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Unified model and reverse recovery nonlinearities of the driven diode resonator
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We study the origins of period doubling and chaos in the driven series resistor-inductor-varactor diode
(RLD) nonlinear resonant circuit. We find that resonators driven at frequencies much higher than the diode
reverse recovery rate do not show period doubling. Models of chaos based on the nonlinear capacitance of the
varactor diode display a reverse-recovery-like effect, and this effect strongly resembles reverse recovery of real
diodes. We find for the first time that in addition to the known dependence of the reverse recovery time on past
current maxima, there are also important nonlinear dependencies on pulse frequency, duty cycle, and dc
voltage bias. Similar nonlinearities are present in the nonlinear capacitance models of these diodes. We con-
clude that a history-dependent and nonlinear reverse-recovery time is an essential ingredient for chaotic
behavior of this circuit, and demonstrate for the first time that all major competing models have this effect,
either explicitly or implicitly. Besides unifying the two major modelsRIED chaos, our work reveals that the
nonlinearities of the reverse-recovery time must be included for a complete understanding of period doubling
and chaos in this circuit.
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[. INTRODUCTION contribution to nonlinearity comes from the finite time scale
diffusive dynamics of charge in thp-n junction and the
The nonlinear dynamics of thg-n junction has been a associated “memory” of previous forward-current maxima
subject of intense interest since the dawn of chidos8]. [4]. After the diode has been forward biased and switched
Experimental work has focused on the damped driven noneff, it takes some time for the minority carriers to diffuse
linear oscillator formed by a resistor, inductor, and varactomback across the junction, allowing the diode to conduct for a
diode (RLD circuit) connected in serigsee Fig. 1a)]. This  period known as the reverse-recovery timggr. The
is the simplest passive circuit that displays period doubling'memory” of previous forward-bias currents built into this
and chaos as a function of sinusoidal driving amplitude andvonequilibrium charge distribution has been proposed as the
frequency. The dynamics of this circuit can, in principle, bemain source of chaos in the driv&LD circuit [4,8].
understood through the details of the hole and electron Lumped element models of the drivé®LD circuit fall

charge distributions in the vicinity of thp-n junction [9]. into two distinct classes: those relying on the nonlinear ca-
However, many simplified models gi-n junction charge

dynamics have been put forward in terms of nonlinear L

lumped-element approximations for the varadfeig. 1(b)]. (a) R D

One reason for this approach was the interest in constructing N

low-dimensional maps to describe the “universal” nonlinear VpRIvEN

dynamics experimentally observed in the cirduif2,4,q. R
There are three general types of nonlinearity present in

the drivenRLD circuit. The first is the nonlinear current-

voltage characteristic of the diode, thought by most research-

ers to be unimportant for chaos, because its absence from (b)

models results in only small changes in the calculated bifur-

cation diagramg5,10]. A second contribution comes from

the large and exponentially nonlinear forward-bias capaci- Vo NLCR

tance associated with the junction diffusion capacitdixde v,

In this case, the diode is modeled as a parallel combination SUA)

of a nonlinear resistor and nonlinear capacitéig. 1(b)]. It

has been proposed that period doubling will occur when the L

capacitance reaches approximately four times its zero bias or —

value because the resonant frequency ofRh® circuit will T

drop to half its low-amplitude valugr]. This is thought to be Battery

the first step in a period doubling cascade to chaos. A third £ 1. schematic diagrams féa) the drivenRLD circuit and
(b) diode models. The nonlinear capacitance and nonlinear resis-
tance (NLCR) implementation is shown in the upper part (&,
*Present address: Electrical Engineering Department, Universitwhile a representation of the Huet al. model is shown in the
of California at Santa Cruz, Santa Cruz, California 95064, USA. lower part. In the latter case, the diode is replaced with a battery
TEmail address: anlage@squid.umd.edu while it is conducting, and a fixed linear capacitor at all other times.
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pacitance and ignoring explicit history effectsig. 1(b) 17]. Only recently has effort been made to assemble a uni-
NLCR], and those explicitly based on history effects in thefying picture of the origins and generality of period doubling
junction and ignoring the nonlinear capacitariéég. 1(b)  and chaos in this important circuit0]. Our purpose in this
Hunt]. Both kinds of model attempt to identify the essential section is to measure and model different diode circuits in a
physics that is responsible for period doubling and chaos. fyide range of parameter space to identify the important and
is remarkable that both classes of models reproduce intricatgssential physics responsible for the nonlinear dynamics of
detail of the return maps and bifurcation diagrams of thethe drivenRLD circuit as a step in creating such a unified
driven RLD circuit. Historically, the two classes of models picture.
were assumed to be mutually exclusive and contradictory in |t is important to first understand the four major tirfiee-
their approach to describing chaotic dynamics in the driveryuency scales involved in this problem, because the dynam-
RLD circuit [11]. One purpose of this paper is to partially jcs of the circuit depends critically on the relative values of
reconcile these two classes of models, and to show that thaljiese time scales. The first is the low-amplitude resonant
both include some essential physics of this rich nonlineafrequency of the passivRLD circuit: fO:j_/[z»n-(Lcj)llz],
problem. We also demonstrate that both models lack imporyhereC; is the zero-bias junction capacitance of the varactor
tant effects that have been ignored up to this point. Thesgiode. It is well established that complex dynamics are most
effects are measured here for the first time in the context Oéasily observed for driving frequenciésn the vicinity of
nonlinear dynamics, and are essential for a complete undeghjs resonant frequency. Another important time scale in the
standing of the behavior of this circuit. . ~diode is the reverse-recovery timgg. This is a measure of

In this paper we present measurements and simulations @he time required for minority carriers injected across the
reverse-recovery times in a variety of diodes and resonantinction in the diode to move back to the other side of the
circuits. Section Il discusses many time scales of the driVe'jUnction (or recombing once the driving force has been re-
RLD pI’Oblem and illustrates the importance of the reVersemoved_ One effect Of th|s f|n|te t|me Sca|e is “reverse-
recovery time in the nonlinear dynamics of the circuit. Sec-recovery” in which a forward-biased diode will not shut off
tion Il demonstrates that the nonlinear capacitance modelgnmediately when the driving signal is reversed, but will
are endowed with a history-dependent reverse-recovery-likeontinue to conduct for a time on the order afs. Su,
effect. Section IV is a summary of our experimental resultsRo|lins, and Hunt proposed that the diode actually acts like a
of the nonlinear dependence of the reverse-recovery time Ofapacitor during this time. In addition, they proposed that
circuit parameters, and ends with a dramatic illustration of7.RR retained a memory of the two or three previous maxi-
how existing models fail to explain key data. Sections V andyym forward current values through the did@g.
VI review our contributions to a deeper understanding of the There are sever®C time constants in the problem, as-
RLD circuit and demonstrate that a simple nonlinear capacisgciated with the junction capacitance and the internal resis-
tor model shows all of the essential features of reversegance of the diode, and between the junction capacitance and
recovery-like behavior. _ o the external resistoRR (note that the parasitic resistance of

Experiments were carried out in a manner similar to thakne jnductor is much less thaR for the circuits considered
described in Ref[12]. The circuits were shielded inside a here. These time scales are usually quite shertifs), but
metallic box and excited through 30 transmission lines by  can pe important when the capacitance is large. Finally, the
either a Hewlett-Packar@HP) 33120A synthesized source | /R time scale is generally long and does not directly influ-
(up to 15 MH32 or an HP 83620B microwave synthesizer gnce the diode dynamics. The interplay of these time scales,
(above 10 MHz. The response of the circuits was measuredy|ong with the period of the sinusoidal driving signal, yield a
with either a Tektronix TDS3052 oscilloscope or a Tektronlx\,ery rich parameteric landscape for nonlinear dynamics.
494P spectrum analyzer. Low capacitance and high imped- |t should be mentioned that three of these time scales are
ance p.robes.were used to measure voltages in t.ht_a C“‘?“'t&rongly nonlinear. The resonant frequerfgyand theRC
spicEsimulations showed that the probes had a minimal imime constants are a nonlinear function of driving amplitude
pact on the circuit wave forms, whereas it was found that lowy g ¢c voltage bias on the varactor junction, and we show
impedance capacitive probes strongly perturbed the circuitgg|ow, the reverse-recovery time is a nonlinear function of
Bifurcation diagrams were constructed by collecting single-yive frequency, amplitude, duty cycle, dc bias, and load re-
shot tra_ces from the oscilloscope and recording the data WitQistance[9]. Most of these nonlinearities have not been in-
a LabView program on a PC. vestigated in the past with respect to the resulting nonlinear
dynamics. These nonlinearities greatly enrich the dynamics
and challenge our understanding of the essential physics re-
sponsible for nonlinear dynamics in the simple drivRbD

The history of research on the driv&LD circuit is long  circuit.
and varied. Most papers on this subject study only one diode To illustrate the interplay of time scales in this problem,
and choose a circuit with a resonant frequency in a conveeonsider the sinusoidally driven reson&itD circuit shown
nient ranggtypically at audio frequenci¢sThe experiments in Fig. 1(a). The low-amplitude resonant frequency of the
have been carried out in widely disparate regions of the paeircuit is determined by the diode junction capacitaceas
rameter space available for the circiihe parameters in- well as the lumped element inductior The reverse-recovery
clude driving frequency, amplitude, and duty cydReandL  time g can be measured by the methods discussed below.
values, minority carrier lifetime, dc voltage bias, éfd3—  We studied four different diodes with very different values of

II. TIME SCALES

026201-2



UNIFIED MODEL AND REVERSE RECOVERY ... PHYSICAL REVIEW B8, 026201 (2003

TABLE |I. Survey of results for period doubling and chaos on driv&rD circuits with four different
diodes. The reverse-recovery timgg was measured at 20 kHavhere it is frequency independemntith
Vpc=0, a 1.5V amplitude puls€8 V peak-to-peak 50% duty cycle, andR=25 ). The zero-bias junction
capacitance&Z; was measured with an Agilent 4285A LCR meter. The resonant frequeficiesre changed
by adjusting the. value in theRLD circuit, while R was fixed at 28). The search for period doubling and
chaos took place over the ranfe-0.1f, to f~10f,. We were unable to measure a finite reverse-recovery
time (i.e., 7rr<<10 ns) in the 1N4148 fast-recovery diode due to the bandwidth limitations of our oscillo-
scope. Thus, we were unable to establish the conditieiiy~ 1/7x for that diode.

Diode e (N9 Cj (pP) Results with Results with Results with
fo~L7rR fo~10/grR fo~100/gR
1N5400 7000 81 Period doubling and  Period doubling and  No period doubling
chaos for chaos for or chaos
f/fy~0.11-1.64 f/fy~0.16-1.76
1N4007 700 19 Period doubling and  Period doubling and  No period doubling
chaos for chaos for or chaos
f/fy~0.13-2.0 f/fy~0.23-1.3
1N5475B 160 82 Period doubling and No period doubling No period doubling
chaos for or chaos or chaos
f/fy~0.66-2.2
NTE610 45 16 Period doubling and Period doubling No period doubling
chaos for only for or chaos

f/fy~0.14-3.84 f/fo~1.17-3.25

C; and 7gg. In all cases we find the following. First, when model of reverse-recovery was introduced RirD dynam-

the low-amplitude resonant frequency of the cirdyiis on  ics, and turned into a one-dimension@D) noninvertible

the order of 14z, period doubling and chaos are found for map. Although this gave qualitative agreement with experi-
a substantial driving frequency ran§éetween about 0f3 ment, it was criticized for being inconsistent with the mea-
and 2f, (see Table)l Similar results are obtained when the sured attractof5]. Later, Su, Rollins, and Huri8] included
inductance is changed to make the resonant frequency equakee or more previous cycles of the forward-bias current to
to about one-tenth of #4g (in agreement with Refl10]).  determine their modetzg. They also noted that the recov-
However, when the inductance is changed to miakabout  ery time depends on the junction characteristics and the ex-
ten times larger than #4g, there is a substantial change in terna| series resistance. We show here that this model is a

the circuit behavior(Table . One of the diode circuits 504 starting point, but fails to include essential nonlineari-
shows only period doubling and no chaos, while another disgog

Figure 2 illustrates the reverse-recovery effect in a diode.

. . e ©The circuit shown in the inset of Fig(® was employed to
stricted range of amplitude and driving frequency parametearive the diode with a single square pulse input. After the
space. Finally, when the circuits are modified to hdye :

. . driving signal was removed, the diode continued to conduct
~100/rrRr, We do not observe period doubling or chaos atfor a time scale defined as the reverse-recovery fi
all over the equivalent range of parameters. y e

When the diode is driven at frequencies much higher tharjl—hiS time consi_sts O.f two co_ntributions: the storage tinge
the reverse-recovery time, the charge carriers neapthe and the transition timer, with 7ge= 75+ 7 [9]- We shall
junction do not have a chance to influence the circuit behayPresent results belofell data in Figs. 37 are taken with the
ior or contribute additional nonlinear behavior. Clearly, theCircuit shown in Fig. Z)] mainly on the storage time be-
reverse-recovery time plays an important role in the nonlincause, in general, this time scale dominates the reverse-
ear dynamics of this circuit. However, very little prior ex- récovery time and its nonlinear behavior.

perimental work orRLD dynamics has explored the inter- Figure 3 illustrates the history (_Jlependence of the storage
play of all the time scales in this problem. and reverse-recovery times. In this case we compare single

pulse recovery data like that shown in Fig. 2 to the same

diode subjected to two consecutive pul$€sy. 3@)]. The

storage time is longer for the diode that has been subjected to

two pulses, mainly because it was not finished recovering
Hunt and collaborators claimed that the reverse-recoverfrom the first pulse before the second arrives. This simple

time is the key feature that generates chaos in the drivehistory dependence of the recovery time is the basis for the

RLD circuit because it is a function of the peak current flowHunt and Rollins treatment of compleRLD dynamics

in previous cycles, thus introducing a memory effect into the/4,18].

dynamics. In the paper by Rollins and Hur@t] a simple All other models ofRLD dynamics do not consider an

Ill. THE STORAGE (75 AND REVERSE RECOVERY
(7re) TIME SCALES
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FIG. 3. lllustration of reverse-recovery history dependence

FIG. 2. t flowing th h the di i ft )
G (& Current flowing through the diode during and after through measurements of the voltage drop on the deidicele or

the pulse excitation shown irtb), demonstrating the reverse- PLO) aft ith t | itatictall 5 usi
recovery effect for a 1N4007 diodsolid line), and the discharge ) after either one or wo pulse excitatidtaller curves using

effect on a piecewise linear capacit®LC) model in place of the the circuit in the inset of Fig. ®). The lighter curves show double
diode (dashed ling For the diode circuiR=25 Q, while for the pulse exposure and the darker curves show a single pulse exposure.

PLC[6] R=60 Q, C;=0.1 uF, C,=400 pF, ancE,=0.1 V [see @ Diode_ 1N4007 and?:_lks_), (b) PLC model(imp!emented in
Fig. 3(b)]. These values for the PLC model are used throughout th(?P'CE> using the same circuit parameters as in Fig. 2. The PLC

paper. Partb) shows the drive voltage applied to both circuits, and voltage-.charge curve is shown in the inset. Note that in both cases
the inset shows the circuit schematic the device requires a longer time to recover after the second pulse

compared to just one pulse.

explicit history dependence of the junction dynamics of the . ) .
diode. They are based on the nonlinear behavior of the calaced with the PLC. It clearly displays a “storage time” and
pacitor used to approximate the reactive electrical behavio® “transition time,” just like a real diod¢21]. The “storage
of the diode[Fig. 1(b), NLCR]. As we shall show here, in time” () in this case corresponds to tReC time constant
fact, all these other models do indeed have a history depe®f the capacitor discharging into the external resistance of
dence of a reverse-recovery-like time that naturally comeshe circuit while it has a large capacitanCg. The “transi-
from the charge storage on the capacitor part of the varactdion” part of the signal occurs when the device switches to its
diode model. smaller capacitance valu®,, producing a much short&C
time constant that discharges the capacitor very quickly.
Thus, the discharge behavior of the capacitor mimics the
effects of minority charge carrier diffusion across the junc-
To illustrate our point, we shall choose the simplest modetion. As we shall see, the details of this discharge behavior
of the nonlinear capacitance in the varactor. In this case, ongre remarkably similar to the diffusive dynamics of the mi-
can use a piecewise linear approximation for the capacitanagority charges in real diodes.
(PLC) of the varactor, with just two linear pieces. This model We have found that a variety of models based on nonlin-
for the varactor capacitance was considered by severa@ar capacitance of the diode show a history dependence of
groups[6,19,20 and shown to produce period doubling andthe RC storage and “reverse-recovery” times. Figuréo)3
chaos when part of aR-L-PLC series circuit driven by a illustrates the history dependence of fR€ discharge time
sinusoidal signal. The inset to Fig(8 shows that the PLC in the PLC model. All models oRLD dynamics that we have
switches at potentiak, from a large valueC, for higher investigated have a history-dependent reverse-recovery ef-
bias, to a small valu€, for lower bias. We use this model to fect coming from the nonlinear capacitance. Our conclusion
illustrate that it has implicitly included a history-dependentis that a finite reverse-recovery time is indeed an important
storage time. Figure (3) shows aspICE simulation of the concept for understanding chaos in this circuit. Besides mak-
circuit current(dashed lingusing the PLC model in the cir- ing this point in this paper, we also wish to explore the non-
cuit shown in the inset of Fig.(B), where the diode is re- linear and history-dependent behavior of this recovery time

Piece-wise Linear Capacitor Model
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FIG. 5. Frequency dependence of storage tiffioe diodeg or

FIG. 4. Square wave amplitude dependen¢asamplitude de-  discharging effectfor PLC cases Here we use a square wave of
pendence of the storage time for NTE610 diode wit) R amplitude 1.5 (3 V peak-to-peak no dc bias, 50% duty cycl¢a)
=1kQ experiment, (B) R=1kQ pspICE model, (C) R=25Q Diode 1N4007 andR= 25 ). Solid line is the experimental result,
PsPICE and (D) R=25() experiment;(b) amplitude dependence of dashed line is the 1N40GsPiIcEmodel, and dashed-dotted line is a
the storage time for 1N4007 diode wile) R=1kQ psPICE (F)  1/f¥2 dependencdb) PLC spicesimulations of discharging storage
R=25Q pspicg (G) R=1k() experiment, andH) R=250 experi-  time using parameters from Ré6]. The nonlinear resistaiNLR)
ment. Measurements and simulations were done using the inset Ciises the 1-V curve of Ref5], while the PLG+R uses aR=10 Q
cuit shown in Fig. 2b) where the driving voltage was a square parallel resistor. The Linsay model ispapicesimulation using the
wave shapéwith no dc bias of frequency 20 kHZas the recovery  diode model of Ref[1] with R=25 Q. Also shown as dashed lines
time is constant for low frequencied he peak-to-peak voltage was are 1f and 1f*2 dependencies.
twice the amplitude.

and how it influences the generic behavior of the driR&mD TrR= Tl 1= X — [ mail /1)1, 1)
circuit.
wherel 4, IS the most recent maximum forward current,
IV. NONLINEAR BEHAVIOR OF THE STORAGE TIME and| . are lifetime and current scales particular to each di-
ode. A more exact expression for the storage timean be

__The storage time and its history dependence are .Clearlfﬁerived from the analysis of charge dynamics in {he
important ingredients in any model of nonlinear dynamics Ojunction [22];

the drivenRLD circuit. However, it is not widely appreciated
that the storage time is itself a strongly nonlinear function of

many parameters in the problem. These parameters include ¢ [Ts|_ 1 @)
the amplitude of the forward bias current, the circuit resis- er Tm)  1+1r/lmax

tanceR, the driving frequency, the duty cycle of the drive,
and .the .dc voltage bias on Fhe junction. The purpose of thighich can be approximated as
section is to present experimental evidence and models of
these nonlinearities and to discuss their significance for the
occurrence of period doubling and chaos in the parameter =T In(1+ Imax) (3)
. . S m 1

space of these circuits. Ir

The first is the forward current amplitude dependence of
the storage timers. Hunt and Rollins pointed out that the wherely is the reverse current through the diode during the
reverse-recovery time of a diode increases as the amplitudstorage phase. All of these forms basically say that the stor-
of the forward-bias current through the diode increases. Thage and reverse-recovery times will increase as the amplitude
approximate expression used to describe this effect waaf the forward current increases. This is because more mi-
[4,18 nority charge will be pushed across the junction by the larger
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FIG. 6. (a) Frequency and duty-cycle dependeri26%, 50%,
and 80% of the storage time for a NTE610 diode wi=25(), a DC Offset (V)
square wave amplitude of 1.5(8 V peak-to-peak and no dc bias.
Solid lines are experimental results and dashed lines are for a cal- FIG. 7. The dc voltage offset dependence of the storage time for
culation using the FMMV210®sPiceZetex model(b) Experimen- ~ two diodes:R=25 (), amplitude of 1.5 V(3 V peak-to-peak f
tal time series of diode current for the 50% duty cycle square wave= 20 kHz, 50% duty cycle(@) Solid line is the experimental result
case[from item (a)] for frequencies of 200 kHz and 3 MHz, illus- ©on NTE610 diode and the dashed line is fopspICE simulation

trating the decrease in reverse-recovery time as the frequency ittsing the FMMV2101 Zetex modefb) Solid line is for experimen-
creases. tal result on 1N4007 diode and dashed line isHepiCEsimulation
using the 1N4002spPicEmodel.

current, and because of the diffusive dynamics of the carri-
ers, there will be a longer delay in getting back to the equi-diodes(NTE610 and 1N400)7in both experiment and simu-
librium charge configuration. lation. This is expected because the reverse-recovery process
Data andpspiceEsimulations for the forward current de- involves charge transport across the junction and through the
pendence of the storage time in two different diodes is showmest of the circuit. A larger external resistance in the circuit
in Fig. 4. [Note thatpspPICE simulations use standardized will imply a smaller reverse-recovery current, thus extending
semiempirical models of the diode behavior, while sarce  the time for the minority charge to reestablish its equilibrium
simulations of the PLC use the model shown in the inset otonfiguration. Note that a similar effect will occur in models
Fig. 3(b) with parameters given in the caption of Fig] Zhe  of nonlinear capacitance. In that case the discharge time of
circuit in the inset of Fig. &) was used to perform these the capacitor is aflRC time constant, which clearly grows
measurements and simulations. For the data in Figs. 4 andwgith external resistancR [23].
the driving signal is a periodic square wave with an equal The nonlinearities of the storage time dependence on
time spent at the positive and negative amplitude voltagéorward-bias current and resistance have been noticed in the
values(50% duty cyclg. The storage time was measured aspast. However, we are not aware of any group noting the
a function of the driving signal amplitude, proportional to the following nonlinearity in the reverse-recovery time. When
forward current through the diode. The data and simulationshe circuit in the inset of Fig. ®) is used with a repetitive
all show an increase of the storage time with increasedquare wave pulse sequence, one finds a strong dependence
forward-bias current. In some cases the storage time satwf the reverse-recovery time on the pulse frequency. We con-
rates, consistent with the approximate expression (Bg. sider the case where the pulses remain sufficiently far apart
and in other cases it continues to rise slowly, consistent withhat the diode appears to fully recover from the previous
the more sophisticated treatment in E(J.and (3). pulse before the next arrives. As the rate of pulsing increases,
It has also been noted that the value of the resist&ice the recovery time dramatically decreases. The effect is illus-
the circuit of Fig. 2Zb) [and therefore Fig. @] will also  trated in Figs. 5 and 6. Figure(l§ shows recovery traces
influence the storage and reverse-recovery tif8gk8]. This  from an NTE610 diode at two pulse frequencies. With a
is illustrated in Fig. 4. When the load resistariRes changed pulse repetition rate of 200 kHz, the storage time is about 40
from 25 Q) to 1 kQ), the storage time increases for both ns, while at a repetition rate of 3 MHz it has decreased to less
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than 20 ns. Figures 5 and 6 show that, in general, the storag

200}

time is constant at low frequencies, and then begins to fall (a)
roughly like f ~Y2 with increasing frequency. This behavior 1sof J——
is seen in both experiment arrspICE simulation of the 1ook o

1N4002, NTE610, and Linsajyl] model diodes.

From the examination of charge dynamics in then © © e e
junction it is known that the diffusion capacitance & a 200}
function of frequencyw for sinusoidal driving signalf9]: (b)

1so} .
gttt

suppiaife
—— T
100

Tm0/2, oTy<l

of Circuit Current (Arb. Units)

o =3 10 15
Cp= / 4
P g ﬁv w7m>1’ ( ) =200}
2w sl (C) “",.d‘"'
ittt "“'M'w""“hnm-
where g is the differential conductance of the diodg, By *
=dI/dV. Thef Y2frequency dependence of the capacitance ¥ e 5 TS TS
comes from the diffusive nature of charge transport in the‘z‘ —
junction region[9]. The diffusion capacitance diminishes =oor (d) .,......n.»---"'
with increasing frequency beyonid~1/277,,, resulting in 1so} .
less charge stored in thgn junction for a given forward 100} “""-,.
bias current. This, in turn, implies that less minority carrier o et
charge must be moved across the junction at high frequen ° Inci?lent Power (dB1r?1) e

cies, resulting in a shorter storage and reverse-recovery time.
This is consistent with the results presented in Figs. 5 and 6 FIG. 8. Bifurcation diagrams foRLD circuit [Fig. 1(a)] using
for two rather different diode§IN4007 and NTE610 an NTE610 diode withR=25 Q, f=29 MHz, andL=10 uH
One possible consequence of the frequency-dependetiiote thatf is greater thanf,=12.3 MHz): (a) dc offset =
storage time is the persistence of period doubling behavior te-0.2 V, (b) dc offset=0 V, (c) dc offset=—-0.4 V, (d) dc offset
unexpectedly high frequencies in the drivehD circuit. As =-0.6 V.
the driving frequency increases, the diffusion capacitance
and storage time decrease, effectively increasing both theonlinearity of the recovery time has not been discussed in
resonant frequency, and 1kgg. This nonlinearity essen- the nonlinear dynamics literature, to our knowledge.
tially helps maintain the conditioh~ fo~1/7gg (Where pe- The dc bias nonlinearity can have a significant effect on
riod doubling and chaos is most easily obsejveder an the bifurcation diagram of the driveRLD circuit[24,25. As
extended range of driving frequencies. Thus, period doublin@ dc bias is applied, the storage time and differential capaci-
and chaotic behavior should be more robust in the driveriance change, and the relationship betwégnl/rzg, and
RLD circuit than one might naively expect. the driving frequency will change. As discussed above, this
Figure Ga) illustrates the duty-cycle dependence of thecan influence whether or not chaos is observed in the circuit.
storage time and its frequency dependence. The duty cycle ldere we present an example of the complex dynamics that
defined as the ratio of the time spent at the positive amplican result. Figure 8 shows a case where the driving fre-
tude voltage value to the total period of the periodic squargluencyf is larger than l#zg and about two to three times the
pulse signal. As the duty cycle increases, there is greatd®LD circuit resonant frequency, at zero dc bias. In this
overlap between adjacent pulses, causing the enhancementhifurcation diagram we see only period-1 behavior for driv-
the reverse-recovery time, as originally noted by Hunt andng signal power up te+ 15 dBm for both zero and positive
collaborators and summarized in E¢s)—(3). Again we see dc bias. However, for negative bias, we see period doubling
very consistent behavior in both experiment apgPicCE  set in at about+14 dBm for a —0.4 V bias and about
simulations. +11 dBm for a—0.6 V bias. The prevailing NLC models
Finally, we have noted a strong dc voltage bias depeneannot explain this observation because a negative bias
dence of the storage time. The data and simulations on twoioves the diode away from the nonlinear part of @@/)
different diodes are shown in Fig. 7. For forward bias thecurve. In this case we believe that the increase igxdand
storage time increases dramatically, while for negative bias iincrease inf, due toVpc create a situation wheré~f,
decreases. The range of storage time variation is more than-al/rgg, and the circuit displays period doubling at frequen-
factor of 10 for a 2 V swing in dc bias voltage. A forward- cies where ordinarily it only shows linear response.
biased diode will have a broader region of minority charge It should be noted that period doubling and chaos can be
distribution, forcing the carriers to travel greater distancesobserved in models of the driveéRLD circuit even in the
This, in turn, increases the recovery time of the diode. Simiapparent absence of reverse-reco@yt0,26. However, it
larly, a reverse biased diode is able to sweep the minoritys not clear to what extent these models may have discharge-
carriers across the junction more quickly with the additionaltime effects that mimic the behavior of reverse-recovery in
driving force provided by the reverse dc bias. This strongdiodes.
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V. DISCUSSION markably similar to the reverse-recovery behavior of real di-

. . odes. We find thaspiCE simulations of other more sophisti-
To make further comparisons between the nonlinear ca-

acitor(NLC) and reverse-recovery time modelsRifD dy- cated NLC models give very similar results. We conclude
pacit . Yy >ISFLD dy that all NLC models will show a reverse-recovery-like effect.
namics, we wish to further consider the simplified PLC

model of the NLC. The PLC model contains the essential. 2PPears that the discharge of the NLC-PLC model is es-

hvsics of all NLC models. and is verv easv to im Iementsentially the same as the diffusion of charge carriers out of
phy . ! Very y b the p-n junction. Hence this important ingredient of nonlin-
and understand. Figuréa (dashed lingshows that the PLC

model of the dioddFig. 3b), insed clearly shows an effec- gar physms is common to the_ two major models of nonlinear
. . . i ynamics of the driven nonlinear resonator. However, our
tive delay in “turning off” after a large forward current has

been applied to the device. This delay is a combination 0[esults demonstrate that all of these models lack key addi-
two RC time constants. The first, or “storage” part of the ional nonlinear properties of the reverse-recovery time.
response is associated with tReC discharge of the PLC

during its high-capacitance phase. As the voltage drop on the VI. CONCLUSIONS

PLC decreases, it reaches the pot<E,) where the ca- o )
pacitance switches to its smaller value, resulting in a much \We maintain that reverse-recovery is a key effect produc-
more rapid discharge, resembling the transition phase dnd chaos in the sinusoidally driveRLD circuit. All nonlin-
reverse-recovery. The simulation in Fig(a® (dashed ling ~ €ar capacitor models of this circuit have a behavior that
for the PLC qualitatively resembles the data on the 1N4007Nimics reverse-recovery. Both the reverse-recovery and non-
diode. (Note that this simulation is not intended to fit the linear capacitor models have memory built into them through
precise behavior of the 1N4007 diode, but to simply repro-& charge storage mechanism. The details of these models are
duce the essential behavior. different, but the results for circuit dynamics are basically the
The history dependence of the discharge time for the PL&2Me. We find t_hat it is not gseful to make the distinction that
model is illustrated in Fig. @) (all simulations of the PLC el'Fher_ the nqnlln_ear capacitance or the reverse-recovery on
model are done irsPICB. The discharge time is clearly en- mlnprlty carriers is the cause of chaqs, be_cause they can have
hanced after the second pulse of a two-pulse sequence, coffiMilar effects on the circuit dynamics. Finally, the reverse-
pared to just a single pulse. This result is similar to that in"écOVery time in real diodes is a strongly nonlinear function
Ref. [18] and Fig. 3a) on real diodes. There is also strong Of forward-bias current, driving frequency, and dc bias. A
frequency dependence on the discharge time of the p@etailed understanding of chaos in tReD circuit must in--
model, as illustrated in Fig.(B). The PLC capacitor model clude the reverse-recovery effect and all of its nonlinearities.
alone shows a discharge time that varies & When a
linear resistor is added in parallel with the PLC, the dis-
charge time drops more slowly with frequen®LC +R in
Fig. 5(b)]. Finally, when a nonlinear resist@NLR) is added This work was supported by STIC through the STEP Pro-
in parallel to the PLC, using the ideal diode IV curve of gram, and by the Department of Defense MURI Program
Linsay [1], the discharge time shows the behavior remark-under AFSOR Grant No. F496 200 110 374. R. M. de Mo-
ably similar to the reverse-recovery time of a real diode. raes was also supported by CAPES-Brazil. We acknowledge
In summary, the discharge behavior of the simple PLChelpful discussions with Tom Carroll, and early work on the
model (when implemented in the circuits of intergss re-  circuit was done by Sang-Ho Bok.
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