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ABSTRACT:

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 instabilities 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.

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).
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Pe smoMe;

BBCACHI/IC/HeABI HOAPOGHBIC TCOpCTI/I‘ICCKI/IC u 3KCHepI/IMCHTaAI)HI)IC HCCACAOBAHH A 6bIAI/I HPOBCACHBI AAA I/ISY‘ICHI/IH HPOGACMI}I
($a30BOI YCTOMYMBOCTH B 9ACKTPOAHAMUYECKH Pa3Bs3aHHbIX reHepaTopax [aHHa.

MeTtoapr: C momMomipo KOMIIBIOTEPHOTO MOACAMPOBAHMSA B pAMKaX HEAUHEMHON OAHOMEPHOM TEOPETHYECKOM MOAEAU AKTUBHOM
o6aactu noaynpoBoprnkosoro GaAs-anoaa [aHHA HCCACAOBAHO BAMSHUE HECTAOMABHOCTEH MOAYAHPYIOLIETO MMITyABCa. Taxoke
61)IAI/I HPOBeACHbI 3KCHCPI/IMCHT3AI>HI)IC HaGAIOACHI/IH, BKAIOYAs MI/IKPOBOAHOBI)IC I/I3MepCHI/IH Hu OL[CHKy AAABHCTIO IIOAS aHTCHHBI,
KOTOPI)IC HOATBePAI/IAI/I KAXYEBBIC TeOPCTI/I‘ICCI(PIC pCSyAbTaTI)I u PaCH_[I/IpI/IAI/I OCHOBHBIC BBIBOABI PaGOTbI.

Pesyabrarsr: [Tokasano, uro HasaapHast dpasa CBY xoacbammiil BHe reHeparopa [aHHa He SaBHCHT OT BHYTPCHHHX IIYMOB
HOAYIIPOBOAHUKOBOH CTPYKTYPBI © MOXKET PUKCHPOBATHCS TOABKO HMITYABCOM MOAYAHUPYIOLIEIO HATIPSDKCHHSL

BeBops: Teneparoper CBY ma amosax TamHa crabuamsupoBasuch IO IHepeAHeMy (POHTY HMMIyAbCA HAIPSDKCHUS OT
MOAYAHPYIOIIECTO HCTOYHHMKA IIUTAHHUSL. OTH PE3YABTATHl OTKPBIBAIOT CEPHE3HBIC IEPCICKTHBBI AASl CO3AAHMS AHTCHHBIX
(asMpOBaHHBIX PEIIECTOK Ha OCHOBE reHepaTopos [aHHa 6¢3 B3auMHOI 06paTHOM CBA3H (9ACKTPOAMHAMHYECKH HE3aBHCHUMBIX).

KnwowueBoe cuoB a: CBY-cxeml, ycTpoicTBa ¢ orpaHHIcHHEM OOBEMHOTO 3apsAd, YCTPOHCTBA Ha addeKTe
lanHa.

ABSTRACT:

VBop/tus: CrpoBeacHA Cy ACTasHA TEOPUjCKA M EKCIIEPUMEHTAAHA HMCTPAXKUBAKA PAAHM HCIIUTHBAEA npo6AeMa Jasne
CTaOHAHOCTH Y €AEKTPOAMHAMUYKH PasABOjeHUM [aHOBUM ocLiAaTOpUMA.

Metoae: Kopnmhex—beM pavyyHapcKe CHUMYAAlLldje Y OKBUPY HEAMHEAPHOT jEAHOAMMEH3MOHAAHOT TEOPHjCKOT MOAEAA AKTHBHE
soHe GaAs noaynpoBopHHUKe [aHOBe AHOAE TIPOYUCH je yTHIIA) HecTabUAHOCTH MOAYAAQLIHOHOT CHIHAAQ. Taxobe, U3BpLIEHA CY
€KCIIEPUMEHTAAHA HCIIUTUBAMA, yKA,yqyjyl’m MHKPOTAAACHA MEPEHA U MPOLIEHY AAAEKOT II0AA AHTEHE, KOja Cy TOTBPAUAA KoyuHE
TEOPHjCKE PE3YATATE U MPOIIHUPUAA OCHOBHE 3aK/AYUKE PaAd.

Pesyararu: AokasaHo je aa modeTHa (pasa MUKPOTAAACHUX OCLIMAAIIMja BaH [aHOBOT reHepaTopa He 3aBHCH OA YHYTpALIEET IIyMa
HOAYITPOBOAHUYKE CTPYKTYPE U AQ CE MOXE ACTEKTOBATH CAMO MOAYAALIMOHUM CUTHAAOM HAIOHA.

Saxmyunu: MukporasacHu reHeparopu ca [aHOBHM pAHOAaMa CTaOHAM30BaHU Cy HA NMPEAKOj UBUIIM HATIOHCKOT HMMITYACA M3
MOAYAALIMOHOT Hamajama. OBH pesyATaTu HOTpryjy Aa TOCTOje 030M/SHU U3TACAU 32 CTBApare AHTEHCKUX (pa3HHX pelleTaka Ha
6a3u [aHoBUX reHeparopa 6e3 Mebyco6He MIOBPATHE CIpere (CACKTPOAI/IH&MI/I‘{KI/I HE3aBHCHE).

KEYWORDS: MHKPOTAAACHA KOAQ, ypebaju Ca OTPaHUYCHUM MYHCHEM, ypebajﬂ ca [aHOBUM C(l)CKTOM.

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).
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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 standard deviation of the
phase difference between the oscillator signals was ~ 2 ps at a modulating pulse rise time of 6.5 ns (Konev
etal, 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,
Ucp(2), 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 Ugp = Uy, 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.

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 adonor concentration
of 10'> cm™. The semiconductor layer diameter and length were 300 pm and 12.5 pm, respectively. A high
field domain was formed due to the existence of a 0.6 pm long region of lower donor concentration (0.9:10"
cm ™) located 0.6 pim away from the cathode ("notch” region). To describe the relation between the electron
velocity and the electric field strength, a well-known approximation (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.
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FIGURE 1
Simplified active layer quasihomogeneous doping profile ny(x) of the Gunn diode semiconductor

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 Ry =1 Q,L; = 0.5 nH, C; =
05pF, L,=12nH,C,=12pF, R, =05Q,L; =05 nH) 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 t. and
the amplitude U. These variations produced phase deviations in the microwave pulse. For instance, for the
circuit with resistive load, the variation At. = + 0.05 ns about an average value of 1 ns gave a current phase
deviation Aty equal to + 0.016 ns (Figure 3a). For the circuit with a resonator under the same conditions,
the Aty was £ 0.022 ns (Figure 3b).

464



Vasiry Y. KOZHEVNIKOV, ET AL. THE PHASE STABILITY OF NANOSECOND GUNN OSCILLATORS

p— R, G U(,p(f)

6 5

FIGURE 2
Equivalent circuit simulating a Gunn oscillator in a resonator
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FIGURE 3

Time dependences of the Gunn diode current at voltage pulse rise times t. 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 R, in the equivalent circuit, Uy =20 V.

The simulation has also shown that At did not increase on increasing t. at a fixed U and At # 0, whereas
an increase in t. at a fixed At = 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.

465



VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2022, vOL. 70, NO. 2, APRIL-JUNE, ISSN: 0042-8469...

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
Upp, 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 o 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.

|_|

Attenuators

/

Triggering WRA
ﬁ ' N Attenuator
Oscilloscope Dummy
loads
M 101 Go /
JL L ~ Directional

. ler

Modulator coupier

FIGURE 4
Measuring circuit for the standard deviation of phase delay
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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.

The minimum standard deviations were oy = 2.1 ps and o1, = 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 ay. For this purpose, chip inductors 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: T, =
4 ns, T, ="7.2ns, 13 = 16.4 ns. This dependence of o;; on the voltage rise time is explained by the fact that
the phase deviation Aty increases with increasing t. 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.

467



VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2022, vOL. 70, NO. 2, APRIL-JUNE, ISSN: 0042-8469...

Attenuator WRA
¢ |- Z9—1F—6Fh>
Gunn Phase shifter to oscilloscope

oscillator 1

|'— Modulator

Strip line 1  Strip line 2

Gunn
oscillator 2 WRA
G a+HZ 5Fe>
Attenuator to oscilloscope

FIGURE 6
Experimental measuring circuit for the syncronization of two independent Gunn oscillators

200 ps

FIGURE 7
Set of 2500 superimposed oscillograms of two Gunn oscillators

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.
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FIGURE 8
Experimental setup of a wave field measurement of an antenna system
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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

The receiving antenna 5 was connected to the waveguide 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
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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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