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5

Abstract6

The problem of estimating Doppler shifts and delays of signals modulated by pseudorandom7

sequences is discussed. It is shown that signals reflected from slow-moving targets hidden8

among optically opaque wreckages contain some information on targets in the variations of the9

full phase of a signal over the period that exceeds considerably the pseudorandom oscillation10

period. For example, these variations in the full phase may result from breathing and11

heartbeat of those who survived after man-made or natural disasters.Non-correlated and12

correlated types of noise lead to the errors in a thin structure of code sequences. In this paper13

a quasi-optimal receiver with non-coherent discriminators is proposed. The receiver has the14

two parallel channels which are synchronized by phase with a sounding signal. The receiver15

synthesis procedure, its operating conditions and its characteristics are fully considered. The16

synthesis is based on the modified non-linear filtering methods. This theory has been used to17

build the signal processing algorithm. The synthesis procedure consists of two steps. At the18

first step we assume that signal frequency has no shift and the base structure of the signal19

processing algorithm has been obtained. At the second step we assume that the structure of20

the algorithm remains unchanged, and using the theory of signal filtering the filter in the21

control loop for shifted frequencies is designed.In is shown that the sequences of combined22

estimates of the frequencies shifts and the signal delay can be used as a model of a dynamic23

Kalman filter. Fig.: 3. Ref.: 18 pos.24

25

Index terms— coherent radar, pseudorandom sequences, non-linear filtering, non-correlated and correlated26
noise, slow-moving targets, optically opaque wreckages, qu27

1 Introduction28

atural and anthropogenic disasters which are of regular occurrence in different areas of the Earth, take a heavy29
toll of tens of thousands of human lives. It is exactly for this reason that extensive studies are being pursued to30
design and develop the highly efficient devices for detecting and rescuing the people in the hardest-hit areas.31

There are large number of devices based on different physical concepts. However, the class of radars, especially32
the hand-held devices, used in rescue operations hold a particular place, because they allow under snow avalanches,33
during sand slides, etc. The operating range of these radars is within 10 to 20 m. at a range resolution of 0.5 to34
3 m. ??1 -10].35

Detecting an alive human being among optically opaque wreckages like brick and concrete walls or snow layer36
is made possible after analysis of the Doppler modulation of sounding signals reflected from a human body. This37
modulation brought about by the moving parts of a human body (the motion of limbs, the shifting of a human38
thorax in breathing and during heartbeat) ??10 -17].39

There are two main trends towards creating the radars with rescue operation functions. One is based on the40
video pulse location ??1 -9] and the other is meant to use quasi-continuous pseudo-random signals ??10 -17].41
Using the pseudo-random signals the measurement of a distance to a target is accomplished through phasecode-42
manipulated sounding signals.43
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4 SYNTHESIS OF QUASI-OPTIMAL RECEIVER STRUCTURE

Since the main components of the Doppler spectra of data signal lie in the range of ? 0.1 to 1.5 Hz ??1344
-15], their measurement against the background of the correlated interferences provided by sounding signal45
reflection from obstacles, flicker noise, interferences caused by the operation of mechanisms and differentpurpose46
radio-electronics devices is in fact a great challenge. Receiving these signals becomes problematic because the47
disturbance of the fine (thin) codesequence structure. Because the thin structure of the code sequence gets48
disturbed, the coherent reception of such signal becomes somewhat problematic.49

In the present paper we have made an attempt to synthesize the structure of the complex phase-50
codemanipulated signal receiver with non-coherent discriminators to be used in radars for rescue operations.51
The synthesis is based on the modified non-linear filtering methods. This theory has been used to build the52
signal processing algorithm. The procedure of synthesis consists of two steps. At the first step we assume that53
signal frequency has no shift and the base structure of the signal processing algorithm has been obtained. At54
the second step we assume that the structure of the algorithm remains unchanged and using the theory of signal55
filtering the filter in the control loop for shifted frequencies is designed.56

2 Problem Formulation57

Let the realization of an additive mixture of reflected signals and noise arrive at the receiver input ( ) ( ) ( ) ( )58
n t is the Gaussian noise with zero expectation equal tot s t n t ? = + ,(1)( ) { } 0 E n t = , ( { } E ?59

is the symbol of expectation procedure) and the correlation function:( ) ( ) { } ( ) 1 2 0 2 1 0, 5 E n t n t N t60
t ? ? = ? ; 0 N is the noise spectral density; ( )61

? ? is the delta-function. The problem is to build an optimal structure of the signal receiving processor to62
calculate the estimates of parameters ? and ? using the observation data (1) and the known signal modulation63
law ( ) g t .64

3 III.65

Optimal Non-Linear Filtering First, let us assume radian frequency ? , signal phase ? and delay ? to be time66
constants. Then, according to [18], the differential equation of optimal nonlinear filtering will have the following67
form: ( ) ( ) ( ) { } ( ) , , , , W t F t E F t W t ? ? ? ? ? ? = ? ? ? ? ? ? ? ? ,(2)( ) ( ) ( ) 2 2 2 1 1 0 0 , exp68
cos t A t W t C g t t dt N ? ? ? ? ? = ? ? + + ? ? ? ? ( ) ( ) 2 1 1 0 0 cos t A t g t t dt N ? ? ? + ? + ? , (3)69

where C is the constant.70
Upon averaging of the left-and right hand parts of equation ( 2) over ? in view of (3) we can write( ) ( ) ( ) (71

) 2 0 0 0 , 2 2 , , exp , 2 f t AC A t A F t W t f t N t N N ? ? ? ? ? ? ? = ? + ? ? ? ? ? ? ? ? ? ,(4) where (72
)( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 1 1 1 1 1 1 1 1 0 0 , cos cos sin sin t t f t t g t t dt t g t t dt ? ? ? ? ? ? ? ? ? = ? ?73
? ? ? ?74

Since the phase has a uniform distribution in the interval [ ] 0, 2? , its probability density function can be75
given as ( )1/ 2 W ? ? = . Then ( ) ( ) 2 0 1 , , 2 F t W t d ? ? ? ? ? = ? ? ? ( ) 2 2 2 0 0 0 0 0 0 2 2 exp exp76
, exp 2 2 2 C A t A A t A f t d C I Z N t N N t N ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? = ? = ? ? ? ? ? ? ? ?77
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ,(5)78

where { }0 I ? is the Bessel function; ( ) ( ) ( ) ( ) ( ) ( ) 2 1 1 1 1 1 1 1 1 0 0 cos sin t t Z t g t t dt t g t t dt79
? ? ? ? ? ? ? ? ? ? = ? + ? ? ? ? ? ? ? ? ? ? ? . As ( ) 2 0 0 0 2 , , exp2A t A W t C I Z N N ? ? ? ? ? ? =80
? ? ? ? ? ? ? ? ?81

, and the ratio is0 0 0 0 0 0 2 2 ln 2 A I Z t N A I Z t N A I Z N ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?82
= ? ? ?? ? ? ? ? ? ? ? ? ? ? ? ? ?83

,Then in the Gaussian approximation we obtain the equation for the estimates of frequency and the delay of84
the complicated phase-code-manipulated signal: ( ) ( ) 0 0 0 0 2 2 ??ln , , ln , , A A K I Z t K I Z t t N t N ??85
?? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? = + ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?86
,(6)0 0 0 0 2 2 ??ln , , ln , , A A K I Z t K I Z t t N t N ?? ?? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?87
= + ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?(7)88

where the central correlated moments, , , K K K ?? ?? ?? form the matrix:K K K K K ?? ?? ?? ?? = ? . (8)89
Here withT dK K DK dt = ? ? ? ? ? ,(9)90
Where2 2 2 2 F F D F F ?? ?? ?? ?? = ? ; ( ) 2 1 2 , , F t F ? ? ? ? ? = ? ? ; ( ) ()1 0 0 2 , , ln , , A F t I91

Z t t N ? ? ? ? ? ? ? ? ? ? ? = ? ? ? ? ? ? ? ? ? ? ?92
The equations for central correlated moments in scalar mode are: ( ) ( ) ( ) 2 2 2 2 2 2 2 dK K F K K F K F93

dt dK K K F K F K K F K K F dt dK K F K K F K F? = ? + + ? ? ? = ? + + + ? ? ? = ? + + ? ? ,(10)94
where ( ) ( )2 2 2 1 2 2 B Z F Z Z F B Z t Z ?? ? ? ? ? ? ? ? ? ? ? ? ? = = + ? ? ? ? ? ? ? ? ? ? ? ? ? ?95

? ; ( ) ( ) 2 2 2 1 2 2 B Z F Z Z F B Z t Z ?? ? ? ? ? ? ? ? ? ? ? ? ? = = + ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ; (96
) ( ) 2 2 1 B Z F Z Z Z F B Z t Z ?? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? = = + ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?97
( ) ( ) 0 0 2 ln , , A B Z I Z t Z N ? ? ? ? ? ? ? ? ? = ? ? ? ? ? ? ? ? ? ? ? .98

IV.99

4 Synthesis of Quasi-Optimal Receiver Structure100

The solution to a set of equation ( 10) yield the zero values of coefficients, , K K K ?? ?? ??101
for the stationary case. It indicates that this procedure of calculating, , K K K ?? ?? ??102
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in a stationary mode is unacceptable. It can be easily shown that, with the spectral density 0 N of Gaussian103
noise and the signal amplitude A , the frequency estimate dispersion is on the order of ( )2 3 0 12 / N A t .104

The time-dependence of K ?? is important in exploring the nonlinear dynamics of the signal frequency tracking105
system. Simplifying the optimal signal frequency tracking system is feasible if one changes it over to the quasi-106
optimal mode when the variable coefficients are replaced by constant ones. All this can be done under an107
obvious assumption that the frequency shifts are too small to get an alive man detected among optically opaque108
wreckages. As mentioned above, the main components of informativesignal spectrum are within the limits of 0.1109
to 1.5 Hz.110

The constant amplification coefficients can be derived by averaging the equations over F and K on condition111
that / 1 i t ? » , where i ? is the time during which the parameter with index i remains practically constant,112
but t is the current estimation time. In this case, there is no needs to take into account the crossconnections , K113
K ?? ?? between the frequency tracking and signal delay tracking networks. They can be taken into account as114
constant additive factors for amplifycation coefficients in the appropriate networks. In practice, these coefficients115
can be obtained by studying the dynamics of information process in training.116

Based upon the assumptions that were earlier made, we can turn from partial differential equations to117
approximate equations, in which the partial derivatives are replaced by finite differences.118

5 (119

) ( ) 0 0 0 0 2 2 ???ln , , ln , ,2K A A I Z t a I Z t a a N N ?? ? ? ? ? ? ? ? ? ? ? ? ? ? = + ? ? ? ? ? ? ? ? ?120
? ? ? ? ? ? ? ? ,(11)0 0 0 0 2 2 ???ln , , ln , ,2K A A I Z t b I Z t b b N N ?? ? ? ? ? ? ? ? ? ? ? ? ? ? = +121
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? (12)122

where a ? = ? is the frequency increment; b ? = ? is the delay increment. The device incorporates two123
parallel-connected channels A and B (they are outlined with dashed line in Fig. 1) for signal processing as well124
as the generator 19 of pseudo-random sequences operated by the Mersenne law. Current estimates of the signal125
carrier frequency and its frequency shift with respect to a sounding signal are calculated in channel ?, but in126
channel B the sequence estimates of signal delay are formed. In contrast to the optimal coherent receiver, the127
estimates of the signal frequency are calculated by the automatic frequency control networks, but the estimates128
of the signal delay are calculated by non-coherent discriminator. This design of an adaptive system provides its129
steady-state operation during large-scale phase and frequency fluctuations. As the sounding signals are being130
reflected from a human body, the reflected signal frequency fluctuates within a narrow range relative to the131
constant value of 0 ? because of the slow motion of a human thorax. In other words, we have( ) ( ) ( ) 0 t a an132
t ? ? ? ? = ? ? + ? . (13)133

It follows from ( 13) that it is convenient to use the Kalman filter in order to estimate the signal frequency for134
the stationary mode along with an information model. Then ( ) ( ) The structure of the device, which implements135
the frequency (11) and signal delay (12) estimation algorithm is shown in Fig. 1.??t a K ? ? ? ? ? = ? + ? ? .136
(14)137

6 The difference (138

)? ? ?139
is the output signal of the linearized frequency discriminator the algorithm of which is obtained by means of140

nonlinear synthesis.141
Fig. 2 presents the performance characteristics of the proposed receiver as compared to an optimal coherent142

receiver (a family of curves for adequatedetection probability / as a function of the signal-tonoise ratio ” q ” at a143
fixed false-alarm level F P ). As is seen from Fig. 2, the signal energy losses resulting from the use of the constant144
amplification factors in the feedback loop of the frequency estimation channel do not exceed 1.5 to 3 dB. This is145
well suited for nonlinear data processing with apriori uncertainty in frequency fluctuation probability distribution.146
As evident from the above Figure, the solid lines indicate the operational characteristics of the optimal receiver147
with no apriori uncertainty of interference distributions. The dashed lines indicate the operational characteristics148
with apriori uncertainty of the initial phase, and the dash-and-dot lines point to the operational characteristics149
of the quasi-optimal receiver.150

The general view of the radar in which an algorithm for nonlinear quasi-optimal frequency and delay estimation151
is shown in Fig. 3. The basic performance characteristics of the radar are listed in Table 1. V.152

7 Conclusions153

To summarize the foregoing, we can state that in a ? ± stick-slip modulation of the sounding signal phase the154
Doppler shifts, which result from the chaotic and regular motions of an target, as well as the signal delays are155
estimated through the adaptive pseudocoherent correlation processing procedure. The structure of the quasi-156
optimal receiver incorporates twochannel adaptive filters operating in parallel with a phase-synchronized input157
signal. Using the proposed approach to synthesizing the receiver structure is governed by the lack of apriori158
information on the variations in the probability density of initial data generating processes. This gave rise to159
somewhat complicated calculations and at the same time ensured that the signal processing device could be160
invariant to a particular type of target motion. In particular, this sort of a receiver responds effectively both to161
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the linear displacements of a target and to its circulations relative to a certain center of masses or to the rotary162
motion. Based upon the sequence of combined estimates of Doppler shifts and delays one can make an estimate163
of the target’s motion law. This estimate may well be used as a model in the dynamic Kalman filtering procedure164
for improving an estimation accuracy.165
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