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Period Doubling Route to Chaos
In SiGe IMPATT Diodes

Almudena Safez,Member IEEE,Angel Mediavilla, Member IEEE.and Johann F. LuyMember IEEE

Abstract—An instantaneous electric model for a SiGe IMPATT The period doubling route is one of the possible bifurca-
diode is calculated here from the physical quantities provided by tion sequences, leading to a chaotic behavior, when a given
the foundry. The model is used for the nonlinear simulation of parametey. is varied. Successive period doublings take place,

IMPATT-based circuits, which are prone to instability. In this ith d . t f onT iod
letter, a bifurcation analysis is carried out in order to determine WIt d€creéasing parameter rangg@s,, fin+1) O perio

their dynamical response, as a function of any suitable parameter. Until, at a certain parameter valye,,, the period doubles ad
The technique has been applied to the equivalent circuit of the re- infinitum, obtaining a chaotic behavior. Feigenbaum [5] has

flection measurement system, from which the IMPATT immitance shown that the parameter Seri@@n} converges fast tQi...

variation curves are usually determined. The bifurcation analysis In order to analyze this convergence, he defined the ratio
allowed the detection of a period doubling route to chaos, in good '

agreement with the experimental observations. 8n = (Pnt1 — pin)/(fint2 — fint1) (1)

Index Terms—Bifurcation, IMPATT diode, period doubling, ity §, agreeing with the valué = 4.6692016 after just a
chaos. few period doublings.

This period-doubling route to chaos was obtained here
when modifying the input generator amplitude of the classical
measurement system of the diode immittance. Due to the

T IS well known that IMPATT diodes present at mi-simplicity of the corresponding equivalent circuit, a time-

crowave frequencies a dynamical negative resistance, badeghain analysis could be carried out, applying the technique
on transit time effects, and are mainly used in the desigh the Poincare mapping [5] to trace the system bifurcation
of oscillators and amplifiers at millimetric frequencies, whediagram. The Feigenbaum ratio was evaluated, obtaining a
high output power is required. This design is usually carriggbod agreement with its theoretical value. The results also
out from immittance variation curves, as a function of radieonfirmed former experimental observations.
frequency (RF) amplitude and frequency, normally obtained
from reflection measurements at a vectorial network analyzer. Il. IMPATT INSTANTANEOUS MODEL
This characterization of the device dramatically limits the

information about its nonlinear response. In fact, IMPATTs 11 diode will be derived, under the assumptions of p-i-n

based circuits are prone to instability, as has often beagping profile, low current bias, and negligible diffusion

reported in the literature [1], [2], with the common observatiogﬁects_ The model is composed of two equivalent circuits [4]
of phenomena such as the onset of subharmonic and lo(ﬁy

L . ne for the avalanche region and the other for the drift one)
frequency oscillations. Chaotic responses [3] are also USUgYa series connection (Fig. 1), and it accounts for the diode

found In the expenment. current and voltage variations over the static operation point,
In this letter, physical parameters have been used to obtgwen by the bias current,
n .

an instantaneous model for a SiGe IMPATT diode, based Two nonlinear elements are considered: the avalanche in-

the one proposed by Gannet and Chua [4], and are W‘ﬂbctanceLa and the quadraticvoltage-controlledvoltage

suited for the nonlinear design of IMPATT-based circuits. The |- Vx. In the drift region, thecurrent-driven current

model is mainly a circuit implementation of the diode transpog urce I accounts for the drift delay and, for negligible

equatlo_ns, with ea_ch element |n_d|rect_ correspor_1dence _WH usion effects, can be calculated as a short time average of
a phys!cal mecha_nlsm. Here a blfurcafuon_ar?alyfs!s technlq{hee avalanche current (Fig. 1). The two capacitan€gsand

is applied tbo a Sthe IMfP,?TT-based dc_w_cwt, Jusgﬂed by thPC , respectively, account for the avalanche and drift region

common observations of frequency division and appeara placement currents, and their calculation from the diode

of spurious frequencies, which are examples of bifurcati%?oss-sectional area A and the respective widthand 7, is
phenomena. straightforward (Fig. 1).
The two constant factorg'ac; and Facy are given by

I. INTRODUCTION

In the following, an instantaneous model for a SiGe IM-
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with v, being the saturated carrier velocity and( £.) and s

o’'(E,) the first- and second-order electric field derivatives 18 045 02 025 0.3 035 0.4 045 05 055 0.6
of the effective ionization rate, evaluated at the static field
E.. The latter is calculated from the infinite multiplication
condition [4]. The electron and hole ionization rates and

«, are related to the electric field through the semiempiricaig. 3. Bifurcation diagram, through Poincare mapping.
functions [6]

Generator current (A)

cE Fi Fr of the avalanche circuit, while the upper one is given by the
= ——exp <— b "p> (4) inverse of the drift delay. On the other hand, the imaginary part
Win.p E is always capacitive above the avalanche resonant frequency,

with ¢ being the electron chargéVi, , the high-field ion- which is in good agreement with the results of [6].

ization threshold energiegi,, ,, the threshold fields compen-
sating for Coulomb scattering, anfdr,, , for optical-phonon
scattering. The resulting values weec; = 1.30 10712V.s  The technique of the Poincare mapping [5] has been used
and Facy = 2.54 1073 V1, to obtain the bifurcation diagram of the circuit in Fig. 2,
In this letter, a small-signal equivalent of the model i@s @ function of the RF amplitude. This technique is based
Fig. 1, to be used in preliminary designs, has also be€R the evaluation, for every parameter step, of the circuit
derived. The quadratic voltage source disappears under smelady response for a number of integer multiples of the input
signal conditions and the nonlinear inductance takes the c@inerator period. Clearly, for periodic solutions of the same
stant valueL, = 1/I,. In the drift region, the gaing., pgnodT as thellnput generator, th|.s analysis .WI|| prO\_nde a
corresponding td., is calculated by introducing a sinusoidafingle point, while for periodic solutions of period!” it will

waveform in the time averaging provide » different points. _ _ _
For 50-Ghz input frequency, in the negative resistance

band, the resulting bifurcation diagram is depicted in Fig. 3.
It has been obtained by evaluating the diode voltage as
a function of the current source amplitude, and it clearly
Then the calculation of the diode input impedance providesiows, as the input power increases, a period-doubling route

Ill. ANALYSIS METHOD

2 WTg . . WTq
Je = — sinwry |:COS —— — jsin —} . (5)
WTy 2 2

the following expression: to chaotic behavior, which confirms the inaccuracy of the
classical diode characterization. Chaos can be recognized from

Z(w) =— (1 - coswrq) the characteristicloud of points in the Poincare diagram, due

(LaCow? — 1)Cyrqw? to the loss of periodicity of the circuit response. The two
. (LoCrw? — Dwry +sinwry 5 first iterations of the Feigenbaum constant were calculated,

-J (LaCow? — 1)Cyrqw? 6) obtaining 1 = 2.57,6: = 4.68, which constitutes a good
approach to the theoretical value.
with Cr = C, + Cy In Fig. 4, the diode current to voltage variations, over the

From the inspection of (6), the lower frequency limit forstatic operation point, have been represented for two different
negative resistance is determined by the resonant frequeiqyut generator amplitudes. Fai, = 0.2 A, the double
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Fig. 4. Current to voltage variations, over the static operating point/{a 0.2 A. (b) I, = 0.5 A.
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