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Abstract—The licensed-assisted access based long term evo-
lution (LAA-LTE) is a promising solution to provide enhanced
LTE services by sharing unlicensed bands with WiFi systems.
However, the intense contention with the incumbent WiFi sys-
tem makes it challenging for the LAA-LTE system to support
guaranteed quality-of-service (QoS) for the users. This paper is
interested in the QoS-aware LAA-LTE/WiFi coexistence system.
We first propose a flexible coexistence framework using the
listen-before-talk mechanism, based on which the QoS metrics
of LAA-LTE and WiFi systems are quantified. Then, a joint
user association and resource allocation problem is formulated,
which aims to maximize the number of QoS-preferred users
supported by LAA-LTE, while protecting the WiFi users. The
considered optimization problem is equivalently decomposed into
two subproblems, the sum-power minimization problem and the
user association problem. For the first subproblem, the deep-cut
ellipsoid method is adopted to optimize the LAA-LTE transmis-
sion time, subcarrier assignment and power allocation. For the
latter one, an efficient algorithm called successive user removal is
proposed. Simulation results have demonstrated the effectiveness
of the proposed scheme, based on which the tradeoff among
different QoS metrics in the coexistence system is observed.

Index Terms—Licensed-assisted access (LAA), long term evo-
lution (LTE), unlicensed band, coexistence system, Quality-of-
Service (QoS).

I. INTRODUCTION

The global mobile traffic is expected to increase exponen-
tially because of the explosive growth of mobile devices and
emerging mobile applications [1]. In contrast, it is hard to
further improve the capacity of existing cellular networks,
due to the lack of dedicated spectra. A promising solution
is to harvest additional spectra through cognitive radio (CR)
technology, which supports spectrum sharing between multiple
systems using opportunistic or concurrent access [2]–[8].
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Licensed-assisted access based long term evolution (LAA-
LTE) has thus been proposed to enhance the cellular net-
work capacity by sharing the unlicensed bands with WiFi
systems [9].

Since the WiFi system in unlicensed bands employs
contention-based media access control (MAC) protocols [10],
e.g., Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA), its performance could be severely degraded if
the LAA-LTE system adopts aggressive spectrum sharing
strategies [11]–[13]. It is thus crucial to design fair and
efficient coexistence mechanisms for the two systems when
operating on the same unlicensed band [14]. So far, duty
cycle and listen-before-talk (LBT) mechanisms have been pro-
posed to support the coexistence between LAA-LTE and WiFi
systems. For duty cycle mechanism, such as carrier sense
adaptive transmission (CSAT) and almost blank subframe
(ABS) schemes [15], [16], the LAA-LTE system is allowed
to occupy the unlicensed bands by proactively conserving
partial time of the WiFi transmissions. Though this mechanism
requires minor modifications to existing LTE protocols and
renders high throughput for LAA-LTE system, it may cause
more collisions to the WiFi system due to the lack of clear
channel assessment (CCA) [17]. On the contrary, supported
by CCA, LBT brings more friendliness to the WiFi system.
In addition, LBT is compulsory in the regulations for some
countries such as Japan, making it indispensable in the global
standardization of LAA-LTE [18].

There has been much literature exploring the LBT mech-
anism to support the LAA-LTE and WiFi coexistence. The
achievable throughput for the LAA-LTE system or the overall
channel throughput is of concern in [19]–[22]. In [19], the
normalized throughput of unlicensed bands is maximized by
designing a novel LBT-based MAC protocol, which is further
extended in [20] to the scenario of dynamic network settings
and solved by a learning-based method. In [21], a cross-
layer optimization method is proposed to maximize the overall
expected throughput of the unlicensed band. A user offloading
method to achieve throughput improvement to both LAA-LTE
and WiFi systems is proposed in [22]. Besides throughput, the
energy efficiency is also optimized for LAA-LTE/WiFi coex-
istence systems in [23] and [24]. The aforementioned studies,
however, mainly focuses on the overall system performance,
without considering the individual quality-of-service (QoS) of
the users. In [25], the rate requirement of each LAA-LTE
user is guaranteed by aggregating licensed and unlicensed
bands with a contention window (CW) optimization method.
In [26], the maximum queue delay of users is guaranteed,
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but the individual rates are not considered. It is pointed out
that, in future wireless networks, many applications involve
multiple usage scenarios, including, e.g., enhanced mobile
broadband (eMBB) and ultra-reliable low-latency communi-
cation (URLLC). In these cases, multiple QoS requirements
should be considered simultaneously. Thus, novel schemes that
can precisely guarantee multiple QoS metrics for each user
are highly desirable for the LAA-LTE system when coexisting
with the WiFi system.

Several challenges remain to be dealt with when designing
QoS-aware LAA-LTE/WiFi coexistence mechanisms. First,
the protocol of the coexistence framework needs to be well
designed, as it determines the flexibility for meeting the
QoS requirements. Such flexibility can be achieved by many
techniques, including adjustable transmission time and CW
in LBT, subcarrier assignment and power allocation in or-
thogonal frequency division multiple access (OFDMA), and
time slot and power allocation in time division multiple access
(TDMA). However, it is challenging to combine them organi-
cally into a practical and harmonious coexistence mechanism.
Moreover, in order to optimize the LAA-LTE system with pro-
tection to the WiFi system, the performance of both systems
should be quantified exactly. Nevertheless, the heterogeneity
of the two systems makes the existing quantification methods
difficult to apply directly. Finally, effective solutions should be
developed to optimize the coupling parameters for the efficient
and fair coexistence.

In this paper, we propose a QoS-aware scheme for the
LAA-LTE/WiFi coexistence system, where the QoS metrics,
namely throughput and transmission delay, are of interest.
The target of the scheme is to maximize the number of
users admitted to the LAA-LTE network with their preferred
QoS, while at the same time maintaining a certain level of
QoS for the WiFi users. To solve the challenges mentioned
before, we first adopt an LBT mechanism with adjustable
transmission time and employ the OFDMA technique in the
LAA-LTE base station (BS). The adopted LBT mechanism
belongs to Cat.3 LBT as defined in the standards [18], which
has a fixed CW. Thus, LAA-LTE BS does not require extra
procedures or signalings to tune the CW. It is worth noting
that both CW and transmission time reflect the aggressiveness
of the LAA-LTE in sharing the channel, though the principles
behind them are different. In addition, the adopted OFDMA
technique meets the LTE standards, which makes it more
practical. Then, we extend the Bianchi model in [10] and the
existing QoS quantification methods to the coexisting LAA-
LTE and WiFi systems. With the QoS metrics, the constraints
are well designed to take the multiple QoS requirements and
fair coexistence into consideration. Next, we formulate the
proposed QoS-aware scheme into a joint user association and
resource allocation problem. To make the problem tractable,
we decompose it into two subproblems: the sum-power min-
imization problem and the user association problem. For the
first subproblem, the LAA-LTE transmission time, subcarrier
assignment and power allocation are optimized by the deep-
cut ellipsoid method [27] to minimize the required sum-power
for a given user association strategy. For the latter one, we
develop an efficient algorithm called successive user removal

(SUR) to exploit the available transmission power to admit as
many users as possible to the LAA-LTE network, where their
QoS requirements are satisfied.

The contributions of this work are summarized as follows.
• User association, LAA-LTE transmission time, subcarrier

assignment and power allocation are jointly optimized
when the QoS-aware scheme is designed for LAA-LTE
to provide QoS-guaranteed services and to protect the
WiFi system. As far as we know, this is the first work on
designing the QoS-aware coexistence schemes for LAA-
LTE and WiFi systems.

• The throughput and delay of the LAA-LTE/WiFi coexis-
tence system are extensively analyzed and quantified into
QoS metrics. With these metrics, the constraints of the
QoS guarantees of the LAA-LTE users and the protection
to the WiFi users can be formulated.

• Simulation results have demonstrated the effectiveness
and efficiency of the proposed scheme, and also revealed
the fundamental tradeoff of the QoS metrics in the
coexistence system.

Notice that, the proposed novel QoS-aware coexistence
scheme is more advantageous than the conventional ones from
two aspects. For operators, it can utilize unlicensed bands
to provide QoS-guaranteed services similar to licensed LTE
services. Therefore, the operators can increase revenue by
admitting more users without extra investment for additional
licensed spectra. For users, compared with the best-effort
services of WiFi systems and the high expense of LTE systems,
it can provide them with QoS-guaranteed connections at much
lower prices.

The remainder of the paper is organized as follows. In
Section II, the system model is described, followed by the
QoS analysis in Section III. The problem of the design of the
QoS-aware coexistence scheme is formulated in Section IV.
To efficiently solve the problem, we decompose it into two
subproblems, which are solved in Section V-A and Section
V-B, respectively. Then, simulation results are presented in
Section VI. Finally, the conclusions are drawn in Section VII.

The main notations in this paper are listed as follows.
The boldface lowercase, a, and boldface uppercase letter, A,
denote a vector and a matrix, respectively. The calligraphic
uppercase letter, A, stands for a set. |A| denotes the cardinality
of the set A. The operators ∪ and ∩ denote the union and
intersection of two sets, respective. The symbols ∅ and E [·]
denote the empty set and the expectation operator, respectively.

II. SYSTEM MODEL

A. LAA-LTE/WiFi Coexistence System

Fig. 1 shows the model of the LAA-LTE/WiFi coexistence
system considered in this paper. The LTE BS operates on a
licensed band, while the WiFi AP and LAA-LTE BS share the
same unlicensed band. We consider the supplemental downlink
(SDL) deployment of LAA-LTE [28], where the LAA-LTE BS
only utilizes the unlicensed band for downlink (DL) operation,
while the control and uplink (UL) signals are transmitted by
the LTE BS via licensed bands. Thus, the LAA-LTE BS and
LTE BS are connected via optical fiber networks.
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Fig. 1. The LAA-LTE/WiFi coexistence system.

There are two types of users in the coexistence system, i.e.,
best-effort users (BUs) and QoS-preferred users (QUs). BUs
do not have QoS requirements and only join the WiFi network
for best effort services because of the device capability or
price-sensitivity. In contrast, QUs have QoS preferences, and
they are willing to pay for the QoS guarantees by joining the
LAA-LTE network. If the LAA-LTE network cannot admit
them, they join the WiFi network for best effort services.
Denote by N0 and N the sets of BUs and QUs, respectively.
Let N1 and N2 be the sets of the QUs accessing the WiFi
network and the LAA-LTE network, respectively. Note that
we have N1 ∪ N2 = N , N1 ∩ N2 = ∅, N = |N |, and
Ni = |Ni| ,∀i = 0, 1, 2. Similar to the standard [18], the LAA-
LTE BS adopts a simplified CSMA/CA protocol as its LBT
mechanism, with a fixed CW and adjustable transmission time.
Within the transmission time, OFDMA is employed to support
the LAA-LTE users simultaneously. The design objective for
the coexistence system is to maximize the number of the
QUs accessing the LAA-LTE network, and to maintain the
acceptable level of QoS for the WiFi services.

B. CSMA/CA Protocol

In this part, we analyze the contention among the WiFi
stations and LAA-LTE BS in the channel, and derive their
stationary transmission and collision probabilities1 for given
system parameters and user association. For WiFi stations,
the original CSMA/CA protocol is adopted, which is based
on the exponential backoff rules. It works as follows: 1)
each competing station randomly chooses an integer from
[0,W0 − 1] (where W0 is the initial CW of WiFi stations) as
the counter and sets the backoff stage, i, as 0; 2) the counter
counts down when the channel is sensed idle, otherwise, the
counter freezes; 3) transmission will be triggered when the
counter becomes zero; 4) when the transmitted packet suffers
a collision, retransmission will be triggered, i will be increased
by 1 until it reaches the maximum backoff stage, m, and the
counter will be randomly chosen from [0, 2iW0 − 1]. Under

1Probability stands for stationary probability in the rest of the paper.

the assumption of saturation2, i.e., the buffer of any station is
full, the above protocol can be modelled as a Markov chain.
The probability, τW , of a WiFi station to transmit is given by
[10]

τW =
2(1− 2p1)

(1− 2p1)(W0 + 1) + p1W0(1− (2p1)
m

)
, (1)

where p1 denotes the collision or retransmission probability
of a transmitted packet from a WiFi station.

As for the LAA-LTE BS, a simplified CSMA/CA protocol
is adopted, which has a fixed CW, WL, without backoff stage.
From [25], we can let m be 0 in (1) and write the transmission
probability, τL, of the LAA-LTE BS as

τL =
2(1− 2p2)

(1− 2p2)(WL + 1)
=

2

(WL + 1)
, (2)

where p2 denotes the collision probability of an attempted
transmission of the LAA-LTE BS.

According to (2), τL can be determined once WL is chosen,
but τW , p1, and p2 cannot be obtained directly. Since a
transmitted WiFi packet or an attempted LAA-LTE transmis-
sion encounters a collision if there is any other contender
transmitting, their collision probabilities, p1 and p2 can be
written as the functions of transmission probabilities and the
number of contenders. As both UL and DL of the WiFi system
operate on the same channel, the WiFi AP is also a contender.
The number of competing WiFi stations is N0+N1+1. Hence,
we obtain

p1 = 1− (1− τL)(1− τW )N0+N1 , (3)

p2 = 1− (1− τW )N0+N1+1, (4)

similar to [10] and [25]. Terms τW and p1 are two variables
to be solved for in the two nonlinear equations (1) and (3).
We first rewrite τW in (3) as

τW (p1) = 1− (1− τL)
−1/(N0+N1)(1− p1)

1/(N0+N1), (5)

which shows τW (p1) is a monotonically increasing function of
p1. Meanwhile, [10] has shown that the right-hand side (RHS)
of (1) is monotonically decreasing with respect to p1. Hence,
a bisection search can be applied to solve the simultaneous
equations (1) and (5), and the unique p1 and τW can be
obtained. Then, the corresponding p2 can also be obtained
according to (4). With the help of τW , τL, p1 and p2, the QoS
metrics concerned can be derived in the next section.

III. QOS ANALYSIS

To enable QoS-awareness, we derive the QoS metrics of
both the pure WiFi system and the LAA-LTE/WiFi coexistence
system, where the performance of the pure WiFi system serves
as the benchmark to protect the WiFi system in the coexistence
scenario. The concerned QoS metrics consist of throughput
and delay, of which the analyses are presented in the following
two subsections, respectively.

2Saturation is also assumed in this paper for the convenience of analysis,
but the results can be extended to the unsaturated situation by following [29].
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Fig. 2. Channel busy time of a successful transmission of the LAA-LTE BS,
Ts,L.

A. Throughput Analysis

We first review the throughput analysis of the pure WiFi
system, where all the BUs and QUs access the WiFi network
without the LAA-LTE BS. Thus, the total number of compet-
ing WiFi stations is N0 +N + 1. The total throughput of the
pure WiFi system is given by [10]

R0 =
PtrPsE [P ]

(1− Ptr)θ + PtrPsTs,W + Ptr(1− Ps)Tc
, (6)

where E [P ] is the average packet payload size; Ptr and Ps

denote the busy probability of the channel and the success
probability of a transmission on the channel, respectively; θ
denotes the time duration of an empty slot; Ts,W represents
the average channel busy time for a packet that is transmitted
successfully and Tc represents the channel busy time for a
collision. According to Eq.(10) and Eq.(11) of [10], Ptr and
Ps can be written as

Ptr = 1− (1− τP )N0+N+1, (7)

Ps =
(N0 +N + 1) τP (1− τP )

N0+N

Ptr
, (8)

respectively, where τP is the transmission probability of a
station in the pure WiFi system. Term τP can be obtained by
replacing p1 in (1) with p3, where p3 stands for the collision
probability of a transmitted packet in the pure WiFi system,
and it can be given by

p3 = 1− (1− τP )N0+N . (9)

Assuming that the mechanism of request to send (RTS) and
clear to send (CTS) is adopted for avoiding the hidden
terminal problem, therefore, Ts and Tc are defined as

Ts,W = (RTS + CTS +H + E [P ] +ACK) /C

+ 3SIFS +DIFS + 4δ, (10)
Tc = (RTS +DIFS) /C, (11)

respectively, where RTS, CTS, ACK and H stand for the bit
lengths of the RTS frame, the CTS frame, the acknowledge-
ment (ACK) frame, and the MAC header, respectively; C is the
channel bit rate; SIFS, DIFS, and δ are the time durations
of the short interframe space, the distributed interframe space
and the propagation delay, respectively. Note that, similar to
[10], [13], [17], [23], and [25], C is assumed to be a constant,
for which perfect power control is adopted by the WiFi system
to compensate the fading effects and to avoid the outage.

Next, we analyze the throughput of the WiFi system and the
LAA-LTE system in the coexistence scenario. It is noticed that

there is only a pair of transmitter and receiver in each trans-
mission for the WiFi system, and thus the feedback packets,
i.e., CTS and ACK, can be transmitted on the unlicensed band
without collisions. In contrast, there are multiple receivers,
i.e., LAA-LTE users, when the LAA-LTE BS transmits, which
causes collisions if they feedback as WiFi stations do. Hence,
we propose to let LAA-LTE users transmit CTS and ACK via
the licensed control channel with advanced multiple access
techniques. As such, the channel busy time, Ts,L, for a
successful transmission of the LAA-LTE BS is different from
Ts,W . Let t be the LAA-LTE transmission time. As Fig. 2
shows, Ts,L is given by

Ts,L (t) = RTS + δ + SIFS + t+ δ +DIFS. (12)

With (1) and (2), we can obtain PCo
tr (the busy probability of

the channel), Ps,W (the probability that a transmission on the
channel belongs to the WiFi stations and succeeds), and Ps,L

(the probability that a transmission on the channel belongs to
the LAA-LTE BS and succeeds) by reformulating (7) and (8)
in the coexistence scenario, given by

PCo
tr = 1− (1− τL)(1− τW )N0+N1+1, (13)

Ps,W =
(N0 +N1 + 1)τW (1− τW )

N0+N1(1− τL)

PCo
tr

, (14)

Ps,L =
τL(1− τW )

N0+N1+1

PCo
tr

. (15)

Therefore, the total WiFi throughput, RW (N1, t), and the
LAA-LTE efficiency, fL(N1, t), can be given by (16) and
(17) on the top of next page, respectively, where LAA-
LTE efficiency presents the time ratio of successful LAA-
LTE transmissions. Within the LAA-LTE transmission time,
OFDMA is adopted to support the DL of the QUs in N2.
Assume that QU k is in the LAA-LTE network, i.e., k ∈ N2.
Denote by Sk the set of the subcarriers allocated to QU k.
Let hk,i be the channel gain from the LAA-LTE BS to QU
k, and qk,i the power allocated to QU k, on subcarrier i. The
individual rate of QU k can be given by

Rk(N1, t) = fL(N1, t)B0

∑
i∈Sk

rk,i, (18)

where
rk,i = log2

(
1 +

qk,ihk,i
σ2

)
. (19)

In (18) and (19), B0 and σ2 denote the bandwidth and
the power of additive white Gaussian noise (AWGN) of a
subcarrier, respectively.

B. Delay Analysis

Similarly, we first go over the delay analysis of the pure
WiFi system. For the WiFi system, its delay is defined as the
average elapsed time for transmitting a packet successfully
since it is put into service. Several methods have been pre-
sented in [30]–[32] to evaluate the delay of the pure WiFi
system, while [32] increases the accuracy by considering the
N-WAIT packets. N-WAIT packets are the packets transmitted
without waiting, which follow a successful transmission and
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RW (N1, t) =
PCo
tr Ps,WE[P ]

(1− PCo
tr )θ + PCo

tr Ps,WTs,W + PCo
tr Ps,LTs,L(t) + PCo

tr [1− Ps,W − Ps,L]Tc
, (16)

fL(N1, t) =
PCo
tr Ps,Lt

(1− PCo
tr )θ + PCo

tr Ps,WTs,W + PCo
tr Ps,LTs,L(t) + PCo

tr [1− Ps,W − Ps,L]Tc
. (17)

TPure
M =(1−τP )N0+Nθ+(N0+N)τP (1−τP )N0+N−1(Ts,W + θ)+

[
1−(1−τP )

N0+N−(N0+N)τP (1−τP )N0+N−1
]
(Tc+θ). (24)

their counters happen to be 0. On the other hand, the packets
that need waiting are WAIT packets. For completeness, we
summarize the results in [32] as the following lemma.

Lemma 1: Let J be the retransmission limit. The delay,
TPure,J
Delay , of the pure WiFi system is given by

TPure,J
Delay =

TPure,J
Wait + ϕWTs,W

1 + ϕW
. (20)

where ϕW = 1/ (W0 − 1), and TPure,J
Wait is given by

TPure,J
Wait = θ +DPure,J

2 +DPure,J
3 , (21)

where

DPure,J
2 =

[
J∑

j=0

(
pj3 − p

J+1
3

) (
2jW0 − 1

)]
TPure
M

2
(
1− pJ+1

3

) , (22)

DPure,J
3 =

J∑
j=0

(1− p3) pj3 (Ts,W + jTc)

1− pJ+1
3

, (23)

and TPure
M in (22) is shown on the top of this page as (24).

Proof: The result follows from [32] by modifying the
counter range from [0, 2m] to [0, 2m−1] for the backoff stage
m, in order to be consistent with the standard [10].

Then, we propose the following Theorem 1 to consider the
asymptotic property of (22) and (23) by letting J approach
infinity.

Theorem 1: Under the assumption of infinite retransmis-
sion limit, i.e., J → ∞, DPure,J

2 and DPure,J
3 converge

respectively to DPure
2 and DPure

3 , as shown below

DPure
2 =

1

2

 m∑
j=0

pj32jW0 +
pm+1
3

1− p3
2mW0 −

1

1− p3

TPure
M ,

(25)

DPure
3 = Ts,W +

p3
1− p3

Tc. (26)

Proof: Please refer to Appendix A.
With Theorem 1, TPure,J

Wait and TPure,J
Delay can be asymptoti-

cally expressed as

TPure
Wait = θ +DPure

2 +DPure
3 , (27)

TPure
Delay =

TPure
Wait + ϕWTs,W

1 + ϕW
, (28)

respectively. When the retransmission limit is large, the
asymptotic delay TPure

Delay can be used to replace TPure,J
Delay . In the

sequel, we use the asymptotic delay to simplify the derivations.

Next, we extend the above results to the LAA-LTE/WiFi co-
existence system. The delay of the LAA-LTE system is defined
as the average time consumed for a successful transmission
after the previous one. We propose the following Theorem 2
and Theorem 3 to quantify the delays of the coexisting WiFi
and LAA-LTE systems, respectively.

Theorem 2: The delay of the WiFi system in the coexis-
tence system can be asymptotically given by

TW
Delay(N1, t) =

TW
Wait + ϕWTs,W

1 + ϕW
, (29)

where
TW
Wait = θ +DW

2 +DW
3 . (30)

In (30), DW
2 can be obtained from DPure

2 in (25) if we replace
p3 with p1 and TM with TW

M , and DW
3 can be obtained from

DPure
3 in (26) if we replace p3 with p1. Term TW

M is given
by (31) on the top of next page.

Proof: Please refer to Appendix B.
Theorem 3: The delay of the LAA-LTE system in the

coexistence system can be asymptotically given by

TL
Delay(N1, t) =

TL
Wait + ϕLTs,L(t)

1 + ϕL
, (32)

where
TL
Wait = θ +DL

2 +DL
3 , (33)

and ϕL = 1/ (WL − 1). Terms DL
2 and DL

3 in (33) are written
as

DL
2 =

1

2
(WL − 1)TL

M , (34)

DL
3 = Ts,L(t) +

p2
1− p2

Tc, (35)

respectively, and TL
M is given by (36) on the top of next page.

Proof: Please refer to Appendix C.

IV. PROBLEM FORMULATION

In this section, the problem of designing the QoS-aware
coexistence scheme is formulated, which aims to maximize
the number of the QUs admitted to the LAA-LTE network
while preserving a certain level of QoS for the WiFi system.
The following constraints are imposed.

Constraint 1 (Throughput guarantee for QUs): For fulfilling
the QoS guarantees, the QUs in the LAA-LTE network should
be provided with their desired rates. Let R̄k denote the rate
requirement of QU k. The throughput guarantee for the QUs
can be expressed as

Rk(N1, t) ≥ R̄k,∀k ∈ N2. (37)
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TW
M =(1− τW )

N0+N1 (1− τL) θ + (N0+N1)τW (1−τW )
N0+N1−1 (1− τL) (Ts,W +θ)+τL(1− τW )

N0+N1 (Ts,L(t) + θ)+[
1−(1−τW)N0+N1(1−τL)−(N0+N1)τW (1−τW)

N0+N1−1(1−τL)−τL(1−τW)
N0+N1

]
(Tc+θ) . (31)

TL
M =(1−τW) N0+N1+1θ+(N0+N1+1) τW (1−τW)N0+N1 (Ts,W +θ)+

[
1−(1−τW) N0+N1−(N0+N1+1) τW (1−τW)

N0+N1

]
(Tc+θ) .

(36)

Constraint 2 (Throughput protection for WiFi users): For
fairness, the individual throughput of the pure WiFi system
should be guaranteed for the WiFi system when coexisting
with the LAA-LTE system. Thus, we require

RW (N1, t)

N0 +N1
≥ R0

N0 +N
. (38)

Constraint 3 (Delay guarantee for QUs): To provide similar
QoS of licensed LTE systems, the delay of the QUs in the
LAA-LTE network should also be guaranteed. Denote by
TMax Delay the maximum tolerable delay of the LAA-LTE
system. This constraint can be written as

TL
Delay(N1, t) ≤ TMax Delay. (39)

Constraint 4 (Delay protection for WiFi users): The delay
performance of the pure WiFi system should be guaranteed for
the WiFi users when coexisting with the LAA-LTE system.
This leads to the constraint

TW
Delay(N1, t) ≤ TPure

Delay. (40)

With the above constraints, the QoS-aware user association
and resource allocation problem can be mathematically for-
mulated as

Problem 1:

max
t,{qk,i},{Ik}

∑
k∈N

Ik

s.t. Rk(
∑

k∈N
Īk, t)≥R̄k,∀k∈N and Ik=1,

(P1.C1)
RW (

∑
k∈N Īk, t)

N0 +
∑

k∈N Īk
≥ R0

N0 +N
, (P1.C2)

TL
Delay(

∑
k∈N

Īk, t) ≤ TMax Delay, (P1.C3)

TW
Delay(

∑
k∈N

Īk, t) ≤ TPure
Delay, (P1.C4)

Ik ∈ {0, 1} ,∀k ∈ N , (P1.C5)
Sk = ∅, ∀k ∈ N and Ik = 0, (P1.C6)⋃
k∈N

Sk ⊆ S, (P1.C7)⋂
k∈N

Sk = ∅, (P1.C8)

qk,i ≥ 0,∀k ∈ N and i ∈ S, (P1.C9)∑
k∈N

∑
i∈Sk

qk,i ≤ Q̄. (P1.C10)

In Problem 1, Ik indicates whether QU k is in the LAA-
LTE network. If yes, Ik = 1; otherwise, Ik = 0. Moreover, we
define Īk = 1−Ik. The objective of the problem is to maximize

the number of the QUs served by the LAA-LTE network
with QoS guarantees, by optimizing the user association of
the QUs, LAA-LTE transmission time, subcarrier assignment,
and power allocation. (P1.C1) - (P1.C4) reflect the constraints
defined in (37) - (40), while (P1.C6) - (P1.C8) are the exclusive
subcarrier assignment constraints of the OFDMA system. S
is the set of subcarriers, and |S| = S. (P1.C9) indicates
non-negative power allocation. (P1.C10) restricts the total
transmission power of the LAA-LTE BS, due to regulations
or physical limitations.

Problem 1 is a combinatorial and nonconvex problem,
due to the user association, the subcarrier assignment, and
the nonlinearity brought by the CSMA/CA mechanism. To
solve this problem efficiently, we propose a QoS-aware joint
user allocation and resource allocation algorithm in the next
section.

V. QOS-AWARE JOINT USER ASSOCIATION AND
RESOURCE ALLOCATION

By investigating Problem 1, we can observe that except
(P1.C10), all constraints can always be satisfied for any {Ik}
with t > 0 and |Sk| ≥ 1, ∀k ∈ N2 by increasing the
transmission power. Therefore, the maximum transmission
power, Q̄, plays a key role in the user association. According to
this feature, we first decompose Problem 1 into the sum-power
minimization subproblem and the user association subproblem.
Then, we develop the QoS-aware joint user allocation and
resource allocation algorithm by solving the two subproblems.

A. Sum-Power Minimization
We first consider the sum-power minimization problem

under a given user association strategy, {Ik}. Our target is
to minimize the sum-power while maintaining the constraints
in Problem 1 except for (P1.C5) and (P1.C10). The problem
can be written as

Problem 2:

min
t,{qk,i}

∑
k∈N2

∑
i∈Sk

qk,i

s.t. fL(N1, t)B0

∑
i∈Sk

rk,i ≥ R̄k,∀k ∈ N2, (P2.C1)

RW (N1, t)

N0 +N1
≥ R0

N0 +N
, (P2.C2)

TL
Delay(N1, t) ≤ TMax Delay, (P2.C3)

TW
Delay(N1, t) ≤ TPure

Delay, (P2.C4)

Sk = ∅,∀k ∈ N2, (P2.C5)⋃
k∈N2

Sk ⊆ S, (P2.C6)
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⋂
k∈N2

Sk = ∅, (P2.C7)

qk,i ≥ 0,∀k ∈ N2 and i ∈ S. (P2.C8)

Since N1, N2, N1, and N2 are fixed for the given {Ik},
the RHS of (P2.C1) - (P2.C4) are all determined. How-
ever, the LAA-LTE transmission time, subcarrier assignment,
and power allocation are coupled, making Problem 2 still
intractable. To solve the problem, we first investigate the
properties of the functions in (P2.C1) - (P2.C4).

Theorem 4: With a fixed N1, fL(N1, t) is a monotonically
increasing function of t.

Proof: Please refer to Appendix D.
Theorem 5: With a fixed N1, both TL

Delay(N1, t) and
TW
Delay(N1, t) are monotonically increasing functions of t,

while RW (N1, t) is monotonically decreasing with respect to
t.

Proof: With a given N1, we can easily show from
(29) that

∂TL
Delay(N1,t)

∂t > 0. Thus, the monotonicity of
TL
Delay(N1, t) with respect to t is proved. Similarly, from (32)

and (16), we have
∂TW

Delay(N1,t)

∂t > 0, ∂RW (N1,t)
∂t < 0,∀t. The

theorem is proved.
By rewriting (P2.C1) as∑

i∈Sk

rk,i≥
R̄k

B0fL(N1, t)
,∀k ∈ N2, (P2.C1T)

we can conclude that the required sum-power can be reduced
if the RHS of (P2.C1T) is decreased. In other words, the
minimum required sum-power can be reached with the maxi-
mum fL(N1, t). According to Theorem 4, fL(N1, t) can be
maximized with the largest feasible t, which is denoted by
t∗. Then, according to Theorem 5, (P2.C2) - (P2.C4) can be
transformed into

t ≤ t1(N1), (P2.C2T)
t ≤ t2(N1), (P2.C3T)
t ≤ t3(N1), (P2.C4T)

respectively, where t1(N1), t2(N1), and t3(N1) are at-
tained when (P2.C2) - (P2.C4) are respectively satisfied
with equality. Hence, to simultaneously satisfy (P2.C2T) -
(P2.C4T), the maximum value of t, i.e., t∗(N1), is given
by min{t1(N1), t2(N1), t3(N1)}. Note that t∗(N1) may be
negative and then leads to an invalid solution. A proper LAA-
LTE CW can avoid this problem, which will be discussed in
Section VI. Thus, Problem 2 becomes

Problem 3:

min
{qk,i}

∑
k∈N2

∑
i∈Sk

qk,i

s.t.
∑
i∈Sk

rk,i ≥
R̄k

B0fL(N1, t∗(N1))
,∀k ∈ N2, (P3.C1)

(P2.C5), (P2.C6), (P2.C7), (P2.C8)

Though Problem 3 is still nonconvex, it can be solved by the
dual decomposition method without duality gap [33], [34]. We
define

r̄k =
R̄k

B0fL(N1, t∗(N1))
. (41)

With relaxation variables {λk}, ∀k ∈ N2, the Lagrangian of
Problem 3 is formulated as

L({qk,i}, {rk,i}, {λk})=
∑
k∈N2

S∑
i=1

qk,i−
∑
k∈N2

λk(
S∑

i=1

rk,i−r̄k),

(42)
where qk,i is positive only if subcarrier i is allocated to
QU k, otherwise, it equals zero. Because of the exclusive
assignment, no more than one QU can get positive power
on each subcarrier. We define λ = {λk}, ∀k ∈ N2. The
Lagrangian dual function can be written as follows.

G(λ) = min
{qk,i},{rk,i}

L({qk,i}, {rk,i},λ)

= min
{qk,i},{rk,i}

∑
k∈N2

S∑
i=1

(qk,i−λkrk,i)+
∑
k∈N2

λkr̄k. (43)

Assuming QU k is allocated with subcarrier i,
L({qk,i}, {rk,i}, {λk}) in (42) can be minimized by
taking the derivative with respect to qk,i and setting it to be
zero, i.e.,

∂L({qk,i}, {rk,i},λ)

∂qk,i
= 0, (44)

yielding

qk,i =

[
λk
ln 2
− σ2

hk,i

]+
. (45)

We can observe that (43) can be decomposed into

G(λ) =

S∑
i=1

G′i(λk) +
∑
k∈N2

λkr̄k, (46)

in which

G′i(λk) = min
{qk,i},{rk,i}

∑
k∈N2

qk,i − λkrk,i. (47)

Therefore, by using (45), G(λ) can be obtained by assigning
subcarrier i to the QU that minimizes the RHS of (47). The
primal problem is now transformed to the dual problem:

max
λ

G(λ)

s.t. λ > 0,

in which the subgradients are chosen to be

dk = r̄k −
S∑

i=1

rk,i,∀k ∈ N2. (48)

Both ellipsoid and subgradient methods can be applied to
iteratively solve the dual problem and obtain the optimal
relaxation variables, λ∗. The ellipsoid method, specifically the
deep-cut ellipsoid method, is adopted here, for its stability and
fast convergence [27], [35]. The basic idea is to iteratively
produce a sequence of smaller ellipsoids in volume from an
initial ellipsoid E(0) containing λ∗. Each new ellipsoid E(u)
is generated by keeping half of the previous ellipsoid E(u−1)
that contains λ∗. Since an ellipsoid E can be described as
E = {z|(z− x)TA−1(x− z) ≤1}, a cubic region can be
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chosen as E(0), and the corresponding parameters A(0), z(0)

are given by

A(0) = N2diag
[
(
λk1,max

2
)2, ..., (

λkN2
,max

2
)2
]
, (49)

z(0) =

[
λk1,max

2
, ...,

λkN2
,max

2

]T
, (50)

where k1 and kN2
represent the smallest and largest indexes

of the QUs in N2 respectively, and λkj ,max denotes the upper
bound of the optimal relaxation variable for the QU with the
j-th largest index in N2. The following proposition proposes
one of the upper bounds of λ∗.

Proposition: The optimal relaxation variables λ∗ satisfy

λ∗k ≤ ln 2

Qmax +
σ2

min{
i∈S

hk,i}

 ,∀k ∈ N2, (51)

where Qmax is one of the upper bounds of the optimal sum-
power, which can be obtained by the following steps:

1) Assign the subcarriers to the QUs in N2 uniformly.
2) Perform bisection search over λk in (45) to equalize

(P3.C1), for each QU in N2.
3) Qmax is the summation of the power allocated on all

subcarriers obtained in last step.

Proof: According to KKT conditons, λ∗ must satisfy
(44), which leads to

λ∗k = ln 2

[
q∗k,i +

σ2

hk,i

]
, (52)

where q∗k,i is the optimal power allocated to QU k on sub-
carrier i, under the optimal subcarrier allocation. Obviously,
q∗k,i is less than the sum-power, Qmax, of any suboptimal
power and subcarrier allocation. Term Qmax can be obtained
by water-filling over any subcarrier allocation to meet (P3.C1).
In details, it can be summarized as the steps above. Since
1/hk,i ≤ 1/min{

i∈S
hk,i}, (51) is thus proved.

To improve the convergence speed of the basic ellipsoid
method and to reduce the fluctuations during the iterations,
the idea introduced into the deep-cut ellipsoid method is to
further cut down the ellipsoids by excluding the part of the
region where the objective function is not monotonic.

Denote λ(u) and d
(u)
k as the values of λ and dk obtained

in the u-th iteration, respectively. The objective function in
the u-th iteration and the maximum objective value over the
past u iterations are correspondingly denoted by G(u)(λ(u))

and G(u)max. We define d(u) = [d
(u)
k1
, ..., d

(u)
kN2

]T . The update
procedure is described as:

1) α =
G(u)max − G(u)(λ(u))√

d(u)TA(u)d(u)
, (53)

2) d̃(u) =
d(u)

√
d(u)TA(u)d(u)

, (54)

3) z(u+1) = z(u) +
1 +N2α

N2 + 1
A(u)d̃(u), (55)

Algorithm 1 Sum-power minimization algorithm
1: Obtain N1, N2,N1, and N2 according to {Ik}.
2: Obtain t∗, fL(N1, t

∗(N1)), and {r̄k} according to
(P2.C2T) - (P2.C4T), (17), and (41), respectively.

3: Obtain A(0) and z(0) according to (49) and (50), respec-
tively.

4: Initialize u = 0, G(0)max = −∞.
5: repeat
6: Obtain G(u)(z(u)) according to (43), where {qk,i} and

{rk,i} are obtained by (45) and (19).
7: if G(u)max ≤ G(u)(z(u)) then
8: G(u)max = G(u)(z(u)).
9: end if

10: Obtain the subgradient d(u) according to (48).
11: Obtain α, d̃(u), z(u+1), and A(u+1) according to (53) -

(56), respectively.
12: u = u+ 1.
13: until

∣∣d(u+1)
∣∣ ≤ ε

14: Obtain {q∗k,i} according to (45) with λ = z(u).
15: return {q∗k,i}

4) A(u+1) =
N2(1−α2)

N2
2 − 1

×(
A(u)− 2(1+N2α)

(N2+1)(1+α)
A(u)d̃(u)d̃(u)TA(u)

)
. (56)

From the above, the solution to the sum-power minimization
problem for a given user association strategy {Ik} can be
summarized as Algorithm 1, where ε is a small constant.
Due to the matrix multiplication in (56), the computational
complexity of Algorithm 1 is O(V N6

2 ), where V is the
number of iterations that Algorithm 1 needs to converge.
When the algorithm converges, the power allocation {q∗k,i}
that achieves minimum required sum-power are returned.
With {q∗k,i}, the minimum required individual sum-power,∑

i∈S q
∗
k,i,∀k ∈ N2, can be calculated, which helps to further

optimize {Ik}. For brevity, the term “minimum required” is
omitted in the following.

B. User Association
With Algorithm 1, Problem 1 becomes the problem of

finding the user association strategy to maximize N2 while
keeping the sum-power within the maximum transmission
power Q̄. Particularly, for a special case, if Q̄ is larger
or equal to the sum-power obtained by Algorithm 1 with
Ik = 1, ∀k ∈ N , all QUs can be admitted to the LAA-LTE
network. Otherwise, exhaustive search is needed to find the
optimal solution from all possible {Ik}, which requires to run
Algorithm 1 for 2N times in the worst case. To reduce the
complexity, we develop a suboptimal user association method,
which is inspired by an observation of (P2.C2).

Observation: With (P2.C2) rewritten as RW (N1, t) ≥
N0+N1

N0+N R0, it can be seen that t1(N1) decreases as N1 grows,
making {r̄k} non-decreasing, and thus more power is needed
to meet the rate requirement. However, the subcarriers released
by moving more QUs to the WiFi network have the converse
impact.

IT 8.1
Typewritten text
IEEE Transactions on Wireless Communications Volume: 18 , Issue: 4 , April 2019 



9

Algorithm 2 QoS-aware joint user association and resource
allocation algorithm

1: Initialize N2 = N , N2 = N , and Ik = 1, ∀k ∈ N .
2: repeat
3: Run Algorithm 1 for the given {Ik}, and obtain∑

i∈S q
∗
k,i,∀k ∈ N2 and

∑
k∈N2

∑
i∈S q

∗
k,i.

4: if
∑

k∈N2

∑
i∈S q

∗
k,i > Q̄ then

5: Sort
∑

i∈S q
∗
k,i,∀k ∈ N2 in ascending order, select

the first N2 − 1 user index as the new N2.
6: Set N2 = N2 − 1 and Ik = 0, ∀k /∈ N2.
7: else
8: Break the loop;
9: end if

10: until N2 = 0

11: return {Ik} and {q∗k,i}

From the observation, the optimal N1 and N2 cannot be ob-
tained directly. Instead of searching N1 and N2 exhaustively,
we propose to enumerate the possible N1 and N2 at much
lower cost. At the beginning, all the QUs are assumed to access
the LAA-LTE network, i.e., N2 = N . Then, the QU with the
largest individual power is removed from N2 if the sum-power
exceeds Q̄. By repeating the previous step, the maximum N2

that satisfies the power constraint can be found. The proposed
method obtains the maximum N2 and the correspondingN2 by
successively removing the QUs from the LAA-LTE network,
and therefore we call it the successive user removal (SUR)
algorithm. The details of the SUR algorithm are included in
the proposed QoS-aware joint user association and resource
allocation algorithm, which is shown in Algorithm 2.

Notice that Algorithm 2 cannot guarantee a global optimal
solution, because for different N2, the subcarriers released by
removing users from the LAA-LTE network may change the
order of the individual powers of the QUs. However, the nu-
merical results indicate that the SUR algorithm approaches the
performance of the exhaustive search algorithm. Furthermore,
compared with the exhaustive search, the SUR algorithm is
much more efficient, since it only requires to run Algorithm
1 for N times in the worst case, instead of 2N . Hence, the
overall computational complexity of the proposed joint user
association and resource allocation algorithm is O(V N7).

VI. SIMULATION RESULTS

In this section, the proposed QoS-aware coexistence scheme
is evaluated by numerical simulations. First, we focus on the
CSMA/CA protocol performance to reveal the tradeoff among
the QoS metrics, without considering the particular channels
of the QUs. Then, by taking the particular channels into
consideration, we examine the performance of the proposed
algorithms to demonstrate their effectiveness and efficiency.
The common system parameters used in the simulations are
listed in Table I.
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N0 = 5, 10, 15, 20, and 25.
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TABLE I
SYSTEM PARAMETERS

Parameters Value
WiFi packet payload, E[P ] 12000 bits

MAC header, H 192 bits
PHY header 224 bits

Bit length of ACK frame, ACK 112 bits + PHY header
Bit length of CTS frame, CTS 112 bits + PHY header
Bit length of RTS frame, RTS 160 bits + PHY header

WiFi channel bit rate, C 54 Mbps
Prorogation Delay, δ 1 µs

Slot time, θ 20 µs
DIFS 34 µs
SIFS 16 µs

WiFi initial CW, W0 16
WiFi maximum backoff stage, m 6

Unlicensed bandwidth 20 MHz
Number of subcarriers of LAA-LTE, S 512
AWGN power on each subcarrier, σ2 −174 dBm/Hz * 20 MHz / 512

Path loss model (dB) −15.3− 50 log10(d(m))

A. Effects of the LAA-LTE Transmission Time and the Number
of BUs

In Fig. 3, different QoS metrics are evaluated with the
varying LAA-LTE transmission time, t, for different numbers
of BUs, N0, where t is normalized by the WiFi payload
transmission time, ξ = E(P )/C. The number of QUs, N ,
and that of the QUs in the LAA-LTE network, N2, are both
set to be 10, i.e., N = N2 = 10. Besides, we let the LAA-
LTE CW, WL, be 32. As Fig. 3a shows, for any fixed N0, the
LAA-LTE efficiency increases as t increases, resulting in more
effective transmissions and less required transmission power
for the LAA-LTE system. However, the throughput and delay
of the WiFi system, and the delay of the LAA-LTE system
are degraded as t increases, as depicted in Fig. 3b - 3d.

In addition, Fig. 3 demonstrates that the growth of N0

causes entire performance loss to both networks, except the
total throughput of the WiFi system shown in Fig. 3c. This
exception also contradicts with the results of the pure WiFi
system [10]. Intuitively, since the whole WiFi system contends
with the LAA-LTE BS in the coexistence scenario, more WiFi
stations can increase the chance of the WiFi system to transmit,
and thus higher total throughput is achieved. Nevertheless,
the individual throughput of concern is still decreased as N0

increases, as Fig. 3c shows. It is implied that transferring WiFi
users to the LAA-LTE network is beneficial to both networks.

B. Effects of the LAA-LTE Contention Window

As mentioned in Section V-A, the constraints (P2.C2)
- (P2.C4) may result in negative t and make Problem 1
infeasible, which can be solved by choosing an appropriate
LAA-LTE CW, WL. To describe the impacts of WL on the
feasibility of t, we depict the left-hand-sides (LHS), i.e., the
QoS metrics that are constrained, and RHS, i.e., the target
values, of (P2.C2) - (P2.C4) as the change of N2 and t in Fig.
4, for WL = 8 and WL = 32. Besides, we choose N0 = 10
and N = 10. Note that N2 are integers in practice, but we
use decimal values in Fig. 4 for smoother display. In Fig. 4a
- Fig. 4d, the blue and red planes represent the QoS metrics
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obtained with WL = 8 and WL = 32, respectively, while the
cyan planes stand for the target values.

Fig. 4a depicts the variations of the individual WiFi through-
put, which is constrained by (P2.C2). Hence, the RHS of
(P2.C2), R0

N0+N , is the cyan plane. To satisfy (P2.C2), the
individual WiFi throughput of the red or blue plane should be
higher or equal to that of the cyan plane. From the figure, for
WL = 8, there does not exist positive t to satisfy the constraint
if N2 < 3, that is, Problem 1 is infeasible. In contrast, for
WL = 32, positive t always exists for any N2.

Fig. 4b describes the changes of the WiFi delay, which
should not be larger than TMax Delay according to (P2.C3).
Thus, TMax Delay is the benchmark cyan plane. Accordingly,
the WiFi delay of the red or blue plane should be lower or
equal to that of the cyan plane. From the cross points of the
planes, there always exist positive t for both WL = 8 and
WL = 32. However, the maximum t achieved with WL = 8
is much smaller than that with WL = 32 for any N2.

Different from (P2.C2) and (P2.C3), the RHS of (P2.C4),
i.e., TMax Delay, is determined manually. Fig. 4c and Fig. 4d
portray the changes of the LAA-LTE delay for WL = 8 and
32, respectively, where we let TMax Delay = 0.5 in Fig. 4c and
TMax Delay = 2 in Fig. 4d for better comparison. According
to (P2.C4), the LAA-LTE delay of the red or blue plane should
be lower or equal to that of the cyan plane. It shows that there
is an intrinsic minimum delay at N2 = N and t = 0 for a
given WL, which should match the designed TMax Delay to
avoid negative t.

The aforementioned observation reveals a fundamental
tradeoff among the three QoS metrics. A smaller WL leads
to a more aggressive contention strategy of the LAA-LTE
BS, which degrades the throughput and delay performance
of the WiFi system but improves the delay performance of
the LAA-LTE system. WL should be chosen appropriately to
balance the QoS metrics and satisfy the constraints so that
the feasibility of Problem 1 can be achieved. Although an
appropriate WL cannot be analytically derived due to the
coupling variables in the complex nonlinear system, it can
be determined empirically based on experiments.

C. Performance of the Proposed Algorithms

In this part, the performance of the proposed algorithms
is evaluated with user channels. Besides path loss, Rayleigh
fading with 8 multipaths is also considered in the channels
from the LAA-LTE BS to the QUs. We set N , TMax Delay ,
and WL to be 10, 4ms, and 55, respectively. The QUs are
uniformly located between 1m and 55m from the LAA-LTE
BS.

Fig. 5 compares the evolution of the deep-cut ellipsoid
method in Algorithm 1 with that of the basic ellipsoid method
and the subgradient method, for N0 = 10, N2 = 5, and
{R̄k} = 5Mbps. As Fig. 5 shows, the subgradient method has
slower convergence even if its initial values and step sizes are
fine-tuned. On the contrary, both the ellipsoid method and its
deep-cut version converge more quickly without tuning any
parameter. In contrast to its design objective, the deep-cut
ellipsoid method still fluctuates here due to the nonconvexity
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Fig. 5. Evolution curves of the three algorithms.

of Problem 3. However, it indeed reduces the duality gap and
the fluctuation of the basic ellipsoid method.
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Fig. 6. The performance of Algorithm 2. QUs have same rate requirements.

Next, we evaluate the performance of the proposed QoS-
aware joint user association and resource allocation algorithm,
i.e., Algorithm 2. Fig. 6a and Fig. 7a depict the average
number of QUs admitted to the LAA-LTE network obtained by
Algorithm 2 and that by exhaustive search, respectively, for
different maximum LAA-LTE transmission power, Q̄, and N0.
Fig. 6b and Fig. 7b illustrate the average overall throughput
of the unlicensed band corresponding to Fig. 6a and Fig.
7a, respectively. It is noticed that the solutions obtained by
exhaustive search may have multiple user association strategies
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Fig. 7. The performance of Algorithm 2. QUs have different rate require-
ments.

and lead to multiple throughputs. Hence, we choose the largest
one as the throughput of the optimal solution. Both Fig. 6 and
Fig. 7 are obtained by averaging the results of 100 repeated
experiments with fixed locations and random small fading,
yet considering different scenarios. Fig. 6 considers the QUs
of homogeneous QoS preferences, where all QUs have the
rate requirement of 5Mbps. In contrast, Fig. 7 considers the
heterogeneous scenario, where half of the QUs have the rate
requirement of 3Mbps and the other 7Mbps. Particularly, the
rate requirements are selected randomly in each experiment.
As Fig. 6a and Fig. 7a show, Algorithm 2 admits a similar
number of QUs to the LAA-LTE network as the optimal
solution for both scenarios. However, this conclusion does
not hold for the average overall throughput of the unlicensed
band according to Fig. 6b and Fig. 7b. This phenomenon
is reasonable, because the basic idea of the SUR algorithm
included in Algorithm 2 is to remove the QU of the highest
individual power successively, regardless of rate requirements.
Intuitively, such operation gives up the most power-consuming
QUs and leaves the power to admit more QUs, which is
exactly the design target of the coexistence system, i.e., the
objective function of Problem 1. As explained in Section
V-B, the optimality of the SUR algorithm is not guaranteed,
because subcarriers are released after a QU is removed from
the LAA-LTE network, which may change the order of the
individual power of QUs. As such, the QU of the highest

individual power may not be the highest one if another QU
is removed, which means the optimal solution may keep that
QU. However, it happens rarely in practice, making Algorithm
2 approach the number of QUs admitted to the LAA-LTE
network achieved by exhaustive search. Although the proposed
scheme only focuses on the user number, Fig. 6b and Fig.
7b demonstrate that the coexistence system can achieve much
higher spectrum efficiency than the pure WiFi system.

Then, we take Fig. 6 for instance and discuss about the
effects of N0. As Fig. 6a shows, when N0 grows, a larger Q̄
is needed to admit the same number of the QUs to the LAA-
LTE network, because a larger N0 tightens the protection to the
WiFi system according to (P2.C2) and (P2.C3). Nevertheless,
it is interestingly shown in Fig. 6b that a large N0 can result
in higher overall throughput of the unlicensed band when Q̄
is large enough. We first focus on a fixed N0 in Fig. 6b. It can
be seen that Q̄ can increase the throughput when it is small,
because more QUs are admitted to the LAA-LTE network with
their desired rates. Then, when Q̄ gets even larger, it gradually
becomes saturated when all the QUs have been associated
with the LAA-LTE network, where the throughputs of both
networks become constants. The final throughputs of the LAA-
LTE network are the same for different N0, which is exactly
the summation of the rate requirements of all QUs, but those
of the WiFi network differ for different N0, because more
throughput is preserved for the WiFi system with a larger N0,
according to (P2.C2). Thus, the throughput achieved with a
larger N0 can finally surpass that with a small one, as Fig. 6b
shows.

VII. CONCLUSIONS

In this paper, we have investigated the QoS-aware coexis-
tence between the LAA-LTE system and the WiFi system. To
enable the QoS-awareness, we have quantified the QoS met-
rics, i.e., throughput and delay, of the two coexisting systems.
Then, the problem of designing the QoS-aware coexistence
scheme has been formulated, which aims to support as many
QoS-preferred users as possible in the LAA-LTE network,
while maintaining fair QoS guarantees for the WiFi system.
This is achieved by jointly optimizing the LAA-LTE trans-
mission time, subcarrier assignment, power allocation, and
user association. We have developed two efficient algorithms
by decomposing the nonlinear and nonconvex problem into
two subproblems. Through simulations, the effectiveness of
the proposed algorithms have been demonstrated, and the
fundamental tradeoff of the QoS metrics has been revealed.
While this paper considers equal channel bit rates for all WiFi
users, it is pointed out that the proposed methodology for
coexistence optimization can also be applied to the scenario
in which the WiFi users have different channel bit rates, and
this will be one of the future research directions.

APPENDIX A: PROOF OF THEOREM 1

A. Proof of DPure
2

We first let the retransmission limit go to infinity, i.e.,
J → ∞. Note that the CW stays at 2mW0− 1 when the
retransmission time is larger than m because of the maximum
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backoff stage m. Besides, we have p3 ∈ (0, 1) according to
(9). Hence, we can rewrite DPure,J

2 in (22) as

DPure
2 = lim

J→∞
DPure,J

2

=
1

2

 m∑
j=0

pj32jW0 +
∞∑

j=m+1

pj32mW0 −
∞∑
j=0

pj3

TPure
M

(a)
=

1

2

 m∑
j=0

pj32jW0 +
pm+1
3

1− p3
2mW0 −

1

1− p3

TPure
M ,

(57)

where (a) is due to
∞∑

j=m+1

pj3 =
pm+1
3

1−p3
and

∞∑
j=0

pj3 = 1
1−p3

according to the property of the geometric progression. There-
fore, (25) is proved.

B. Proof of DPure
3

With J → ∞, we can extract the expression in (23) and
reformulate DPure,J

3 as

DPure
3 = lim

J→∞

(1− p3)

1− pJ+1
3

J∑
j=0

pj3Ts,W + jpj3Tc

= (1− p3)

Ts,W ∞∑
j=0

pj3 + Tc

∞∑
j=0

jpj3

 . (58)

To derive (26) from (58), we introduce the following Lemma
2.

Lemma 2: For x ∈ (0, 1),
∞∑
j=0

jxj = x
(1−x)2 .

With p3 ∈ (0, 1), the property of geometric progression,
and Lemma 2, we can rewrite (58) as

DPure
3 = (1− p3)

Ts,W ∞∑
j=0

pj3 + Tc

∞∑
j=0

jpj3


= (1− p3)

[
Ts,W

1

1− p3
+ Tc

p3

(1− p3)
2

]
=Ts,W +

p3
1− p3

Tc. (59)

Therefore, (26) is proved.
From the above, Theorem 1 is thus proved.

APPENDIX B: PROOF OF THEOREM 3

In this section, we prove the theorem on the WiFi packet
delay in the LAA-LTE/WiFi coexistence system. The proof
follows the same line of thought in [32], and infinite retrans-
mission limit is also assumed for the asymptote. We first
derive the average delay, TW

Wait, for the WAIT packets. TW
Wait

consists of three parts: an idle slot, θ, as the start of the
backoff process, the expected WiFi countdown time, DW

2 , and
the expected WiFi packet transmission time, DW

3 . Due to the
freezing mechanism, each countdown slot contains the channel
idle time, the successful transmission time, and the collision
time of other WiFi stations and the LAA-LTE BS. DW

2 can
be modeled as DW

2 =MW
CDT

W
M , where MW

CD is the expected

countdown slots and TW
M is the expected time for a countdown

slot. One of the WiFi stations is taken as the reference and it is
supposed to be in the countdown procedure. Let pWI , pWW and
pWL be the probabilities of the idle channel (no packet on the
channel), successful transmission of other WiFi stations (only
one WiFi station transmits) and successful transmission of the
LAA-LTE BS (only the LAA-LTE BS transmits), respectively.
We have

pWI = (1− τW )
N0+N1 (1− τL) , (60)

pWW = (N0 +N1)τW (1− τW )
N0+N1−1 (1− τL, ) (61)

pWL = τL(1− τW )
N0+N1 , (62)

The probability, pWC , of collision can be denoted by pWC =
1 − (pWI + pWW + pWL ). Hence, by multiplying pWI , pWW , pWL
and pWC with their corresponding time durations, we can
obtain TW

M in (31). With the retransmission probability, p1,
the CW will be doubled for each retransmission until m is
reached. Since the counter is uniformly chosen within the
CW, the expected countdown slots MW

CD can be written as
MW

CD = 1
2 [
∑m

j=0 p
j
1(2jW0 − 1) +

∑∞
j=m+1 p

j
1(2mW0 − 1)].

Hence, similar to Appendix A, DW
2 can be simplified as

DW
2 =

1

2

 m∑
j=0

pj12jW0 +
pm+1
1

1− p1
2mW0 −

1

1− p1

TW
M .

(63)
DW

3 consists of the successful transmission time and the colli-
sion time. For instance, if a packet is successfully transmitted
on the j-th retransmission, the actual transmission time is
Ts,W + jTc. Hence, DW

3 =
∑∞

j=0 (1−p1) pj1 (Ts,W +jTc).
With Lemma 2, DW

3 can be written as

DW
3 = Ts,W +

p1
1− p1

Tc. (64)

Thus, TW
Wait can be denoted by TW

Wait = θ +DW
2 +DW

3 .
Then, for N-WAIT packets, they occur when they are

following a previous successful transmission and their new
counter is 0, of which the probability is κW = 1/W0. There-
fore, for each WAIT packet that is transmitted successfully,
ϕW =

∑∞
j=0 κW = 1/ (W0 − 1) N-WAIT packets can be

consecutively transmitted in average. From the above, (29)
can be obtained.

APPENDIX C: PROOF OF THEOREM 4

The delay of the LAA-LTE system can be derived following
the proof of Theorem 3, where infinite retransmission limit
is also assumed. Similar to the N-WAIT packet of the WiFi
system, the transmission without waiting of the LAA-LTE BS
is called N-WAIT transmission. WAIT transmission is defined
contrarily. The average delay, TL

Wait, for the WAIT transmis-
sions also contains an idle slot, θ, the expected LAA-LTE
countdown time, DL

2 , and the expected LAA-LTE transmission
time, DL

3 . Term DL
2 can be decomposed as DL

2 = ML
CDT

L
M ,

where ML
CD and TL

M stand for the expected countdown slots
and the expected time for a countdown slot, respectively.
Suppose that the LAA-LTE BS is in the countdown procedure.
The probability, pLI , of idle channel (no packet on the channel),
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∂fL(N1, t)

∂t
=

τLτ̄
n+1
W {τ̄nW [τ̄W τ̄Lθ+ (n + 1) τW τ̄LTs,W +τ̄W τLV ] + (1− τ̄nW − nτ̄nW τW τ̄L + τ̄nW τW τL)Tc}

{τ̄nW [τ̄W τ̄Lθ+ (n + 1) τW τ̄LTs,W + τLτ̄W (V + t)] + (1− τ̄nW − nτ̄nW τW τ̄L + τ̄nW τW τL)Tc}2
. (67)

the probability, pLW , of the successful transmission of WiFi
stations (only one WiFi station transmits) can be expressed by

pLI =(1− τW )
N0+N1+1

, (65)

pLW = (N0 +N1 + 1) τW (1− τW )
N0+N1 , (66)

respectively. The probability, pLC , of a collision can be denoted
by pLC = 1 − (pLI + pLW ). Term TL

M is thus obtained from
the multiplication of pLI , p

L
W , pLC by their corresponding time

durations. Because of the zero stage of LAA-LTE, the expected
countdown slots can be simply written as ML

CD = 1
2 (W2 − 1).

Hence, (34) is obtained, and TL
Wait is denoted by TL

Wait =
θ +DL

2 +DL
3 .

After a successful WAIT transmission, ϕL =
∑∞

j=0 κL =
1/ (WL − 1) N-WAIT transmissions can be consecutively
completed in average. Therefore, (32) can be derived.

APPENDIX D: PROOF OF THEOREM 5

For notational simplicity, we make some definitions: n =
N0 +N1, τ̄W = 1− τW , τ̄L = 1− τL, and V = Ts,L(t)− t.
With a given N1, the derivative of fL(N1, t), i.e., ∂fL(N1,t)

∂t ,
is shown on the top of this page as (67).

Surprisingly, t does not affect the sign symbol of (67),
because t only appears in the denominator and is squared.
The parts in the numerator are all positive except (1− τ̄nW −
nτ̄nW τW τ̄L + τ̄nW τW τL), which can be rewritten as 1− τ̄n+1

W −
(n+ 1) τ̄nW τW τ̄L. Intuitively, τ̄n+1

W is the probability that no
WiFi stations attempt to transmit, while (n+ 1) τ̄nW τW τ̄L is
the probability that a WiFi station attempts to transmit and
succeeds. Since the summation of the two probabilities is
less than 1, we have ∂fL(N1,t)

∂t > 0,∀t. Thus, fL(N1, t) is
monotonically increasing with t.
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