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Research results of signal formation peculiarities in autodyne short-range radars with linear frequency modulation

by non-symmetric saw-tooth law are presented. Calculation expressions for autodyne signals are obtained in the

general case of arbitrary delay time of reflected emission. Temporal and spectral diagrams of autodyne signals

are defined in the cases when its period duration is much more than the delay time of reflected emission, as well

as for cases when this inequality is not satisfied. Experimental investigations are performed using the autodyne

oscillator on the Gunn diode of 8mm-range, which is electronically controlled in frequency by the varicap.
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Introduction

Autodyne short range radars with frequency
modulation (FM ASRR) have found wide application as
guard sensors, anti-collision sensors for transport vehi-
cles, measuring devices for car motion in hump yards,
detectors of point-work occupation and railway crossings
and many others [1–5] due to construction simplicity
and low cost of the transceiver device. Operation princi-
ple of these devices is based on the so-called “autodyne
effect”, which consists in oscillator parameter variations
under influence of reflected emission [5]. These variati-
ons registration in the form of autodyne signals and
their further processing provide a possibility to obtain
information about reflecting object and its relative moti-
on parameters.

A large number of publications is devoted to peculi-
arities of FM ASRR autodyne signal formation, in whi-
ch different mathematical models and impact function
representations for proper reflected emission are used.
In earlier publications, which were mainly issued in the
period of autodyne theory coming into being, the impact
function was represented by variable load, which vari-
es with a frequency of the signal formed [6]. In later
publications, this function was described by the equi-
valent current (or voltage) source having the relative
frequency offset caused by emission FM and by reflected
radio-signal delay [5,7–9]. Within the limits of described
approaches, the oscillation frequency and amplitude are

changing with the differential frequency and the output
signals become harmonic as a result of these variation
detection.

In publications of the recent time, the presence of
anharmonic distortions [10, 11] at investigation of FM
ASRR signal in the millimeter wavelength range. The
phase delay of reflected emission was assumed as a
basis of the model, which takes into consideration this
phenomenon. At that, it was shown that signal distorti-
ons are caused by autodyne frequency variations, which
cause nonlinearity of the reflected emission phase incursi-
on. Nevertheless, solution of equations with retarded
argument in known publications was obtained for the
first approximation only, which is valid under condition,
when the delay time 𝜏 of reflected emission in much less
than the period 𝑇𝑎 of formed autodyne signal. In the
actual conditions, at large values of frequency deviations
and the high FM operation speed, which is typical for
millimeter-wave range, this inequality may be violated1.
For such conditions of FM ASRR functioning, peculiari-
ties of autodyne response formation did not consider in
known publication.

To develop the promising FM ASRRs and its
reasonable applications, it is undoubtedly necessary to
have a knowledge about signal properties under menti-
oned conditions. Therefore, the goal of this paper is
obtaining the general solution of the system of retarded
equations for the single-circuit autodyne FM oscillator.
Then, on the base of this solution, we are going to

1For example, in 8mm-range, in typical situation of 500 MHz frequency deviation [4], the frequency modulation by non-symmetric
saw-tooth law equaled to 10 kHz and the distance to the object 75 m, the delay time 𝜏 is 0.5 · 10−6 sec, and the autodyne signal period
𝑇𝑎 is equal to 0.4 · 10–6 sec.
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examine peculiarities of autodyne response formation
at different FM parameters and distances to the radar
object for the non-symmetric saw-tooth FM law. Parti-
ally, this task were discussed in reports [12–14].

1 Initial expressions for signal

analysis

A system of differential equations linearized in the
vicinity of steady-state mode for small relative variations
of the oscillation amplitude 𝑎 and frequency 𝜒 for single-
circuit oscillator, which is under impact of the proper
reflected (from the radar object) emission, has a view
[12,15]:

(𝑄𝐿/𝜔𝑐𝑎𝑣)(𝑑𝑎/𝑑𝑡) + 𝛼𝑎+ 𝜀𝜒 = Γ(𝑡, 𝜏)𝜂 cos 𝛿(𝑡, 𝜏), (1)

𝛽𝑎+𝑄𝐿𝜒 = −Γ(𝑡, 𝜏)𝜂 sin 𝛿(𝑡, 𝜏), (2)

where 𝑄𝐿, 𝜔𝑐𝑎𝑣 are the loaded Q-factor and the cavity
natural frequency, relatively; 𝛼, 𝜀, and 𝛽 are dimensi-
onless parameters defining the oscillator increment slope,
non-isodromity and non-isochronity, relatively; 𝜂 =
𝑄𝐿/𝑄𝑒𝑥, 𝑄𝑒𝑥 is an efficiency and the external Q-factor
of the oscillating system; Γ(𝑡, 𝜏) = Γ0[𝐴(𝑡, 𝜏)/𝐴(𝑡)],
𝛿(𝑡, 𝜏) = Ψ(𝑡) − Ψ(𝑡, 𝜏) are the modulus and the phase
of the instantaneous reflection factor reduced to the
oscillator output; Γ0 is the emission damping factor in
amplitude at its propagation to the object and back;
𝐴(𝑡), 𝐴(𝑡, 𝜏), and Ψ(𝑡), Ψ(𝑡, 𝜏) are oscillator amplitudes
and phases in the current moment t and from the system
pre-history (𝑡− 𝜏); 𝜏 = 2𝑙/𝑐, where 𝑙 is a distance to the
reflecting object; 𝑐 is the speed of emission propagation.

At FM by means of the bias voltage variations across
the varicap, both frequency and “parasitic” amplitude
modulation (PAM) occur:

𝜔(𝑡) = 𝜔0 + ∆𝜔𝐹𝑀 (𝑡) = 𝜔0[1 +𝑚𝐹𝑀𝑓𝑚𝑜𝑑(𝑡)], (3)

𝐴(𝑡) = 𝐴0[1 + 𝑎𝐴𝑀 (𝑡)] = 𝐴0[1 + 𝑎𝐴𝑀𝑓𝑚𝑜𝑑(𝑡)], (4)

where 𝑚𝐹𝑀 = ∆𝜔𝐹𝑀/𝜔0 and 𝑚𝐴𝑀 = ∆𝐴𝐴𝑀/𝐴0

are coefficients of frequency (FM) and amplitude (AM)
modulation, relatively; ∆𝜔𝐹𝑀 , ∆𝐴𝐴𝑀 are maximal
deviations of oscillation amplitude and frequency from
the steady-state values 𝐴0 and 𝜔0 due to oscillation
modulation; 𝑓𝑚𝑜𝑑(𝑡) is the normalized modulating functi-
on having the Ω𝑚𝑜𝑑 frequency. The quasi-static solutions
of the first approximation [16] of the equation system
(1), (2) with account (3), (4) for relative variations of
the amplitude 𝑎(𝑡, 𝜏) and absolute frequency variations
𝜔(𝑡, 𝜏) of FM ASRR have a view:

𝑎(𝑡, 𝜏) = 𝑚𝐴𝑀𝑓𝑚𝑜𝑑(𝑡) + Γ(𝑡, 𝜏)𝐾𝑎 cos[𝛿(𝑡, 𝜏) − 𝜓], (5)

𝜔(𝑡, 𝜏) = 𝜔0 {1 +𝑚𝐴𝑀𝑓𝑚𝑜𝑑(𝑡) − Γ(𝑡, 𝜏)𝐿𝑎

sin[𝛿(𝑡, 𝜏) + 𝜃]} , (6)

where 𝐾𝑎, 𝐿𝑎 are coefficient of autodyne amplificati-
on and the frequency deviation; Ψ = arctan(𝜌), 𝜃 =
arctan(𝛾) are angles of phase shift; 𝜌 = 𝜀/𝑄𝐿, 𝛾 = 𝛽/𝛼
are coefficients of oscillator non-isodromity and non-
isochronity, relatively.

To obtain expressions describing the autodyne
response in the general case of arbitrary ratio of reflected
emission delay time 𝜏 and Tа period, we use the known
approach to analysis of systems with delay, which is
developed for the case of usual (without FM) autodyne
signal description in [15]. Its sense consists in expansion
of functions 𝐴(𝑡, 𝜏) and Ψ(𝑡, 𝜏) of retarded impact into
Taylor series over the small parameter — ratio of delay
time 𝜏 and the current time 𝑡. At that, we assume that
functions (5), (6) have no breaks over all time interval
for autodyne response formation. In addition, here we
exclude from consideration the transients in reverse zones
of the modulating functions taking into account fulfi-
llment of the strong inequality 𝜏 << 2𝜋/Ω𝑚𝑜𝑑. Then,
taking above-mentioned into consideration, expressions
for a(𝑡, 𝜏) and 𝛿(𝑡, 𝜏) in (5), (6), as functions of normali-
zed (dimensionless) delay times 𝜏𝑛 = 𝜔0𝜏/2𝜋 and the
modulating function 𝑡𝑛 = Ω𝑚𝑜𝑑𝑡/2𝜋, have the view:

Γ(𝑡𝑛, 𝜏𝑛) = Γ0

(︃
1 + 2𝜋𝑟𝑛Γ0𝐾𝑎·

·
𝑀∑︁

𝑚=0

(−1)𝑚𝑋𝑚(𝑟𝑛) sin[𝛿(𝑡𝑛, 𝜏𝑛) − 𝜓 + Θ𝑚(𝑟𝑛)]

)︃
(7)

𝛿(𝑡𝑛, 𝜏𝑛) = 2𝜋𝜏𝑛 + 𝜋𝐵𝐹𝑀𝑓𝑚𝑜𝑑(𝑡𝑛)−

− 𝐶𝐹𝐵

𝑀∑︁
𝑚=0

(−1)𝑚𝑋𝑚(𝑟𝑛) sin[𝛿(𝑡𝑛, 𝜏𝑛) + 𝜃 + Θ𝑚(𝑟𝑛)]

(8)

where 𝑟𝑛 = 𝜏/𝑇𝑎 is the parameter of normalized (with
the respect to the autodyne signal period 𝑇𝑎) distance
to reflecting object; 𝐵𝐹𝑀 = ∆𝐹𝐹𝑀𝜏 is the parameter of
“FM base” defining the number of signal periods being
stacked over the modulating function period at fixed
reflecting object, when 𝜏𝑛 is fixed; ∆𝐹𝐹𝑀 = ∆𝜔𝐹𝑀/2𝜋
is the frequency deviation expressed in Hz; 𝐶𝐹𝐵 is the
feedback parameter of the autodyne system; 𝑋𝑚(𝑟𝑛),
Θ𝑚(𝑟𝑛) are amplitude values and phase shifts of 𝑚-
th terms (𝑚 = 0, 1, . . . ,𝑀) of series in equations (7)
and (8):

𝑋𝑚(𝑟𝑛) =
(2𝜋𝑟𝑛)2𝑚

√︀
4(𝑚+ 1)2 + (2𝜋𝑟𝑛)2

2(𝑚+ 1)(2𝑚+ 1)!
,

Θ𝑚(𝑟𝑛) = − arctan
𝜋𝑟𝑛

(𝑚+ 1)

(9)

Autodyne variations of oscillation amplitude Γ0𝐾𝑎

are usually very small: Γ0𝐾𝑎 << 1. Therefore, we
can neglect by the second term in large parenthesis
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of (7). Such an approximation in the autodyne system
mathematical model supposes an account the phase delay
only of the reflected emission. At that, we note that
known solutions for the autodyne response following
from (7) — (9), are obtained in the first approximations
assuming 𝑚 = 0. Account of series terms of higher order
in these expressions, as it will shown later, allows taking
into consideration also the dynamics of phase variation
𝛿(𝑡𝑛, 𝜏𝑛) at any ratio on delay time 𝜏 of reflected emission
and the autodyne signal period 𝑇а.

In this connection, the further analysis of the
autodyne response will be examined without first terms
in (5), (6) for Γ(𝑡, 𝜏) = Γ0. Then, expressions for
normalized maximal values of variations of amplitude
and frequency in the form of the amplitude (AAC)
𝑎𝑛(𝑡𝑛, 𝜏𝑛) and frequency AFA 𝜒𝑛(𝑡𝑛, 𝜏𝑛) characteristics2

of the autodyne, have the vews:

𝑎𝑛(𝑡𝑛, 𝜏𝑛) = 𝑎(𝑡𝑛, 𝜏𝑛)/Γ0𝐾𝑎 = cos[𝛿(𝑡𝑛, 𝜏𝑛) − 𝜓], (10)

𝜒𝑛(𝑡𝑛, 𝜏𝑛) = 𝜒(𝑡𝑛, 𝜏𝑛)/Γ0𝐿𝑎 = − sin[𝛿(𝑡𝑛, 𝜏𝑛) + 𝜃]. (11)

Solution of the transcendent equation (8) under
condition of its smoothness when 𝐶𝐹𝐵 < 1, can be
obtained by the successive approximation method. This
solution in the form of the autodyne phase characteristic
(APC) 𝛿(𝑡𝑛, 𝜏𝑛) has a view:

𝛿(𝑡𝑛, 𝜏𝑛) = 𝛿(𝑡𝑛, 𝜏𝑛)(0)−

−𝐶𝐹𝐵

𝑀∑︁
𝑚=0

(−1)𝑚𝑋𝑚(𝑟𝑚) sin[𝛿(𝑡𝑛, 𝜏𝑛)(1) + 𝜃+ Θ𝑚(𝑟𝑛)−

−𝐶𝐹𝐵

𝑀∑︁
𝑚=0

(−1)𝑚𝑋𝑚(𝑟𝑛) sin[𝛿(𝑡𝑛, 𝜏𝑛)(2)+𝜃+Θ𝑚(𝑟𝑛)−. . .

−𝐶𝐹𝐵

𝑀∑︁
𝑚=0

(−1)𝑚𝑋𝑚(𝑟𝑛) sin[𝛿(𝑡𝑛, 𝜏𝑛)(𝑘)+𝜃+Θ𝑚(𝑟𝑛)] . . .

. . .]] (12)

where indices in parenthesis near terms 𝛿(𝑡𝑛, 𝜏𝑛) denote
the approximation order; 𝛿(𝑡𝑛, 𝜏𝑛)0,1,...,𝑘 = 2𝜋𝜏𝑛 +
𝜋𝐵𝐹𝑀𝑓𝑚𝑜𝑑(𝑡𝑛).

The zero approximation, when we take into consi-
deration the first term only of the sum in (12) 𝛿(𝑡𝑛, 𝜏𝑛),
corresponds to the linear phase characteristic, which is
typical for homodyne SRR. The further approximati-
ons insert nonlinearity in the function, which is the
autodyne system attribute. Therefore, the main attenti-
on below in research fulfilled will be focused on revealing
of ASRR signal peculiarities under conditions, when the
𝐶𝐹𝐵 parameter is commensurable with 1.

2 Numerical analysis of the

autodyne response

FM ASRR signals are usually registered in the power
source circuit of the UHF oscillator (the autodetection
signal) or by means of oscillation amplitude variations
detection. Both variations of the amplitude in the form
of AAC 𝑎𝑛(𝑡𝑛) and of the autodyne current frequency
in the form of AFC 𝜒𝑛(𝑡𝑛) give the contribution in these
signal formation. To clarify the peculiarities of FM ASRR
signal formation, we use the following mathematical form
of the normalized modulating function 𝑓𝑚𝑜𝑑(𝑡𝑛) [11] for
the non-symmetrical modulation law:

𝑓𝑚𝑜𝑑(𝑡𝑛) =
2

𝜋
arctan

[︂
tan

(︂
2𝜋𝑡𝑛 + 𝜋

2

)︂]︂
. (13)

(a) (b)

 
(c) (d)

Fig. 1. Time diagrams of APC formation 𝛿(𝑡𝑛), their
derivatives 𝑑𝛿(𝑡𝑛)/𝑑𝑡𝑛, AAC 𝑎𝑛(𝑡𝑛) (curve 1) and AFC
𝜒𝑛(𝑡𝑛) (curve 2) calculated at various values of normali-
zed distance 𝑟𝑛: 𝑟𝑛 = 0 (a), 𝑟𝑛 = 0.5 (b), 𝑟𝑛 = 1 (c) and

𝑟𝑛 = 1.5 (d)

Calculation results of the time diagrams of APC 𝛿(𝑡𝑛)
and its normalized derivatives 𝑑𝛿(𝑡𝑛)/𝑑𝑡𝑛 characterizi-
ng the variation speed of the reflection emission phase
incursion, as well as AAC 𝑎𝑛(𝑡𝑛) and AFC 𝜒𝑛(𝑡𝑛), fulfi-
lled according to (10) — (12) with account of (13) for
different normalized distances 𝑟𝑛, are presented in Fi-
gure 1. Spectral diagrams 𝑎𝑛(𝐹𝑛) and 𝜒𝑛(𝐹𝑛) of signal
characteristics calculated at previous values of oscillator

2These characteristics are determining in autodyne signal formation, therefore, they are referred as signal characteristics in the theory
of autodyne systems [15].
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parameters and normalized distances 𝑟𝑛 (see Figure
1,а–d), are presented in Figure 2. In the future, at
analysis on autodyne characteristics, we shall call as
“operation zones” (beginning for the first, where 0 ≤
𝑟𝑛 ≤ 1) the segments of normalized distance 𝑟𝑛, which
are multiplies to integer numbers.

 
(a)

 
(b)

 
(c)

 
(d)

Fig. 2. Spectrograms 𝑎𝑛(𝐹𝑛) and 𝜒𝑛(𝐹𝑛) calculated for
normalized distances 𝑟𝑛 = 0 (a), 𝑟𝑛 = 0.5 (b),

𝑟𝑛 = 1 (c) and 𝑟𝑛 = 1.5 (d)

Hereinafter, if there is not the special reservation,
calculation of the time diagrams are performed at 𝜃 = 1,
𝜓 = 0.2, 𝐵𝐹𝑀 = 5, 𝐶𝐹𝐵 = 0.8, 𝑘 = 𝑀 = 50, 𝜏𝑛 = 0.
We note that the number of series terms in (7), (8) and
approximations of 𝑘-order in (12), which were taken in
calculations, ensure the convergence of calculation results
in the ranges 𝑟𝑛 ≤ 5 and 𝐶𝐵𝐹 ≤ 0.98.

From analysis of time and spectral diagrams
presented in Figures 1,а and 2,а, we see that results obtai-
ned for 𝑟𝑛 = 0 correspond to research results, which were
performed in [10, 11] only for the first approximations
(𝜏 << 𝑇𝑎). In other cases, as we see from diagrams in
Figures 1,b–d and 2,b–d, with growth of the normalized
distance 𝑟𝑛, their view essentially varies. So, for example,
the APC time diagram 𝛿(𝑡𝑛) approaches to linear functi-

on, and the peak height of the normalized derivative
𝑑𝛿(𝑡𝑛)/𝑑𝑡𝑛 essentially decreases. The anharmonic di-
stortion degree of AAC and AFC diagrams, and accordi-
ngly, the level of higher harmonic components, signifi-
cantly decrease. This tendency is especially noticeable
in the first operation zone, where 0 ≤ 𝑟𝑛 ≤ 1. In the
case of 𝑟𝑛 = 1, 2, . . ., as well as at 𝐶𝐹𝐵 << 1, AFC and
AAC have practically the sine view as for homodyne FM
ASRR.

For more obvious representation of functions obtai-
ned, we use the generalized parameter — the total
harmonic distortion (THD) factor characterizing the
distortions of quasi-periodic oscillations. Calculation
results of THD as a function of the normalized distance
𝑟𝑛, are presented in Figure 3 for different 𝐶𝐹𝐵 .

Fig. 3. Plots 𝑇𝐻𝐷(𝑟𝑛) calculated for 𝐵𝐹𝑀 = 5 and
𝐶𝐹𝐵 = 0.4 (curve 1) and for 𝐶𝐹𝐵 = 0.8(curve 2)

From plots in Figure 3, it is seen that the most
distortions of the FM ASRR signals are observed in
the region of small 𝑟𝑛 of the first operation zone. At
𝐶𝐹𝐵 = 0.8, THD in this zone achieves about 40%. With
further transition into operation zones of higher order,
signal distortions essentially decrease achieving the mi-
nimal values at the normalized distances 𝑟𝑛, which are
multiplies of integer numbers (𝑟𝑛 = 1, 2, . . .).

Returning to examination of calculation results
presented in Figure 2, it is necessary to note a presence
of DC components 𝑎0(𝐹𝑛) and 𝜒0(𝐹𝑛) in spectrograms
of Figure 2a,b,d. A presence of the DC component
𝜒0(𝐹𝑛) in the oscillator response on frequency variation
𝜒𝑛(𝑡𝑛) indicates to some offset of the average oscillati-
on frequency under influence of the reflected emission.
Therefore, these components deserve attention at studyi-
ng FM ASRR signals. Their account may be required,
for instance, at signal processing, the noise immunity
analysis, etc.

Calculation results of relative levels of DS
components 𝑎0(𝑟𝑛) and 𝜒0(𝑟𝑛) depending on the normali-
zed distance 𝑟𝑛 at 𝐶𝐹𝐵 = 0.8 for the autodyne responses
𝑎𝑛(𝑡𝑛) and 𝜒𝑛(𝑡𝑛) are presented in Figure 4.

From curves in Figure 4 we can see that in the fi-
rst operation zone of the FM ASRR at large values of
𝐶𝐹𝐵 ∼ 1 the DC component level may have values,
which is commensurable with signal amplitudes. In zones
with higher order, we may neglect by influence of DC
components. It is necessary to note that for 𝐶𝐹𝐵 << 1 ,
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DC components in the output signals of FM ASRRs are
practically absent.

 

Fig. 4. Plots of 𝑎0(𝑟𝑛) (curve 1) and 𝜒0(𝑟𝑛) (curve 2)
calculated for 𝐵𝐹𝑀 = 5 and 𝐶𝐹𝐵 = 0.8

To understand of the character of dependences obtai-
ned, let us introduce the concepts of equivalent feedback
parameter 𝐶𝑒𝑞 of the autodyne system and the angle of
dynamic displacement of phase ∆𝛿𝐷𝐷 of the autodyne
response: 𝐶𝑒𝑞 = 𝐶𝐹𝐵𝐾𝐷𝐹 and ∆𝛿𝐷𝐷 = 𝛿(𝑟𝑛) − 𝛿(𝑟𝑛 =

0). Here 𝐾𝐷𝐹 =
∑︀𝑀

𝑚=0(−1)𝑚𝑋𝑚(𝑟𝑛) is the “dynamic
factor” of feedback included in (8) and (12); 𝛿(𝑟𝑛),
𝛿(𝑟𝑛 = 0) are phases of the instantaneous reflection
factor obtained for the current value of 𝑟𝑛 and for
its zero value, relatively. Calculation results for functi-
ons 𝐾𝐷𝐹 (𝑟𝑛) and ∆𝛿𝐷𝐷(𝑟𝑛) are presented in Figure
5, at that, for ∆𝛿𝐷𝐷(𝑟𝑛) two curves are obtained: for
non-isochronic (curve 1) and for isochronic (curve 2)
oscillator.

(a) (b)

Fig. 5. Plots of the dynamic feedback factor 𝐾𝐷𝐹 (𝑟𝑛) (a)
of FM ASRR and phase displacement ∆𝛿𝐷𝐷(𝑟𝑛) (b) of
signals versus the normalized distance 𝑟𝑛 to the reflected

object: 𝜃 = 1 (curve 1), 𝜃 = 0 (curve 2)

From the curve 𝐾𝐷𝐹 (𝑟𝑛) (see Figure 5а) we see that
with growth of 𝑟𝑛 in the first operation zone, where
0 < 𝑟𝑛 < 1, the value of 𝐾𝐷𝐹 and, hence, the equivalent
parameter 𝐶𝑒𝑞 decreases practically by an order. Then,
with growth of 𝑟𝑛, the value of 𝐶𝑒𝑞 asymptotically damps
with slight growths in the middle part of the operation
zones of higher order, where 𝑟𝑛 > 1.

Dynamic phase variations ∆𝛿𝐷𝐷 of signal characteri-
stics, which influence on the distortion character, which
is well seen from comparison of curves of Figures 1а
and b, with growth of 𝑟𝑛 in the first operation zone are
also maximal. At 𝑟𝑛 = 1, there is the first minimum
of this value, which is determined by the 𝜃 parameter,
characterizing of oscillator non-isochronous property (see
Figure 5b). with further growth of 𝑟𝑛, the asymptotic

damping of “oscillations” in dynamic phase variations
∆𝛿𝐷𝐷 is here observed.

Plots of AFC 𝜒𝑛(𝑡𝑛) and AAC 𝑎𝑛(𝑡𝑛) are presented
in Figure 6 for the case of 𝑟𝑛 = 2.5 and 𝐶𝐹𝐵 = 5.

 
Fig. 6. Time diagrams of AFC 𝜒𝑛(𝑡𝑛) (curves 1) and
AAC 𝑎𝑛(𝑡𝑛) (curves 2) formation calculated at 𝐶𝐹𝐵 = 5

and 𝑟𝑛 = 2.5

As we see from plots in Figure 6, in spite of the fact
that 𝐶𝐹𝐵 > 1, the autodyne response in higher operation
zones of FM ASRR is smooth and has not jumps and
breaks. At that, the distortion level of quasi-harmonic
characteristics equals to 31%.

Results obtained here seem to be contradictory to the
habitual representations [10, 11] and have quite explai-
nable physical sense. For its understanding, it is enough
to take the simplified model of representation of interacti-
on process of the autodyne with the proper reflected emi-
ssion, which can be described by the steps method [17].
From this model it follows that with shortening of the
radio-pulse relative duration (this is equivalent to growth
of normalized distance), a number of partial reflecti-
ons decreases during the time period of the radio-pulse
action. This leads to reduction of equivalent feedback
parameter 𝐶𝑒𝑞 of the autodyne system and, hence, the
signal distortion level. When 𝑟𝑛 achieved the unity (𝑟𝑛 =
1), the reflection emission impact becomes single-partial
and formation of practically harmonic autodyne variati-
ons is provided, which is shown by the above-described
analysis.

3 Results of experimental investi-

gations of FM autodynes

Experimental investigations of FM ASRR were
performed with the oscillating module on 8mm-range
Gunn diode in the structure of the autodyne radar
developed for monitoring of point-works occupation in
hump-yards [2–4]. The autodyne oscillator of this sensor
was made on the base of the Gunn diode АА727А and the
varicap 3А637А-6 in packaged implementation. Output
power is 25 mW, the central frequency is 36.5 GHz.
The UHF oscillator provides the frequency tuning of 500
MHz in the mode of linear FM. The FM law is the
non-symmetric saw-tooth, the modulation frequency is
10 kHz. The antenna is horn-lens type with the pattern
width 6 × 6 degrees.



Peculiarities of signal formation of the autodyne short-range radar with linear frequency modulation 55

The autodyne signal was extracted in the power
source circuit of the Gunn diode with the help of the
wideband current transformer. After filtering and ampli-
fication, it passes on the analog-to-digital converter of the
digital signal processor (DSP) TMS320F2808 from Texas
Instrument of the processor unit. In this unit, functions
of modulation voltage formation, digital signal processing
and communication interface RS-485 with the personal
computer.

Figure 7 shows the signal spectrograms obtained from
the corner reflector (а) and from the wall of five-floor bui-
lding (b). The corner reflector with effective dispersion
area near 10 𝑚2 was mounted at the distance 𝑙 = 3 m
(delay time 𝜏 = 2 · 10−8 sec) from the ASRR antenna
aperture. The building wall was situated at distance
𝑙 = 60 m (𝜏 = 4 · 10−7 sec). Signal amplitudes (𝑈𝑠)
in both cases were practically the same. The converted
signal frequency in the first case was about 100 kHz
(𝑇𝑎 = 1 ·10−5 с), а во втором — 2 МГц (𝑇𝑎 = 5 ·10−7 с).

(a) (b)

Fig. 7. Spectrograms of signals converted by the
autodyne obtained from the corner reflector (а) and from

the wall of 5-floor building (b)

In the first case (see Figure 7а), we see in
spectrograms the noticeable level of second and thi-
rd harmonics typical for anharmonic distortions of the
autodyne signals. In the second case, higher harmonic
components are practically absent. From comparison of
obtained spectrograms presented in Figures 7а,b and
2а,с, we see their qualitative agreement. Thus, obtai-
ned experimental data confirm the adequacy of above-
developed mathematical model for analysis and calculati-
on of FM ASRR signal and spectral characteristics.

Conclusions

Peculiarities of FM ASRR signal formation are consi-
dered for the non-symmetric saw-tooth law in the general
case of arbitrary ratio of delay time 𝜏 of the reflected emi-
ssion and the autodyne signal period 𝑇𝑎. At description
of signal properties, the new concepts of the normalized
distance 𝑟𝑛 to reflected object, the equivalent feedback
parameter 𝐶𝑒𝑞 of the autodyne system and the angle
of phase dynamic displacement ∆𝛿𝐷𝐷 of the autodyne
response.

From analysis of the fulfilled research results the
important conclusion follows that FM ASRR signal

frequency in the whole range of distances to the radar
object corresponds exactly to the frequency of the
converted signal obtained in the case of the homodyne
system [5].

In the first operation zone, at small distance to the
reflected object, where the strong inequality 𝑟𝑛 << 1 is
true, and hence, 𝜏 << 𝑇𝑎, the analysis results obtained
are agreed with results of previous researches. In this
zone, at 𝐶𝐹𝐵 ∼ 1, significant distortions of autodyne
signals and spectrum enrichment are observed, which
require of its account in devices for signal processing.

With growth of normalized distance 𝑟𝑛, the value
of equivalent feedback parameter 𝐶𝑒𝑞 of the autodyne
system essentially decreases while the angle of phase
dynamic displacement ∆𝛿𝐷𝐷 of the autodyne response
after significant variations in the first operation zone
has got the steady-state value in the further zones. This
approaches APC 𝛿(𝑡𝑛) to the linear function and essenti-
ally decreases the anharmonic distortion degree of AAC
𝑎𝑛(𝑡𝑛) and AFC 𝜒𝑛(𝑡𝑛). This feature is especially noti-
ceable in the first operating zone if 𝑟𝑛 → 1. In the case,
when 𝑟𝑛 is the multiple of the integer number (𝑟𝑛 =
1, 2, . . .), AAC 𝑎𝑛(𝑡𝑛) and AFC 𝜒𝑛(𝑡𝑛) have practically
the sine view.

Signal analysis results obtained in this paper develop
and expand results of known researches fulfilled in publi-
cations [15, 18] in the part of FM oscillator account as
well as fulfilled in [10, 11] in the part of account (in
the autodyne model) of dynamics of phase variation of
reflected emission at its propagation to the object and
back. Revealed regulations of signal formation in FM
ASRR have rather general character, therefore, obtained
results, as we think, can be used at signal calculation
of autodyne systems made on the base of semiconductor
laser modules [19–21].
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Особливостi формування сигналiв авто-
динних радiолокаторiв iз лiнiйною ча-
стотною модуляцiэю

Носков В. Я., Iгнатков К. А., Чупахiн А. П.,

Васильєв А. С., Єрмак Г. П., Смольський С. М.

Представленi результати дослiджень особливостей

формування сигналiв автодинних систем ближньої ра-

дiолокацiї мiлiметрового дiапазону з лiнiйною частотною

модуляцiєю по несиметричному пилкоподiбному закону.

Отриманi вирази для розрахунку автодинних сигналiв в

загальному випадку довiльного часу запiзнювання вiдби-

того випромiнювання. Побудовано тимчасовi i спектральнi

дiаграми автодинних сигналiв для випадкiв, коли трива-

лiсть їх перiоду значно бiльше часу запiзнювання вiдби-

того випромiнювання, а також для випадкiв, коли така

нерiвнiсть не виконується. Експериментальнi дослiдження

виконанi iз застосуванням генератора на дiодi Ганна 8-

мм дiапазону довжини хвиль, електрично керованого по

частотi варикапом.

Ключовi слова: автодiн; автодинний сигнал; автодин-

ний вiдгук; система ближньої радiолокацiї; частотна мо-

дуляцiя; генератор на дiодi Ганна

Особенности формирования сигналов
автодинных радиолокаторов с линейной
частотной модуляцией
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Представлены результаты исследований особенностей

формирования сигналов автодинных систем ближней ра-

диолокации с линейной частотной модуляцией по несим-

метричному пилообразному закону. Получены выраже-

ния для расчёта автодинных сигналов в общем случае

произвольного времени запаздывания отражённого излу-

чения. Построены временные и спектральные диаграммы

автодинных сигналов для случаев, когда продолжитель-

ность их периода значительно больше времени запаздыва-

ния отражённого излучения, а также для случаев, когда

данное неравенство не выполняется. Экспериментальные

исследования выполнены с применением генератора на

диоде Ганна 8-мм диапазона длин волн, электрически

управляемого по частоте варикапом.

Ключевые слова: автодин; автодинный сигнал; авто-

динный отклик; система ближней радиолокации; часто-

тная модуляция; генератор на диоде Ганна
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