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Low-frequency switching in a transistor amplifier

T. L. Carroll
U.S. Naval Research Laboratory, Washington, D.C. 20375
(Received 9 December 2002; published 17 April 2003

It is known from extensive work with the diode resonator that the nonlinear propertieB-0f ainction can
lead to period doubling, chaos, and other complicated behaviors in a driven circuit. There has been very little
work on what happens when more than dheéN junction is present. In this work, the first step towards
multiple P-N junction circuits is taken by doing both experiments and simulations with a single-transistor
amplifier using a bipolar transistor. Period doubling and chaos are seen when the amplifier is driven with
signals between 100 kHz and 1 MHz, and they coincide with a very low frequency switching between different
period doubledor chaoti¢ wave forms. The switching frequencies are between 5 and 10 Hz. The switching
behavior was confirmed in a simplified model of the transistor amplifier.
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. INTRODUCTION looks like two back-to-bacl-N junctions. The transistor is
not the same as two back-to-back diodes because most of the

Because of electromagnetic interferen@ehich may be current flowing from the collector or emitter into the base
unintentional or intentional[1], many circuits designed for continues flowing through the base into the emitter or collec-
low-frequency operation may be subjected to radio fre-or.
quency (rf) signals. At high frequencies, the inductance in  The resistors labeleRyc or Ryg represent the nonlinear
the wiring of these circuits combined with capacitance inresistances of the-N junctions making up the transistor. In
semiconductoP-N junctions can cause resonances, exposthe simplest model, the resistors conduct no current until the
ing the circuit to larger rf voltages than anticipated by thevoltage across them reaches some threshold, at that point the
circuit designer. The large voltages, combined with the nonnonlinear resistance conducts current. The arrows on the
linear voltage-dependant capacitances of RRN junctions,  nonlinear resistors indicate the direction of easy current flow.
can cause nonlinear effects such as period doubling, chao$he actual behavior is more complicated. The functioning of
and others. The simplest example of this type of effect is thehe nonlinear resistances in the transistor may be described
diode resonatof2—10], which has been extensively studied. by the Ebers-Moll equationgl6]. For anN-P-N transistor,

There has been very little study of semiconductor circuitssuch as the 2n929 used in the experiments above, the equa-
containing more than one-N junction. Period doubling and tions are
chaos have been observed in a transistor amplifier circuit
[11], and in a microwave amplifidrl2], but there has been Collector
no analysis and only very simple modeling of these effects in
circuits more complicated than the diode resonator. There
have been several chaotic oscillator circuits based on transis-
tors [13-15, but those were self-oscillatory circuits de-
signed to be chaotic, while the present paper concerns a
nonoscillatory circuit which is driven outside the range for
which it was designed.

In this work, a single-transistor amplifier is studied ex-
perimentally and numerically. Not only are period doubling
and chaos observed, but very low-frequency switching be-
tween different complex wave forms is also seen. The low-
frequency behavior was seen both in the experiment and in a
numerical model. This low-frequency behavior could com-
plicate the use of the amplifier when electromagnetic inter-
ference was present.

Il. THE TRANSISTOR

The amplifier in the paper is based on a 2n929 transistor,
a bipolarN-P-N transistor. Figure 1 is a simple block dia-
gram of a transistor. The three terminals of the transistor are F|G. 1. Block diagram of al-P-N transistorR, represents the
labeled base, collector, and emitter. In thisP-N transistor,  pase resistance 6£50 2, while Ry and Ryg represent the non-
the base is a layer d?-type semiconductor material, while linear resistances of the transist6g andCg represent the capaci-
the collector and emitter arl-type, so that the transistor tances of the transistor.

Emitter
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le=lo[ — (e WeaXT—1) + a(eMeeMT-1)],  (1a) +15V

le=lo[ (eMVBeMT—1)—a(e”eeT-1)], (1b)

lg=lc—lg, 1c Vi
B=lc—lE (10 C-| L
. L . -—| } YN
wherel ¢ is the current flowing into the collectoly is the v I R_
(0]

current flowing into the base, ard is the current flowing
out of the emitterVg is the collector-base voltag®gg is
the base-emitter voltageq,is the charge of one electrokjs
the Boltzman constant, is the temperature in Kelvin, and
is the fraction of current that flows from the collector,
through the base, and into the emitter in the reverse di-
rection. The fractionea is typically just below 1.0: for the FIG. 2. Schematic of the amplifier circuit used in the experi-
2n929 transistor, it was measured as 0.995. ments. The component values ar®;=40420Q), R;
EachP-N junction also stores some charge, so the charge 204 545Q), Rc=15000€), Re=37500, R =1 M, C;=C,
storage is represented by a capacitor in parallel with the nori= 25 #F, C3=330 uF, L=2200uH, and the transistol; is of
linear resistor. There are actually two types of charge storagP& 2n929. The driving voltage is applied at the location marked
in the P-N junction[16], soCc andCg in Fig. 1 really stand Yo @nd the output voltage is measuredvat
for two capacitors in parallel. There is region at the actual
junction betweerP- and N-type semiconductors that is de-
pleted of charge, and this region acts like the dielectric in a Figure 2 is a schematic of the common-emitter amplifier
parallel-plate capacitor. The charge stored in this capacitoised in the experiments. The transistqris a 2n929 bipolar
leads to the junction capacitanCg(V) (whereV is the volt-  transistor. The inductot. has been added to the amplifier

Ill. THE AMPLIFIER

age across the-N junction) [17] circuit to increase the inductance of the wiring so that the
circuit behavior may be studied at lower frequencies. The

C;(0) n b output from the amplifier is the voltagé, measured across

S ==V o\ 1T 1on [(v=vy)2+ b))’ the load resistoR . The values of the circuit components

(2)  aregiven in the figure caption. Trim pots were used to create
resistances that did not match standard resistance values.

whereV,, is the built-in voltage(approximately the turn on _The circuit was driven with a constant amplitude sine
voltage for the junction,V is the voltage across the junction, wave Vo g(_enerated by a digital function generator: In .order
andb andn may be estimated by measuring junction capaci-tc_’ further |sola_te the signal generator from the circuit, '_[r_\e
tance as a function of for V<V, . Equation(2) is actually S|g!1alvo was first passed through a broadband preamplifier
an approximation that is accurate only gV, but for which acted as a buffer. To lessen the effect of the detection

V>V, , the second type of capacitance described bebv@lectronics on the amplifier circuit, a 10@)kresistor was
domina,tes. placed between the location whérg was measured and the

Outside of the depletion region, minority carriers diffuse detector.

into the bulk of the semiconductor, leading to the diffusion
capacitanceCy (V) IV. EXPERIMENT

As the frequency and amplitude of the driving sigival
Cp(V)=Cp(0)e™kT, (3 were varied, period doubling and chaos were among the dy-
namical effects observed. Period doubling and chaos have
where g is the charge of one electrok, is the Boltzman been seen in other amplifier circultsl,12 and in the diode
constant, and is the temperature in Kelvin. resonator, so their presence was not surprising. What was
In experiments withP-N junctions (such as the diode surprising is that the dc level o¢, fluctuated slowly but
resonator, the capacitance of th®-N junction combines periodically, oscillating at frequencies between 5 and 10 Hz.
with stray inductance in the circuit wiring to form a series After passing through a 100(k resistor,V, was low-pass
resonant circuit. Typical capacitances N junctions are filtered through an amplifier which filtered out signals above
of the order of 102 F or less(1 pP), so these resonances 1000 Hz, and the filtereW| signal was digitized. Figure 3 is
occur at frequencies of 1 GHz or greater. Acquiring data and time series of the low-pass filtered output, which shows
building circuits at such high frequencies is difficult, so in regular switchingthe inductorL was set to 220QwH). Fig-
the experiment described here, an inductor was added to thee 4 shows the beginning and end of one of these switching
circuit to increase the inductance of the wiring, thereforeevents, with no low-pass filtering.
lowering the resonant frequency to a range between 200 kHz The origin of this switching could be seen by digitizing
and 30 MHz. In many of the plots in this paper, the fre-the voltageV., which was the voltage at the collector of the
qguency axis is normalized by this resonant frequency. transistor. An isolating probe was used to isolate the transis-
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FIG. 3. Low-pass filtered sign&, when low-frequency switch-
ing is present. The low-pass filter break frequency was 1 kHz. —_ 2.0 7
2 (b)
tor circuit from the digital oscilloscope used to det&td. o 1.5
Two distinct states with different dc levels were observed for >
V. Figure a) shows a plot ofV¢ vs V, for the state 1.0
corresponding to the higher dc level, whilébis the state 05
with the lower dc level. A slow but periodic switching be- ' | | | | |
tween these two states was the cause of the low-frequency 2 - 0 1 2
switching seen in the amplifier output. Vo (V)

The frequency of this slow switching varied depending on
the value ofV,. Figure 6 is a plot of switching frequency as kG, 5. Phase space plots ¢, the voltage at the collector, vs
a function of the frequency and amplitude\#§, with black  the driving voltagev, during the two different parts of a switching
being the highest frequency and white corresponding to n@vent. The two/ wave forms have different dc components, lead-
switching. The frequency axif, is normalized by the reso- ing to the large dc swings seen in Fig. 3.
nant frequency of the series resonant circuit consisting of the
inductor and the transistor. The base-emitter junction of thgransistor, and the capacitance at zero bag))=24 pF,
transistor acts as the capacitor in the series resonant Circuilas ysed to calculate the resonant frequency of the series
The base-emitter capacitance, which varied as a function qf c R circuit. A frequency off =1 corresponds to the reso-
bias voltage, was measured in the laboratory for the 2n929, frequency of this circuit, which fdr =2200xH was

~693 kHz.

(a) | The switching frequency is quite sensitive to the param-
2
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0 50 100 150 200 FIG. 6. Frequency of the slow switching for different amplitudes
t ( us) and frequencies of the driving signal, where black is the highest

value and white corresponds to zeffq. is the driving frequency
FIG. 4. (a) UnfilteredV| signal at the start of a switching event. normalized by the resonant frequency of the inductor-transistor se-
(b) UnfilteredV,_ at the end of a different switching event. The time ries resonant circuit. The lower graph gives the frequency scale for
scale of a complete switching event was of the order of 0.1 s.  the upper graph, wherg, is the switching frequency.
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10 N I|||..lI motion stiff, requiring the use of a stiff numerical integration
|.|| "u.l:""'lll"': routine. Stiff routines are slower than integrators that are not
54 1 stiff [18], and integration speed is a matter of concern in this
9 04 THTT problem. The amplifier circuit was driven at frequencies of
‘:l . the order of 1 MHz, while the switching events occurred at
> -5 n, - frequencies of a few Hertz, so very long integration times
10 — The will be necessary to model the switching. In order to make
|.....:_,.." the simulations more practical, a simpler piecewise linear
| T | T | T | model for the transistor was substituted. A disadvantage of
0.4 0.8 12 1.6 changing to the piecewise linear model is that there is no
longer a direct correspondence between the model param-
fn eters and the measurable physical parameters of the transis-
tor.
The combined capacitances for the transistor were re-
placed with a single piecewise linear model. A similar model
as used by TanaKa]. The capacitance model used here is

FIG. 7. Bifurcation plot ofV_ from the transistor amplifier ex-
periment strobed when the driving signé) crosses zero in the
negative directionf, is the driving frequency normalized by the
resonant frequency of the inductor-transistor series resonant circuiW

The amplitude of the driving signal was 5 V. The regions where c |V|<V

period two or higher behavior was seen in the bifurcation plot co- C.(V,s)= 0 s Vbl (43
incide with the regions where slow switching was seen. me s(m,V+b,), |V|>Vy,

eters of the driving voltage, and there is a large region near bn,=s(Co—myVpy), (4b)

the resonant frequency where no switching is seen. The bi-

furcation diagram in Fig. 7 shows why there is no switchingwhereV is the voltage across the junctiosjs —1 for the
in this region. The bifurcation diagram was created by plot-collector-base junction anét1 for the base-emitter junction
ting the value oV when the driving signaV/, crossed zero (the signs would be reversed forPaN-P transistoy, Vp,; is
in the negative direction. The amplitude § for the bifur- 0.5V, the zero bias capacitan€® is 24 pF, and the slope
cation diagram was 5 V. The bifurcation diagram shows thatmy=500 pF/V (the value of the slope was arbitrary
low-frequency switching exists only when attractors higher The nonlinear current equatioh&qg. (1)] were also re-
than period one exist. There is only one period one state, bytlaced with

there are at least two distinct types of wave form for states

with periods higher than one. le=1o[gn(Vee,— 1)+ agn(Vee D], (53
There was a lower driving frequency limit below which

switching was not seen. Switching was observed for a reso- le=1ol0n(Vee 1)+ agn(Vce,—1)], (5b)

nant frequency of 459 kHzL(=5000uH), but not for a

resonant frequency of 383 kHL & 7200 wH), although pe- lg=lc—Ilg, (50

riod doubling was seen for this resonant frequency. Low-

frequency switching was seen when the resonant frequency 0, |V|=Vy,

of the inductor-transistor combination was 10.2 MHz ( gn(V,s)= (5d)

=10 uH), but neither period doubling or low-frequency mV+b,  [sVI>Vp,'

switching was seen for a resonant frequency of 32 MHz (

=1 wH). It has been shown in the diode resonator that pe- bj=smVyy, (5¢)

riod doubling for higher driving frequencies can be sup- 4

pressed by the stray capacitance of the breadboard on whig{1€re the slopen,=10"" A/V, and the turn-on voltag¥',

the circuit is assembled?2], so it is possible that low- Was 0.6 V. The break point voltage in the capacitance func-
frequency switching could also exist at higher driving fre-tion of Eq.(4) (V1) was slightly less than the turn-on volt-
quencies. ageVyp, because the capacitance value starts to rise before
the transistor turns on.

The slope constamh, in Eq. (5) was set by simulating the
characteristic curves for the transistor, where the collector
Numerical simulations are useful to confirm that the dy-currentl. is plotted as a function of the collector-emitter

namical effects seen are indeed part of the transistor ampliroltage Vg for different levels of the base currehf [19].

fier, and not caused by some other effect, such as an interaBigure 8 shows a characteristic curve plot for the 2n929 tran-

tion with the driving signal source or the detection sistor(measured experimentallywhere the base current val-

electronics. The simulations can also reveal if the model usedes for the curves were 0/&A, 1.7 uA, 2.9 pA, 4.1 uA,

for the transistor is adequate to produce the effects seen and 5.3uA. Figure 9 shows the characteristic curves from

the experiment. the piecewise linear simulation, with base current values of
The transistor may be described by E¢B—(3), but the  0.19 uA, 0.67 uA, 1.1 uA, 1.6 uA, and 2.1uA. These

resulting model is difficult to work with. The exponential plots are a standard method for characterizing a transistor.

terms in Egs.(1) and (3) make the resulting equations of The simulated curves were compared with actual curves, and

V. NUMERICAL SIMULATIONS
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FIG. 8. Characteristic curves of the collector curreatvs the
collector-emitter voltageVg at different base currents for the
2n929 bipolar transistor used in the circuit of Fig. 1. The bas

currents for these curvestarting at the bottoinwere 0.5uA,
1.7 uA, 29 uA, 4.1 uA, and 5.3uA.
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FIG. 9. Characteristic curves of the collector curregtvs the
collector-emitter voltageV.g at different base currents for the
piecewise linear model of a transistor amplifier. The base currents
for these curvegstarting at the bottoinwere 0.19uA, 0.67 uA,

1.1 A, 1.6 uA, and 2.1uA.

m; was chosen to make the simulations roughly match the

experimental curves. The full equations of motion for the dx, J4Ri+JsRy+ 1,R.R Ry
transistor amplifier were F T ( RRRAC (X 1) , (6b)
R1(RpVa+ RoRpX3+ RoXy)
dx, Ji+1cRR, ) . dx; RyR,+ RyRy+ RoR, X5 ;
dt . \RR C(x,—-1)) (63 at L . (69
Y2 Xa (JaRit IsRe+ L RRIRA) Cot Crl Xz, )]
dx, ° Re Re RcRIRAC(X2,1) ]
ot Co ’ (6c)
|
dX5 dVO X3 J4:[\]2R2+J1Rb+ RCR|(_Va+X4)], (Gk)
e (69
dt dt C;
J5:(J1Rb+ RCR|X4). (6')
X _TeRetXo—Xs X5 JitIcRR V, is the power supply voltage of 15 V. The variablex,
dt CeRe CR RRCh(xg,—1) corresponds to the collector-base voltage corresponds to
the base-emitter voltagg; is the current through the induc-
_ (4R F IRy 1eRRIRA[Co + Cr(X21)] , tor L, X, is the voltage at the base of the transiskgrjs the
CeRcRIRACH(X2,1) voltage at the junction of the input capacit@y and the
(6) inductorL, andxg is the voltage across the load resis®yr.
\oltages other tham; andx, were referenced to groungy,
Ra=[R,Ry+ Ry(Ry+Ry)1, (69) is added to the .model to simulate the base resptance of
~50 (), and the inductoL was set to 200Q.H, while all
_ _ other component values are the same as in the circuit. The
J1=[RI(=VatXaXg) +Rexel, (6h) termsR, andJ; throughJs do not have any particular units,
) but are added to make it possible to write the equations on
J2=[Ri(V1—ReX3) +ReXe] (6))  one page.
The large separation in time scales between the driving
J3=[J+ 1Ry + RR | (—Va+x4) 1, (6j)  frequency and the response frequency of the transistor am-
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FIG. 11. Time series of the strobeg signal from the model of
driving amplitude of 15 Vi, is the driving frequency normalized Eq. (6), when the driving amplitude was 15 V and the driving
by the resonant frequency of the inductor-transistor series resonafiequency was 500 kHzf(=0.63). The frequency of the large
circuit. Thex; signal was strobed on the positive-going zero cross-switching events is 115 Hz.

switching. The low-frequency switching was seen in an ex-

plifier made it impractical to do extensive parameter Varia‘periment, and its existence was confirmed in a simple piece-
tion studies, so the model was used only to verify that th€yise linear model of the transistor amplifier.

" W ! No such switching has been reported in the well-studied
tor amplifier circuit by itself, and not caused by some otheryigge resonator circuit. which has only a singteN junc-

low-frequency switching was indeed possible in the transis-

artifact of the experiment.

tion, so it is almost certain that the dould®eN junction in

In the experiment, it was observed that varying the valuegng transistor is responsible for the switching. This switching

of the capacitor€C,, C,, andC; by a factor of 10 neither

was not observed in my laboratory in a back-to-back pair of

affect the driving frequencies or amplitudes at which low- gigges, but because of the narrow base layer of the transistor,
frequency switching was seen, nor was the distribution of; is not the same as a simple pair of diodes.

Low-frequency switching was seen in other types of tran-

switching frequencies affected. Since the results of the ex-
periment were not very sensitive to the values of these ca-
pacitors, for the simulation they were all set tquF in order
to reduce the length of the initial transient in the simulations.
The simulations of Eq(6) used a fourth-order Runge-
Kutta integration routing 18] with a stepsize of 10% s.
Each simulation was first run for 20 000 000 steps to elimi-
nate the long initial transient. Figure 10 is a bifurcation plot
from Eq. (6), wheref,, is the driving frequency divided by
the inductor-transistor resonant frequency of 795 kHzxand
is the value ofx; when the driving signal crosses zero in the
positive direction. The driving amplitude for Fig. 10 was 15
V. Signal amplitudes in the piecewise linear model do not
correspond directly to signal amplitudes in the actual ampli-
fier. The bifurcation plot does show regions of complex be-
havior, but unlike the experiment, all of this behavior occurs
only for frequencies below the resonant frequency. Figure 11
shows a time series of the value xf at the positive-going
zero crossings of the driving signal, for a driving frequency
of 500 kHz (f,=0.63). Low-frequency switching between
two different types of behavior is clearly seen. The switching
frequency is 115 Hz. Figure 12 shows Poincseetions from
the two different types of oscillation. Figure (B2 is a Poin-
caresection ofx, vs x, for the larger oscillation, whilgb) is
a Poincaresection for the smaller oscillation. As in the ex-
periment, different wave forms are present during the two
different types of oscillation.

VI. CONCLUSIONS

X, (V)

V)

N

~ (@)

A~

3.5
3.0
2.5 7
2.0 T
1.5 —

8 10 12 14 16
X, (V)

FIG. 12. Poincareections of two signals from the model of Eq.

(6) (strobed at the positive-going zero crossing of the drive sjgnal

_ o . _ for a drive amplitude of 15 V and frequency of 500 kHa) is for
This paper has shown that driving a transistor amplifierthe larger oscillation in Fig. 11, whilé) is for the smaller oscilla-
with a high-frequency signal can cause very low-frequencytion.
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sistors besides the one reported here, including a metathe driving signal and the switching means that specialized
oxide-semiconductor field-effect transistor power transistor.mathematical techniques for analyzing fast-slow systems

This paper does not address the cause of the lowmust be employed. It is anticipated that further analysis will
frequency switching. The large frequency difference betweee undertaken in the future.
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