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Abstract

In the present paper, the dynamics of a conventiona BJT based Colpitts Oscillator (CO) in
presence of a driving signal along with a co-channel tone interference signa is thoroughly
examined. We perform an experiment in the radio frequency range with a proto type hardware
circuit. The same experiment is repeated by simulation using a circuit ssimulator. Broad band
continuous spectra is observed both in the upper and the lower side of the synchronization band
of the CO just ‘out of lock’ condition. This indicates a chaotic mode of oscillation of the CO in
the driven condition. By suitably adjusting the strength and the frequency of the interference
signal, abroadening in the bandwidth of the chaotic spectrais observed. We also study the system
dynamics numerically using ac equivalent moded of the CO. Numerical simulation results are
found to be in agreement with the experimental observations. The study reveals that a periodic
CO, forced by two close frequency sinusoidal signals, can be used to generate chaotic signal in a
controllable manner. The proposed method of chaos generation has application potential in chaos

based el ectronic communications.
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1. Introduction

In the last few decade researchers have paid considerable attention in studying the nonlinear
dynamics of different electronic circuits and systems [Alligood et al., 1996 ; Hilborn, 2000]. For
many years, electronic oscillators generating periodic signals find applications in communication
system to design amplifiers, oscillators, modulators/demodulators or electronically controllable
phase shifters etc. However, as an oscillator circuit has inherent nonlinearity then by suitably
adjusting system parameters its operating regimes can be expanded to observe some interesting
features like bifurcations, chaos, intermittency, crisis etc. A chaotic signal which is apparently
random and noisy finds applications in different secure communication systems. This is because
chaotic signals have broad frequency band that can withstand the problem of multi path and
frequency selective fading. Chaos can also be used for mapping of information bits. Due to these
reasons studies on the chaotic dynamics of different nonlinear circuits have attracting the researchers
[Stogartz, 1994 ; Alligood et al., 1996 ; Hilborn, 2000 ; Kennedy et a., 2000]. Severa agorithms
for generating chaotic signals in deterministic way have been reported in the literature [ Kennedy,
1994 ; Chakravorty et a., 2009 ; Sarkar, 2012 ; Li et a., 2013 ]. Among different types of RF and
microwave oscillators used as chaos generators, application of Colpitts Oscillator (CO) is well
known. This is because of its circuit simplicity, lesser power requirement, high operating frequency
limit etc. Available literature indicates different techniques like variation of circuit design parameter
or operating bias current or resonant perturbation by harmonic signal are often used to make CO to
operate into chaotic mode [Qiao et al., 2007 ; Sarkar et al., 2013 ; Sarkar et al., (in Press)]. But, to the
knowledge of the author, studies on the effect of two forcing signal of adjacent frequency on the
dynamics of periodic CO remains unexplored. In the present paper interest has been given on this
problem. We have thoroughly examined the CO dynamics driven simultaneously by two forcing
signals, one as synchronizing signal and the other as interfering signal. For this purpose, experiment
using a prototype circuit is done in radio frequency range with the help of circuit ssmulator and then
by hardware arrangement. We have observed, depending on frequency and strength of the injecting
signas, CO dynamics show a number of complex behavior. This is because of nonlinear interaction
of the active device of the oscillator with the external adjacent frequency signals. We have also
included results of numerical investigations based on the system equations of the oscillator.

The paper is organized in the following way. In section 2, experimental study on the performance
of forced oscillator system, first by using a circuit simulator and then by performing actual hardware

experiment is reported. In section 3, we formul ate system equations using the ac equivalent circuit of
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the BJT based CO considering the effect of bias current. Results of numerical simulations are

presented in section 4. Finally, some concluding remarks are included in section 5.

2. Experimental Studies

The functional block diagram of the experimental arrangement is shown in Figure 1. To perform the
experiment a bias current controlled CO circuit as shown in Figure 2(a) is arranged. Here, the basic
oscillator is designed using a 2N2222A type transistor (Q) (having transition frequency 300MHz)
and some passive components like an inductor (L), capacitors (C;, C; and Cp), resistors Ry, Ry. Itsdc
bias current is adjusted by using the current mirror circuit [Sarkar et al ., 2013] which is designed
using apair of

Driving Buffer Colpi
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Figure 1. Functional block diagram of the driven Colpitts oscillator in presence of interfering signal

identical transistors and a variable resistor Rx. By varying Ry, the bias current is adjusted properly so
that the CO can operate in period-1 state in free running condition. External forcing signal taken
from asignal generator is applied at the emitter terminal. We perform both the simulation experiment
(using circuit simulator) and hardware experiment on the circuit. Here we choose the bias current of
the CO as 4.0mA to get period-1 oscillation in free running state. In this condition the frequency and
peak output amplitude of the CO is obtained as 151 kHz and 1.4 volts respectively. Figure 3(a)
shows the output spectral characteristics and the phase plane plot (inset) of the oscillator in free
running condition as obtained using circuit ssmulator. The voltages at the collector terminal and the
emitter termina are chosen as the state variables to plot the phase-plane diagram. Corresponding

observations of the hardware experiment is presented in Figure 3(b).
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Figure 2. (a) Circuit diagram of the bias current controlled driven Colpitts Oscillator in presence of interfering
signal (Vi= VsV, The values of circuit components : Ri=R= 2.2KQ, R=10Q, Re=10Q, Co=1uF,
L=0.055mH, C,=C,= 0.1uF, R= 10kQ variable resistor, Q, Q1 and Q2 are 2N2222A NPN transistors; DC
supply voltage V4 = 5.2 volts.). (b) ac equivalent circuit of the driven Colpitts oscillator with a voltage-
dependent current source model for the transistor.

To study the effect of the interfering signal on the dynamics of the driven CO, at first we examine
its dynamics in presence of a driving signal taking from a signal generator. Keeping strength of the
driving signa fixed at 0.14 volts (i.e. 10% of the strength of the free running CO), its frequency is
gradually varied from low to a high value, such that the driven oscillator passes through
asynchronous mode and then enters into synchronized state. The bandwidth of synchronization is
observed 23 kHz. Crossing this state, it again enters into asynchronous ‘out of lock’ state at higher
frequency side. During this process, the CO dynamics is critically examined. This study is repeated
for different strength of the driving signal. It has been observed synchronization band (SB) of the CO
increases with the increases of the strength of the driving signal. This is shown in Figure 4. By
adjusting strength and frequency of the driving signal broad band continuous spectrum is observed at
‘out of lock’ condition both at the upper and the lower side of the SB of the driven CO. Figure 5 and
Figure 6 show some of the observed output spectra with the variation of the frequency of driving

signal. Figure 5.
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Figure 3. Experimentally obtained output spectra and phase plane plot (inset) of the free running CO (@) using
circuit smulator, (b) from hardware circuit.

represents results as obtained using circuit simulator and Figure 6 gives corresponding hardware
experimental results. In this context, we mention that bias current of the free running CO plays an
important role in the synchronization properties of the driven CO. It has been observed, if the bias
current of the free running CO crosses a certain limit, although it oscillates in Period-1 state, but
instead of showing synchronization behavior with the driving signal it shows different complex
behavior. Keeping the strength of the driving signal fixed at about 10% of the free running amplitude
of the oscillator, it has been observed that SB of the CO decreases with the increase of the bias
current. Then keeping the bias current at some higher value, we critically examine the CO dynamics
by slowly changing the driving signa frequency from low to high value around the fundamental
frequency of the CO. Transition from period-1 to chaotic state of oscillation through period doubling
route is observed|[ Sarkar et al., 2014].

— hardware experimental result
264 —— Circuit simulator result
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Figure 4: Variation of synchronization band of the CO with the strength of the driving signal
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Figure 5.Experimentally (using circuit simulator) obtained output spectra and phase plane plot (inset) of the
driven CO without interfering signal , ve=140 mv) (a) f=134.3KHz , (b) f=144KHz, (c) f=167.7KHz.

In the next part of the experiment, we have applied the interfering signal (having strength0.06 volts
i.e. about 43% of the driving signal strength) along with the synchronizing signal. It is taken from

another signal generator.

(b) (©)

Figure 6. Experimentally (from hardware experiment) obtained output spectra and phase plane plot (inset) of
the driven CO for different frequency of the driving signal without interfering signal ( ve=140 mV) (@)
f=144.3KHz (b) f=155KHz , () f=167.9KHz.

The two forcing signals are added with the help of an adder circuit designed using operational
amplifier and then the resultant signal is applied to the emitter terminal of the CO through a suitable
buffer circuit (designed using operational amplifiers). In this condition, keeping frequency of the
interfering signal fixed (at 138 kHz ie at the lower side of the lock band but out of lock condition)
frequency of the synchronizing signal is varied gradually from low to high value crossing the SB of
the CO. Corresponding output spectra are examined. It has been observed, for some specific

frequency detuning, broad band continuous spectrum having band width larger than the interference
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Figure 7. Experimentally obtained (using circuit simulator) output spectra of the driven CO for different
strength of the interfering signal (V= 140mv, f; = 138 kH2) (a)Vi= 0 volst, f= 168kHz , (b) Vi= 60nv, fs
=161kHz (c) Vi=80mv, fs =155kHz

free condition is observed both at the upper side and the lower side of the lock band. The results of
the circuit ssmulator and those obtained from hardware experiment are given in Figure 7 and Figure
8 respectively. As strength of the interfering signal isincreased, enhancement in the bandwidth of the
broad band spectra is observed. Table: | presents the measured -30dB bandwidth of the output
spectrafor different strength of the interfering signal.

Atten 19 dB Atten 10 dB
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Figure 8. Experimentally obtained output spectra of the driven CO for different strength of the interfering
signal (V= 140mv, f; = 138 kH2) (from hardware experiment) (a)Vi= 0 valts, f= 167kHz , (b) V= 60mv, fs =
161kHz (c) Vi=80mv, fs = 155kHz

3. Mathematical Model of the Driven Colpitts Oscillator in presence of Co-channd

Interference signal

To anayze numerically the dynamics of the oscillator under study, the hardware circuit is replaced

by its ac equivalent model as shown in Figure 2 (b). Here, the effect of variation of bias current in the
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free running CO is taken into consideration. We replace the active device (the BJT operating in the
common base mode) by a nonlinear voltage controlled current source that delivers the collector
current ic[Sarkar et al. ,2013]. It isafunction of the voltage across the base and the emitter terminals

of the device (We), Written as,
ic= f(Vbe) 1(a)
Where: f (Vbe) = OmaVoe — gmBVSe l(b)

Om1 and gng are the parameters representing linear and nonlinear trans-conductance of the device. We
normalize gmy and gz in terms of the linear trans-conductance gmo Of the transistor at the quiescent
current |, required for periodic operation of the CO. We write g and gng 8 agmo and bgmio
respectively, where a and b are the parameters taking care of the actual operating bias current.
Intuitively the magnitude of b is much less than that of a, since the responseis linear for small values
of v The effects of junction capacitance are not explicitly considered here, because, their
magnitudes are very small and hence their reactances are very high at the frequency of operation of
the CO. Effect of the synchronizing signal and the interfering signal is considered by adding an
additional voltage source (v, which is combination of these two signal) to the emitter terminal of the

equivalent circuit.
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Figure 9: Numerically computed phase plane (y-z, plot and frequency spectrum of the free running CO.
system parameters are: a=1.9, g=1.32, Q=4.0, k=0.5, h,=0.04, b=0.2.
Then, using basic circuit theoretic laws, we obtain the following set of differential equations

describing the system dynamics:

dvcl - _ (IL + f (_VCZ +V| )) Z(a)
dt C,

e Yo Y 2(b)
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dii _ (Va+Ve+v) Ri
dt L L

2(c)

Here v, and v, arethe voltages across C, and C, respectively and i, istheload current. v, , the

injected voltage is sum of the synchronizing voltage (vs) and the co channel interfering voltage ().
We consider

v, =V sin(ot) 3(a)
v, =V, sin(w,t +0) 3(b)

Here, V, and o, = (24, ) represent the strength and the angular frequency of the synchronizing
signa.V, and o, (=24, ) are the corresponding values of the interfering signal. & is the phase

constant. We normalize voltage variables by v, (temperature equivalent of voltagei.e. ) KT/q [Sedra

and Smith, 2004] and the current variable by lo, (mentioned earlier) to get dimensionless state
variablesx, y and z.In terms of these variables, the state equations can be obtained in the

dimensionless form as follows:

dx _ g(_z+a(y+vsn +an) _b(y+vsn +an)3)

dr Q-k) o
ﬂ: _gz_hry_g(vm_'_vfn)) 3(b)
dr Qk

dz QKA-K)((X+Y)+Ve +Vy) 2z 3(c)

dr g Q

We have substitutedr =awgt, o, ' =/LCC, C,+C,), X=V /vy, y=V,/vy, z=i/l,,
h =L/(R(C,+C,)h,), g=LI,/(R(C,+C,)v;), Q=0,L/R, k=C,/(C,+C,),
Vg, =V, SN(w, 1),V =Vq, SiN(@q,7+60), Vg, =V IV, V, =V, IV, o4 =0 0, o =0 o,,.
The parametersg, o, and Q are the amplifier gain, resonant frequency and the quality factor of the

resonant circuit respectively.
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Figure 10. Numerically computed synchronization band of the Colpitts oscillator for different strength of the

driving signal. The system parameters are; a=1.9, g=1.32, Q=4.0, k=0.5, h,=0.04, b=0.2.

4. Numerical Simulation of the system under study

To understand the dynamics of the driven CO in presence of co channel tone interference, system
equations as presented in (3) are numerically solved for a judiciously chosen set of system
parameters. Here, we have taken 4th order Runge-K utta integration algorithm in the normalized time
domain with a step size h=0.01. To exclude initial transients in the numerical solution and to get
steady state values of the state variables, we have discarded more than 50% of the data points close
to initial time. The values of the parameters k, g, Q and h, of CO under study have been taken in

accordance with the designed hardware circuit (described in Section 2). They are taken as g = 1.32,

Q=4.0,k=05h=004,b=02
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Figure 11. Numerically computed output spectra of the driven CO for different strength of the interfering
signal (The system parameters are: a=1.9, g=1.32, Q=4.0, k=0.5, h,=0.04, b=0.2, V4=0.4, o, =0.95, o,
=1.063 )(a) Vi»=0, (b) V;»=0.16, (c) Vi»,=0.20, (d) V;1=0.22

The state variable z represents the instantaneous value of the oscillator output in the time domain.
The value of parameters a and b in (3) are taken in the periodic region of operation for the CO
(a=1.9, b=0.2). Figure 9(a) and Figure 9 (b) show respectively the numerically obtained phase
plane plot (y-z) and the frequency spectrum of the free running CO. Then, we consider the effect of
the driving signal vs, on the CO dynamics. Keeping the value of Vg, fixed at 0.4 (about 10% of the

free running amplitude of the CO), w,,is varied gradually around the normalized frequency of the

free running CO. To study the system response, state space tragjectory (in the y-z plane) and the
frequency components present in the oscillator output (obtained by first Fourier transform (FFT) of

time samples of z) isexamined. It is observed for a certain range of @, , CO isin synchronized state

with the driving signal. In this situation, the frequency of the CO becomes same as that of the
external driving signal even though it is different from the free running frequency of the CO. Fig 10
shows the nature of variation of SB with the variation of driving signal strength. Both in the upper
and the lower side of the SB, broad band continuous spectrum although asymmetric in nature are
observed. It indicates possibility of chaotic oscillation in the CO dynamics. In the next stage, effect

of v, along with vy, is considered. Keeping the value of Vg and oy fixed (V¢ =0.16 and w4 =0.95),

o4, isgradually varied. It is observed for some specific value of a, (both in the upper side and the

lower side of the lock band), spectral broadening in the bandwidth of the chaotic signal compared to
interference free condition occurs. Some of the obtained results are given in Fig 11. It indicates

bandwidth of the continuous spectra increases as the strength of the interfering signal increases,
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Table Il represents an estimation of- 30dB bandwidth of the chaotic spectra as obtained from

simulation studies for different strength of the interfering signal.

Tablel

Experimentally obtained (from hardware experiment) -30 dB bandwidth of the chaotic spectra for
different strength of the interfering signal (=138 KHz, f= 167 kHz, Vs=0.14V)

Viinmv -30 dBm bandwidth at the
upper side of the SB
0 50KHz
60 56.25 KHz
80 65 KHz
100 77 kHz
Tablell

Numericaly obtained -30 dB bandwidth of the chaotic spectra for different strength of the
interfering signal (@, =0.95, Vs:=0.4, o, - 1.065)

Vin -30 dBm bandwidth(normalized) at
the upper side of the SB
0 0.35
0.16 0.50
0.20 0.60
0.22 0.70

5. Conclusion

The dynamics of a driven CO in presence of co-channel interfering signal is extensively studied
experimentally using circuit simulator, through hardware circuit and also by numerical simulation.
This study confirms occurrence of synchronization behavior of the driven CO for a proper set of
system and driving signal parameters .Besides this, the present study reveals that CO can generate

chaotic oscillations (as its output shows broad band continuous spectrum) both in the lower and the
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upper side of its synchronization band, in ‘out of lock’ condition. In presence of interfering signal of
suitable strength and frequency, broadening in the bandwidth of the continuous spectra is possible.
Observations of both the hardware experiment and that obtained from the circuit simulator are
consistent with the results of the simulation experiment. Therefore, a CO driven by synchronizing
signal along with an interfering signal can be used to generate broad band chaotic signa in
controllable manner. In this direction the study reported in this paper has practical importance along
with an academic interest.
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