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ABSTRACT For the dynamic spectrum sharing (DSS), this paper proposes a spectrum sensing scheme that
measures packet lengths of interfering systems. DSS requires spectrum sensing techniques to measure a
length of time for which the interfering systems use a channel during observation time. A ratio of the length
of time to the observation time is referred to as the channel occupation ratio (COR). When the observation
time is limited, a conventional estimation scheme suffers from large errors of the measured COR. To cope
with this problem, another conventional scheme divides the observation time into multiple short slots so as
to estimate mean squared estimation errors of COR. However, this conventional scheme cannot accurately
estimate errors, because it does not consider the time length of packets. Therefore, this paper proposes a
scheme to estimate the variance of measured COR by measuring how long packets from the interfering
systems can be observed, which can estimate errors much more accurately than the conventional scheme.
Computer simulations evaluate how the observation time affects the standard deviation of the measured COR.
It is also demonstrated that the theoretical results of the proposed scheme agree with those of the simulations
when the true value of COR is less than 0.4.

INDEX TERMS Dynamic spectrum sharing (DSS), spectrum sensing, channel occupation ratio (COR),

observation time, short slot.

I. INTRODUCTION

Since many kinds of wireless communication systems
such as wireless LAN (WLAN), worldwide interoperabil-
ity for microwave access (WiMAX), long-term evolution
(LTE) (-Advanced) or the fifth-generation mobile communi-
cation system (5G) have emerged, radio resources become
insufficient to implement such many systems, especially in
the microwave band. The ultra-reliable and low-latency wire-
less communication (URLLC), which is expected to utilize
the microwave band for 5G, should exploit diffraction of
the microwave rather than the millimeter wave [1]. When
congested radio resources are used, required transmission
performance can hardly be achieved. In addition, since more
wireless communication systems will be implemented in the
future, it becomes necessary to use the radio resources more
efficiently.
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To overcome a lack of the radio resources, the dynamic
spectrum sharing (DSS) is one of the most promising schemes
and is well known as the cognitive radio [2], [3]. Since the
primary system does not use all the radio resources such
as time, frequency, and space, some radio resources are not
used during a short period. These vacant radio resources can
impair frequency efficiency. DSS, which shares the radio
resources with multiple systems, can improve the system
throughput and frequency efficiency by exploiting the vacant
radio resources. DSS in 5G, which aims to share the channel
with the existing system such as LTE, has also been investi-
gated [4]-[6].

Sharing the radio resources should prevent other systems
from interfering with the target system. When each system
exchanges control signals including information on the radio
resource usage, a new-coming system can easily use vacant
radio resources. On the other hand, when each system cannot
recognize the control signals in the unlicensed band, each
system needs to detect the radio resource usage by itself. For
such detection without control signals, the spectrum sensing
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technique such as the listen before talk (LBT) [7] is required.
LBT usually checks the radio condition before transmission.
However, it is more effective to observe the radio resource
usage of the other systems during a certain period and to
select channels with lower usage [8], [9].

The radio resource usage changes according to the time
of day/week and the environment [10], [11]. Since the usage
of radio resources depends on the users’ behavior [12], it is
possible to adequately predict the usage amount on a daily or
weekly basis. However, the variations during a short period
become large in towns and stations where many users fre-
quently move. To observe the usage of radio resources during
a short period, sensing techniques in the physical and MAC
layers have been studied. In the physical layer, the energy
detection can observe signals over channels [13], [14]. In the
MAC layer, the usage period and kind of systems can be
inferred from the MAC headers of observed packets [15].
A combination of techniques in the physical and MAC lay-
ers has also been investigated [16]. However, the detection
technique in the MAC layer requires the MAC header to
be correctly received. Furthermore, since it is necessary to
recognize the MAC header, this approach cannot detect when
a new system appears. In order to enable various systems to
employ DSS in the unlicensed band, the spectrum sensing in
the physical layer is preferable to that in the MAC layer.

The former spectrum sensing needs sufficient observa-
tion time in order to accurately detect the usage of radio
resources. Since 5G is expected to develop the new frequency
band [17], the number of channels used for the communica-
tion increases. As the number of observed channels increases,
the observation time increases sharply and thus the frequency
efficiency is degraded [18]. Since the number of RF circuits
should be limited, all channels cannot be observed at the
same time. As the observation time becomes longer, the usage
of previously observed channels may change before select-
ing one channel. As the observation time becomes short,
the channel usage cannot be measured accurately because
the channel observer cannot receive a sufficient number of
packets. To reduce the observation time, an adaptive spectrum
sensing technique that selects the observed channel according
to the usage of the interfering system has also been pro-
posed [19]. However, this proposed technique cannot solve
the following fundamental problem: When congested chan-
nels are selected for communications, the communication
quality may deteriorate.

To overcome these problems, the estimation scheme that
can evaluate estimation errors of the channel usage is
required. A scheme proposed in [20] can theoretically esti-
mate the observation error for the rendezvous schemes. How-
ever, the conventional scheme in [20] divides the observation
time into multiple short slots and checks whether such slots
are used or not, in order to estimate mean squared estima-
tion errors. Such a conventional scheme cannot accurately
estimate the mean squared estimation errors, because it does
not consider the time length of packets from the interfering
systems. Hence, this paper proposes a scheme to estimate
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the variance of measured channel usage by measuring how
long packets from the interfering systems can be observed
during one short slot, which can estimate the mean squared
estimation errors much more accurately than the conventional
scheme. Since the proposed estimation scheme can mea-
sure the channel usage during sufficiently short observation
time, DSS can operate well while improving the frequency
efficiency. Note that the proposed scheme can be combined
with the sensing techniques in [13]-[16], [19], because the
proposed scheme aims to accurately estimate the variance of
measured COR.

The rest of the paper is organized as follows. Section 2
presents the system model and discusses the problem of the
short observation time. Section 3 describes the conventional
and proposed estimation schemes for the measured channel
usage. In Section 4, computer simulation results are detailed.
Finally, Section 5 concludes the paper.

Il. SYSTEM MODEL AND PROBLEM FOR SPECTRUM
SENSING

A. SYSTEM MODEL

Let us consider a system model shown in Fig. 1, which
includes the target (proposed) and other wireless commu-
nication systems. These systems are assumed to use Ncp
uncorrelated channels with the same bandwidth. It is also
assumed that the other systems can randomly assign any
user terminals (UTs) into each channel, and that an access
point (AP) of the target system selects one channel from
the Ncp channels to communicate with its UTs. The AP
is equipped with a channel observer that monitors channel
usage. The channel observer measures the total length of time,
for which received signal strength of each channel exceeds
a threshold during observation time Tops, and the measured
length of time is referred to as the channel usage time. As the
threshold, the carrier sense level is usually used. Note that the
target system can receive control signals from the interfering
systems but cannot recognize them. Finally, the AP searches
for the channel having the minimum channel usage time and
selects such a channel for the communication.

B. PROBLEM OF SHORT OBSERVATION TIME FOR
SPECTRUM SENSING

Let us discuss how the short observation time affects the
measurement. Fig. 2 shows a time chart of the channel
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observation. The whole time can be divided into two periods;
observation and communication periods. During the observa-
tion period, the AP measures the channel usage time for each
channel during Togs. The channel occupation ratio (COR) is
defined as the ratio of the channel usage time to Tpops. Let
p(ncn) denote the measured COR at the ncp-th (1 < nep <
Ncn) channel and p(ncy) is given by

Plncy) = LoD ()

Togs

where Ton(nch) is the channel usage time at the ncp-th
channel. Here, the COR estimation is assumed to be unbiased,
which means that the ensemble average of p(ncy) is equal
to the true value. After measuring the channel usage of all
the channels, the AP selects the channel that corresponds
to the minimum COR. In Fig. 2, Ch#2 is selected and used
for the communication. During the communication period
Tcowm, the AP continues to communicate with UTs over the
selected channel. After Tcom, the AP measures the channel
usage again and selects one channel corresponding to the
minimum COR. Therefore, the period of the channel selec-
tion is equal to NchTos + Tcom, which increases along
with an increase in both the number of observed channels
Nch and the observation time Togs. Although shorter Tops
is preferable, decreasing Tops can damage the accuracy of
the COR estimation.

From now on, the dependence of p(ncp) on ncy is omit-
ted for simplicity. As an example of the COR measure-
ment, Fig. 3 shows distributions of the measured COR when
Toss = 10, 102, 10? ms and the true value of COR, p,is setto
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0.32. The computer simulations also assumed that the traffic
of the interfering systems follows the Poisson distribution and
that the packet length is constant. It can be seen from Fig. 3
that the deviation of the measured COR increases along with
adecrease in Tops, which means that the AP is more likely to
select worse channels as Togs decreases. To overcome such a
problem, this paper proposes a measurement scheme that can
estimate the deviation of the measured COR.

Another problem is that the channel observer of the AP
cannot receive signals from hidden terminals. To solve this
problem, UTs perform distributed sensing and send sensing
results to AP, which has been proposed in [21], [22]. The
amount of feedback information on the sensing results is
considerable. To overcome this issue, Ref. [23] has pro-
posed cluster of the channel observers and aggregation of
the sensing results. However, the distributed sensing requires
high cost when every UT is equipped with the channel
observer. Considering the serious drawback, this paper does
not consider the distributed sensing by UTs and installs the
channel observer into only AP, which can hardly solve the
above-mentioned problem. Note that the proposed scheme
focuses on estimating the variance of the observed COR for
the single channel observer, and can be combined with the
above distributed sensing techniques.

lll. ESTIMATION OF COR DEVIATION

This section discusses how to estimate the deviation of the
measured COR. For comparison, the conventional scheme
to divide the observation time into multiple short slots is
explained at first. Next, the proposed estimation scheme is
detailed under reasonable conditions with short Togs.

A. CONVENTIONAL ESTIMATION SCHEME BASED ON
OBSERVED SHORT SLOTS

The estimation scheme proposed in [20] divides the observa-
tion time into Ny observed short slots as shown in Fig. 4 (a).
The interfering systems are assumed to randomly use the
observed short slots. The channel observer monitors whether
each observed short slot includes any signals. When the chan-
nel observer detects any signals (indicated by green blocks
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in Fig. 4 (a)), the corresponding observed short slots are
classified into “ON”’. Otherwise (indicated by white blocks
in Fig. 4 (a)), the corresponding observed short slots are clas-
sified into “OFF”’. On the assumption that the sensing results
are statistically independent of each other, the probability that
0 = Kon/Njs is given by

N,
P(Koxlp. Ny) = ( P

where Koy (>0) is the number of “ON’’ observed short slots.
When Nsp(1 — p) > 1 holds, the binomial distribution

can be approximated as the following Gaussian distribution
according to the De Moivre-Laplace theorem [24]:

1 [ (Kon — Nsp)21|
—_———exp| ——— | .
2 Nsp(1 — p) 2 Nsp(1 — p)

3
When Koy is transformed into p = Kon/Ns, (3) is rewrit-
ten as

> pXoN(1 — pyNs—Kox - (2)

P(KoN|p, Ng) ~

! exp| - PP
V2mp(1 — p)/N 2,0(1 —p)
N
Let o2 denote the variance of the above Gaussian distribu-
tion and o2 is given by
1 —
ol = ’O(—’O) (5)
N
The variance is inversely proportional to Ns. Therefore,
when the length of the observed short slot is kept constant,

longer observation time Togs is required to reduce the vari-
ance of the measured COR.

P(plp, Ns) = -4

B. PROPOSED ESTIMATION SCHEME MEASURING
PACKET LENGTHS

In real packet transmission systems, the length of each packet
is not the same but different. The conventional scheme pro-
posed in [20] does not consider this situation because the
length of the observed short slots is not determined. Con-
versely, the proposed estimation scheme considers the time
lengths of the observed short slots and observed packets in
order to estimate the variance of the measured COR. There-
fore, the proposed scheme is expected to estimate the variance
of the measured COR more accurately than the conventional
one, and thus to avoid selecting worse channels. Fig. 4
(b) shows a time chart of the proposed scheme. Considering
it, p of (1) can be rewritten as

K
> koney Tsig(kon)

Toss
where Tsig(kon) denotes the time length of the
kon-th (I < kon < Kon) packet. For simplicity, the time
lengths of the observed packets are assumed to be constant
during Togs. Since Texp denotes an expectation of the con-
stant time length, the following equation holds:

Tsig(1) = Tsi6(2) = - - - = Tsig(Kon) = Texp.  (7)

p= , (6)
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TABLE 1. Simulation conditions.

Payload length 512 Bytes
Preamble length 24 psec
L-SIG length 4 psec
Header length of MAC layer 30 Bytes
ACK length 14 bytes
DIFS length, Tpirs 34 psec
SIFS length, Ts1rs 16 psec
Slot length, TsT 9 usec
Packet length, Ts1c 0.11-0.68 ms
Substituting (7) into (6) yields
. KonTexp
p=——"—" (®)

Toss

On the other hand, let TynTt be the time length of the
observed short slot, and the observation time can be expressed
as

Tops = NsTunr. 9

Substituting (9) into (8) results in

~  KonTexp
p=——. (10)
NsTunt
Considering p = Kon/Ns in the conventional scheme,

the factor of Tgxp/Tunr is also needed for p in the proposed
scheme. Thus, o2 of (5) is modified into

p Texp <1 _, TEXP>
ol = Tunt Tunt
N
P Texp <1 _, TEXP)
Tunt Tunt
Tos/TuNT

Ti Ti
_ PTexp (1—,0 EXP). (11
Toss Tunt

Let TnyL denote the time length for which the channel
observer cannot detect any signals during Tynt, and TynT
is expressed as

Tunt = TnuL + Texp- (12)

When Ty > Texp holds, (11) can be approximated as

T
o2 ~ P1EXP ’ (13)
Togs
where Texp/TunTt = 0 was used for the derivation.
Note that the value of Tops can be obtained from (13) using

target values of o2, p, and Texp.

IV. COMPUTER SIMULATION

A. SIMULATION CONDITIONS

Computer simulations were conducted to verify the effec-
tiveness of the proposed estimation scheme. Since the finite
buffer model was employed, the packet generation of the
interfering systems was assumed to follow the Poisson dis-
tribution. As the payload length of the observed packets
was set to 512 bytes, the packet length varied according to
the selected modulation and coding scheme (MCS) index.
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FIGURE 5. Standard deviation of the proposed estimation scheme versus
the observation time.

The control overhead was set in the same manner as [25] and
each parameter was listed in Table 1. It was assumed that the
channel observer can receive all packets from the interfering
systems.

The following two conditions were considered. One keeps
the packet length constant because the MCS index is
fixed. The other employs the adaptive modulation and cod-
ing (AMC) and changes the packet length according to the
selected MCS index. Let Tpara and Tack denote the time
lengths of data and acknowledgement (ACK) packets, respec-
tively. Thus, the time length of the observed packet is denoted
by Tsig and obtained as

Tsi6 = Tpata + Tack. (14)

Under the former condition, Tgxp is equal to Tsjg. Under
the latter condition, Tgxp is the expectation of Tsig. Note
that the packet length and measured COR were assumed to
be perfectly estimated, because the purpose of the computer
simulations is to clarify the basic performance of the pro-
posed estimation scheme. It is also noteworthy that the above
assumption can be considered reasonable. The reason is that
the MAC header can be correctly decoded under considerable
SNR conditions and that the packet length can be perfectly
estimated from the decoded MAC header.

B. CONSTANT PACKET LENGTH CONDITION

On the condition that the packet length is constant during
Toss, Fig. 5 shows how the observation time Tops affects
the standard deviation of the proposed estimation scheme
with Tgxp being a parameter. The true value of COR, p,
was set to 0.32. Tgxp was fixed at 0.68/0.37/0.22/0.11
ms that corresponds to 512-byte packets using MCS0/1/3/9.
It can be seen that the theoretical results of (13) for the
proposed estimation scheme agree with those of the computer
simulation. The standard deviation, o, decreases along with
an increase in observation duration, 7ogs. When Togs >
5000 ms, o becomes negligible and o < 0.01. On the other
hand, o increases along with an increase in Tgxp. This is
because the number of packets decreases as Tgxp becomes
large even if the true value of COR is the same. When the
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number of packets is small, a large variation can be seen
in the packet generation during the observation time. For
comparison, the theoretical results of (5) for the conventional
estimation scheme were also plotted in the figure. The results
of the conventional estimation scheme are almost the same as
those of the simulation when Tgxp = 0.68 ms, but does not
match the simulation results when Tgxp = 0.37,0.22,0.11
ms. The reason is that as Tgxp increases and approaches
TunT, the result of the conventional estimation scheme con-
verges to that of the simulation. Evidently, from the above
simulation results, the conventional estimation scheme can-
not operate well when Tgxp is much shorter than Tynr.

Fig. 6 shows how the true value of COR, p, affects the
standard deviation of the measured COR with Tpops being a
parameter. Tgxp was set to 0.68/0.11 ms. In all the cases,
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it can be seen that o increases along with an increase in
p when p < 0.5. On the other hand, when p > 0.5, ¢
decreases along with an increase in p. This is because the
number of observed packets, which depends on the true value
of COR, increases, and the deviation of the measured COR
decreases. The theoretical results of the proposed estimation
scheme almost agree with the results of the simulation when
p < 0.4. However, the former results do not match the
latter results when p > 0.4. For comparison, the results
of the conventional estimation scheme were also plotted in
the figures and did not depend on Tgxp. When p < 0.4,
the results of the conventional estimation scheme agree with
those of the simulation when Tgxp = 0.68 ms. However,
when Tgxp = 0.11 ms (the packet length is short), the results
of the conventional estimation scheme are completely differ-
ent from those of the simulation irrespective of p.

Since the proposed estimation scheme assumes that one
packet falls within one short slot, the results of the pro-
posed estimation scheme deviate from those of the simulation
when the number of observed packets increases. Although the
proposed estimation scheme is not effective in such a case,
the communication quality is degraded even if the channel
whose COR is larger than 0.4 is selected. When p > 0.4,
the longer observation time and the shorter communication
time are preferable.

C. VARIABLE PACKET LENGTH CONDITION

Next, computer simulations were conducted under the condi-
tion that the packet length varies. The packet length, Tsig,
ranged from 0.11 ms to 0.68 ms in which the MCS index
was randomly selected from MCSO through MCS9. The true
value of COR was kept constant during the observation time.
The other parameters were the same as those of the previous
simulation.

Fig. 7 shows the distributions of the measured COR under
the condition of the variable packet length. The true value of
COR was set to 0.32 in the same manner as Fig. 3 while Tops
was set to 100 ms. For comparison, the results with T5jg being
constant 0.37 ms were plotted. It can be seen that the observed
results with the variable packet length are almost the same as
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those with constant Tsig. This is because the expected packet
length, Tgxp, of the variable packet length is the same as that
with Tgig of 0.37 ms.

Fig. 8 (a) shows the standard deviation of the COR while
Fig. 8 (b) shows differences in the standard deviation of
COR between the simulation result and the proposed or con-
ventional estimation schemes, where Tgxp of the proposed
scheme was set to 0.37 ms. It can be seen from these fig-
ures that the conventional estimation scheme suffers from
larger errors because the conventional scheme does not con-
sider the variable packet length condition. When p < 0.4,
the proposed scheme can reduce the difference or error of
the standard deviation below 0.05. On the other hand, when
o > 0.4, the result of the proposed scheme becomes large,
which does not cause any problems for the following reasons:
When the true value of COR is equal to 0.5, it is evident from
Fig. 8 (a) that the standard deviation is near 0.055. In this
case, the probability that the measured COR lies within [0.39,
0.61] reaches 95%, which can be inferred from the Gaussian
distribution with the standard deviation of 0.055 and the mean
of 0.5. Therefore, excluding the channels with the measured
COR being greater than 0.4 ~ 0.39 can prohibit the channels
with larger COR from being selected. When the measured
COR is less than 0.4, however, the proposed estimation
scheme can select the channels with smaller COR.

V. CONCLUSION
In this paper, the novel spectrum sensing technique that can
estimate the standard deviation of the channel usage time
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has been proposed for the dynamic spectrum sharing. The
proposed scheme divides the observation time into multiple
short slots and measures how long packet from the interfering
systems can be observed during one short slot, in order to deal
with the case of short observation time. Computer simulations
have shown that how the observation time affects the standard
deviation of the measured COR. It has also been demon-
strated that the theoretical results of the proposed estimation
scheme agree with those of the simulation when the true value
of COR is less than or equal to 0.4. Although the standard
deviation increases along with a decrease in the observation
time, it has been verified that the proposed estimation scheme
can detect the channels with smaller COR even under a short
observation time condition.

REFERENCES

[11 Study on Scenarios and Requirement for Next Generation Access Technolo-
gies (Release 14), document 3GPP TR 38.913 V14.0.0, Dec. 2016.

[2] R.Etkin, A. Parekh, and D. Tse, “Spectrum sharing for unlicensed bands,”
in Proc. Ist IEEE Int. Symp. New Frontiers Dyn. Spectr. Access Netw.
(DySPAN), Nov. 2005, pp. 251-258.

[3] S.Bhattarai, J.-M. J. Park, B. Gao, K. Bian, and W. Lehr, “An overview of
dynamic spectrum sharing: Ongoing initiatives, challenges, and a roadmap
for future research,” IEEE Trans. Cogn. Commun. Netw., vol. 2, no. 2,
pp. 110-128, Jun. 2016.

[4] Dynamic spectrum sharing in Rel-17, document 3GPP TSG RAN Meeting
#84 RP-191052, Newport Beach, CA, USA, Jun. 2019.

[5] B.Cai, W. Xie, and H. Guo, “Analysis and field trial on interference coex-
istence of 5G NR and 4G LTE dynamic spectrum sharing,” in Proc. Int.
Wireless Commun. Mobile Comput. (IWCMC), Jun. 2021, pp. 1281-1285.

[6] X. Liu and X. Zhang, “Rate and energy efficiency improvements for
5G-based IoT with simultaneous transfer,” IEEE Internet Things J., vol. 6,
no. 4, pp. 5971-5980, Aug. 2019.

[7]1 Y. Song, K. W. Sung, and Y. Han, “Coexistence of Wi-Fi and cellular with
listen-before-talk in unlicensed spectrum,” IEEE Commun. Lett., vol. 20,
no. 1, pp. 161-164, Jan. 2016.

[8] S.C.Horng and S. S. Lin, “Dynamic channel selection and reassignment
for cellular mobile system,” in Proc. Int. Symp. Comput., Consum. Control,
Jun. 2014, pp. 1006-1009.

[9] S. Takeuchi, M. Hasegawa, K. Kanno, A. Uchida, N. Chauvet, and
M. Naruse, “Dynamic channel selection in wireless communications via
a multi-armed bandit algorithm using laser chaos time series,” Sci. Rep.,
vol. 10, no. 1, p. 1574, Jan. 2020.

[10] F. Xu,Y.Li, H. Wang, P. Zhang, and D. Jin, ‘““Understanding mobile traffic
patterns of large scale cellular towers in urban environment,” IEEE/ACM
Trans. Netw., vol. 25, no. 2, pp. 1147-1161, Apr. 2017.

[11] M.Z. Shafiq, L. Ji, A. X. Liu, J. Pang, and J. Wang, ““A first look at cellular
machine-to-machine traffic: Large scale measurement and characteriza-
tion,” in Proc. SIGMETRICS, Jun. 2012, pp. 65-76.

[12] M. Lopez-Benitez and F. Casadevall, “Empirical time-dimension model of
spectrum use based on a discrete-time Markov chain with deterministic and
stochastic duty cycle models,” IEEE Trans. Veh. Technol., vol. 60, no. 6,
pp. 2519-2533, Jul. 2011.

[13] H. Urkowitz, “Energy detection of unknown deterministic signals,” Proc.
IEEE, vol. 55, no. 4, pp. 523-531, Apr. 1967.

[14] S.Haykin, D.J. Thomson, and J. H. Reed, *“Spectrum sensing for cognitive
radio,” Proc. IEEE, vol. 97, no. 5, pp. 849-877, May 2009.

[15] A. Willig, M. Kubisch, C. Hoene, and A. Wolisz, “Measurements of a
wireless link in an industrial environment using an IEEE 802.11-compliant
physical layer,” IEEE Trans. Ind. Electron., vol. 49, no. 6, pp. 1265-1282,
Dec. 2002.

[16] M. Tamai, A. Hasegawa, and H. Yokoyama, “Design and implementation
of sensing system for quality analysis of 802.11 wireless links,” in Proc.
28th Int. Conf. Comput. Commun. Netw. (ICCCN), Jul. 2019, pp. 1-2.

[17] NR; User Equipment (UE) Radio Transmission and Reception; Part 1:
Range 1 Standalone, document 3GPP TS 38.101-1, Jun. 2019.

135166

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

G. Umashankar and A. P. Kannu, “Throughput optimal multi-slot sensing
procedure for a cognitive radio,” IEEE Commun. Lett., vol. 17, no. 12,
pp. 2292-2295, Dec. 2013.

T. Xiong, Y.-D. Yao, Y. Ren, and Z. Li, “Multiband spectrum sensing in
cognitive radio networks with secondary user hardware limitation: Random
and adaptive spectrum sensing strategies,” IEEE Trans. Wireless Commun.,
vol. 17, no. 5, pp. 3018-3029, May 2018.

H. Soya, O. Takyu, K. Shirai, M. Ohta, T. Fujii, F. Sasamori, and
S. Handa, “Fast rendezvous scheme with a few control signals for multi-
channel cognitive radio,” IEICE Trans. Commun., vol. E101.B, no. 7,
pp. 1589-1601, Jul. 2018.

R. Teng, K. Yano, and T. Kumagai, ““A distributed-and-interactive report-
ing scheme for collective-sensing in multi-band wireless LAN system,”
in Proc. 20th Int. Symp. Wireless Pers. Multimedia Commun. (WPMC),
Dec. 2017, pp. 154-160.

R. Teng, K. Yano, and Y. Suzuki, “A reactive reporting scheme for
distributed sensing in multi-band wireless LAN system,” IEICE Trans.
Commun., vol. 103, no. 8, pp. 860-871, Aug. 2020.

X. Liu and X. Y. Zhang, “NOMA-based resource allocation for
cluster-based cognitive industrial Internet of Things,” IEEE Trans. Ind.
Informat., vol. 16, no. 8, pp. 5379-5388, Aug. 2020.

A. Papoulis, Probability, Random Variables, and Stochastic Processes, 4th
ed. New York, NY, USA: McGraw-Hill, 2002.

Part 11: Wireless LAN Medium Access Control (MAC) and Physical Layer
(PHY) Specifications, IEEE Standard 802.11-2016, Dec. 2016.

HIDEYA SO (Member, IEEE) received the B.E. degree from Tokyo Uni-
versity of Science, Japan, in 2009, and the M.E. and Dr.Eng. degrees from
Tokyo Institute of Technology, Japan, in 2011 and 2021, respectively. From
2011 to 2021, he was with the NTT Access Network Service Systems
Laboratories, NTT Corporation. He currently works with Shonan Institute
of Technology. His research interests include high-reliability radio access,
base station antennas, and adaptive arrays for the future wireless access
systems. He is a member of IEICE. He received the IEICE Radio Communi-
cation Systems (RCS) Active Researcher Award, in 2011; the IEICE Young
Researcher’s Award, in 2016; and the IEICE Best Paper Award, in 2016.

HAYATO SOYA received the D.E. degree from Shinshu University, Nagano,
Japan, in 2018. He was a Lecturer with the Department of Electrical Engi-
neering, Nagano Prefectural Institute of Technology, from 2013 to 2018.
He is concurrently an Engineer with the Nagano Prefecture General Indus-
trial Technology Center, Precision, Electronics and Aviation Technology
Department, since 2018. He is also the member of the Neko 9 Laboratories,
which is a non-profit organization in Tokyo. His current research interest
includes cognitive radio technologies.

KAZUHIKO FUKAWA (Senior Member, IEEE) received the B.S. and M.S.
degrees in physics and the Dr.Eng. degree in electrical and electronics
engineering from Tokyo Institute of Technology, Tokyo, Japan, in 1985,
1987, and 1998, respectively. He joined Nippon Telegraph and Telephone
Corporation (NTT), Japan, in 1987. Since then, he has been engaged in
research on digital mobile radio communication systems and applications of
the adaptive signal processing, including adaptive equalization, interference
cancellation, and adaptive arrays. He was a Senior Research Engineer at NTT
Mobile Communications Network Inc. (NTT DoCoMo), from 1994 to 2000,
and an Associate Professor at Tokyo Institute of Technology, from 2000 to
2014, where he has been a Professor, since March 2014. He received the Best
Paper Award from IEICE, in 1995, 2007, 2009, and 2012; the Best Paper
Prize from the European Wireless Technology Conference (EuWiT); and the
Achievement Award from IEICE, in 2009.

VOLUME 9, 2021



