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Abstract

Separation of a mixture of periodic or quasi-periodic
signals into its constituent components is an important
problem that finds applications in sound detection, biomed-
ical signal processing where it appears in the fetal ECG
separation problem, spectrum estimation where it finds ap-
plication in sinusoidal frequency estimation, communica-
.tions where it finds application in the interference cancela-
tion area, and speech processing, where it finds application
in the area-of concurrent vowel and speech separation. In
this paper, the recently introduced algebraic separation ap-
proach is applied to the problem of separating mixtures of
real and synthetic vowels and mixtures of ECG signals.

1. Introduction

Separating an additive mixture of periodic or quasi-
periodic signals into its constituent components, where
one/both components contain useful information, hereafter
referred to as the separation of periodic mixtures (SPM)
problem, is an important signal processing and detection
task encountered: (a) when dealing with the recovery of
multiple sinusoids in noise, (b) in biomedical signal pro-
cessing problems such as separating a fetal ECG signal from
a composite ECG signal which also contains the maternal
ECG signal [3], (c) when dealing with interference rejection
in narrowband communication systems [5, 6], and (d) in the
area of concurrent vowel and speech separation [1).

Matrix algebraic separation (MAS) of periodic signal
mixtures was introduced in [4), where the components of
an additive mixture of two periodic signals were separated
using their periodicity and samples of the composite sig-
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nal in a matrix framework. In [5, 6}, the MAS algorithm
was extended to more than two components and was used in
conjunction with the periodic algebraic separation energy
demodulation (PASED) algorithm for the separation and de-
modulation of cochannel multicomponent AM-FM signals.
In [5], this MAS algorithm was analyzed in the frequency-
domain where extra matrix constraints were appended to the
basic separation system to facilitate harmonic reassignment
at the common harmonics. In this paper, we apply the MAS
approach to the problem of separating a mixture of synthetic
and real vowels and to the problem of separating two ECG
signals {3].

2. Separation of Periodic Mixtures

The basic idea underlying the MAS algorithm is the
modeling of the components of the sum z[n] as periodic
signals with fundamental period N;:

ziln] = ziln+ N;) <= zi[n) ~ zifn - N;) = 0. (1)

Component periodicity implies a discrete spectrum with im-
pulses at multiples of 2% /N;:

2w Z a,mé(ﬂ-— ———) , 1 =12
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Since z[n] is also periodic, with a repetition period P =
lcm(N 1y Nz):

X(Q) = 2r Z bmd (n--—P—).

m=—00

The component separation task is therefore equivalent to the
task of obtaining the sequences {a;n} from the sequence
{bm}, i.c., reassignment of the composite signal harmonics
to the components. If R = ged(N;, N2) = 1, then the
harmonics of the component fundamental frequencies are



distinct!. When R > 1, the components share harmonics
and confusion arises regarding spectral reassignment at :

Q;,:(%)k,k:O,l,...,(R—l). 2)
At Q) = i, the component spectral impulse amplitudes are
superimposed:

Alk+A2k=Bk1kzo:la-"a(R—l); (3)

where { A} and {B;} are the spectral impulse amplitude
sequences of x;[n] and z[n] at @ = Q. This superposition
results in a loss of information at these common frequen-
cies. The four basic spectral reassignment options are [S]:
(a) Give it entirely to z2[n] (OP1), (b) Give it entirely to
z1[n] (OP2), (c) To both components (OP3), (d) To neither
of the components (OP4):

3. The MAS Algorithm

Consider a two-component periodic signal z{n], where
the component fundamental periods are NV; and Ny sam-
ples, respectively. Relating N samples of the composite
signal to the samples of the components yields:

z1[0]
-"7[0] 1
ofl] i’;’ I 1[N ~ 1]
: . z2[0] ’
z[N — 1] :
x 5 $2[N2 - 1]
N A

z

where Iy, denotes the identity matrix of order IV} and the
rank of the separation matrix S is #(S) = N; + N, — R [4].
This information deficiency at 3 = Qj translates into the
rank deficiency of S. The extra equation/constraint needed
to complete this system when R = 1 is:

Ny-—-1

) mn]=0. | @

n=0

When R = gcd(Ny, Np) > 1 the constraints? needed are
obtained via:

(M1/R)-1
> m[Rj+i]=0,i=0,1,...,(R-1). (5
=0
!For component periodicities of Ny, N2, N = lcm(N1, N2) is a repe-
tition period of the sum but not necessarily the fundamental period. The dc
frequency, ) = 0, is always a shared harmonic between the components
forany R.
2Downsampling the components by the factor R transforms them into
components with coprime periods.

The components are then obtained as the least-squares so-
lution to the augmented separation system:

4
():-() o
\_\g,_-l \:—Y—/

where the homogeneous dc value constraints at the scale
of R form the constraint matrix . The solution to this
augmented system is of the form [6] :

z=(S7S + CTC) 7' s7x. ™

The component periods are estimated using the double dif-
Jference function (DDF) algorithm [6], i.e., by finding inte-
gers Ny, N, that minimize the mean absolute error

L-1

DDFn, Ny, 5] = > |z[n +m] — z[n + m + Ny
m=0

~z[n +m + No] + z[n + m + N, + Ny)), ®)

where L is the duration and = is the origin of the analysis
frame. The modular nature of the DDF algorithm allows
easy extension to more components.

4. Common Harmonic Reassignment

The constraints in Eq. (4), (5) can be written as:
Cixy = 0 or Cyxg = 0, )]

where {C;}im = 8[(m — )mod r] and 8[n] is the discrete-
time unit pulse function which has unit amplitude for n =
0 and is zero elsewhere. Multiplying Eq. (9) by the DFT
matrix Wg, where {Wrlim = exp (—j2%2) we have
[51:

- 2nlm
{WgrC;},,, = exp (—J ——R——) . (10)
The constraints on z;[n] are then equivalent to:
WRC;X& = Xi (Qk) = 0. (1])

So the time-domain constraints in Eq. (5) are equivalent to
forcing spectral nulls on z;{n] at the common harmonics
corresponding to optioris OP1 and OP2.

Distributive spectral reassignment at the common har-
monics between the components can be accomplished via:

WgrCix; = AWRCaxs ¢ Xi () = AX, ().
12)
This option corresponds to identical spectral reassignment

* at the common harmonics using a single ratio parameter A.

The fourth option corresponds to the case where the con-
straints are applied on both components

X1 (D) = X2 (%) = X (%) =0 13)

corresponding to the reassignmenit option OP4.
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Figure 1. Synthetic vowel separation: Mixture of synthetic vowels /a/ & /i/. The formant frequencies and
bandwidths of the vowels are adopted from [7]. The pitch periods of the vowels are N; = 96, N, = 104 samples
respectively. (a) Composite signal; (b,c) MAS algorithm estimates of the vowels.
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Figure 2. Real vowel separation: Mixture of quasi-periodic segments of real vowels /ee/ & /oh/. The segments
are approximately periodic with: N, = 94, N, = 100 samples respectively. (a) Composite signal, (b) DDF period
estimation, (c,d) MAS algorithm estimates of the components.
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Figure 3. ECG separation: Mixture of periodically extended segments of two ECG signals. The extension periods
of the segments are : N; = 12, N, = 21 samples. (a) Composite signal, (b,c) MAS algorithm estimates of the
ECG signals.
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Figure 4. Separation of quasi-periodic segments of two ECG signals: (a) the composite signal, (b) periods of
N; = 12 and N, = 21 samples estimated via the DDF algorithm, (c,d) MAS component estimates.
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5. Experimental Results
5.1. Experiments with Synthetic Vowels

In this section, the MAS algorithm described in the ear-

lier section was applied to the problem of separating a mix- -

ture of two synthetic vowels: /a/, /i/. The formant frequen-
cies and bandwidths are adopted from [7]. The sampling

. frequency for each of the vowels is 10 kHz. The pitch fre-
quencies of the vowels are : P; = 104 Hz, P, = 96 Hz.
The corresponding pitch periods are 96,104 samples re-
spectively with the components of the sum sharing R = 8
harmonics. The composite signal of the example is shown
in Fig. 1(a). The component estimates via the MAS algo-
rithm (A = 1) are shown in Fig. 1(c,d) with RMS compo-
nent separation errors of 9, 11%.

5.2. Experiments with Real Vowels

In this section, the MAS algorithm was applied to the
problem of separating quasi-periodic segments of two real
vowels. The vowel segment /ee/ was obtained via seg-
mentation from the TIMIT stressed speech database file:
steer.pcm. The vowel Joh/ was obtained from the same

-database from the file oh.pcm. The sampling frequency
was f, = 12 kHz. The composite signal for the exam-
ple is described in Fig. 2(a) and was obtained by mix-
ing ‘quasi-periodic segments of the vowels with periods of
Ny = 94, N, = 100 samples. The DDF intensity image
used for estimating the periods is shown in Fig. 2(b)). The
estimated components are shown in Fig. 2(c,d) with RMS
component separation errors of 11, 13%.

- 5.3. Results with ECG Signals: Periodic Extension

In this section, the MAS algorithm was applied to 2 mix-
ture of periodically extended segments of ECG signals. The
ECG signals were obtained from samples of the MIT-BIH
polysomnographic, MGH/MF ECG databases available
at http://ecg.mit.edu/dbsamples.html. The
signal from the MIT-BIH database has a sampling fre-
quency of f, = 340 Hz and the signal from the MGH/MF
database has a sampling frequency of f, = 250Hz. The ex-
tension periods of the signals were N; = 12 and N, = 21
samples respectively with the components sharing R = 3
harmonics. The composite signal for the example is shown
in Fig.(3)(a). The separated components along with the
originals are shown in Fig.(3)(b,c) with RMS component
separation errors are 5, 7%.

5.4. Results with Quasi-periodic ECG Signals

In this section, the MAS algorithm was applied to a mix-
ture of quasi-periodic segments of the ECG data obtained

from the signals in the previous section. The ECG data
used in this example is approximately periodic with peri-
ods N; = 12 and V; = 21 samples which were estimated
using the DDF algorithm. The composite signal for the ex-
ample is shown in Fig. (4)(a). The DDF intensity image
used to estimate the periods is shown in Fig. (4)(b). The
component estimates (A = 10%) are shown in Fig. (4)(c,d)
with RMS component separation errors are 10, 13%.

5.5. Conclusions and Future Work

In this paper, the recently proposed MAS algorithm was
applied to the problem of separating mixtures of concurrent
vowels and ECG signals. The MAS algorithm is able to ef-
fectively accomplish component separation via the restora-

-tion options even when there is significant harmonic over-

lap. Future research directions include development of fast
algorithms for least-squares inversion exploiting the sparse
and binary structure of -the separation matrix, incorporat-
ing better quasi-periodicity models into the MAS method,

- development of faster methods for period estimation, com-

ponent enumeration/detection.
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