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ANALYSIS OF RESCUE RADAR NOISE IMMUNITY
UNDER BROADBAND INTERFERENCE

Subject and Purpose. The subject of the research is the statistical characteristics of the signal, noise, and interference and their distribution
functions. The emphasis is on exploring the properties of these elements and assessing their impact on algorithms designed to detect and iden-
tify the manifestations of human breathing and heartbeat during rescue operations. The work seeks comprehensive descriptions of broadband
structural noise to develop optimum digital signal processing algorithms and ensure quicker and more reliable detection and identification of
information signals during rescue missions.

Method and Methodology. The analysis is grounded on the mathematical modeling method. The distribution function of correlation
function peaks for a pseudo-noise signal is synthesized considering the first moments. The estimates derived from this distribution are used to
assess the influence of broadband structural noise on the performance of algorithms for detecting and identifying radar signals.

Results. In the most important band, where signal spectral components bear information on human breathing and heartbeat, estimates
of the first four moments of a random process have been made to contribute to an appropriate model of fluctuating broadband structural
noise. Analytical expressions of the function of structural interference distribution have been derived. A specific case focused on the inter-
ference represented by a phase-shift keyed signal with randomly alternating ones and zeros has been examined. Estimates of probabilities of
false alarms and target misses have been calculated across various signal-to-noise ratios. Furthermore, a procedure to determine an optimal
signal-detection threshold has been proposed.

Conclusions. Analytical expressions of the distribution density of broadband structural interference have been derived. Quantitative
estimates have been calculated to assess the impact this interference exerts on algorithms designed for detecting and recognizing radar infor-
mation signals for rescuers. An adaptive procedure adjusting a target detection threshold as interference varies during the radar operation
has been proposed.

Keywords: Pseudo-Noise Modulation, Noise, Algorithm, Pulse Modulation, Mersenne code, Broadband Structural Interference, Rescue
Radar, Opaque Obstacle.

Introduction obstacles such as brick wall fragments or concrete

Radars for rescuers are specialized devices for finding slabs severely attenuate the radar signal (by 30 to

survivors trapped beneath the rubble surface. The
design of these radars must meet stringent techni-
cal requirements [1, 2] because they are intended for
human subject detection through optically opaque
barriers 0.1 to 10...15 m thick [3, 4]. Optically opaque

90 dB [1—12]) during its propagation to the target
and back. The only sign indicating a living body is
Doppler phase shifts produced in the reflected radar
signals by human breathing and heartbeat processes
[5, 6]. These phase fluctuations have ultra-low frequ-
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encies 0.1 to 1.2 Hz [7, 8], making it practically im-
possible to use radars with pulse modulation [9—11]
for the probing signal.

At the same time, the employment of broadband
pseudo-noise continuous modulation in through-
wall radar measurements can effectively address the
detection problem. For the modulating function,
Mersenne-code-based sequences [10—14] can be ef-
fectively used. Errors occurring in the code structure
during the signal reception and caused by broadband
structural interference can compromise the signal
correlation function, which eventually degrades de-
tection capabilities of the radar. Wideband structural
interference can be generated by broadband commu-
nication systems or industrial noise, structural inter-
ference is similar to the desired signal and affects the
information-bearing characteristics of the signal. Be-
yond that, it is known that the spectral distribution
of the noise in the infra-low-frequency band cannot
be approximated by a Gaussian law, adding com-
plexity to the construction of optimal algorithms for
detecting and identifying targets. Besides, the noise
induced by wideband structural interference in this
frequency band has high amplitudes in its spectral
components. When combined with a nonlinear ele-
ment, they generate a fluctuation process with novel
properties that were missed in the synthesis of the
decision-making rules. The development of optimal
stochastic methods for detecting and identifying tar-
gets requires more understanding of the noise and
interference properties. Otherwise, decision-making
rules and algorithms may render results in error.

Typically, the analysis of the impact of broadband
structural interference on the rescue radar perfor-
mance is often confined to the effect of the noise in-
terference with a certain root-mean-square 1/ \/E R
where B is the signal base [15]. It is assumed that
maximum spikes of the correlation function do not
exceed 3/~/B. This approach, however, is not pre-
cise enough to properly assess the noise immunity
of radar signal processing algorithms. This is still
more evident when dealing with structural interfe-
rence during Mersenne code reception, because both
structural interference and Mersenne code look like
chaotic jumps of the signal phase. Hence, for com-
prehensive analysis of the radar noise immunity,
both the distribution of signal correlation function
peaks and the probability density of structural inter-
ference itself must be taken into account.
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Considering all that, the main focus of the article is
on the analysis of the statistical characteristics of the
signal, noise, and interference, including their distri-
bution functions. The goal is to synthesize a rescue
radar structure with a high performance within the
frequency band of signals containing information on
human respiration and heartbeat.

1. Estimation of distribution
probability density for signal and noise
correlation function peaks

Let a periodic correlation function of a pseudo-noise
phase-keyed signal have an arbitrary peak of ampli-
tude R. The derivation of the decision-making rules
for the algorithms of detecting and identifying radar
signals for rescuers requires, first of all, to estimate the
probability density W(R) of the random variable R.
Given a set of sample data, the probability density
function is conveniently constructed by the method
of moments [16]. In it, the theoretical moments of
the distribution function are compared with the cor-
responding moments derived from the statistical-
ly reliable sample. If it is known that the odd mo-
ments are identically zero, which is normally true
for phase-keyed Mersenne-coded signals, then the
probability density function is uniquely determined
by the set of even moments. In practice, only a finite
number of moments can be gained. These are, first
of all, the dispersion 0% =1/ B of a random variable
(where B is the signal base) and its fourth moment
called the kurtosis coefficient, y. With them, an es-
timate of the probability density function W(R) can
be constructed close to the real one. To take into ac-
count the broadband nature of the signal and noise
when expressing the probability density function of
the random variable R, the normalization relative to
the signal base B is advisable. The normalized ran-
dom variable, r, will be related to R as

r=RVB=R/o. (1)

With this normalization and for the moments
M,[r]= Ms[r]=0, M,[r]=1, the probability den-
sity W(r) can be approximated by the truncated
Edgeworth series [17, 18]

W(r)=(V2x) "

xexp{—rz/Z}[l+%H4(r)}, y<<1, (2)
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where H,(r) is the Chebyshev-Hermite polynomi-
al [17].

In practice, however, the kurtosis coefficient y can
be much greater than unity. In this situation, the ap-
proximation of probability density function (2) with
normalization (1) will differ significantly from the
actual distribution. In this case, the Pearson method
[19] suits better and approximates the probability
density function closer, as it enables estimating
high-order moments based on the known first four
moments of the random variable 7. Then the proba-
bility density function of the random variable r can
be found by solving the following differential equa-
tion [19]

dW(r) _

dr
_ rW(r) 3
[-2(y+3)/ (57 +6)]+[-y /(57 +6)]r?

Forany | r | < o, the probability density as a solu-
tion of equation (3) takes the appearance

W(r)=C([-2(y+3)/ GGy +6)]+
H[-yiGy+e)]r) ", (4)

where L = (5y +6) / 2y. The constant C comes from

the condition J W(r)dr =1 and takes the form

C=[-2(y+3)/ (57 +6)] X

[=y /Gy +6)] G((5y +6)/2y)

[-2(y +3)/ Gy +6)]7 G( {5y +6) /27 )’

where G(-) is the gamma function.

In practice, the random variable r is constrained
within —B <r <+/B, suggesting that the kurtosis
coefficient y is always constrained.

2. Analysis of broadband
interference effect on rescue
radar operation

Figure 1 shows a generalized detection circuit con-
sisting of a matched filter, detector, and a threshold
device connected in series.

The main characteristics of the detector are the
probability of false alarm, Pp, and the probability of
correct detection, Pcp (or the probability of target
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Fig. 1. The detection circuit: I — matched filter, 2 — detector, and
3 — threshold device

miss, Py;r=1 - Pcp). When the matched filter input
is fed by the signal plus broadband structural inter-
ference, one should determine a threshold value de-
pending on a given probability of false alarm. At any
time £, the voltage at the detector output is

U, = kyP,[R(1o)): )

where P, is the noise power and k is the normaliza-
tion factor.
In general terms, the probability of false alarm is

Ppy = P(U > H) =Wy (r)dr, (6)

where H is the threshold. Combining relations (4)
and (6) yields the probability density function

WU(r):2(k\/?no)_1W(k\/%a]. (7)

Substituting (7) into (6) gives the probability of
false alarm

Ppy =1- 2.[ W(r)dr, (8)
0

where 7 = H\/E/(k\/Fn).

Integrating probability density (4) and expressing
the result through the elementary functions for inte-
ger values of L, one obtains the characteristic func-
tion in the explicit form

.
OM =31

o @L-DEL-3)-QL-2k+1)
1 25 =D)L -2) (L k)(1+7 )"—k

(2L -3)!!
2L -1

X

arctg (r). )

Using characteristic function (9), one gets proba-
bility of false alarm (8) in the analytical form

/ 4
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Fig. 2. Target determination threshold H versus kurtosis coef-
ficient y of the distribution of the correlation function peaks at
Ppy=107° and P, = const

In Fig. 2, the threshold H =ov is plotted versus
the kurtosis coefficient y. The dashed line marks the
interference level 3 /+/B. Itis seen that the threshold
voltage calculated using the kurtosis coefficient y of
the random variable r distribution exceeds the inter-
ference level by at least 3 dB.

The probability of correct detection can be calcu-
lated by the formula [19]

P —L—G(L) X
b= [z G(L-0.5)

_/ Y b
X@|:O'1 m( P—n+HJ:|

3. Features of rescue
radar structure

(11)

The radar structure with probing signal modulation
by pseudo-random periodic Mersenne code is fea-
tured by the necessity to form coherent modulating
functions which neither the receiving nor the trans-
mitting blocks of the radar can do without. Figure 3
presents a structural diagram of a coherent radar
with a quadrature receiver.

The structural diagram of the coherent radar with
a quadrature receiver in Fig. 3 uses the following nu-
meral labeling: I — master oscillator, 2 — amplitude
modulator, 3 and 4 — dividers with division factors
20 and 10, respectively, 5 — transmitting antenna,
6 — power amplifier, 7 and 12 — balanced modula-
tors, 8 and 9 — narrow-band filters, 10 — Mersenne
code generator, 11 — time-delay control circuit, 13 —
amplifier, 14 — receiving antenna, 15 — low-noise
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amplifier, 16 — balanced mixer, 17 — band-pass fil-
ter, 18 and 19 — quadrature channels, 20 and 20" —
balanced mixers, 21, 21’, and 25 — band-pass filters,
22 and 22" — narrow-band low-frequency amplifiers,
23 — square-law detector, 24 — adder, 26 — solver
(thresholder), and 27 — phase rotator.

The heart of the circuit is standard high-stability
master oscillator 1 whose relative frequency instabi-
lity of the signal is no worse than 107...107° at the
carrier frequency 2 GHz. The output signal of os-
cillator 1 is simultaneously acquired by amplitude
modulator 2 and frequency dividers 3 and 4 with di-
vision factors 20 and 10, respectively. One more in-
put of amplitude modulator 2 acquires 100 MHz os-
cillations from divider 3. Narrow-band filters 8 and
9 connected to the output of modulator 2 separate
oscillations of the upper (filter 8) and lower (filter 9)
side frequencies of the amplitude-modulated oscil-
lation. The frequency spacing between coherent os-
cillations at the outputs of filters 8 and 9 is 200 MHz.
The upper side frequency signal from the output of
filter 8 is used in the transmitter, while the lower side
frequency signal from filter 9 is used as a hetero-
dyne’s signal of the receiver.

The probing signal is formed at balanced modu-
lator 7. After being amplified by power amplifier 6
to about — 10 dB/Wt, the probing signal is radiated
through transmitting antenna 5 into space. The other
input of balanced modulator 7 receives the modulat-
ing function of Mersenne code signal generated by
generator 10. The clock frequency of the Mersenne
code generator is derived from the frequency of mas-
ter oscillator 1 by the frequency division at divider 3.
Generator 10 outputs the delayed signal in a digital
form — the modulating signal producing a subcarri-
er oscillation at about 1.3 kHz frequency.

In this case, the period of the subcarrier oscillation
exactly equals the two periods of the pseudo-ran-
dom sequence signal. This is necessary to organize
the primary amplification of the information signal
from the outputs of balanced mixers 20 and 20". By
multiplying the original sequence and the sequence
delayed by one elementary pulse, the heterodyne sig-
nal modulating function is obtained. Block 11 moni-
tors the time delay of the heterodyne signal. The de-
lay determines the target distance. The heterodyne
signal of the receiver is formed at the output of ba-
lanced modulator 12 whose inputs acquire oscilla-
tions coherent to the transmitter signal and coming
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Fig. 3. Structural diagram of a coherent radar with a quadrature receiver

from filter 9, as well as the delayed, Mersenne-code
modulated signal at the subcarrier from the output
of generator 10.

Before being sent to balanced mixer 16 used as
a correlator, the heterodyne signal is amplified and
filtered at amplifier 13. The other input of mixer 16
acquires the target reflected oscillations captured by
antenna 14 and amplified by low-noise amplifier 15
whose noise factor is less than 2 dB and the gain is
no worse than 10...15 dB. At the output of mixer 16,
there is band-pass filter 17 which outputs the infor-
mation signal at the intermediate, 200 MHz frequen-
cy to two identical quadrature channels 18 and 19.

Balanced mixers 20 and 20’ of each channel transfer
the information signal to the subcarrier frequency
1.3 kHz. Simultaneously, the corresponding quadra-
ture component of the signal is suppressed due to
the phase shift of the heterodyne signal at phase ro-
tator 27. Before being combined at adder 24, these
signals are filtered using band-pass filters 21 and
21', amplified at narrow-band low-frequency ampli-
fiers 22 and 22’, and squared at blocks 23 and 23".
After the information signal has been extracted at
band-pass filter 25, an inference about target pre-
sence or absence is made at solver (thresholder) 26,
where the signal is checked against the threshold.
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The rescue radar scheme considered right above
showed a satisfactory performance and a fairly high
sensitivity to weak return echoes from a human sub-
ject behind an obstacle. Interfering reflections from
stationary local objects were effectively suppressed.
However, even though the structural scheme is rather
simple, the technical implementation of particu-
lar blocks presents certain difficulties. Hardware
requirements are becoming increasingly stringent
to provide highest quality signals during modula-
tion, emission, complex path propagation, reflec-
tion, reception, and various processing. The main
problem of the radar in Fig. 1 is a parasitic leakage
of the transmitter signal to the receiver input. In the
Mersenne-code signal spectrum, it is difficult to sup-
press the parasitic carrier at the modulator output
by more than 40...50 dB. The narrow-band rejection
inevitably compromises the pseudo-random signal
spectrum. Therefore, a variety of methods should
be used for suppressing parasitic signals and interfe-
rences at the carrier frequency. These methods are, as
a rule, complicated and unreliable.

Conclusion

The rescue radar noise immunity estimates achieved
as analytical relationships of corresponding error
probability characteristics when detecting Mersenne
code keying signals under broadband interference
can be effectively implemented in the synthesis of an
optimal — by a maximum likelihood criterion — re-
ceiver. The optimization of the detection procedure
can be conducted based on the continuous adap-
tive estimation of the kurtosis coefficient. The kur-
tosis coefficient monitors and adjusts the detection
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Incruryt papiodisuku ta enexrponiku im. O.4. Yeukosa HAH Ykpainu
Byn. Akap. [Tpockypn, 12, Xapkis, 61085, Ykpaina

AHAJII3 SBAXMIIEHOCTI PAJAPA JIJI PATYBAJIbHUKIB
3A HAABHOCTI HIMPOKOCMYTOBUX 3ABA]]

posnoziny. OCHOBHY yBary 30CepefKeHo Ha IOCTiKeHH] BIacTUBOCTeN 11X (aKTOpiB Ta OLiHIIi iX BIVIMBY Ha aITOPUTMI, IIpU3HAYe-
Hi 151 BUSIB/IEHHA Ta ineHTHiKalil IPOSABIB IPOLECIB AMXaHH Ta CepLeOUTTS JIIOAVHMY TTif] Yac pATYBa/IbHUX OIepaliiil. MeToro i€l
PO6OTH € CTBOPEHH: KOMIIEKCHOTO OIVCY IMPOKOCMYTOBMX CTPYKTYPOBAHUX 3aBaJ UIA PO3POOIEHHA ONTUMAIbHIX a/ITOPUTMIB
111¢ppoBoi 06pOOKY CUTHAJIB, AKi 3a0e3MedyBaTMMYTh LIBU/KE i HajiiiHe BUAB/IEHH Ta ifeHTN(iKallifo iHpOpMaLiHIX CUTHAIB T
Yac aBapiltHO-PATYBAIbHUX POOIT.

MeTomu Ta MeToponorisa. Po6ora 6a3yeTbcs Ha METOJi MaTeMATIYHOTO MofiemoBaHHA. CiHTes GyHKIii posmopiny miKiB Kopens-
1{itHOI (pyHKIIII IICEeBOIIYMOBOTO CUTHAJTY Iepefibadae BpaxyBaHH: Meplinx MoMeHTiB. Ha ocHOBI 11boro posmnopiny 6ynmu oTpuMai
OLIHKM BIUIMBY CTPYKTYPOBaHMX IIMPOKOCMYTOBMX 3aBaj Ha (YHKI[IOHA/TbHICTh QJITOPUTMIB BUABJIEHHA Ta ifeHTH}iKawil paio-
JIOKAITITHUX CUTHAJTiB.

PesynpraTn. Y nianasoHi, fie 30cepepkeHi CieKTpaibHi KOMIIOHEHTY iHOPMaIiifHOro CUrHaJTy, CTBOPIOBAaHI IMXaHHAM i ceplie-
OWTTAM JIIONVHM, Ha OCHOBI OIL[{HOK IepIINX YOTHPHOX MOMEHTIB BUIIA/[KOBOTO IPOLieCy MOOYI0BAHO BifIIOBifHY MOJeNb BIyKTya-
L{iTHOI IIMPOKOCMYTOBOI CTPYKTYpOBaHOI 3aBafy. OTpUMaHO aHATITUYHI BUpasy Aig GyHKIIl pO3IOAiNTy CTPYKTYPOBAHOI 3aBajin.
JlocriykeHO KOHKPeTHWIT BUITAJI0K, KON CTPYKTYpOBaHa 3aBajia OyIa peficTaBIeHa CUTHAIOM 3 (a30BOI0 MaHIIIyIIAII€I0 3 BUIIA/IKO-
BIUM YepryBaHHAM HY/IB i ofuHuIb. OLiHKM IMOBIPHOCTEN ITOMM/IKOBMX TPMBOT i IPOITYCKY Lii/Ti 00YMCTIOBAIICS /I Pi3HMX CIIIBBif-
HOIEHb CUTHa//IyM. JIomaTKOBO 3aIllpOIIOHOBAHO METOJ, BSHAYEHH A OITUMA/IbHOTO IOPOTY BUSB/IEHHS CUTHATTY.

BucnoBku. OTpyMaHO aHAIITIYHI BYPa3y 1A TYCTUHYU PO3IOJiTY IIVPOKOCMYTOBYX CTPYKTYPOBaHNUX 3aBaj]. OOUNCIIeHO Ki/TbKic-
Hi OLIiHKM BIUIMBY CTPYKTYPOBAHOI 3aBa/i)i Ha a/ITOPUTMI BYSBJIEHH Ta PO3ITi3HABaHHS PafjioNIOKaLiHUX iHPOPMALIIIHIX CUTHAIIB
pazapa s pATYBa/IbHUKIB. 3aIIpOIIOHOBAHO afJAIITUBHY IIPOLEAYPY 3MiHM TOPOTY BUABJICHHS LIl Py 3MiHi 3aBaJioBOi 00CTAHOBKM
g gac po6oTn pajapa.

Kntouo6i cniosa: ncesdoutymosa moOynisuyis, wym, aneopumm, iMnyiocHa MoOyasuis, ko0 MepcenHa, wupoKkocmyeo8i cmpyKmyposami
3a6adu, padap 075 PAMYBANILHUKIE, HENPO30Pi NePeUtKOOU.
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