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NOISE PROPERTY OF BREATHING
AND HEARTBEAT INFORMATIVE SIGNALS

Subject and Purpose. The subject of research is the flicker noise present in informative signals of search-and-rescue radars, specifically its
properties and the effect it may have on algorithms for detecting and identifying manifestations of human breath and heartbeat processes
during rescue operations. The work has been aimed at creating a suitable description of flicker noise for developing optimal algorithms of
digital signal processing for quick detection and identification of informative signals during rescue missions.

Methods and Methodology. The low-frequency flicker noise has been modeled within the polynomial equations technique, proceeding
from an analysis of real data on noise components in the output signals from a coherent search-and-rescue radar. A comparative analysis
is done for a variety of approximating functions suggested for representing the low frequency portion of the spectrum observed.

Results. For the low-frequency range wherein spectral components of the informative signal owing to respiration and heartbeat of
humans are concentrated, an adequate model of the fluctuating interference is the flicker noise model built on the basis of polynomial
equations. The problem of optimized model representation of the noise in digital signal processing algorithms has been analyzed for the
case of a coherent search-and-rescue radar. A model of the fluctuating process has been suggested, based on a polynomial approximation
for the spectral function in the low-frequency range of the signals observed at the radar output.

Conclusion. Spectral characteristics of both interference and informative signals have been investigated. A structural diagram has
been proposed for a high sensitivity, coherent search-and-rescue radar implementing a signal storage algorithm based on the polynomial
model of the fluctuating process. The advantages and disadvantages of the radar are discussed, with examples given of real signal
implementations and of noise spectrograms. Methods of effective estimation of Doppler signal phases are presented. The paper suggests an
analysis of basic requirements as to parameters and performance characteristics of the rescue radar.

Keywords: polynomial model, flicker noise, algorithm, probe signals, low-frequency noise, Doppler-shifted signal, coherent search-and-
rescue radar, opaque obstacles.

Introduction type radar systems [1, 2] for damaged people detec-

tion. Informative sign of damaged alive human being
The rescue operations carried out during various covered by optically opaque obstacle is a phase modu-
kinds of natural or man-made disasters can be sig-  lation of returned radar’s signal which is caused by
nificantly fastened by using the portable Doppler- Doppler effect when parts of the human body or
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chest are moving. An optically opaque obstacles, like
a fragment of a brick wall or a concrete slab acts to
significantly (from 30 to 90 dB) attenuate the radar
signal as that propagates to the target and back. Gene-
rally, the magnitude of the Doppler shift appears
in the reflected signal due to chest movements of
a breathing human is in the range of 0.1...0.25 Hz.
The effect from heartbeat is observed in the range of
0.95...1.25 Hz, with nearly 40 dB lower amplitude
than such from chest movements. As a result, the in-
formative signals are under the jamming impact of
noise. As is known, the spectral distribution of noise
in the infra-low frequency range cannot be approxi-
mated to by a Gaussian type law. The spectral com-
ponents of the flicker noise in this frequency range
have a significant amplitude and, after being detected
on a nonlinear element, generate a fluctuation pro-
cess with new properties that are not taken into ac-
count in the synthesis of the decision rule. Stochastic
methods for detecting and identifying targets re-
quire knowledge of the properties of noise and in-
terference, otherwise the decision-making rules and
algorithms would yield erroneous results. Therefore,
in this article, the main attention is focused on refi-
ning the statistical and spectral characteristics of noise
and interference in the frequency range of the infor-
mation signal of human respiration and heartbeat. In
general terms, the spectral density of such noises is
described by relations of form S(f)=S,/f“[3, 4],
where S stands for the spectral density of noise at
f=0and « is some parameter the value of which de-
termines properties of the noise at f - 0. Studies of
real spectra of the signals arriving to the processing
unit from the radar output have shown the parame-
ter @ to depend on how close the frequency fto zero.
In other words, the parameter « is not a constant,
but a frequency-dependent function a(f). To find
an appropriate model of this dependence one would
need to compare calculations within some mathe-
matical models with experimental data.

1. Analysis of the frequency-dependent
noise parameter of the radar signal

Since the main sources of noise in radar are electronic
devices and oscillators it will be useful to investigate
their mathematical model to understand noise pro-
perty. After neglecting spurious amplitude modu-
lation, the sideband spectra of oscillator signals are
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generally by more than 20 dB lower compared with
phase modulation sidebands. Therefore, it will be
discussed simplified noise mathematical model like
this

s(t) =S, cos(wyt + (1)),

where S is amplitude; wy = 27fy; f is the central fre-
quency, and ¢(t) the spurious phase fluctuations
which is random in nature.

The first statistical moment of the spurious phase

is:

p(t
dt

dp(t)| _
sffe0)

where E {} is the expectation operator.

derivative

It is important to note that E {(p(t)} is not equal to
zero. While the standard practice is to measure the
frequency-domain spectral density H(f) of power,
time-domain weighted variances can be estimated as
well,

L de(t)
2()=f7! ‘Zt .

The main measure of oscillator frequency stabili-
ty is Allan’s two sample variance [5] which is defined
as one half of the time average of squared differences
between two successive readings of the frequency
deviation as sampled over same period,

o2 (r) Z%E{(E{Zk+l}—E{zk})2}.

Here E {zk} is the mean fractional frequency taken
over time 7, i.e.

t+T

E{zk}=% J' z(t)dt.
7

In practice the spectral density H(f) of the sig-
nal s(t) may, in some cases, be more important than
the spectral density of the phase noise, H,(f). We
will evaluate their relationship later.

By analyzing the spectral densities of actual noise
power for a variety of oscillations, one could find that
in nearly all cases the following polynomial approxi-
mations is true

[P Hy () =(fHo(f)+ f T H () +

0 1 (1)
+fHy())+ [ H(f)-
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Fig. 1. The general view of rescuer radar interface windows in digital signal processing

Figure 1 shows the general view of rescuer radar
interface windows in digital signal processing.

The upper left corner shows a fragment of the im-
plementation of the information signal at the output
of the analog part of the radar. The fluctuation com-
ponent of the signal is shown in the upper right part
of the screen, and the spectral density of the signal is
displayed in the lower part of the screen, on which
the signal responses due to human breathing and
heartbeat are marked.

2. Structure of rescuer radar

A feature of the structure of a radar with pseudo-ran-
dom periodic sequences (PRPS) signals [6—8] is the
need to form coherent modulating functions which
use both the receiving and transmitting blocks of the
radar. Figure 2 shows a block diagram of a coherent
radar with a quadrature receiver [9].

The basis of the circuit is a common highly stable
master oscillator I with a relative frequency insta-
bility of signal 10™°...107° at a carrier frequency of
2 GHz. The output signal of this generator is simul-
taneously fed to the amplitude modulator 2 and two
frequency dividers 3 and 4 with division factors 20
and 10, respectively. The other input of the amplitude
modulator 2 receives oscillations with a frequency
of 100 MHz from the output of the divider 3. Nar-
row-band filters 8 and 9, connected to the output of
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the modulator 2, separate the oscillations of the up-
per (filter 8) and lower (filter 9) side frequencies of
the amplitude-modulated oscillation. The frequen-
cy spacing of coherent oscillations at the outputs of
filters 8 and 9 is 200 MHz. The high side frequency
signal from output of filter 8 is used in the transmit-
ter, and the low side frequency signal from output
filter 9 is used as the oscillation of the receiver local
oscillator.

The probing signal is formed on the balance modu-
lator 7, amplified by the power amplifier 6 to a value
of about minus 10 dB/W and is radiated by the trans-
mitting antenna 5 into space. The other input of the
balance modulator 7 receives the modulating func-
tion of the PRPS signal generated by the PRPS gene-
rator 10. The clock frequency of the PRPS generator is
formed from the frequency of the master oscillator I
by dividing frequency in the divider 3. In the PRPS
generator 10, a delayed PRPS is digitally formed — a
modulating signal used to obtain a subcarrier oscil-
lation with a frequency of about 1.3 kHz. In this case,
the period of the subcarrier oscillation is exactly two
periods of the PRPS signal. After multiplying them,
the signal delayed on one elementary pulse duration
is obtained to form the local oscillator signal. Cir-
cuit 11 controls the time delay of the local oscillator
signal. The delay determines the distance to the tar-
get. The signal of the local oscillator of the receiver

ISSN 1027-9636. Radio Physics and Radio Astronomy. Vol. 27, No. 4, 2022



Noise property of breathing and heartbeat informative signals

is formed at the output of the balance modulator 12,
to the inputs of which oscillations coherent with the
signal of the transmitter are received from the filter
9 and delayed, modulated by the PRPS signal on the
subcarrier from the output of the generator 10. After
amplification and filtering in amplifier 13, the local
oscillator signal is fed to the balance mixer 16 which
is used as a correlator. The other input of the mix-
er 16 receives the oscillations from antenna 14, re-
flected from the target and amplified by a low-noise
amplifier 15 with a noise factor of up to 2 dB and a
gain of no more than 10...15 dB. At the output of the
mixer 16 there is a band-pass filter 17, from which
an information signal in an intermediate frequency
200 MHz is fed to two identical quadrature chan-
nels 18, 19. On the balance mixers 20 and 20" of each
channel, the information signal is transferred to the
frequency of the subcarrier of 1.3 kHz with simulta-
neous suppression of the corresponding quadrature
component of the signal due to the phase shift of the
local oscillator signal by 9 in the phase rotator 27.
These signals are filtered using band-pass filters 21,
21', amplified in narrow-band low-frequency ampli-
fiers 22, 22, and then squared in blocks 23, 23" and
summed in adder 24. The decision on the presence
or absence of a target is made (after the information
signal is extracted in the band-pass filter 25) in the
solver 26.

This scheme showed satisfactory performance and
a fairly high sensitivity to weak signals from a person
behind an obstacle with a high suppression of inter-
fering reflections from stationary local objects. How-
ever, with its relatively simple structural scheme, the
technical implementation of individual blocks cau-
ses certain difficulties. Hardware requirements are
becoming more stringent in the effort to obtain ide-
al signals during modulation, emission, propagation
over a complex path, reflection, receiving and pro-
cessing of signals. The main problem of the radar
shown in Fig. 2 is the parasitic leakage of the trans-
mitter signal to the input of the receiver. Since it is
usually impossible to suppress the signal of the para-
sitic carrier in the spectrum of the PRPS signal at the
output of the modulator by more than 40...50 dB,
and the narrow-band rejection leads to the inevitable
losses in the spectrum of the PRPS, it is necessary to
apply various methods of suppression of signals and
interference received on the carrier frequency. These
methods, as a rule, are complex in realization and
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Fig. 2. A block diagram of a coherent radar with a quadrature
receiver. Units on Fig. 2 are: I — master oscillator; 2 — amplitude
modulator; 3 and 4 — dividers with division factors 20 and 10,
respectively; 5 — transmitting antenna; 6 — power amplifier; 7,
12 — balance modulator; 8 and 9 — narrow-band filters; 10 —
PRPS generator; 11 — time delay control circuit; 13 — amplifier;
14 — receiving antenna; 15 — low-noise amplifier; 16 — balance
mixer; 17 — band-pass filter; 18, 19 — quadrature channels;
20, 20" — balance mixers; 21, 21', 25 — band-pass filters; 22,
22" — narrow-band low-frequency amplifiers; 23 — square-law
detector; 24 — adder; 26 — solver; 27 — phase rotator

unstable in work. The problem of parasitic leakage of
the transmitter signal to the input of the receiver can
be solved by other radar’s schemas.

Conclusion

Thus, when synthesizing signal processing algo-
rithms in Doppler radars for detecting living people
behind optically opaque obstacles, the fluctuation
interference model that masks the spectral com-
ponents of the information signal in the frequency
range of 0.1...0.5 Hz can be implemented with the
use of the polynomial approximation Eq. (1). The
model is compact and easy to implement. The spec-
tral density of the flicker noise has a character Eq. (1)
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and practically does not differ from the observed
process in a real device (Fig.2). It is important to
note that, in contrast to computationally cumber-
some filter methods [10, 11] for generating imple-
mentations of the noise model, the model based on
the polynomial Eq. (1) does not give surges to infi-
nity at zero frequency. This is fully consistent with

the situation in a real radar, since the constant com-
ponent, the signal at zero frequency, is completely
suppressed by the hardware.

And it is important for the rescuer radar (Fig. 2)
which has a high sensitivity, selectivity in spatial co-
ordinates, and the ability to detect targets by ultra-
low values of the Doppler frequency shift.
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BIACTUBOCTI IIYMIB Y IHOOPMAIIIMTHNX
CUTHAJTAX IVIXAHHS TA CEPLIEBUTTA

IIpepmert i MeTa po6orn. IIpenveToM fOCTIPKeHHA € (IIikep-LIyM y CIHOCTEpeXYBaHMX CUTHAJAX, iX BIACTMBOCTI Ta BIUIMB Ha
ITOPUTMU BUSBJIEHHA 11 iffleHTM(iKaLil mpoleciB AuUXaHHA i cepreOuTTs mpy 06pob1Lli CUrHAMB pafapa /i psATYBaIbHUKIB. Me-
TOI0 POOOTU € CTBOPEHH: aleKBAaTHOIO ONuCy (rikep-1IymMy i MoOyAOBM ONTHMAIbHMUX aJTOPUTMIB IMPPOBOro 06po6mIeHHA
CHUTHAJIIB i IIBM/IKOTO BUSB/IEHHSA Ta ineHTHdiKalii 03HaK iHPOpPMALIIHIX IIPOLIECiB IIPK BUKOPUCTAHHI JOIIEPIBCHKOTO pajapa y
PATYBaIbHUX POOOTAX.

MeTtopu Ta MeToponorid. [l peanisanii Mofei HU3bKOYACTOTHOTO (IiKep-LIyMy 3aCTOCOBAHO METOJ, MO/TiHOMIaIbHUX PiB-
HAHB. MeTopoI0TisA 6a3yeThCsA Ha aHaIi31 eKCIIepUMEHTAIbHUX JaHNUX, 1110 OTPUMaHi 3 BUXOLY KOT€PEHTHOTO pafiapa LA PATYBalb-
HIKIB, Ta MOPIBHAHHI PisHNX QYHKIi U1 alIPOKCUMALiT CIEKTPIB HM3bKIMX YAaCTOT CIIOCTEPEXXYBAHOTO CUTHATY.

Pesynpraru. [TokasaHo, 1[0 B HUSBKOYACTOTHII CMY3i, /ie 30cepe/pKeHi ClleKTpaibHi CKIafioBi iHPOPMALiIHOTO CUTHATY, KU
TeHepYEThCs AUXAHHAM 1 CepLieOUTTAM, aJleKBaTHOI Mofe/Uiio GrryKTyaniitHol iHTepdepeHLiii € Mofenp Qrrikep-1Iymy, 110 mo6ymo-
BaHA Ha OCHOBI MOTiHOMiaNbHMX PiBHAHB. JOCTIIKeHO IPOOIeMy OITHMAIBLHOTO OIICY MOJEI IIyMY B alTrOPUTMax IUppPOBOTo
06po6renHs curHanis y korepentHiit PJIC paryBampHuka. [To6ygoBaHO MOfenb IyKTyaliiiHOTO Mpoljecy Ha OCHOBI HOTiHOMI-
QJIPHOI alpOKCUMAIlii CrieKTpanbHOI GyHKIi B HI3bKOYaCTOTHOMY /iallas3oHi CIIeKTpa CIOCTEPEXKYBAaHMX peasli3aliiil mpolecy Ha
BMXOJi pajliofioKaTopa.

BucHoBOK. JIOCTiI)KeHO CIIeKTPaIbHi XapaKTepUCTUKI 3aBajl Ta iHPOPMaIiffHOro CUTHa/Iy. 3alIpOIIOHOBAHO CTPYKTYPY BUCO-
KOYYT/IMBOTO KOT€PEHTHOTO pajiapa JIs PATYBANbHUKIB, a/ITOPUTM HAKONMYEHHA CUTHA/NTy SKOTO BUKOPMCTOBYE IO/IiHOMia/lbHY
Mopenb GryKTyaLiitHoro npoiecy. O6roBopoITbCS HepeBarn Ta HeJOMKY pajjapa, HABOAATHCS peasbHi peanisaliii curHamis Ta
criekTporpamy 1ymiB. Po3po6eHo MeTopuKy epeKTuBHOI OLiHKM (asy JoIIepiBCbKOro curHainy. IIpoBefieHo aHasi3 OCHOBHMX
BIMOT JI0 TapaMeTpiB i xapakTepuctuk PJ/IC 14 pATyBanbHUKIB.

Kntouoei cnoea: noninomianvna modenv wiymy, Pprikep-utym, aneopumm, 30HOY8ANbHI CUSHANU, HUZLKOUACTMOMHULL WYM, 00nepie-
CoKUTI CUHATL, KO2epeHMHUTI padap 0715 PAMYBAnvHUKie, Henpo3opi nepeuKoou.
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