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Abstract—The dynamics of the onset of oscillations in a wave guide
cavity based Gunn Oscillator (GO) has been critically examined
through numerical simulations and experimental studies. The
transition of the GO from a non-oscillatory to an oscillatory state and
the same in the reverse direction occurs at different critical values of
the dc bias voltage applied to the GO. In presence of a weak RF field
in GO cavity, oscillations with broad band continuous spectrum and
multiple discrete line spectrum are observed at the GO output for
different values of dc bias below the above mentioned critical values.
Analysing the numerically obtained time series data, chaos quantifiers
have been obtained to prove the occurrence of the chaotic oscillations in
the GO. Experimental results and observations of numerical simulation
show good qualitative agreement.

1. INTRODUCTION

The physics of operation of a wave guide cavity based Gunn Oscillator
(GO) has been studied at length during last fifty years since the
invention of the Gunn diode in the early sixties of the last century [1–6].
A number of theoretical models for the GO have been proposed in the
literature to explain the obtained experimental observations regarding
the onset and the stabilization of oscillations in a GO [7–9]. It is
established that when a Gunn diode is biased at a dc voltage above a
threshold value, the negative differential resistance (NDR) of the diode
compensates the resistive component of the cavity impedance and the
system breaks into self oscillation at a frequency determined by the
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cavity and the device reactances [10]. In these studies the cavity is
considered to be free from external RF field except those from thermal
noise.

Several other works have also been reported in the literature
describing and explaining the nonlinear dynamics of a GO [11, 12].
It is well known that bifurcation and chaos are observed in a GO
under the influence of external periodic driving signals when the GO
is operating in the normal active region [5, 15]. Some studies have
considered the presence of microwave frequency ac signals with the dc
and thus obtained spatiotemporal chaos in the oscillator [14, 15]. These
studies are predominantly theoretical and concentrated on the physical
aspects of Gunn Effect. Further, to the knowledge of the authors, the
effect of gradual systematic increase of the dc bias in presence of RF
field in the GO cavity was not considered.

The present work intends to revisit the problem of onset of
oscillations in a GO when the oscillator cavity contains a weak external
RF field and the dc bias voltage (VB) is below the threshold value. The
effect of the variation of frequency and power of the RF field present
within the cavity on the dynamics of the GO under such conditions
is also examined. It is shown by the numerical simulation and by
experimental studies that the under biased GO (i.e., a GO having VB

less than the threshold dc value for NDR region of operation) exhibits
different dynamical states. They are respectively non oscillatory, quasi
periodic, chaotic and periodic oscillatory states depending upon the
value of the dc bias.

The paper is organised in the following way. In Section 2,
after brief description of the hardware structure of the GO, a circuit
theoretic model of the system and differential equations describing the
dynamics are given. The system equation can easily be identified as
a modified Duffing oscillator equation with a term proportional to
the cube of the damping term. The dynamics of such a system is
potentially reach in nonlinear phenomenon (like chaos etc.) and well
studied in the literature [13, 16–18]. However, the dynamics of a GO
with variable dc bias can be studied by this equation after proper
modelling of the practical situation. The effect of the variation of
the GO is taken into account by considering the variation of some of
the device parameters in the oscillator model. These parameters are
dependent on resistance and reactance of the diode. Section 3 describes
the results of numerical simulation. The obtained time series data sets
are examined with the help of commercial Chaos Data Analyser (CDA)
software for identification of different dynamical states of the system.
Standard chaos quantifiers like maximal Lyapunov exponent (MLE)
and correlation dimension (CD) are calculated. However no attempt
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has been made to explain the route to chaos etc in this work. The
obtained results of the hardware experiment are reported in Section 4.
They confirm the occurrence of chaotic, quasi periodic and periodic
states of the GO for different values of the applied dc voltage. The
paper is concluded in Section 5 discussing the importance of the whole
study.

2. CIRCUIT THEORETIC MODEL OF THE
OSCILLATOR

From the knowledge of the operation of a Gunn diode, biased at the
active region, it can be modelled by a parallel or series combination of
two voltage dependent nonlinear circuit elements — one resistive and
the other capacitive in nature. As the applied dc voltage across the
diode crosses the threshold value it operates in NDR region and the
value of this NDR is a function of the magnitude of VB. Therefore,
the relation between the incremental current (i) through the diode
and the incremental voltage (vr) across the diode is a nonlinear one.
Considering the nonlinearity as cubic type, one writes it as

vr = −β1i + β3i
3 (1)

Here, β1 and β3 are the parameters taking care of linear and
nonlinear dependence between the voltage and the current. Their
magnitudes are determined by the value of the applied VB. Above
the threshold value β1 is negative. The diode capacitance in the ac
model is taken as voltage dependent due to the modification of the
effective dielectric constant of the diode material in the presence of the
negative charge in the active condition [8]. Thus one can write the
instantaneous voltage (vc) across the equivalent capacitor in terms of
the instantaneous charge (q =

∫
i · dt) as

vc = −α1q + α3q
3 (2)

Here α1 and α3 are the parameters taking care of linear and nonlinear
components of diode capacitance. Thus the Gunn diode is replaced by
a series combination of two nonlinear voltage sources vr and vc when
an instantaneous current i(= dq

dt ) passes through it. The wave guide
type cavity is replaced by a series combination of inductor L, capacitor
C and the resistor R. This R takes care of the cavity loss and the load
resistor. Figure 1 shows the ac circuit theoretic model, of the GO. The
voltage source vs indicated in Figure 1 represents the presence of the
external field within the cavity. It is replaced by a short circuit when
there would be no external field present other than the noise voltage
due to the finite temperature in the cavity.
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Figure 1. Series equivalent circuit of the Gunn Oscillator.

The differential equation describing the dynamics of the system is
derived from the model depicted in Figure 1 applying the Kirchhoff’s
mesh law. The obtained equation is written as follows after some
logical substitution and normalization [19]:

d2q

dτ2
= aq − bq3 + c

dq

dτ
− d

(
dq

dτ

)3

+ qs cos(Ωτ) (3)

Here dq
dt = i is the instantaneous circulating current and τ(= ωrt)

is the normalized time. ωr(= 1√
LC

) represents the resonant frequency
of the cavity. qs and Ω are respectively the charge equivalent to the
amplitude and the normalized angular frequency of the external field
present within the cavity. The coefficients a, b, c and d are related
with the resistive and the reactive parts of the device and the cavity
impedances as follows:

a = α1C − 1 (4)
b = α3C (5)

c =
β1 −R−RL

ωrL
(6)

d =
β3ωr

L
(7)

It is evident the coefficients a, b, c and d are implicitly dependent
on the magnitude of VB through bias dependent parameters β1, β3,
α1 and α3. Since α1 and α3 are related to the capacitive parameters,
their values determines the oscillation frequency. As β1 and β3 are
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related to the device resistance so they demand more attention in the
analysis of onset of oscillation. Also the relative magnitude of β3 is
much less compared to β1, hence the parameter d can be taken smaller
than c. The effect of variation of the applied dc bias would be studied
by considering the variation of c. Note that the increase in the value
of VB results in the decrease in the value of c [19].

3. NUMERICAL ANALYSIS

It is difficult, if not impossible, to get a general closed form solution
of (3). So a numerical solution of it is obtained in the following way.
We introduce a new state variable p and write:

dq

dτ
= p (8)

dp

dτ
= aq − bq3 + cp− dp3 + qs cos(Ωτ) (9)

Then, (8) and (9) are modelled using the MATLAB based
Simulink software. This is shown in Figure 2. First we study the
dynamics of the GO in the absence of any external RF field by

Figure 2. Simulink model of Gunn Oscillator in presence an external
RF source.
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Figure 3. c-d parameter space plot to see non oscillatory (blue color)
and stable oscillatory (red color) region of the free running Gunn
Oscillator (a = 1, b = 1).

disconnecting the sinusoidal source from the Simulink model of GO.
Considering a = 1 and b = 1, we take different pairs of values for c
and d and perform the simulation to find the dynamical state of the
system. The obtained state is either oscillatory or non-oscillatory in
nature. Figure 3 shows the parameter space involving c and d resulting
into these two states. Using Figure 3 the steady state values of q and
p are obtained for a particular set of values of a, b, c and d. These
values of q and p are taken as initial values for the next simulation with
increased (decreased) value of c. We take a = 1, b = 1, d = 0.015 and
examine the effect of the variation of c. As c decreases gradually from
0.06 the system begins to oscillate at c = −0.06. With these parameter
values, the normalized frequency and amplitude of the free running GO
are calculated as 1.27 and 2.0 respectively. Then, increasing the value
of c from −0.06 the quenching of oscillation is obtained at c = 0.01.
These two different values of indicate the occurrence of ‘hysteresis’
phenomenon in the onset and quenching of oscillation in a GO as a
function of the dc bias voltage.

The effect of the external RF field is examined by considering the
additional term qs cos(Ωτ) in (9). With a = 1, b = 1, d = 0.015 as
before, we take qs and Ω as 0.15 and 1.27 respectively (This ensures
the presence of a weak RF field of frequency close to the free running
frequency of the GO in the cavity). Then we repeat the numerical
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experiment of the bias variation by changing the parameter. From
the evaluated time series data, instantaneous peak amplitudes of the
oscillation have been obtained for a particular value of c and the same
have been shown in Figure 4. The simulation has been repeated for
different values of c. Figure 4 shows that the dynamics of the GO
is considerably modified due to the presence of weak RF field in the
cavity. Its transition from a non-oscillatory to an oscillatory mode is
not abrupt as is obtained in the absence of RF field. With the variation
of the value of c, chaotic and quasi periodic states are obtained in
the GO dynamics before a stable oscillation is achieved. Results of
numerical simulation with c = −0.001 are shown in Figure 5. The time
variation of q and the phase space diagram using state variables q and
p are shown in Figures 5(a) and 5(b) respectively. The variation of q
with time is irregular in nature and the phase space plot is double scroll
type. This indicates that the dynamics of the system is potentially
chaotic. The frequency spectrum of q obtained by the First Fourier
Transform of the time series data is Broad Band Continuous type
shown in Figure 5(c). This is a signature of chaotic signal. Thus
the state of oscillation is qualitatively recognized as chaotic. But for
the quantification of chaos, different chaos quantifiers such as Maximal
Lyapunov Exponent (MLE), Correlation Dimension (CD) etc. are to

Figure 4. Variation of the instantaneous output peak amplitude of
the Gunn Oscillator with the parameter c indicating chaotic, quasi
periodic and stable periodic oscillatory states (a = 1, b = 1, d = 0.015,
qs = 0.15, Ω = 1.27).
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(a) (b) (c)

Figure 5. (a) Time domain, (b) phase space, (c) frequency spectrum
of the GO output (a = 1, b = 1, c = −0.001, d = 0.015, qs = 0.15 and
Ω = 1.27).

be evaluated. The Lyapunov exponent is a measure of the rate at which
nearby trajectories in phase space diverges. In general there are as
many exponents as there are dynamical equations and for chaotic orbits
there must have at least one positive Lyapunov exponent [20, 21] where
as for periodic orbits, all Lyapunov exponents are negative. Correlation
dimension is another measure of the complexity of the system [22, 23].
It takes into account of the density of points of the attractor. While
the computation of MLE is based on the behavior of the system in time
domain, that of CD focus on the geometric structure of the attractor
in the state space. A non integer value of the CD would indicate the
attractor to be strange and thus the dynamics as chaotic. We have
evaluated MLE and CD from the time series data as obtained from
the numerical experiment and using the CDA by J. C. Sprott [24].
Figures 6(a) and 6(b) show respectively the variation of the evaluated
MLE and CD for different values of the parameter c. Positive values of
MLE and non-integer values of CD have been obtained for a range of
values of c. Specifically, the values of MLE obtained for the given range
of c are in the range 0 to 0.013 and those of CD in the range 1.1 to 1.9.
Small but positive values of MLE indicate that the dynamics is chaotic
and this observation is further supported by non-integral values of CD.
However, the deterministic chaos thus obtained is low dimensional and
controllable [21–23, 25, 26]. We have also obtained Return Map of the
time series data using CDA [24] as two-dimensional phase-space plot
generally will not distinguish between random and chaotic data. The
return map is shown in Figure 6(c). It depicts the value of q at the
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time when p equals a constant versus the value of q at the previous
time at which p equalled the same constant. The obtained return map
indicates the chaotic dynamics of the system for the selected set of the
time series data.

In order to study how the frequency of the weak RF field affects
the dynamics of the under biased GO, numerical simulation has been
done by taking the values of the parameters a, b and d as before
with c = −0.001, and then varying Ω. Figure 7 shows variation of

(a) (b) (c)

Figure 6. Variation of (a) MLE, (b) CD with the parameter c, (c)
return map of the time series data (a = 1, b = 1, c = −0.001, d = 0.015,
qs = 0.15 and Ω = 1.27).

(a) (b) (c)

Figure 7. Frequency spectra of the GO output (a) Ω = 1.256, (b)
Ω = 1.269, (c) Ω = 1.279 (a = 1, b = 1, c = −0.001, d = 0.015 and
qs = 0.15).
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the frequency spectrum of the GO for different values of Ω. It has
been observed as the frequency of the RF field is close to the free
running frequency of the GO, the chaotic behavior in the dynamics of
the oscillator is pronounced. From the time series data, two chaos
quantifiers MLE and CD respectively are evaluated with the help
of CDA [21] and their variations with Ω are shown in Figures 8(a)
and 8(b) respectively. The obtained values of MLE and CD are within
the ranges 0.009 to 0.013 and 1.5 to 1.9 respectively. Thus the chaotic
dynamics of the system is low dimensional and controllable in nature.

4. EXPERIMENTAL STUDIES

Figure 9 shows the block diagram of the experimental set up. The
actual hardware arrangement shown in Figure 10 is designed using the

(a) (b)

Figure 8. The variation of (a) MLE, (b) CD with the normalized
frequency (Ω) of the external RF field (a = 1, b = 1, c = 0.01, d = 0.015
and qs = 0.15.)

Figure 9. Block diagram of the experimental set up.
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components like a waveguide type Gunn Oscillator (Model. No. X2152,
Serial No. 1031), a Gunn power supply (Model. No. NV101), a
Microwave signal source (HP-8350B, 8–20 GHz) and a Circulator
(Model. No. XC621, Serial No. 439). A Spectrum Analyser (SA)
(Rohde and Schwarz, 9 kHz–18GHz) is used to observe the output
spectral characteristics.

The first part of the experiment is performed in the free running
mode keeping the micrometer screw attached to the oscillator cavity
in a suitable location. Then VB applied to the Gunn diode is slowly
increased and discrete line spectrum is observed in the SA at bias
VBCi, indicating the growth of sinusoidal oscillation at the GO output.
A further increase of VB results in the increase in the GO output
power (Po) and a slight change in the oscillation frequency (fo). Then
VB is slowly decreased and the GO remains in the oscillatory state
up to a bias voltage VBCd which is less than the voltage required
(VBCi) for the growth of oscillation in the increasing mode. Table 1

Figure 10. Hardware arrangement of the experimental set up.

Table 1. Experimentally obtained values of the GO dc bias required
for the onset and quenching of oscillations.

Micrometer screw

reading (mm)

vBCi

(volts)

Oscillation

frequency

(GHz)

Output

power

(dBm)

vBCd

(volts)

9.0 5.61 9.985 11.54 5.13

11.0 7.02 9.547 10.80 5.64

13.0 7.50 9.178 9.58 6.17
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(a) (b) (c)

Figure 11. Experimentally obtained output spectrum of the under-
biased GO in presence of an external RF signal having frequency
9.99GHz and power −10 dBm. (a) VB = 4.75Volt (chaotic), (b)
VB = 5.26Volts (quasi periodic), (c) VB = 6.0 Volts (periodic).

represents experimentally obtained results for three different positions
of the micrometer screw of the GO.

In the second part of the experiment, keeping the cavity length
at a particular value (9 mm), an external RF signal having power
(PS = −10 dBm) which is considerably less than Po (11.54 dBm ) and
frequency (fRF) nearly equal to f0 (= 9.99GHz) of the GO is injected
into the oscillator cavity. In this condition VB is slowly increased.
It is observed before the system is reached into the stable oscillating
state; it passes through several complicated states such as Broad Band
Continuous Spectra (BBCS), multiple discrete components. Afore
mentioned states are equivalent to well known chaotic state and quasi-
periodic state of GO oscillation. In the decreasing condition of the
bias voltage, the oscillator transits from the stable oscillating state to
no oscillating state through quasi-periodic and chaotic states again.
However, these intermediate states occur at different values of VB in
this condition. Figures 11 show output spectrum at the GO in the
increasing mode for three different values of VB. They specify three
different dynamical states (chaotic, quasi periodic and periodic) of the
oscillator. The experiment is repeated by varying the power of the
external RF signal and the obtained observations are summarised in
Table 2.

In the third part of the experiment, VB of the GO is kept fixed
at 5.0 volts and fRF is varied. It has been observed as fRF changes
towards the free running frequency of the GO; its output spectrum
becomes chaotic. The obtained experimental observations are shown
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Table 2. Experimental observations on the nature of the GO output
spectrum for different values of the GO dc bias with a fixed power
injected field in the GO cavity.

Ps

(dBm)

VB

(Volts)
Nature of the output spectrum of the GO

−20

3.2 Non Oscillatory

3.34
BBCS having peak power (Ppeak = −30 dBm) 10 dBm

Bandwidth (BW = 80 MHz)

3.42 BBCS having Ppeak = −40 dBm and BW = 60 MHz

3.5 BBCS having Ppeak = −45 dBm and BW = 50 MHz

5.4

Quasi-Periodic having components 9.975GHz

(−45 dBm), 9.98 GHz (−15 dBm), 9.985GHz (10.31 dBm),

9.90GHz (−15 dBm), 9.95 GHz (−48 dBm)

5.92 Periodic having frequency 9.99GHz and power 10.76 dBm

−10

3.3 Non Oscillatory

3.9
BBCS having peak power (Ppeak = −30 dBm)

BW = 90 MHz

4.1 BBCS having Ppeak = −25 dBm and BW = 90 MHz

4.75 BBCS having Ppeak = −22 dBm and BW = 120 MHz

5.0 BBCS having Ppeak = −20 dBm and BW = 100 MHz

5.26

Quasi-Periodic having components 9.95GHz (−40 dBm),

9.96GHz (−30 dBm), 9.97 GHz (−20 dBm),

9.98GHz (10.06 dBm), 9.99 GHz (−10 dBm),

10.0GHz (−15 dBm),10.01 GHz (−35 dBm)

6 Periodic having frequency 9.99GHz and power 10.85 dBm

in Figure 12 for three different values of fRF. They indicate the
average power and bandwidth of the chaotic spectrum increases as fRF

becomes close to f0. It has to be mentioned here that the generation
of chaotic oscillations at the GO output is very much predictable for
a particular arrangement of the GO circuit. The dc bias has to be
adjusted slightly below the threshold bias required for the periodic
oscillations and injected RF field frequency should be around resonant
frequency of the cavity. The system can be used as a generator
of robust deterministic chaos of low average power at the frequency
range 9GHz to 10 GHz. In the literature, one can find microwave
frequency chaos generators using different forms of active circuits like
colpitts oscillators, CMOS structure, phase locked loop etc. [27–31].
The quantification of the experimentally generated chaos in the GO
based circuit could not be done here because of the non availability
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(a) (b) (c)

Figure 12. Experimentally obtained output spectrum of the under-
biased GO (VB = 4.50Volts) in presence of an external RF signal
having power −10 dBm. (a) fRF = 9.88GHz, (b) fRF = 9.98GHz, (c)
fRF = 10.06GHz.

of the time domain instruments (like X-band real time oscilloscope) in
the authors laboratory.

5. CONCLUSION

The paper describes some new observations on the onset of oscillations
in an X-Band GO. The presence of a weak RF field in the oscillator
cavity is found to considerably modify the dynamics of the GO. In the
absence of such field the dc bias of the GO is slowly varied from a low
value and after a threshold value of the bias voltage the GO suddenly
enters into the oscillatory state. However, with the decrease in the
dc bias voltage the oscillation stops at some other lower value of bias.
This asymmetry in dc bias voltage required for inducing and quenching
of oscillations has importance from the nonlinear analytical point of
view. In the presence of weak external RF field in the cavity the same
experimental study indicates the occurrence of several dynamical states
in the system like chaotic, quasi periodic and periodic oscillatory state
for different value of bias voltage. The frequency and the power of the
RF field are found to have pronounced effect on the details of the above
mentioned dynamical features. With the help of a suitable circuit
theoretic model of the GO, the whole observation has been numerically
simulated. The process of dc bias variation is modelled by the variation
of concerned system parameters. The simulation results qualitatively
agree with the experimental results. Further, the numerical time series
data are analyzed with the help of commercial CDA software to obtain
common chaos quantifiers like MLE and CD. The obtained values of
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these parameters confirm the chaotic dynamics of the GO. This study
reported here additionally suggests a convenient method of generation
of chaotic oscillation in an X-Band GO. The applied dc bias voltage
below the threshold value and the external RF field to be applied in GO
cavity could be the suitable control parameters of such chaos generator.
This said system would have potential application in microwave chaotic
communications.
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