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ABSTRACT

Based on a sophisticated mathematical model that describes how microwave
oscillators interact with strong reflected emissions, and the use of numerical
methods, the findings of the study are outlined, focusing on the characteristics
Received: 1 March 2024 of the autodyne signal. The research was conducted on a microwave oscillator
model with a single-circuit oscillating system, considering its non-isochronicity
and non-isodromicity. The study also explored how the inherent parameters and
Accepted: 1July 2024 the delay in reflected emissions affect the formation of the autodyne response.
. The results include graphs that illustrate the normalized characteristics of the
Copyright: with Author(s) autodyne signal, along with its spectral analysis. The study also calculated the
harmonic coefficients and amplitudes of the spectrum's harmonic components,
along with the average levels of the autodyne response as a function of the

reflection coefficient modulus at different distances from the radar object.
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1. Introduction

Research results of autodyne microwave oscillator (MO) at strong reflected
emission represent the practical interest in various areas of science and
engineering. They are claimed at determination of output signal formation
features, at estimation of the dynamic range, for analysis of parameter
measurement errors and for a choice of the optimal operation mode of the
short-range radar sensors, which use the autodyne principle of the transceiver
architecture.

Specifics of these sensor functioning at problem solution, for instance,
de termination of electric-physical and dynamic parameters of the radar
objects consists in the fact that the distance between a sensor and an object
can be extremely small (down to zero) under several conditions. At that, the
reflected emission level may turn out to be commensurable with the level of
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probing emission. In contrast to the enough studied case of the weak reflected emission, the
case of the MO impact of strong emission was investigated insufficiently. It is examined in the
known literature on the base of experimental data and modeling results on the analog computers
only [1, 2].

In this paper, on the base of developed mathematical model with involving of numerical
approaches, we present the analysis results of the single-circuit autodyne, which partially fill a
mentioned gap.

2. Mathematical model of the autodyne at strong reflected emission

The functional block diagram of the radar sensor with the autodyne architecture principle of|
the transceiver is presented in figure 1. Electromagnetic oscillations produced by MO are emitted
through the receiving-transmitting antenna towards the radar object. Microwave emission
reflected from the object returns through the same antenna into MO and causes the autodyne
effect.

External Microwave
detection oscillator Antenna Jannnan
Ued ol
S~ |
Uad
< Radar
object

Registration unit 4 Power
supply

Figure 1. Functional block diagram of the autodyne MO

As we know [1], the autodyne effect consists in variations of amplitude and a frequency of MO
oscillations. At that, arisen autodyne variations of the current in the power source circuit of the
MO active element (AE) are transformed into the auto-detection signal u,, by means of the
registration unit. In some autodyne sensor constructions, the useful signal is obtained with the
help of external detection circuit u,, which transforms the autodyne variations of an amplitude
or frequency of microwave oscillations to the output signal voltage.

The equivalent diagram of the autodyne MO can be represented in the form of parallel connec-

tion of averaged (over the oscillation period) AE conductivity Y, =Y, (4,®), depended on the
amplitude A and the current frequency @ of oscillations, the oscillating system (0S) Y,¢(®)and

the load Y, =Y, (w).
Oscillation equation for this circuit has a form [1, 3]:

Yap(A,w) +Yos(w) + Y (w) (1)

of all its terms upon oscillation parameters. At that, we should note that the Y (w) conductivity in
(1) also depends on the delay time 7 of the emission, at that

Viw)=Yr(w,7)=Gr(w,7)+jBrlw,7) @
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Here

- Go(1-I'?)
Gr(w,7) = 1+ 1?42 cosé(w,7) ’
Bp(w,7) = 260 sind(w,7)

14 1?4+ 2@ cosd(w, T) ;
T is a modulus of the reflection coefficient reduced to MO terminals, which characterizes the
emission attenuation at its propagation to the radar object and back; d(w,7) is the total phase

incursion; G, is the load conductivity at reflected emission absence.

To simplify analysis of (1) without loss of generality, we take some assumptions. We shall limit
the present research by the case of autodyne response ex traction of oscillation amplitude
variation with the help of the external detector. In addition, we shall examine the processes in
MO in the form of variations of oscillation parameters in the vicinity of its steady-state, when at

[ = 0 we have: A= A,,w= @,For this, we represent the oscillation amplitude and frequency
in the form: A=A, +AA4A,w+w,+Aw Where A4 and A@ are appropriate variations of the
MO steady-state at ['#0.

Then, acting in accordance the accepted approach [1], from (1) with account of (2) for the case
of MO with single-circuit OS, we obtain the system of linearized equations for determination of

relative amplitude variations @ = ——and the frequency of oscillation Y = wo
0
I'—cosd(w,7)
| r o) :
aa+ex + 771+p2+2]“cosd(w.,7) ' ( )
sin d(w, 7)
B ’ =0,
fa+Qrx + 77]_+F2+2FC085<W17-) / @

where a,¢&, f are dimensionless parameters determining the limit cycle strength, non-isodromity

G,
and non-isochronity of MO, relatively [4]; U:E‘) is an efficiency andT is the conduction of all OS

losses.

Under real functioning conditions of the autodyne sensor, the high level of reflected emission
is observed on the extremely short distance to the radar object. Under such autodyne opera-

tion conditions, it is really acceptable to assume: d(@,7) = w7 [5]. Then, the expression for

the phase JO(w,7)can be written in the form:

dw,7) =08(x,mn) =201+ x)(N +m) , (5)
2/
where7, = @,7 is normalized time; NZ; is the integer number of half- wavelengths, which

falls between a sensor and the radar object.
3. Calculation and analysis of signal characteristics

Main signal autodyne characteristics are functions of relative variations of the amplitude a and

the frequency X of oscillations versus variations of delay time 7, of reflected emission [4, 5].
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The first function is called the autodyne amplitude characteristic (AAC), while the second function
autodyne frequency characteristic (AFC) [6]. For calculation of these characteristics, we rewrite

(3) and (4) with account of (5), assuming 77 = 1, as follows:

a(Tn) + Q ('YBC(X,TTL) - BS(X7TTL) n BC(X7 Tn) _ 0) (6)
a L=9p p
1Bex,7) = Bs(v, ™) _
X(Tn)—rw =0 (7)
where
o T—cos2n(1+)(N+m)
Bl ) = 14242 cos2r(14+ X)(N +7,)
B,(y ) = sin 27 (14 y)(N +7,)

T 1424 cos2n(14Y)(N +17) |

& &
7:ga7=aare non-isochronity and non-isodromity coefficients of MO, Q, is the loaded Q -
L

factor.

The solution of equations (6), (7) we find using mathematical packet Math CAD. For this, at first,
we find the solution for autodyne frequency variations X of the transcendent equation (7) by
the secant method o the iteration algorithm realized in the root function. After substitution of
obtained values of X into equation (6), we obtain values of a variable by the same approach.
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Figure 2. Plots of AFCx:(m) and Aac ,(m)(D) and their spectra x, (F,)(c) and a = a(7,) calculated at

a,(F,)(d)anda,(F,)(d) various valuesof N=1; y = p =0 " : ['=0(curves1) and " =0.5 (curves 2)

Then, performing a search of local extrems in functions a =a(z,)and x = x(z,) with the help of]
embedded Maximize (f, x,, ...x, ) function, we obtain maximal values of autodyne variation devia-

tions a__ and Xm . After that, we perform normalization of a =a(z,)and x = x(z,) function

X

with respect to extreme values a__ and Xma: Obtained. At the end, we obtain the required signal
— a(Tn) X(Tn)

characteristics in the normalized form: 4. =——and Xn =T .
a oy - Xmaz

The developed calculation algorithm according to (6) and (7) was verified for obtained results
convergence at the small signal, when 1 < 1, with results of signal characteristics calculations,
which were obtained starting from the small signal analysis fulfilled in [5, 6].

At first, we perform the analysis for the case of the extremely short distance to the radar object
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assuming N = 1. Then, we reveal the time 7 delay influence on features of autodyne response
formation assuming N = 100. At that, for each case, we introduce variations in inherent MO

parameters fulfilling calculations, at first, for isochronous and isodromous case (y =p=0),

and then for non isochronous and non-isodromous autodyne MO, when 7 #0 and p#0.
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Figure 3. Plots of coefficients K .., K ;. ,the FB parameter C,, and the level of spectral

components X, (I )(a) anda, (F,)(b) (forn=1,5) of the autodyne response of the isochronous MO, as well

as the average value of a (0) versus [" calculated forN=1; = p =0
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Figure 4. AFC and AAC (a)(d) and spectra (e), (f) of the autodyne response of non isochronous and non-
isodromous MO calculated at N =1 and various values of [": " =0.01 (curves 1), " = 0.5 (curves 2) and for

following parameters: ¥ =1.5; 0 =0.1(a), (b),(e)and ¥ =1.5; © =0.1(c),(d), (H

Figures 2 (a), (b) show AFC x,(r,) and AAC an(rn) in the form of time diagrams for the isochro-

nous MO. Plots! were calculated at various values of I . For strong reflected emission, when I"

THereafter, we take the following values: QL = 100; = = 0:1.
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Xn(Tn) = 0.5, (see curves 2), we perform the expansion of x,(z,)anda,(z,)into the har-
monic Fourier series while Figures 2 (c), (d) show the corresponding spectra.
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Figure 5. Plots of coefficients K AFC > K 4cc » the FB parameter C r and the level of spectral components

x,(F,)(a) and a,(F,)(D) (forn=1,5) of the autodyne response of the non-isochronous and non

isodromous MO, as well as average values X (0) and a (0) (atn=0) versus " calculated for N=1;  =+1.5;
L =%0.1
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Figure 6. Plots of AFC (a) and AAC (b) and spectra X, (I, )(C),a, (F,) (d) of the autodyne response of the
isochronious MO calculated at [ =0.1; ¥ = 0 =0and N: N=1 (curves 1) and N=100 (curves 2)

Plots of harmonic coefficients KAFCand KAAC, the level of harmonic components of the auto-

dyne response spectra on the frequency x,(F)and of amplitude a, (F,) variations, as well as

the average value a (0) versus the reflection coefficient modulus T of the isochronous MO are

presented in Figs. 3(a) and (b). Here we show plots of feedback (FB) parameter C_, defining as
a product of the delay time of reflected emission by the autodyne frequency deviation [4]. The

shape of these plots in Fig. 3 is broken at I" = 0.7, for which the instantaneous signal charac-

teristic value jump

s begin.
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Figure 7. Plots of coefficients K ..., K ., the FB parameter C, and thelevel of spectral

components X, (F )(a) and amplitudes a, (F, )(b) (atn=1,...5) of spectra and average value (at n =0) of the

isocronouse MO versus the [ coefficient calculated for N=100; ¥ = p =0
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For positive (7 = 1.5; p =0.1) and negative (Y = -1.5; p = -0.1) coefficients of non-isochronity
and non-isodromity of MO, Figs. 4(a) (d) show AFC x,(7,) and AAC a,(7,) which are calculated

at the previous value of distance (N = 1), but at different values of the reflection coefficient "
: T =0.01 (curves 1) and T" = 0.5 (curves 2).

Spectra x,(F,) and a,(F,)are presented in Figs. 4(e) and (f). Functions K ,,.-(T"), K ,,-(T")
and C (T") are shown in Fig. 5 (a) and (b). Here, we present curves of the harmonic compo-
nents level x, (F),a, (F,)(atn =1, ..5) andx, (0), a,(0) (n = 0) versus [ coefficient. The

shape of all these plots, as we see from Fig. 5, are broken at T = 0.5.
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Figure 8. Plots of AFC (a) and AAC (b) and spectra x, (F) )(c),a, (F )(d) of the autodyne responce of non-

isochronious MO calculated at [ =0.7; ¥ =1.5; © =0.1 and various N: N=1 (curves 1) and N=100
(curves 2)
The influence of the radar object on the shape and the spectrum of the autodyne signal for the

case of isochronous MO is presented on plots in Fig. 6. We observe AFC x,(7,)(a), AACa,(7,)

(b) and their spectra (c), (d) calculated at T = 0.1 and various values of the half-wavelengths
number N from the sensor to the radar object: N = 1 (curves 1) and N = 100 (curves 2). Figures

7(a) and (b) show the plots of harmonic coefficients K ,,. and K .., the FB parameter C., and

the level of spectra harmonic components x, (F,) (a) anda, (F,)(b) (when n = 1, ...5), as well

as average values of the autodyne response (at n = 0) versus of the reflection coefficient
modulus T .
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Figure 9. Plots of coefficients K .., K , ., the FB parameter C__ and the level of spectral

components X, (£ ) (a) and amplitudes a, (F,) (b) (atn=1,...5) of spectra and average value (at n=0) of

thenon-isocronouse MO versus the " coefficient calculated for N=100; »=1.5; 0=0.1
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For the case of non-isochronous and non-isodronous MO AFC, ,,,AAC, ., calculated at vari-

ous number of half-waves: N = 1 (curves 1) and N = 100 (curves 2), are presented in plots in Fig.
8 (a) and (b). Spectra calculation results for the case N = 100, are presented in Figs. 8(c) and

(d). FunctionsK .-, K ,-c,Crs, as well as levelsx, (F,),a, (F,)(n = 1, ...5), and x,(0),a, (0)

a,(7,

at(n = 0) versus [" coefficient are presented in Figs. 9(a) and (b). As we see from Fig. 9, in this
case plots are broken at " =0.08.

4. Conclusions

The resume of analysis of humerical modeling of the autodyne response formation processes in
MO obtained results consist in the following.

Plots of normalized functions of reactiveb, (7,) and resistive g, (7, ) components of the MO load
conduction versus the normalized time 7, are presented in Figs. 2(a) and (b) of the paper [7].

yand AAC ) of the

isochronous MO (see Figs. 2(a) and (b)), we see that the last ones practically repeat the former,
but with inversion of instantaneous values.

From comparison of these plots with obtained by us curves of AFC

X, (7 a,(z

Spectra of reactive b _(F) and active g (F,) load conduction (see Figs. 3(c),(d) of the paper [7])

are similar to the appropriate spectra x, (F,) and a_(F,), which are presented in Figs. 2(c), (d) of
the present paper. In addition, as we see from plots comparison in Fig. 4 of the paper [7] and

presented by us in Figure 3, the shape of harmonic coefficients K and K . , K and K .. practically

coincides. At that, the relative values of harmonic levels b (n) and X (n), g.n) and a_(n) and
average values g (0) and a_(0) are also in the qualitative agreement.

Characteristic comparison results presented here allow conclusion that autodyne response dis-
tortions in the case of strong reflected emission are caused predominantly by the action of the
load nonlinearity rather than the signal restriction by the AE electronic conductance, as was
assumed in [1]. We must also note that in the case of isochronous MO, the constant compo-

nent in X, (7,)autodyne characteristic is absent, as for b, (7,) component of the load conduc-

tance. Signal jumps, as it was mentioned earlier, begin at T" = 0:7, at that, the FB parameter
C., = 0:35 (see Figures 3(a), (b)).

MO non-isochronity, as can be seen from comparison of AFC, . and AAC, ., in Figs. 2(a),

X, (7, a,(z,

(b) and Figs. 4(a)-(d), causes the phase offset of x, (rn)characteristics by the angle @=tan" (7 ),

which for chosen parameters (7 + = 1.5) for the positive value of ¥, is 6 =1, while for the

negative values & . MO non isodromity causes the AAC phase offset by the angle y = tanfl(p).

Since Q, >> 1, the angle ¥ is comparatively small in value and usually does not exceed 4 0.5.

In here considered case, its value is ¥ ~0.1 at p = 0.1 (see Figure 4(b)) and ¥ =0.1at p =

0.1 (see Figure 4(d)). These phase offsets, as we see from the curves in Figures 4(a) (d),
cause additional clutter of the autodyne response, which are expressed in appearance of
characteristic wave tilts to one or another side depending on the ratio of magnitudes and

signs of coefficients of non-isochronity ) and non-isodromity © of MO.

Besides, MO non-isochronity in the case of strong reflected emission causes on AFC the increase

of frequency deviation and appearance of DC component, the sign and magnitude ofi
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¥ which depend on the sign and the magnitude of coffecient. The rst phenomenon leads to
increase the autodyne C,, parameter, while the second one lead to the oset of the central
frequency of oscillation. Therefore, during increase of the reflection emission level of the
isochronous MO, the appearance of signal jumps (see Figures 5(a), (b)) is observed at lesser
reflection coefficient (I = 0.5), than for the isochronous MO (T" = 0.7) (see Figures 3(a), (b)).
We should also note that the amplitude spectrum picture for sign change of non-isochronity
coecient ¥ does not practically change (see Figs. 4(e), (f)). This means that for sign change of
¥ or movement direction change of the radar object, variations of phase relations occur for
harmonic components in the autodyne response spectrum.

From analysis of above cases, it follows that for strong reflected emission, when the reflection
coeffient ' in commensurable with one, jumps in the process of signal formation begin not for
C, = 1, as in the case of weak signals [1, 6], but for its lesser values. So, for the case of the
isochronous oscillator, jumps begin at C., = 0.35 (see Figure 3), while for non-isochronous at
C.,= 0.7 (see Figure 5).

The increase of radar object distance causes the appropriate growth of the C_, parameter and
appearance of signal jumps at lower level of reected emission. Therefore, at studying of the
distance variation influence (the number of half-wavelengths N) on features of the autodyne
response formation in the mode of strong reflected emission, the range of analyzed values of
the reflection coefficient I are proportionally narrowed and passes towards the area of weak
signals.

Such a situation found its interpretation in values of [ chosen for calculations on plots in Figs.
6-9. From these plots, we also see that the presence of the DC component in autodyne
frequency variations of the isochronous is absent as in the case of extremely small values of N,
whereas for the non-isochronous MO this dependence happens at radar object distance
increase. There are no other qualitative differences in features of autodyne signal formation
at distance increase.

We should note that obtained results of theoretical studies are well agreed with experimental
data published in [1, 6]. In addition, they prejudice a correctness of explanation of the autodyne
sighal distortion reasons, which was suggested in [8{10] without taking into consideration
the time delay of reected emission.
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