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Summary:

Introduction/purpose: Detailed theoretical and experimental studies have
been carried out in order to investigate the problem of a phase stability in
electrodynamically uncoupled Gunn oscillators.

Methods: The influence of modulating pulse instabiliies has been
investigated by means of computer simulation in the framework of a
nonlinear one-dimensional theoretical model of the GaAs Gunn diode
semiconductor active region. Experimental observations were also
conducted including microwave measurements and antenna far-field
estimation. They confirm the main theoretical results and extend the key
work conclusions.

Results: It was shown that the initial phase of the microwave oscillation out
of the Gunn oscillator is independent of internal noises of the semiconductor
structure and can be fixed only by the modulating voltage pulse.
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Conclusion: Gunn-diodes based microwave oscillators were stabilized
using the leading edge of the voltage pulse from the modulating power
supply. These results open up serious prospects for designing antenna
phased arrays based on Gunn oscillators without mutual feedback
(electrodynamically independent).

Key words: microwave circuits, space-charge-limited devices, Gunn
effect devices.

Introduction

The problem of phase synchronization in microwave oscillators has
been of interest for decades (Schamiloglu, 2012). Creation of coherent
high-frequency radiation sources offers great opportunities for the
development of modern microwave technology. It allows to carry out the
coherent spatial summation of radiated power and to provide the coherent
signal accumulation mode in the near- and far-field radar systems. In turn,
this can significantly increase the capabilities of receiving and transmitting
devices (e.g. noise-to-signal ratio). The use of coherent microwave pulse
oscillators will significantly improve the location range resolution.
Furthermore, these capabilities allow developing active phased arrays
modules.

The analysis of the excitation of microwave oscillations conventionally
assumes the decisive role of noise in phase setting, resulting in
randomness of the phase (Holliday, 1970). The phase stabilization of
microwave oscillators is generally attained by using injection locking and
phase locking providing strong electrodynamic feedback between
oscillators (Pikovsky et al, 2010). The possibility of obtaining coherent
oscillations from electrodynamically independent Gunn oscillators
remained undiscovered for a long time. However, one more way has been
discovered - to use a modulating voltage pulse (Vvedensky et al, 1975;
Vvedensky et al, 1985). Vvedensky with co-authors explain the observed
phase stabilization effect by a current spike which arises in the resonator
of a Gunn oscillator and sets the initial phase (“shock” excitation). It has
been emphasized that a reliable phase stabilization requires a rather short
modulating pulse rise time (of about the oscillation period).

Based on the hypothetical possibility of synchronizing an oscillator
without feedback, in our later experimental papers dealing with two
electrodynamically independent nanosecond X-band Gunn oscillators
producing ~ 30 W of microwave power (Gubanov et al, 2010; Konev et
al, 2011), we observed phase stabilization and synchronization when the
oscillators were excited from a common modulator with the modulating
pulse rise time much longer than the oscillation period. The minimum
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standard deviation of the phase difference between the oscillator signals
was ~ 2 ps at a modulating pulse rise time of 6.5 ns (Konev et al, 2013).

These observations have been explained by means of a computer
simulation and additional experiments. The results obtained suggest that
the phase stabilization of a Gunn oscillator by a modulating voltage pulse,
Ueb(t), is governed by the intrinsic properties of the Gunn diode
semiconductor. Specifically, the microwave oscillation phase is stabilized,
once the semiconductor starts operating in a mode of negative differential
resistance and a first high-field domain appears. This corresponds to a
threshold voltage Usp = Ui reached at some point of the modulating pulse
leading edge. The discovered effect was rather unexpected for us because
we failed to find similar interpretation in the previous investigations.

This paper presents an extended review of the theoretical and
experimental results regarding the phase stabilization of an uncoupled
(independent) Gunn-diode based oscillator. The results convincingly
suggest the possibility of the initial phase fixation in electrodynamically
uncoupled X-band Gunn oscillators. This phase fixation is carried out only
by a modulating voltage pulse applied to the oscillator.

Theoretical results

The initial experimental work led us to the idea that widely used
electrotechnical computational methods (for example, the technique of
replacing a semiconductor Gunn diode with an equivalent RCL circuit) are
not sufficiently informative for studying the phase stability of a device. So
we proposed theoretical studying of electronic processes in Gunn diodes
to be based on a numerical simulation of the active layer of the Gunn diode
semiconductor crystal in a non-stationary model. All proposed simulations
have been carried out using the nonlinear local field model (McCumber &
Chynoweth, 1966; Kroemer, 1966). The semiconductor structure of the
Gunn diode is considered to be a GaAs one-dimensional crystal with two
ohmic contacts at the opposite faces. Its microscopic structure in
calculations is given by simplified quasihomogeneous doping profile
containing localized inhomogeneity, the so-called "notch" (Figure 1).

In most computations, the quasihomogeneous semiconductor was
assumed to have a donor concentration of 10'® cm=3. The semiconductor
layer diameter and length were 300 um and 12.5 um, respectively. A high
field domain was formed due to the existence of a 0.6 um long region of
lower donor concentration (0.9-10*° cm=2) located 0.6 um away from the
cathode ("notch" region). To describe the relation between the electron
velocity and the electric field strength, a well-known approximation
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(McCumber & Chynoweth, 1966) was used with the electron mobility taken
equal to 8000 cm?/(V-s) and the saturation drift velocity of carriers at high
field (4000 V/cm) equal to 107 cm/s. The diffusion coefficient was taken
constant and equal to 200 cm?/s.

cathode
no(x), anode
Ny i
—> 11 _f
L1

/ x

Figure 1 — Simplified active layer quasihomogeneous doping profile no(x) of the Gunn
diode semiconductor
PucyHok 1 — YnpouwieHHbIU npogurib K8a3uoOHOPOOHO20 J1e2upo8aHUsi akmueHO20
cr1051 no(x) nonynpogodHuKa ¢ duodom [aHHa
Cnuka 1 — lNojeGHocmasrbeHU Mpoghursl K8a3uxoMozeHe fiegype akmueHoz crioja
no(X) nonynpoeodHuka ca aHogom duodom

Two important cases of connecting Gunn diodes were considered. In
the first case, a simulation was performed for the simplest Gunn oscillator
circuit consisting of a Gunn diode, a modulator, and a current-limiting
resistor (R = 1 Q) connected in series (Kozhevnikov et al, 2013).

In the other case, the Gunn oscillator equivalent circuit (with
parameters R1=1Q, L1 =0.5nH, C;=0.5pF, L,=1.2nH, C;=1.2 pF,
R2=0.5Q, L; =0.5nH) contained a resonator (Figure 2) to take into
account the effect of the electric field on the processes occurring in the
semiconductor layer (Konev et al, 2013). The units of this circuit and its
parameters were specified to match the design of the oscillator used in our
experiments (Gubanov et al, 2011) and so that sinusoidal microwave
oscillations with a carrier frequency of 10 GHz were excited at the load R>
simulating the output waveguide. The voltage pulse generated by the
modulator had a trapezoidal shape and its instability was simulated by
variations in the rise time te and the amplitude Uo,. These variations
produced phase deviations in the microwave pulse. For instance, for the
circuit with resistive load, the variation Ate = £ 0.05 ns about an average
value of 1 ns gave a current phase deviation Atpn equal to + 0.016 ns
(Figure 3a). For the circuit with a resonator under the same conditions, the
Atpnh was + 0.022 ns (Figure 3b).
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Figure 2 — Equivalent circuit simulating a Gunn oscillator in a resonator
PucyHok 2 — OkeusaneHmHasi cxema, Molenupyrowasi 2eHepamop aHHa 6
pe3oHamope
Cnuka 2 — EkeusaneHmHo Koo Koje cumyrnupa FaHos ocyuriamop y pe3oHamopy

Ip, A 0.016 ns. Irp, A 0.022 ns
3 25

b.016 ns

11 1 1 11 1 1 11 1 1 _25
0 0.25 0.5 t, ns

(a)

Ir2, A

0.015
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0 0.25 t, ns

()

Figure 3 — Time dependences of the Gunn diode current at voltage pulse rise times te
of 0.95 (1), 1 (2), and 1.05 ns (3) for the single-layer structure (a) in the circuit with
resistive load and (b) at the load Rz in the equivalent circuit, Uo = 20 V.
PucyHok 3 — lNpogpunu moka Ouoda aHHa 8 KOHmMype ¢ pe3ucmusHoOU Hagpy3Kol (a)
U Ha Haepyske Rz 8 skeusaneHmHoul cxeme pe3oHamopa Ha pucyHke 3 (b):

te = 0.95 (1), 1 (2), and 1.05 ns (3); Uo = 20 V.
Cnuka 3 — HanoHcku npogpunu FaHoge duode y Kony pesucmugHoz onmepehemra (a)
u Ha onmepehery R2y eksusaneHmMHOM KOsy pe3oHamopa Ha criuyu 3 (6):
te = 0.95 (1), 1 (2), and 1.05 ns (3); Uo = 20 V.

The simulation has also shown that Atp, did not increase on increasing
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te at a fixed Ug and Ate # 0, whereas an increase in te at a fixed Ate = 0 and
AU # 0 gave an increase in Atph. This means that the modulating pulse
amplitude noise is the main reason of the oscillator phase instability
increase caused by the pulse leading edge rise.

For the circuit with a resonator, the effect of phase stabilization was
observed in the background of “shock” excitation in the oscillatory circuit,
as demonstrated in Figure 3c. As it was shown (Konev et al, 2013), the
only microwave oscillations appeared due to “shock” excitation observed
both in the simulation and in the experiment could be considered as some
appreciable “noise”. The calculations show that in all studied cases, the
oscillation amplitude of the Gunn diode current is about 1 A even in the
first period when Ugp exceeds U, and this amplitude is noticeably higher
than the above mentioned “noise” amplitude (Figure 3b). As a result, the
observed phase deviation is defined by the instability of the modulating
pulse rise time and amplitude, and the Gunn diode itself provides a stable
phase during the excitation of the oscillatory process.

Experimental results

The experimental work was aimed to investigate the possibility of
creating synchronized Gunn diodes oscillators. It includes several series
of experiments. Most of experimental setups were carried out on
nanosecond Gunn oscillators with one and two series-connected
3A762-type Gunn diodes. The use of two diodes implied, along with phase
measurements, a study of the possibility for power enhancement. The
oscillators were tuned to a carrier frequency of 10 GHz.

The first group of experiments have been conducted in order to
measure the phase delay standard deviation with respect to the modulator
pulse rise time (in Figure 4). The measurements were performed with a
LeCroy WaveMaster 830Zi oscilloscope. The “delay” function was used to
measure the standard deviations ou and o, of phase delay with respect to
a certain time point during the modulating pulse rise Upg(t) for one and two
series-connected Gunn diodes, respectively. The measuring channel for
the modulating pulse had a working bandwidth of 1 GHz and each of those
for the microwave signal had a working bandwidth of 13 GHz. The
oscilloscope trigger voltage was ~ 500 mV.
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Figure 4 — Measuring circuit for the standard deviation of phase delay
PucyHok 4 — Cxema usmepeHusi cmaHOapmHO20 OMKIIOHEHUSs ¢ha3080l 3adep KU
Crniuka 4 — MepHo koo 3a cmaHOapOHy desujauyujy ¢hasHoe KaliH-era
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Figure 5 — (a) Oscillograms of the modulating pulse and (b) set of 2500 superimposed
oscillograms of the modulating pulse and the microwave signal at different voltage
rise times.

PucyHok 5 — (a) Ocyurnnoepammbi modynupytowezo umnynsca u (b) Habop uz 2500
HaloXeHHbIX ocyurnioepamMm Mooynupyrouweao umnynsca u CBY-cueHana npu
PasnUYHOM 8peMeHU HapacmaHusi HarnpsKeHus
Cnuka 5 — (a) Ocyunoepamu modynayuoHoz umrnysca u (b) cem 0d 2500
CyrneprnoHupaHux ocyunozpama ModynayuoHoe umrysca u MukpomaracHoe cusHana
y pasnuyumum epeMeHCKUM UHmepsanuma rnopacma HaroHa

The minimum standard deviations were ou = 2.1 ps and ow» = 0.8 ps
after excluding the oscilloscope jitter. The peak power with one and two
diodes was ~ 30 and ~ 60 W, respectively. The much lower value of o
compared with oy suggests that the semiconductor structure has a
stabilizing effect on the microwave oscillation phase.

In the experiments, we studied the influence of the voltage pulse rise
time (rate of voltage rise dUgp/dt) on ou. For this purpose, chip inductors
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L of 8.2 and 82 nH were connected in series with a Gunn diode between
the modulator and the oscillator resonance chamber. Figure 5a and
Figure 5b show the waveforms of the voltage pulse (1-3) and the
microwave signal (4—6) for L = 0 nH (traces 1, 4), L = 8.2 nH (traces 2, 5),
and L = 82 nH (traces 3, 6).

In the first case, the minimum standard deviation o was 2.1 ps; in the
second case, it was 14.5 ps; and in the third case, the phase becomes
unstable. The voltage rise times shown in Figure 5a are as follows: 11 = 4
ns, 12 = 7.2 ns, 13 = 16.4 ns. This dependence of oy on the voltage rise
time is explained by the fact that the phase deviation Atyn increases with
increasing te due to some instability of the voltage pulse amplitude, as
found in the simulation.

In the second experiment (Figure 6), we studied the phase
synchronization of two oscillators with a peak power of 30 W which were
connected in parallel and excited concurrently by a common modulator via
strip lines of a geometric length of 120 cm (insulator — fiber glass laminate).
This excluded the oscillators coupling via the modulator. Measurements
were performed by a special procedure (Konev et al, 2011).

The modulating pulse rise time was 6.4 ns. Figure 7 shows the
synchronized oscillograms of microwave signals 1 and 2 for these two
oscillators. The oscillograms demonstrate that the microwave oscillation
arising on time interval 4 due to the transition of the Gunn diode
semiconductor structures to the mode of negative differential resistance is
independent of the oscillations appeared within time interval 3 due to the
“shock” excitation of the oscillatory circuit. It is seen that signal 2 (green)
displays some phase failure.

Nevertheless, after several periods, signal phases 1 and 2 are
aligned. On alternately switching off one of the Gunn oscillators, the
oscillograms remained unchanged. Thus, a crosstalk-induced
synchronization was excluded. The oscillations remained cophased during
the whole microwave pulse with a full width at a half maximum of 16 ns.
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Figure 6 — Experimental measuring circuit for the syncronization of two independent
Gunn oscillators
PucyHok 6 — OkcriepumeHmarbHas u3dmepumeribHasi cxema CUHXPOHU3auuu 08yx
He3asucuMblIx eeHepamopos [aHHa
Cnuka 6 — EkcriepuMeHmariHo MepHO KOJlo 3a CUHXPOHU3auyujy 0sa He3asucHa
laHosa ocyunamopa

200 ps

Figure 7 — Set of 2500 superimposed oscillograms of two Gunn oscillators
PucyHok 7 — Habop u3 2500 HanoxeHHbIx ocyusnogpamm 08yx OCUUIIISIMopo8
laHHa
Cnuka 7 — Cem 00 2500 cyneprioHupaHux ocyunoegpama dea (aHosa ocyunamopa

As the measured deviation value was 2.1 ps, so it fits the phase
stability criterion for the development of antenna active phased arrays. It
was also established that the serial connection of two identical Gunn
diodes led to a significant reduction of the standard deviation value as
compared to the same value for a single diode. Both of these favorable
factors prompted another experimental study of the antenna system wave
field (Kozhevnikov et al, 2015). Its visual scheme is shown in Figure 8. The
antenna system consists of two synchronized nanosecond X-band Gunn
oscillators GO: and GO, connected to rectangular horns 8 via attenuators
2 and a phase shifter 3. The Gunn oscillators were fed from a single voltage
source 1 through strip lines. The horn antennas 8 were arranged in parallel
to each other at a distance a = 14 cm between them.

Kozhevnikov, V.Y. et al, The phase stability of nanosecond Gunn oscillators, pp.461-474
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Figure 8 — Experimental setup of a wave field measurement of an antenna system
PucyHok 8 — OkcriepuMeHmarbHasi ycmaHo8Ka U3MepeHUs1 80/IHO8020 107151
aHmeHHoU cucmemsl
Cnuka 8 — EkcriepumeHmarHa uHcmarsnayuja Mepera marsnacHo2 rosba aHMmeHCKoe

cucmema
P/Prax
1
0.8 N
0.6
V
0.4
: Yy
- t
02 F / .
[ »
0 i i i i i i i
220 10 20

Figure 9 — Far-field measurement results: 1, 2 — radiation pattern of each horn excited

by an independent Gunn oscillator; 3 — microwave oscillations superposition of two

horn antennas powered by a single standard oscillator with 500 us pulse duration; 4 —

microwave oscillations superposition of two synchronized nanosecond Gunn
oscillators
PucyHok 9 — Pe3ynbmambi uamepeHul 8 danbHel 30He: 1, 2 — Quazpammbl
HarpaenieHHocmu kax9do20 pyropa, 8036yxxdaeMbie He3a8UCUMbIM 2eHepamopom

MaHHa; 3 — cynepnosuyusi CBY konebaruli d8yx pyriopHbIX aHMeHH ¢ numaHueM om

00HO020 3MmarioHHO20 2eHepamopa ¢ OnumersnibHocmbto umrnynsca 500 MKc; 4 —
cynepno3uyusi CBY konebaHuli 08yX CUHXPOHU3UPOBAaHHbLIX HAHOCEKYHOHbIX
eeHepamopos aHHa

Cnuka 9 — Peaynmamu meperba y 0anekom rosby: 1, 2 — dujazpam 3payera ceakoe

poea aHmeHe, nobyheHe He3zasucHUM ["aHosuM ocyunamopom; 3 — cyneprosuyuja
MUKpOmanacHux ocyunayuja 08e poe aHmeHe ca Harnajar-em 00 jedHoz2
cmaHdapOHo2 ocyunamopa ca mpajarbem umnyrica 00 500 uc ; 4 — cynepno3uyuja
MUKpOmanacHux ocyunayuja 08ajy CUHXPOHU308aHUX HaHOCEKYHOHUX "aHo8uUX
ocyunamopa

The receiving antenna 5 was connected to the waveguide
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semiconductor detector 6 through an adjustable attenuator 2. The detected
signal was recorded with the Tektronix-5401 real-time oscilloscope 7 with
1 GHz operating band. The coherent summation of the wave field patterns
from two horn antennas powered by a single standard oscillator with a 500
us pulse duration, and powered by two synchronized nanosecond Gunn
oscillators is shown in Figure 9.

Conclusions

The studies show that the microwave oscillation phase in the Gunn
oscillators is stabilized in an instant when the Gunn diode semiconductor
structure passes to the mode of negative differential resistance. In the
experiments, we did not find the influence of noises that can perceptibly
affect the phase. Appreciable oscillations were only those arising due to
the pulse excitation of the oscillator resonance system. Once the threshold
voltage is reached and the first high field domain is formed, the current
amplitude through the Gunn diode structure increases in a time of about
the oscillation period, reaching a near-stationary value which is much
higher than the noise and “shock” excitation values. Thus, the oscillation
phase of the Gunn oscillators with a microwave power of several tens of
watt (e.g., those based on 3A762 diodes), can be stable even at much
longer modulating pulse rise time compared to the microwave oscillation
period.

The discovered effect and the phase instability measurements results
suggest prerequisites for the development of phased arrays. It requires a
simple phase synchronization mechanism with only the voltage pulse of
common modulator or several synchronized modulators that produce a
repeatable modulating pulse without strict limitations on its rise time.
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PYBPUKA TPHTW: 47.45.99 lMNMpoune anemeHTbl CBY-TexHUkn
47.05.05 Teopust paanoTEXHNYECKMX Lienen
BWO CTATbW: 063opHas ctatbs

Pe3some:

BsedeHrue/uens: [ModpobHbie meopemuyeckKue U SKCcriepuMeHmalsibHbIe
uccnedosaHus bbinu rposedeHsi Onsi ulydeHus npobnemsi ¢hasosol
ycmouyueocmu 8 3/1eKmpoOUHaMUYECKU pa3esi3aHHbIX 2eHepamopax
laHHa.

MemoObl: C noMouwbio KOMIbHMEPHO20 MOOEIUpPO8aHUsi 8 pamMKax
HenuHelHOU OOHOMEepPHOU meopemudyeckol MOOenu  akKmueHoU
obnacmu nonynpogodHuUkogoeo GaAs-Ouoda [aHHa uccrnedosaHO
enusiHue HecmabunbHocmeu Modynupyrouw,e20 umrynsca. Takxe bbiiu
rposedeHsi aKcrnepuMmeHmaribHble HabrodeHus, 8KJiroYasi
MUKDOBOITHOBbIE U3SMEPEHUsT U OUEHKy OarbHe20 Mofsi aHMEeHHbI,
Komopsbie nodmeepdursiu Kroyesblie meopemuyecKkue pesyrnbmambi U
pacwupusu 0CHO8HbIe 8bI800bI pabomel.

Pesynbmamei: lNokazaHo, Yymo HadyarnbHas ¢haza CBY konebaHuli eHe
eeHepamopa [aHHa He 3asucum om  BHYMPEHHUX WYyMO8
r1o71yrnpo8oOHUKOBOU CMPYKMypbl U MOXem (bUKCUpO8ambsCsi MOJIbKO
UMIyibCOM MOOYUPYIOW,e20 HarpsiKeHUs.

Bbigo0dni: 'eHepamopbl CBY Ha duodax aHHa crmabunu3uposarnucs o
nepedHeMy GbpoHMYy UMIyAbCa HanpshkeHuUsi om MoOynupyowea0
UCMOYHUKa numaHusi. Omu pe3ynbmambl OMKPbIGaOM Cepbe3HbIe
nepcriekmuebl 051 co30aHuUsi aHMEHHbIX ha3upO8aHHbIX PewemokK Ha
ocHoge 2eHepamopos [aHHa 6e3 e3aumHol obpamHoUu ces3u
(3nekmpoOuHamMu4YecKu He3asUCUMbIX).

Kntouesble crnoga: CBY-cxembl, ycmpolicmea C O2gpaHUYeHUEeM
0b6beMHO20 3apsida, ycmpoticmea Ha a¢hcpekme [aHHa.

®A3HA CTABUITHOCT HAHOCEKYHAHUX TAHOBUX
OCLMNATOPA

Bacunuj J. KoxeBH1KOB?, ayTop 3a npenucky, AHOpej B. Koanpes?,
Bniadumup J. KoHes®, Anexcej M. Knumos®

VHCTUTYT 3a BUCOKOCTPYjHY enekTpoHuKy, TomMck, Pycka ®eagepauuja
@ NlabopaTtopuja 3a TeopujcKy U3nKy

6 NlaGopaTopwja 3a HenvHeapHe enekTPoANHaMUYKE cucTeme

B Ofcek 3a hU3NYKy eNEeKTPOHUKY

OBJIACT: MukpoTanacHa enekTpoHuka
BPCTA YUNAHKA: npernegHu pag
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Caxemak:

Yeod/yurb: CriposedeHa cy OemarbHa meopujcka u ekcriepuMmeHmarHa
ucmpaxueara padu ucrnumueara rpobrema ¢gpasHe cmabunHocmu y
ennekmpoduHamuyku pazdeojeHum MaHO8UM ocyunamopuma.

Memode: Kopuwhewem padyHapcke cumymnauuje y  OKeupy
HesnuHeapHoz jeOHOOUMEH3UOHaIHo2 meopujckoe mModesia akmueHe
3oHe GaAs nonynpogodHuyke [aHose Auode ripoy4yeH je ymuuaj
HecmabunHocmu ModynayuoHoe cuesHana. Takohe, u3epweHa cy
eKcriepuMeHmasiHa  ucriumuearka, yK/bydyjyhu  mMukpomasnacHa
Mepera U rnpoueHy Oarnekoe nosba aHmeHe, Koja cy nomepduna
K/by4YHe MmeopujcKe pe3ynmame U Mpouwupusia OCHOBHE 3aK/byyKe
pada.

Pesynmamu: [JokasaHo je Oa no4yemHa @a3za MUKpOManacHuUX
ocyunayuja eaH aHOB02 2eHepamopa He 3asucu 00 yHympawkHe2
wyma nosynpoeodHuUyYke cmpykmype u da ce Moxe Oemekmosamu
camMo MoOynayuoHUM CU2HasIoM HaroHa.

3akrbyyyu: MukpomanacHu eeHepamopu ca [aHosum Jduodama
cmabunu3oeaHu cy Ha M[pedH0j UBUUU HaroHCKO2 umryrnca u3
modynayuoHoe Hanajama. Osu pesynmamu nomephyjy da nocmoje
036usrbHU U32nedu 3a cmeapare aHMEeHCKUX ¢hasHUX pewiemaka Ha
ba3u [aHosux eeHepamopa b6e3 meRycobHe rospamHe cripeze
(ennekmpoduHamMu4KuU He3aeucHe).

KmbyyHe peyvu: MukpomasacHa Kona, ypehaju ca ozpaHUYeHUM
nywer-eM, ypehaju ca NaHosum echekmom.
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