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ABSTRACT Dynamic spectrum sharing (DSS), in which multiple wireless systems share the same radio
resource, has been considered to improve frequency utilization efficiency. In DSS, the observer measures the
channel occupancy rate (COR) and the number of radio resources, such as frequencies used by other wireless
systems, and dynamically selects the channel with the lowest COR for communication. As the number
of channels increases, the observation time becomes longer, resulting in increased latency and reduced
throughput. In addition, many existing studies have been conducted with limited interference patterns.
This paper proposes an excluded channel selection scheme to shorten the observation time. In the initial
observation, all channels are measured, and channels with high COR are excluded. After exclusion, only
the survival channels are measured to shorten the observation time and improve the throughput and latency.
Computer simulation results were evaluated to improve the throughput with the observation time rate to
0.2 and the number of excluded channels to five, and the observation time can be cut in half. Even if there
is little degradation in throughput by selecting the channel with the second smallest COR, throughput is
expected to be improved by reducing the observation time. The throughput characteristics were also evaluated
with three types of interference patterns. It is necessary to select the number of excluded channels from the
distribution so that the overlapping distribution of each COR is less than 0.03.

INDEX TERMS Dynamic spectrum sharing (DSS), channel observation, channel selection, radio
interference.

I. INTRODUCTION
The fifth generation mobile communication system (5G)
service has been launched, and now the next generation
mobile communication system (6G) is under considera-
tion. In 5G, technological development is being promoted,
focusing on high-speed, large-capacity communications,
multi-terminal connectivity, and highly reliable, low-latency
communications [1], [2], [3]. In addition to communica-
tion with devices such as smartphones, communication
with various devices such as factory automation, Auto-
mated Guided Vehicles (AGVs) in warehouses, sensors, etc.,
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is envisioned. For example, in factories, it is necessary to
change the arrangement of manufacturing machines accord-
ing to the production line. The communication environment
changes depending on the arrangement of manufacturing
machines. To realize high-speed and large-capacity com-
munications, millimeter waves above 60 GHz are being
considered in addition to quasi-millimeter wave bands such
as the 28 GHz band [4], [5]. When the communication envi-
ronment changes, millimeter waves cannot ensure sufficient
coverage.

From the coverage viewpoint, it is desirable to use the
microwave band. 5G allocates new bands, such as the
3.7 GHz and 4.5 GHz bands [6], [7]. Microwaves are more
suitable for use in factories and other areas because they are
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more circumferential than millimeter waves. However, in the
microwave band, there are no available frequencies to be
allocated to new wireless systems, and bandwidth is secured
by coordinating use among existingwireless systems. In other
words, developing technologies to improve the frequency
utilization efficiency of the microwave band is required to
realize the sustainable evolution of wireless communications.

Dynamic SpectrumSharing (DSS), in whichmultiple wire-
less systems share the same radio resource, is considered
one of the technologies to improve the frequency utilization
efficiency [8], [9], [10]. Wireless systems use radio resources
such as allocated time/frequency/space in response to com-
munication requests, but these resources are rarely used all
the time. In other words, the allocated radio resources may
not be used for a short period or at a specific location. There-
fore, DSS can operate multiple wireless systems with limited
radio resources bymaking secondary use of these temporarily
available radio resources by other wireless systems. In many
factories, multiple wireless systems are in operation. If these
systems can effectively use the same radio resources, DSS
can solve the problem of radio resource depletion.

On the other hand, when multiple wireless systems use the
same radio resource, the degradation of communication qual-
ity due to radio interference between the systems becomes
a problem [11], [12]. If the wireless systems can cooperate,
they can share the usage status of the radio resources by
using control signals, etc., and each wireless system can
use the radio resources appropriately to reduce interference.
In [13] and [14], a management system in DSS manages
and allocates the radio resources each wireless system uses.
However, centralized management by a management system
is challenging to add a new system freely. Spectrum-sharing
technology based on blockchain technology is also consid-
ered a scheme without the management system [15], [16].
Blockchain technology maintains a blockchain ledger for
each system that describes spectrum usage and uses this
information to determine which wireless resources to use
autonomously and decentralized. The information in the
blockchain ledger needs to be shared between systems are
required. Unfortunately, not all wireless systems can send and
receive control signals when old and new wireless systems
exist in the factories. Another problem is that the number of
control signals increases as the number of wireless systems
increases. Therefore, to realize the DSS that any wireless
system can share, an autonomous control type technology
that does not use control signals or a management system is
required.

As an autonomous control type technology, a technology
that measures the usage of radio resources used by other
wireless systems and determines the radio resources to be
used by each radio system based on the observation results
is being considered [17], [18], [19]. Here, among the radio
resources that multiple wireless systems can use, a frequency
is defined as a channel. The channel occupancy rate (COR)
is the percentage of time other wireless systems use the
channel. When wireless systems communicate, the overall

communication quality is considered higher if they do not
cause interference with each other. Therefore, the COR of
all available channels is measured, and the channel with the
lowest COR is selected for communication.

Due to the limited number of RF circuits, it is only pos-
sible to measure some channels simultaneously [20]. When
observing channels in sequence using a single observer, the
observation time increases when the number of available
channels is large, and the time available for communication
decreases [21]. In addition, since there is a waiting period
between observation and communication, the transmission
delay also increases. Since COR is proportional to the amount
of communication by the user, it varies depending on the
user’s activity [22], [23]. In a long-time observation, the COR
may change between observation and channel selection in
a time-varying environment. On the other hand, the shorter
the observation time per channel, the larger the observation
error becomes. On the other hand, the shorter the obser-
vation time per channel, the larger the observation error.
To reduce the observation error, optimization of the observa-
tion order of channels and prediction of user demands have
been discussed [24], [25]. Sensing schemes with multiple
antennas [25] and using the distribution of interfering sys-
tems [27] have also been considered to reduce the observation
error due to noise. However, previous studies were conducted
with limited interference patterns and in simplified environ-
ments [24], [25], [26], [27].

The authors have proposed a channel observation scheme
to improve observation accuracy [28]. In this observation
scheme, all channels are observed in the first observation,
and the channels with low COR are selected based on
specific criteria. Only the selected channels are observed
in the second observation, which increases the observation
time and improves the observation accuracy. However, since
all observation times were constant in one period, there
was no improvement in the latency viewpoint. Furthermore,
the throughput characteristics of the proposed observation
scheme still need to be clarified.

This paper proposes the channel selection scheme to
shorten the observation time and clarify its character-
istics. The proposed scheme shortens the observation
time by initially observing all channels and excluding
channels with high COR. This is expected to improve
throughput and latency. This study conducts a gener-
alized evaluation using multiple interference patterns in
an environment where autonomous control systems using
Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA) are mixed. Three types of environments
were used: high interference, low interference, and severe
conditions.

The rest of the paper is organized as follows. Section II
presents the system model and COR for channel observa-
tion. Section III describes the proposed excluded channel
selection schemes. In Section IV, computer simulation results
are detailed in the various interference environment. Finally,
Section V concludes the paper.
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FIGURE 1. System model.

FIGURE 2. Time chart example.

II. CHANNEL SELECTION SCHEME
A. SYSTEM MODEL
Fig. 1 shows the system model assumed in this paper. There
are multiple interfering systems and the proposed system
nearby. These systems select one ofN channels for communi-
cation. Each of the N channels is assumed to be uncorrelated,
and there are no overlapped. Each system decides the channel
selection independently, and the decision criteria and control
signals are not shared among the systems. This is because
each system is assumed to be a heterogeneous wireless
system.

The proposed system has channel observers at an access
point (AP), observes the usage of each channel, and selects

the channel to use based on the observation results. The pro-
posed system assumes that time is divided into two sections,
an observation period and a communication period and that
the two sections are switched alternately. Fig. 2 (a) shows
an example of a time chart of a channel observation. The
observers measure the channel usage in turn. After observing
all the channels, select the channel that is judged to be the
least used. In this case, the AP selects Channel #1 of the three
channels. The AP in the proposed system uses the selected
channel to communicate with the User Equipments (UEs).
After selecting the channel, the communication is assumed
to be performed by random access using CSMA/CA. The
AP and UEs are assumed to be perfectly synchronized times.
Detailed observation is described in the next section.

The interfering systems also select one channel from N
channels for communication. The interfering systems com-
municate on a fixed channel and do not change the selected
channel once it has been selected. The interfering systems
are assumed to operate independently, and the number of
UEs and traffic is considered to differ. The interfering also
transmits using CSMA/CA. Note that after channel selection,
the proposed system only occupies the channel when commu-
nicating but shares the channel with other systems. Therefore,
communication over a channel with many interfering systems
will cause packet collisions, degrading the communication
quality. To reduce packet collisions and interruptions with
interfering systems, this paper proposes the scheme that
selects a channel with lower usage.

B. CHANNEL OCCUPATION RATE
Let us explain the evaluation indices used for channel obser-
vations. During the observation period, the channel observer
measures the sum of the times the received signal power is
above the threshold value for each channel. When TOBS is
the observation time per channel and TE(n) is the sum of the
times when the threshold is exceeded in the n-th channel,
the observed Channel Occupation Rate (COR) in the n-th
channel, ρ̂(n), is expressed as

ρ̂(n) =
TE(n)
TOBS

. (1)

This means that multiple interference systems can be used on
the same channel. Note that even if there are multiple interfer-
ing systems on the same channel, COR does not distinguish
between them. In other words, only the time occupancy of the
channel is considered. The observation threshold is set to the
carrier sense level, e.g., −82 dBm. When the set of observed
channels isN , channel nd is selected by the following norm:

nd = arg min
n∈N

ρ̂(n). (2)

It is assumed that the usage of the interfering system is still the
same between the observation and communication segments.

III. EXCLUDED CHANNEL SELECTION SCHEME
If the observation time, TOBS, is long enough, the channel
observer can accurately determine the channel usage of all
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systems using the channel. However, when the number of
observed channels is large, the longer TOBS is, the shorter the
communication period, resulting in lower system throughput.
In addition, the time between observation and communication
periods is also longer, resulting in higher latency. On the
other hand, when TOBS becomes shorter, the observation error
increases, and the probability of selecting a channel with
higher COR increases, resulting in lower system throughput.
Excluding the channel with a high COR from observation
can reduce the probability of selecting a channel with a
higher COR. Furthermore, it can improve the throughput by
allocating the observation time to communication time.

For efficient channel observation, we have proposed a
two-step channel observation scheme that divides the obser-
vation period into two parts and narrows the observed
channels from the first observation result [28]. In [28],
the channels with higher COR are excluded from the can-
didate channels for the second observation, focusing on the
spread of observation error in the first observation. The
observation time for the excluded channels was allocated
to the observation time of the remaining channels, thereby
increasing the relative observation time and improving the
observation accuracy. However, since the length of the obser-
vation period stayed the same in this scheme, there was no
improvement in transmission latency when the number of
channels was large. Therefore, this paper aims to reduce the
latency and improve the system throughput by eliminating
the observation time for the excluded channel in the second
observation instead of allocating the observation time to the
other channel.

Fig. 2 (b) shows an example time chart of the proposed
excluded channel selection scheme. In the initial observation,
the channel observer measures at βTOBS observation time
where β is the ratio of the first observation time (0 ≤ β ≤ 1).
Let ρ̂(1)(n) be the COR of the n-th channel in the initial
observation, and is expressed as

ρ̂(1)(n) =
T (1)
E (n)

βTOBS
, (3)

where T (1)
E (n) is the sum of the observed time in the ini-

tial observation at n-th channel. The channel observer sorts
the N observed ρ̂(1)(n) in ascending order. Among the sorted
ρ̂(1)(n), exclude NE channels from the bottom. Here, let N ′

denote the survival channel set after exclusion. In the case of
Fig. 2 (b), Channel #1 and #2 are the surviving channels. The
channel observer measuresN ′ with (1−β)TOBS observation
time. After the observation, the COR is calculated by com-
bining the results of the two observations. Let ρ̂(2)(n) denote
the combined COR and express as

ρ̂(2)(n) =
T (1)
E (n) + T (2)

E (n)

TOBS
, (4)

where T (2)
E (n) is the sum of the observed time in the survival

channel observation at n-th channel. The proposed scheme
selects the channel with the lowest ρ̂(2)(n).

TABLE 1. Simulation conditions.

TABLE 2. Interference patterns.

Thus, by excluding NE channels from the initial obser-
vation, the whole observation time can be reduced by
NE(1 − β)TOBS. So the whole observation time, TO is
expressed as

TO = NβTOBS + (N − NE)(1 − β)TOBS. (5)

In Fig. 2 (b), it can be reduced by (1 − β)TOBS, the obser-
vation time of channel #3. When β is small, the possibility
of excluding the channel with the smallest COR increases,
but the time which is excluded increases. Therefore, the
improvement of the characteristics can be expected. Note that
the complexity of the proposed scheme is almost the same as
that of the conventional scheme. The only difference between
the proposed and the conventional scheme is excluding the
process after the all-channel observation. The complexities
do not increase because the comparison of observed CORs is
a few processes. Hence, the proposed channel selection can
be achieved without complicated processing.

If all channels have high COR, the throughput character-
istics would be identical regardless of the selected channel.
However, since the observer cannot know the true value of
COR as a priori information, the observation is performed
similarly, even if all channels have a high COR. It has also
been revealed that communication reliability can be improved
by using redundant communication, in which multiple chan-
nels are used simultaneously, even for channels with high
COR [29]. It is necessary to control whether to use single or
multiple channels for redundant communication depending
on the communication type. Switching between these two
options will be considered in the future.

IV. COMPUTER SIMULATION
A. SIMULATION CONDITIONS
Computer simulation evaluates the transmission character-
istics of the proposed scheme. Table 1 lists the simulation
conditions. The total number of available channels was set to
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N = 8. The time length per transmission that the interfering
system transmits signals was set to 266 µs. The number of
APs in the proposed system is assumed to be one, and ten
UEs are connected under the AP. The communication period
after the observation period is set to TCOM = 1000ms, during
which the proposed system transmits packets by CSMA/CA
with the selected channel. Assuming an uplink, a signal with
a payload length of 1500 Bytes is transmitted at a transmis-
sion data rate of 39 Mbps. The signal generation per UE
is assumed to follow Poisson generation, and λ was set to
100 (1/sec/UE). Thus, the average UE throughput transmitted
during TCOM without considering the observation time over-
head is 12 Mbps. Only data and ACK packets are used in this
simulation, and other control signals are not considered. All
radio technologies (RATs)were assumed capable of receiving
all signals within range. So there are no hidden terminals.
Packet errors were assumed to be due to packet collisions
between UEs or with interfering signals, and no transmission
errors by propagation loss were considered.

Three interference patterns were considered as listed in
Table 2. These values are true CORs when the proposed
system does not transmit. The computer simulations were
conducted within the range where there is an effect of com-
munication due to interference. When the COR is less than
0.2, there is little interference, so there is almost no effect of
interference, and the throughput characteristics are the same.
Since control overheads such as Short Inter Frame Space
(SIFS), Distributed coordination function IFS (DIFS), and
random backoff are no-signal periods and are not included
in the COR observation, the maximum value of the COR is
0.62. Hence, this study set interference patterns in the range
of 0.22–0.62. This paper set the three interference patterns:
Interference pattern #1 includes the highest COR, the min-
imum COR was set to 0.31, and the minimum difference
between CORs was about 0.04 intervals. Interference pat-
tern #2 had the same minimum COR as interference pattern
#1, but the minimum difference between the CORs was set
to about 0.02. Interference pattern #2 is a severe condition
with high observation error due to narrow channel spac-
ing. Interference pattern #3 includes the minimum COR of
0.22, and the minimum difference between CORs was about
0.03 intervals. Interference pattern #3 is the least interfering
pattern among the three. These channels do not overlap in
frequency and are assumed the interfering systems operate
independently. Note that there are two maximum values of
0.62 in interference pattern #1, but this is since CSMA/CA is
used, so it cannot occupy more than this.

The throughput of the i-th UE is calculated by

R(i) =
TCOM

TCOM + NβTOBS + (N − NE)(1 − β)TOBS
B(i),

(6)

where B(i) is the amount of transmission between TCOM of
the i-th UE. The overhead of the observation time is taken
into account. If there are no excluded channels (NE = 0), the

FIGURE 3. Average UE throughput characteristics as a function of number
of excluded channels, NE.

FIGURE 4. Average UE throughput characteristics as a function of
observation ratio, β.

throughput is expressed by

R(i) =
TCOM

TCOM + NTOBS
B(i). (7)

(7) is the throughput in the conventional scheme.

B. CHARACTERISTICS OF PROPOSED SCHEME
First, to clarify the characteristics of the proposed scheme
when the number of excluded channels NE is varied, com-
puter simulation results are evaluated using interference
pattern #1. Fig. 3 shows the average UE throughput charac-
teristics with TOBS being a parameter when NE is varied. β

was set to 0.2. As NE increases, the average UE throughput
increases because the observation time decreases. The larger
TOBS per channel, the more significant the effect of increas-
ing NE. On the other hand, for the highest throughput with
TOBS = 20 ms and NE = 5 is the maximum value.
Fig. 4 shows the average UE throughput characteristics

for TOBS = 20 ms with β being a parameter. As β is set
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FIGURE 5. Average UE throughput characteristics as a function of the
observation time.

FIGURE 6. Selection probability of channel that is minimum COR.

closer to 0.1, the average UE throughput improves because
the observation time for survival channels becomes longer.
On the other hand, the average UE throughput reaches its
maximum value at β = 0.2 for NE = 5 and β = 0.3 for
NE = 6. As NE increases, the probability of excluding the
channel with the smallest COR increases due to the effect of
the observation error in the initial observation results. From
the above, from the viewpoint of average UE throughput,
β = 0.2 and NE = 5 can maximize the UE throughput.
Next, the proposed scheme is compared with the con-

ventional scheme that is equally channel observations. The
conventional scheme measures at observation time TOBS and
does not exclude channels. Fig. 5 shows the average UE
throughput characteristics with TOBS being a parameter. The
observation time rate of the proposed scheme and the number
of excluded channels were set to β = 0.2 and NE = 5,
respectively. At all observation times, the throughput of the
proposed scheme is improved compared to the conventional
scheme. The proposed scheme achieves 1.28 times higher

FIGURE 7. Characteristic differences by the number of excluded channels
in multiple interference patterns.

FIGURE 8. Characteristic difference by observation time ratio β in
multiple interference patterns.

UE throughput than the conventional scheme at TOBS =

100 ms. Furthermore, the time from observation to the start
of communication is reduced by 400 ms at TOBS = 100 ms.
This means that the whole observation period is halved, and
the transmission delay time is reduced by this amount. Since
the observation time reduction ratio is the same regardless
of the absolute amount of TOBS, the observation time can be
halved for all TOBS when β = 0.2 and NE = 5.

The selection probability of the channel with the mini-
mum COR is shown in Fig. 6. The conventional scheme
has a higher probability of selecting the channel with the
minimum COR because the observation time of each chan-
nel is longer than that of the proposed scheme. On the
other hand, the proposed scheme has a lower selec-
tion probability for the channel with the lowest COR,
but it can improve the throughput by eliminating the
observation time. In other words, there is no opera-
tional problem even if the channel selection probability is
reduced.
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FIGURE 9. Channel selection probability when β = 0.2 and NE = 5.

FIGURE 10. Distribution of observed COR.

C. CHARACTERISTICS IN DIFFERENT INTERFERENCE
ENVIRONMENTS
To confirm the generality of the proposed scheme, this paper
clarifies the characteristics of the proposed scheme when the
interference patterns are varied. Fig. 7 shows each interfer-
ence pattern’s average UE throughput characteristics with NE
being a parameter. The three patterns in Table 2 were used.
TOBS and β were set to 20 ms and 0.2, respectively. The
average UE throughput increases with increasing NE for all
interference patterns. Interference pattern #3 has higher UE
throughput than the other interference patterns, and through-
put is highest at NE = 6. This is because the minimum
COR of interference pattern #3 is 0.22, and the effect of
interference on communication is smaller than that of the
other interference patterns. On the other hand, interference
pattern #2 decreases throughput by about 0.3Mbps compared
to interference pattern #1. In the interference pattern #2,
the difference in the true value of COR for each channel is
small, so the channel with the lowest COR is not selected.
Fig. 8 shows the average UE throughput characteristics at

FIGURE 11. CDF characteristics of UE throughput for each interference
pattern.

TOBS = 20 ms and NE = 5. The trend is similar to the
previous section’s results. Note that since the interference
patterns such as true value of COR cannot be known in
advance, the number of excluded channels must be controlled
adaptively by observing the observation results.

Fig. 9 shows the channel selection probabilities for each
interference pattern. The parameters were set to NE = 5, β =

0.2, and TOBS = 20 ms, respectively. The channel indices
correspond to the decreasing order of the COR true values,
same as Table 2 order. For interference patterns #1 and #3,
the selection probability of each channel is almost the same.
If the minimum difference between CORs is about 0.04,
as in interference pattern #1, channel index 1, which has the
minimum COR, can be selected with a probability of 0.45 to
0.5. On the other hand, for interference pattern #2, the prob-
ability of selecting the channel index 1, which is the smallest
COR, is 0.3, which is smaller than the other patterns. This
is due to the small difference in the respective CORs. In an
environment where the minimum difference between CORs
is small, the probability of failing to select the minimumCOR
should be reduced by increasing the initial observation time or
reducing the number of excluded channels. Fig. 10 shows the
distribution of observed COR obtained from the theoretical
values. The theoretical values were obtained as follows [30]:

σ (n) =

√
ρ(n)(1 − ρ(n))

TOBS
. (8)

σ (n) is inversely proportional to the observation time TOBS.
Fig. 10 shows that the true values were 0.31, 0.37, and 0.43,
respectively. These are channels index 1 and 4 (assuming
NE = 5) in patterns #1 and #2. The point where the two
distributions, ρ = 0.31 and 0.43, the overlap is 0.03, but that
with ρ = 0.31 and 0.37 is 0.75. It is also necessary to select
the number of excluded channels from the distribution so that
the overlapping distribution is less than 0.03.

Fig. 11 shows the Cumulative Distribution Function
(CDF) of the UE throughput for each interference pattern.
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The characteristics are staircase-like for each selected chan-
nel. Note that the true values of each COR are discrete. It can
be seen that interference pattern #3 achieves a throughput
of more than 10 Mbps even when the second smallest COR
is selected. This results in higher throughput than the other
interference patterns. Patterns with many low CORs do not
necessarily require the selection of the channel with the
lowest COR. In other words, further improvement in UE
throughput can be expected by shortening the observation
time or increasing the number of excluded channels. It can
also be seen that the CDF characteristics of interference
pattern #2 are degraded compared to interference pattern #1
due to the low selection probability of the channel with the
smallest COR.

V. CONCLUSION
In dynamic spectrum sharing, where multiple wireless sys-
tems share the same radio resource, this paper has proposed
an excluded channel selection scheme to improve throughput
and latency. Based on the results of the initial observation,
channels with high COR are excluded from shortening the
observation time, thereby improving throughput and reducing
transmission delay time. Computer simulation results have
evaluated that when the total number of channels is eight,
the UE throughput is improved by setting the observation
time ratio to β = 0.2 and the number of excluded chan-
nels to NE = 5. The whole observation period can be cut
in half for all TOBS when β = 0.2 and NE = 5. The
throughput characteristics were also evaluated using three
types of interference patterns. The UE throughput is higher
when the minimumCOR in the interference pattern is smaller
than the other patterns. Even if there is little degradation
in UE throughput by selecting the channel with the second
smallest COR, throughput is expected to be improved by
reducing the observation time. When the minimum CORs are
the same, UE throughput is degraded because the probability
of selecting the channel with the smaller difference between
the CORs decreases. Increasing the initial observation time
or decreasing the number of excluded channels can improve
the characteristics in this case.
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