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Parameter ranges for the onset of period doubling in the diode resonator
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One of the classic problems in the study of nonlinear dynamics has been the diode resonator. Previous work
with the diode resonator sought to explain the causes of period doubling and chaos, and often used simplified
models. This paper instead seeks to link the onset of nonlinear dynamical effects to measurable parameters by
comparing experiments and numerical models.
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[. INTRODUCTION The motivation behind this approach is that circuits simi-
lar to the diode resonator may be present in complex elec-
Probably the first chaotic electronic circuit to be exten-tronic systems which are designed for audio frequencies, as
sively studied was the diode resonator, consisting of an inhas been pointed out in Rdfl1]. At radio frequenciesrf),
ductor, a diode, and a resistor, and driven by a periodic signa¥ires may act as inductors, producing unintended resonant
source[1,2]. The diode itself acts as a nonlinear resistor anc®ffects. With the increasing number of radiofrequency sig-
a nonlinear charge storage device, so the resulting circuit is Bals being broadcastor example, wireless communications
nonlinear resonator with complex dynamics. systems are becoming more prevaletitese electronic sys-
Most previous work on the diode resonator is concernedems are subject to signals that were never considered when
with understanding details of the bifurcations in this circuitthey were designed. It is also possible that an adversary may
or with explaining why such nonlinear effects as period dou-2ttempt to interfere with the operation of an electronic sys-
bling or chaos are presef—8]. There have been two com- tem by beaming rf energy towards it.
peting views on the mechanism for period doub“ng and A circuit deSigner would then like to know if there is a
chaos in the diode resonator: work such as that by Rollinshance that the circuit will show nonlinear effects such as
and co-workergRef. [5] for exampld which explain the period doubling when subjected to stray signals. We will
nonlinear dynamical effects as a result of the “reverse recovWork with several different diodes and determine what effect
ery” effect brought on by the exponentially increasing diffu- t.he measuraple diode parameters have on the onset of non-
sion capacitance, or work along the lines of Matsumoto andinear dynamical effects.
collaboratordRefs.[6,7] for exampld, which model the di- We intend to scan the drive signal frequency and ampli-
ode as a piecewise linear Capacitance_ Both schools df]de over |arge ranges to look for nonlinear bEhaVior, and to
thought find that the diode nonlinear resistance characteristi€Peat these experiments for a number of different diodes in
is not important for the nonlinear dynamics of the diodeorder to see what effect different physical parameters of the
resonator. diode have on the onset of nonlinear behavior. In order to
A major problem with both of the above approaches iscover wide ranges, this scanning must be automated, so we
that in order to make a mathematically tractable model, thé'€ed a marker for nonlinear behavior that is easy to auto-
researchers must focus on the factors that they consider to eatically characterize from a time series. We have chosen
important and remove other effects from their models. Nothe onset of the first period doubling as our marker. The first
only do these simplifications lead to models that are not eag?€eriod doubling is very easy to measure automatically, and it
ily described in terms of real physical parameters of the diiS @ good indicator that other nonlinear effects may also be
ode, but they encourage circular reasoning. The researchdpsely.
retain effect X while neglecting effectY and show their
model still produces chaos, which they take as proof ¥at
causes chaos. We do not look for chaos, but among other Il. DIODE MODEL
results, we show below that either one of two commonly
considered mechanisms can lead to period doubling.
There have been other papers on nonlinear dynamics i
the diode resonator that contain detailed bifurcation diagram
and parameter space plots for a single dipgld0]. These

This paper starts with a common technique in which the

Hiode is modeled as a nonlinear resistor in parallel with two
onlinear capacitorfl2] (Fig. 1). In Fig. 1, Ry represents

e nonlinear resistoC; represents the junction capacitance

papers are useful for understanding detailed dynamics of On(glefmed below a_ndCd represents the diffusion capacitance.
d- The two nonlinear capacitors are used to represent two

articular dynamical system, but such a detailed understand-. . . . .
P y y different charge storage mechanisms in the diode. The junc-

ing is not our goal here. In this paper, if we are given a diode. . e :
and the parameters that are typically available on a comme lon capacitance refers to.the fact that within the depletion
fegion of the diode, there is a stored charge

cial datasheet, or easily measurable with simple equipmen
and we place that diode in a circuit with an inductor and a

resistor, we would like to know if nonlinear dynamical ef-

fects will be present for a given periodic driving signal. Qj=Aj\VVp—V,, D
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Vo “ Ve
1 i
| FIG. 3. Circuit used to measure the diode capacitafces a
1 M(Q resistor.

whereig is the current through the nonlinear resistor part of

_ ) ~ the diode. A standard expression faris [12]
FIG. 1. Simple representation of a common model for a diode,

whereRy is a nonlinear resistanc€; is the junction capacitance,

i = (qVa/kT) _
andC, is the diffusion capacitance. ir(Va)=lo(e' 1), (4)

wherel, , the leakage current, depends on the diode. Equa-

whereV,, is a barrier voltage characteristic of the diode andtion (3) may be rearranged to give an equation ¥

V, is the voltage drop across the diode.is a constant that
depends on material parameters such as carrier density or
lifetime. These parameters may vary considerably within di- %_ —Bl—in(V ®)
odes of the same type, so for the purposes of this papes, dt Bl —ir(Va)l,
measured from the actual diodi@ a later section
A second charge storage mechanism is diffusion of minorwhereg is given by
ity carriers. At the edge of the depletion region, the concen-
tration of minority carriers is high, so minority carriers dif- (

fuse into the bulk of the diode. The stored charge, ~ Wb~ Va for V,<V,
A Vg
%‘Ad(k—a-r e Vp—Va

Qg=Age(Va’kT (2 B=

=V,.
leads to the diffusion capacitan¢ehich in some models is for Va=Vs

: A (M) (Vaa/kT)
represented as a “reverse recovery” effe@nce againAy dl kT €
is a constant that depends on material properties. The other ‘ (6)
constants aré, the Boltzmann constant (1.38.0° 22 J/K),
q is the charge of 1 electron (2610 1° C), andT is the
temperature. nonlinear resistor allows only a small leakage current. When

Figure 2 is a schematic of a diode resonator, whégés v, >V, , the diode is in its “on” state, and, in the ideal case,

the driving voltagel is the inductoriwhich has a resistance the nonlinear resistor may be approximated as a short circuit.
of R), V, is the voltage drop across the diodég is a By considering the voltage drops in the circuit, a current
voltage measured in the experiment, aRds the resistor. equation may be derived
Taking the time derivative of the stored charge leads to an
expression for the current through the diode, di

When V,<V,, the diode is in its “off” state, and the

1 ,
a=t(va—vo+|R), (7)
dQJ de
i=ir(Va)+ W + W where the resistandeincludes the resistance of the inductor.
=ir(Va)+ AP + Aad elAga/kn | — 2 &) Estimating parameters
a ]

The parameterg\;, Ay, andl, are different for every
diode, so it is desirable to measure their values from real
L diodes. This estimation is not difficult fa; .

Vo VYA M Ve R The constanf; may be measured because in reverse bias
(R) = the diode acts like a capacitor. The diffusion charge term

(V > from Eg. (2) is very small for reverse biasv/g<0), so es-
a sentially all of the diode capacitance comes from the junction

FIG. 2. Schematic of a diode resonator circuit, consisting of anCharge' Taking the derivative of EQL) with respect to volt-

inductor L (which has a dc resistance &), a diode(the black age gives

arrowlike object, and a resistoR. The diode resonator is driven by

the voltageV, , and in the experiment the measured signa¥ is de (%)Aj O.SA]- /\/\Tb

V, is the voltage drop across the diode, which is modeled in the Cj(Va): = (8)

simulations.
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FIG. 4. Measured capacitan€eas a function of bias voltage, t( ps)
for an mv2101 diode. The capacitance value is offset by 17 pF
because of the capacitance of the measurement apparatus. FIG. 6. The top trace is the driving signil, applied to the

circuit of Fig. 5, while the bottom trace is the measured sighal
so that if C;(0) is the junction capacitance far,=0 V, WhenV, goes to 0V, goes to— 0.6 V for a short time because of

then AJ- =2 \/V_ij(O). the reverse recovery effect.

The diode capacitance may be measured easily if one
makes the diode part of a high pass filter, as shown in Fig.
The voltageV is the sum of a steady part and a time varying
part

The leakage currerlty (the current that flows in reverse
jyia9 could be measured, but this current is on the order of
nanoamps, requiring sophisticated measurement apparatus,
so instead typical values from diode data sheets are used.

Vo(t)=Do+D; sin(27ft), €) Ill. REVERSE RECOVERY

whereD; was 50 mV. From Eq(8), asD, varies, the ca- As mentioned above, ¥, is quickly switched from a

pacitance of the diode should also vary. value aboveVy to a value below zero, the diffusion charge
The magnitude of the transfer function for a first orderlOWS out as a reverse recovery current. In order to measure
high pass filter i§13] the reverse recovery, the diode is placed in series with a
1 kQ resistor to ground and driven with a square wave, as in
Fig. 5. Figure 6 shows time series traces ¥ (the driving
voltage andV, (the voltage drop across the fixed resig®)r
\/m' 10 for an mv2101 diode. WheW, drops to zeroV, is still
nonzero for a time known as the reverse recovery time be-
cause of the flow of diffusion charge. The reverse recovery
whereC in this case isC;(V,), andV, is the voltage drop time actually varies as the height or width of tkig pulse
across the diode. For a valueRf1 M(), the magnitude of varies, but for large pulses the reverse recovery time satu-
the transfer function was measured as a function of frerates. When a reverse recovery time is given in this paper, it
quency and fit to the curve of EGL0) by varyingC. This s the saturation value. For the circuit shown, the reverse
process is repeated for different valuesyf to produce a recovery time is 0.8§s.
curve of capacitance as a function @§. The reverse recovery effect may be simulated from the
There is some offset in the measurement circuit caused byiode equations. Since there is no inductor, only one differ-
its own capacitance, so this is accounted for by fitting theential equation is needed
capacitance curve by the function of E@) but with an
added offset. We find that the measurement circuit adds an d
offset of 17 pF. The curve of diode capacitance as a function — 2= Bli—ir(Va)], (11
of Dy for an mv2101 diode before subtracting the offset is dt
shown in Fig. 4. For this diodeZ;(0) is 17 pF. - L
In principle, it should also be éossible to estimAtgfrom yvherel r(Va) is given by Eq.4), B is given be Eq(6) and
the actual diode, but the diffusion charge is an exponentia'I:(VO_.Va)/R‘ A.t room tempelrature, the factor qfkT_m
function of V,, so in practice this measurement is not pos—Eq' (4) is approximately 38 V. Because Eq(4) contains

sible. Ay is instead estimated from measurements of diod&" equnentlal of a Iargg numper, the diode equaﬂons are
recovery time, discussed below. stiff, so in order to numerically integrate them a stiff solver

was used14].
Figure 7 shows time series &f, (dotted lineg and V,

vV VC R (solid line) from a simulation of Eq(11) with parameters
g—ﬂ—'—’wﬁ_ Aj=17x10"12FV¥?  (farad volt?), 1,=2x10""A
= (ampg (a typical value from a datasheet for a mv2101 di-

FIG. 5. Circuit used to measure the diode reverse recovery timedde, R=1 kQ, V,=0.6 V (volts) (the value for an mv2101
Rwas a 1 ) resistor. diode andAy=—1x 108 C (coulombs. The last constant,

|A(D)]=
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FIG. 7. Simulation of the reverse recovery effect from Ed).
Vy, the driving signal, is a dotted line, while the solid lineVig,
the voltage drop across the diode. The parameters grel7
X102 FVY2 14=2x10"" A, R=1KO, V,=0.6V, and A
=1x10"18C. In (a), V, varied between 0 and 1 V, resulting in a
reverse recovery time of 37 ns, while {h) V, varied between 0
and 5V, so that the reverse recovery time was 116 ns.

Aq4, was difficult to estimate from the actual diode, so its
value was adjusted to vary the reverse relaxation time. In
Fig. 7(a), V, varied between 0 and 1V, resulting in a reverse
recovery time of 37 ns, while in(B) V, varied from0to 5V,

giving a reverse recovery time of 116 ns, which is approxi-
mately the saturation value for this simulation. Larger values
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of A4 or smaller values of, led to longer relaxation times.

IV. PERIOD DOUBLING

A. Experiment
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FIG. 8. Onset of period doubling for the diode resonator experi-
ment using several different diodéperiod doubling region in
black). The key to the figure is in Table I. The frequenty has
been normalized so thdt,=1 corresponds to the resonant fre-
guency of the diode resonator at 0 bias voltage.

The goal of this paper is to determine for what parameter _ _
regions nonlinear effects will occur in the diode resonator. ASVN€r€Do=0, andD; andf could be varied. For each com-

we state above, we would like to scan drive frequency an

dination of D, andf, a time series oV, was digitized and

amplitude for a number of different diodes, so we need ar® POWer spectrum was calculated. The powef/atwas

indicator of nonlinear behavior that is easy to measure fronjn€@sured, and this number was divided by the average
a time series. We choose the onset of the first period dolOWer between frequencies of O ahdrigure 8 shows the

ognize from a time series.

bling as our marker because it is easy to automatically red:€9ions (in black where the half frequency peak exceeds

twice the average power for the diode resonators listed in
A number of different diodes and circuit elements were 12ble 1. The period doubling onset corresponds to the border

used with the diode resonator circuit of Fig. 1 in the searctPf the black regions. The horizontal axes in Fig. 8 &e
for the onset of period doubling. Table | contains a list of = f/fo, where fo=1[27yLC{(0)] is the resonant fre-
circuit parameters. The resist®was 100() for each plot.
Once againy, was given by

mental diode resonator circhit

Vo(t)=Dg+ Dy sin(27ft),

12

TABLE |. Parameters for the plots of Fig. @&om the experi-

Plot Diode L(mH) R, (Q) Cj(pF) T, uS 1NLC;

(& mv2101 10 100 17 0.88 386 kHz
(b) mv2101 68 539 17 0.88 148 kHz
(© mv2101 1 59 17 0.88 1.22 MHz
(d) 1n4385 68 539 99 0.18  0.61 MHz
(6 1n4383 68 539 24 0.04 0.78 MHz
(f)  1n4383 68 539 70 0.09 73 kHz

quency of the seried RC circuit with a capacitance of
C;(0), while the vertical axes in Fig. 8 are the driving am-
plitude D,. These plots are for several different diodes with
different junction capacitances and reverse recovery times,
and different inductors, but the period doubling onset always
occurs for the same range 6f, that is forf, roughly be-
tween 0.25 and 2. This same pattern was seen for driving
frequencies as high as 50 MHz, which was the upper limit of
the equipment in our laboratoryf{ in that case was 32
MHz).

There were 2 diodes for which period doubling was not
seen, a 1n4148 and a 1n4100. The 1n4148 was a fast recov-
ery diode with a junction capacitandg;(0)<2 pF (too
small to be measured by the technique described above
while the 1n4100 had a measured junction capacitance of
949 pF. It was difficult to measure a reverse recovery time in
the 1n4100 because of the large junction capacitance.
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The most likely reason that period doubling was not ob-f, as it did in the experiment, so the model appears to be
served in the 1n4148 diode was because stray capacitanceuseful in predicting the behavior of a real diode resonator. It
the breadboard used to construct the diode resonator wappears thady andl, by themselves have no direct effect on
larger than the junction capacitance of the diode. Experithe period doubling onséthe border of the shaded regions
ments with a 1n4383 diode wit@;(0)=70 pF showed that but they affect the dynamics by their effect on the reverse
adding a 70 pF capacitor in parallel with the diode com-recovery timeT,, . Smaller values of,, do not seem to have
pletely suppressed the period doubling. The stray capacitance
in the breadboard was approximately 17 pF, much larger than TABLE II. Parameters for the plots of Fig. @om simulations
C(0) for the 1n4148 diode, so period doubling was prob-of the diode resonator circiit
ably suppressed by this stray capacitance. Possible reason
why period doubling was not seen in the 1n4100 diode are lo (A) A4(C) T, (S)
explored in the simulations below.

@ 2x10° % —-1x10™% 1.1x10°7

(b) 2x107 M —-1x107% 1.6x10°°

B. Simulations © 2% 10710 —1x10° % 4%10°°

The diode resonator was simulated by integrating Eqs(d) 2x10712 —1x10°18 1x1076
(5)—(7) with a stiff solver[14]. Figure 9 shows the ratio of (e 2x10 1 —1x10718 1.2x1077
the half frequency power to the average poWaack is the  (f) 2x10°10 —1x1018 1.5x10°8
largest ratio for the model of the diode resonator with dif- (g) 2x1012 —1x10°Y 1x10°°
ferent parameter values, given by Table(fior all plots, L (h) 2x10 1! —1x10°Y 1.1x10°8
=68 mH, Aj=17x10 2 FV'2 f,=184 kHz). The onset j 2x 10710 —1x10°Y 1.2x10°7

of period doubling still occurs in roughly the same range of
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for Ag=—1x10"18C, A=17x1012FV¥*2 |,=2
X102 A, L=1 mH. Once again, period doubling onset is
seen for substantially the same region of normalized fre-
quency as before. What is clear from Figs. 10 and 11 is that
4 while a rise in capacitance as the diode forward bias voltage
increases is sufficient to cause period doubling, the model
- used in this work cannot distinguish whether this rise is
— . caused by the diffusion capacitance or the junction capaci-
) ! T T tance. The shape of the period doubling regions on the plots
in Figs. 9—11 is most like the regions seen in the experimen-
n tal plots of Fig. 8 when both junction and diffusion capaci-
_ _ _ tance were present. In a real diode, it is not possible to set
_FIG. 10. Period doubling onset for the diode resonator modejiffusion capacitance to 0 or to set junction capacitance to a
with a reverse recovery timeé, =0. The parameters wes=0,  constant, so it is probably not very accurate to say that one
Aj=17x10 “FV' 1,=2X10 “A. The grayscale shows the e of capacitance or the other is the sole cause of the pe-
ratio of the half frequency power to the average pottetween dc riod doubling.
and the d_rlvmg signalin the simulated version df,, with black The reverse recovery effect actually appears to suppress
representing the largest value. The frequehgyhas been normal- period doubling ifT,, is too long compared to 14 . Figure
ized so thatf,=1 corresponds to the resonant frequency of the L .
diode resonator at O bias voltage. 1_2 shows a series of plots from the model for which was
fixed at 1.2<10 " s (Ag=—1%x10 ®C, 1,=2%x10 11 A,

— — 12 1/ H H
much effect on the period doubling onset, but large values of\j= 17X 10 ** FV') but fo was increased by decreasing
T,, do appear to broaden the range of period doubling. Figthe value of the inductoL. For Fig. 12a), L=50 mH (fo
ure 10 is a plot of the period doubling region fag = 0 — 214 kHz), for(b) L=0.5mH (fo=2.14 MHz), for(c) L
(A]:l7>< 10*12 FV1/2, |0:2>< 10*12 A, L=68 mH) so that =5 ,LLH (fO:214 MHZ), and for (d) LZOOSILLH (fo
T, =0. Period doubling still occurs foF,, =0. Some mod- = 214 MHz). For the largest value 6§ period doubling was
els of the diode resonator use only the reverse recovery effegt/PPressed. Iff,, were smaller, then period doubling was
to produce nonlinear dynamical effe¢®5], but reverse re- NOt supprgssed until hlgher driving frequenmes. Unfortu-
covery is not necessary to cause period doubling in thi§ately, a signal source with enough powt high frequen-
model. C|es? to measure this suppression in a real Q|od_e was not

We may also consider the opposite situation in which thedvailable. The important consequence for a circuit designer
diffusion capacitance is the variable part of the diode capaciwould be to use a diode with the longest recovery time prac-
tance while the junction capacitance is set to a constant. [fc@l in order to avoid period doubling.

0.5 1.0 1.5 2.0 2.5

f

this case, the terng in Eq. (6) becomes There is still the question of why period doubling was not
seen in a 1n4100 diode, which had a large junction capaci-
1 tance C;(0)=949 pF). The effect of large junction capaci-
B= ) (13 tance on the diode resonator model was studied by fixing
V.q Vy, Ay=—1x10"8C, 1,=2x10 A, L=1 mH (other pa-
Ad( KT )e(Vaq/kn—Aj > rameters as befoyeand increasingd;. Figure 13a) is the

period doubling region for Aj=17x10"2FV¥? (f,
Figure 11 is a plot of the resulting period doubling region = 1.5 MH2), (b) is for A;=17x10 0 (fo=150 kHz), and

(c) is for Aj=17x10"8 (f,=15 kHz). Period doubling is

10 suppressed for the largest valueAf, although this corre-

sponds toC;(0)=1.1xX10 " F, which is much larger than
the value of 9.4% 10 ° F measured for the 1n4100 diode.
5 - The suppression of period doubling was caused by the
large values ofA; and not by the low values of,; low

4 - values off, were also obtained by holding; fixed at 17

X 10" *2 FV}2 and increasing the inductar, but no suppres-
sion of period doubling was seen in this case. In an experi-
— 7 ment with an mv2101 diodgC;(0)=17 pH, period dou-

1.0 gf; 3.0 bling was not suppressed whépwas as low as 3.3 kHz.

V. CONCLUSIONS
FIG. 11. Period doubling onset for the numerical model of the

diode resonator when the junction capacitance is con$tanis It is possible to predict the presence of period doubling in
defined by Eq.(13)]. The parameters for this plot wer,=—1 the diode resonator from a few measurable diode parameters.
X108 C, Aj=17x10 12 FVY2 |,=2x 10 12A, L=1 mH. The  The most important parameter is junction capacitance—if
frequencyf, has been normalized so thigt=1 corresponds to the Pperiod doubling occurs, it will occur within a range of
resonant frequency of the diode resonator at 0 bias voltage. 0.25f to 2f,, wheref, =1[2=LC;(0)]. Diffusion capaci-
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(d) f
8 7 n
6 [ FIG. 13. These plots from the model show how large values for
4 - the junction capacitanc€; (which is proportional toA;) affect
period doubling. The fixed parameters wekg=—1x10 ¥ C,
2 l,=2x10"" A, L=1 mH, while for () A;=17x10 12 FV?
(fo=9.5 MHz), (b) is for A;=17x10"*° FV'?2 (f,=950 kHz),

and 11c) is for Aj=17x 10—3 FVY2 (f,=95 kHz). The grayscale
0.5 1.0 1.5 2.0 2.5 shows the ratio of the half frequency power to the average power
f (between dc and the driving signah the simulated version of .,

n with black representing the largest value. The frequefdyas been
normalized so thaf,=1 corresponds to the resonant frequency of
the diode resonator at 0 bias voltage.

FIG. 12. In these plots from the model,, is fixed at 1.2

X107 s, but the resonant frequenéy is increased by increasing tance in the diode causes the reverse recovery effect, which
the inductor value. These plots are intended to show how the re- y ’

verse recovery time affects the period doubling region at differentV@S considered t(_) be thg cause of period doubling in some
resonant frequencie€a), L=50 mH (fo=302 kHz), for (b) L models, but here is only important because reverse recovery

=0.5 mH (fo=3.02 MHz), for(c) L=5 uH (f,=30.2 MHz), and times tha_t are I(_)ng compareq tof_@,/suppress period dou-
for (d) L=0.05uH (fo=300.2 MHz). The grayscale shows the bling, while period doubling is still present for a reverse
ratio of the half frequency power to the average potbetween dc ~ recovery time of 0. In addition, very large junction capaci-
and the driving signalin the simulated version of,, with black  tances can also suppress period doubling. At low frequen-
representing the largest value. The frequehghas been normal- cies, the model agrees well with experiments, although the
ized so thatf,=1 corresponds to the resonant frequency of theexperiments could not be extended to high enough frequen-
diode resonator at 0 bias voltage. cies to confirm all aspects of the model.
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