement.
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For the coexistence environment in unlicensed spectra,
fairness between an LTE system and an 802.11 WLAN
is extremely important. However, due to the poor in-
terference cancellation ability in the “listen-before-talk”
protocol to access spectra, 802.11 WLANs are in the
absolutely inferior position of the competition with LTE-
U on unlicensed spectra, which are the only available
medium being proposed for Wi-Fi systems. In our recent
work [41], we have proposed a solution to addressing
the fairness between LTE-U and 802.11 WLANs. We
proposed an unlicensed channel access mechanism, also
referred to as spectrum etiquette protocol, for LTE-
U where LTE-U should regard 802.11 WLANS as the
“primary user” with higher priority and can access an
unlicensed band only if it is detected not being used
by 802.11 WLAN devices, or no harmful interference is
caused to 802.11 WLAN devices, just as done in cog-
nitive radio networks [42]. For engineering implementa-
tion, we design an LTE-802.11 fusion protocol stack with
corresponding frame structure and system procedures de-
signed. Moreover, for spectral efficiency maximization,
we also study the problem on maximizing the ergodic
throughput for LTE-U to obtain the optimal transmit
power and the optimal unlicensed channel access time
length under our proposed spectrum etiquette. From [41],
we observe that LTE-U could proactively release the
unlicensed resource for 802.11 WLAN devices and only
opportunistically use the unlicensed spectra to guarantee
the fairness. This paper is our follow-up works of [41] on
how to perform unlicensed spectra fusion when LTE-U
has already occupied the unlicensed spectra.

Due to the inherent disadvantages of unlicensed spec-
tra which suffer from higher propagation loss and uncon-
trolled interference, LTE-U systems are almost impossi-
ble to provide reliable transmission for each UE if solely
depending on unlicensed bands. Therefore, based on the
present research in this paper, it is reasonable to come
up with a sound unlicensed and licensed joint channel
allocation scheme to support the unlicensed and licensed
joint access service to meet the QoS requirement for each
UE. This issue will be investigated in the future.

VII. ACKNOWLEDGEMENT

The work of H. Song and X. Fang was partially
supported by the 973 Program of China under Grant
2012CB316100, NSFC under Grant 61471303, and EU
FP7 QUICK project under Grant PIRSES-GA-2013-
612652. The work of Y. Fang was partially supported
by US National Science Foundation under grant CNS-
1343356.

http://dx.doi.org/10.1109/TMC.2016.2530061

14

APPENDIX A
CALCULATION DETAILS OF (19)

If Doppler Shift exists, the autocorrelation function of
the I*" path can be obtained by Jo(-), the zeroth-order
Bessel function of the first kind defined as in [29]:

©i(At) = E [hlyg yp(t+ At) - bl pp(t)]

=02 Jo(2nfpAL) (34

where o?=F “héNB_UE(t)ﬂ, the maximum Doppler
Frequency Shift is fp=vf./c, where v and ¢ represent
the velocity of receiver and light, respectively.

Assume that ICI could be averaged out and has no
effect on the final signal strength, then the channel gain
of a small-scale fading signal could be obtained as:

L-1 3
LY e

e e
=0
T, 2
N kT)dt’ ]

1 Ts ¢Ts L=l 2
== Tz fO fO Z Ul . J()(Q’/TfD(tl - tg))dtldtg
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> o2 [1 Jo @nfpTex) (1 — |z]) da

(35)

REFERENCES

[1] G. Staple and K. Werbach, “The End of Spectrum Scarcity
[Spectrum Allocation and utilization],” IEEE Spectrum, vol.41,
no.3, pp.48-52, Mar. 2004.

Federal Communications Commission, “Spectrum Policy Task

Force,” Rep. ET Docket, n0.02-135, Nov. 2002.

[3] L.Liu, Y. Q. Zhou, L. Tian and J. L. Shi, “CPC-Based Backward-
Compatible Network Access for LTE Cognitive Radio Cellu-
lar Networks,” IEEE Communications Magazine, vol.53, no.7,
pp-93-99, July. 2015.

[4] S. Haykin, “Cognitive Radio: Brain-Empowered Wireless Com-
munication,” IEEE Transactions on Selected Areas in Communi-
cation, vol.23, no.2, Feb. 2005.

[5] Y. M. Shobowale and K. A. Hamdi, “A Unified Model for
Interference Analysis in Unlicensed Frequency Bands,” IEEE
Transactions on Wireless Communications, vol.8, no.§, Aug.
2009.

[6] Q. Zhao and A. Swami, “A Decision-theoretic Framework for
Opportunistic Spectrum Access,” IEEE Wireless Communication,
vol.14, no.4, pp.14-20, Aug.2007.

[71 A. Ghasemi and E. S. Sousa, “Fundamental Limits of Spectrum
Sharing in Fading Environments,” IEEE Transactions on Wireless
Communications, vol.6, no.2, pp.649-658, Feb. 2007.

[8] M. Gastpar, “On Capacity under Receive and Spatial Spectrum-
sharing Constraints,” IEEE Transactions on Information Theory,
vol.53, no.2, pp.471-487, Feb.2007.

[9] X. Kang, Y. C. Liang, H. K. Garg and L. Zhang, “Sensing-
based Spectrum Sharing in Cognitive Radio Networks,” IEEE
Transactions on Vehicular Technology, vol.58, 1no.8, pp.4649-
4654, Oct. 2009.

[10] S. Stotas and A. Nallanathan, “Enhancing the Capacity of Spec-
trum Sharing Cognitive Radio Networks,” IEEE Transactions on
Vehicular Technology, vol.60, no.8, Oct. 2011.

[11] S. Stotas and A. Nallanathan, “Optimal Sensing Time and Pow-
er Allocation in Multiband Cognitive Radio Networks,” IEEE
Transactions on Communications, vol.59, no.1, pp.226-235, Jan.
2011.

[2

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



[12]

[13]

[14]

[15]

(16]
(17]
[18]

[19]

[20]

[21]
[22]

[23]

[24]
[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

R. Etkin, A. Parekh and D. Tse, “Spectrum Sharing for Unli-
censed Bands,” IEEE Journal on Selected Areas in Communica-
tions, vol.25, no.3, pp.517-528, Apr. 2007.

J. E. Suris, L. A. DaSilva, Z. Han, and A. B. Mackenzie,
“Asymptotic optimality for distributed spectrum sharing using
bargaining solutions,” IEEE Transactions on Wireless Communi-
cations, vol.8, no.10, pp. 5225C5237, Oct. 2009.

Y. J. Xu, W. Chen and Z. G. Cao, “Optimal Power Allocation
for Spectrum Sharing in Frequency-Selective Unlicensed Bands,”
IEEE Communications Letters, vol.12, no.7, pp.511-513, Jul.
2008.

C. Lacatus, D. Akopian, P. Yaddanapudi, and M. Shadaram,
“Flexible Spectrum and Power Allocation for OFDM Unlicensed
Wireless Systems,” [EEE System Journal, vol.3, no.2, pp.254-
264, Jun. 2009.

Federal Communications Commission, “Order and Second Mem-
orandum Opinion and Order,” Jun. 2014.

D. Tes and P. Viswanath, “Wireless Communications,” Cam-
bridge University Press, 2005.

3GPP TS 36.211: Physical Channels and Modulation, V11.4.0,
Sep. 2013.

H. Koorapaty, J. F. Cheng and J. C. Guey “Reference Signals
for Improved Energy Efficiency in LTE,” IEEE 78th Vehicular
Technology Conference VIC-Fall, 2013.

P. Bertrand, “Channel Gain Estimation from Sounding Reference
Signal in LTE,” Vehicular Technology Conference VTC-Spring,
IEEE 73rd, 2011.

D. Tes and P. Viswanath, “Fundamentals of Wireless Communi-
cations,” Cambridge University Press, 2005.

3GPP TR 25.996: Spatial Channel Model for Multiple Input
Multiple Output (MIMO) Simulations, v6.1.0.

D.S. Baum, J. Hansen and J. Salo, “An Interim Channel Model
for Beyond-3G System: Extending the 3GPP Spatial Channel
Model (SCM),” Vehicular Technology Conference, 2005-Spring
61st, vol.5, pp.3132-3136. 2005.

WINNERII Channel Models D1.1.2, V1.1.

3GPP TS 36.321: Medium Access Control (MAC) Protocol
Specification, v10.5.0, Mar. 2012.

L. Caponi, F. Chiti and R. Fantacci, “Performance Evaluation of
a Link Adaptation Technique for High Speed Wireless Commu-
nication Systems,” IEEE Transcations on Wireless Communica-
tions, vol.6, no.12, Dec, 2007.

Y. Zhou and T. Ng, “Performance Analysis on MIMO-OFCDM
Systems with Multi-code Transmission,” IEEE Transactions on
Wireless Communication, vol.8, issue.9, pp.4426-4433, Sept.
2009.

C. Xing, S. Ma, Y. Wu and T. Ng, “Transceiver Design for
Dual-Hop Non-regenerative MINO-OFDM Relay Systems under
Channel Uncertainties,” IEEE Transactions on Signal Process,
vol.58, no.12, pp.6325-6339, Dec. 2010.

Y. Zhou, J. Wang and M. Sawahashi, “Downlink Transmis-
sion of Broadband OFCDM System-Part II: Effect of Doppler
Shift,” IEEE Transactions on Communication, vol. COM-54, no.6,
pp.1097-1108, June. 2006.

Y. S. Choi, P. J. Voltz and E. A. Cassara, “On Channel Estimation
and Detection for Multicarrier Signals in Fast and Selective
Rayleigh Fading Channel,” IEEE Transactions on Communica-
tions, vol.49, issue.8, pp.1375-1387, 2001.

Lin. T, J. Lin, Yi. H and J. L. Shi, “Seamless Dual-Link Handover
Scheme in Broadband Wireless Communication Systems for
High-Speed Rail,” IEEE Journal on Selected Areas in Commu-
nications, vol.30, no.4, May. 2012.

I. Stojmenovic, *“ Handbook of Wireless Networks and Mobile
Computing,” 2001.
“http://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-M.2135-1-
2009-PDF-E.pdf,” accessed March.2011.

Y. J. Choi, S. Bahk, “Multichannel Wireless Scheduling under
Limited Terminal Capability,” IEEE Transactions on Wireless
Communications, vol.7, no.2, pp.611-617, Feb. 2008.

E. Dahiman, S. Parkvall, “4G LTE/LTE-Advanced for Mobile
Broadband,” 2011.

[36]

(371

(38]

[39]

[40]

[41]

[42]

http://dx.doi.org/10.1109/TMC.2016.2530061

15

E. Perahia, R. Stacey, “Next Generation Wireless LANs,” Cam-
bridge University Press, 2008.

3GPP TS 36.214: Physical layer Measurements, v11.1.0, Dec.
2012.

M. Salem, A. Adinoyi and M Rahman, “Fairness-Aware Radio
Resource Management in Downlink OFDMA Cellular Relay
Networks,” IEEE Transactions on Wireless Communications,
vol.9, no.5, pp.1628-1639, May. 2010.

R. Moosavi, J. Eriksson and E. G. Larsson, “Comparison of
Strategies for Signaling of Scheduling Assignments in Wireless
OFDMA,” IEEE Transactions on Vehicular Technology, vol.59,
no.9, pp.4527-4542, Nov. 2010.

K. Ramadas, R. Jain, “Mobile WiMAX-Part I. A Technical
Overview and Performance Evaluation,” WiMAX Forum, Sept.
2007.

H. Song and X. M. Fang, “A Spectrum Etiquette Protocol and
Interference Coordination for LTE in Unlicensed Bands (LTE-
U),” IEEE International Conference on Communication Work-
shop (ICCW), pp.2338-2343, June. 2015.

Y. Long, H. Y. Li, H. Yue, M. Pan and Y. G. Fang “SUM:
Spectrum Utilization Maximization in Energy-Constrained Co-
operative Cognitive Radio Networks,” IEEE Journal on Selected
Areas in Communications, vol.32, no.11, pp.2105-2116 , Nov.
2014.

Hao Song received the B.E. degree in elec-
trical information engineering in 2011 from
Zhengzhou University, Zhengzhou, China.
He is currently a Ph.D student with the
Key Laboratory of Information Coding and
—_— Transmission, school of Information Science
y and Technology, Southwest Jiaotong Univer-
A sity, Chengdu, China. His researches focuses

on control/user plane split, mobile network

optimization, LTE in unlicensed bands, reli-

able wireless communication for high-speed

-
-

railways, and fifth generation (5G) communication systems.

Xuming Fang (M’00) received the B.E.
degree in electrical engineering in 1984,
the M.E. degree in computer engineering in
1989, and the Ph.D. degree in communication
engineering in 1999, all from Southwest Jiao-
tong University, Chengdu, China. In Septem-
ber 1984, he was a Faculty Member with the
Department of Electrical Engineering, Tongji
University, Shanghai, China. He then joined
the Key Laboratory of Information Coding
and Transmission, School of Information Sci-

ence and Technology, Southwest Jiaotong University, where he has
been a Professor since 2001 and the Chair of the Department of
Communication Engineering since 2006. He held visiting positions
with the Institute of Railway Technology, Technical University Berlin,
Berlin, Germany, in 1998 and 1999 and with the Center for Advanced
Telecommunication Systems and Services, University of Texas at
Dallas, Richardson, TX, USA, in 2000 and 2001. He has to his credit
around 200 high-quality research papers in journals and conference
publications. He is the author or a coauthor of five books or textbooks.
His research interests include wireless broadband access control,
radio resource management, multihop relay networks, and broadband
wireless access for high speed railways. Dr. Fang is the Chair of the
IEEE Vehicular Technology Society Chengdu Chapter.

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TMC.2016.2530061

Yuguang Fang (F’08) received an MS de-
gree from Qufu Normal University, Shan-
dong, China in 1987, a Ph.D degree from
Case Western Reserve University in 1994,
and a Ph.D degree from Boston University in
1997. He joined the Department of Electrical
and Computer Engineering at University of
Florida in 2000 and has been a full pro-
fessor since 2005. He held a University of
Florida Research Foundation (UFRF) Profes-
sorship (2006-2009), a Changjiang Scholar
Chair Professorship with Xidian University, China (2008-2011), and
a Guest Chair Professorship with Tsinghua University, China, from
(2009-2012).

Dr. Fang received the US National Science Foundation Career
Award in 2001 and the Office of Naval Research Young Investi-
gator Award in 2002, 2015 IEEE Communications Society CISTC
Technical Recognition Award, 2014 IEEE Communications Society
WTC Recognition Award, and the Best Paper Award from IEEE ICNP
(2006). He has also received a 2010-2011 UF Doctoral Dissertation
Advisor/Mentoring Award, 2011 Florida Blue Key/UF Homecoming
Distinguished Faculty Award, and the 2009 UF College of Engineer-
ing Faculty Mentoring Award. He is the Editor-in-Chief of IEEE
Transactions on Vehicular Technology, was the Editor-in-Chief of
IEEE Wireless Communications (2009-2012), and serves/served on
several editorial boards of journals including IEEE Transactions on
Mobile Computing (2003-2008, 201 1-present), IEEE Transactions on
Communications (2000-2011), and IEEE Transactions on Wireless
Communications (2002-2009). He has been actively participating in
conference organizations such as serving as the Technical Program Co-
Chair for IEEE INOFOCOM’2014 and the Technical Program Vice-
Chair for IEEE INFOCOM’2005. He is a fellow of the IEEE and a
fellow of The American Association for the Advancement of Science
(AAAS).

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



