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Wideband Cyclic MUSIC Algorithms: A
Frequency-Domain Approach

Ivan P. Pokrajac and Desimir VUCic

Abstract: In this paper, we propose two spectral cyclic MUSIC DOA estion al-
gorithms for wideband cyclostationary signals: the widebapectral cyclic conju-
gate MUSIC (WSCCM) algorithm and the extended widebandtsalezyclic MUSIC
(EWSCM) algorithm. The proposed algorithms can be appbeagstimate the spectral
cyclic conjugate correlation matrix and the extended specyclic correlation matrix
of wideband cyclostationary signals. The presented alyns do not require any
knowledge of the optimal time lag parameter, which appestise similar algorithms
in time domain. In the proposed algorithms, the DOAs areredtd at each spectral
component of the selected frequency band for a cyclic frequef interest. This can
be used to form the azimuth cyclic frequency diagram, sintdahe azimuth fre-
guency diagram in wideband direction-finding systems. Ssimellation results are
provided to confirm the theoretical findings.

Keywords: Cyclostationarity, direction of arrival (DOA), MUSIC, sgieal cyclic
(conjugate) correlation matrix.

1 Introduction

ANY signal selective algorithms for DOA estimation have beereliped to
M overcome some limitations of the standard approaches, asithe possi-
bility to automatically classify signals as desired or wickdl. The first signal se-
lective algorithm based on cyclostationarity propertgeproposed by Gardner [1],
and named Cyclic MUSIC. Since then, many algorithms for DQ@#neation have
been developed to improve performance of Cyclic MUSIC [2]3,An Extended
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Cyclic MUSIC algorithm [2] has been proposed to improve teg@rmance of the
Cyclic MUSIC algorithm by exploiting both cyclic correlati and cyclic conju-
gate correlation. However, Cyclic MUSIC and Extended Qy®llUSIC algorithms
were developed only for DOA estimation of narrowband sign@he most serious
limitation of the algorithms presented in [1, 2] is reflecirdhe fact that both al-
gorithms used estimation of the cyclic correlation matnixi ahe extended cyclic
correlation matrix in time domain using one time lag paranet To overcome
this limitation, [3] proposes the averaged (conjugate)icydUSIC (ACM) algo-
rithm by averaging the cyclic or cyclic conjugate corredatimatrix over different
time lags (time delay). The proposed algorithms are dedifmewideband cyclo-
stationary signals. The Extended Wideband Cyclic MUSIC (BW algorithm,
which exploits both the averaged cyclic and averaged cgcoligugate correlation
matrix, is also presented in [3].

Another possible approach to solve the problem of optinna fiag knowledge
is proposed in [4] based on the Fourier transformation otttedic correlation ma-
trix. Using this idea, in [5], an algorithm for DOA estimatidased on cyclostation-
arity properties of narrowband signals in frequency donmproposed. Instead of
the cyclic correlation matrix, the spectral cyclic cortela matrix (SCCM) is eval-
uated in the proposed algorithm. However, the algorithnapgsed in [4] and [5]
exploit only the cyclic property for DOA estimation, and yh&o not have the po-
tential performance merit as that of the Averaged Conju@ateic MUSIC and
Extended Cyclic MUSIC.

In this paper, we propose the wideband spectral cyclic ¢atg MU-
SIC (WSCCM) algorithm and the extended wideband spectraliccUSIC
(EWSCM) algorithm. The algorithm presented in [5] expla@itdy cyclic properties
of signals for DOA estimation, but not cyclic conjugate pedjes. Itis important to
note that complete analysis of wideband cyclostationayyads requires estimation
of both the spectral cyclic and spectral cyclic conjugateatation matrix, because
some signals have both nonzero spectral cyclic correlatimh nonzero spectral
cyclic conjugate correlation, e.g., binary phase shiftikkgyBPSK) or minimum
shift keying (MSK). Because of that, we propose WSCCM and EXMSalgo-
rithms modifying the algorithm in [5] with the idea of [2, 4These algorithms per-
form signal selective DOA estimation of wideband and nabvamd signals exploit-
ing the spectral cyclic conjugate correlation matrix anteesled spectral cyclic
correlation matrix. The spectral cyclic properties of ogthtionary signals corre-
spond to the spectral correlation at some frequency asedaiéth the multiple of
the baud rate. The spectral cyclic conjugate propertieyydbstationary signals
correspond to the spectral correlation at some frequersycaged with the car-
rier frequency. The proposed algorithms can be used in waitkblirection finding
systems in order to form the azimuth cyclic frequency diagma the process of
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spectrum segmentation. Both of our methods work well whegmnads exploit cyclic
properties at the same cyclic frequency.

2 Background

2.1 Wideband data model in frequency domain

Consider an antenna array composel omnidirectional elements, which receives
K uncorrelated wideband signadg(t), k = 1,...,K in a selected frequency sub-
band fgW at central frequencyfc. The wavefronts oK signals impinge on the
antenna array from directior®,,0,, ..., Ok where©y represents azimuté and
elevation¢ of thekth signal. LetK; from K signals exhibit cyclic or cyclic conju-
gate property at a selected cycle frequency a and let the kithe<, signals exhibit
cyclic or cyclic conjugate features at different cycle fneqcies. If we consider that
Ka signals are contained in the vecsdr), thenK — K, signals, which exhibit cyclic
or cyclic conjugate features at cycle frequencies diffefiemm a and any noise are
lumped into the vecton(t). If the wideband assumption holds, in the temporal
frequency domain, the sensor outputs can be representadairia-vector form as
frequency dependent narrowband signals [4, 5].

X(f) =A(0, 1) -S(f) +N(f) 1)

where the frequency-dependent steering matrix A$O,f) = [a(O,f)
a(O,, f)...a(G,, )] whose columns are steering vectors corresponding to
the signals of interest (SOISX(f) = [Xy(f) Xa(f)... X (f)]" where[]T denotes
the transpose, is the finite time Fourier transform of theelyahd signals received
in the observed interval. S(f) = [S(f) S(f)...S, ()]" is the finite time
Fourier transform oK, signals down converted to base band by frequeficy
in the same observed interval( f) = [N1(f) Na(f)...N_(f)]Tis the finite time
Fourier transform of the interfering signals and the whisu&sian noise.

If the frequency in (1) is fixed, it is possible to use narromthaignal subspace
methods such as MUSIC. By the discrete Fourier transfoomaiDFT) we can
perform a narrowband decomposition to obtain sensor caitpitih a fixed temporal
frequency. The decomposed signal can be represented as:

X(fh) =A(O, fn) - S(fh) + N(fh) 2

where thefy frequency component is denoted iy, h € [1,H] , whereH is the
total number of spectral components for the selected fregyusub-bandgy.
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2.2 Wideband spectral cyclic MUSIC algorithm

Under the condition that the contribution to the SCCM fr&m- K, signals and
from any noise converges to zero as the integration timestemiahfinity, the SCCM
of the received signal is given by [4, 5]:

RE(f) = E[X (1 +5) X" (1= 5)]

=A(®, fi+ 3) R&(f) A©, fr— 5)"
where(-)" denotes the conjugate transpose, and WREgefy) is the spectral cyclic
correlation matrix of the signal in the base-band at the p#tsal component. The
selected cyclic frequency denotes the distance between the two spectral compo-
nentsf; = fh+a/2 andf, = f,—a /2.

One of the advantages of the Wideband Spectral Cyclic MUI§Grighm in
frequency domain is the ability to increase the number oéatable signals by
estimating SCCM on each spectral component from the seldatguency sub-
band at the selected cyclic frequency of interest. The nuwibdetectable signals,
which exhibit cyclic features at the selected cycle freqyeisL — 1 at each spectral
component. Using this algorithm, it is possible to estinia@As for more signals
that use the same frequency sub-band simultaneously aitdtexftlic features at
the same or different cycle frequencies.

(3)

3 Wideband Spectral Cyclic Conjugate Music (WSCCM) Algorithm

Instead of the calculation of SCCM like in [4] and [5], we pose to calculate
SCCCM and estimate DOAs based on conjugate cyclic propestisignals. Our
goal is to obtain a matrix which has a form similar to (3).

Under the condition that the contribution to the SCCCM froaKIsignals and
from any noise converges to zero as the integration timestemadfinity, the esti-
mation of the spectral cyclic conjugate correlation madfithe real-valued signals
can be expressed as:

R (fn) = E[X(f1+ 5) X (- 3)]

(4)
= A(©, fr+ ) Res () A(©, fr— 3)
where

REs (fo) = E[S(fn+ 5) ST (fn—5) |

is the spectral cyclic conjugate correlation matrix of regllued signals at theth
spectral component for the cyclic frequency of inteest
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If we observe a bi-frequency plarié, a), all signals in a selected frequency
band exhibit conjugate cyclostationarity properties atbthe intermediate fre-
quency of the selected frequency sub-band, or around tleiiermediate fre-
quency after down-conversion. However, in the case of ceraphlued signals,
the spectral cyclic conjugate correlation matrix can noest@mated using (4), be-
cause there is no symmetry in the Fourier transform of theived signal around
the zero-intermediate frequency. In the case of the comfied signals, the es-
timation of the spectral cyclic conjugate correlation mxafior cyclic frequencya
can be expressed as:

a 5)

where f; denotes theth frequency component that corresponds to the zero-
intermediate frequency = 2fy, and

R (1) =E[S(5)S7(5)]

is the spectral cyclic conjugate correlation matrix of silgrin the base-band at the
ith spectral component for the cyclic frequency of interest

Digital Frequency Smoothed Method DFSM [6] can be used iriotd fre-
guency smooth the spectral cyclic conjugate correlatiotniria a frequency range
around the zero-intermediate frequency. In this caseréugiéncy-smoothed spec-
tral cyclic conjugate correlation matrix in the rangel < M /2 can be expressed
as:

RE, () =E[X (5 +m)XT (5 —m)] (6)

wherem corresponds to thefgy /H frequency component.
The proposed algorithm for DOA estimation of wideband cgtdtionary sig-
nals based on estimation of SCCCM can be described in fe\s.step

Step 1. The received continuous-time signal&), | =1,...,L are down converted
to the base-band by 1Q mixing at each antenna and then cedvertliscrete-
time by sampling with the sampling frequenty= fgw.

Step 2. The received discrete-time signaigt) are divided intoQ vectors,x(t),
l=1,...,L,g=1,...,Q (the total number of vectors Q).

Step 3. The H-point DFT for each of theLQ vectors is calculated(,q(f) =
DFT[xiq(n)], |l =1,...,L,g=1,...,Q. The number of points for the DFT
depends on the cyclic resolutione, = fpw/H.
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Step 4. The spectral cyclic conjugate correlation matrix is evedddor a selected
cyclic frequencya = 2f.

18 T

A simplified spectral cycllc conjugate correlation matron@putational flow
graph of the proposed algorithm at a selected cycle frequenshown in
Fig. 1.
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Fig. 1. Simplified SCCCM computational flow graph for the pysed algorithm.

Step 5. The number of signalk,, which exploit the cyclic conjugate properties at
the selected cyclic frequency, is determined by using Ciaaborrelation

Significance Test (CCST).
Step 6. DOA is estimated using MUSIC algorithm, at the selected icyfre-
guency.
a a(a%)a(a%)*
Puusc(©, 2) (8)
|a(®.5)Ena

wherea(0, a /2) is the steering vector evaluated at the frequency component
that corresponds ta /2, andE 5 is the noise subspace matrixi{,. ( f;)
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Step 7. In order to estimate DOA at all cyclic frequencies repegisteom step 4.
to step 6 for each of the H frequency componefiiss a /2.

Step 8. The final estimates of DOAs can be performed averaging thpsetral
components which are joined in the same signals

4 Extended Wideband Spectral Cyclic MUSIC (EWSCM) Algorithm

To develop our EWSCM algorithm, an extended spectral widdlzyclic correla-

tion matrix will be constructed. In order to exploit both thgectral cyclic correla-
tion matrix and spectral cyclic conjugate correlation rixetor DOA estimation in

frequency domain, the following extended data vector isfmt:

a
X(fh+ =

xe(t=| "2 ©)
X*(fh =)

whereXZ (fy) is an extended data vector of the signal received at thetsdlée-
quency component, and the cycle frequency of interest Xg(fy)isa 4 x1
matrix. The extended spectral cyclic correlation matrixtfee extended data vec-
tor can be calculated as:

RE(fn) = E[XE(fn)Xo " ()]

EX(fot )X (T~ 2)]  EX(fn+ )X (Tt 2)] | (10)
- o a a a
EX(fy— ) X" (= 5)] EX*(fh— )X (fo+ )]

whereRg (fn) is the extended spectral cyclic correlation matrix with eimsions
2L x 2L.

Based on the definition of the SCCM (2) and SCCCM (5), we calacepthe
lower two sub-matrices with:

(R () =E[X(f— 2)" X" (fa+ )] CEY
and a a
(R%?*(fi))*ZE[ *(fh—i)XH(fh—E)} (12)

wherea; = 2f,—a.

In order to exploit cyclic and cyclic conjugate propertidshe wideband sig-
nal for DOA estimation, the SCCM and SCCCM have to be estichateéhe same
cyclic frequency of interestr. Based on (10) and (11), it can be concluded that
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SCCM and SCCCM matrices are not estimated at the same cyetioéncy. To
estimate SCCM and SCCCM matrices at the same cyclic frequerntis neces-
sary that the carrier frequency of the selected signal spaeds to the central fre-
guency of the selected frequency sub-band. In that case,thé down conversion
in the base-band, the signal exhibits cycle conjugate ptiegeat the same cyclic
frequency as the cycle properties for some cyclostatiosaggal like the BPSK
signal. Signals in the base-band exhibit cyclic and cyadtinjegate properties at
spectral components which correspond to the zero-intermediate frequency.

Based on (10) and (11), and by replacifigwith f; it is possible to construct
the ESCCM matrix similarly to [3]:

aoer | Ra(f) o R (fi)
e = [(Rxxf?(fi)) (Rxx%fi))] (13
This ESCCM matrix can be written in the following form:
_ a -
A(©, ) 0 R(fi) R (fi)
Rg(fi): 2 —aev)" —a (. *]
I 0 A*(@, g)_ (Rxx*(fl)> (Rxx (fl)>
g H (14)
A(O’E) 0
o
I 0 A*(O’_E)-

The matrixA(©, a /2) is evaluated at the frequendy + a /2 because it is sup-
posed that the carrier frequency of the selected signaleiséime as the central
frequency of the selected frequency sub-band.

The DOAs are estimated by using the spatial spectrum of thengrd Wide-
band Cyclic MUSIC method proposed in [3]. The spatial spenthas the form:

a a -1
P— /\mﬂ[BH(@,i)uNunB(e,—E)]} (15)
where Angin[:] denotes the minimum eigenvalue of the matrix

B"(0,a/2U\UKB(©,—-a/2), Uy is the noise subspace BE (i), estimated by
applying the SVD, an®(0©, a/2) is a matrix defined as:

B0, ) = 16
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5 Simulation Results

Three simulations have been carried out in order to illstitze effectiveness of the
proposed algorithms. In all simulated examples it is supgdbkat the wideband
signals are received by a linear, uniformly spaced arral fiie antennas, spaced
by a half wavelength of frequendy = 20MHz (Ap = ¢/ fo = 2d) whered denotes
the distance between two adjacent antennas in the obsemednterval around
AT = 5ms (96256 samples). Frequency sub-bégd = 19.2MHz is selected at
the central frequencyc = 20MHz. In all simulations the length of the FFT was
H=1024.

In the first example, the possibility to estimate DOAs exjilgi both cyclo-
stationarity and conjugate cyclostationarity is testetie Tesults obtained by the
proposed algorithm are compared with the Wideband Spegyeic MUSIC algo-
rithm and Wideband Spectral Cyclic Conjugate MUSIC aldponit It is supposed
that SOls arrive at the antenna array from the azimutlf p80° and 15 and ele-
vation 0. The carrier frequencies of SOIs ai¢ = 20MHz, fc, = 21.6MHz, and
fc, = 20MHz The signal to noise ratio (SNR) is 10 dB for each signal.

WSCM
——— WSCCM

70

60

50

40

30

Pmusic [dB]

20

10

-10f

-20 -15 -10 -5 0 5 10 15 20 25 30 35 40
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Fig. 2. Spatial spectra for environment containing thregelvand SOIls withQ
15° and 30 DOA estimated by using WSCM, WSCCM and EWSCM.

The first SOI is a wideband BPSK signal with the symbol intefaTy =
0.10417us which exhibits the cyclic property at the cyclic frequemgy= 1/To =
9.6MHz and the conjugate cyclic property at cycle frequenadigs= 2(fc, — fc) +
1/To = £9.6MHz. The second SOl is also a wideband BPSK signal with the sy
bol interval of To = 0.15625.us which exhibits the cyclic property at the cyclic
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frequencya; = 1/Tp = 6.4MHz and the conjugate cyclic properties at cycle fre-
quenciesazz = 2(fc, — fc) £1/To a2 = 9.6MHz, a3 = 3.2MHz. The third SOI

is an MSK signal with the symbol interval dh = 0.10417us which exhibits the
cyclic property at cyclic frequencg; = 1/Tp = 9.6MHz and the conjugate cyclic
properties at cycle frequencies ;3 = 2(fc, — fc) £1/To = £4.8MHz.

Fig. 2 shows the DOAs estimation using the algorithms basdteestimation
of ESCCM, SCCM and SCCCM matrices at the cycle frequemcy 9.6MHz
Based on the results shown in Fig. 2, it can be concluded #iatjuhe Extended
Wideband Spectral Cyclic MUSIC algorithm in frequency dam# is possible to
estimate DOAs that exploit both cyclostationarity and agage cyclostationarity
of the received signals. Using the Wideband Spectral CiliSIC and Wideband
Spectral Cyclic Conjugate MUSIC algorithms it is not possiio detect all signals

which exhibit cyclostationarity and conjugate cyclosiaérity at a selected cyclic
frequency.

Pmusic [dB]

-14.4
40 -19.2 Cyeclic frequency [MHz]

Azimuth [degrees]

Fig. 3. 3-D spatial spectra for environment containing ¢hnédeband SOls withQ 15’ and
30° DOA estimated by using WSCCM algorithm.

The DOAs estimation using the proposed WSCCM algorithmetham the
estimation of SCCCM, is shown in Fig. 3. Based on the restibsvs in Fig. 3,
it can be concluded that the proposed algorithms enabletimieand estimation
DOAs of wideband cyclostationary signals that exhibit @ycbnjugate properties.
Using the proposed algorithms three SOIls are detected. &ive pf three cyclic
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frequencies with the same estimated DOAs correspond to Bs#@iéals and two
cyclic frequencies with the same DOAs correspond to MSKagn

In the following example, the dependence of the mean errtiSR) of the
estimated DOA on the signal bandwidth to carrier frequemtipris studied. The
RMSE of the estimated DOA for the algorithm proposed in [Siieg with the
chosen frequency for evaluating the steering vector. Thikeldnd spectral cyclic
conjugate MUSIC algorithm and extended wideband specidiccMUSIC algo-
rithm should not have this problem. In order to see this &fieche example, the
signal bandwidth to carrier frequency ratio is varied frorB336 to 66.66%. It is
supposed that the SOl is a BPSK signal which arrives at thenaatarray from the
azimuth of 10. The DOA is estimated using the proposed algorithms for #sec
of wideband signals and their forms for narrowband sigralsase of narrowband
signals, the steering vector is evaluated at the carriguéecy of the signal. For
wideband signals, the steering vector is evaluated at #uygiémcy which depended
on the chosen cyclic frequency and carrier frequency.

10'

——3— NSCM
— 85— WSCM
— 45— WSCCM
——~— NSCCM : -
— -~ — ENSCM : : el
o | | —e— EWscM o

DOA RMSE [degrees]

i L 1 1
o 0.1 0.2 03 0.4 0.5 0.6 o7
Signal bandwidth over carrier frequency

Fig. 4. RMSE of the estimated DOA versus signal bandwidtretoier frequency ratio

The algorithms are run 100 times and the RMSE of the estinla@# versus
the signal bandwidth to carrier frequency ratio is shownim F. Based on the
results shown in Fig. 4, we can notice that the RMSE of thernegéd DOA for the
proposed wideband algorithms is almost the same for diffesignal bandwidth to
carrier frequency ratios. In the case of narrowband algos, RMSE of the esti-
mated SOI changes proportionally with the signal bandwidtbarrier frequency
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ratio. This effect is not present when using the extendexwdiand spectral cyclic
MUSIC algorithm. Based on the obtained results, we can adhiat the wideband
and narrowband extended spectral cyclic MUSIC algorithene@lmost the same
RMSE of the estimated DOA up to 33.33% of the signal bandwidtbarrier fre-
guency ratio.

6 Conclusion

This paper has presented a frequency domain approach feband Cyclic MU-
SIC algorithms. The proposed algorithms can be appliedtimate the spectral
cyclic conjugate correlation matrix and the extended spécyclic correlation ma-
trix of wideband cyclostationary signals. In these aldoris DOAs are estimated
at each spectral component of the selected frequency batitefayclic frequency
of interest. This can be used to form the azimuth versuscjreguency diagram,
similar to the azimuth versus frequency diagram in wideldirettion-finding sys-
tems. The effectiveness of the proposed algorithms hasderapnstrated by sim-
ulation results.
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