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Abstract—The rapid growth of mobile data traffic has become
a great challenge to the licensed spectrum in scarcity. Driven by
this, deploying networks in unlicensed bands has been drawing
significant attention. This work is devoted to study the impact of
the number of links on optimal coexistence performance between
Licensed-Assisted Access (LAA) and WiFi in unlicensed bands.
In particular, we consider three coexistence cases, including 1)
single LAA link coexisting with single WiFi link; 2) single LAA
link coexisting with multiple WiFi links; 3) multiple LAA links
coexisting with multiple WiFi links. The throughput performance
in all the three cases is characterized as explicit expressions, based
on which the maximum total throughput under the throughput
fairness and the corresponding optimal initial backoff window
sizes are derived. A systematic comparison among the optimal
performance of the three cases is conducted, and it is found that
while the maximum total throughput is insensitive to the change
of the number of multiple links, the drastic change from single
link to multiple links in one network would lead to fierce internal
competition in that network, and thus deteriorates both the optimal
throughputs of the coexisting network and WiFi. This work sheds
important light on the realization of fair and efficient spectrum
sharing.

Index Terms—Spectrum-sharing, throughput optimization,
coexistence fairness, listen-before-talk.

I. INTRODUCTION

THE mobile communications have undergone an evolution
of unprecedented speed in the last decade, making the
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shortage of licensed spectrum resource an imperative issue.
Both academia and industry have turned their attention towards
efficient usage of unlicensed spectrum. Deploying networks
simultaneously in licensed and unlicensed bands is then deemed
as an effective approach to deal with the exponentially increasing
mobile data traffic [1], [2].

The network operation in unlicensed bands inevitably affects
the performance of incumbent technology in the same band,
i.e., the WiFi. Hence, how to guarantee a fair and efficient
coexistence becomes a critical problem [3]. In fact, numerous
studies have observed that the deployment in unlicensed channel
might lead to negative influence [4], [5], [6], [7], [8]. Specifi-
cally, simulations in [8] indicated that WiFi would be severely
impacted by LTE transmissions as its throughput would reduce
by 70% or even 100%.

In this regard, the 3 rd Generation Partnership Project (3GPP)
has standardized Licensed-Assisted Access (LAA) to address
the challenge by forcing LTE to adopt a similar access mech-
anism as that of WiFi [9]. According to the definition, LAA
is expected to adopt listen-before-talk (LBT) mechanism, and
thus a coexisting network with LAA is required to sense the
availability of channel before transmitting [10], [11]. In addition
to LAA-WiFi coexistence in 5 GHz unlicensed bands, Federal
Communications Commission (FCC) has opened up 1.2 GHz
in 6 GHz bands for unlicensed access [12], [13]. Furthermore,
3GPP included the specification for 5G New Radio Unlicensed
(NR-U) to operate in 6 GHz in its Release 16 [14]. As a successor
to LAA, 5G NR-U shares a similar MAC scheme with LAA [15].
The spectrum sharing between 5G NR-U and WiFi, likewise,
is also confronted with the requirement of fairness and effi-
ciency [16], [17], [18], [19], [20]. In this paper, we concentrate
on LAA in unlicensed bands. While providing a deeper under-
standing of the fair and efficient coexistence between LAA and
WiFi, our work could also contribute to developing coexistence
scheme for the upcoming 5G NR-U in unlicensed spectrum.

A. Impact of Network Parameters

Plenty of work has analyzed the influence brought by sys-
tem parameters. For example, both the initial backoff window
size and the successful transmission time of unlicensed access
network, W (BS) and τ

(BS)
T , have been shown to have crucial

impacts on the performance of coexistence system [21], [22],
[23], [24]. In particular, the channel access fairness was achieved
in [21] by optimizing the contention window size of LTE.
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According to [22], a larger successful transmission time of
LTE τ

(BS)
T would lead to better LTE throughput, and the LTE

throughput decreases as the initial backoff window size of LTE
W (BS) increases [22], [23]. When the network parameters are
properly adjusted to achieve a proportional fair channel time
allocation, as [24] showed, a larger τ (BS)

T could improve WiFi
throughput performance.

Besides W (BS) and τ
(BS)
T , intuitively, the number of links

would greatly affect the performance of the coexistence system.
In fact, 3GPP’s study on LAA has presented three coexistence
scenarios, including downlink-only (DL-only) LAA coexisting
with DL-only WiFi, DL-only LAA coexisting with DL+uplink
(UL) WiFi, and DL+UL LAA coexisting with DL+UL WiFi [9].
In this paper, both the downlink and uplink are referred to
as “links”.1 Corresponding to 3GPP’s study, the coexistence
scenarios studied in this paper include 1) Case 1: single LAA
link versus single WiFi link; 2) Case 2: single LAA link versus
multiple WiFi links; 3) Case 3: multiple LAA links versus
multiple WiFi links.

The evolution of 3GPP releases continuously enriched the
definitions of coexistence scenarios, which naturally drives to
study whether they would provide different levels of perfor-
mance. In 3GPP Release 13, only DL transmissions of LAA
are allowed to have unlicensed access. Later in Release 14, UL
transmissions are also included. As for 5G NR-U, both DL and
UL transmissions are employed in the unlicensed channel. This
motivates to see whether the increment of the number of links
could bring performance improvement.

There have been numerous discussions on the influence of
the variation of links. In particular, numerical results in [22]
considered only one LTE eNB with DL transmissions, where it
was found that the increment of WiFi stations reduces the LTE
throughput, while the WiFi throughput initially increases as the
number of WiFi stations increases, and then decreases after it
reaches a certain value. In [26], it was revealed that when 3GPP
fairness is guaranteed in Case 2, the successful airtime of LTE
and WiFi would both decrease as the number of WiFi stations
increases. Analytical results for Case 3 were developed in [27]. It
was shown that with the total number of LTE eNBs and WLAN
APs in DL fixed at 20, a larger number of LTE eNBs leads to
higher LTE throughput and worse total throughput. Moreover,
it was indicated that in Case 3, more WiFi APs might result in
lower WiFi throughput [28] and lower total throughput [29].

The comparison of different coexistence scenarios was further
presented in a few studies. In particular, the comparison of
Case 1 and Case 3 in [30] indicated that Case 1 provides better
LTE throughput and WiFi throughput. Case 1 and Case 2 were
compared in [22], where it was found that Case 1 has higher
LTE throughput than that of Case 2. Similarly, the discussion
of Case 1 and Case 2 in [31] suggested that by adopting proper

1Such consideration would not affect the analysis of LAA-WiFi coexistence
in this work. The reason lies in the transmission protocol and collision model we
consider. According to IEEE 802.11 DCF protocol [25] and LAA mechanism
indicated in 3GPP Rel. 13 [9], no matter downlink or uplink, they follow the
same rule to compete for the chance to access the channel. In addition, with the
classical collision model adopted in this paper, what affects network performance
is the number of links, instead of the types that links belong to.

parameters, the collisions among WiFi stations could be better
balanced in Case 2.

All the aforementioned studies, nevertheless, evaluated per-
formance given system parameters. As such, comparison of
scenarios might lead to inconsistent observations due to different
parameter configurations. In particular, some studies found that
the increment of the number of links in one network may
improve its own performance [22], [27], and yet others held
an opposite view [26], [28]. In fact, if the comparison is not
conducted in terms of performance limit, the impact brought by
the variation of the number of links would largely depend on
system parameters such as the initial backoff window size. This
motivates us to make a more sound comparison of all the three
cases based on network optimal performance.

The characterization of the network optimal performance, un-
fortunately, was in lack in previous studies. To be specific, a great
deal of studies evaluated LAA-WiFi coexistence performance
solely from simulations [32], [33], [34], [35]. On the other hand,
although some studies proposed analytical models [22], [27],
[28], [30], [36], [37], [38], the performance characterization
needs to solve a set of nonlinear equations. The implicit nature
of the solution hinders further optimization. In our previous
work [39], an analytical model has been proposed for Case 2,
based on which the optimal network throughput performance
was characterized. For the other two cases, nevertheless, the
optimal network performance remains largely unknown. Such
deficiency becomes an impediment to determining whether the
inclusion of uplink transmissions is beneficial. Therefore, there
is a need to characterize optimal performance of the other two
cases, based on which a consistent and sound performance
comparison can be made.

B. Our Contributions

In this work, we first propose an analytical model for Case 1.
By extending the model in [39], the behaviour of each head-of-
line (HOL) packet in network is characterized by a discrete-time
Markov renewal process, with which the performance of the
coexisting network and WiFi is further analyzed. Particularly,
the steady-state probabilities of successful transmissions of HOL
packets of the coexisting network and WiFi are obtained, both
of which are shown to be dependent on access parameters of
two networks. The throughputs of the coexisting network and
WiFi are further characterized as explicit expressions of system
parameters. By conducting a comparison of all three scenarios,
we show that the trend of network throughput when the number
of links changes highly depends on the initial backoff window
size.

In order to reach a fair coexistence, we consider throughput
fairness that the throughput ratio between WiFi network
and coexisting network maintains a target value. By jointly
optimizing the initial backoff window sizes of two networks, the
maximum total throughput is characterized under the throughput
fairness. A systematic comparative study of the maximum total
throughputs in all three cases is then conducted. It is found
that: 1) In Case 2 or Case 3, as long as the scenario does not
change, the variation in the number of links would not impact
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optimal throughput performance, since the competition caused
by the increment of the number of links could be balanced
by carefully adjusting the initial backoff window sizes. 2)
Comparing three coexistence scenarios, if the number of links
in one network changes drastically from single to multiple, then
both the throughputs of the coexisting and WiFi networks would
degrade. This is because that with the constraint of throughput
fairness, a constant level of inter-competition between two
networks can be guaranteed. Nevertheless, the abrupt increment
of links from single to multiple yields intra-competition in that
network, resulting in the throughput degradation of its own as
well as the other network. 3) Although Case 1 is seldom the focus
of previous studies, our work shows that Case 1 can achieve the
best optimal throughput performance among all the three cases.

The major contributions of this paper are summarized as:
� We establish an analytical model for the coexistence sce-

nario of single LAA link and single WiFi AP, based on
which the throughput performance is characterized as ex-
plicit expressions of system parameters. The maximum
total throughputs under the throughput fairness of Case
1 and Case 3 are further obtained by optimizing over the
initial backoff window sizes of the coexisting and WiFi
networks.

� Based on the optimal total throughput under the throughput
fairness, the comparison among the three cases indicates
that the variation of the number of links in one case can
be balanced by jointly tuning initial backoff window sizes.
However, the drastic change of links from single to mul-
tiple would deteriorate both networks’ performance. As
a result, Case 1 outperforms the other two cases, which
suggests that the inclusion of UL transmissions might lead
to performance deterioration.

The rest of this paper is structured as follows: system model
and preliminary analysis of the coexistence are described in
Section II. Section III characterizes the throughput performance
of the coexistence system and the maximum total throughput of
coexisting network and WiFi under the throughput fairness. In
Section IV, a comparison among the throughput performances
of three coexistence scenarios is drawn, and is verified by
simulation results. Section V concludes the whole research.

II. SYSTEM MODEL AND PRELIMINARY ANALYSIS

Consider the scenario given in Fig. 1, where a cellular base
station (BS) coexists with a WiFi network. With the objective
of dealing with increasing mobile data traffic and shortage of
licensed channel, the BS shares a common unlicensed band
with the WiFi AP. In our previous study [39], Case 2, i.e.,
single BS coexists with multiple WiFi links, was considered.
In this paper, we adopt the same system model as that in [39],
except that here we consider Case 1, i.e., single BS coexists
with single WiFi AP. Saturated conditions are assumed, i.e., the
links in coexistence system continuously have packets to send.
The classic collision model is adopted such that one packet
transmission can only be successful when there are no simul-
taneous transmissions. Both the coexisting and WiFi networks
adopt the request-to-send/clear-to-send (RTS/CTS) mechanism
to mitigate the hidden terminal problem.

Fig. 1. Scenario of the coexistence with a WiFi network.

For the WiFi network, the WiFi AP makes transmissions
conforming to IEEE 802.11 DCF protocol [25]. Let W (W )

denote the initial backoff window size of WiFi. When WiFi AP
has a fresh HOL packet, it chooses a value from {0, . . . ,W (W )}
at random, and this value diminishes by one at each idle time
slot. If the counter reaches zero and the channel is idle, then
the WiFi AP will make a transmission request. After the ith
transmission failure, the window size becomes W (W )

i . Without
loss of generality, in this paper it is assumed that

W
(W )
i = W (W ) · ω(i), (1)

and that the WiFi network adopts binary exponential backoff.
In particular, ω(i) = min{2i, 2K(W )}, i = 0, 1, . . ., in which
K(W ) represents the cutoff phase.

For the coexisting network, when it employs the Category 3
LBT mechanism, the BS picks a value from {0, . . . ,W (BS)}
at random if it has a packet ready to transmit, where W (BS)

represents the contention window size. Contrary to a fixed
window size in Category 3, for BS adopting Category 4 LBT
mechanism, as the definition in 3GPP Rel. 13 indicates [9], its
contention window is of variable size. The contention window
size of the coexisting network will become W

(BS)
i after the ith

transmission failure. Assume that

W
(BS)
i = W (BS) · ζ(i), (2)

in which ζ(i) = min{2i, 2K(BS)}, i = 0, 1, . . . for coexisting
network with the Category 4 LBT mechanism, and K(BS)

represents the cutoff phase. The Category 3 LBT mechanism
can then be regarded as a special circumstance of Category 4
with K(BS) = 0.

A. State Characterization of HOL Packets

In this section, we will extend the analytical framework put
forward in [39] to Case 1, i.e., one BS versus one WiFi link.
Note that the characterization of Case 1 cannot be obtained
by substituting the number of WiFi links equaling one into the
corresponding expressions in [39], where a large number of WiFi
links was assumed. In particular, a discrete-time Markov renewal
process is established to model the behavior of each HOL packet,
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Fig. 2. Embedded Markov chain {X(i)
j } of the state transition process of a

single HOL packet, in which i ∈ {BS,W} denote the coexisting network and
WiFi, respectively.

as shown in Fig. 2, where the states of HOL packet can be
categorized into: waiting to request (State Rt, t = 0, . . . ,K(i)),
collision (State Ft, t = 0, . . . ,K(i)), and successful transmis-
sion (State T).

By following a similar derivation as that in [39], the limiting
state probabilities of the Markov renewal process (X(i),V (i))
are given by

π̃
(i)
j =

π
(i)
j · τ (i)j∑

l∈S(i) π
(i)
l · τ (i)l

, (3)

i ∈ {BS,W}, where {π(i)
j }j∈S(i) denotes the steady-state prob-

ability distribution of the embedded Markov chain, S(i) is the
state space of X(i) and τ

(i)
j represents the mean holding time in

each state, j ∈ S(i). The probabilities of being in State T of the
HOL packet, π̃(i)

T , i ∈ {BS,W}, can then be given by

π̃
(i)
T =

1

1 +
τ
(i)
F

τ
(i)
T

· 1−p(i)

p(i) + 1
ατ

(i)
T

∑∞
j=0 (1−p(i))j · 1+W

(i)
j

2

, (4)

where p(i), i ∈ {BS,W} denote the steady-state probabilities of
successful transmissions of HOL packets given that the channel
is idle, and the steady-state probability of sensing the channel
idle, α, is given by

α = 1/(1 + τF + (τ
(BS)
T − τF )p

(BS) + (τ
(W )
T − τF )p

(W )

+ (τF − τ
(BS)
T − τ

(W )
T )p(BS)p(W )), (5)

which is obtained by following a similar derivation as that
in [41], and is different from α in Case 2 [39] since the competi-
tion level in coexistence system changes as the number of links
changes.

B. Probability of Successful Transmission

In this work, network throughput is rendered as the metric
for efficiency, which is defined as average number of HOL
packets that are successfully transmitted per unit time. In order to
characterize network throughput, the steady-state probabilities
of successful transmissions of HOL packets given that the chan-
nel idle of the coexisting network and WiFi, p(BS) and p(W ),
should first be determined. In the following, we will illustrate
the derivation of p(BS) and p(W ).

Consider the BS in coexisting network. If the WiFi AP does
not compete to access the channel, BS transmission will be
successful. As a result, the probability of successful transmission

of HOL packet given that the channel is idle in the coexisting
network, p(BS), is given by

p(BS) = Pr {the WiFi AP does not attempt to

access the channel|channel is idle} . (6)

As the Markov chain in Fig. 2 illustrates, the steady-state proba-
bility that WiFi AP attempts to access the channel given that the

channel is idle can be given by
∑K(W )

i=0 π̃
(W )
Ri

r
(W )
i . According

to [41], given that the channel is idle, r(W )
i = 2

1+W
(W )
i

denotes

the conditional probability of the transmission request of a
State-Ri HOL packet in the WiFi network given that the channel
is idle. It can therefore be obtained that

p(BS) = 1 −
K(W )∑
i=0

π̃
(W )
Ri

r
(W )
i = 1 − 1

αp(W )
· π̃

(W )
T

τ
(W )
T

, (7)

according to (3). By substituting (4) into (7), it can be obtained
that

p(BS) = 1 − 2

1 +
∑∞

i=0 p
(W )(1 − p(W ))iW

(W )
i

. (8)

For the WiFi AP, likewise, its transmission is successful when
the BS does not try to access the channel. As a result, the
probability of successful transmission of HOL packet given that
the channel is idle in the WiFi network, p(W ), is given by

p(W ) = Pr {the BS does not attempt to

access the channel|channel is idle} . (9)

Similarly, we have

p(W ) = 1 −
K(BS)∑
i=0

π̃
(BS)
Ri

r
(BS)
i = 1 − 1

αp(BS)
· π̃

(BS)
T

τ
(BS)
T

. (10)

Substituting (4) into (10) results in

p(W ) = 1 − 2

1 +
∑∞

i=0 p
(BS)(1 − p(BS))iW

(BS)
i

. (11)

We can observe that p(BS) and p(W ) obtained above for Case
1 are different from that in Case 2 [39] since the degree of
competition has changed, and they cannot be derived from [39]
by simply letting the number of WiFi links equal to 1. A separate
analysis is then needed here for the characterization of the
coexistence performance in Case 1.

By jointly solving (8) and (11), we can obtain the steady-
state points of the coexisting network and WiFi, which are
shown to be related to the sequences of backoff window sizes
{W (BS)

i }i=0,1,... and {W (W )
i }i=0,1,.... For instance, if a fixed

backoff window size is adopted in coexisting network and
an exponential backoff is employed in WiFi, i.e, ω(i) = q−i,
q ∈ (0, 1), i = 0, 1, . . ., then it can be derived that

p(BS) = W0

(
W (BS) + 1
W (BS) − 1

· 2(1 − q)

W (W )q
· exp

(
2

W (W )q

))

− 2
W (W )q

+ 1, (12)
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and

p(W ) =
W (BS) − 1
W (BS) + 1

. (13)

III. THROUGHPUT CHARACTERIZATION AND OPTIMIZATION

We have introduced three coexistence scenarios above, in-
cluding 1) Case 1: single BS versus single WiFi link; 2) Case
2: single BS versus multiple WiFi links; 3) Case 3: multiple
BSs versus multiple WiFi links. In this section, the through-
puts of the coexistence system under all three cases will be
characterized. Furthermore, the maximum total throughput of
coexisting network and WiFi under throughput fairness as well
as the corresponding initial backoff window sizes in optimal
situation will also be determined.

A. Throughput Characterization

Let us first consider Case 1 that one BS coexists with one
WiFi link. In saturated condition, each link’s throughput equals
the service rate of its queue, π̃(i)

T . Based on this, the throughput
of the WiFi network is equivalent to the throughput of WiFi AP
in downlink as only the downlink transmissions from AP are
considered in Case 1, and the WiFi throughput can therefore be
written as λ̂

1,(W )
out = π̃

(W )
T . According to (5) and (7), we then

have

λ̂
1,(W )
out = τ

(W )
T p(W )(1−p(BS))

/(
1+τF+(τ

(BS)
T −τF )p

(BS)

+(τ
(W )
T −τF )p

(W )+(τF−τ
(BS)
T −τ

(W )
T )p(BS)p(W )

)
.

(14)

For the coexisting network, likewise, only the downlink trans-
missions of the BS via unlicensed channel are considered, so
the throughput of the coexisting network is given by λ̂

1,(BS)
out =

π̃
(BS)
T . We then have

λ̂
1,(BS)
out = τ

(BS)
T p(BS)(1−p(W ))

/(
1+τF+(τ

(BS)
T −τF )p

(BS)

+(τ
(W )
T −τF )p

(W )+(τF−τ
(BS)
T −τ

(W )
T )p(BS)p(W )

)
,

(15)

according to (5) and (10).
For Case 2 that one BS coexists with multiple WiFi links,

the throughput of the WiFi network under this circumstance has
been obtained in [39] as

λ̂
2,(W )
out = − τ

(W )
T p(W ) ln p(BS)

/(
1+τF+(τ

(BS)
T −τF )p

(BS)

−τ
(BS)
T p(W )−(τ

(W )
T −τF )p

(W ) ln p(BS)
)
, (16)

and the throughput of the coexisting network is identical to the
downlink throughput of BS, which can be written as

λ̂
2,(BS)
out = τ

(BS)
T (p(BS)−p(W ))

/(
1+τF+(τ

(BS)
T −τF )p

(BS)

−τ
(BS)
T p(W )−(τ

(W )
T −τF )p

(W ) ln p(BS)
)
. (17)

In Case 3, both the downlink and uplink transmissions of the
coexisting and WiFi networks are considered. Therefore, in WiFi

network, the WiFi AP as well as the other links have competition
for unlicensed band in order to support their downlink or uplink
transmissions. We take n(W ) to represent the total number of
links in the WiFi network. In the coexisting network, on the
other hand, multiple BSs also compete to transmit, and we
denote the total number of links as n(BS). According to [42],
we have the following expressions that indicate throughputs of
the coexisting network and WiFi under such circumstance. The
network throughput λ̂

3,(g)
out of the coexisting network g = BS,

and of the WiFi network g = W , are given by

λ̂
3,(g)
out =

2αAn
(g)pAτ

(g)
T∑∞

i=0 pA(1 − pA)i ·W (g)
i + (1 − pA)K

(g) ·W (g)

K(g)

,

(18)

g ∈ {BS,W}, where pA denotes the steady-state point, i.e., the
probability of successful transmissions of HOL packets given
that the channel is idle of BSs and WiFi links, which is given by

p = exp

⎧⎨
⎩− 1

αAp

∑
g=BS,W

λ̂
3,(g)
out

τ
(g)
T

⎫⎬
⎭

= exp

⎧⎨
⎩−

∑
g=BS,W

2n(g)

∑∞
i=0 p(1−p)i·W (g)

i +(1−p)K
(g) ·W (g)

K(g)

⎫⎬
⎭,

(19)

and the probability that the channel is idle, αA, can be written
as

αA =
1

1 + τF − τF pA −
(∑

g=BS,W τ
(g)
T X(g)

∑
g=BS,W X(g) − τF

)
pA ln pA

,

(20)

where X(g) = n(g)pA
∑∞

i=0 pA(1−pA)i·W (g)
i +(1−pA)K

(g) ·W (g)

K(g)

.

It is indicated in (14), (15), (16), (17) and (18) that both
the throughputs of the coexisting and WiFi networks, λ̂

(BS)
out

and λ̂
(W )
out , are strongly related to the conditional probabilities

of successful transmissions of HOL packets when the channel
is idle, p(BS) and p(W ). Thus the throughputs further rely on
the sequences of backoff window sizes {W (BS)

i }i=0,1,... and

{W (W )
i }i=0,1,.... In other words, the initial backoff window sizes

play a crucial role when considering the coexistence perfor-
mance. In the following, by jointly adjusting the initial backoff
window sizes, we will optimize the coexistence system in un-
licensed spectrum to reach high efficiency while guaranteeing
fairness.

B. Fairness-Constrained Throughput Optimization

To maintain a fair and efficient coexistence is one of the most
crucial issues relating to the spectrum sharing in unlicensed
bands. A variety of notions for fairness have been put forward to
satisfy the requirements in diverse systems. Here, we adopt the
throughput fairness proposal in our previous work [39], [40].
Specifically, we use γ to represent the target throughput ratio
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between the WiFi and the coexisting network, i.e., λ̂
(W )
out

λ̂
(BS)
out

= γ,

where the value of γ is selected according to practical service
needs. Let λ̂γ

max denote the maximum total throughput of the
coexisting network and WiFi under fairness constraint. To guar-
antee a fair and efficient coexistence, we have the following
optimization problem

λ̂γ
max = max

{W (BS),W (W )}
(λ̂

(W )
out + λ̂

(BS)
out )

s.t.
λ̂
(W )
out

λ̂
(BS)
out

= γ. (21)

For Case 1, the optimal total throughput with fairness constraint
is presented in the following theorem. Moreover, the correspond-
ing initial backoff window sizes of the BS and the WiFi AP are
presented as well.

Theorem 1: In Case 1, the maximum total throughput of the
coexisting network and WiFi under the throughput fairness can
be written as

λ̂1,γ
max=

1+γ

γ
· τ

(W )
T

τ
(W )
T +τF τ

(W )
T (1−pγ,(BS))

γτ
(BS)
T pγ,(BS)

+ 1
1−pγ,(BS)+

1+γ
γ · τ (W )

T

,

(22)

where pγ,(BS) is the single root of

−
[
τ
(W )
T τF p

(BS) + τ
(W )
T + τ

(W )
T τF (1 − p(BS))

]
· (1 − p(BS))2 + γτ

(BS)
T (p(BS))2 = 0, (23)

and pγ,(W ) is given by

pγ,(W ) =
γτ

(BS)
T pγ,(BS)

τ
(W )
T (1 − pγ,(BS)) + γτ

(BS)
T pγ,(BS)

. (24)

λ̂1,γ
max can be reached when the initial backoff window sizes

of BS and WiFi AP are tuned to be

W (BS) = W γ,(BS) =

2
− lnpγ,(W ) − 1∑∞

i=0 p
γ,(BS)

(
1 − pγ,(BS)

)i
ζ(i)

,

(25)

and

W (W ) = W γ,(W ) =

2
− lnpγ,(BS) − 1∑∞

i=0 p
γ,(W )

(
1−pγ,(W )

)i
ω(i)

, (26)

respectively.
Proof: See Appendix A. �
For Case 2, the optimal total throughput under the throughput

fairness has been derived in [39] as

λ̂2,γ
max =

1 + γ

γ
· τ

(W )
T

1+τF+(τ
(BS)
T −τF )pγ,(BS)−τ

(BS)
T pγ,(W )

−pγ,(W ) lnpγ,(BS) + τ
(W )
T − τF

,

(27)

where pγ,(BS) is the single root of

− γτ
(BS)
T τF p

(BS) + γτ
(BS)
T (1 + τF )(1 + ln p(BS))

− τ
(W )
T (1 + τF )(ln p

(BS))2 = 0, (28)

and pγ,(W ) is given by

pγ,(W ) =
γτ

(BS)
T pγ,(BS)

γτ
(BS)
T − τ

(W )
T ln pγ,(BS)

. (29)

λ̂2,γ
max can be reached if the initial backoff window sizes of BS

and each WiFi link are tuned to be

W (BS) = W γ,(BS) =

2γτ (BS)
T

−τ
(W )
T lnpγ,(BS)

+ 1∑∞
i=0 p

γ,(BS)
(
1 − pγ,(BS)

)i
ζ(i)

,

(30)

and

W (W ) = W γ,(W ) =

2n(W )

− lnpγ,(BS) − 1∑∞
i=0 p

γ,(W )
(
1−pγ,(W )

)i
ω(i)

, (31)

respectively.
For Case 3, the network throughput performance has been

derived as (18). Based on this result, the optimal total through-
put under the throughput fairness and the corresponding initial
backoff window sizes can be derived as the following theorem.

Theorem 2: In Case 3, the maximum total throughput of the
coexisting network and WiFi under the throughput fairness can
be written as

λ̂3,γ
max =

1 + γ

1 + γ +
γτ

(BS)
T +τ

(W )
T

τ
(BS)
T τ

(W )
T

· ( 1+τF−τF p∗
A

−p∗
A lnp∗

A
− τF )

. (32)

The total throughput is optimized when the initial backoff win-
dow size of each BS is adjusted to be

W (BS) = W γ,(BS)

=

2n(BS)

(
1 +

γτ
(BS)
T

τ
(W )
T

)
− ln p∗A · (∑∞

i=0 p
∗
A(1 − p∗A)iζ(i) + (2 − 2p∗A)K

(BS)
) ,
(33)

and the initial backoff window size of each WiFi link is tuned
to be

W (W ) = W γ,(W )

=

2n(W )

(
1 +

τ
(W )
T

γτ
(BS)
T

)
− ln p∗A · (∑∞

i=0 p
∗
A(1 − p∗A)iω(i) + (2 − 2p∗A)K

(W )
) ,
(34)

where p∗A = −(1 + 1/τF )W0(− 1
e(1+1/τF ) ).

Proof: See Appendix B.
With the optimal network performance, we compare our

results with other studies. In particular, Fig. 3 illustrates the
total throughput of the coexisting network and WiFi, where we
denote the optimal total throughput from our work as λ̂

γ
max and

the throughput evaluation as λ̂out [23], [30]. λ̂
γ
max is obtained

following the optimization method proposed in Theorem 2. In
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Fig. 3. Total throughput of the coexisting and WiFi networks versus the

successful transmission time of the coexisting network τ
(BS)
T (in unit of

time slots). The number of BSs n(BS) = 10 and the number of WiFi links

n(W ) = 50. τ (W )
T = 100 and τF = 10. For the evaluation approach from other

work, W (W )
i = W (W ) · ω(i) where W (W ) = 32, ω(i) = min{2i, 2K

(W )}
and K(W ) = 6. W (BS)

i = W (BS) · ζ(i) in which ζ(i) = min{2i, 2K
(BS)}

and K(BS) = 6.

Fig. 3, we first evaluate throughput performance according to
the characterization in [23], [30]. Then we calculate the through-

put ratio of WiFi and coexisting network, i.e., γ =
λ̂
(W )
out

λ̂
(BS)
out

. For

each value of throughput ratio, the corresponding optimal total
throughput under the throughput fairness λ̂

γ
max is derived, with

system configuration remaining the same. As we can observe
from Fig. 3, for any throughput ratio, λ̂

γ
max is always higher

than λ̂out. Our optimization method shows an improvement on
network performance, contributing to the design of a fair and
efficient coexistence between LAA and WiFi.

IV. THROUGHPUT COMPARISON AND SIMULATION RESULTS

In Section III, we have analyzed the throughputs of the co-
existing network and WiFi, based on which the optimal total
throughputs under the throughput fairness in three coexistence
cases are further characterized. Next, we will draw a comparison
among the performances of the coexistence system in all three
scenarios.

A. Throughput Comparison Given System Parameters

With the analysis results in Section III, we now have explicit
expressions of the throughputs of the coexisting network and
WiFi in three coexistence cases, as (14), (15), (16), (17), and
(18) show. Fig. 4(a) and (b) present comparisons among the
throughput performances in three scenarios. Note that through-
out this section, simulation results will also be provided to verify
the analysis.

As Fig. 4(a) illustrates, when the number of links in one net-
work increases, how its throughput performance would change

depends on the initial backoff window size. For instance, with
the number of WiFi links n(W ) = 5, when W (BS) is small,
a larger n(BS) reduces the throughput of coexisting network,
λ̂
(BS)
out . This is because that at this time, the internal competition

emerged in coexisting network exceeds the gain from external
competition with WiFi. When W (BS) is large, in contrast, the
increase ofn(BS) enhances the competitiveness of the coexisting
network, leading to a higher λ̂

(BS)
out . Recall that previous studies

presented contradictory results in terms of how the number of
links would affect the coexistence performance. In particular, it
was indicated in [22], [27] that the increment of the number
of links in one network might improve its own throughput
performance, while others held an opposite view [28], [30].
Here we can see that those inconsistent observations in pre-
vious studies might come from different settings of network
parameters.

Fig. 4(b) further illustrates how the total throughput, λ̂out,
would change with W (BS) under three coexistence scenarios. It
is shown in Fig. 4(b) that with the number of BSs n(BS) = 1, a
larger number of WiFi linksn(W ) leads to lower total throughput
with a smallW (BS). WhenW (BS) is enlarged, however, a larger
n(W ) results in better throughput performance. The reason is
that, with a large initial backoff window, the coexisting network
is less likely to access the channel. Therefore, a larger number of
WiFi links n(W ) results in more attempts to access the channel,
thus providing a higher total throughput. When W (BS) is small,
on the contrary, the WiFi network would face fierce competition
from the coexisting network. At this time, more WiFi links would
cause more intense competition, and thus the total throughput
decreases. In previous studies, it was shown that a larger total
number of links in the coexistence system could deteriorate the
total throughput [30], and more WiFi links might also reduce
the total throughput [23]. Here we can see that how the change
in the number of links would affect the total throughput also
depends on the initial backoff window size.

As for the impact of the successful transmission time of the
coexisting network, τ (BS)

T , it is found in Fig. 5(a) that, different
from observations in Fig. 4(a) and (b) that the initial backoff
window size would affect the relative relationship between
throughputs in three scenarios, the relationship always holds
without regard to the variation of τ (BS)

T . A larger τ (BS)
T , nev-

ertheless, would lead to a worse WiFi throughput performance
and a better throughput performance of the coexisting network,
since with a larger τ (BS)

T , the coexisting network would occupy
the channel for a longer period of time once the network can
successfully access the channel. Simulation results agree well
with the analysis.

B. Throughput Comparison With Optimized System
Parameters

In Section III, we have discussed the maximum total through-
puts of the coexisting network and WiFi under the constraint of
throughput fairness for three coexistence cases, as (22), (27), and
(32) illustrate. In the following, we will present a comparison
among the optimal total throughputs in three cases.
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Fig. 4. (a) The throughputs of the coexisting network and WiFi, λ̂
(BS)
out and λ̂

(W )
out , and (b) the total throughput of the coexisting and WiFi networks versus the

initial backoff window size of the coexisting network W (BS) under three coexistence scenarios. n(BS) and n(W ) denote the number of links in the coexisting

network and WiFi, respectively. τ (W )
T = τ

(BS)
T = 100 and τF = 10. W (W )

i = W (W ) · ω(i) where W (W ) = 32, ω(i) = min{2i, 2K
(W )} and K(W ) = 6.

W
(BS)
i = W (BS) · ζ(i) in which ζ(i) = min{2i, 2K

(BS)} and K(BS) = 6.

Fig. 5. (a) The throughputs of the coexisting network and WiFi, λ̂
(BS)
out and λ̂

(W )
out , and (b) the total throughput of the coexisting and WiFi networks versus the

successful transmission time of the coexisting network τ
(BS)
T (in unit of time slots) under three coexistence scenarios: 1) n(BS) = 1, n(W ) = 1; 2) n(BS) =

1, n(W ) = 50; 3) n(BS) = 5, n(W ) = 50. τ (W )
T = 100 and τF = 10. W (W )

i = W (W ) · ω(i) where W (W ) = 32, ω(i) = min{2i, 2K
(W )} and K(W ) = 6.

W
(BS)
i = W (BS) · ζ(i) where W (BS) = 32, ζ(i) = min{2i, 2K

(BS)} and K(BS) = 6.

Fig. 6(a) and (b) illustrate how the maximum total through-
puts in three coexistence scenarios, λ̂γ

max, vary with the target
throughput ratio between WiFi and coexisting network, γ, and
with the successful transmission time of the coexisting network,
τ
(BS)
T , respectively. We can clearly observe from both Fig. 6(a)

and (b) that when the total throughput is maximized under

the throughput fairness, the increment of links in one network
from single to multiple not only reduces the throughput of the
other network, but also leads to the decrease of this network’s
own throughput. Specifically, when the number of BSs in the
coexisting network is fixed, the change in the number of WiFi
links n(W ) from single to multiple results in the decrease of
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Fig. 6. (a) The maximum total throughput of the coexisting and WiFi networks λ̂
γ
max versus the throughput ratio between the WiFi and coexisting network γ

in three coexistence cases. τ (BS)
T is set to be 50 and 100, respectively. (b) λ̂

γ
max versus the successful transmission time of the coexisting network τ

(BS)
T (in

unit of time slots) in three coexistence cases. γ is set to be 1 and 10, respectively. In both two figures, τ (W )
T = 100 and τF = 10. W (W )

i = W (W ) · ω(i) where

ω(i) = min{2i, 2K
(W )} and K(W ) = 6. W (BS)

i = W (BS) · ζ(i) in which ζ(i) = min{2i, 2K
(BS)} and K(BS) = 6.

the throughputs of both coexisting network and WiFi. Similar
observation can be made when n(W ) is fixed. In this case, the
increase of n(BS) from single to multiple would also result in
worse throughput performance of both two networks. This is in
sharp contrast with the observation from Fig. 5(a) that, in the
coexistence system without optimization, a larger number of
BSs or WiFi links might improve the throughput of the network
where the links belong. This is because the fairness constraint
maintains a fixed level of competition between the coexisting
and WiFi networks. An increment of the number of links from
single to multiple introduces internal competition among the
links in this network, leading to the deterioration of throughput
performance of its own as well as the whole coexistence system.

It should be noted that, in Case 2 and 3, the maximum
total throughputs under fairness constraint do not vary with the
number of links in coexistence system, as (27) and (32) indicate.
For instance, the competition caused by the variation in multiple
links, like n(BS) or n(W ) changing from 20 to 50, would be
balanced by carefully tuning the initial backoff window size of
the corresponding network, and thus the optimal performance of
both the networks would not be influenced. When the number of
links in either network changes from one to more, nevertheless,
as Fig. 6(a) and (b) show, intense internal competition emerges
in this network and thus its throughput performance deteriorates.

Fig. 6(a) further shows the effect of the target throughput
ratio γ on maximum total throughput, λ̂γ

max. It can be observed
that when γ increases, the gap between the maximum total
throughput in Case 2 and that in Case 3, λ̂2,γ

max and λ̂3,γ
max, is nar-

rowed. This is because as γ increases, the throughput of the WiFi
network takes a larger proportion in the total throughput, which
marginalizes the effect of the number of BSs. As γ → +∞, the

maximum total throughput in Case 1 can be derived as

lim
γ→+∞ λ̂1,γ

max =
τ
(W )
T

1 + τ
(W )
T

, (35)

according to (22). For Case 2 and Case 3, we have

lim
γ→+∞ λ̂2,γ

max= lim
γ→+∞ λ̂3,γ

max=
τ
(W )
T

τ
(W )
T +τF

(
1

−W0(− 1
e(1+1/τF )

)
−1

) ,

(36)

according to (27) and (32), respectively. It is indicated in (35)
and (36) that as γ increases, the maximum total throughputs in
Case 2 and Case 3 tend to be the same, while the maximum total
throughput in Case 1 is larger than both of them.

As γ decreases, on the other hand, the gap between the
maximum total throughput in Case 1 and that in Case 2, λ̂1,γ

max

and λ̂2,γ
max, is narrowed for a similar reason. As γ → 0, we have

lim
γ→0

λ̂1,γ
max = lim

γ→0
λ̂2,γ
max =

τ
(BS)
T

1 + τ
(BS)
T

, (37)

according to (22) and (27). For Case 3 we have

lim
γ→0

λ̂3,γ
max =

τ
(BS)
T

τ
(BS)
T + τF

(
1

−W0(− 1
e(1+1/τF )

)
− 1

) , (38)

according to (32), which is smaller than the limits of maximum
total throughputs in Case 1 and Case 2.

The maximum total throughput is not only determined by the
target throughput ratio γ, but also the successful transmission
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time of coexisting network, τ (BS)
T . Contrary to the results in Fig.

5(a) and (b) that a larger τ (BS)
T can increase the throughput of

coexisting network and reduce WiFi throughput, it can be found
in Fig. 6(b) that with a constant γ, λ̂γ

max is improved as τ (BS)
T

increases, indicating that both the throughput performances of
the coexisting and WiFi networks are enhanced. In addition, it is
indicated in Fig. 6(b) that when τ (BS)

T increases, the gap between
λ̂2,γ
max and λ̂3,γ

max is narrowed. The reason is that when both the
initial backoff window sizes of BSs and WiFi links in Case 2
and Case 3, W (BS) and W (W ), are jointly tuned according to
(30), (31) and (33), (34), respectively, W (W ) decreases as τ (BS)

T

increases. Therefore, the contention from the WiFi network
becomes fiercer for the coexisting network, which marginalizes
the influence of n(BS). As τ (BS)

T → +∞, we have

lim
τ
(BS)
T →+∞

λ̂1,γ
max =

τ
(W )
T

γ
1+γ + τ

(W )
T

, (39)

lim
τ
(BS)
T →+∞

λ̂2,γ
max=

1+γ
γ · τ (W )

T

τ
(W )
T + τF

(
1

−W0(− 1
e(1+1/τF )

)
− 1

) , (40)

lim
τ
(BS)
T →+∞

λ̂3,γ
max=

1+γ
γ · τ (W )

T(
1+ 1

γ

)
τ
(W )
T +τF

(
1

−W0(− 1
e(1+1/τF )

)
−1

) ,

(41)

according to (22), (27), and (32), respectively. The comparison
among (39), (40), and (41) shows that with a large γ, the
maximum total throughput in Case 1 is larger than that in Case
2 and Case 3, and λ̂2,γ

max and λ̂3,γ
max are getting close to each other

while λ̂2,γ
max is slightly larger as τ (BS)

T → +∞.

With a smaller τ (BS)
T , on the other hand, it is illustrated in

Fig. 6(b) that as τ
(BS)
T decreases, the gap between λ̂1,γ

max and
λ̂2,γ
max becomes smaller. This is because when both the initial

backoff window sizes of the coexisting and WiFi networks
in Case 1 and Case 2, W (BS) and W (W ), are jointly tuned
according to (25), (26) and (30), (31), respectively, the decrease
of τ (BS)

T leads to the decrease of W (BS), with which the BS
gains competitive advantage against the WiFi network. As a
result, the BS gradually takes a predominant place, alleviating
the influence of n(W ) over the coexistence system.

V. CONCLUSION

In this paper, we study the impact of the number of links
on LAA-WiFi coexistence in unlicensed bands. The throughput
performances of the coexisting network and WiFi under all the
three cases are characterized as explicit expressions. By compar-
ing the network throughputs in different cases, it is shown that
given successful transmission time and collision time, how the
change in the number of links would affect network performance
largely depends on the initial backoff window size.

The maximum total throughput of the coexisting network
and WiFi under the throughput fairness and the corresponding

initial backoff window sizes are further characterized as explicit
expressions, indicating that a fair and efficient coexistence can be
achieved by jointly adjusting the initial backoff window sizes of
both two networks. A comparison among the optimal throughput
performance of three cases is conducted, where it is shown that
the variation of the number of multiple links in one case would
not affect optimal total throughput, since the initial backoff
window sizes are carefully tuned to balance the competition.
The drastic change from single link to multiple links in one
network, nevertheless, can yield fierce internal competition in
this network, and thus deteriorates both the optimal throughputs
of the coexisting network and WiFi. As a result, Case 1 has
the best maximum total throughput among all the three cases,
indicating that the inclusion of uplink transmissions for LAA in
3GPP R14 might lead to performance deterioration compared
with R13, which considers only the downlink transmissions of
LAA. This work sheds important light on the protocol design of
LAA-WiFi coexistence. In the future, the study can be further
extended to the spectrum sharing between 5G NR-U and WiFi.

APPENDIX A
PROOF OF THEOREM 1

Proof: Given λ̂
(W )
out

λ̂
(BS)
out

= γ > 0, we have

p(W ) =
γτ

(BS)
T p(BS)

τ
(W )
T (1 − p(BS)) + γτ

(BS)
T p(BS)

. (42)

Let λ̂out = λ̂
(W )
out + λ̂

(BS)
out . By combining λ̂

(W )
out

λ̂
(BS)
out

= γ, (14) and

(42), we have

λ̂out=
1 + γ

γ
· τ

(W )
T

τ
(W )
T +τF τ

(W )
T (1−p(BS))

γτ
(BS)
T p(BS)

+ 1
1−p(BS) +

1+γ
γ · τ (W )

T

.

(43)

Let h(p(BS)) =
τ
(W )
T +τF τ

(W )
T (1−p(BS))

γτ
(BS)
T p(BS)

+ 1
1−p(BS) . Maximizing

λ̂out is therefore converted to minimize h(p(BS)). It is obtained

that dh(p(BS))
dp(BS) < 0 if p(BS) < pγ,(BS), and dh(p(BS))

dp(BS) > 0 if

p(BS) > pγ,(BS), wherepγ,(BS) is the single root of dh(p(BS))
dp(BS) =

0, and is given by (23). As a result, h(p(BS)) is minimized
at p(BS) = pγ,(BS). (22) can then be obtained by substituting
p(BS) = pγ,(BS) into (43). �

APPENDIX B
PROOF OF THEOREM 2

Proof: According to (19) we have

αA = − 1
pA ln pA

∑
g=BS,W

λ̂
3,(g)
out

τ
(g)
T

. (44)

And it can be obtained that

1+τF−τF pA−
(∑

g=BS,W τ
(g)
T X(g)∑

g=BS,W X(g)
−τF

)
pA ln pA =

1
αA

,

(45)
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according to (20). Substituting (44) into (45) results in

−pA ln pA =

[
1+τF−τF pA−

(∑
g=BS,W τ

(g)
T X(g)∑

g=BS,W X(g)
−τF

)

· pA ln pA

] ∑
g=BS,W

λ̂
3,(g)
out

τ
(g)
T

,

(46)
which can be reduced to

λ̂
3,(BS)
out =

1

1 + γ +
γτ

(BS)
T +τ

(W )
T

τ
(BS)
T τ

(W )
T

·
(

1+τF−τF pA

−pA lnpA
− τF

) . (47)

Therefore, the restrained optimization problem in (21) can be
rewritten as

max
{W (BS),W (W )}

(λ̂
3,(BS)
out + λ̂

3,(W )
out )

= max
{W (BS),W (W )}

(1 + γ)λ̂
3,(BS)
out

= max
{W (BS),W (W )}

1 + γ

1 + γ +
γτ

(BS)
T +τ

(W )
T

τ
(BS)
T τ

(W )
T

·
(

1+τF−τF pA

−pA lnpA
− τF

) ,
(48)

which is equal to

min
{W (BS),W (W )}

1 + τF − τF pA
−pA ln pA

. (49)

Let us denote f(pA) =
1+τF−τF pA

−pA lnpA
. The derivative of f(pA) is

given by

df(pA)

dpA
=

(1 + τF ) (1 + ln pA)− τF pA

(−pA ln pA)
2 . (50)

Denote g(pA) = (1 + τF )(1 + ln pA)− τF pA, and we have

p∗A = −(1 + 1/τF )W0

(
− 1
e(1 + 1/τF )

)
, (51)

which is the root of g(pA) = 0. g(pA) < 0 if pA ∈ (0, p∗A), and
g(pA) > 0 if pA ∈ (p∗A, 1). Therefore, it can be concluded that
f(pA) is monotonically decreasing with pA if pA ∈ (0, p∗A), and
is increasing with pA if pA ∈ (p∗A, 1). So the minimum value is
achieved at pA = p∗A. The solution to (48) can then be given by

max(λ̂
3,(BS)
out +λ̂

3,(W )
out )

=
1 + γ

1+γ+
γτ

(BS)
T +τ

(W )
T

τ
(BS)
T τ

(W )
T

·
(

1+τF−τF p∗
A

−p∗
A lnp∗

A
−τF

) . (52)

According to (19), when the total throughput is optimized, it
should satisfy that

− ln p∗A =

∑
g=BS,W

2n(g)∑∞
i=0 p

∗
A(1 − p∗A)i ·W (g)

i + (1 − p∗A)K
(g) ·W (g)

K(g)

.

(53)

Combine λ̂
3,(W )
out

λ̂
3,(BS)
out

= γ with (18), and we have

γn(BS)τ
(BS)
T

W (BS) · (∑∞
i=0 p

∗
A(1 − p∗A)iζ(i) + (2 − 2p∗A)K

(BS)
)

=
n(W )τ

(W )
T

W (W ) · (∑∞
i=0 p

∗
A(1 − p∗A)iω(i) + (2 − 2p∗A)K

(W )
) .
(54)

The corresponding optimal initial backoff window sizes, (33)
and (34), can then be derived by substituting (54) into (53). �
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