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ABSTRACT In existing dynamic spectrum sharing (DSS) systems, each node arbitrates channel access
independently based on carrier-sensing mechanisms such as the listen-before-talk (LBT) protocol. Owing
to the uncoordinated channel access between all nodes, the channel is occupied in a random pattern. This
makes it difficult to reduce the mismatch in channel quality indicator (CQI) while increasing the spatial
reuse gain between the different nodes; therefore, the areal capacity gain obtained by adding nodes is much
lower in existing DSS systems than in the cellular system. In this paper, we propose a different means of
improving the areal capacity for downlink DSS systems. It is a group-wise DSS approach that ensures full
frequency reuse in each group of base stations (BSs) by performing LBT only between the representative BSs,
each of them selected by each group. Once a channel is secured by each group, all its member BSs share
a channel simultaneously. This approach makes closed-loop feedback-based link adaptation practical while
boosting spatial reuse gain even in the DSS environment. To implement the group-wise DSS, we propose a
single unified framework that employs elementary algorithms for BS grouping and carrier-sensing threshold
adjustment. Our system-level simulation results demonstrate that the proposed framework boosts the areal
capacity gain by approximately 4.42 times as much as the conventional approach.

INDEX TERMS Dynamic spectrum sharing, cellular network, listen-before-talk, hidden node problem,

frequency reuse, areal capacity.

I. INTRODUCTION

To deal with growing traffic demands, many studies have
focused on the dynamic spectrum sharing (DSS) environ-
ment, where a spectrum is shared by various wireless tech-
nologies or multiple mobile network operators (MNO) [1].
For example, long-term evolution (LTE) and new radio (NR)
standards have been proposed to operate in the 5-GHz unli-
censed band, and the concept of licensed shared access (LSA)
is currently being developed with the aim of enabling cel-
lular operators to access further spectral resources on a
licensed shared basis [2]. One example is the 3.5-GHz
Citizens Broadband Radio Service (CBRS) band under dis-
cussion [1]. As these trends eventually lead to extreme
densification of various types of systems, a new DSS mech-
anism is needed to increase bandwidth efficiency even
in extreme densification of multiple wireless technologies.
In particular, since wireless traffic has been dominated
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by downlinks, e.g., file downloading and on-demand video
streaming, we focus on the downlink DSS systems where
each base station (or access point) dynamically occupies the
channel in a distributed manner via a contending mecha-
nism, e.g., listen-before-talk (LBT) or a carrier-sense multiple
access with collision avoidance (CSMA/CA) protocol.

To maximize the areal capacity of the downlink DSS
system, we should leverage the spatial frequency reuse
gain as in the cellular system. In this type of the sys-
tem, however, spectrum reuse is hindered by unpredictable
co-channel interference (called the hidden node problem),
which limits the areal capacity. Therefore, most previous
related works have focused on dealing with the hidden node
problem. Typical approaches include transmission-power
control and carrier-sensing threshold (CST) control [3]-[5].
However, these approaches tend to clear an unnecessarily
large area, thus significantly limiting the spatial frequency
reuse gain.

Another approach to overcome the hidden node problem
is to employ a modulation and coding scheme (MCS) of the
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user equipment (UE) based on the previous transmission his-
tory. For example, [6] proposes an open-loop link adaptation
algorithm that determines MCS by observing the link layer
acknowledgement (ACK) and the received signal strength
indicator (RSSI). Since they allocate MCS based on the pre-
vious transmission history, base station (BS) cannot allocate
optimal MCS corresponding to the instantaneous signal-to-
interference-plus-noise ratio (SINR) of the UE, thus reducing
the spectral efficiency. In [7], a closed-loop link adaptation
algorithm for the downlink LAA system is proposed to con-
sider the channel quality indicator (CQI) mismatch problem
due to hidden nodes [7]. They utilize the distribution of
past SINR reports to judge whether the reported SINR value
is affected by the hidden nodes (called a collision event).
Based on this information, they seek to select the best fixed
MCS index that shows the highest throughput. As in [6],
they cannot allocate an optimal MCS corresponding to the
instantaneous SINR of the UE; this causes spectral-efficiency
degradation, especially when BSs actively reuse the channel.
In other words, they do not fully leverage the closed-loop link
adaptation as in the cellular system.

As described, it is not possible to improve the spatial reuse
gain in existing DSS systems while allocating the optimal
MCS owing to the unpredictable nature of co-channel inter-
ference (i.e., hidden node problem). Fundamentally, this is
attributed to the uncoordinated channel access mechanism of
the current DSS systems. Specifically, since each BS per-
forms LBT independently with no cooperation in existing
DSS systems, the randomness in the BS patterns of occupying
the channel leads to a serious hidden node problem, which
incurs frequent CQI mismatch events.

In this work, we seek to develop a whole new framework,
group-wise DSS framework, to overcome the fundamental
limitation of the current DSS system. In this framework,
all BSs are formed into groups of spatially adjacent BSs, and
then a group-wise LBT procedure is introduced to achieve the
full frequency reuse within each group. If a group succeeds in
channel access, all BSs within that group concurrently begin
data transmission, and then release the channel simultane-
ously. Here, we set an appropriate CST to mitigate the effect
of a randomly generated out-of-group interference (OGI).
This allows for keeping intra-group interference (IGI) gener-
ated within the group relatively stronger than the OGI, so that
the CQI mismatch can be reduced significantly. Allowing for
adjacent BSs to occupy the channel concurrently as much as
possible without incurring a CQI mismatch results in a higher
areal capacity than in the conventional approach. To imple-
ment this framework, we propose a joint optimization pro-
cedure by comprehensively designing the group-wise LBT
protocol with the underlying BS grouping and CST con-
trol algorithms. Our system-level simulation based on the
3GPP-LAA evaluation methodology demonstrates that the
proposed group-wise DSS framework boosts the areal capac-
ity to approximately 4.42 times that of the conventional DSS
approach.
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The rest of the paper is organized as follows. Section II
introduces the system model considered in this paper.
Section III presents the proposed DSS framework, along with
the group-wise LBT procedure as an essential element of
our proposed concept. Section IV details the formulation of
our design problem to determine a set of simultaneous trans-
mission BSs that maximizes the given performance metric.
Based on the corresponding grouping problem, we design the
implementation framework for the group-wise LBT proto-
col. Subsequently, Section V presents the grouping algorithm
and the CST control algorithm employed for the implementa-
tion framework. In Section VI, we demonstrate the feasibility
and effectiveness of our proposed framework and algorithms
through a system-level simulation. Finally, we conclude the
paper in Section VII.

Il. SYSTEM MODEL
The downlink DSS system can be coordinated or uncoordi-
nated, depending on how all types of BSs are designed for
coexistence. The uncoordinated DSS system mainly consid-
ers the situation in which each BS is independently operated
as an individual (e.g., Wi-Fi) with no cooperative opera-
tion for all coexisting BSs. In the coordinated DSS sys-
tem, all types of BSs are designed to be deployed under
mutual cooperation between those managed by their own
MNO. An example of the coordinated DSS system is 3GPP
LAA and MulteFire specifications [8], which are designed
to operate LTE systems in unlicensed bands in a standalone
or non-standalone manner while maintaining all key features
of the cellular systems, such as seamless handover, physical
cell identification (PCI) planning, interference management
by self-organizing network (SON), and coordinated multi-
point transmission (CoMP). In other words, a set of BSs
managed by each MNO are designed to enhance the system
throughput by their mutual cooperation over their own chan-
nel occupancy in the coordinated DSS system. In this paper,
we focus on a downlink coordinated DSS system, especially
for coexistence in a common spectrum, which is expected to
be of high practical relevance in the near future [1]. Thus,
we basically follow the system model of the 3GPP LAA
system. Specifically, for coexistence between the BSs in the
shared spectrum, we consider the LBT protocol with an expo-
nential back-off mechanism [9], [10]. All BSs in the system
are synchronized to the subframe boundary to inherit the
cellular operation in LTE. We assume that the omnidirectional
antenna is employed. In addition, the BSs can be managed by
a central network entity as in the existing cellular systems.
By default, LAA adopts adaptive modulation and cod-
ing (AMC) to allocate an MCS that corresponds to the
instantaneous SINR measured by UE. Fig. 1 illustrates a link
adaptation procedure with AMC [7]. The BS first transmits
a cell-specific reference signal (CRS) in every downlink sub-
frame, which allows measuring of SINR in each UE. Once
CQI is determined upon the measured SINR, it is reported
to the BS through an uplink control channel. Based on the
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FIGURE 2. LBT procedure for coordinated DSS system.

CQI report, BS assigns the resource for the next down-
link transmission with the corresponding MCS. In general,
the delay associated with the CRS transmission to the BSs
receiving the CQI is normally in the range of 8—11 ms as
illustrated in Fig. 1 [11].

Fig. 2 illustrates a typical LBT procedure for the coor-
dinated DSS system. Basically, LBT in the 3GPP LAA
system is designed in the same way as CSMA/CA for
fair-coexistence with IEEE 802.11 Wireless Local Area Net-
work (Wi-Fi). Specifically, before the BS generates a back-off
count, it performs a Defer operation over consecutive clear
channel assessment (CCA) slots. The CCA slot is considered
idle if a power level measured by the BS within the CCA slot
duration is below the CST. Otherwise, it is considered busy,
and then the BS persists to sense the channel until it becomes
idle for the duration of Defer. This is essential for fair coex-
istence, e.g., providing transmission opportunity for short
frames. If the BS still finds the channel idle after the duration
of Defer, it generates a back-off count, which is a random
number chosen within a back-off window size. The back-off
count is decremented as long as the channel is sensed idle,
frozen when the channel is sensed busy, and reactivated when
the channel is sensed idle for the duration of Defer. When the
back-off count reaches zero, the BS can occupy the channel
up to the maximum channel-occupancy time (MCOT) [10].
It is noteworthy that an exponential back-off mechanism is
employed to adjust the contention window size, e.g., based on
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the ACK/NACK ratio. Once a channel is captured by the BS,
a dummy signal, referred to as a reservation signal (RS), must
be transmitted until the end of the current subframe to ensure
that the start of all transmissions is aligned by the subframe
boundary.

Ill. GROUP-WISE DYNAMIC SPECTRUM SHARING (DSS)
As aforementioned, an uncoordinated DSS system mainly
considers the situation in which each BS is independently
operated as an individual. This means that each BS must go
through its own channel access procedure, e.g., CSMA/CA.
As MCOT is limited to the unit of milliseconds for fairness
between them, the sources of the hidden node interference
are changed randomly at the same time scale, implying that
a closed-loop feedback mechanism might not be reliable for
link adaptation. Meanwhile, for a stable CQI report of the UE,
we assume that the UE can reliably report the CQI through
a separate uplink channel or resource as in LAA. Of course,
a CST can be sensitively set to avoid the hidden node interfer-
ence, yet reduce the spatial reuse efficiency. Therefore, owing
to the hidden node problem, only an open loop-based link
adaptation, e.g., auto rate fallback mechanism [6], is imple-
mented in the uncoordinated DSS system, relying on trans-
mission failure experience. Meanwhile, closed-loop-based
link adaptation is a useful means of allowing full frequency
reuse in conventional cellular systems, e.g., LTE and NR
systems. Although coordinated DSS systems can inherit the
full frequency reuse operation as in cellular systems, they
might suffer from frequent CQI mismatch as a result of the
LBT protocol for fair coexistence among uncoordinated DSS
systems.

Each BS independently performs LBT with no cooperation
in the current DSS systems. Thus, their areal capacity is
limited by the hidden node problem, especially when the
BS becomes denser [12]. This is in contrast to the cellular
systems operating in the licensed band, e.g., the 4G LTE
and 5G NR systems, which can increase areal capacity with-
out limitation by densifying the BSs. The full frequency
reusability in the licensed bands is enabled by reliable and
flexible link adaptation over the shared frequency resources
without resorting to unnecessarily large reuse distances.
In other words, as a result of the static co-channel interference
between BSs, the interference level experienced by the UE is
highly time-correlated unlike systems operating in unlicensed
bands. Thus, regardless of how aggressively the BSs reuse
frequency resources—even with a few millisecond delays in
the CQI report—Ilink adaptation works well with closed-loop
feedback for AMC. In the following subsections, we seek to
develop a whole new framework to integrate a similar spatial
reuse capability of the cellular system into the downlink
coordinated DSS system.

Fig. 3 presents illustrative examples for the existing DSS
and group-wise DSS approaches for comparison. Therein,
channel occupation patterns along a timeline are illustrated
with a snapshot for a spatial-reuse situation. Additionally,
the effect of the hidden nodes on the signal-to-interference
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FIGURE 3. lllustrative examples: conventional vs. group-wise DSS
approach.

ratio (SIR) is shown for a typical UE 1 associated with BS 1 in
the current interference-limited environment. As illustrated
in Fig. 3(a), an individual BS in the existing DSS approach
performs LBT for its own channel occupation while clearing
up the nearby BSs. Owing to the individual channel occu-
pation, the SIR level of UE 1 varied unpredictably, causing
unreliable link adaptation. The SIR level can be stabilized by
setting the CST sufficiently small to clear up the potential hid-
den nodes, i.e., increasing the carrier-sensing range (CSR).
The illustrated snapshot shows three BSs transmitting simul-
taneously in the given area.

Meanwhile, Fig. 3(b) illustrates the proposed group-wise
LBT process, in which all member BSs in a group transmit
simultaneously with the header BS. Since stronger IGI is
experienced in a fixed pattern owing to the group-wise simul-
taneous transmission, UE 1 maintains a rather stable SIR level
against the OGI, allowing for reliable link adaptation, as in the
cellular systems. As illustrated by the snapshot in Fig. 3(b),
more BSs are allowed to occupy the channel concurrently in
the same area than in the case in Fig. 3(a).

A. GROUP-WISE DSS: PRINCIPLE

The hidden node problem in the existing DSS system limits
the system efficiency because of the unpredictable nature of
co-channel interference. Herein, we intend to invent a means
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of dealing with the hidden node problem without resorting to
alarge reuse distance. It clusters adjacent BSs into BS groups,
each of which performs its own LBT protocol. If a group
succeeds in LBT, then all BSs in the group concurrently trans-
mit data and release the channel, allowing for full frequency
reuse within the group. As all grouped BSs must concurrently
transmit data, we assume that all candidate BSs to be grouped
are in a full-buffer state. In each group, one BS is designated
as a header BS, which performs LBT on behalf of the other
member BSs in the same group. If the header BS succeeds
in occupying the channel after performing LBT, then all
member BSs in the group occupy the channel without going
through the LBT procedure. In this particular group-wise
approach under consideration, the random effect of OGI on
the received SINR can be reduced by setting an appropriate
CST.

B. GROUP-WISE LBT PROTOCOL

To implement the aforementioned concept, a group-wise
channel access procedure is required to enable all BSs in the
same group to concurrently transmit data. When each BS in
the group performs its own LBT protocol independently, it is
highly inefficient for all BSs in the group to concurrently
occupy the channel, since they have to wait until all become
active and contend to win. In the proposed group-wise DSS
framework, however, all member BSs in the group occupy
the channel without the LBT procedure once its header BS
wins the channel contention. Since the header BS eliminates
undesired nodes that contend for their own individual channel
access, the CQI mismatch can be reduced by avoiding unnec-
essary MAC collision events. In other words, once all BSs
are clustered into multiple groups, the CQI mismatch effect
can be reduced in two aspects: (1) CST control to deal with
random OGIs due to hidden nodes, and (2) MAC collision
reduction by designating a header BS in each group. For (1),
a sufficiently wide area must be cleared up to prevent the
member BSs from experiencing strong OGI. In other words,
CST must be set sufficiently small enough to neglect the
OQI for the given BS grouping solution. In the next section,
we present a specific grouping algorithm to maximize the
areal capacity in the DSS environment.

Fig. 4(a) illustrates the detailed operation of the proposed
channel access scheme. Once BS 1 (header BS of Group A)
succeeds in LBT, it initiates a group-triggering signal (GTS)
of Group A (denoted as GTS(A)) to indicate that it has occu-
pied the channel. Once the GTS(A) is reached by the member
BSs of Group A, they transmit GTS(A) to occupy the channel
simultaneously. To ensure that data transmission is aligned
with a subframe boundary for full frequency reuse, the header
BS and its member BSs transmit GTS(A) simultaneously
until the end of the current subframe. However, if the header
BS finds that the channel is busy because of OGI, e.g., sensing
the GTS from another group, the back-off count decrement
is stopped (e.g., BS 3 of Group B in Fig. 4(a)). Meanwhile,
BS 4—which is amember BS of Group B—waits to detect the
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GTS of Group B, denoted as GTS(B), but finds the channel
busy because of GTS(A).

To implement this procedure, the member BSs must be
able to recognize the GTS transmitted from their group
header BS. As an implementation method, the GTS for
each group can be distinguished by allocating zero-power
frequency resources at different positions for each group,
as shown in Fig. 4(b). Alternatively, the GTS can be imple-
mented by sending an explicit message containing the group
identification (ID) or by assigning an orthogonal sequence
for each group [13]. Herein, since the GTS is designed to
transmit the reservation signal in a specific form, there is
no additional resource overhead associated with the GTS
transmission in the group-wise LBT. Thus, its complexity
is the same as that of the existing LBT scheme in 3GPP.
In conclusion, the group-wise LBT can coexist with various
types of nodes through the LBT procedure with low overhead.

IV. IMPLEMENTATION FRAMEWORK FOR

GROUP-WISE LBT PROTOCOL

It has been shown by the Poisson point process (PPP)-based
analysis in [14] that areal capacity can be increased with
numerous BSs transmitting simultaneously. However, it holds
only when the Shannon capacity can be achieved without
losing capacity because of CQI mismatch for each UE. This is
also true for the proposed group-wise LBT, in which the CQI
mismatch can be reduced by the CST control mechanism.
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Then, our design objective is to maximize the number of BS
groups occupying the channel simultaneously, defined as the
degree of frequency reuse ("reuse degree”), without com-
promising the theoretically warranted capacity. As illustrated
in Fig. 3(b), its reuse degree varies over time in the group-wise
LBT protocol. This section details the formulation of the
problem to determine reuse groups that maximize the average
reuse degree for a given BS topology. Based on the formu-
lated problem, we present the key steps for implementing the
group-wise LBT protocol, including the grouping and CST
control procedure.

A. PROBLEM FORMULATION

The CSR of a header BS must be maintained sufficiently large
to neglect the OGI subject to the given IGI strength. This
implies that CSR must be somehow controlled by the CST,
establishing a one-to-one relationship between the CSR and
CST. Toward this end, we first assume that all groups employ
the same value of CST. Then, carrier sensing is based on
the interference strength of each BS, rather than the total
interference, so that the CSR is inversely proportional to
the CST. Note that this operation can be enabled by CRS
detection (or preamble detection as in Wi-Fi specification).
Furthermore, we assume that each group has the same aver-
age channel access probability. This assumption is acceptable
provided each group employs the same LBT parameters.
Then, the average reuse degree can be expressed as a product
of the average number of simultaneous transmission groups
and the average number of BSs per group. In the sequel,
we formulate a BS grouping problem to capture a trade-off
between them.

More specifically, let B denote a set of BSs to be grouped
with |B| = Ng. To represent the BS topology, we introduce a
similarity matrix, denoted by D = [dl]] NpxNg’ in which each
element dj; is the physical distance between ﬁS i and BS j for
Vi # j, and dj; is zero for Vi € B. In a practical scenario,
the minimum received signal strength (RSS) that can detect
OGI at the header BS is limited owing to various factors,
e.g., receiver sensitivity and transmission power. In other
words, the maximum CSR of a header BS can be limited,
and thus we define the grouping boundary as the maximum
distance between the header BS and a member BS, denoted by
djimir- If the distance between BS i and BS j is more than djj,z,
we set djimir = 0c. Subsequently, let X = [x;], v DEa
group assignment matrix, where the non-diagonal elements
x; € {0, 1} indicate that BS j is a header BS of the BS i if
x;j = 1, where the diagonal elements xj; € {0, 1} indicate that
BS j is the header BS, i.e.,

{1 if BS j is a header of BS i,
Xij = .
0 otherwise,

{1 if BS jis a header BS, .
= vj.

Vi # .

Xij = .
0 otherwise,

Spatial reuse among the different reuse groups becomes
aggressive with the CST value. Thus, to maximize the reuse
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degree in the group-wise LBT protocol, we should set the
highest possible CST value that satisfies the target transmis-
sion failure probability (TFP). Therefore, given X and D,
we define a safe-CST of the group-wise LBT (equivalently,
safe-CSR defined by the safe-CST), denoted by CST (X, D),
as the maximum CST value while satisfying the target TFP.
Let pg (CST (X, D)) denote the reuse degree of the groups,
which corresponds to the average number of groups occu-
pying the channel simultaneously when using CST (X, D).
Since the number of groups follows . ;3 x;; £ k, the aver-
age number of BSs per group is given by Ng/k. Our aver-
age reuse degree maximization problem for the proposed
group-wise LBT protocol is the determination of a set of
header BSs and their member BSs simultaneously. This is
formulated for the given BS topology D as follows:

m)?x pg (CST (X, D)) - Np/k (1)
st, Y xy=1, VieB, )
jeB
Y xj>x;—1, VjeB, )
Vi
ZjEijj = k’ (4)
xj <xj, Vi jebB, (®)]
x;e{0.1}, VijeB. (6)

Here, the first constraint in (2) dictates that each member
BS chooses its own single header BS. The constraint in (3)
implies that at least one member BS should exist per group.
The constraint in (4) indicates that the number of groups is k.
The constraint in (5) dictates that BS j must be a header
BS if there exists a BS i selecting BS j as its header BS.
As it is not straightforward to find an explicit expression for
CST (X, D) in (1), we resort to solving its sub-problem by
fixing the number of groups; this is detailed in the following
subsection.

B. SUBOPTIMAL SOLUTION APPROACH

When £ is fixed in (1), the average number of BSs per group,
Np/k, is also fixed. Thus, the reuse degree of the group,
pg (CST (X, D)), is the objective function in (1). Then, it is
maximized by increasing the safe-CST value, CST (X, D).
In other words, we aim to determine a grouping solution X
that maximizes CST (X, D). Once the IGI is determined by
X, the CST can be controlled to set an acceptable level of
the OGI. This implies that the IGI and OGI must be balanced
by the CST value to limit the CQI mismatch to the desired
level. In an interference-limited environment, let us focus on
the UE associated with the BS using the group-wise LBT
protocol. Given its power S received from the serving BSs,
let Ijgr and Ipgy be the signal strength of the IGI and OGI
in the UE, respectively. Provided I16; > lpgr, i.e., the influ-
ence of the randomly generated OGI through the group-wise
LBT protocol can be ignored, the UE reports the CQI value
corresponding to the 10log;, (S/I;Gr) dB to the serving BS.
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Then, its MCS level, denoted as y, is assigned accordingly.
Let o,, be the required minimum SIR for the MCS level y.
To avoid a CQI mismatch subject to OGI, the SIR reduction
by OGI must be less than 10log,q (S/1iGr) — o, £ Ao, dB.
Then, the following inequality must be satisfied for Ijg;
and Ipgr:

S S
101 — ) — 101 B ——
o810 <[IGI> o810 <1101 + IOGI)

= 10log,, (1 + IOﬂ) < Aoy, (1)
liGr

Equation (7) implies that the CQI mismatch is governed by
the ratio between the IGI and OGI regardless of the signal
strength from a serving BS. In other words, the strength of
the IGI can be increased by grouping the BSs more densely,
which subsequently reduces the safe-CSR (i.e., increases the
safe-CST value) to realize a greater reuse degree among the
groups. Fig. 5 illustrates how the reuse degree is governed
by the different values of safe-CSR for the fixed number
of BSs in each group. It intends to illustrates how the BSs
must be grouped by adjusting the safe-CSR for the given
number of BSs in each group, e.g., four BSs in each group
(Np/k = 4). In order to increase the reuse degree in this
example, the safe-CSR must be reduced to get all four BSs as
close as possible in a group. In that case, the multiple groups
would be reused throughout the given region as in Fig. 5(a).
Meanwhile, if the safe-CSR is too large to induce sparse
BS’s in a group, e.g., as in Fig. 5(b), the many groups in
the same region cannot be reused simultaneously, reducing
the reuse degree among the groups. Compared between two
cases in Fig. 5(a) and (b), it is clearly shown that all BSs in
the same group must be clustered as close as possible to each
other, leading to more spatial reuse degrees while maintaining
Iigi > Iogy. Furthermore, the most central BS in a group
must be designated as a header BS. When the other BS is
selected as a header BS, the CSR of the header BS must be
enlarged to protect all member BSs from the OGI, reducing
the reuse degree. This implies that our BS grouping problem
can be reformulated to minimize the sum of the squared
Euclidean distances between the header BS and its member
BS for k groups. More specifically, it leads to the following
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BS topology D

Find C using
a grouping algorithm
(Section V.A)

Measure the reuse degree
while controlling CST
using CST control algorithm
(Section V.B)

Store the measured average reuse
degree in p(X,.D)

Find the best configuration X..

where k' =argmax p(X,.D)
kX,eC

!

/ Output: X.. /

FIGURE 6. Implementation framework for group-wise LBT protocol.

optimization problem for a given D:

min Z injdg )
ieB jeB
with the same constraints as in (2)-(6). As (8) is
NP-hard, we discuss a heuristic algorithm, referred to as a
DSS-grouping algorithm, in the next section.

Once BS grouping is completed for the given number of
groups, we can resort to an exhaustive search for overall
optimization, as presented in Fig. 6, which shows the overall
implementation framework for group-wise LBT protocol. For
the given BS topology D, let X; denote the grouping con-
figuration derived by a heuristic algorithm for (8) with k
groups. Note that a feasible solution to (8) may not exist,
depending on BS topology and the constraints; for example,
the constraint (3) is violated for Ng = 10 and £k = 8.
Therefore, we construct a set of {X }ivfl which satisfies (8),
denoted by C. Since C can be constructed for the given BS
topology D, this procedure works offline.

Subsequently, we measure the average reuse degree corre-
sponding to X while controlling CST by another algorithm,
referred to as the CST control algorithm in the following
section. The average reuse degree, denoted by p (X, D),
is measured by taking the time average for the number of
concurrently transmitting BSs within the subframe over the
given observation time. Finally, we conduct an exhaustive
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search to find the best configuration X+ such that

k* = argmax p (Xg, D). )
k:XeC
Note that this optimization procedure works online because
the required information (e.g., TFP and reuse degree) is pro-
vided to the algorithm over time.

V. ALGORITHM DESIGN

The optimization procedure in Section IV (also specified by
the flow chart in Fig. 6) requires two separate algorithms:
one proposed for BS grouping by constructing X and the
other proposed for CST control that determines CST (X, D)
for each X; € C. These algorithms are detailed in this
section.

A. DSS-GROUPING ALGORITHM

We use a heuristic algorithm to find {Xk}ivfl because of
the NP-hardness of (8). We note that (8) is similar to a
typical clustering problem, which clusters adjacent points
into k disjoint groups such that their squared Euclidean dis-
tances between all centers and their associated nodes are
minimized. The only difference from a standard clustering
problem is that (8) involves some constraints. Therefore,
existing algorithms, e.g., k-means or k-medoids algorithm,
can be employed while screening the solutions subject to the
underlying constraints.

The k-medoids algorithm attempts to minimize the dis-
tance between points labeled as in a group, and a medoid
is designated as the center of that group. In the k-medoids
algorithm, the medoid is chosen for each group in each iter-
ation rather than calculating the mean of the points in each
group [15], [16]. Since we want to find the medoids in each
group (i.e., a header BS) rather than the mean of the points,
it is intuitively more suitable to find the solution to (8) using
the k-medoids algorithm rather than the k-means algorithm.
Therefore, the k-medoids algorithm is employed to derive the
solution Xy foreachk =1,2,---,Npg.

Recall that we set djj = oo if the distance between the
header BS and its member BS is more than dj;;,;;. Moreover,
the solution derived from the k-medoids algorithm may not
satisfy (3). Therefore, when we construct the set of available
group configurations C, we screen out the solution X which
yields oo in (8) and does not satisfy (3). The detailed pro-
cedure for the DSS-grouping algorithm is now specified as
Algorithm 1. Fig. 7 illustrates all its iterative steps with a
simple example.

In Algorithm 1, we randomly select the header BSs at
the initialization step. Then, the k-medoids algorithm used
in Algorithm 1 finds a solution in a greedy manner, which
would ends up at a local optimum. Since our purpose is
to verify the effectiveness of the group-wise LBT and its
implementation framework, more advanced algorithms can
be designed to improve its performance with the various other
approaches, which is beyond the scope of this paper.
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Algorithm 1 DSS-Grouping Algorithm

SetC =

fork=1,2,--- ,Ngdo
Step 1 (Initialization):
1.1. Choose k BSs at random to be the initial header
BSs;
1.2. Assign each member BS to the nearest header
BS;
Step 2 (Update header BSs):
2.1. Find a new header BS in each group, which is
the object minimizing the total distance from the
member BSs in its group;
2.2. Update the current header BS in each group by
replacing it with the new header BS;
Step 3 (Assign member BSs to header BSs):
3.1. Assign each object to the nearest header BS and
obtain the grouping configuration;
3.2. Repeat Step 2 and 3 until all header BSs become
fixed;
3.3. If all header BSs become fixed, save the current
group configuration on X;
Step 4: (Screen solution):
4.1. If X}, yields a finite output in (8) and satisfies
(3).C = CUXe)

end
Repeat until all header BSs become fixed
% :header BS
@ : member BS
* o o ® o o
* ([ ]
e [ ] [ J *
* o * e
[ ] [ [ ]
o * o °

Find a new header BS that
minimizes the total distance from
the member BSs in a group

Choose initial header
BSs at random

Assign each member BS
to the nearest header BS

FIGURE 7. lllustrative example of k-medoids algorithm.

B. CST CONTROL ALGORITHM (CSTA)

As mentioned above, spatial reuse among the groups
increases with the CST. Therefore, we seek to find the highest
CST value that satisfies the target TFP for the given grouping
solution by Algorithm 1 (i.e., CST (Xi, D)). TFP can be
reduced by decreasing CST, since OGI is proportional to
CST. However, even if the CST is fixed, TFP may still vary
over time due to the network dynamics, e.g., MAC collision,
and channel fading, in practice. Also, the complexity of the
network dynamics renders it difficult to determine a network
evolution model in advance [17]. In order to maintain the
TFP performance within the required level, CST must be
controlled in the varying environment, yet at its highest pos-
sible threshold. Toward this end, we design the Q-learning
algorithm for group-wise LBT that can control the CST value
in adaptation to the dynamically changing wireless network
environment [9].
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The Q-learning algorithm, as the most widely used
model-free learning algorithm, consists of the following three
elements: 1) states; 2) actions; and 3) rewards (costs), and
the goal of the Q-learning algorithm is to maximize the total
reward [9]. Let us consider a sequence which represents the
decision epochs, denoted by 7 = {1, 2, ..., Ny}. Herein,
N7 is the maximum number of decision epochs and the
duration between the decision epoch is a constant value A
(e.g., A = 100 ms). s; and a; denote the state and the action
chosen at the decision epoch ¢ € T, respectively. At the
decision epoch ¢t € T, the learner selects an action a; and
observes a reward r (s;, a;), and enters a new state Sy4p.
Based on the received reward r (s;, a;), the Q-value Q (s;, a;),
which represents the quality of action a; selected for state s;,
is updated as follows:

Q (s, ar) < (1 —a)Q (51, ar)
o (r(sa) +ymax Q(si1.@) - (10)

where « is the learning rate (0 < o < 1) and y is the
discount factor (0 < y < 1). In the group-wise LBT
protocol, our design objective is to determine the maximum
CST that satisfies the target TFP, denoted by Brrp. In the
sequel, we define states, actions, and rewards in terms of the
TFP and CST values for our design.

Let P denote a set of possible CST values. Considering Np
possible CST values, it is constructed as

P = {CST1, CST, - - 1CSTN73}

where CST; is the i-th state given by a CST value (dBm)
and CST; > CSTi;+1. Let p; € P denote a state for CST
that is applied over (¢+ — 1,¢]. In this algorithm, for sta-
ble operation of the group-wise LBT protocol, we fix the
maximum and minimum CST values, denoted by CSTpax
and CSTpin, respectively. Therefore, CST; < CSTmax and
CSTny > CSTin. Herein, based on the minimum detection
strength of LTE CRS [18], we set CSTmax = —53 dBm
and CSTmin = —91 dBm. Note that CSR can be adjusted
more finely with increasing Np. Too many states might be
involved with enormous training overhead without significant
performance improvement. In order to induce a meaningful
change in TFP by a state change, however, the number of
states in P must be set large enough to increase or decrease
CSR uniformly. For example, if a control interval of the CSR
is about 30 m within the minimum and maximum range of
CST, Np = 12 warrants an acceptable amount of training
overhead without compromising its average throughput per-
formance. More specifically, consider the NLoS path-loss in
urban micro (UMi) scenario, which is modeled as

IN1os(dB) = 36.7loggd + 22.7 + 26log2.4  (11)

where d is the 3D distance between the transmitter and
receiver [19]. Assuming the BS transmit power of 30 dBm
under the UMi NLoS path-loss model in (11), P can be set as
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follows:

{ — 53, -63, —69, —74, —77, —80,
P =

. (12)
—82.5, -85, —87, —88.5, —90, —91

Meanwhile, consider two states, 0 and 1, to indicate
whether the observed TFP satisfies the target TFP with the
current value of CST. Let F denote the set of these two states,
i.e., F = {0, 1}. In the course of running the algorithm, TFP
must be measured online. Let m,41 denote the instantaneous
TFP measured when CST p,4 is applied over (¢, ¢ + 1].
It can be measured by counting the number of transmission
successes and failures. Meanwhile, let F; (CST;) denote the
average TFP for each CST; at decision epoch ¢. If p;y1 =
CST;, F;41 (CST;) will be updated by the following expo-
nential moving average (EMA):

(1—w)F, (CST))
+ wmy 41
F; (CST))

Fiy1(CST) = ifpi1 = CST;,  (13)

if pr1 # CST,

where w is a discount factor for the EMA. Herein, initial
value of 17,+1 (CST)) is set to the very first instantaneous
transmission failure probability when CST; is applied. Let
fi € F denote a state to indicate whether I*T,(pt) < Brrp
at decision epoch ¢, i.e., f; = 0 if I'Tt(pt) < PBrrp and
fit = 1 otherwise. Given two sets, P and F, state space S can
defined as the Cartesian product of P and F,i.e.,S = P X F.
At decision epoch ¢, its state is denoted as s; € S, where
st = [pe, fr]-

In a given state p; = CST;, we seek to determine the CST
value to be employed during (¢, ¢ + 1], i.e., py+1. Among Np
possible states, we consider only one-step transitions between
two neighbor CST values [20]. Limiting to one-step transi-
tions, action space can be significantly reduced for the given
state. In other words, action space varies with the current
state. Let .4; denote action space at decision epoch ¢, which
is given by a finite set of available actions to be selected
when the current state is p,. Following our one-step transition
constraint, then the action set A; is given as

{CSTy, CST») if p; = CSTy,
A = 1{CSTnp—1. CSTn, |} if py = CSTy,, (14)
{CST;_1, CST;, CSTi+1} otherwise.

Given a state s; = [py, f;], action at decision epoch ¢, denoted
as a;, will be selected from the action set A;, i.e., a; € A,.

As mentioned above, we seek to maintain the highest
CST value that satisfies the target TFP Brrp. Therefore,
we design a reward function, r (s, a;), which depends on
whether m (pr+1) < Prrp is met or not. More specifically,
if Fry1 (pr+1) < Brrp, wWe give a positive reward, which
is proportional to the CST p,y|; while making it as high
as possible, ie., 7 (s;,a;) <« pr1 — CSTn,. However,
if Fr+1 (pr4+1) > Brrp, We give a negative reward in propor-
tion to the CST py41, ie., r (ss,ar) < — (pis1 — CSTnp),
which can ensure that TFP is reduced.
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Finally, to select the action at the decision epoch ¢, we use
the e-greedy policy, which is a combination of exploitation
and exploration method as follows [9]:

arg max Q (s, a) with probability 1-¢

acA(p;
a; = (exploitation), (15)
random {a, a € A (p;)} with probabilitye
(exploration),

where ¢ is the exploration probability. Meanwhile, in the early
stage of Q-learning, the performance of reuse degree may be
distorted because the Q-values are not sufficiently updated.
Thus, we need to wait until the Q-values are updated enough.
Let Ny be the number of decision epochs for training. Before
Q-learning begins, all Q-values are initialized to 0. We do
not consider the reuse degree during the training period,
ie., t = 1: Ny, and the reuse degree during t = Ny : Ny
is recorded on p (X, D).

VI. SYSTEM-LEVEL SIMULATION AND

PERFORMANCE ANALYSIS

In this section, we focus on the performance evaluation of
the areal capacity gain of the proposed and conventional
schemes. Herein, the proposed scheme refers to the group-
wise LBT that employs the DSS-grouping and CST con-
trol algorithms designed in this study, and the conventional
scheme is the existing channel access mechanism in which
each BS independently performs LBT with n cooperation.
First, we present the system-level simulation scenario, includ-
ing the simulation environment and system model. Then, our
simulation results are presented to demonstrate the reuse gain
of the proposed scheme over the conventional schemes.

A. SIMULATION SCENARIO

We adopted the LAA system for our DSS system model
under consideration. The system-level simulator (SLS) devel-
oped using the C ++4 language is implemented according
to the 3GPP LAA evaluation methodology specified in [19].
This methodology corresponds to one developed to evalu-
ate the system-level performance of the contributions to the
3GPP-LAA standardization process, which underwent vari-
ous calibration procedures to verify its validity [21].

To verify the proposed scheme in the actual environment,
we consider an environment in which 100 BSs are uniformly
distributed in a square space. As aforementioned, the per-
formance of the proposed scheme varies with the density
of the BSs. Therefore, with the number of fixed BSs, we vary
the area of the square to change the density of the BSs to limit
the complexity of the simulation. Let dpg denote the average
distance between adjacent BSs. Then, we set up a square
with an area of 10dpsx10dps, and the performance of the
proposed and conventional scheme are observed for varying
dps values. Notably, since 100 BSs are dropped in a square
with an area of 10dpsx10dps, BSs are densely distributed as
dps decreases. UEs are uniformly distributed in the square
area and they associate with the BS that has the highest RSS.
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TABLE 1. Simulation models and parameters.

Models and parameters Value
Carrier frequency 2.4 GHz
Channel 2D omni-
model Antenna configuration directional,
1Tx-2Rx
(cross-polarized)
Spatial channel model IT.U urban
micro
UE speed 3 km/h
System bandwidth 20 MHz
Number of 1
component carriers
System Tx power 30 dBm
Number of UEs per BS 3
model Chase
HARQ combining
Maximum
UE receiver ratio
combining
Downlink
Traffic model only, full
buffer
CQI report period 5 ms
CQI report delay 8 ms
CCA slot size 9us
LBT Minimum/ maximum 32/1024
parameters | back-off window size CCA slots
When more
than 80 % of
Back-off window the transport
size increment blocks in
criteria of the BS a subframe
fail to transmit
[10]
MCOT 7 ms
Target TFP Brrp 0.13
Minimum CST C ST |-91 dBm
Maximum CST C'ST .« |-53 dBm
Learning rate « 0.8
CSTA | Exploration probability e |0.3
parameters | Discount factor 5
for the EMA w
Duration between 100 ms
the decision epoch A
Number of possible 12
CST values Np
Number of the decision 30
epochs for training Ny,
Number 60
of the decision epochs N1

The simulation parameters used in this study are summarized
in Table 1, including the specific channel model parameters,
system configurations, and the LBT parameters commonly
used in the proposed and conventional schemes.
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FIGURE 8. Box plot of 10log;q (1 + Igg;/ljg;) With varying dgs.

As aforementioned, the grouping boundary must be set to
djimir by considering the minimum RSS, denoted by Tiyin,
which is subsequently determined by the transmit power.
Then, let Dpax denote the corresponding maximum CSR.
We seek to set djipir such that the required CSR of the header
BS does not exceed Dyax. Herein, CSR is maximized when
there are only two BSs in a group, including one for the
header BS. Then, the distance between these two BSs is djjir.
This is the worst case in the sense that CSR is maximized by
minimizing IGI. In this simulation, we seek to set an appro-
priate djimir so that the CSR required in the worst case is less
than Dpax. According to [22], under the assumption that the
BSs are distributed by PPP, total interference can be approxi-
mated into the strongest interference. Therefore, in order for
two BSs in a group to be the strongest interferers against each
other, we set the CSR of the header BS to 3dj;;,;; in the worst
case, i.e., 3djimir < Dmax- Referring to the minimum detection
strength of LTE CRS in [18], we set T, = —92 dBm.
Furthermore, according to the transmit power and UMi NLoS
path-loss model, D,y is approximately 375 m. Therefore,
djimir 1s set to 125 m to satisfy 3djipmir < Dmax- Additionally,
the parameters used for CST control algorithm (CSTA) are
summarized in Table 1.

In the current simulation studies, to observe the perfor-
mances of the conventional scheme according to frequency
reuse degree, the performances of the conventional scheme
are evaluated for different CST values: —52dBm, —62 dBm,
and —82 dBm.

B. SIMULATION RESULTS

We first consider the scenario of a single MNO. Herein,
we compare the performance when the MNO employs either
the proposed scheme or the conventional scheme. Recall
that a degree of CQI mismatch in the group-wise LBT
is indicated by the ratio between IGI and OGI (see (7)).
To ensure that the proposed scheme reduces the effect of
randomly incurring OGI in the received SINR, we sample
10logo (1 4+ Iogi /Iigr) in (7) for each UE. Fig. 8 presents a
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FIGURE 9. Average TFP per UE with varying dgs.

boxplot of the samples with varying average distance between
adjacent BSs (dps) [23]. Each sample is computed by taking
the time average over one subframe. On each box, the red
line indicates the median, whereas the bottom and top edges
of the box indicate the 25th and 75th percentiles of the
sample data, respectively. Moreover, the whiskers extend to
the most extreme data points not considered outliers. Herein,
we consider points as outliers if they are greater than g3 +
1.5 (g3 — q1) or less thang; — 1.5 (¢3 — ¢q1), where g1 and
g3 are the 25th and 75th percentiles of the sample data,
respectively [23]. We observe in Fig. 8 that most samples
of 10log;o (1 + Ioci/Iigr) are less than 0.3 dB regardless
of dps. According to the LTE standard, since the required
minimum SINR value should be increased by approximately
1.5 to 3 dB to step up one MCS level, the current observation
ensures that our proposed scheme can sufficiently reduce
the detrimental effect of a randomly generated OGI on the
received SINR.

The average TFP of the UE is shown in Fig. 9 for varying
dps to demonstrate that the scheme reduces CQI mismatch
while boosting the proposed spatial reuse gain. We first note
that TFP for the conventional scheme with a CST of —82 dBm
decreases with BS density. This is because a stringent CST
induces less frequent MAC collision as the number of con-
tention BSs in the CSR decreases. However, the conventional
scheme with a CST of —52 dBm and —62 dBm show the high
TFP regardless of the BS density. In this case, even if the num-
ber of contented BSs decreases, CQI mismatch occurs fre-
quently because of hidden nodes associated with aggressive
frequency reuse. This implies that CQI mismatch becomes
critical in the existing DSS system, especially when subject
to more aggressive frequency reuse. In contrast, the proposed
scheme shows the lowest TFP (0.12 to 0.13), satisfying the
target TFP (0.13) regardless of the BS density. This indicates
that CQI mismatch can be controlled at the desired level even
while actively reusing the channel as intended in the proposed
scheme.
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Recall that the areal capacity of the proposed scheme
depends on the reuse degree. Therefore, before investigat-
ing its areal capacity, we compare the reuse degrees of
the proposed and conventional schemes as varying dps.
Fig. 10 shows the average reuse degree, which is defined as
the average number of concurrent transmission BS per unit
area (i.e., 1 km?) in each subframe. It is computed by taking
the time average over the simulation run time. First, we find
that the conventional scheme with a CST of —52 dBm has the
highest reuse degree when the ISD is more than 45 m, which
is attributed to its more aggressive frequency reuse. However,
itdoes not satisfy the target TFP as observed in Fig. 9. Investi-
gating the best performance of the conventional scheme first,
we have found that it must be set to the CST of —82 dBm,
achieving the lowest TFP performance. Compared with the
conventional scheme with a CST of —82 dBm, the proposed
scheme shows higher performance in the reuse degree regard-
less of dpg. In particular, its performance improves signifi-
cantly with BS density, as the required CSR of the proposed
scheme decreases with the distance between BSs in the group.
Together with the results in Fig. 9, those in Fig. 10 ensure
that the proposed scheme can increase the reuse degree while
satisfying the target TFP with CSTA.

Subsequently, Fig. 11(a) shows the average areal capacity
with varying dps (m). We first note that the areal capacity
of the proposed scheme is highly consistent with the reuse
degree of the proposed scheme in Fig. 10, as expected. Note
that Fig. 11(b) presents the same result in the explicit form
of areal capacity, i.e., the number of BSs/km?. Using the
slopes of the graph in Fig. 11(b), the average BS capacities
are estimated as 9.68 and 2.19 Mbps/BS for the proposed and
conventional schemes with a CST of —82 dBm, respectively.
This corresponds to an almost 4.42 times enhancement in
the areal capacity gain of the proposed scheme over the
conventional scheme.

Finally, we intend to determine if two different systems that
employ the proposed scheme and the conventional scheme
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FIGURE 11. Average areal capacity with varying: (a) dgg, (b) BS density.

are allowed to coexist using the same channel. To evaluate
this scenario, we borrow a notion of fair coexistence in the
3GPP-LAA standard [19]. To define fair coexistence, we con-
sider the following two different scenarios, particularly with
two operators designated as MNO A and MNO B:

e Scenario 1: MNO A with the conventional scheme

vs. MNO B with the conventional scheme.
e Scenario 2: MNO A with the conventional scheme

vs. MNO B with the proposed scheme.

Herein, the notion of fair-coexistence dictates that the per-
formance of MNO A with the conventional scheme under
Scenario 2 should perform at least as well as MNO A with the
conventional scheme under Scenario 1. For the coexistence
scenario, 20 BSs of MNO A and 80 BSs of MNO B are
uniformly distributed in the square space with an area of
300 m x 300 m. Herein, the CST of the conventional scheme
is set to —82 dBm. Meanwhile, we design CSTA considering
the TFP of the BSs that belong to the same MNO. Therefore,
if header BS in MNO B applies CST derived from CSTA
regardless of MNO, it may degrade the performance of the
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MNO adopting the conventional scheme. Therefore, in Sce-
nario 2, the header BSs perform CS by setting the CST to
—82 dBm for the interference sources of MNO A. In addition,
for the interference sources of the same operator (MNO B),
the header BSs use the CST derived from the CSTA. This
method is similar to the energy detection threshold adap-
tation (EDTA) specified in the LAA standard. To protect
the Wi-Fi system, it sets energy detection threshold to the
maximum value provided the Wi-Fi system does not occupy
the channel [10]. Meanwhile, we set the MCOT of the MNO
A to 7 ms. Here, in Scenario 1, since both MNOs adopt the
conventional scheme, the MNO B set the MCOT to 7 ms.
Also, for fair performance comparison of MNO B according
to the above scenarios, we set the MCOT of proposed scheme
to 14 ms so that the system throughput of MNO A in Scenario
1 and that of MNO A in Scenario 2 show similar value.

VIl. CONCLUSION

Over the past decades, a common-sense approach to over-
come the hidden node problem in the existing downlink
DSS system has been confined to avoiding interference or
relying on link adaption based on the previous transmission
history, and various techniques have been developed based on
these approaches. In this paper, we argue that its fundamental
limitation is the result of the uncoordinated channel access
mechanism, which ultimately suffers from the unpredictable
and random nature of co-channel interference. To overcome
this limitation, we buck the trend of the existing DSS system
by inducing a strong fixed interference pattern within a group
of BSs. Specifically, by leveraging the feature of the coordi-
nated DSS system, we consider a group-wise LBT protocol
that can increase areal capacity in the DSS environment. It is
unified into a complete coordination framework with elemen-
tary algorithms for BS grouping and CST adjustment. Our
system-level simulation results demonstrate that the proposed
framework can improve its areal capacity over the conven-
tional DSS approach by 4.42 times, indicating a substantial
saving in mobile infrastructure cost.
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Even though we only consider the downlink DSS system,
the current design principle can still be extended to an
uplink DSS system. However, due to the structural differ-
ences between the downlink and uplink in the cellular sys-
tem, the implementation framework in this paper may not
be extended in a straightforward manner. Thus, we leave
this issue as our future work. We expect that the proposed
framework will be a new milestone for the system design in
various future DSS scenarios.
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