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Acousto-optic wavelet processing of bioelectric signals
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Wavelet analysis is one of the most efficient methods of the informative signals characteristics investigation. First
shown the possibility of informative signals wavelet processing by means of the acousto-optic processor with time
integration. The possibility of the realization of both power spectrum calculation and performance of wavelet
transform of bioelectric signals in the real time mode has been proved. The analysis is listed which describes its

operation in different modes.
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Recently the wavelet analysis has found wide application
in the practice of theoretical and applied research. In
this field, the best development was gained by numer-
ical methods for the wavelet analysis implementation.
However, tasks needing processing of informative sig-
nals in the real-time mode are often met. This has
become possible due to the development of correlation-
type optical wavelet processors equipped with a set
of wavelet filters [1-4]. 1In this case, the procedures
of optical processing imply either holographic recording
mainly by the dynamic holography methods [2] or image
recording by using spatial light modulators of various
types [3,4].

The acousto-optic (AO) wavelet-analysis techniques were
for the first time proposed for optical image processing
devices in nondestructive analysis of products [5]. Here the
acousto-optic modulator plays an auxiliary role of the data
input into the optical processor that performs the wavelet
transform.

The definition and solution of the task this study is
devoted to were caused by the necessity of informa-
tional support of experimental investigations of evolution
of artificial pathologies of experimental animals based
on the original method of instrumental high-resolution
electrophysiology, which are performed in our laboratory
»Radio and optoelectronic devices for early detection of
the living system pathologies of IAIM RAS jointly with
physiologists of the Institute for Experimental Medicine
of the Almazov Federal Center [6]. It has become
necessary to perform real-time calculation of the power
spectrum and wavelet transform of the bioelectric signals
(BES) under study, which is possible under the specific
experimental conditions only by using inertia-free AO
processors.

Since ordinary AO devices process signals of the frequen-
cies of about tens and hundreds of megahertz, their use
to analyze low-frequency BES required implementation of
specific signal processing methods [7], for instance, those
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employing an acousto-optic spectrum analyzer with time
integration for real-time calculation of the power spectrum
of the considered signals [8]. The optical scheme of such a
device is given in the figure.

This optical scheme comprises two oppositely oriented
Bragg cells one of which is fed with a linear frequency-
modulated signal (LFM signal) modulated in amplitude
by informative signal s;(t), while the other is fed with a
reference LFM signal s,(t) with a rectangular envelope.
Lenses perform the optical Fourier transform, and the
rejection filter eliminates the zero diffraction order. The
multicomponent linear photoreceiver provides the charge
accumulation and generates the output signal.

Since the wavelet analysis based on acousto-optics has
not been performed so far, searching for the ways of its
realization became necessary. The wavelet transform itself is
by definition a convolution of the analyzed function of time
s1(t) and function of the mother wavelet S,(t) expressible
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Optical scheme of the acousto-optic spectrum analyzer with time
integration.
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as

Wi (a, b) = ﬁ /Ooslms;(%)dt, 1)

where a and b are the parameters determining the scale and
time shift of function S, (t) with respect to informative signal
si(t) (symbol * designates complex conjugation) [9]. It was
found out that the first who proposed convolution using the
AO processor with time integration was R.M. Montgomery
who protected his technical solution by the USA patent [10].
The scheme of the Montgomery’s convolver was considered
and justified in [11,12]. It appeared to be identical to the
scheme presented in the figure.

As per [11], the resulting light intensity Iy in the
plane of the multicomponent linear photoreceiver may be
represented as follows:
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where S is the complex analytical signal, X is the coordinate
in the Bragg cells and in photoreceiver, v is the sound speed
in the acoustic duct medium, T, is the time aperture of the
Bragg cell. At the photoreceiver output, a charge is formed
which is proportional to the incident light energy over the
light exposure time and is limited by the permissible linear
array integration time. This energy is

E(x) = %T/[Res“f (t - %)Tdt
+ %/[Res} (t+ . —Ta)rdt
T
+ %Re{/s”’f (t - %)s} <t + % —Ta>dt}. (3)
T

The first two terms of equation (3) are constant in the case
of sufficiently long integration time T, while the third term
is the convolution of functions s;(t) and S, (t).

The above presented data allowed us to propose the use
of the convolver with time integration [10,11] to perform
the wavelet-transform of informative signal si(t) as its
convolution with its mother wavelet s;(t).

The scheme of the AO processor with time integration
identical to that given in the figure was proposed in [13]
for obtaining the spectrum of informative signal s;(t). The
operating procedure of this scheme is considered in details
in [14]. That paper describes LFM signals similar to those

in the scheme presented in the figure, which are fed to the
Bragg cells:

si(t) = [1 + s1(t)] cos(Qot + 0.5pt?),

sh(t) = cos(Qt + 0.5pt2), (4)

where S/ (t) represents the LFM signal with initial frequency
Qo and frequency modulation steep p, which is modulated
in amplitude by informative signal s;(t); S5(t) is the refer-
ence LFM signal with a rectangular envelope. Paper [14]
also shows that complex envelopes of those signals have the
following form:

U (t) = [1+s1(t)] exp(i0.5pt2), Us; (t) = exp(iO.Sytz).)
(5
As in the case of the convolver, at the photoreceiver output a
charge proportional to the incident light energy is generated.
By filtering out the constant pedestal, it is possible to
distinguish the signal component of the charge accumulated
in the photoreceiver [14]:
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(6)
where Ko = €¢/v, L is the dimension of the acousto-optic
cell linear aperture. Relation (6) demonstrates that the
signal accumulated at the photoreceiver (its distribution over
coordinate X) is the spectrum of signal s;(t) at the spatial
carrier frequency. Thus, the considered scheme forms the
informative signal s;(t) spectrum when appropriate signals
are fed to it.

The Montgomery’s convolver [10,11] implies the input of
radio frequency signals s;(t) and s,(t) into two respective
Bragg cells for their convolution, which allowed us to
propose realization of wavelet transform of the informative
signal (3). Based on this, it is possible to perform the
bioelectric signal wavelet processing by using amplitude
modulation of the radio frequency carriers in the both Bragg
cells (see the figure) by the informative BES and its mother
wavelet. In this case, similarly to (5) and (6), the output
signal of the wavelet processor—convolver may be presented
as

L/v+T

Q(X)_Re{Aexp(iZKox)L/ s <t+§>sz<t—§)dt}+c,

/v
(7)
where C is the variable-amplitude pedestal. Hence, when
radio frequency carrier signals are used, the charge accumu-
lated at the CCD linear array provides information on the
signal s (t) wavelet transform by the mother wavelet S, (t).
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Finally, this study has proved the possibility of using a
single AO-processor with time integration (see the figure) to
calculate both the information signal S; (t) wavelet transform
and power spectrum.

Thus, this paper showed for the first time the possibility
of wavelet processing of informative signals at the acousto-
optic processor with time integration and also justified both
the real-time spectrum calculation and performance of BES
wavelet transform by using this processor with feeding
different signals to its inputs. This may be quite interesting
for many practical applications.

Financial support

The study was supported by the RF Ministry of Science
and Higher Education (State Assignment Ne 07500780-19-
00, topic 0061-2019-0017).

Conflict of interests

The authors declare that they have no conflict of interests.

References

[1] V. Petrun’kin, E. Aksyonov, G. Starikov, Proc. SPIE, 4680,
212 (2002). DOL: 10.1117/12.454687

[2] A. VanderLugt, Optical signal processing (Wiley Inter-
science, N.Y,, 1991).

[3] W. Feng, Y. Yan, G. Jin, M. Wu, Q. He, Proc. SPIE, 3804,
249 (1999). DOIL: 10.1117/12.363971

[4] Y. Wang, L. Ma, S. Shi, Opt. Commun., 204, 107 (2002).
DOIL: 10.1016/S0030-4018(02)01246-4

[5] CM. DeCusatis, J. Koay, D.M. Litynsky, PX. Das, Proc. SPIE,
2643, 17 (1995). DOLI: 10.1117/12.222751

[6] K.V. Zaichenko, A.A. Kordyukova, E.P. Logachev,
M.N. Luchkova, Biomed. Eng., 55 (1), 31 (2021).

DOL: 10.1007/s10527-021-10065-3.
[7] GM. Aristarkhov, YuV. Gulyaey, VF.  Dmitriev,
K.V. Zaichenko, V.V. Komarov, Filtratsiva i spektralny
analiz radiosignalov. Algoritmy, struktury, ustroystva
(Radiotekhnika, M., 2020), s. 1848 (in Russian).
DOI: 10.18127/B9785931082028
[8] K.V. Zaichenko, B.S. Gurevich, Proc. SPIE, 11075, 110751U
(2019). DOL: 10.1117/12.2535709
[9] L Dobeshi. Desyat’ lektsiy po veyvietam (NITs ,,Regulyarnaya
i stokhasticheskaya dinamika“, Izhevsk, 2001), s. 115 (in
Russian).
0] RM. Montgomery, US. Patent 3 634 749 (1972).
11] WT. Rhodes, Proc. IEEE, 69, 65 (1981).
DOTI: 10.1109/PROC.1981.11921

[12] VN. Ushakov, Akustoopticheskie processory korrelyat-
sionnogo tipa (Radiotekhnika, M., 2007), s. 56-68 (in
Russian).

[13] TM. Turpin, Proc. IEEE, 69, 79 (1981).
DOL 10.1109/PROC.1981.11922

[14] V.V. Proklov, V.N. Ushakov, Akustoopticheskie processory
spektral’nogo tipa (Radiotekhnika, M., 2012), s. 65-71 (in
Russian).

—

Technical Physics Letters, 2022, Vol. 48, No. 1



