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Evaluation of shadowing effect on channel observation for spectrum sharing
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Abstract Spectrum sharing, in which multiple wireless systems share the
same radio resources, has been considered to improve frequency utilization
efficiency. As a spectrum sharing without control signals, a technique that
observes the usage of radio resources, called channel occupation ratio, used
by other systems and selects a vacant channel has been considered. How-
ever, previous studies have simplified the model of the interfering system,
which is different from the real environment. In wireless communications,
fluctuations in received power occur due to shadowing caused by the loca-
tion and the surrounding environment. Previous studies have not clarified
the effect of received power fluctuation due to shadowing on observing the
occupancy rate. This letter formulates the effects on the observation results
of received power fluctuations due to the location of interfering stations
and shadowing. Computer simulations with randomly placed interfering
stations and shadowing environments show that the proposed formulation
almost matches the observed results.
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1. Introduction

The traffic demand for mobile communications has been in-
creasing yearly due to the spread of smartphones [1]. In
mobile communications, the fifth-generation mobile com-
munications system (5G) service will start around 2020, and
the next-generation mobile communications system (6G) has
also begun to be considered [2]. In addition to the high-
speed and large-capacity communications studied, 5G has
established new axes, such as multi-terminal connectivity
and highly reliable, low-latency communications, and is be-
ing considered for various use cases [3]. 6G aims to extend
5G further and requires advanced wireless control to ex-
pand coverage, including the airspace, and to realize cyber-
physical convergence. Cyber-physical fusion requires much
information to be exchanged between wearable devices and
sensors. Therefore, the number of devices is expected to in-
crease, and the communications requirements are expected
to expand accordingly.

Although the use of millimeter-wave bands has been con-
sidered to achieve high-speed and large-capacity communi-
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cations, regarding the degradation caused by human shield-
ing, the use of microwave bands is preferable for the use of a
huge number of devices. On the other hand, the microwave
band is used by a variety of wireless systems, and only a few
available frequencies can be newly allocated. It is essen-
tial to develop technologies to improve spectrum utilization
efficiency to utilize the microwave band in the future.

Spectrum sharing, in which multiple wireless systems
share the same frequency band, is expected to be a tech-
nology that improves spectrum utilization efficiency [4].
If the terminals in a wireless system always have a full
buffer, they can use 100% of the radio resources. However,
since the communications demands of the terminals vary
depending on the application and usage, there may be free
radio resources depending on how they are used. Spectrum
sharing reduces free radio resources and improves spec-
trum utilization efficiency by sharing radio resources such
as time/frequency/space among multiple wireless systems.
To achieve spectrum sharing, the management system must
manage/allocate the radio resources used by all the shared
systems [5]. However, as the number of shared systems in-
creases, the number of control signals increases, resulting
in lower spectrum utilization efficiency. Therefore, this re-
search aims to establish an autonomous spectrum-sharing
technology that does not require a management system.

When multiple systems share radio resources through au-
tonomous control, radio interference between the systems
becomes a problem. To avoid radio interference, real-time
observation of radio resource usage and determination of
low-usage radio resources based on the observation results
are being considered [6]. Here, a frequency among the radio
resources is defined as a channel, and the channel occupancy
ratio (COR) is defined as the percentage of time that other
radio systems use the channel. By observing the COR of all
available channels and selecting the channel with the lowest
COR, mutual interference can be reduced, and communica-
tions can be performed.

Due to the limitation of the number of RFs in the ob-
server, the COR is observed by switching the channels se-
quentially [7]. If the time to observe the COR for each
channel is made longer, the observation accuracy of the
COR improves, but the time available for communications
relatively decreases [8]. On the other hand, a short ob-
servation time decreases the observation accuracy, which
increases the probability of selecting a channel with a high
COR, increasing interference. Therefore, we have revealed
that the observation accuracy and system throughput can be
improved by dividing the observation interval into two parts
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and excluding the channel with high COR from the second
observation based on the first observation result [9].

The observed COR'’s standard deviation has been con-
sidered a reliability indicator of COR observation accu-
racy [10]. The longer the observation time becomes, the
smaller the standard deviation, so the error between the ob-
served and the true COR is small. In [10], the standard
deviation of the observed COR using the observed interfer-
ence packet length is theoretically derived. However, the
conditions for the interfering system were ideal. Since an-
other study [9] does not consider the location of IUTs, there
is an environment where signals from all IUTs can be ob-
served. Italso does not consider variations in received power
due to shadowing. Shadowing causes the received power of
the signal at the observer to vary depending not only on the
location of the IUT but also on the surrounding environ-
ment. In other words, the effect of shadowing and IUTSs’
location on the observed COR’s standard deviation has yet
to be clarified in [10]. Therefore, this letter clarifies the ob-
served COR'’s standard deviation, considering the location
of interfering stations and variations in received power due
to shadowing. This can guarantee the observed COR’s ac-
curacy and improve the throughput during channel selection
control.

2. Observation of CORs considering shadowing

2.1 Observed COR

This letter assumes that Interfering User Terminals (IUTs)
are within a distance rpx from an access point (AP). Al-
though not shown in the figure, multiple User Terminals
(UTs) connect to AP in the area. AP has an observer that
measures the available channels’ channel occupancy rate
(COR). AP selects the channel with the lowest COR based
on the observation results and communicates with UTs. The
COR is calculated by the ratio of the sum of the signal times
that exceed a certain threshold at the observer to the obser-
vation time. Let L be the number of IUTS, M; be the number
of observed signals from the /-th TUT, and 7p(/,m) be the
time length of the m-th received signal from the /-th IUT.
When the observer measures with an observation time of
Toss, the observed COR, g, is expressed as

Y EM Te(l,m)
Toss '

p= €))

Assuming that Tops is sufficiently long and that all IUTs have
similar characteristics, ¢ can be approximated as follows:

LTy
Tops’

p= @
where Tp is the average occupied time per transmission and A
is the average number of transmissions per IUTs. This means
that the number of IUTs, the frequency of transmission of

IUTs, and the time length per transmission determine the
observed COR.

2.2 Observation with slots
In the case of a system using random access, such as
Carrier Sense Multiple Access with Collision Avoidance
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Fig.1 Observation of COR using observation slots.

(CSMA/CA), each IUT transmits its signal autonomously,
so the transmission timing is different. When the number of
IUTs is large or the transmission frequency is high, the timing
at which DIFS starts counting is considered aligned because
each IUT performs carrier sense. Therefore, to simplify this
study, this letter assumes that each IUT synchronizes at the
observation slots as shown in Fig. 1. In other words, there
is no signal crossing the observation slots. If a signal of any
IUTs can be observed in each observation slot, it is counted
as being in the use of the channel. On the other hand, if no
IUT is transmitting a signal, or if one of the IUTs sends a
signal but cannot be observed by the IUT, it is counted as
vacant. The observed COR is calculated by the ratio of the
total number of slots in use to the total number of observed
slots N.

Each slot can be considered a binomial distribution since
it is a transition model with two states: in and not in use.
When the true value of COR is p, the probability of observed

COR, p, can be expressed as
A N2
eXp(_(p ) ) 3)

p(p,p) =

2no? 202

[11]. o is a standard deviation and can be expressed as

szﬁ%ﬂ. (4)

o represents the observed COR spread, which is determined
by the true COR p and the number of observed slots N.

2.3 Observation spread for shadowing

Equation (4) assumes that the observer can receive signals
from all IUTs and does not consider the location of the IUTs.
Therefore, the effect on the observed COR is considered
when the received power fluctuates. The standard deviation
Oprop Of the observed COR considering the received power
fluctuation is extended from (4) as follows:

1-
Oprop = \’W’ &)

where « is a coefficient that accounts for the increase in
observation range due to shadowing, and 3 is a coefficient
that accounts for the apparent decrease in observation time
due to fluctuations in the number of IUTs. Since shadow-
ing causes the received power to fluctuate, the observer can
observe the signal from distant IUTs. In other words, the
observation range increases with shadowing compared to
the case without shadowing. Therefore, « is introduced as
a coefficient to account for the increased observation range
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due to shadowing. Since the locations of IUTs are randomly
distributed, the number of IUTs observed changes depend-
ing on the location of each IUT. In addition, the number of
TUTs that can be observed varies stochastically due to vari-
ations in received power caused by shadowing. The time
it is required for the observed COR to converge increases
due to the variation in the number of IUTs. Therefore, S8
is introduced as a coefficient that considers the change in
observation time.

3. Computer simulation

3.1 Simulation conditions

Computer simulations that used MATLAB network simula-
tion of the MAC layer were conducted to reveal the effect of
shadowing on the observation results. The carrier frequency
was set to 2.4 GHz, and 3D UMi Street Canyon NLOS [12]
is used as the propagation model. The standard deviation
of shadowing osr was set to 7.82 dB. In the following
simulations, osr was set to 0 dB when shadowing was not
considered. The antenna height of IUTs and observer are
set to 1.5 m and 10 m, respectively. The transmit power and
antenna gain of the IUTs were set to 23 dBm and 0 dBi, re-
spectively, and were identical for all IUTs. Signal generation
at the IUT was assumed to follow Poisson generation, and its
parameter A was assumed to be the same for all [UTs. The
observer can observe the interfering signal when it is greater
than —92 dBm. Note that the received power is averaged,
and power variations within each signal are not considered
in these simulations. IUTs’ locations are assumed to be a
uniform distribution of IUTs within a radius of rp,x = 300 m
centered at the observer, as shown in Fig. 2. The unit time
length of the observation slot Ar was set to 0.1 ms. When
multiple IUTs are transmitting in the same slot, the slot is
observed as being in use.

3.2 Effect of shadowing on observation results
Figure 3 shows the standard deviation of the observed COR
with the number of observed slots being a parameter. The

E: Observer
&:1UTs

Fig. 2 Placement example of observer and IUTs.
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Fig.3 Standard deviation of observed COR as a function of the number
of observation slots, N.
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true value of COR was set to p = 0.31, and no shadowing is
assumed in this result. The spread of the observation results
(standard deviation o) can be reduced by increasing the
number of observation slots N. Since the standard deviation
variation slows down when the number of observation slots
N exceeds 3000, the number of observation slots is set to
N = 3000 in the following simulations.

The effect of shadowing, in which the received power
fluctuates depending on the surrounding environment, such
as obstacles, is evaluated. Figure 4 shows the average recep-
tion rate of signals as a function of the distance r between
the observer and IUTs. Results with and without shadowing
are shown for comparison. The average reception rate is the
average of multiple IUTs at the same r with variations in re-
ceived power due to different obstruction conditions. With-
out shadowing, the observer cannot receive signals from
IUTs for » > 240 m. This is because the received signal
power falls below the threshold value of —92 dBm due to
distance attenuation. On the other hand, with shadowing,
the reception rate gradually decreases for r > 80 m and can
receive signals for » > 240 m. This is because the received
power with shadowing takes different values for each IUT
even if the distance between the observer and IUT is the
same. The received power, PR, can be expressed as

Pr = Pr + PpL + Ps, (6)

where Pr is the transmitted power, Ppr is the path loss deter-
mined by the distance between the observer and IUT, and Ps
is the shadowing. Note that these simulations are not consid-
ered instantaneous variations due to multipath but assume
that they are constant on average during the observation.
This simulation assumes that Pg fluctuates according to log-
normal Gaussian distribution with mean 0 dB and standard
deviation osg = 7.82 dB. Pgs can be negative values and
takes different values for each IUT even if r is the same. The
result in Fig. 4 is the average reception rate from multiple
IUTs with the same r. So, the received power also fluctuates
according to a lognormal Gaussian distribution. Therefore,
for r > 80 m, the reception probability gradually decreases.
It can be seen that shadowing can result in the reception of
distant interfering signals in some cases and the inability to
receive nearby interfering signals in other cases.

Figure 5 shows the standard deviation characteristics with
A of the IUTs being a parameter. Figure 5 (a) shows the

0.6 |- /‘@%& without-Shadowing

04 with Shadowing S%Q
- %,

Average Reception Rate of Signals from IUTs

0.0 ]
0 100 200 300 400 500

Distance between Observer and IUTs, » (m)

Fig. 4 The average reception rate relative to the distance between the
observer and IUT.
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Fig.5 Standard deviation characteristics of observed CORs.

TableI Values of 8

A With shadowing | Without shadowing
50 0.28 0.34
150 | 0.12 0.15
250 | 0.07 0.09

characteristics with shadowing and Fig. 5 (b) shows the
characteristics without shadowing. The standard deviation
is about 1.1 times larger with shadowing than without shad-
owing. This is because the number of IUTs changes from
observers due to shadowing, and the observed COR changes
accordingly. In a dynamic environment where shadowing
is expected, it is desirable to set the number of observation
slots longer than usual because the variation of the observed
COR is larger.

The respective theoretical values obtained by (5) are
shown for comparison. The simulated values are almost
the same as the theoretical values. All theoretical results
were set to @ = 1.2. The observer can observe the signal
without shadowing at distances greater than 240 m. With
shadowing, however, the observer can observe. In this sim-
ulation, the area size was set to 300 m, meaning the observer
can observe 1.25 (= 300/240) times larger areas with shad-
owing than without shadowing. On the other hand, because
shadowing may prevent observation within 240 m, the coef-
ficient of shadowing, a, is set to 1.2, which is smaller than
1.25. Note that « is considered dependent on the propagation
model and area size.

B were set different for each results and summarized in
TableI. B was obtained by fitting from simulation results. As
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A increases, the observed COR and the standard deviation
increase. It can be seen that § increases by a factor of
0.4 and 0.25 as A is increased from 50 to 150 and 250,
respectively. In an environment with shadowing, g is 0.8
times smaller than in the absence of shadowing. Therefore,
with shadowing, the observer should increase the 1.25 times
observation time to improve the observation accuracy.

4. Conclusions

For the reliability of the observation accuracy of Channel
Occupation Ratio (COR) in spectrum sharing access, the
effect of the location and shadowing of interfering stations
(IUTSs) on the observed COR is clarified. The location and
shadowing of IUTs cause fluctuations in the received power
of the interfering signal. This letter proposes an extension
of the theoretical expression for the observation spread of
the observed COR that takes these fluctuations into account.
Computer simulations were evaluated to clarify the effects
on the observed COR when the presence of shadowing and
the amount of interference varied, and it was found that the
proposed equation is in close agreement with the proposed
equation.
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