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A key aspect of the functioning of cognitive radio systems is fast and reliable detection of unoccupied channels
in cases of dynamic changes of electronic environment. To solve this problem, a fast iterative method based
on the coefficient of variation as decisive statistic of the power spectral density (PSD) is proposed. The
essence of the method is in comparing the values of the coefficient of variation with the threshold value
using the predicted value of the number of signal samples and the method of the golden ratio. The threshold
values of the decision statistics were obtained by calculating the vector of PSD, sorting and normalizing it
to energy, and calculating the vector of values of the coefficients of variation by sequential removing from
the normalized PSD samples with the maximum value. To reduce the number of iterations when calculating
the decisive statistics, the predicted value of spectrum occupancy is used. This value is calculated using an
empirical formula with the coefficient of variation for the zero iteration as an argument. In practice, the
presence of several signals with different powers in the analyzed bandwidth leads to errors in the predicted
value of spectrum occupancy. Moreover, the larger the dynamic range and the lower the signal-to-noise ratio,
the greater this error will be. The predicted value of the spectrum occupancy is a rough estimate of the
number of signal samples in the spectrum, and the golden ratio method was applied to find its true value in
fast way. Processing gain in reducing the number of iterations for calculating the decisive statistics depends
on the spectrum occupancy prediction error and can reach several tens of times. The proposed method can
be used to improve existing and develop new cognitive radio systems based on Software Defined Radio (SDR)
technology.
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Introduction

Radio systems based on SDR technologies have
become widely used due to providing flexible
management of radio frequency spectrum [1-3]. A key
aspect of the functioning of cognitive radio is fast and
reliable sensing of unoccupied frequencies in case of
dynamically changed electronic environment [4,5]. The
solution of this problem is complicated by a priori
unknown and time-varying noise variance, number and
dynamic range of signals in the analyzed bandwidth.
Also, when scanning wide frequency bands, the noise
level at different frequencies can change significantly. In
addition, using of various SDR transceivers, amplifiers
and switching antennas requires ongoing estimation of
noise power, which in an unknown signal environment
is associated with significant difficulties.

In unknown and dynamic signaling environment,
estimation of noise variance for threshold calculation
will be performed with errors. Increasing the noise
variance by only 20% of the estimated leads to an
increasing in the probability of false alarm by an

order and even more. In such conditions, there is
a need to develop a fast spectrum sensing method
with noise-independent characteristics of detection
spectrum holes.

1 Review of related works

A significant number of scientific publications is
devoted to the radio frequency spectrum sensing in
cognitive radio systems. In [6] proposed an adapti-
ve spectrum sensing algorithm for a dynamic si-
gnaling environment using estimates of noise vari-
ance obtained from autoregressive model. However, the
proposed threshold adaptation procedure uses slow and
complex gradient methods. In [7] for signals detecti-
on was proposed calculation the wavelet transform of
spectrum and compute the discrete cosine transform
from the low- and high-frequency wavelet coefficients.
But it is not specified how the threshold is calculated
and whether it depends on the noise level. In [§]
proposed threshold adaptation in the frequency domain
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using a set of bandpass filters. But the adaptation
algorithm requires knowledge of noise and signal power.
In [9] for detection and accurately estimation signals
parameters in frequency domain, first calculate the
spectrum on a short time window and roughly estimate
the occupied frequency bands. In the second stage,
using the Goertzel algorithm, accurate estimates of the
signal parameters are obtained. However, the threshold
value does not adapt to changes of noise variance. In
the multi-channel method of signal detection proposed
in [10], the noise power is estimated at unoccupied
parts of the spectrum, which requires a preliminary
analysis of the analyzed frequency band. Limitation
of proposed in [11] method for detecting occupied
frequency bands is its performance only on signals with
a rectangular spectrum. The closest to the proposed
method is described in [12]. But the computati-
onal complexity of this method increases with increas-
ing spectrum occupancy. Thus, the problem of fast
spectrum sensing under conditions of noise variance
uncertainty remains unresolved.

2 Purpose and objectives of

research
The aim of the article is to provide the possibility
of fast and reliable detection of unoccupied spectrum

channels for cognitive radio systems in conditions of
dynamic change of noise variance.

3 Methodology of
sensing acceleration

spectrum

To solve the problem of spectrum holes’ detecti-
on fast iterative method based on decisive statistics
is proposed. The Welch method, which is based on
the calculation of the Fast Fourier transform (FFT)
and has a low variance of spectral estimates, is used
to estimate the PSD. This method is based on the
division of input sequence of samples of length M into
K segments of length N with overlapping L samples,
calculation modified periodogram for each segment and
averaging of the obtained periodograms.

According to [12], the coefficient of variation of the
PSD samples @, which has a much smaller variance
than the variance of PSD samples themselves, is chosen
as the decisive statistics. The essence of the proposed
method is to compare the values of the coefficient of
variation of the spectrum with the threshold value for
each iteration.

The threshold values of the decisive statistics are
obtained by calculating the vector of the PSD samples
for noise, its sorting and normalization to energy and
computing the vector of values of the coefficients of
variation by sequential removing from the normali-
zed PSD vector sample with the maximum value.

The length of the coefficients of variation vector is
equal to the length of the vector of spectral samples.
After processing a large number of noise realizati-
ons (determined by the required accuracy of the
threshold calculation) for each iteration is calculated
the threshold value of the coefficient of variation Qy,[i]
for a given probability of false alarm in the frequency
domain Pg. It was experimentally found that for a
given quantile of the probability density distribution
of the decisive statistics (s, of the level « is performed
the approximate equality P(Qy-[i])=1—a~1-Pp.

Fig. 1 shows the dependence of the threshold value
of the decisive statistic (¢ via iteration number for
Pr =103 and for different values of the FFT win-
dow length. At low spectrum occupancy levels, which
is equivalent to a small value of the iteration, the
threshold value of the decisive statistics increases with
increasing length of the FFT window.
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Fig. 1. Threshold values of decisive statistics Q- via

iteration

At large N and high bandwidth occupancy 7
described in [12] iterative algorithm requires signifi-
cant computational resources. To reduce the number
of iterations for the calculation of the decisive stati-
stics in the detection of spectrum holes, the predicted
value of spectrum occupancy level (number of signal
samples) is used. This value is calculated by the empiri-
cal formula using the coefficient of variation of the PSD
for zero iteration of decisive statistic QJg. The formula
for predicting the spectrum occupancy is obtained
by approximating the experimental dependence of the
coefficient of variation via spectrum occupancy for the
value of the signal-to-noise ratio (SNR) of 10dB and
the same power of all signals in the sensing bandwidth.
For a real signal, the predicted value of the number
of signal samples can be calculated by the following
empirical formula:

(1)

This expression gives an accurate value of the
spectrum occupancy, if the dynamic range of the si-
gnals does not exceed 10-12 dB. The dependency of the
predicted spectrum occupancy 7 via calculated value of

Jprea = 0.5N (182708990 + 2.15) .
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Qo for zero iteration at SNR 10dB is shown in Fig. 2.
At other values of SNR there is an ambiguity concerni-
ng the predicted spectrum occupancy because Qg can
have identical values for high spectrum occupancy and
high SNR and low spectrum occupancy and low SNR.
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Fig. 2. Predicted spectrum occupancy level via Qg

In general case, small values of @ indicate high
spectrum occupancy or a low occupancy at a low SNR
value. Large values of Qg indicate low occupancy or
high occupancy with a significant dynamic range of si-
gnals. Therefore, in most cases, the predicted spectrum
occupancy value will be calculated with errors. The
error value increases with increasing dynamic range of
the signals in analyzed bandwidth.

In practice, the values of SNR and dynamic range
can change significantly, which leads to errors in the
predicted value of the spectrum occupancy. If there
are several signals with different powers in bandwidth
of the analysis, the predicted value of the occupancy
will be underestimated, and for one signal with less
than 10dB SNR — overestimated. Moreover, the larger
the dynamic range and the smaller the SNR, the
greater the error in the spectrum occupancy prediction.
The value of error can be estimated by the following
expression:

2 Jes mm J, red)
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where J.gtim is the estimation of the number of si-
gnal samples; Jpreq is the predicted value of the signal
samples number.

Predicted spectrum occupancy value is a rough esti-
mate of the number of signal samples in the spectrum,
and the golden ratio method was used to reduce time
for finding its true value Jestim. Golden ratio method
was chosen due to its’ asymptotic effectiveness in reali-
zation of minimax strategy of extreme search.

The algorithm of the proposed fast spectrum sens-
ing method is implemented using Python, so when
describing further material, the peculiarities of this
language are taken into account. The essence of the
method is to sequentially perform the following steps.

1. Set the parameters of the Welch periodogram
M, K, N, L, type of window function and the probabi-

lity of false alarm and calculate the vector of threshold
values of the decisive statistic Q¢ [i], i =0...0.5N—1.

2. Calculate the PSD P,,, its energy-normalized
value X and form two auxiliary vectors: a descending
array of frequency samples P = sort(X, reverse), which
will be followed by signal samples (in case of presence)
and then noise, and the array of indices of the vector
P-Y =argsort(X, reverse).

3. Calculate the coefficient of variation of the PSD
Qo=variation(P).

4. Check if there is signal in given realization of
PSD — Q[0] > Q. [0].

5. If condition 4 is fulfilled, it is necessary
to calculate the predicted spectrum occupancy
value, which will correspond to some signal samples
number J,,.q in the vector P according to (1).

6. If because of approximation errors and noise
influence the calculated value of Jp,eq is more than
0.5N, it must be replaced by 0.35/V, and if less than 0
— by 0.

7. Calculate the new value of the decisive statistics
Q=variation(P[0 : Jpred])-

8. Check the condition Q[Jpred] = Qur[Jprea] and
in case of its validation the vector of values of signal
bins can be found as Freq = Y[0 : Jyreq), and the
threshold value will be equal to the minimum value
of the signal bin Threshold=P[Jprcq]. The number of
signal samples will be Jestim = Jpred, and the spectrum
occupancy level will be n = 2N "' Jesrim.

9. If condition 8 is not fulfilled, and condition
QlJpred) < QurlJpred) is fulfilled, then the search of
Jestim must be performed in the interval [1: Jpeq]. To
do this, the specified interval is divided into 3 segments
in the proportion of the golden ratio. Dividing points
have the following coordinates:

B-A

B-—A
J=B-—2—2
@

J2:A+ )
14

3)

where A=1, B=Jp,¢q and p~1,618.

For these points, the values of the decisive statistics
are calculated and are compared with the threshold
values. The division of the segment in the proportion of
the golden ratio continues until the difference between
the calculated value of the decisive statistics at a given
point and the threshold value becomes less than certain
value. The point found will correspond to the required
number of signal samples Jeszim -

10. If conditions 8 and 9 are not fulfilled, the search
for the number of signal samples Jestir, is performed in
the interval [Jpreq : 0.35N] similarly to the procedure
described in 9.

4 Spectrum sensing performance

The predicted spectrum occupancy value in the
vast majority of cases will deviate from the actual.
The occupancy level may be lower than the predicted
because of SNR value below 10dB or higher due to the
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high dynamic range at high occupancy level or higher
than 10dB SNR at low occupancy.

Fig. 3 shows a variant of the underestimated predi-
cted value of the spectrum occupancy due to the
high dynamic range of signals. As can be seen from
this figure, the error in predicting the number of si-
gnal samples is about 2 times. At Fig. 4 is shown
results of proposed method performance for a spectrum
occupancy of about 20%. The parameters of the Welch
periodogram have the following values: M = 16384,
K=16,N =1024, L =512, the type of window functi-
on — Hamming. The probability of false alarm was
chosen as 0.01. As you can see, the method is suitable
to determine occupied channels and signal powers, as
well as frequencies that can be used by cognitive radio
systems. The dynamic range of signals in this case
is at least 30dB. In general case, the dynamic range
of signals, in which the method allows to accurately
determine the spectrum holes is limited by the maxi-
mum level of the side lobes of the window function.
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Fig. 3. Underestimated spectrum occupancy
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Fig. 4. Results of proposed method performance

5 Simulation results

Now we compare the speed of spectrum sensing
using the developed method and the iterative method
proposed in [12]. The processing gain G is calculated as
the ratio of the number of iterations of decisive statis-
tics computation for the method [12] and the proposed
method.

Processing gain depends on several factors:
spectrum occupancy and prediction errors, dynamic
range and SNR. But due to the uncertainty of noi-
se, even with the same SNR and spectrum occupancy
level for different signal realizations and the same
error in the prediction of the occupancy, processing
gain in reducing the number of iterations can differ
significantly.

Fig. 5 shows the average under the influence of all
factors dependence of the processing gain G in reducing
the number of iterations via spectrum occupancy predi-
ction error ¢, (calculated according to equation (2)).
At low spectrum occupancy of analyzed bandwidth
(up to 10%), which corresponds to a value of ¢, less
than 0, the average gain is only a few times. This can
be explained by a poor approximation of the predi-
cted occupancy at large values of the decisive statistics
(Fig. 1). With increasing spectrum occupancy, the gain
increases linearly and is several tens of times, although
the forecast error modulo does not exceed the forecast
error for small occupancy levels.
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Fig. 5. Processing gain via error of predicted spectrum
occupancy

Conclusions

The proposed fast spectrum sensing method allows
finding unoccupied bands of the radio frequency
spectrum under conditions of dynamic change of the
electronic environment at unknown noise variation and
the dynamic range of signals that can be processed is
limited only by the level of the side lobes of the window
function. Processing gain in reducing the number of
iterations of calculation the decisive statistics depends
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on the error of the predicted spectrum occupancy
and can reach several tens of times. The proposed
method can be used at improvement of existing and
development of new cognitive radio systems based on
SDR technology. Prospects for further research in this
area are associated with the development and study of
similar methods for detecting broadband signals.
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IIsuakuit mMeton amamilzy pazaiodacrTo-
THOTO CIEKTPAa AJid KOTHITUBHHUX PaJio-
CuCTeM

Byeatios M. B.

KmogoBum acmekTom (QyHKIIOHYBaHHS KOTHITHBHUX
pajiocucTeM € IIBUJKE Ta HaJiliHe BU3HAYEHHS BlJIbHUX
JiIFHOK YaCTOT NP AUWHAMIYHIN 3MiHI paioeeKTPOHHOL
obcraHoBku. [l BHUPINIEHHS JAHOTO 3aBIAHHS 3aIPOIO-
HOBAHO WIBHUAKWAU iTepaTHBHUII MeTox, i3 BUKOPUCTAHHSIM
koedinienta Bapiamii CHeKTpaIbHO! UHIBHOCTI TOTYKHO-
cri (CIIII). CyThicTs METOLY LOJATrAE B MOPIBHSIHHI 3HA-
genb KoedinieHTa Bapiamil crexkTpa npuiHATOl peasizarii
3 MOPOTOBHMM 3HAYEHHSIM i3 BUKOPHUCTAHHSM IIPOCHO30Ba-
HOTO 3HAYEHHS KITHKOCTI CUTHAJIHHUX BIUIIKIB Ta METOIY
3os0toro neperuny. Iloporosi 3madenns Bupinryiodoi cra-
THCTUKYM OTPHMAHO IIJISIXOM DO3PaxyHKY BEKTODa BiJi-
ki CIIIII, #ioro copryBanHs i HOpMYBaHHS /10 €HEprii Ta
PO3paxyHKy BEKTOPa 3HadeHb KoedimienrtiB Bapiamii mpwm
TIOC/TITOBHOMY BiJIKWaHHI BiJ HOpMOBaHOTO BekTopa CIIIIT
Bi/yTiKA 3 MaKCHMAJIbHUM 3HadYeHHsIM. /J[y1si 3MeHmeHHs
KUIBKOCTI iTeparmiii po3paxyHKy BHPINIYyIOYOl CTATHCTUKU
IIPU BUABJIEHH]I BIIbHUAX A1IFHOK y CMY3i 9aCTOT aHAJI3y BHU-
KOPHCTOBYETHCSI IIPOTHO30BAHE 3HAYUEHHS 3aBAHTAKEHOCTI
(kimpkocti curnanbaux Bigikis). lane 3HadeHHs po3pa-
XOBYETBHCS 33 €MIIPUIHOI (HOPMYJIOI0 i3 BHKOPUCTAHHIM
B JKOCTI apryMmeHTy KoedimienTa Bapiarmil s HYJIHOBOL
irepanii. Ha npakruni HagBHICTD B CMy3i 9acTOT aHAM3Y
KIJIBKOX CHUTHQJIB 3 PI3HUMH IIOTY>KHOCTAMH HNPHU3BOIUTH
JI0 IOSIBU IOMUJIOK IIPOTHO30BAHOTO 3HAYEHHS 3aBAaHTarKe-
HocTi. [IprdoMy umMm OGIABIIMM € AUHAMIYHWIA Jiamma30H i
MEHIIIe BiTHOIIEHHS CUTHAJI-IIYM, TUM Oiibmroio Oyme JaHna
novmuika. [Iporao3oBane 3HaYeHHs 3aBAHTAYKEHOCTL € TPY-
6010 OIIHKOIO KiJTBKOCTI CHIHAJBHUX BIIKIB y CHEKTpi i
MEeTO/T 30JI0TOT0 TIepeTrHy. Burpam y 3MeHmenHi KiTbKOCTI
iTepariit 0GUMCIIEHHST BUPINIYIOYO! CTATUCTUKHN 3AJI€KUTH
Bil IIOMMJIKM IIPOTHO3Y 3aBAaHTAaXKEHOCTI 1 MOXKe Iocdra-
TH KLIBKOX JIECATKIB pa3iB. 3allPOIOHOBAHUI METOJ MOXKe
OyTH BHKODUCTAHUII MPU yTOCKOHAJIEHH] iCHYIOUMX Ta PO3-
poOJIeHHI HOBMX KOTHITHBHEUX pajiocucteMm Ha ocHoBi SDR
TEeXHOJIOT1I.

Kao0406i caosa: KoediieHT Bapialil; itepaTuBHAil Me-
TOZ; KOTHITUBHE DPaio; METOJ 30JI0TOTO IIEPEeTHHY; 3aBaH-
TayKEHICTh CHEKTPa; IMOpir

BeicTphIit MeTOnm aHaam3a paauodYacTo-
THOI'O CIiI€eKTpa AJid KOTrHUTHUBHBIX pPaauo-
cucTem

Byzaée H. B.

KimroueBbiM acmiekToM (HYHKIIMOHUPOBAHUS KOTHUTUB-
HBIX PAJAUOCUCTEM $BJSETCS OBICTPOE W HAJIEKHOE OIpe-
AejieHre CBOOOMHBIX y9aCTKOB YACTOT IIPU JUHAMUIECKOM
W3MEHEHUN DaJN03JIeKTPOHHOM obcranoBku. [lmsi permre-
HUs JTAHHOM 3a/a49d MPEJJIOKEeH OBICTPBHIA HTePATUBHBIN
METOJ C KMCHOJIb30BaHMeM KO3 dulmeHTa Bapualuu Crie-
kTpasbaoi mmoraocTr MomuocTr (CIIM). CymmuocTs Me-
TO/Ia 3aK/II0YAETCS B CPABHEHUHU 3HAYEHHI K03 duipmenTa
BapUanuy CHEKTPA IIPUHATON DPean3aluu C IIOPOTrOBBIM
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3HAYEHUEM C UCIIOJIb30BaHUEM [IPOTHO3UPYEMOTO 3HAYEHUS
KOJIMYECTBA CUTHAJIBHBIX OTCIYETOB M METO/IA 30JI0TOTO Ceve-
Hus. Iloporosbie 3HaYMEHNST pEIAIONIEil CTATUCTHUKY ITOJLy e~
HO myTeM pacuera Bekropa orcueroB CIIM, ero copruposku
¥ HODMHUPOBAHHS K SHEPTUHN M PACUETA BEKTOPA 3HATEHUIT
K03 bUIIEHTOB BapHUAINK [IPX IIOC/IeI0BATEIHHOM 0TOpa-
coiBauu 0T HOpMupoBauHHOro BekTopa CIIM orcuera c
MaKCHMAaJIbHBIM 3HaYeHreM. [ yMEeHbITeHNsT KOJIMIeCTBA
ATepamuil pacdeTra pemraioleil CTATUCTUKH IIpU OOHADY-
JKeHUM CBODOJIHBIX yYACTKOB B II0JIOCE YaCTOT AHAJIU3A
WCIIOJIH3YEeTCST TTPOTHO3MPYEMOE 3HAYeHNe 3arpy’KeHHOCTH
(KO/IM9eCTBO CHIHAJBHBIX OTCUETOB). [laHHOe 3HaueHHE
PACCYUTHIBAETCH 110 SMIUPUIECKON (hOpMyse € UCIOIb30-
BaHMEM B KadecTBe apryMeHTa Ko3¢hUIMEeHTa BapHaIinn
It HysteBoil mreparmu. Ha mpaxTuke Hasmdme B II0JIOCe
YaCcTOT aHAJIM3a HECKOJIbKUX CUTHAJIOB C PA3HBIMU MOLIHO-

CTIMU MPUBOJUT K MOSBJIEHUIO ONTUOOK IPOrHO3UPYEMOTrO
3HAMEHMsT 3arpyyKeHHocTH. Ilpuuem deMm GoJblre AMHAMU-
YeCKUil JUAIa30H W MEHbIIe OTHOIIEHNe CUTHAJ-IIYM, TeM
Oousibieit Oymer mamuas ommubka. [Ipormosmpyemoe 3nade-
HFe 3arPyKEHHOCTH SIBJISTETCST TPy6O0il OIEHKOM KOJIMIeCTBa
CUTHAJIBHBIX OTCYETOB B CIIEKTPE U JJjIst OBICTPOTO IIOUCKA ee
MCTUHHOTO 3HAYEHUs [IPUMEHEH MEeTOJ, 30JI0TOr0 CeYeHus.
Brurpsin B yMEHBITEHNN KOJUYIECTBA UTEPALNH BHIUNCIIE-
HUS Pemaonieil CTATUCTUKY 3aBUCHT OT ONIMOKY IIPOTHO33
3arpy?KEHHOCTH U MOXKET JIOCTUTAaTh HECKOJIbKUX JECATKOB
pa3. IIpenoxkeHHbI METO MOXKET OBITH UCITOIH30BAH MTPY
COBEPIUICHCTBOBAHNY CYIIECTBYIONNX M Pa3paboTKe HOBBIX
KOTHUTUBHBIX pajuocucreMm Ha ocuoBe SDR, rexnosoruu.

Kmouesvie caosa: K03 UIMEHT BapUALUU; UTEPATUB-
HBII METO; KOTHUTUBHOE PAJIN0; METO 30JI0TOTO CEUEHWST;
3arpyKEHHOCTh CIIEKTPA; IOPOT
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