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Optimal nonlinear filtering
of stochastic processes in rescue radar

Subject and Purpose. Smoke, fog, avalanches, debris of collapsed structures and other optically opaque obstacles in both natural
and man-made disasters make optical sensors useless for detecting victims. Electromagnetic waves of the decimeter range penetrate
well almost all obstacles, reflect from the trapped people and return to the radar receiver. Due to the breathing and heartbeat, the
human-reflected sounding signals get the Doppler phase modulation, which is an information signal. These information signals and
their properties provide the subject matter for the present research with the aim to create optimal methods and algorithms of random
event processing for the prompt location of survivors by rescuers.

Method and Methodology. The method of stochastic analysis of the fluctuation Doppler spectra of reflected sounding signals
shows that the information signals have properties of conditional Markov processes.

Results. The problem of optimal nonlinear filtering of conditional Markov processes entering the radar signal processing unit
has been examined closely. An optimal adaptive filter has been proposed to reduce the masking effect of interferences caused by
non-stationary noises and sounding signal reflections from stationary objects. The optimality criterion is the minimum mean square
error function whose current value is evaluated in real time during the filtering process as the statistics is accumulated. The filter
coefficients are calculated by the recurrent, steepest descent algorithm. The real-time work is carried out through the use of fast
Fourier transform algorithms.

Conclusion. The structure of the optimal adaptive filter to be built into the radar signal processing unit has been developed. Real
radar signals have shown that the optimal filtering during the signal processing in systems designed for detecting live people by their
breathing and heartbeat facilitates the interpretation of the observed signals. Some spectra of real signals generated by human brea-
thing and heartbeat are presented. Fig. 3. Ref.: 13 items.

Key words: stochastic process, optimal filter, algorithm, sounding signals, noise, Doppler shift, digital signal processing, radar, spectral
function, sampling frequency, conditional Markov processes, mean square error criterion.

Rescue radars [1, 2] are used to search injured peo-
ple in various man-made and natural disasters.
Such devices can be built on a variety of technical
principles and use video pulse [3—5] or continu-
ous [6—8] signals. The main advantages of video
pulse radars are their high range resolution and a
relative simplicity of the design. However, reliable
estimates of Doppler responses are difficult to ob-
tain with this method of sounding. The only infor-
mation about people trapped under debris is Dop-
pler fluctuations that are caused in the phase of
the reflected signal by the chest movements while
breathing and heartbeat. These ultra-low-frequen-
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cy Doppler fluctuations generated in the phase of
the reflected signal by the processes of breathing
and heartbeat of human beings are in the frequen-
cy range 0.1...1.2 Hz. Reliable estimates of these
processes are possible to obtain by using conti-
nuous signals of sufficient duration. At the same
time, a required range resolution is achieved using
a pseudo-random phase shift manipulation of the
sounding signal [9, 10].

In general, Doppler fluctuations in the phase of
the reflected signal can be considered as a stochas-
tic periodically correlated process whose detection
and identification in the environment of noise and
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interference is possible with the help of adaptive
filters. Because of nonstationarity of the informa-
tion process and a priori ambiguity of the proba-
bility density function of noise, the correlation-
extreme method of signal processing can be inef-
fective. Therefore, it seems expedient to construct
an algorithm for the output radar signal filtering in
such a way that the filter changes its characteristics
as information on the observed signal and noise is
accumulated. The immediate goal of the paper is to
solve the problem of optimal non-linear radar sig-
nal filtering by the conditional Markov approach
using the minimum mean square error criterion. A
creation of a generalized method of radar signal fil-
tering in an effort to improve the detection of suf-
ferers under optically opaque obstacles is in sight.

1. Generalized mathematical formulation of
the problem. To solve the problem of nonlinear
filtering in terms of the theory of conditional Mar-
kov processes one needs to solve the generalized
stochastic differential equation [11] for the poste-
rior probability density P(X;t) in the form

L n o n az R R
P(Xst)= O.SEEIW[B,'J'(X)P(X#)]+
+[C(X)—E{C(X)}]P(X;t)}—

n

—Z%[Ai(ic)z)(fc;t)], (1)
i=1 %

where A(X,t), B(X,t),C(X,t) are the priory de-

fined functions of time ¢ and of the coordinate

vector X =(x,X,,...,X,) specifying a point in an

n-sized space, E{} is the expectation symbol.

A rigorous solution to (1) can be obtained in
Gaussian approximation as in [11].

Unfortunately, the well-known method in which
the filtration equation is substituted with a chain of
partial differential equations for posterior proba-
bility density parameters, the so-called non-Gaus-
sian solution, is unrealizable in this case. However,
the main specific non-linear filtering effects, such
as signal cut-off, non-linear gain, etc., clearly point
to the non-Gaussian case. Nevertheless, a rigorous
solution of equation (1) is still possible under cer-
tain limiting assumptions. Specifically, they are: (a)
the elements of matrix B (X,t)= B (X) do not de-
pend on time ¢ and (b) the function A(X,t) linear-
ly depends on X like A;(X)=A; +A;x;.
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If conditions (a) and (b) are true, the Fourier
transform of (1) can be obtained as an equation for
the characteristic function G (a); t) of the posterior
process. Namely,

G (w; t)—[}ZAa) OSZZBkmwkw]

k=1 m=1

X G (w; t)+22Amnwk wit) +e(wit),  (2)

k=1 m
where j is the imaginary unit and c(w;t)=

= E{[C(}?) - E{C(X)}] explz ji X 0 H

k=1
The substitution of the Gaussian model

V(X0 =
n n
= Nexp —0.52 z A (o —x0) (%, — x2)
k=1m=1

in equation (1) yields the first-order approxima-
tion equation

dC(x")
0 )
X = Ay +2Akmxm +2Kkm—’
~ ~ 0x,, (3)
k=12,..,n,

where K\ are the priori process cumulants [12,
13] calculated as

Z(Akz zm+A sz )+Bkm

2 0
+> Y KPK gew). (4)

Calculate the function ¢ (w;t) in the first
approximation

w;t)= | .. x)— ( x;t) X
D= [ .. [ [cw-Elom} PP ()

Xexp{ijkwk}dX', (5)
k=1

and obtain the characteristic function in the se-
cond approximation

Glw;t) = (w;) G (wst) +

D

m=1|_n=1 O

+cD(wst), (6)
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Fig. 1. Implementation of the optimal filter
where = NO(t), where asterisk (") stands for the complex
w L j . Thus, the signal that arrives at the pro-
©)f N 3 conjugate. Ihus, g p
¢ wst)= ]ZAkwk 0'52 Z Bion®i @y cessing device is
k=1 k=1m=1

To solve the problem of integration, linear inho-
mogeneous first-order partial differential equation
(6) is reduced to the characteristic equations

d)m = _ZAkmwk; (7)
k=1
G(w;t) = (w;t) G(w;t) + ¢V (wst). (8)

Thus, the algorithm for calculating the charac-
teristic function of the posterior process consists in
the integration of equations (3) and (4) of the first
Gaussian approximation and in the recursive calcu-
lation of the filter weights by algorithm (7) and (8).

2. Synthesis of the optimal filtering algorithm.
As mentioned above, some kinds of rescue radar
use pseudo-random phase-modulated signals [2,
4, 6—8]. For the optimality criterion we take the
criterion of the minimum root mean square (RMS)
error of receiving a phase-modulated signal of the

type
s(t) = Ay sin(wgt + (1)), 9)
which is mixed with the white noise #(¢). The noise

has zero mean, E{n(t)}=0, and its correlation
function is the delta function, E{n(t)n*(t—r)} =

20

r(t)=s(t)+n(t). (10)

The differential equation for the signal phase
can be written as follows

pt)=—ypt)+&(1), (11)
where E{£()}=0 and E{E®)E*(t—1)}=x0(n),

y and y are constants.

According to generalized differential equation
(1), the equation for the posterior probability den-
sity is

. p) x 0*P(pst)
P(p;t) = y—(p(t) P(p;t)) + 22—+
(pst) Vaso(w( )P(pst)) 2 0y

+[Clo®)-E{Cpm)}|P(pin), (12)

where
Ay
Clp() =~ r(®)sin(@yt + ().

The solution of equation (12) by the general
method for solving equations of type (1) yields the
following relations

o) =y 1)+

AO
+K(t)Wr(t)cos(a)0t+(p(o)(t)); (13)
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A
=-QXK+X+KQR;MﬂgmwM+¢“Rﬂx (14)

A
—Or(t)x

1
E\C =
{Clon} ok N
XT sin(a)ot+(p(t))exp{—

—oo

() - (1)) .
2K

-K/2

A
=e 7§Mﬂmﬂwﬁ+¢@% (15)

E{pt)Clp(t)} =— ﬁ < r(t)x

XT o (t)sin(wyt+(t)) X

Xexp{_ (p)-p" (1) } dpe
2K

_ A
=e K/Zwor(t)cos(a)otﬂp(o))x

A
Xe_K/Z%(p(o)r(t)sin(wotﬂp(o)).
The solution of equations (13)—(16) specifies

equation (3) for the observed signal phase

(16)

(0) -K/2

Q= —y<p(°) + Ke %r(t)cos(w0t+(p(0)). (17)

Equations (13), (14), and (17) determine the
structure of the filter that is optimal in terms of the
minimum mean square error for a phase-modu-
lated signal. The structure of the optimal filter is
shown in Fig. 1.

The input signal r(t) is fed to correlator 1. Sig-
nals at the other two inputs of correlator 1 come
to correlator 9 from voltage-controlled generator 7
and from block 2. The circuit consisting of adder
3, integrator 5 and linear amplifier 6 with gain y
forms the offset for correlator 1. The inertial circuit
involving adder 10, integrator 8 and amplifier 4
eliminates phase jumps caused by the fluctuation
component of the input signal. The instantaneous
value of the phase estimate of the signal reflected
from the target is formed using functional conver-
ter 12 at the output of correlator 11. The inertial
circuit consisting of storage device 13, integra-
tor 15 and amplifier 14 with gain y forms the out-
put estimate of the signal phase.

As already noted, the information signals have a
very low frequency. The Doppler frequencies due
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Fig. 2. The signal spectrum of human breathing and heartbeat
without filtering
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Fig. 3. The signal spectrum from Fig. 2 after the optimal adap-
tive filtering

to the human breathing are within 0.1...0.25 Hz,
and the Doppler frequencies due to the heartbeat
are within 0.9...1.1 Hz. So, to get correct expecta-
tion estimates, the interval of observations should
be longer than 10...20 sec. If the carrier frequen-
cy of the Doppler radar is 1.8 GHz with a quasi-
continuous phase-code-manipulated signal of
N=2'—1 elements in each sounding sequence,
the duration of the sequence (sequence period)
is around T=N-7=0.3ms at 7=5.0ns, which
corresponds to the range resolution R =0.75 m.
Thus, the number of accumulated signal samples
is approximately 10°, which makes it possible to
obtain statistically acceptable estimates of the fil-
ter weights.

A sample of numerical results is shown in Fig. 2.
The spectrum of the target signal clearly shows the
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breathing and heartbeat responses of a human be-
ing. Here the obstacle distance is 2 m, the spacing
between the target (human being) and the obstac-
le (a block of clad “half-brick” reinforced concrete
with a 150 X 150 mm reinforcing cell) is 0.5 m,
and the obstacle is approximately 0.3 m thick. The
transmitter radiated power is 100 mW and the re-
ceiver sensitivity is —165 dB/W. Notice that the
difference between the amplitudes of the spectral
components of breathing and heartbeat is more
than 20 dB. This is because the trend of the spectral
function is the sum of the spectral components of
the signal reflected from the target by itself, the sig-
nal reflected from non-moving obstacles, the flick-
er noise and other interfering signals. The signal
spectrum in Fig. 3 is the spectrum from Fig. 2 after
its optimal adaptive filtering.

Let us compare the spectral functions in Figs. 2
and 3 obtained by the adaptive filtering procedure.
The adaptive filter processor calculates the filter
coefficients so as to smooth the trend of the spec-
tral function and then subtract it from the mea-
surement result. It gives a useful advantage for the
signal analysis in the spectrum band 0.1...1.5 Hz.
It is the band where informative spectral compo-

REFERENCES

nents exist when the target gets into the radar re-
sponsibility zone.

Conclusion. Thus, the use of the theory of opti-
mal filtering makes it possible to synthesize simple
high-speed phenomenological-class algorithms for
the analysis of non-stationary information signals.
The optimization of the filter performance is car-
ried out by minimizing the RMS criterion. The cal-
culation of the efficiency indicator is carried out
continuously in real time as the information on the
statistics of the observed processes is accumulated.
The Fast Fourier Transform algorithm made it pos-
sible. The validity of this approach has been veri-
fied experimentally on the existing model of Dop-
pler radar for rescuers. In addition, it can be ar-
gued that the use of an optimal filter can reduce the
influence of interferences caused by the sounding
signal reflections from stationary obstacles and by
flicker noise effects.

In addition, it can be concluded that the optimal
filtering during the signal processing in systems
designed to detect live people by their breathing
and heartbeat signals improves the interpretation
of the observed signals and, importantly, works in
real time.

1. Jun, Pan, Shengbo, Ye, Cheng, Shi, Kun, Yan, Xin, Liu, Zhikang, Ni, Guangyao, Yang, Guangyou, Fang, 2021. 3D imag-

11.
12.

13.

22

ing of moving targets for ultra-wideband MIMO through-wall radar system. IET Radar Sonar Navig., 15(3), pp. 261—273.
DOI: 10.1049/rsn2.12035.

. Sytnik, O.V,, Vyzmitinov, I.A., 2020. Probabilistic Measure for Description of Marks of Alive Human in Signals of Radar for

Rescuer. Telecommunications and Radio Engineering, 79(10), pp. 847—853.

. Chen, Jie, Fang, Guang-you, Li, Fang, 2008. The Application of Time Domain Beamforming to Ultra-wideband Through-wall

Imaging Radar. J. Electron. Inform. Technol., 30(6), pp. 1341—1344.

. Sytnik, O.V,, Pochanin, G.P, Masalov, S.A, Ruban, V.P, Kholod, P.F, 2018. A Technique for Measuring Coordinates of Movable

Objects by Video Pulse Radars. Telecommunications and Radio Engineering, 77(15), pp. 1331—1343.

. Ivashov, S.I., Sablin, V.N., Vasilyev, I.A., 1999. Wide-Span Systems of Mine Detection. IEEE Aerosp. Electron. Syst. Mag., 14(5),

pp. 6—8.

. Sytnik, O.V., 2020. Jitter Problem in Pseudo Random Signal Processing. Telecommunications and Radio Engineering, 79(5),

pp. 425—432.

. Sytnik, O.V,, 2015. Adaptive Radar Techniques for Human Breathing Detection. J. Mechatron., 3(4), pp. 1—6.
. Sytnik, O.V., 2014. Quasi-Optimal Receiver with Non-Coherent Discriminators for Rescuer Radar. . Commun. Eng. Networks,

2(2), pp. 55—62.

. Frank, U.A,, Kratzer, D.L., Sullivan, J.L., 1967. The Twopound Radar. RCA Eng., 13(2), pp. 52—54.
. Chen, Kun-Mu, Huang, Yong, Zhang, Jianping, Norman, Adam, 2000. Microwave life-detection systems for searching human

subjects under earthquake rubble or behind barrier. IEEE Trans. Biomed. Eng., 47(1), pp. 105—114.

Stratonovich, R.L., 1960. Conditional Markov Processes. Theory Probab. Appl., 5(2), pp. 156-178.

Abramowitz, M. and Stegun, L.A., 1965. Handbook of Mathematical Functions, National Bureau of Standards. Dover
Publications, N.Y., 322 p.

Korn, G.A., Korn, T.M., 1969. Mathematical Handbook for Scientists and Engineers. McGraw-Hall Book Company, N.Y., San
Francisco, Toronto, London, Sydney, 1097 p.

Received 09.06.2021

ISSN 1028-821X. Radiofiz. Electron. 2021. Vol. 26, No. 3



Optimal nonlinear filtering of stochastic processes in rescue radar

O.B. Cummix

IncturyT papgiodisukn ta enexrponikn im. O.4. Yeukosa HAH Ykpainn
12, Byn. Akan. IIpockypu, Xapkis, 61085, Ykpaina

ONTUMAJIbHA HEJIHIVIHA GUIBTPAIIIA
CTOXACTUYHUX ITPOIIECIB Y PAIAPI [1J14 PATYBAJIbHUKIB

IIpepmer i MeTa po60TH. BUKOPUCTAHHIO ONTUYHMX JJATYMKIB J/I1 BUABJICHHA 1 PATYBaHHA O, SAKi MOCTpaXKHanu mif
Yac IPUPOJHUX Ta TEXHOTEHHMX KaTacTpod, 4acTO 3aBaXKAIOTh OINTIYHO HEIIPO30pi MepeIKoamu — VM, TYMaH, CHIT, 3aBajm
LIeIIAHNX Ta O€TOHHUX ylIaMKiB. E/leKTpoMarHiTHI XBuli eliMMeTpoBOro fiianasoHy foO6pe MPOHMKAIOTh KPisb IIi Meperko-
I, BifOMBAIOTHCS Bifl Ti/la MOCTPaXKAAIOl MIOAMHM i MOBEPTAIOTHCS O IpuiiMada pajapa. 3aBIsKy IpoljecaM AMXaHHA Ta
cepueburTs dasa BifOMTOro 30HAyBaNIbHOTO CUTHATY OTPUMYE JOIUIEPIBCBKY MORYIIALI0, KA € iHYOPMAIifIHUM CUTHA/IOM.
ITpegmeToM mocmimKeHHs € iHGopMaLiiiHi curHamm Ta ix BmacTuBocTi. Meta po6OTH — CTBOPEHHsI ONTUMAIbHIX METOZIB i
anIropuTMiB 00pOOIEHHs BUITA{KOBYX IIPOLECiB 3a/I/Is OTIePATHBHOTO BUSIBIIEHH Ta ifeHTUdIKALil HOCTpaXXAaINX JII0feN Ipu
PpATYBa/JbHMX 3aX0fiaX.

Merton i MmeTopomorist po6oTi. MeToOM CTOXaCTIYHOTO aHAMi3y GAYKTyal[ilfHUX JOMIEPiBCOKMUX CIIeKTPiB BiOMTHUX 30H-
IyBaJIbHUX CUTHAJIB BCTAaHOBJIEHO, 1110 iH(OPMalliliHi CUTHAa/IV MAIOTh BIACTUBOCTI YMOBHMX MapKOBChKUX IIPOLIECiB.

Pesynbraru po6oru. [locnifykeHo mpo6neMy onTiMaabHOI HeTiHiTHOI BinbTpalil yMOBHMX MapKOBCBHKMX IIPOLIECiB Y pajapi
IS PATYBaJIbHUKIB. JI/1A 3MEHIIEHHS MacKyoo4uoro eekTy 3aBaji, CHPMYMHEHUX HECTAIliOHAPHUMM IIyMaMy Ta BifOMTTAMM
30HIYBa/JIbHOTO CUTHAJIy BiJi HEpyXOMUX 00 €KTiB, 3alIPOIIOHOBAHO ONTUMA/IbHUII afanTUBHMIT QinbTp. SK KpuTepiil onTu-
MaJIbHOCTI BUKOPUCTaHO QYHKIIiF0 MiHIMa/IbHOI CepefHbOI KBa[paTUYHOI TOMWIKM, TOTOYHE 3HAUeHHS AKOI 0OUYMCIIOETLCA B
PeXMMi peasbHOTro Yacy y Mipy HakonudeHHA cratuctuku. KoedinieHTn QinbTpiB 00UMCIIOOTHCA 38 PEKYPEHTHUM aITOPUT-
MOM HalICKOPIIIOTO CITyCKY.

BucHoBok. Ha peanpHyx pajiionokamiifHux curHazax 0yIo IMOKa3aHo, 10 ONTHManbHa QiIbTpalid mij yac 06po6xm cur-
HaJiB y CUCTeMaX, IPU3HAYEHMX NIl BUABICHHS JKMBUX JIOZIEN 3a iX JUXaHHAM Ta CUTHA/JIAMM CEPLEBOrO PUTMY, IIOJIETIIyE
iHTepIpeTalio CIOCTepeXXyBaHMX CUTHAJIIB.

Kniouoei cnosa: crmoxacmuunuii npovec, onmumanviuii Ginomp, aneopumm, 30H0Y8abHI CUSHATIU, UWLYM, 00NTEPiBCoKULL 3CY6,
yugpose 06pobenHs cueHanie, padap, cnekmpanvHa GyHKuUis, 1acmoma OUckpemu3ayii, ymosHi MapKoscvki npouecu, kKpumepil
cepeOHvoi K8AOPAMUUHOT NOMUTIKUL.
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