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Abstract. Research results of signal formation features of
the autodyne sensor (AS) with sinusoidal frequency modulation (FM) are presented. Expressions for low frequency
information signals are given and their numerical analysis
is performed for cases when signal period is substantially
longer than reflected radiation delay time as well as for the
case when this inequality is not fulfilled. It is proved that at
a small distance to the reflected object when feedback
parameter value is commensurable with 1, the distortions
of FM AS signals are typically caused by reflected radiation phase incursion irregularities. When distance grows
the distortion level becomes significantly smaller due to
delay phenomenon of reflected radiation. Experimental
research results are obtained on the example of the autodyne oscillator based on the 8-mm wavelength range Gunn
diode with varicap-based FM.
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1. Introduction
Among modern radar devices of very different practical application, we can distinguish the short-range radars
(SRRs) as a separate radar type which functions in specific
conditions. Besides standard task of target detection on
short distances, they perform the function of target movement parameter measurement [1–4]. The following requirements are imposed on SRR: the extremely high processing speed of the radar signal, high detection reliability
and operation accuracy, small dimensions and low cost at
mass-production. The so-called last-mile radars can also be
attributed to the requirement of increased robustness to the
impact of active and passive interferences.
Apart from military application, such radars find the
wide utilization as reliable and imperceptible sensors in
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guarding systems [5], anti-collision sensors for transport,
for instance, for cars, including radars for observation of
latency car zones and their parking in dense rural conditions [2], [3]. In railway transport, they can be used as
measuring systems for car motion parameters in hump
yards of large railway junctions, in occupation detectors of
pointworks and railway crossings [6]. Radar sensors are
used in equipment for biomedical and scientific research as
sensors in robotics and for technological process measuring
in industry as well as real time and non-contact diagnostics
of turbo-aggregates etc. (see, for instance, [2–4], [7–10]).
To reduce dimensions and cost of the radar system
and especially its front-end, it is preferable to use highfrequency unit of millimeter-wavelength range and to
combine transmitter-receiver functions in a single unit –
a transceiver. The transceiver can be designed with completely separate chains of the transmitter and the receiver
with separate antennas. In this case to design the transceiver, the super-heterodyne or direct-conversion types of
architecture are widely used to shift the reflected signal
into the range of low or ‘zero’ frequencies. The latter
architecture is called homodyne [11].
At the same time, there is another well-known transceiver architecture called ‘autodyne’ of ‘self-oscillating
mixing’ [12–14]. In this architecture, the radio front-end is
designed on the basis of the only stage – an oscillator
(an autodyne) which combines the functions of the probing
signal transmitter and the reflected signal receiver. Such
architecture simplifies the unit design, provides its compactness and relatively low cost of the transceiver module.
At present, autodyne modules including oscillatingemitting ones with different topology are manufactured in
the form of monolithic and hybrid integrated circuits
[15–17]. Advantages of these devices are high sensitivity
of initial data conversion into the output information signal
as well as contact-free and practical inertia-absent measurements of various parameters and characteristics of the
objects to be located.
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Operation principle of these devices is based on the
autodyne effect which consists in the variations of oscillation parameters (RF process amplitude, its power, frequency and phase as well as all DC currents and bias voltages
of the active element) under the influence of its own reflected radiation. This effect is manifested in all types of oscillators in the frequency range from RF to the optical range
[1], [18–20]. Registration of these variations in the form of
autodyne signals and their further processing ensures the
possibility of obtaining information about the reflected
object and parameters of its relative motion.
The application of various types of signal modulation
(amplitude, frequency, pulse) and received signal processing substantially increase the AS functionality [1, 21,
22]. Autodyne transceivers with different modulation types
have the following advantages: high AS sensitivity in case
of detection of location objects on the background of reflections from an underlying terrain, the operation reliability in complicated meteorological conditions, the possibility of object selection at given distances and others.
Among the above mentioned modulation types, the
frequency modulation (FM) has become the most popular
[1, 23–26]. As in the usual SRR of the homodyne type, the
linear and sinusoidal FM in AS found the widest application. Sinusoidal FM is the simplest and therefore widely
spread. Its application does not require very strict linearity
of the modulation characteristic and it is possible to process signals easily via filtering. Advantages of sinusoidal
FM are the relatively low higher harmonic level of the
oscillator parasitic amplitude modulation (PAM), simplicity of modulation function formation and extraction of
weak signals on the background of the main components of
the PAM spectrum. Sinusoidal FM provides a possibility to
form zones of target selection in range, to separately measure the reflecting object range and velocity as well as direction of its movement.
A large number of publications are devoted to FM AS
signal formation features. These papers deal with different
mathematical models of autodynes and various representations of impact functions of the proper reflected radiation
on the autodyne oscillator. However, at present the equation solution for the developed FM AS model is obtained
only for the first approximation of the retarded impact
function, which is true under the following condition:
τ << Ta where τ is the delay time of the reflected radiation;
Ta is the period of the low frequency autodyne signal
[24–27]. This inequation may be violated in practice. For
instance, in 8-mm wavelength range when frequency deviation is 500 MHz [23], frequency of sinusoidal FM is
10 kHz and the distance to the location object is 75 m, τ is
0.5 × 10–6 sec, while Ta is 0.2 × 10–6 sec.
The aim of the present paper is to obtain the general
solution of retarded equation system for the single-circuit
FM oscillator which is under the influence of the proper
reflected radiation. Then, on the basis of this solution, it is
necessary to consider AS signal formation features at arbitrary delay time of the reflected radiation as well as to
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analyze the dependence of signal forms and their distortion
degree on oscillator modulation parameters and the distance to the location object.

2. The Main Relations for Signal
Analysis
The equivalent circuit of FM autodyne is presented in
Fig. 1. The main components of the circuit are reduced to
the one-port active element (AE) section in Fig. 1. In the
general case, the averaged (over the RF oscillation period)
AE admittance YAE is a complex variable depending on the
current values of the amplitude A and the frequency ω:
YAE  YAE (A, )  GAE (A, )  jBAE (A, ) , where GAE, BAE
are AE resistive and reactive conductance, respectively.
The oscillator cavity is presented by the equivalent oscillating circuit which contains the inductance Lcav, the proper
loss conductance Gcav and the capacitor Ccav (see Fig. 1).
The capacitance represents the sum of capacitances of the
cavity and the varicap Cvar which is used for electronic
tuning of the oscillator frequency.
The dependent current source js ≡ js (t, τ) is connected
in parallel to the oscillating circuit. This source describes
that AS is under the influence of the proper reflected radiation which is delayed for time τ = 2l/c with respect to the
current time t, where l is the distance to the reflected object, c is radiation speed. The conductance GL is the oscillator load (an antenna, for instance).
Using the Kirchhoff laws, the differential equations
for the circuit in Fig. 1 were obtained for instantaneous
values of currents and voltages. Then, applying the
methods of slowly-changing amplitudes and averaging in
Kurokawa’s description [28], the abbreviated differential
equations for oscillation amplitude and phase were obtained. After that, equations for the steady-state values of
amplitude A0 and frequency ω0 of the autonomous oscillator were obtained.
Assuming that the reflected radiation has a small
level, using the known approach [29], the system of linearized differential equations is obtained for small relative
variations of the amplitude a  ( A – A0 ) / A0 and the frequency   ( – 0 ) / 0 of oscillations:
(QL /cav )(da /dt )   a   = (t , ) cos (t , ) ,

(1)

 a  QL  =  (t, ) sin (t, )

(2)

where QL, cav are the loaded Q-factor and the cavity natural frequency; α, ,  are dimensionless parameters defining the reduced slope of the increment, non-isodromic
property and the oscillator non-isochronity, respectively
[29]; (t, τ) = 0[A(t, τ)/A(t)],  (t, τ) = (t) –(t, τ) are the
modulus and the phase of the reflection factor in voltage
reduced to the oscillator output; 0 is the damping factor in
voltage at emission propagation to the object and back;
A(t, τ), (t, τ) are oscillation amplitudes and phases from
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(tn , n )  0 {1  2 rn  0 K a  ( 1)m  m ( rn ) 

(7)

m0

sin[ (tn , n )   m ( rn )]},
 (tn , n )  2 n   BFM f mod (tn ) 
M

CFB  ( 1)m  m ( rn ) sin[ (tn , n )    m ( rn )]

Fig. 1. Equivalent circuit of FM AS.

the system pre-history at (t – τ); η = QL/Qex, Qex are efficiency and external Q-factor of the oscillating system; A(t),
(t), are oscillation amplitude and phase in the current
moment of time; G = Gcav + GL.
In case FM is achieved by changing bias voltage
across varicap, the variations of frequency inevitably happen with variations of oscillation amplitude:

 (t )  0  FM (t )  0 [1  mFM f mod (t )] ,

(3)

A(t )  A0 [1  aAM (t )]  A0 [1  mAM f mod (t )]

(4)

where mFM = ΔωFM/ω0 and mAM = ΔAAM/A0 are coefficients
of frequency (FM) and amplitude (АМ) modulation, respectively; ΔωFM, ΔAAM are the maximal deviations of
oscillation amplitude and frequency from their steady-state
values A0 and ω0 due to FM; fmod(t) is the normalized modulation function with Ωmod frequency. Quasi-static solution
of the first approximation [30] of the equation system (1),
(2) taking into account (3), (4) (for FM AS relative variations of the amplitude a(t, τ) and absolute frequency variations (t, τ)) has the form:
a (t , )  mAM f mod (t )  (t , ) K a cos[ (t , )  ] ,

(5)

 (t , )  0 {1  mFM f mod (t )  (t , ) La sin[ (t , )   ]} (6)
where Ka, La are autodyne amplification and frequency
deviation coefficients, respectively;  = arctan(),  =
arctan() are phase displacement angles;  = /QL,  = /α
are non-isodromity and non-isochronity coefficients,
respectively [29, 30]. The latter terms in the right-hand side
of (5) and (6) represent the formation of the autodyne response useful components caused by the reflected radiation
impact.
To obtain analysis results of the autodyne response
for the general case of arbitrary ratio of reflected radiation
time delay τ and autodyne signal period Tа, a well-known
approach to the analysis of retarded systems is used. This
approach is developed in [29] for the case of signal analysis of autodynes without modulation. It consists in expanding functions A(t, τ) and (t, τ) of the delayed impact
into Tailor series with respect to a small parameter – ratio
of τ to the current time t. Application of this approach assumes the absence of breaks of (5), (6) over all time interval of autodyne response formation. In addition, we exclude from consideration the transients in reverse zones of
the modulation function, taking into account the strong
inequality τ << 2π/Ωmod. Taking into consideration all
mentioned above, expressions for (t, τ) and  (t, τ) in (5),
(6) as functions of the normalized (dimensionless) delay
time τn = 0τ/2π are as follows:

(8)

m 0

where rn = l/Λa = τ/Ta is the parameter of distance normalized to a wavelength of autodyne signal Λa = cTa/2; BFM =
ΔFM τ/2π is the parameter of 'FM base’ determining the
number of signal periods being stacked on the modulation
function period in case of motionless reflecting object;
CFB = 0 La 0 τ is the feedback (FB) parameter of the autodyne system ‘oscillator – reflecting object’ [25]; tn =
Ωmod t /2π is the normalized time of the modulation function; Χm(rn), Θm(rn) are module and phase of terms of series
from (7) and (8):
 m (rn ) 

(2 rn ) 2 m 4(m  1) 2  (2 rn ) 2
2(m  1)  (2m  1)!

,

m ( rn )   arctan[ rn / (m  1)] .

(9)
(10)

Autodyne variations of oscillation amplitude are usually small (0 Ka << 1) and in (7) we can neglect the second
term in large parenthesis assuming (t, τ) = 0 in (5), (6).
This approximation in the AS mathematical model assumes
taking into account only the phase delay. The further analysis of AS response formation features will be performed
on the basis of the expressions for autodyne amplitude
characteristic (AAC) an (tn, τn) and autodyne frequency
characteristic (AFC) χn (tn, τn) extracted from (5) and (6):
an (tn , n )  a(tn , n ) / am  cos[ (tn , n )  ] ,

(11)

 n (tn , n )   (tn , n ) /  m   sin[ (tn , n )   ]

(12)

where am = 0 Ka, χm = 0 La are maximal values of oscillator amplitude and frequency variations. These characteristics are determining for autodyne signal formation, therefore, they are called ‘signals’ in the theory of autodyne
systems [29], [30].
The solution of the transcendent equation (8) on condition of its smoothness when CFB < 1 can be obtained by
the method of successive approximations. This solution in
the form of the autodyne phase characteristic (APC)
 (tn, τn) has the form:
M

 (tn , n )   (tn , n )(0)  CFB  ( 1) m  m ( rn ) 
m0

sin[ (tn , n )(1)    m ( rn ) 
M

CFB  ( 1) m  m ( rn ) sin[ (tn , n )(2)    m ( rn )  ...

(13)

m 0

M

CFB  ( 1) m  m ( rn ) sin[ (tn , n )( k )    m ( rn )]...]]
m0

where  (tn, τn)(0,1,…,k) = 2π τn + πBFM fmod (tn); the order of

Figure 2 shows the APC timing diagrams  (tn), the
instantaneous frequency difference IFD(tn) = d (tn) / dtn,
characterizing the variation speed of the phase incursion of
the reflected radiation as well as AAC an(tn). Calculations
of these characteristics were performed on the basis of
(11), (13) for the modulation function fmod(tn) = sin(2πtn)
for different rn. Spectra of signal characteristics AAC
an(Fn) for the cases shown in Fig. 2 are presented in Fig. 3.,
where Fn is a frequency of autodyne signal normalized to
Ωmod.
Here and further, calculations were performed at
 = 0.2, BFM = 5.3, CFB = 0.8, Ωmod = 2π;
k = M = 50. Below we shall define ‘the operation zone’ as
the segment of the distance equal to a unit of the dimensionless normalized distance rn beginning with the first
operation zone where 0 ≤ rn ≤ 1. It is necessary to note that
numbers M and k in (8), (13), which were taken for calculations, ensure the convergence of calculation results in the
ranges rn ≤ 5 and CFB ≤ 0.98.

 = 1,

Diagrams in Fig. 2 show that in this case there are no
signal phase jumps by contrast with the case of applying
the linear modulation functions in AS [24], [31], [32].
However, while using the sinusoidal modulation function,
the phase variations of the autodyne response with the
frequency Ωmod and the modulation index πBFM are
observed. This modulation causes appearance of additional
components in the signal spectrum (see Fig. 3(с)). These
signal peculiarities are in agreement with the theory of ope-
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IFD
dδ(tn)/dtn
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FM AS signals are usually registered in the power
source circuit (the auto-detection signal) by means of detecting its oscillation amplitude variations in the form of
AAC an(tn, τn) or output power variations [1, 12–14, 25].
The phase variations  (tn, τn), which are caused by the
modulation process and by the autodyne variations of frequency χn (tn, τn) as well as the reflecting object movement,
contribute in the signal formation. Below we consider the
case of fixed reflecting object assuming that τn = 0 and
 (tn, τn) =  (tn), an(tn, τn) = an(tn), χn(tn, τn) = χn(tn). To reveal
autodyne signal formation peculiarities the numerical
method is used.
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3. Numerical Results
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The linear APC, which is typical for homodyne
SRRs, corresponds to the zero approximation when only
the first term in (13)  (tn, τn)0 is taken into consideration.
Further approximations add nonlinearity in this APC,
which is an attribute of the autodyne SRRs. Therefore, in
the current research the main attention will be focused on
the revelation of AS signal features with the sinusoidal FM
under conditions when the FB parameter CFB is commensurable with unity. It usually takes place with the growth of
values of reflected radiation level (the quantity 0) and (or)
the time delay τ.

6π
0
- 6π
0.8 1.2 1.6 2.0
Normalized time – tn

AAC
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approximation is denoted by indices in parenthesis near
terms  (tn, τn).
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(d)

Fig. 2. Diagrams of APC  (tn), IFD(tn) and AAC an(tn),
calculated for different rn: (a) rn = 0, (b) rn = 0.5,
(c) rn = 1, (d) rn = 1.5.

ration of homodyne systems, but the presence of signal
anharmonic distortions substantially distinguishes autodyne
systems from homodyne ones. As diagrams in Fig. 2(a)
show, these distortions look like variations of ‘wave slope’
of signal characteristics AAC an(tn) when the sign of the
derivative of the FM modulation function changes.
The analysis of timing and spectral diagrams in
Figs 2(а) and 3(а) shows that results presented in the current paper for the case of rn = 0 completely correspond to
the results of earlier FM AS signal research described in
[24–27]. In these publications, the signal analysis was
performed only for the first approximation of retarded
impact functions when τ << Ta. It is shown that phase shift
irregularity  (tn) (at CFB commensurable with unity) causes
anharmonic distortions of signal characteristics and appearance of higher harmonic components.
Diagrams in Fig. 2(b)–(d) show that as rn grows the
derivative IFD(tn) peak height and the degree of anharmonic distortions of AAC essentially decrease. Such
a tendency is especially noticeable in the first operation
zone where 0 ≤ rn ≤ 1. Calculations of characteristics for
other rn values show that in the case when rn is divisible by
the integer number (i.e. rn = 1, 2,…) AAC have almost
sinusoidal form without ‘wave slopes’ and higher harmonics are absent in their spectra (see Fig. 3(c)). When
CFB << 1 signal characteristics an(tn) also have no peculiarities since autodyne signals being formed completely correspond to signals of homodyne FM systems, as we already
mentioned.

Amplitude – an(Fn)
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50
Frequency – Fn
(c)

(b)

Fig. 4. Plots THD(rn) (a) and DC components a0(rn) (b), calculated for CFB = 0.8 (curve 1) and CFB = 0.4 (curve 2).

Calculation results in the form of a0(rn) are presented
in Fig. 4(b). These curves show that at rather large values
of CFB the level of DC component may achieve 10…15%
from autodyne variation amplitudes am. If CFB << 1 these
components in the FM AS output signals are almost absent.
(d)

Fig. 3. Spectra an(Fn) calculated for different rn: (a) rn = 0,
(b) rn = 0.5, (c) rn = 1, (d) rn = 1.5.

It is necessary to mention that the character of the
‘continuous’ AS signal spectrum for the sinusoidal FM
(see Fig. 3) substantially differs from the discrete spectrum
obtained at linear FM types [24], [32]. For sinusoidal FM
the effective spectrum width is π-times more than its value
in comparison with the case of the non-symmetric sawtooth FM law and is π/2-times more in comparison with the
case of the symmetric saw-tooth law [24]. These differences are caused by nonlinearity of signal phase modulation and hence larger value of modulation curve slope at
sinusoidal modulation function than for the case of linear
FM laws.
The most important point which follows from the
analysis of spectra presented in Fig. 3(b)–(d) consists in the
fact that as rn grows the level of higher harmonic components substantially decreases. For better representation of
this dependence we use a generalized parameter characterizing the distortion degree of quasi-periodic oscillations
called the total harmonic distortion (THD) coefficient.
Calculation results of the THD using the first 10 terms of
the Fourier series (as functions of rn) are presented in
Fig. 4(a) for different values of CFB.
Plots in Fig. 4(a) show that the largest signal distortions are observed in the middle of the first operation zone.
If CFB = 0.8, the THD achieves 60%. With further transition into operation zones of higher order, signal distortions
substantially decrease achieving minimal values in the case
when the rn value is equal to an integer number (i.e. rn =
1,2,…). It is necessary to note that the THD in case of the
sinusoidal modulation is much higher than in cases of
linear FM laws [32].
Returning to the analysis of calculation results presented in Fig. 3, it is necessary to mention the presence of
DC components a0(Fn) in spectra. Taking this phenomenon
into account is important for signal processing and noiseimmunity analysis of systems.

To explain the character of the functions obtained
above, it is necessary to introduce the notions of the equivalent FB parameter Ceq and the angle of dynamic displacement ΔDD of autodyne response phase: Ceq = CFB KDF and
M

ΔDD =  (rn) –  (rn = 0). Here K DF   (1) m  m (rn ) is the
m0

‘dynamic factor’ of FB included in (8) and (12);  (rn),
 (rn = 0) are phases of the instantaneous reflection factor
obtained at the current value of rn and at its zero value,
respectively. Calculation results for KDF(rn) and ΔDD(rn)
are presented in Fig. 5; for the function ΔDD(rn) two
curves are obtained: curve 1 is for the non-isochronic oscillator, and curve 2 is for the isochronic one.
The curve KDF(rn) (Fig. 5(а)) shows that as rn grows
in the first operation zone (where 0 < rn < 1) KDF and,
accordingly, Ceq decrease almost by the order. Then, with
rn growth, Ceq asymptotically damps with slight increases
in the middle part of operation zones of higher order where
rn > 1.
With rn growth in the first operation zone, dynamic
phase variations ΔDD of signal characteristics are also the
largest (see Fig. 2(а) and (b)). At rn = 1 there is the first
minimum of this function which is determined by the value
of θ characterizing the oscillator non-isochronity (see
Fig. 5(b)). With further rn growth, the asymptotical
damping is also observed for ‘oscillations’ of dynamic
phase variations ΔDD.
Phase – ΔδDD(rn)

0.8

(a)

(b)

Amplitude – an(Fn)

(a)

KDF(rn), relative units

Amplitude – an(Fn)
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(a)

(b)

Fig. 5. Plots of the dynamic FB factor KDF(rn) (a) and the
phase displacement ΔDD(rn) (b) of signals:  = 1
(curve 1),  = 0 (curve 2).
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To understand the physical sense of the revealed dependence of FM AS signal formation, let us consider the
simplified model of the interaction process of the autodyne
oscillator with the proper reflected radiation using the
stepping method on the example of radio-pulse autodyne
(see [33]). This model research results show that with
shortening of the relative radio-pulse duration (which is
equivalent to the normalized distance rn growth), the number of partial reflections decreases during radio-pulse impact. This causes the reduction of the FB parameter Ceq of
the autodyne system and, accordingly, the signal distortion
level. Achieving the value of normalized distance rn = 1
(when the reflected radiation impact becomes single-partial) provides forming almost sinusoidal autodyne variations of oscillation amplitude and frequency.

4. Experimental Results
Oscillation module based on the 8-mm wavelength
range Gunn diode was used to perform experimental
research of FM AS signal peculiarities. The module is integrated in the AS, which was developed for checking the
occupation of point-works on the hump-yards [6], [23].
The general view of AS and its main components are
presented in Fig. 6. An antenna with the millimeter-wave-

(a)

(b)

(c)

Fig. 6. General view of AS (a), of autodyne module with the
horn antenna (b) and the printed board (c) of the
control and signal processing unit.

Source of 8
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RS-485
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6
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7
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1
2

3
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Oscillator
Varicap

13
Serial
port
CSP

Modulation signal
Fig. 7. Structural diagram of AS.
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length module and the printed circuit board with modules
of probing signal generation, digital signal processing and
communication RS-485 interface are encapsulated into the
cylindrical hermetic case made of the duralumin with
a diameter of 92 mm and a length of 170 mm. The dielectric lens of antenna is simultaneously the front wall of the
case.
The autodyne oscillator of AS is made on the basis of
discrete components: the Gunn diode АА727А and the
varicap 3А637А-6. The effective radiated power is
25 mW, the central frequency is 36.5 GHz. The oscillator
provides the 500 MHz frequency deviation, the modulation
frequency is 10 kHz. The antenna type is the horn-lens
with the beamwidth 6 × 6 degrees.
The structural diagram of AS is presented in Fig. 7.
The central signal processor CSP which simultaneously
performs functions of FM law generation and the primary
processing of signals converted by the autodyne is based
on the digital signal processor TMS320F2808. The following hard-ware function blocks of DSP are used: the
analog-to-digital converter ADC (12 in Fig. 7); the transceiver of SPI-bus (13) which controls digital-to-analog
converter DAC (4); the transceiver of SCI-bus (11) which
performs the data exchange with the indicator and control
units; the high-speed computing kernel performing all the
functions of digital signal processing (the spectral analysis,
digital signal filtering, the signal analysis and data formation for indication). The DAC unit (4) is intended to
form modulation signal which is applied through the amplifier (7) to the varicap (included in the UHF oscillator (2))
performing FM.
UHF FM signal is emitted by the antenna system (1)
of the transceiver module (2). Electromagnetic radiation
reflected from the target passes back into the UHF oscillator (2) and causes the variations of oscillation parameters.
The autodyne signal is registered by the current sensor (5)
which converts the current variations in the power supply
circuit of the Gunn oscillator into the output voltage. After
passing through the filter (6) and the amplifier (7), this
signal is applied to ADC (12) of CSP.
To exclude received signal components providing no
useful information (caused by PAM and reflection from
near objects) preliminary signal filtering is used. For this
purpose the algorithm of the ‘moving average’ is applied to
input signal; the algorithm acts as a low-pass filter [34],
[35]. After low-frequency components extraction they are
subtracted from the initial signal. It results in the formation
of the ‘dead zone’ near the AS.
If there is a reflecting object in the AS operation zone,
there is a signal at the output of the preliminary filter. Further, the main frequency selection algorithm is applied to
this signal in the filter-spectrum analyzer which is performed on the basis of the FFT function.
The further digital processing of the signal components remained at the main filter output consists in determination of the mean number of signal periods over one
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(а)

(b)

Fig. 8. Spectra of signal converted by the autodyne obtained
from the corner reflector (а) and from the wall of fivefloor building (b).

period of modulation function. After multiplication by the
calibration factor, the result is the distance to the object.
A half of the difference of information signal period number on the ascending and descending parts of the modulation function, taking into account the calibration factor,
provides determination of the relative velocity and the
target direction. The latter is obtained on the basis of the
difference result sign.
The analysis results are transferred through the
universal asynchronous receiver-transmitter UART (11)
and the converter RS-485 (10) to the PC (9) which is used
as the imaging system for radar information.
Figure 8 shows the signal spectra obtained at the output of the SRR processing unit from the corner reflector (а)
and from the wall of the five-floor building (b). The corner
reflector with scattering cross-section about 10 m2 was
mounted at the distance l = 3 m (delay time τ = 2  10–8 s)
from the antenna aperture. The building wall was situated
at the distance l = 60 m (τ = 4  10–7 s). The largest frequency of the converted signal from the corner reflector
was about 314 kHz (Ta = 3.2  10–6 s), while from the
building wall – 6.3 MHz (Ta = 1.6  10–7 s). Signal amplitudes (Us) in both cases were practically the same and FB
parameter CFB ≈ 0.8.
In the first case (Fig. 8(а)), there are noticeable levels
of the second and third harmonics in the spectrum, which is
typical for anharmonic distortions of autodyne signals. In
the second case, higher harmonic components have
substantially lower levels than in the first case. Comparison
of spectra in Fig. 8(а), (b) and spectra presented in
Fig. 3(а), (d) shows their qualitative agreement. It let us
conclude that obtained experimental data confirm the
adequacy of the above-developed mathematical model for
the analysis and calculation of signal and spectral
characteristics of FM AS.

5. Conclusions
Features of FM AS signal formation are considered
for sinusoidal FM law in cases of various ratio of the delay
time of the reflected signal τ and the autodyne signal period

Ta. Result analysis of the performed research shows that
the frequency of the signal converted by the autodyne in
the whole range of distances to the target object exactly
corresponds to the frequency of signal obtained in the case
of the homodyne system [1–4], [9–11]. It is proved that at
small distances to the reflected object when τ << Ta the
obtained analysis results conform to results of previous
investigations [24–27]. When CFB is commensurable with
unity, substantial distortions of autodyne signals and
appearance of higher harmonic components in the signal
spectrum are observed. It requires additional consideration
in signal processing devices.
When the distance to the reflecting object grows, delay time of the reflected radiation τ becomes equal or more
than the autodyne signal period Ta. In this case, the anharmonic distortion degree of AAC an(tn) and AFC χn(tn) substantially decreases. The distortion reduction is especially
noticeable at distances divisible by the integer number of
τ/Ta = rn (i.e. rn = 1,2,…).
The analysis results obtained in this paper develop
and expand the results of the known investigations published in [29] when dealing with FM in oscillators as well
as the results of investigations published in [24], [31] when
dealing with consideration (in the autodyne model) of
phase variation dynamics of reflected radiation in the process of its propagation to the reflecting object and back.
The dependence of FM AS signal formation is revealed on
the example of UHF oscillator application. They have
general character and physical interpretation on the basis of
the stepping method known from the theory of retarded
systems. Thus, the obtained results, in our opinion, can be
also used for signal calculation of AS made on the basis of
semiconductor laser modules [25–27].
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