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Abstract—Dynamic spectrum access (DSA) is an attractive probability of higher than 90% at low SNR region, such as less
approach to solve the spectrum scarcity problem. Among DSA than -10 dB, has been suggested [5]. Another important issue is
techniques, spectrum overlay is an approach where the spectrum ¢,q; getection, i.e., the SUs are expected to detect the presence
licensed to a primary user (PU) is shared by a secondary user . Y . .

(SU) while protecting the PU from the interference caused by SU Of, P,U Slgnal_s ?S fast as poss.|ble. Ach@vmg these goals
spectrum reuse. In the case where PU traffic is dynamic, spectrum Within the limitations of computational requirements and cost

sharing is difficult as satisfying requirements of spectrum sensing, requirements is very challenging. The first two requirements,

the challenging accuracy, quickness and low cost requirements accuracy and quickness, are for protecting PUs properly and
in practice, is difficult. For this issue, we propose a new concept the last one is to achieve practical SU terminal.

of smart spectrum access (SSA) where useful information related T bl t hari in th f d ic PU
to PU spectrum utilization is used to achieve not only the above 0 enable spec _rum sharing In the case o dynamic ’
requirements but also more efficient spectrum utilization. We also awareness of the instantaneous state of the spectrum (occu-
show an approach to realize practical SSA and it consists of a pied/vacant) with the above requirements is significant issue.
spectrum awareness system (SAS) and a dynamic spectrum acces§or this issue, we propose a concept of smart spectrum access
system (DSAS). The main role of the SAS is to provide useful (SSA). In a typical DSA approach, there are two important

information to the DSAS. The information can be obtained by oints: the first one is how to share and utilize the spectrum
the SAS through spectrum utilization measurement and analysis poInts; ! ' W utihz p u

of the measurement data. In this paper, we present a framework @mong heterogeneous wireless systems [2] and second one
for smart spectrum access and discuss the challenges of thisis how to find available spectrum. On the other hand, SSA
approach. In addition, we report some of the experimental results  exploits information about the PU spectrum utilization which
related to SAS. has potential to achieve not only the requirements of spectrum
sensing but also to provide other benefits for DSA. In fact,
current state of the spectrum, i.e. vacancy or occupancy, is a
To resolve the spectrum scarcity problem, dynamic spearget of spectrum sensing. In SSA, any useful information
trum access (DSA) using cognitive radio techniques employedch as statistical information of the spectrum utilization can
by the unlicensed user (secondary user: SU) on the spectroentarget. For example, it has been shown that knowing the
reserved for the licensed user (primary user: PU) has bestannel occupancy rate [6] can improve spectrum sensing
investigated [1]. Spectrum overlay is one of the possible DSgerformance [7]. In [8], statistical channel utilization model
techniques where the goal is to achieve more flexible amés also used to improve spectrum sensing performance.
efficient spectrum management [2]. In spectrum overlay bas€tlannel occupancy rate is also useful to achieve efficient MAC
DSA, the SU can utilize spectrum left vacant by the PU g®otocol design and spectrum management method as has been
long as it will not cause any harmful interference. In order tdemonstrated in [9]-[11].
enable DSA, techniques for understanding current spectrumrin fact, there are many related works where statistical infor-
state at given time/location, such as spectrum sensing [3] andtion in terms of the spectrum utilization is used to enhance
geolocation database, have been investigated. the performance of DSA. In [12], several key techniques and
In TV white space (TVWS) which is one of DSA ap-theory for opportunistic spectrum access have been introduced
proaches, the spectrum sharing can be enabled by usiagexample game theory, Markovian decision process, optimal
a geolocation database [4]. Spectrum sharing based on s$hepping theory and multi-armed bandit problem. It can be
geolocation database is suitable due to the static nature of simarized that there is still a common significant issue; how
TV broadcast traffic. On the other hand, in mobile wireleds obtain the statistical information. In fact, this is related
systems where the traffic is sporadic and the terminals c@nfeasibility of DSA such as the issue in spectrum sensing.
move around this is not possible and the SU has to rely lm SSA, we will consider this issue carefully for achieving
other means of obtaining the spectrum state. practical SSA and this point is the most significant difference
However, in practice, the requirements for spectrum sensiogmpared to traditional DSA.
are very challenging. Specifically, very accurate PU signal In SSA, the following key issues have to be considered:
detection performance is required. For example, detectionl) How much gain, for example in terms of spectrum uti-
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In the past works regarding the DSA, the first issue has bee
considered to a certain extent but still the effect of estimatiol
error of the utilization statistics and required cost to obtain the
statistical information have not been investigated deeply. Th
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Fig. 1: Smart spectrum access for spectrum overlay scenario.
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feasibility. To obtain the statistics of spectrum utilization by
the PUs, long duration, wide band and broad area spectrum
measurements are required. This obviously leads to significant
burden in the SUs. The third issue is related to the earlier
issues. Specifically, SSA system can be implemented as a
network which we have to design and allocate the roles to the
entities of the network to achieve an effective SSA system.
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SSA has two important roles, spectrum awareness and
spectrum access for actual wireless communication services.
In our approach, the roles are assigned to different systems,
namely spectrum awareness systems (SAS) and dynamic spec-
trum access systems (DSAS), respectively. This approach can
lessen the burden of spectrum measurement of the SUs in t
DSAS. However, this opens up a new challenge which is the
development of an efficient SAS.
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Fig. 2: Wireless network implemented SAS.

The main role of SAS is to obtain and provide useful
statistics (such as duty cycle, channel occupancy rate [7] as
well as statistics of the idle and busy periods [13]) related
to spectrum utilization by PUs to the DSAS based on the We introduce the envisioned SSA concept which is shown in
spectrum awareness process. By using this information Fig. 1. In this example, we assume spectrum overlay scenario,
the DSAS, not only spectrum sensing but also prediction &¢., there are PUs who own the spectrum and SUs who can
spectrum utilization and spectrum resource management eg@portunistically access the spectrum as long as the PU protec-
be enhanced. In fact, this approach is useful not only féien constraint is satisfied. In addition, there is an SSA system
the spectrum overlay DSA, such as cognitive radio systemich consists of DSAS and SAS as described earlier. The
but also other spectrum sharing systems such as 80233A is divided into two separate systems each responsible for
MAC protocol based on wireless local area networks, wireleg#ferent functionalities which has the benefit of simplifying
systems in Industry-Science-Medical (ISM) bands and intéhe subsystem design and lessening the computational load.
operator spectrum sharing which have been investigated folSAS is dedicated for spectrum awareness. The essential
future wireless systems such as 5G. [14]. functions of the SAS are observation, spectrum analysis (e.g.

. o . i . ower spectrum via fast Fourier transform), spectrum usage

This paper is divided in two parts. The first part, Section IF]Setection, and analysis process for obtaining the spectrum

describes the concept of SSA using SAS and DSAS. We autl ization statistics. These functions are illustrated in the block

g';?sss the issues related to the design of efficient SAS il gram in Fig. 1. The observation block includes the part

from the RF frontend to the analog-to-digital-converter (ADC)

In the second part, Section lll, we present a prototype wfich is responsible for obtaining the I-Q baseband sam-
SAS that we have developed. We have investigated the desiges. Spectrum analysis process then converts the measured
issue of spectrum measurement for duty cycle estimation i@ samples into power spectral density (PSD) information
which we provide numerical evaluation results obtained lwhich is more practical for later analysis. Based on the PSD,
computer simulations and real spectrum measurement expsgectrum usage detection block provides measured spectrum
ments. utilization data in a two-dimensional time-frequency grid.

Il. SMART SPECTRUM ACCESS



Finally, statistical information, such as duty cycle and statistics Ill. PROTOTYPE OF SPECTRUM AWARENESS SYSTEM
of the idle and busy pgriods, can be estimated based on the, this section, we present a spectrum measurement pro-
spectrum usage detection result. totype which corresponds to a possible implementation of

SAS is expected to cover wide area as well as observdhg SAS. Specifically, obviously there is other approaches
wide band of spectrum for sufficiently long time. In order t¢0 realize SAS. So far, the developed prototype has been
cover a wide enough area, it is necessary to deploy a lafg¥estigated to provide accurate spectrum usage detection by
number of observation equipment (OE). Deployment of highsing Welch FFT based signal detection. In this prototype, all
performance OEs commonly used in spectrum measurem@hfunction blocks in Fig. 2 are involved but we have mainly
is not feasible due to high costs but on the other hand, cheajf¥estigated signal processing parts in spectrum analysis and
OEs, such as sensor in wireless sensor networks, might noSpgctrum usage detection.

able to satisfy the required measurement accuracy. A. Issue of threshold setting in spectrum usage detection

In fact, the SAS has to be implemented to interface with |n most of the spectrum measurements [4], [16], energy
a wireless network and an example of such implementatigatector (ED) with threshold is used to detect PU spectrum
shown in Fig. 2. In our approach, SAS consists of a smaltilization in the considered frequency bins. ED is simple
number of high performance OEs and many low-cost OEgnd does not require any prior information about the PU
i.e. sensors. The high performance OEs also serve as a fusgigjhal [17], however the detection performance depends on the
center and control station for the sensors which are withiAreshold setting [18], [19]. There are several ways to set the
the respective coverage area. To achieve accurate measuremggshold and the most appropriate approach is constant false
results with the sensors, one approach to enhance the accugagym rate (CFAR). In this case, noise floor (NF) estimation
is cooperative measurement with multiple sensors. This i§san important issue for the threshold setting, however most
similar to cooperative spectrum sensing which can achieyethe previous works have not considered this issue deeply
improved sensing performance by exploiting spatial diversipt instead assumed that the NF is known.
gain [3], [15]. However, additional time is required to gather |n [20], [21], median filtered FCME with a correction factor
the spectrum usage/utilization information within the SSA (MED-FCME-3) has been proposed and this algorithm can
network/system coverage. In spectrum sensing, the time cestimate NF properly. Thus, the threshold can be set according
is not negligible since spectrum sensing has to know statetarget false alarm probability. The median filter is used to

of spectrum instantaneously. On the other hand, in spectraiid the effect of large outliers anglis used to compensate
usage measurement, the time cost is not a critical issue. the effect of biased estimation error.

The SSA system has to be designed properly by considering}Ne have revealed that the NF estlmgtlon performance of
all the different functions jointly. There can be multiple Wa\y§he MED'FCME?B 'deterlorates in the region where S,N’RS
to obtain the information, thus, we need to consider fé@round zero. Similar problem has been observed in several
example the computational cost at each sensor, required burd@pks for example [22], [23]. This degradation is due to
of information gathering in cooperative measurement, afgduency fluctuation caused by randomness of data symbols.
how much the performance of DSAS can be improved whéi' this issue, we used Welch FFT in MED-FCMEand this
designing the SSA. For example, the type of the estimatfifthod is denoted by MED-FCME-Welch [24]. In [25]-{27],
statistical information obtained by the SAS determines t elch's methqd has been employed for signal detection. In
achievable performance gain that can be provided to the DSK4!: the benéfits of Welch FFT in the NF and duty cycle (DC)
as well as the required computational cost and load at egefimations have been shown through computer simulation
sensor. In our approach, the functions of observation aR@Sed numerical evaluations. We will show the benefits by
spectrum usage detection are implemented at the sensor l€gdperimental evaluations with a prototype system of SAS
This can reduce the burden of communication between Seng&tem_and this can prowd_e validity of the prototype system.
and high performance OE since the spectrum usage detecfigfmation and DC estimation.
is binary information. However, this requires us to develog System model

reliable, low complexity signal detection methods. Block diagram of the prototype system with single OE

In the database and analysis block, the measured spectisrshown in Fig. 3. Cooperative measurement has not been
utilization data is at first stored in a two-dimensional timemplemented yet and this is a future issue. The target frequency
frequency grid. This data can be later used to analyze thend of our measurement system is 2.4 G Hz industry-
statistical characteristics such as duty cycle, channel ocagience-medical (ISM) band. This is because that in this band
pancy rate, and statistics of the idle and busy periods wdriegated and dynamical spectrum usages can be expected
the spectrum utilization. The statistical data is stored in tlemd we would like to evaluate our measurement system in
database for the required time and can be update accordinguech situations.
newer measurement results. Finally SAS provide the statisticaln this prototype system, there are a real-time spectrum
information to DSAS to enhance the performance of thenalyzer (RSA6100A), high capacity hard disk, and two
DSAS. computers, control computer (PC 1) and signal processing



2.4GHz Antenna: Real-time spec P‘CIZ § “C_)_ ) -
: cal -time spectrum Control PC o Spectrum analysis process
analyzer I
RSA6100A L g (e.g. Welch FFT)
§ Swich o ) o <:%l> Power spectrum
~—{=
/ Hub (\/ «Q
- 2 NF esimation| | =
_/ = 2 m
C ' pc2:. i PN@ (é'
= . . Signal processing PC v 3
Signal generator High-capacity Threshold %
SMBV100A Hard disk i g
setting 3
Fig. 3: Prototype system of spectrum measurement. T g
y A 4 =
Signal detectionin g
Observation Dagatrqnsfer gnd Zdimens-onaj bl ns O
period Estimation period s
i o
e minal A Sl —— — ——— b nF Ng m
s | LAD/ACC g
| Superframe(=Medianfilter length) " \l! 8
[ n-=0 | n =1 \\ o R LV | DC egtimation I z
IFFT Framet ~~~~~~~~ e 1 ..
INg samples yd . . .
— Ne /E Fig. 5: Block diagram of spectrum analysis, spectrum usage
i e FRE detection, and DC estimation.
DRLTIN

Fig. 4: Time frame configuration of spectrum usage measure-
ment in the SAS system. noise component which is circularly symmetric normal com-
plex random variable with zero mean and unit variance. SNR
is defined byy = E[|z[n]|?]/E[|z[n]|?] and E]] is expectation
. . . operator. Without loss of generalifys is assumed to be power
computer (PC 2). The role of PC 1 is providing a triggegs two. In the Welch FFTNg samples are divided intdV,,
signal in terms of spectrum measurement schedule presergggwe groups where each group consist¥gf samples. T?le
by time frame as shown in Fig. 4, and information of SpeCtru'Ebnfiguration is shown in Fig. 4. In the,..th segment, ob-
measurement specifications to the real-time spectrum analyggﬁved time complex samples.__ [n] (n = Og 1, Ny —1)
Based on the instruction by PC 1, the real-time spectrum, given by e o
analyzer obtains I-Q samples for the studied frequency band
during the observation period and stores the obtained data to Ynseg M) = YN+ (Nseg — 1) Nw /2], 2

the hard disk during data transfer and estimation period. This

means the role of observation is implemented in the real—tiﬁ?’étgcmt Iogs of glenereglty welassl;ur;NW IS eyirg) nymber |
spectrum analyzer. and there is overlapped samples between neighboring sample

Spectrum analysis, spectrum usage detection and DC e pups, 1.e. the ”“f_“ber of overlapped sampies 1S .SEt to
mation are implemented in the PC 2. During data transfer a /2= No. In ﬂ_"S caseNs, Nieg and Ny satisfies the
estimation period, PC 2 obtains a stored data correspondﬂ owing equation:

to observation du_ring_ one observation periqd. In PC 2 all Naeg = (2Ns)/(Nw) — 1 (3)

processes shown in Fig. 5 are performed in Fig. 5 according to

time frames, superframe and FFT frame. These configuratioMdere Ny is assumed to be divisor @fVs.

of superframe, and FFT frame represent process units oflhen, the discrete power spectrum density is given by

NF estimation, and Welch FFT, respectively. The observation Ny —1
period is composed hierarchically and one superframe consisysﬁ:g’)cse — ‘1 Z (hi [K]Yneey [k]eﬂ?megk)
of Ny frames. e IWNw

Now we focus on data analysis in the analysis computgey . . ,
in the ngth frame. The block diagram of the data anal.glherecSeg 's the index number of the frequency bin i/

ysis part is shown in Fig. 5. During one FFT frame, th%sazzgqrgénsvggnhdivg#?Stgli\slecr?sbi’ the power spectrum density
OE obtains observed equivalent baseband sighal(n =

2

“4)

npNg,npNs + 1,---npNg + Ng — 1) with sampling rate Weleh 1 NeeaTd
fs Hz and the sampled complex signal is given by P,EF,(Z;Q) = Ny Z Pn(segg)cg )
se Nseg=0
y[n] = x[n] + z[n] @

The averaging process in the the above equation can sup-
where z[n] represents PU signal componentfn] represent press the frequency fluctuation. Specifically, each spectrum



in segmenth(fo,)cseg has independent frequency selectivitptandard with a specified DC to real-time spectrum analyzer
characteristic and the averaging leads to nearly flat spectr(fRSA6100A) with a cable. The bandwidth of the transmit
In the NF estimation block, NF estimation is performedignal is around 20MHz and the observed bandwidth is set
every time frame and the estimated noise power is denotedtby4OMHz. The DC estimation performance as a function of
Py (ng). To avoid effect of outliers of frequency fluctuationtransmit power of the SG is shown in Fig. 6 with different
median filter is used. The details of the NF estimation methoBxCs (0.1, 0.52, 0.89). We can confirm that our proposed
is shown in [24]. method outperforms the MED-FCME- The gain obtained
In the threshold setting block, the threshealds set based by the MED-FCME-Welch compared to the MED-FCME-
on the target false alarm rafé. . Specificallyr has to satisfy is from 12 dB to 15dB and this is obtained by,., = 31
the following equation times averaging process, i.8)log;, 31 ~ 14.9 dB.
. The location of the experiment is in 4th floor, building
Pra =Pr(Pupng > 7|Ho), ®)  number 5, Tokyo university of agriculture and technology,
wherePr() indicates a probability for an event. in Tokyo, Japan. The university is not located in downtown
In the Signa' detection b|0ck, based on the threshﬂ'd TOWO, but it is located in small C|ty In the 4th f|OOI’, there is
signal occupancy is detected at two dimensional(bip, ng) ©On€ laboratory which uses the sixth channel (center frequency

as is 2.437 GHz) in 2.4 GHz wireless LAN channel with one
D 1 (Pupng >T) %) access point, and the laboratory locates in front of the location
NG 0 (otherwise). of experiment. The signal transmitted by the access point is

Although median filter can provide accurate NF estimatiome most significant in the observed signal.

. . : . The result of DC estimation is shown in Fig. 7. DC
misdetection of the PU channel usage would still be possible . ™ . _ . .
g P %stlmatlon obtained by MED-FCME-Welch is always slightly

with ED. For this issue, localization algorithm based o .
double-thresholding (LAD) with adjacent cluster combinin rger than that of MED'FCM&} \{vh.|le .false alarm per_f(.)r.-
(ACC), LAD-ACC, is used in [21] ances are almost equivalent. This indicates that sensitivity of
’ | ' CI\/IED-FCME—WeIch is better than that of MED-FCME- In
LAD-A Igorith f LAD A " ) X :
CC algorithm composed o process and AC ddition, DC during week days is larger than DC in weekend

rocess, and details are shown for example in [21], [24]. 7 .
Fhe LAD., two thresholds, low threshold, anz high[thrzasLolll aturday and Sunday). This is because number of users (in

7y, are used and they are set based on target clean sarﬁ |I%kcasde. s;cude?rt]s atr;]d staffbm (;he_ Iaboratk(()jry) :jurlgg.t.the
rejection rate (CSRR)Pra 1, and Pra u, respectively. Using weekend Is less than the number during weekday. In addition,

the low threshold is possible to achieve high sensitivity f&Pe behaviors of DC during one day in week days have strong

detecting low level signal while less false alarm probability ca?grt:]e;aﬂ:g; and this is also related to the behavioral pattern

be achieved by the high threshold. In addition, ACC proceg
can further compensate the miss detection.
The output of ACC based ob,,,. »,,, is denoted by4,,,. .,

=

and DC for a binng is given by —MED FCME Welc
0.9 = MED FCMEQ
1 M B, max real DC
DC = Z Anp,ka (8) 08§
N B,max k=0 0.7,
wherenp max IS the number of observed time samples in a g o6
superframe. I
£
C. Experimental results based on the prototype system S04
We evaluate DC estimation performances in terms of MED- 0.3
FCME-8 and MED-FCME-Welch. The main difference be- 0
tween two methods is that Welch FFT is used in MED-FCME- '
Welch, but normal FFT is used in MED-FCME- There are 0.1 /
three target probabilities, the first one is CSRR for setting 0 : : ‘ ‘ ‘
. i L -120 -115 -110 -105 -100 -95 -90 -85 -80
Pra csrr for setting Toumg, the second one ifga 1, for Transmit power [dBm]

setting 7, and the third one isPFA_H for setting 7. They
are set as followsPra csrr = 0.01, Pran = 4.54 - 1072,
and PFA,L = 0.01. FFT sizeNg and segment size in Welch
FFT Ny are set tol024 and 64, respectively.

In [24], we have confirmed that MED-FCME-Welch can
achieve better DC estimation performance by computer sim-
ulation, but now we confirm it with experimental demonstra- In this paper, we have shown the idea of smart spectrum
tion. The SG transmits data packet based on IEEE 802.1dcress which consists of SAS and DSAS. This approach has a

Fig. 6: DC estimation as a function of transmit power at SG
(Demonstration experiment).

IV. CONCLUSION
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potential to achieve practical and efficient dynamic spectruf?!
access even if the traffic of PU is dynamic. The main reason of
the division of roles, i.e. SAS and DSAS, is to reduce burden

per system and terminal. In SAS, cooperative measuremé&f
is one of key approaches sine this approach can achieve
accurate spectrum awareness due to space diversity while it
can maintain low cost OE. However, burden of informatioR7]
gathering in the cooperative measurement is a significagg;
future issue.

We have also shown a prototype system of spectrum aw 1%]
ness system. Experimental results provides a validity of the
prototype system.

[20]
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