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Abstract—To cope with the increasing scarcity of spectrum
resources, researchers have been working to extend LTE/LTE-
A cellular systems to unlicensed bands, leading to so-called
unlicensed LTE (U-LTE). However, this extension is by no
means straightforward, primarily because the radio resource
management schemes used by LTE and by systems already
deployed in unlicensed bands are incompatible. Specifically, it
is well known that coexistence with scheduled systems like LTE
degrades considerably the throughput of Wi-Fi networks that are
based on carrier-sense medium access schemes.

To address this challenge, we propose for the first time
a cognitive coexistence scheme to enable spectrum sharing
between U-LTE and Wi-Fi networks, referred to as CU-LTE.
The proposed scheme is designed to jointly determine dynamic
channel selection, carrier aggregation and fractional spectrum
access for U-LTE networks, while guaranteeing fair spectrum
access for Wi-Fi based on a newly designed cross-technology
fairness criterion. We first derive a mathematical model of
the spectrum sharing problem for the coexisting networks; we
then design a solution algorithm to solve the resulting fairness
constrained mixed integer nonlinear optimization problem. The
algorithm, based on a combination of branch and bound and
convex relaxation techniques, maximizes the network utility with
guaranteed optimality precision that can be set arbitrarily to 1 at
the expense of computational complexity. Performance evaluation
indicates that near-optimal spectrum access can be achieved with
guaranteed fairness between U-LTE and Wi-Fi. Issues regarding
implementation of CU-LTE are also discussed.

Index Terms—LTE/LTE-A, Wi-Fi, Unlicensed Spectrum Band,
Cognitive Spectrum Access.

I. INTRODUCTION

With the ongoing deployment of LTE and LTE-Advanced
cellular systems (hereafter LTE for conciseness), an increasing
number of smartphones are reaching the market every year.
As smartphone penetration has resulted in drastic increase
in cellular network traffic loads, service providers (SPs) are
facing the challenge of scarce spectrum resources (mainly
between 700 MHz and 2.6 GHz [1]). As a possible solution
to this problem, leading manufacturers (including Qualcomm,
Ericsson and Huawei, among others) and SPs (like Verizon and
China Mobile) have considered extending the new-generation
of LTE systems to unlicensed bands (2.4 and 5 GHz) to
leverage additional spectrum resources, leading to so-called
unlicensed LTE (U-LTE) [2], [3]. U-LTE will operate pi-
co/femto cells in unlicensed bands with transmission power
levels much lower than typically used in macro cells.

However, extending LTE to unlicensed bands is by no means
trivial, primarily because of the lack of compatibility between
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the radio resource management (RRM) schemes used by LTE
and by systems already deployed in unlicensed band (e.g.,
Wi-Fi). The underlying RRM policy of LTE systems is in
fact based on centralized scheduling on each LTE base station
(referred to as eNodeB). This is different from typical systems
with distributed control that are already deployed in unlicensed
bands, e.g., IEEE 802.11-based (Wi-Fi) systems with RRM
based on distributed coordination function (DCF) running in
all wireless stations (STAs). It has been observed that the
throughput of Wi-Fi systems can be considerably degraded
(more than 50% under high traffic loads) in the presence of
co-channel interference from LTE systems [3], [4], which is
not desirable especially for SPs who have deployed tens of
thousands of Wi-Fi hotspots over the world.

To date, there is still no widely accepted coexistence scheme
to enable spectrally-efficient and fair spectrum sharing be-
tween LTE and Wi-Fi, with the exception of a few recent
research efforts. For example, Huawei and Qualcomm pro-
posed to deploy U-LTE in only partially unlicensed bands (say
5.725~5.825 GHz) and areas with sparse Wi-Fi deployments
[2], [3]. The limitation of this approach is that it may lead to
under-utilization of spectrum resources compared to exploiting
the whole unlicensed band. In [4], [5] the authors proposed to
enable coexistence of U-LTE and Wi-Fi by taking advantage of
the so-called Almost Blank Subframe (ABSF), a time-domain
multiplexing feature in 3GPP Rel. 10 [1]. The challenge there,
as pointed out in [5], is how to find the optimal operating point
between the air time given up by LTE and the throughput
achievable by the Wi-Fi networks. Without a properly defined
fairness criterion for spectrum sharing, Wi-Fi networks may
get completely stalled if the co-located LTE networks selfishly
offload too much traffic to the unlicensed bands.

To address this challenge, in this article we focus on
designing a new coexistence scheme to enable spectrally-
efficient spectrum sharing between LTE and Wi-Fi networks
deployed in the same unlicensed bands while guaranteeing
fairness between them. Our main contributions are as follows:

o Architecture design: We present for the first time cog-

nitive unlicensed LTE (CU-LTE), a cognitive coexistence
architecture to enable distributed spectrum sharing be-
tween LTE and Wi-Fi networks on the same unlicensed
bands. The architecture jointly determines dynamic chan-
nel selection (which channels to use?), carrier aggregation
(how many channels to use?), and fractional spectrum
access (how frequently to access the channel?) for LTE
networks, while guaranteeing fair spectrum access for
Wi-Fi based on cognitively sensing the Wi-Fi traffic



load level and on a newly designed cross-technology
fairness criterion. The fairness criterion ensures that the
performance degradation caused by an unlicensed LTE
Pico cell to the Wi-Fi network is no more than the
performance degradation that would be caused by another
co-located Wi-Fi.

e Modeling and optimization: Based on the designed
coexistence architecture, we model the spectral efficiency
of the coexisting networks and propose algorithms to
maximize it. First, we derive a mathematical model of the
spectrum sharing problem for the coexisting U-LTE/Wi-
Fi networks, and design a solution algorithm to solve
the resulting fairness-constrained mixed integer nonlin-
ear optimization problem. The algorithm is based on a
combination of branch and bound and convex relaxation
techniques, with the objective to maximize the aggregate
utility of the LTE networks to achieve certain predefined
optimality precision while guaranteeing fairness to the
Wi-Fi networks. The optimality precision can be set as
close to 1 as we wish, with a resulting tradeoff between
utility optimality and computational complexity.

o Performance evaluation: The performance of the co-
existing U-LTE/Wi-Fi networks is analyzed based on
the optimization results. We show that the CU-LTE
coexistence scheme achieves nearly optimal spectrum as-
signment for U-LTE while guaranteeing fair coexistence
between U-LTE and Wi-Fi in a diverse set of network
settings. Issues regarding practical applicability of the
coexistence scheme are also discussed, with technologies
envisioned to enable cognitive coexistence that requires
no signaling exchange between U-LTE and Wi-Fi.

Compared to existing research efforts [4]-[9], the proposed
CU-LTE coexistence scheme can enable i) spectrally-efficient
coexistence between U-LTE and Wi-Fi without restricting the
deployment of U-LTE to certain unlicensed bands, hence
allowing LTE networks to optimize their spectral efficiency
through dynamic spectrum access; ii) fair coexistence between
U-LTE and Wi-Fi networks based on a new cross-technology
fairness criterion; and finally iii) cognitive coexistence so that
the resulting spectrum sharing does not require any changes
to the protocol stack of already deployed Wi-Fi networks.

The remainder of the paper is organized as follows. In
Section II, we review related work. In Section IIl we present
the coexistence architecture with the newly designed cross-
technology fairness criterion presented in Section IV. In Sec-
tion V we describe the network utility maximization algorithm,
and show the performance evaluation results in Section VI
Applicability issues are discussed in Section VII, and finally
we draw main conclusions in Section VIII.

II. RELATED WORK

Previous work has addressed radio resource management
(RRM) in heterogeneous wireless networks, including multi-
tier LTE networks [10]-[12], cross-technology RRM in unli-
censed band [13]-[15] and RRM between U-LTE and Wi-Fi
networks [4]-[9].

RRM in Multi-tier LTE. In multi-tier LTE networks, Macro,
Micro, Pico, and Femtocells coexist and operate on the same
or on partially overlapped spectrum bands dedicated to the
SP. Different RRM schemes have been discussed for intra- and
inter-tier interference mitigation based on resource (i.e., power,
frequency and time) negotiation among neighbour cells [10].
Cierny et al. modeled in [11] the cross-tier interference based
on stochastic geometry theory in two-tier (Macro/Femto and
Macro/Pico) LTE networks, and showed that more balanced
throughput can be achieved by jointly assigning almost blank
subframes between the tiers. A good survey for RRM in LTE
networks can be found in [12]. In unlicensed bands, resource
negotiation is not always feasible, e.g., because of commercial
conflicts among SPs deploying the systems. since coexisting
systems may be deployed by the same or different SPs.
Cross-technology RRM. Coexistence schemes have long been
studied considering cross-technology wireless systems. For
example, Chiasserini et al. proposed in [13] two coexistence
schemes between WLAN and Bluetooth systems in 2.4 GHz
ISM Band, with and without relying on cross-system signaling
exchange, respectively. Zhang et al. proposed in [14] “coop-
erative busy tone” to improve the probability that a ZigBee
network is visible to coexisting Wi-Fi networks, while in [15]
Guo et al. enhanced the ZigBee throughput in the presence of
Wi-Fi interference based on adaptive forward error-correction
coding. Compared to Bluetooth and ZigBee, the transmission
power of LTE PeNBs can be much higher (typically around
20 dBm against 5 dBm for Bluetooth and 0 dBm for ZigBee).
Consequently, Wi-Fi becomes the victim in coexisting LTE
and Wi-Fi networks due to its DCF-based channel access.
Coexisting U-LTE and Wi-Fi. Works [4]-[9] are the most
closely related to ours. In [6], Ratasuk et al. proposed a
listen-before-talk scheme by enabling carrier sensing at each
LTE PeNB. While the scheme can enable fair coexistence
between U-LTE and Wi-Fi, it results in spectrum underuti-
lization because of the carrier sense operation in the listen-
before-talk. Almeida et al. showed [4], [5] that without proper
ABSF assignment for the coexisting U-LTE networks, the
throughput of Wi-Fi networks can be significantly degraded;
similar considerations were reported in [7]. In recent work [8],
Sagari proposed an inter-network coordination architecture to
enable dynamic interference management between coexisting
U-LTE and Wi-Fi networks. Different from these works,
which focused on simulation-based performance analysis and
coordinated RRM, in this work we focus on cognitive (i.e.,
without direct message exchange) and distributed coexistence
between U-LTE and Wi-Fi; specifically, we focus on optimiz-
ing the spectral efficiency of LTE networks while guaranteeing
fairness between LTE and Wi-Fi. In [9], Yun et al. proposed
an LTE/Wi-Fi coexistence scheme by allowing LTE and WiFi
to transmit together and decode the interfered signals. The
scheme requires to redesign the physical-layer protocol stack
for both LTE and Wi-Fi networks. Differently, our coexistence
scheme is backward compatible with currently deployed Wi-
Fi networks and is “cognitive”, in the sense that it requires no
signaling exchange between co-located LTE and Wi-Fi.



III. COEXISTENCE ARCHITECTURE

We consider coexisting LTE and Wi-Fi networks, where
there is one LTE Macro cell eNodeB, a set M of LTE PeNBs,
and a set N of Wi-Fi Access Points (APs). Denote the set of
LTE User Equipments (UEs) served by each PeNB m € M
as L,,, and the set of Wi-Fi Stations associated to AP n € A/
as W,. The coexistence architecture is designed following a
Licensed-Assisted Access (LAA) operation mode. That is, the
LTE Macro eNodeB operates in a licensed band to transmit
critical information (e.g., downlink/uplink control information
for authentication, scheduling and handover, among others)
and to guarantee Quality of Service (QoS) of UEs. The PeNBs
operate in the licensed band for uplink transmissions and in
the unlicensed band to boost the downlink data rate based
on multi-channel fractional spectrum access (FSA). The com-
munications of Macro eNodeB and PeNBs are coordinated via
wideband backbone networks. The objective of the coexistence
architecture design is to achieve spectrally-efficient channel
access for LTE networks while guaranteeing fairness between
LTE and Wi-Fi networks.

A. Multi-Channel Fractional Spectrum Access

The core idea of fractional spectrum access is to mute or
limit the transmission (i.e., with zero or reduced transmission
power) of LTE networks such that LTE accesses a channel in a
fractional portion of air time only. This can be accomplished in
each PeNB by transmitting frequently so-called Almost-blank
Subframes (ABSFs), which is a feature introduced in 3GPP
Rel. 10 for enhanced Inter-Cell Interference Coordination
(eICIC) [1]. ABSF are special LTE subframes in which a
PeNB does not send any data and instead sends only control
signals at much lower power and of shorter duration than
normal subframes. Consequently, the corresponding channel
will be sensed idle and accessed by the coexisting Wi-Fi
networks. For example, as shown in Fig. 1, by scheduling five
ABSFs during an LTE frame (which includes 10 subframes)
the PeNB accesses the channel for approximately 50% of the
air time (against 100% in a normal LTE frame) while leaving
the other 50% of the time available for Wi-Fi. The more
ABSFs are scheduled in a frame by an LTE PeNB, the more
transmission opportunities are left for Wi-Fi networks.
Multi-channel FSA. Consider unlicensed spectrum bands that
are divided into a set F of non-overlapped channels; for
example, channels 1, 6, 11 in the 2.4 GHz band and channels
36,40,44,--- .64 in 5 GHz band. Let f, € F denote the
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Fig. 1: LTE frame with Almost-blank Subframes (ABSFs).

channel selected by Wi-Fi network n € A/. Then, our objective
is to assign one or more channels (i.e., with carrier aggregation
enabled) to each PeNB m € M and decide how frequently
PeNB m should access each of the assigned channels.

Let a 2 (O‘mf){nee]jvt represent the channel assignment
profile, with a,y = 1 if channel f is assigned to PeNB
m € M, and o,y = 0 otherwise, i.e.,

amys €{0, 1}, Vme M, f e F. (1)

Let Fl,ax denote the maximum number of channels that each

PeNB is allowed to operate on simultaneously. Then, we have
Z Oy < min(Fpax, |F|), Ym e M, )
fer

where |F| is the cardinality of channel set 7. Here, Fy,.x can

be determined according to the signal processing capabilities

of each PeNB and to achieve a tradeoff between spectrum

utilization efficiency and signal processing and signaling over-

head.

Further denote 3 = (3,, f)fmeeJ;‘M as the FSA profile, where
Bmys € [0, 1] is the percentage of air time during which PeNB
m € M accesses channel f. Then, we have

Bmf >0, Vme M, feF, 3)
5mf Samfv vaM, fe]:a (5)

where (5) implies that PeNB m is not allowed to access
channel f if the latter is not assigned to PeNB m.

Let R, (a, 3) represent the throughput achievable by PeNB
m € M. Then, our objective in designing the coexistence
architecture is to maximize the utility of LTE networks while
guaranteeing certain predefined cross-technology fairness cri-
terion I'j_,, between LTE and Wi-Fi networks, i.e.,

Given : MN, Ly W, Ti_w,mEM,neN
Maximize U £ Y Uy (Rn(a, B)) (6)
o, B meM
Subject to:  (1)—(5), T'_w

where U,,(-) represents the utility of PeNB m. Note that
it is important to guarantee fair spectrum sharing between
LTE and Wi-Fi networks, as it has been shown in [4], [5]
that the throughput of Wi-Fi networks can be considerably
degraded with the presence of co-channel interference from
LTE networks. Without the fairness constraint, i.e., I'|_,, in
(6), the coexistence architecture will lead to maximizing the
aggregate utility of the LTE/Wi-Fi networks as a whole. While
this certainly makes sense if LTE and Wi-Fi networks are
deployed by the same service provider, the Wi-Fi networks
may suffer from low utility otherwise as the optimization
gives higher priority in spectrum access to LTE networks that
typically has higher spectral efficiency than Wi-Fi.

IV. CROSS-TECHNOLOGY FAIRNESS

To define the fairness criterion I'\_,, rigorously, we first
derive the achievable throughput R,,(c, 8) in (6) for U-LTE
networks. The derivation is based on the protocol interfer-
ence model in favor of practical LTE network management,



while the fairness definition is based on a combination of
protocol and physical interference models to characterize both
opportunistic and hidden node transmission behaviors in Wi-Fi
networks.

A. U-LTE Throughput

We characterize as in [16], [17] the interference relationship
among LTE Pico cells based on the protocol interference
model. Then, the transmission collisions among LTE Pico
cells in M can be represented using a conflict graph G £
(M, Z(M, M)), where the vertices comprise all PeNBs in
M and interference relationship Z(M, M) is defined as
I(M, M) = {I(m,m') € {0,1}m,m' € M, m #m'}, (7)
where two pico cells m and m/ are able to transmit on the same
channel simultaneously without causing mutual interference
if their distance dy,(m,m’) is higher than a threshold dyy,
ie., I(m,m') = 0 if dp,(m,m') > dy,, and I(m,m’) = 1
otherwise. The threshold d;;, can be determined in an online
manner for given PeNB transmission power and radio propa-
gation environment, and the conflict graph can be constructed
based on the methods discussed in Section VII.

As described in Section III, multi-channel FSA allows a
channel to be assigned to more than one LTE PeNB. If a
channel f € F is assigned to PeNBs conflicting with each
other according to conflict graph G, the channel will be
shared among the PeNBs in a Time Division Multiple Access
(TDMA) fashion. Then, we have

(/Bmf + /Bm’f)l(m7m/) <1, Vm,m’ eM, f e F, ®)

(Brng =+ B g + B )L (m, m ) I (m, m")I(m/, m”")

<1, Vm,m',m"eM, fcF, 9)

( > Bmf) I 1mm)<n, (10)
meM I(m,m’')eT

where (8) are channel sharing constraints for all two-Pico-cell
pairs, and (9) are constraints for all three-pico-cell combina-
tions, and so forth.

Then, the throughput R,,(c,3) achievable by LTE Pico
cell m € M can be expressed as

Rm(aalg) = < Z 6mf>R9nv Vm € Ma
fer
where parameter RY, represents the achievable throughput
if pico cell m exclusively occupies channel f. While RY,
is jointly determined by transmission power of PeNB, the
number and locations of UEs served by the PeNB as well as
the scheduling policy, it can be measured online by dividing
the achieved throughput over the spectrum access time actually
available to U-LTE networks.
B. Fairness Criterion
The definition of fairness in our coexistence architecture is
simple. That is, we consider the spectrum sharing between
U-LTE and Wi-Fi networks to be fair if the performance
degradation caused by an LTE Pico cell to the Wi-Fi network
is no more than the performance degradation that would be
caused by another co-located Wi-Fi network offering the same
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level of traffic load. Yet, however, while the criterion is intu-
itive, defining it rigorously is in practice nontrivial primarily
because of the lack of compatibility of MAC- and PHY-layer
protocols, the uncoordinated LTE and Wi-Fi networks as well
as the randomness in Wi-Fi network deployments. To address
the challenges, we define the criterion based on equivalent
spectrum access time reservation, and for this purpose we first
analyze the throughput achievable by each Wi-Fi network with
co-channel interference from another Wi-Fi network (instead
of from a LTE Pico cell).

Wi-Fi throughput with interfering Wi-Fi. Let Rev’n and
Ry, n(n') represent the throughput achievable by Wi-Fi net-
work n € A without and with interference from another Wi-Fi
network n/, respectively. Then, R, ,(n’) can be expressed as
the product of RO . and the percentage of air time available

wW,n

to Wi-Fi n, denoted as By (n') € [0, 1], i.e.,

Ry n(n') = 5w,n(nl)R8a,na (12)
with R(V)V,n corresponding to air time of full spectrum access
with By (n’) = 1. Hence, to derive Ry ,(n’) we only need
to derive By n(n').

We adopt a hybrid protocol and physical interference model
to capture the traffic- and propagation-dependent effects of
the interfering Wi-Fi network n’ on By ,(n’), respectively.
In a nutshell, based on this model the achievable air time
percentage (y.(n') can be expressed as

me(nl) = 5W,n(n/) + BW,n(n,) - Bw,n(n,) ,  (13)
Protocol Opportunistic Hidden node
term term term

where B\W}n(n’ ) represents the air time percentage of spec-
trum access achievable with protocol interference model, and
Bw,n(n') represents the percentage through opportunistic chan-
nel access under physical interference model, and f,, ,(n)
represents the probability of channel access collisions caused
by hidden node transmissions [18]. While Sy, ,,(n) primarily
depends on the traffic load ratio between two Wi-Fi networks,
Bwm(n') and B ,(n') are mainly affected by the signal
propagation environment together with network topology.
First, based on protocol interference model and setting infi-
nite interference range, then all transmissions of the interfering
Wi-Fi network n’ can be perfectly sensed by Wi-Fi n. Further
let all Wi-Fi stations have the same opportunity to access
the channel, by setting the same contention window size for
them in CSMA. Then, the percentage of spectrum access time
available to Wi-Fi network n can be expressed as
B\ (n'): WiFin STAs plus AP _ Whlup + 1
e All STAs plus two APs  [Wh|up + [War|up + 2’

and 1 — By (n') for Wi-Fi n/. Here, [W,|up and [Wy|up
count the number of Wi-Fi stations in W,, and W, that have
data to transmit in uplinks (i.e., to AP), respectively. The
resulting Sy, ,,(n') needs to be calibrated (as discussed below)
to account for the effects of radio signal propagation, since in
real networks the interference range causing harmful effects
is finite only.

Then, based on physical interference model, the opportunis-
tic term By, »(n') in (13) can be written as

(14)



Bum(') = (1= Bun(n’)) (15)
~—_———————

Interfering
Wi—Fin/ transmits

where 1, ,(n') represents the channel access probability of
Wi-Fi n with an ongoing interfering transmission in Wi-Fi n/.
Let P, represent the transmission power of each Wi-Fi AP,
Hy »(n') and hy ,(n') represent the experienced path loss
and channel fading coefficient from AP n’ to n, and Py, the
channel detection threshold above which a channel is sensed
to be busy and sensed to be idle otherwise, then 7y, ,(n') can
be expressed as

nw,n(n/) = pTOb [PwHw,n(n/)hw,n(n/) < Pth]
< Pin 7
~ PyH(dw(n,n'))

where Hy, ,(n') = H(dw(n,n')) with dy(n,n’) being the
distance between Wi-Fi APs n and n'.

Finally, when Wi-Fi network n is transmitting (with proba-
bility By .n(n') in (14)), the interfering Wi-Fi network n’ may
also access the channel opportunistically. The corresponding
probability, denoted as Sy n(n), can be calculated similarly
as Bwn(n') in (15). If the opportunistic access causes suf-
ficiently high interference at Wi-Fi n, transmission collision
occurs (i.e., hidden node collision). Again, if we use detection
threshold P;p, as an indication of high and low interference,
the collision probability denoted as 7, ,,(n’) is then

77W,n(n/)
——

Wi—Fin transmits
oppunistically

= prob | hy n(n') (16)

ﬁw)n(n’):prob[PWHW,n(n')hw,n(n’) > Pth]zl — Nwa(n'), (A7)

and the hidden-node term 3, ,,(n’) in (13) can be given as

Bym(n') = Bun () Bum(n) + Tign (1) (18)
N—— — =
Wi—Fin Wi—Fin/ High

transmits opportunistic interference

access

where the three items at the right-hand side represent the
probability that Wi-Fi n transmits (given in (14)), the inter-
fering Wi-Fi n’ opportunistically access the channel, and their
transmissions collide at Wi-Fi n, respectively.

Spectrum access time reservation with interfering LTE. So
far we have obtained the percentage of spectrum access time
available to Wi-Fi n, i.e., By »(n') in (13), by considering that
the interferer is another Wi-Fi network n’. Now we replace Wi-
Fi n’ with an LTE Pico cell m which accesses channel f,, (i.e.,
the channel used by Wi-Fi network n) in 3,,, portion of air
time as defined in (3)-(5). Then, the percentage of spectrum
access time available to Wi-Fi n, denoted as Sy, ,(m), can be
calculated as

Bw,n(m) =1- ﬁmfn + ﬁmfngw,n(m) 5
S——— —_—

LTE muted

19)

Wi—F'i opportunistic

transmission

where 1 — 3,,,, is the percentage of air time in which LTE
is muted, and By, Ewn(m) is the probability that Wi-Fi n
is able to access the channel opportunistically with Sy, ,(m)
being calculated similarly as in (15).

Recall at the beginning of Section IV-B that, the rationale
of cross-technology fairness I'j_y, is to ensure that an LTE

Pico cell does not degrade Wi-Fi network n more than the
interfering Wi-Fi n’. Therefore we have

1 - By ()
1- Bw,n(m)

with By n(m) and By ,(n') given in (19) and (13), respec-
tively. Moreover, based on multi-channel FSA in Section III,
channel f,, can be assigned to multiple LTE Pico cells and
shared among them in a TDMA manner. Intuitively, a Pico cell
located far from Wi-Fi n should be allocated more air time on
channel f,, since it causes lower-level interference, and less
and even zero air time of spectrum access for nearby Pico cells.
To account for this intuition, we first obtain By, ,,(n’ £ m) for
all Pico cells m € M according to (13), and then obtain
again the percentage of air time that should be reserved for
Wi-Fi network n by calculating a weighted summation of
Bw.n(n' = m), denoted by By ., as

ﬂw,n = Z B\?V'n(n/ £ m)/ Z Bw,n(n, £ m)v

meM meM

ﬁw,n(m) > 5w,n(n/) = Bmfn < , (20)

2L

where By, ,(n’ £ m) means calculating 3, ,(n’) according
to (13) by deploying the interfering Wi-Fi n’ at LTE Pico
cell m € M. Then, the constraints in (19) and (20) can be
rewritten as

1-—- Z Bmfn + Z ﬂmfnﬁw,n(m) Z 5w,n~ (22)
meM meM
LTE muted Wi—F1i opportunistic

transmission

In (21) if Pico cell m is located closer to Wi-Fi n it results in
a smaller By, ,(n’ £ m) € [0, 1] and hence is less weighted;
Bw,n reduces to By ,(n' £ m) if Pico cell m is the only
interferer.

Summary: So far, we have presented the CU-LTE coexis-
tence architecture and the associated cross-technology fairness
criterion. To study how the coexisting LTE and Wi-Fi networks
interact with each other in spectrum sharing based on the
coexistence architecture, next we solve the resulting fairness
constrained network utility maximization problem and analyze
their spectrum access behaviors based on the optimization
results.

V. UTILITY MAXIMIZATION

To be concrete, we consider individual utility function
U, = log(-) in (6), which introduces proportional fairness
among LTE Pico cells. The utility maximization problem (6)
can then be rewritten as

Given : MN, Ly Wa, G, Bwn, Ym e M,neN
Maximize U £ Y log(R%, Y Bmy) (23)
a, B meM feFr

Subject to :

(1)=(5), (7)—(22).

The resulting problem is a mixed integer nonlinear optimiza-
tion problem (MINLP), because channel assignment variables
amyf, m € M, f € F, take only binary values in constraints
(1), (2) and (5). Given an arbitrary such problem, there are
no existing algorithms to obtain the global optimum with



polynomial computational complexity with respect to the
number of integer variables. In this work, we design a solution
algorithm based on a combination of branch and bound
and successive convex relaxation techniques to decide the
optimal channel access profile (in the sense satisfying certain
predefined optimality precision) for the coexisting LTE/Wi-Fi
networks.

Overall algorithm. Denote the globally optimal objective
function of problem (23) as U*. Then the algorithm is designed
to search for spectrum access profiles a and 3 so that the
achieved network utility U satisfies U > U*, with ¢ € (0, 1]
being certain predefined optimality ratio. To this end, the
algorithm iteratively maintains a global upper bound U1, and
a global lower bound U, on U, with Uy, < U* < Ugip- The
algorithm also maintains a set of sub-problems of the original
optimization problem (23). Denote the set of feasible sets of
the resulting subproblems as Y = {Y;| i« = 1,2,---}, with
T; representing the feasible set of sub-problem 1.

The algorithm is initialized by setting Uy, = —o0, Ugn, =
400 and T = {Y}, where Y, represents the feasible set of
the original optimization problem (23). Then, Y is partitioned
into two subsets Y1 and Y5, with Y1, Yoy C Tgand YUYy =
To. For each new subset T;,7 = 1, 2, the algorithm calculates
a local upper bound Uy (Y;) through convex relaxation and
a local lower bound U, (Y;) through local search. After the
first iteration, Y is updated as T = {Y;,T3}. The subset
partition procedures proceed iteratively, and in each iteration
the algorithm selects a subset from Y, partitions the selected
subset into two new smaller subsets, and then calculates the
local and upper bounds over each of them. After each iteration,
the algorithm updates the global upper and lower bounds as

Ugi = max {U1a(T4)}, (24)
T;eY

Uy, = max{U,, (1)}, (25)
T,eT

and the algorithm terminate; if leb > eﬁglb is satisfied.

In each iteration, we select subset T; € Y for further
partition such that the local upper bound Uj(Y;) of the
corresponding subproblem is the highest among all the subsets
in Y, i.e., i = arg max Uy (Y;), and partition Y; by fixing a
channel assignment variable Qg 10 Oy = 0 and oy = 1.
Next, we describe the convex relaxation and the local search
methods.

Convex relaxation. The objective of convex relaxation is to
obtain a local upper bound for each selected subproblem.
To this end, we obtain a fractional spectrum access (FSA)
profile 3 by solving (23) without considering constraints (1)
and (2) and with o,y set to 1 in (5), ie., by allowing
each LTE PeNB to operate on up to Fi,.x = |F| channels
simultaneously. The resulting optimization problem is convex,
since the utility function U in (23) is concave with respect
to ¢, and the feasible set defined through (3)-(5), (8)-(10),
(20) and (22) is convex. Consequently, the global optimum
of the convexified MINLP can be obtained efficiently using
standard convex optimization techniques, e.g., interior point
methods [19]. Denote the resulting optimal FSA profile 3 as

B & (B}, ;) mem, ser, based on which we can obtain a chan-
nel selection profile o* = (o}, ;)mer,jer With oy, = 1
if B,y > 0, and oy, ; = 0 otherwise. The corresponding
aggregate utility provides an upper bound on the objective
function U of the current subproblem.
Local search. Based on the obtained optimal solution of the
relaxed convex optimization problem, the number of channels
assigned to Pico cell m € M, denoted as F),, can be
represented as

Fp =Y a},;, ¥me M. (26)

fer

If F}, < Finax for all Pico cells m € M, oa* and B* are the
optimal solutions to the original MINLP (23); otherwise, we
adjust the channel assignment for Pico cells that have been
assigned more than F,,x channels. Denote the corresponding
set of Pico cells as M’ = {m|m € M, F}, > Fyax}, and
let 5, = {f|f € F, By > 0} represent the set of channels
assigned to each PeNB m € M’. Without loss of generality,
further let

Bty Z B 20 2 B =0 2 B

with fy € Fp,, Yk = 1,---  FX. Then, let PeNB m* € M’
operate on channels f € F,,» with k < Fp,x, with PeNB
m™* determined according to

27)

Finax
m”* = arg max Z Bt (28)
meM’ T )

The rationale behind (27) and (28) is to fix the channel
selection profile for the PeNB corresponding to the most deter-
ministic FSA profile. This results in two additional constraints
on the channel selection profile v and FSA profile 3,

g, = 0, Vi € Frors kB> Flax, (29)

5m*fk/ Z 6:n*fk/a vfk’ € -Fm*; k, S Enax; (30)
which means that PeNB m* should not be assigned channel f,
any more and should be assigned at least 5. f,, Spectrum ac-
cess time on channel fi/ in the following channel assignment
adjustment. Constraints (29) and (30) are then incorporated
into (23), and the procedure of convex relaxation and local
search is repeated until the carrier aggregation constraint (2) is
satisfied by all LTE Pico cells m € M. The resulting aggregate
utility is used to serve as a local lower bound on the objective
function U of the current subproblem.

Theorem 1: Given a spectrum sharing problem (23) with
global optimum U* and any predefined optimality precision
e € (0, 1], the algorithm always achieves aggregate network
utility U that satisfies U > eU*.

Proof: The proof follows the fact that, in the designed
solution algorithm only binary channel assignment variables
oy are partitioned while the operation is not needed for
fractional spectrum variables (3,,7. This implies that, in the
worst case, the algorithm ends up with a maximum number
271IMI of subproblems. In each subproblem i the channel
assignment variables are all fixed to either a;,y = 0 or
Q= 1, and the resulting subproblem is convex with respect
to fractional spectrum access variables f3,, s and hence there is
no gap between the calculated local upper bound Uy (Y;) and
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Fig. 3: Spectrum assignment with different number of LTE Pico cells. (a) Average and sum air time achievable by LTE; (b) achievable and
expected air time for Wi-Fi; and (c) intra-system fairness coefficient of U-LTE (top) and Wi-Fi (bottom) networks.

the lower bound U, ,(Y;). According to the update criterion
in (24) and (25), the global upper bound Uglb and the global
lower bound U, can be guaranteed to converge to each
other, and hence the predefined optimality condition U > U™
can be satisfied. The tradeoff between utility optimality and
computational complexity can be achieved by terminating the
algorithm once the optimality condition is satisfied. Further,
to speedup convergence of the algorithm, a subset T; will be
removed from Y if the resulting local upper bound satisfies
Ua(Y3) < U o1b» Which implies that it is impossible to attain
the global optimum of the original problem (23) by further
partitioning subset Y';. Details of the proof are omitted due to
limit of space. n

VI. PERFORMANCE EVALUATION

Consider a coexisting wireless networks with a communi-
cation area 300 x 300m?, 10 randomly located (with uniform
distribution) Wi-Fi networks, and 1~11 uniformly deployed
LTE Pico cells, and up to ten channels (3 in 2.4 GHz band
and 7 in 5 GHz band). The maximum number of channels
each LTE PeNB is able to operate on simultaneously is set
to Finax = 1, 3, 5, 10. Uplink/downlink traffic ratio is
set to 0.25 for each Wi-Fi network, and U-LTE/Wi-Fi traffic
ratio is set to 0.15~1.6 with step 0.3. The transmission
power of all nodes, channel detection threshold, and the
power density of AGWN are set to typical values 17 dBm,
—82 dBm and —92 dBm/Hz, respectively. Path loss model
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Fig. 2: Channel assignment (a) without and (b) with carrier
aggregation. U-LTE: channel assigned/FSA; Wi-Fi: channel as-
signed/achievable FSA (expected FSA).

TABLE I: Spectrum assignment without (top row) and with (bottom
row) carrier aggregation.

[# [ LTE1 | LIE2 | LTE3 | WiFi3 | WiFid | WiFi5 |
3/1.00 | 1/1.00 | 8&1.00 | 1.00(0.89) | 1.00 (0.94) | L.00 (0.94)
| |20 205E T
3/0.57 | 3/043 | 8033 | 0.92(0.89) | 1.00 (0.94) | 1.00 (0.94)
70046 | 7/0.54 | 10/1.00
8/1.00 | 6/1.00 | 7/1.00 | 1.00 (0.94) | 1.00 (0.89)) | 1.00 (0.95)
, [[1050 [ 3033 | 1/0.50
9/0.50 | 5/1.00 | 9/0.50 | 1.00(0.94) | 0.94 (0.89)) | 1.00 (0.95)
10/0.50 | 8/1.00 | 10/0.50
6/1.00 | 10/1.00 | 9/1.00 | 1.00 (0.95) | 1.00 (0.94)) | 1.00 (0.88)
5 [[3/050 [T6067 | 171.00
4/0.50 | 7/0.67 | 6/033 | 1.00(0.95) | 1.00 (0.94)) | 1.00 (0.88)
5/0.50 | 10/1.00 | 8/1.00
0.87 (0.87)
70057 | 10/1.00 | S/1.00 | 1.00 (095) | 1.00 (0.94) | "y
4 [T2/067 | 30050 | 3/0.50
8/1.00 | 4/050 | 4/0.50 | 1.00 (0.95) | 1.00 (0.94)) lf})voi_(Foﬁ)
9/0.67 | 10/0.50 | 10/0.50
2/1.00 | 10/1.00 | &1.00 | 1.00 (0.86) | L.00 (0.88)) | L.00 (0.95)
s [[2M00 [ 1047 | 60067
4/1.00 | 5/047 | 8/0.67 | 1.00(0.95) | 1.00 (0.94)) | 0.99 (0.88)
6/0.33 | 10/0.56 | 9/1.00

is L = 37+ 301log 10(d) with d being distance in meter [20],
multipath fading is set as in [4] to be Rayleigh.

Case study. We first examine two examples of spectrum
access in Fig. 2, where there are five LTE Pico cells and 10
Wi-Fi networks, and U-LTE/Wi-Fi traffic ratio is set to 1. In
Fig. 2(a) each LTE PeNB is configured to operate on only one
channel (i.e., no carrier aggregation), and we plot the channel
assignment results for each LTE Pico cell and each Wi-Fi, and
the corresponding fractional spectrum access (FSA) coefficient
as well as the expected FSA coefficient. One can see that,
based on the proposed coexistence scheme all LTE Pico cells
are able to operate on a channel with full spectrum access
(i.e., Bms = 1), e.g., LTE 1 on channel 6 coexisting with
Wi-Fi 6 while LTE 3 on channel 8 coexisting with Wi-Fi 8.
Through dynamic channel selection, each resulting coexisting
LTE/Wi-Fi pair are located sufficiently far from each other, and
consequently all Wi-Fi networks also achieve full spectrum
access.

In Fig. 2(b), carrier aggregation is enabled by allowing each
LTE PeNB to operate on up to three channels simultaneously
(i.e., Flnax = 3). It can be seen that all LTE Pico cells
achieve air time of spectrum access twice of that without
carrier aggregation (i.e., in total 2.00 against 1.00), while not
degrading the performance of Wi-Fi networks. For example,
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Fig. 4: Spectrum assignment with different LTE/Wi-Fi traffic ratio. (a) Achievable air time for LTE, (b) achievable and expected air time

for Wi-Fi, and (c) normalized air time of Wi-Fi.

LTE 2 operates on channel 3 with FSA coefficient 0.5, and 1.0
and 0.5 on channels 7 and 8, respectively. More examples are
given in Table I, where the spectrum access results are reported
for LTE networks 1, 2 and 3 (out of 5 networks) and for Wi-Fi
networks 3, 4 and 5 (out of 10 in total). Similarly, compared to
the case without carrier aggregation (row 1 of each example),
with carrier aggregation the spectrum access time is consider-
ably increased for all LTE networks without any noticeable
degradation to Wi-Fi performance. Particularly, in example
#4, without carrier aggregation LTE 1 and Wi-Fi 7 achieve
spectrum access time 0.57 and 0.87, respectively, where 0.87
is the minimum air time guaranteed by the cross-technology
fairness criterion; with carrier aggregation enabled, both the
two networks harvest more spectrum access time, which are
increased by 2.34 (0.67+1.0+0.67) and 1.0, respectively. In
all the tested instances, we found that fair spectrum access
between LTE and Wi-Fi networks can be always guaranteed
based on the proposed coexistence architecture.

Optimality and fairness. In Fig. 3 we plot the channel
assignment results against the number LTE Pico cells. From
Fig. 3(a) one can see that, considerable gain in terms of
spectrum access time can be achieved with carrier aggregation,
while the gain decreases as more LTE Pico networks are
deployed. With densely deployed Pico cells, which is 5 in
Fig. 3(a), there is no need to aggregate more than three
channels.

The spectrum access time achievable by Wi-Fi networks
is plotted in Fig. 3(b). From the bottom figure one can see
that, somewhat surprisingly, the Wi-Fi networks harvest more
spectrum access time with more interfering LTE Pico cells
deployed in the coexistence area. The intuition behind is like
this. Based on the definition of the cross-technology fairness
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criterion in Section IV, the expected spectrum access time
for Wi-Fi networks is calculated according to (21) and this
enforces that a Pico cell causing higher interference to Wi-
Fi networks (hence smaller [y ,(m)) is less weighted in
(21). Consequently, the coexistence scheme can avoid causing
catastrophic performance degradation to Wi-Fi networks in the
case that the LTE service providers selfishly deploy many Pico
cells. The top figure shows that the inter-system fairness can be
well guaranteed in all cases. The corresponding intra-system
fairness (Jain’s fairness index) is plotted in Fig. 3(c), with top
figure for LTE and bottom for Wi-Fi networks.

In Fig. 4 we present the channel assignment results with d-
ifferent LTE/Wi-Fi traffic load ratios. One can find in Fig. 4(a)
that increasing the LTE traffic load does not necessarily lead to
more spectrum access time for LTE networks; correspondingly,
as in Figs. 4(b) and (c) the Wi-Fi performance is degraded
only slightly. Again, this is because nearby interfering LTE
Pico cells are only lightly weighted by the cross-technology
fairness criterion. Therefore, the coexistence architecture is
effective in preventing LTE SPs from aggressively offloading
traffic to unlicensed bands.

Finally, we verify the optimality of the coexistence architec-
ture in Fig. 5, by comparing it to the global optimum obtained
by enumerating all possible combinations of channel assign-
ments. A communication area of 150 x 150m? with 3 Wi-Fi
networks considered. Results are obtained by considering no
carrier aggregation and aggregating two channels for 1, 2 and
3 co-located LTE networks. From Fig. 5(a) one can see that the
proposed solution algorithm achieves the global optimum in
nearly all tested instances with 3 LTE Pico cells and Fij o = 2
while in Fig. 5(b) the performance difference compared to the
global optimum is negligible on average.

VII. DISCUSSION: APPLICABILITY ISSUES

In this part we show that the proposed CU-LTE coexistence
scheme is amenable to implementation in a cognitive manner
that requires no signaling exchange between the coexisting
LTE and Wi-Fi networks. In real networks, the spectrum access
optimization can be conducted in a host server equipped with
powerful computing and storage capability. The host server
may be located at the LTE Macro eNodeB or a Mobility Man-
agement Entity/Service Gateway (MME/S-GW) to oversee
tens and up to hundreds U-LTE Pico cells. Functionalities that
run in the host server include i) calculating the spectrum access



time that should be reserved for the coexisting Wi-Fi networks
according to the approach discussed in Section IV, and ii)
running the optimization solution algorithm in Section V to
maximize the utility of the U-LTE networks.

The spectrum access optimization requires the host server to
know the traffic information of the coexisting Wi-Fi networks.
This can be accomplished through packet sniffing based on
Smartphone-based crowdsourcing, a new emerging network
measurement technology [21]. As experimentally verified in
[22], [23], a set of smartphones equipped with LTE/Wi-Fi
dual radio interfaces can be used to overhear the packets
sent by the Wi-Fi networks without actually connecting to
the networks, as required by the cognitive spectrum sharing
in our coexistence scheme. The overheard Wi-Fi information
is sent to the host server and then used there to calculate
the optimal FSA profile B*. The optimization results are
then fed to the Macro eNodeB, which then generates ABSF
patterns by configuring each subframe to be blank subframe
following probability profile 3*. The distribution of the ABSF
configuration results from the Macro eNodeB to the PeNBs
within its service coverage can be conducted via the X2
interface provided in 3GPP Rel. 10 [1].

The host server also needs to construct the conflict-graph
of the LTE networks. This can be accomplished with different
methods, e.g., distance-based criteria [24], method based on
the received signal strength (RSS) [25], measurement-based
RF propagation model method [26], and the online calibration
method recently proposed in [27]. Particulary, in [27] the RSS
measurement is conducted through a set of pre-deployed static
sensors, which requires extra hardware deployment, and this
restriction can be relaxed by taking the advantages of the
sensing capability of smartphones to measure the RSS map.

VIII. CONCLUSIONS

We have presented CU-LTE, a new coexistence scheme to
enable spectrally-efficient and fair spectrum sharing between
LTE and Wi-Fi networks in the same unlicensed bands. We
modeled the spectrum sharing problem as a fairness con-
strained mixed integer nonlinear optimization problem, and
then designed an algorithm based on a combination of branch
and bound and successive convex relaxation techniques to
solve the problem with guaranteed optimality. Performance
evaluation showed that the coexistence scheme achieves near-
optimal spectrum access for U-LTE networks with always
guaranteed fairness between U-LTE and Wi-Fi. Based on CU-
LTE, the coexistence requires no signaling exchange between
the coexisting networks and hence is amenable to practical

applications.
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