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Method. for spectrum sensing and communication device

Field of the invention

Embodiments. of the invention generally relate to methods for

spectrum sensing and communication devices.

Background of the invention

A cognltlve radio system operates in frequency channels that
are licensed for a spec1flc communication service. Thls
-SpelelC communication serv1ce is typically referred to as.
the 1ncumbent service, and ex1st1ng users of the 1ncumbent
service are denoted as incumbent users or primary users. A
user of the coghitive radio system may be referred to as a

secondary user,

in a cognitive radio system, spectrum sensing is a crucial
operation for the secondary user (SU) to detect‘whether'a
frequency band or a frequency channel licensed to the
incumbent radio service is used by a primary user {(PU).
Spectrum sensing methods can be broadly categorized into
three categories: matched filteringlmethods, energy detection
methods, and cyclostationarity detection methods. Each method

has its own advantages and disadvantages.

In'case that all information about,a signal that may be or
may not be transmitted by a primary user (and for which it.is
to be detected whether it is currently transmitted) is knoﬁn
a priori, matched filtering 'is the obtimum detection method
(i.e. the optimum spectrum sensing method). However, since
this method requires perfect knowledge of the primary user’s

transmission parameters such as used bandwidth, modulation
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type, pulse shaplng method, frame féormat etc., the complex1ty

~ of this method is con51derably high for implementation.

For spectrum sensing based on energy detection, thé'primary3-7
user’s transmission parameters are not féquired.;Spectruh ' .
‘sensing methods based on energy detéction have therefore thé
least complexity among tﬁe three spectrum sensing method
categories. However, energy detepfion spectrum'sénsing
methods are typically vulnerable to noise uncértéinty.
Inaccurate estimation of the noise power can be thé reason
for a éNR {signal to noise ratio) wall for thérdetectioh,and.

to a high false alarm probability.

"Recently, spectrum éensing based on cyclostationarity
detection hasvattracted-substantial interest due to its
ébility to distinguish among wi;eless systems that transmit
signals having cyclostationarity. For example, wireless :
systems using different parameters such as different
modulation types, symbol rates, carrier frequencies etc. show

. cyclostationary features at different cycle frequencies and

may thus be distinguished. Signal detectlon for spectrum
sensing can be performed by checklng the presence: of

cyclostationary features at these cycle frequencies.

Since the spectrum sensing method based on cyclostationarity
detection can be used for distinguishing between a signal
transmitted by a primary user énd interfering signals it may
be beneficial for coexistence scenarios in cognitive radio

- which have been investigated for standardization.

It is therefore desirable to provide improved methods for
spectrum sensing, in particular based on cyclostétionarity

détebtion.
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Summary of the invention

In one embodiment, a method for speétrum sensing is provided
comprising receiving a signal using a plurality of receiﬁe

- antennas; forming a set of received signals_inclﬁding the
received signal of each éntenna;.determining a cyclic auto-
correlation of the set of received signals; estimating, fqrA
each receive antenna, channel étate_informatioﬁ of the radio
channel via which the receive antenna recei#es-thé'signal
_based on the determined cyclic auto-correlation; performing
-maximum ratio combining df the received signal samples baséd
on the estimated channel stéte_information; determining a
"measure of the cyclostationarity of the received signal based
on the result of thé maximum ratio combining; and performing
byclostationarity detection spectrum sensing based on the

determined measure of the cyclostatibnarity of the received

signal.

According to one embodiment, the set.of"received signals is a..
received vector signal wherein the components of the received:

vector signal are the signals received via the antennas..

Determining the cyclic auto-correlation may include _
determining a cyclic auto-correlation matrix of the set of
received signals. Estimating the channel state information of
“the radio channel may include.détermining eigenvalues of the

cyclic auto-correlation matrix.

According to one ehbodiment; the channel state information. is
determined as the components of the eigenvector corresponding
to the maximum eigenvalue of the cyclic auto-correlation

matrix.
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The cyclic auto-correlation is for example determined for a

candidate cycle frequency.

According to one embodiment, the signal is received using the |
. plurality of receive antennas to geherate a_plurélity of

received signal samples for each.receive antenna.

Determining the cyclic auto4gorfelation for example includes
determining the correlation between signal Sampleé of

different antennas for the same sam?ling time.

According to one embodiment, the measure of thé
‘cyclostationarity of the received signal is determined based
on the cyclic spectral density function or the cyclic

spectral coherence function.

According to one embodiment, the measure of the
cyclostationarity of the received signal is determined based
on the cyclic spectral density function scaled by an average

energy of the received signal.

Determining the measure of the cyclostatlonarlty may 1nclude
an averaging over a’ plurallty of radio frequencies or.
determining the maximum over a plurality of radio

frequencies.,

Cyclostationarity detection spectrum sensing is for example
. performed by comparing the measure of cyclostationarity with
a pre;determined threshold. For example, it is decided that a
primary user is present if the meaéure of cyclostationafityf

is above the pre-determined threshold.
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According to one embodiment, a method for spectrum sensing is
provided comprising rece1v1ng a signal u51ng a plurality of
rece1Ve antennas; determining for each receive antenna a
measure of the cyclostationarity of the received signal of’
the antenna; combining the measuree of the cyclostationarityl
. of all receive antennas; and performlng cyclostatlonarlty
detection spectrum sen31ng based on the combined measures of

the cyclostationarity of all receive antennas.

Comblnlng the measures of cyclostatlonarlty may for example

include summing the measures of cyclostatlonarlty

Performiﬁg cyclostationarity detection spectrum sensiﬁg for
example includes determining an overall measure of
cyclostationarity from the combined measures of
oyclostationarity and comparing the ove;all measure of

cyclostationarity with a pre-determined threshold.

According to one embodiment, a communicatieon device
corresponding to one of the methods desoribed above is
provided. Further, computer program products which} when
executed by a computer, make the computer perform the above

methods may be provided.

Short description of the figures

Illustrative embodiments of the invention are explained below -

with reference to the drawings.

)

Figure 1 shows a communication arrangement according to an

embodiment.

Figure 2 shows a flow diagram according to an embodiment.
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Figure 3 shows a flow diagram according to an embodiment.

Figure 4 shows a communication device ac¢ording to an

embodiment. .

Figure 5 shows a communication device according to an.

embodiment.

Figures 6 to 9 show performance diagrams.

Detailed description

'Fidure 1 shows a communication arrangement 100 according to

an embodiment..

The communication arrangement 100 includes a first
communication device 101 and a second communication device .

102,

The first communication device 101 is -assumed to bé a
communication device of an incumbent’éystem, i.e. a

communication device of a communicafion system operating.in.a-
frequency region that is licensed foi the communication ~

system.

The first communication device 101 includes a transmit
antenna 103 and may or may not transmit a sending signal s(t)

. using the transmit antenna.

The second communication device 102 is assumed to be a
communication device of a cognitive radio system, i.e. of

radio communication system operating in the same frequency
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region as the first'communicétibﬁ device 101. Since the
frequency region is licénsed_fo the communication system of
which the first communication device 101 is'part, the secbnd
commﬁnication device 102 needs to perform spectrum sensing to
make sure that the first communlcatlon ‘device 101 is not .

. using the frequency region, i.e. is not transmlttlng signal
s(E), before . using the ffequency.reglon itself, e.g. before

sending a transmit signal using the frequency region itself.

The second communication device 102 comprises a plurallty of
receive antennas 104 Whlch are set to receive 1n the

frequency region.

"In this example,'itfis assumed that the second communication
device 102 includes M receive antennas which are numbered
from 0 to M-1. The signal received by the mth receive antenna

(m=0,...,M-1}) is denoted by ypit).

_ The vector of received signals

y1lt)

| ¥ 2ttt}
yle) = y% i

yM(E)
which may alsoc be seen aé'the overall received signal or as.
the set of received_signals (if the ordering is not |
considered), is fed to a spectrum sensiﬁg circuit 105 which
determines whether the first communication device transmits
the signal s(t) by deciding whether the signal s(t) is

- present in the received signal y(t) or not.

The channel state information (CSI) of the communication

channel between the transmit antéenna 103 and the mth
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;eceiving antenna 104 is given by the channel iﬁpulse

response hy.

In case that the signal- s(t) is trahsmitted, the received
signal y{(t) is thus given by

- y(t) = hs(t) + wit) '

hq wy (t)

o hp w2 (t) ey L
wherein h = . and w{t) = | . where wp(t) is the additive
hy wyit),

1noise at the mth antenna,

The spectfum sensing circuit 105 ocutputs the result of this
decision (also réferred to as the detection result) based'on
which the second communication device 102 isAfoi example |
bontrolled to use the frequency region (if it has been
decided that s(t) is not present in the received signal)'or.
to not use the freguency region (if it has been décidgd‘that

s(t) is present in the received signal).

According to one embodiment, the second communication device
102 for example carries out a method for spectrum sensing as
illustrated in figure 2.

Figure 2 shows a flow diagram 200 according to an embddiment.

In 201, a signal is received usihg.a plurality of. receive

antennas.

In 202, a set of received signals is formed including the

received signal of each antenna.
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In 203, a cyclic auto-correlation of the set of received

signals is determined.

In 204, for each receive antenna, channel state information
of the radio channel via which the réceive antenna receives
‘the signal is estimated based on thé_determined cyclic auto-

correlation. .

In 205, maximum ratio combiﬁinglof the received signal
samples is performed based on the estimated channel state

information.

In 206, a measure of the cyclostationarity of the received
signal is determined based on the result of the maximum ratio

combining.

In 207, cyclostationarity detection épectrum sensing is .
performed based on the determined measure of the

cyclostationarity of the received signal.

In one embodiment, in other words, signal samples 6f
different feceiving antennas are combined to estimate the
cﬁannel state information and a magimum ratio combining isﬂf
carried out based on theuestimated:cﬁannel state infqrmatiqﬁ'
(i.e. a blind maximum ratio combininé is ecarried out).:Bésed
on the result of the blind maximum radio combining, '
cyclostationarity detection is performed, i.e. it,isj
determined whether a Signal of a primary user is present in

the received signal.

According to one embodiment, the second communication device
102 for exémple carries out a method for spectrum sensing as

illustrated in figure 3.
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Figure 3 shows a flow diagram 300 according to an embodiment.

In 301, a signal is received using a plurality of receive

antennas.

In 302, for each receive antenna.a measure of the
cyclostationarity of the received signal of the antenna is

determined.

In 303, the measures of the cyclostétionarity of all ;eéeive”

antennas are combined.

'In 304, cyclostationarity detection spectrum sensing is
performed based on the combined measures of the

éyclostationarity of all receive antennas.

According to one embodiment, in other words,
cyclostationarity is measured or determined for the reﬁéived
signal as received by each antenna, the results are combined
and based on the combination it is decided whetherla signal

of a primary user is present in the received signal.

The second communication device 102 may for example includé
corresponding circuits for carrying out the steps of the:
methods described above with reference to figures 2 and 3

{e.g. as part of the spectrum sensing circuit 105).

. In an embodiment, a "circuit" may be understood as any kind:
of a logic implementing entity, which may be special purpose:
circuitry or a processor executing software stored in a.
memory, firmware, or any combination therecf. Thus, in an

embodiment, a "circuit” may be a hard-wired logic circuit or-
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a programmable logic circuit such as a prégramﬁablé‘
processor, e.g. a microproceésor (e.g. a Complex Instruction
Set Cpmputer'(CISC) processoerr~}a Reduced Instructioﬁ Set .
Comphter (RISC) processor). A "circuit" may also be a:
processor executing software, e.g. any kind of computer 
program, e.g. a computer program uéing a vi;tual machine cpde&
such as e.g. Java. Any.other'kind:of implementation of ﬁhe[
respective functions whigh will be described in more détail'
beiow may‘alsd be understdod as é'“ci;cuit" in accordance

with an alternative embodiment.

It should be noted that embodiments described in context of
one of the methods described with reference to figure 2 ané 3
(or corresponding cgmmunication devices) are analogously
valid for the .other method and the communication devices

.carrying out these methods.

The methods described above with reference to figures 2 and 3
may be seen to be spectrum sensing methods based on |
cyclostationarity detection, i.e. may be seen to exploit the
cyclostationary property of a signal transmitted By a primary

user.

A signal x{t) may be said to exhibitEcyclostationarit?_(qr be,
cyclostationary) if its statistic properties are peﬁiddib in

time.

For a given a and time lag t the expression
At '
1 : TY * T i2
Ry (1) = lim — I X (t + —) X (t - —) e Ity
At—w At 2 z
_At
2
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may be called the cyclic autocorrelation function (AF). If
there exists at least one noniero o such that

max
T

R (%)

>0
is satisfied, we may say that x(t)vexhibits

‘cyclostationarity.

It should be noted that Rx Oﬂ ‘can analogously be deflned for

a 51gnal vector x{t) {(e.g. a received signal vector such as

y{t) as given above) by havmng within the lntggral the matrix

‘product of the signal vector {(at time t +_§) withuthe'

hermitian conjugate of the signal ﬁeétor {at time t e-%) thus

having a matrix within the integral and determining the value
bf the integral and the limit component-wise. In this case,
with x being a vector, Ry (1) is also referred to as the’

cyclic AF matrix of x(t).

Further, it should be noted that RY (t) may accordingly be

determined for a signal x(t) that is available as a sequence

of signal samples k(O),...,x(N—l) aécording to

a _ 1 N * ' -j2nanTg
RX(T)_EZX(H)X (n - 1)e
n=0 '

where Tg is the sample duration, i.e. the time between two

samples.

" The nonzero a is called a cycle ffequency of x(t). The value
of o depends on the type of modulation, the symbol rate,
etc. according to which the signal x(t) is generatéd. For
binary phase shift keying (BPSK) signals cyclostationary

features exist at (i.e. there are cycle frequencies)
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a=k/T, and a = 2f, + k /T, where Ty is the symbol

duration, f. is the carrier frequency, and k is an integer.

Taking the Fourier transform of the cyclic autocorrelation
function the cyclic spectral density function (SDF) is
obtained as

- .
¥ (£) = | RS (1) e

—0

_Normalizing the cyclic SDF with a geometric mean_composéd of
two cyclic SDFs at « = 0 for f+a /2 and £ —o./2 gives the

cyclic sﬁectral ccherence function (SCF)

sk (£)

JSx (E+ @/ 2)Sg (£ - o / 2)

o
Px (£) =
where Sy (f) represents the cyclic SDF at o = 0.

The cyclic SDF may be estimated using the freguency averaging

method or the time-averaging method.

A cyclostationary feature that is widely used in spectrum
sensing methods is the cyclic spectral density function. The
cyclic spectral coherence function may be used for modulation

classification and may also be used fof signal deteqti@n,

‘Since multi-antenna systems are widely implemented in current
communication systems, efficient spectrum sensing methods for
such systems are of particular interest. For .example, equal
gain combining (EGC) may be used for cyclostationarity based
spectrum sensing employing multiple antennas. The cross
cyclic spectral density function may be used to estimate the

phasé différence between different antennas.
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. According to one embodiment, ﬁhe,cyclic spectral coherence

function p¥ (f) is used as a cyclostationary feature wherein

the hat is meant to indicate that an estimatioq of the cyclic
spectral coherence function is determined and used for
“spectrum sensing. It should be noted'that the cyclic spectral
coherence function has the built-in ability'tofhandle'noisé.

uncertainty.

Acceording to oné embodiment, a modified spéctrél density
.function {MSDF') given by -
¢ (1) = 20

Gx
is used as cyclostationary'feature'wherein the denominator
¢y 1s the average energy of the signal x(t), i.e. is the

average of the energies of the Signal oﬁer time t.

Using this cyclostationéry feature avoids having- the problem
" of having null in the denominator of the cyclic spectral
coherenpe function and may be determined with less
computational complexity than the cyclic spectral_coherénce

function.

From a cyclostationary feature as the ones ébové, a measureg
for cyclostationarity or an indicator for cycloétatidnarityf
may be determined, e.g. by taking the absolute value of thé.

cyclostationary feature.

It should be noted that in practice, the SCF and the MSDF may
be determined from discrete values of t and for discrete
frequencies and by performing a discrete Fourier transform

for determining the spectral density function.
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Maximum ratio combining (as for example used according to the
method illustrated in figure 3) may be seen fo be sﬁperior to
equal gain combiring and may be applied to the combination of
the received signals of all antennas. However, it is an

‘unrealistic assumption that the prbberties of the éhannel

between the primary user and thé secondary user are known.

Therefore, according to one embodiment, an eigen-based blind
channel estimation exploiting a cyclostatiohary feature is

.used. according 'to one embodiment.

Further, the assumption thaf noise -samples are
'temporally/spatially uncorrelated is not practical in many
cases. According to embodiments, sensing methods are provided
fhat can be used in uncorrelated and temporally/spatially.
correlated noise scenarics and that can handle the problem df

noise uncertainty.

According to one embodiment, the method illustrated in figure
2 is a pre-combiriing spectrum sensing method and is for
example carried out by a communication device as illustrated

in figure 4.

Figure 4 shows a cbmmunication device 400 according to an

embodiment.

The communication device 400 corresponds to the second
communication device 102 illustrated in:figure 1.
Accordingly, it includes a plurality of receiving antennas as -

above numbered from 0 to M-1,
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In this embodiment, the spectrum sehsing circuit 105 is
impiemented by a BMRC (Blind Maximum Ratio Combining) circuit
402, a cyclostationary feature extraction circuit 403 and a

comparator 404.

In this example, the communication device 400 operétes
according to a pre-combiﬁing method (in contrast to a post-
combining method as described below).'In a ?;éﬁcombiningf
method according to an embq&iméht, feceived Signéls'ynﬁﬁf o
(m=0,...,M-1) from all antennas 401 are combined first aﬁd '
then a cyclostationary feature of the resulting {overall}
signal y@J.is extracted for detecting the presenée of a
signal transmitted by'a primary user, e.g. the first

communication device 101,

The communication device 400 further comprises a blind
channel estimation circuit 405. The blind channel estimation
circuit 405 carries out a blind channel estimation including
the following
e Determining the signal sample cyclic autocorrelation
function matrix as

Yo 1 NSt H —?nanT
Ry (1:0) = E Yy (n)y (n - 1:0) g' J 5
n=0 :

where y (n) denotes the column- vector including the nth
sample (n=0...N-1) of the overall received signdl. y(t); .

wherein N is the total number- of samples and Tg is the!

sample duration. RY (19) is used as estimation for the

cyclic AF matrix R%(TO). 19 is for example chosen so. as

to maximize the cyclic autocorrelation of the signal
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transmitted by the primary user (e.g. as it is expected

Rg (1)

from the primary user), e.g. as Tp = arg max
T

e Applying singular value decomposition (SVD) on the
estimated cyclic AF matrix f{g (%) -

. Selecting an eigenvector correspondingito the maximum
eigenvalue of the estimated cyclic AF matrix ﬁ%(fo) as

the estimated channel state iﬁformation (CSI) -h of the

link between the primary user and the comﬁunication'

device 400.

The estimated channel information h is supplied by the blind

channel estimation circuit 405 to the BMRC circuit 402.

The BMRC circuit 402 calculates the combining output

FlH

2n) = =
o]

yin) {(n=0,...,N-1).

In other words, the normalized estimated channel véctor is
multiplied with the received signal vector to provide the
BMRC output. The BMRC output is supplied to the

cyclostationary feature extraction circuit 403.

The cyclostationary feature extraction circuit 403 calculates

a cyclostationary feature of the'rgdeived signal from'ZIh)Zf
(n=0,..., N-1), e.g. the estimated cyclic SCF p¥ (£) of‘thé'

modified SDF T (£).

The calculated cyclostationary feature is supplied to the
comparator 404 which carries out a comparison with a

threshold, e.g. by averaging the absolute value of the
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cyclostationary feature for allﬂfreQuencies'qr determining
the'maximum of the.absolute vélue of the cyclostationary
feature for all frequencies and comparing the result with‘the'
threéhold. Based on the result of this comparison, it is
decided whether the signal s(t) is present in the received

signal y(t).

For example, it is decided that the signal s(t) is present in

the reéeiveq signql v (t)

e if and only if max [py (£)) = m (algorithm 1),
fer

e if and only if avgpY (f) 2 mp (algorithm 2) or
fer ' '

e if and only if avg |t (£f)] 2 n3 (algorithm 3)

feF
wherein the mj are respective thresholds and F is a set of
frequencies in the supporting range (i.e..a set of

frequencies for which spectrum sensing is performed}.

According to one embodiment, the method illustrated in figure
3 is a post-combining spectrum sensing method and is for
example carried out by a communication device as illustrated

in figure 5.

Figure 5 shows a communication device 500 according to an

embodiment.

The communication device 500 corresponds to the second
communication device 102 illustrated in figure 1.
Accordingly, it includes a plurality of receiving antennas as.

above numbered from 0 to M-1.
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In this embodiment, the spectrum:seﬂSing.cifcuif 105 is
impiemented by a cyclostationary feature‘extraction circuit

502, a linear combiner 503, and a comparator.504.

In this example, the communication device 500 dperates
according to a post-combining method (in cqntrasf to a pre-

combining method as described above).

According to a post-combining héthod'accqrding to an
embodiment, the cyclostationary.feature extraction circuit
detérmines a cyclostationary‘featuré {e.q. the‘estimated.scﬁﬂ
or the MSDF) for each antenna from ynan) (n=0,.;.;.N—1), -
wherein m is the index of the antenna, N is the total number
of samples (or sample times) and ypi{n) is the nth samble of

the signal received at the mth antenna.

The linéar combiner 503 linearly combines the cyclostationary
features for all antennas or of measures of the
cfclostationarity for all antennas fsuch as the absolute
values of the cyclostationarity features) and supplies the:

result to the comparator 504.

The comparator 504 performs a comparison of a resulting (e;g.'
an overall) measure of cyclostatiqnary.with a threshold. The
measure of cyclostationarity that is compared is detefmined
based on the output of the linear combiner 503, e.g. by
averaging over a plurality of considéred radio frequenéiés or’
determining the maximum for a pluréiity_of considered radiﬁs
freguencies. Based on the result of.this comparison, if is
decided whether the signal é(t) is present in the received

signal y(t).



WO 2011/093797 PCT/SG2011/000030
20

For example, it is decided that.the signal s(t) is present in

the received signal y(t)

: M )

e if and only if max . ﬁ; (£)| 2 na (algorithm 4},

feF ;' 0 :
.M : )

e if and only if avg ), ﬁg (f)] 2 n5 (algorithm 5) or

feF p= mo A
M o o
e if and only if avg EZ '%?'(fﬂ > ng (algorithm 6)

wherein the mj are respective thresholds and F is a set of
frequencies in the supporting range (i.e. a set of

frequencies for which spectrum sensing is performed).

In figures 6 to 9, simulations results are shown to
illustrate the performance of the embodiments described with
reference to figures 4 and 5 and using the decision rules

indicated as algorithms 1 to 6 above.:

A flat fading channel is assumed for all simulations.

Further, it is assumed that the primary user transmifs a BPSK
signal with a symbél duration of 25 ps at a carrier frequency
of 80kHz. The sampling rate used is'BZOkHz. The nﬁmber of
observation samples (i.e. the number N above} is 4000, The.
false alarm probability is set to 0.1. To estimate the'cyclici
SDF, the time—averaging approach is employed. Unless“_
otherﬁise stated, the number of anténnas of the sécoﬁdgry

user (1.e. the number M aboﬁe).is 2.

Figure 6 shows a performance diagram 600 according to an

embodiment.
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Signal-to-noise ratic (SNR) is indicated .along a. first axis
601 and detection probability is indicated along a second

axis 602.

The diagram 600 shows the performance of the blind channel
estimation in the spatially cofrelated noise scenario. The
spatial correlation coefficient is defined as e. In the
simuletion £=0.5. For the cyclic AF T0=4. The cyelic AF wheﬂ
10=0 éﬁdAa;O is called the_eonventioﬁal AF.I“PerffL “Cfcliéft
and “Conv” are used to indicate perfect estimafion,-blind
estimation using the cyclic AF, and conventional AF, '
respectively. Only the results of the eﬁbodiment based on .
algorithm 3 are shown in the diagram 600. The results show
that the blind channel estimation using the cyclic AF '
provides superior performance than employing the conventional
AF when & is not zero. When £=0- the cyclic AF and the

conventional AF have comparable performance.

Figure 7 shows a performance diagram.700 according to an

embodiment.

Signal-to-noise ratio (SNR) is indicated along a first axis
701 and detection probability is indicated along a second

axis 702.

The diagram 700 shows the performance of the embodiments
based on algorithms 1 to 6 in an uncorrelated noise
environment. Pre-combining detectofsftypically provide.

' superior results to post—combining_deteetors'since they
exploit the channel information. The results shown also
suggest that the proposed MSDF can provide comparable

performance to the cyclic SCF.
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Figure 8 shows a performaﬁce diagramiBOO.acoording to an

embodiment.

Signal-to-noise ratio (SNR) is indicated along a first axis
801 and detection probability is indicated along a second

‘axis 802.

The diagram 800 illustrates the performance fof algorithms. 1
to 6 in a temporally correléted noise scehario The false
alarm probablllty of pre- comblnlng and post comblnlng

.detectors is shown in table 1 as follows

Algorithm 1 2 3 . 4 | s 6

Pra 0.067 | 0.021 | 0.092 | 0.081 | 0.01 0.067

Table 1: False alarm probability in correlated noise scenario

Rll false alarm rates are lower than the pre-determined one
suggesting that all detectors are effective against the

effect of noise correlation.

Figure 9 shows a performance diagram 900 according to an

embodiment.

Signal-to-noise ratio (SNR) is indicated along a first axis
901 and detection probability is indicated along a second

axis 902.

The diagram 900 illustrates tho effect of the numberfof-; 7
" receiving antennas on tﬁe detectioo:rate in an uncorrelated;
noise environment. Only the results of algorithm 3 and
algorithm 6 are shown. The number of antennas, M,'is set to
2, 4, and 6. The outcome indicates that as the number of

antennas increases the performance gap between the pre-
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combining method and the post-combining method increases. A
reason for this may be seen iﬁ that pre-combining detectors
achieve a higher gain from:expioiting channel knowlédgé while
post;combining detectors have not channel information of

which-advantage can be taken.
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Claims

1. A methéd for spectrum sensing comprising:

recejving a signal using a plurality of receive antennas:
forming a2 set of received signals ineluding the received
signal of each antenna:;

determining a cyclic auto~correlation of the set of xeceived
signals; ' . ' o
estimating, for each receive antenna, channel state
information of the radio channel via which the recelve
‘antenna receives the signal based on the determined cyclic
avto-correlation; | -
performing maximum ratioc combining of the received signal
samples based on the estimated channel state information;
determining a measure of the cyclostationarity of the
received signal based on the result of thé maximum ratio
combining; and . | ' ' _
pexrforming cyclostétionarity detection spéctzum sensing based
on the determined measure of the cyclostationarity of the

received signal. -

2. Method for spectrum sensing according to claim 1, wherein
the set of received signals is a received vector signal
wherein .the components of the received vector signal are the

signals received via the antennas.

- 3. Method for spectrum sensing according to claim 1 or 2,
wherein determining the eyeclie auto-correlation includes
determining a cyclic auto-correlation matrix of the set of

received signals.

4. Methed for spectrum sensing accerding to c¢laim 3, wherein
estimating the channel state information of the radio channel
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includes determining esigenvalues of the cyclic aute- -

correlation matrix.

5. Method for spectrum sensing according.to claim 4, wherein |
the channel state information is determined as the components
of the eigenvector corresponding to the maximum eigenvalue of
the ¢yclic auto~correlation matrix.

€. Method for spectrum sensing according to any one of claims
1 to 3, whereln the cyclic auto—-correlation is determined for
a candidate cycle frequency.

T, Method for spectrum sensing accofding to any one of claims
1 to &, wherein the signal is receivéd using thé plurality of
receive antennas to generate a plurality of received signal
samples for each recelve antenna;

8. Method for spectrum sensing according to c¢laim 7, wherein
determining the cyclic auto-correlation includes determining
the correlation between signal samplés of different antennas
~ for the same sampling time.

9. Method for spectrum sensing according to any one of claims
1 to 8, wherein the measure of tha cyclostatienarity of the
received signal is determined based on the cyclic spectral.

density function or the cyclic‘5pectral coherence function.

10. Method for spectrum sensing aceording to ¢laim 9, wherein
the measure of the cyclostationarity of the received signal
is determined based on the cyclic spectral density functicn -
scaled by an average energy of the received signal,

11. Method for spectrum sensing according to any one of
claims 1 to 10, wherein determining the measure of the

AMENDED SHEET
- IPEA/AU



: - PCT/SG2011/000030
26 : Received 25/11/2011

c&clostationaxity includes an averaging over a plurality of
- radio frequencies or determining the maximum over a plurality
of radio fraquencies.

12. Method for spectrum sensing according to any one of
claims 1 to 11, wherein cyclostationarity detection spectrum
sensing is performed by comparing the measure of
eyclostationarity with a pre-determined thresheld.

13. Method for spectrum sensing according to claim 12, .
further comprising deciding that a primary usex is present if
“the measure of cyclostationarity is above the pre-determined .
threshold, |

14. A communication.device comprisings

a receilver configured to receive a signal using a plurality
qf receive antennas and to form a set of received signals
including the received signal of each antenna;

a determining circuit confiéu:ed‘to determine a cyclic auto-
correlation of the set of received signals;

an estimator configured to estimate, for each receive
antenna, channel state information of the radio channel via
which the receive antenna receives the signal based on the
determined cyclic aute-correlation: : )
a combiner configured to perform maximum xétio combining of
the received signal samples based on the estimated channel
state information; and '

a épectrum sensing cireuit configured to determine a measure
of the cyclostationarity of the received signal based on the
result of the maximum ratio combining and to perform
cyclestationarity detection spectrum sensing based on the
datermined measure of the.cyciostationarity of the received
signal.
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15. A method for spectrum sensing comprising:

receiving a signal using a plurality of recelve antennas;
determining for each receive antenna a measuie of the
cyclostationarity of the received sigﬁal of the antenna;
combining the measureé of the cyclostationarity of all

_ receive antennas; and

performing cyclostationarity detection spectrum sensing based
on the combined measures of the cyclostationérity of all
receive antennas; ) )

wherein the measure of the cyclostationarity of ﬁhe recelved
signal of the antenﬂa is determined based. on the cyclic
spectral coherence function.

. 16. Methed for spectrum sensing according to claim 15,
wherein combining the measures of cyclostatienarity includas

summing the measures of cyclostationarity.

17. Method fox spéctrum sensing according to claim 15 or 16,'"
wherein perferming cyclostationarity detection spectrum
sensing includes.determining an overall measure of
cyclestationarity from the combined measures of
CyClosfationarity and comparing the overall measure of

cyclogtationarity with a pre-determined threshold.

18. A communication device comprising: .

& receliver configured to receive a signal using a plurality
of receive antennas:

a determining circuit configured to determine for each
recelve antenna a measure of the cyclostationarity of the
received signal of the antenna; '
a combiner confiqured to combine the measures of the
cyclostationarity of all reéeive antennas; and

a spectrum sensing circuit configured to perform
cyclostétionarity detection spectrum. sensing based on the

AMENDED SHEET
- IPEA/AU



. PCT/SG2011/000030
28 Received 25/11/2011

combined measures of the -cyclostationarity of all receive
antennas; o .

wherein the measure of the cyclostationarity of the received
signal of the antenna is detarmined based on the eyclic

spectral coherence function..
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