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Continuous-Time Feedback in Floating-Gate MOS
Circuits

Paul Hasler, Member, IEEE

Abstract—We present the negative- and positive-feedback
circuit configurations of continuous-time floating-gate MOS
circuits. We start by reviewing the dynamics of our pFET and
nFET single-transistor synapses. We present the range of possible
stabilizing and destabilizing types of feedback in circuits with
one floating-gate synapse, including data from nFET and pFET
synapses. We then show examples of competitive and cooperative
behavior in multiple-synapse circuits. We present experimental
data from circuits fabricated in the 2- m n-well CMOS process
available through MOSIS. We see similar experimental effects in
1.2- and 0.5- m processes.

Index Terms—Continuous floating-gate programming, electron
tunneling, floating-gate circuits, floating-gate dynamics, hot-elec-
tron injection.

I. INTRODUCTION

A SILICON synapse must satisfy two requirements in as
dense and power-efficient an implementation as possible.

First, it must compute the product of the input multiplied by the
synapse strength, or the weight of the synapse [1]–[5]. Second, it
must locally implement a learning rule for modifying the weight
on the floating gate; in our case, the form of this rule depends
on how variouserror signalsare fed back to the floating-gate
synapse. The nature of this feedback is the focus of this paper.
The usefulness of negative or positive feedback depends on the
application. Hebbian learning, for example, is a case of destabi-
lizing positive feedback.

This paper considers the behaviors that emerge when single-
transistor synapses are coupled together to form various con-
tinuous-time adaptive networks. Our purpose is to understand
the dynamics of the learning mechanisms naturally available in
floating-gate MOS circuits. The starting point is our models of
the channel current, electron-tunneling current, and hot-electron
injection current of nFET and pFET floating-gate synapses. We
present experimental data from circuits fabricated in the 2-m
n-well CMOS process available through MOSIS; we have seen
similar scaled results in the 1.2- and 0.5-m processes available
through MOSIS. We have characterized and modeled the dy-
namics of nFET and pFET single-transistor synapses operating
in continuous-time circuits. This work builds the framework to
consider floating-gate circuits not only as memory elements but
also as continuous-time circuit elements computing at several
timescales.
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Fig. 1. (a) Circuit diagram of the nFET single-transistor synapse with its
source connected to ground. (b) Circuit diagram of the pFET single-transistor
synapse with its source connected toV . For our discussion, we will assume
nonnegligable amounts of electron-tunneling and hot-electron injection current
in these nFET and pFET transistors.

II. SINGLE-TRANSISTORSYNAPSES

Fig. 1 shows the circuit models for the nFET and pFET single-
transistor synapses, respectively. We show the layout and cross
section for the pFET device elsewhere in this issue [5]. Be-
cause the input signals are capacitively coupled to the floating
gate, we model voltage and current swings around the circuit’s
steady-state values. We consider the single-transistor synapse
operating with subthreshold channel currents. Many of the be-
haviors extend qualitatively to above-threshold operation, but as
is true of the autozeroing floating-gate amplifier (AFGA) [3],
the quantitative behaviors do not. We describe the subthreshold
nFET or pFET channel current in saturation for a change
in the FET’s floating-gate voltage and drain-to-source
voltage around a bias current , as [6]

nFET

pFET

(1)

where
fractional change in the pFET surface potential due to
a change in ;
fractional change in the nFET surface potential due to
a change in ;
Early voltage of the nFET or pFET;
thermal voltage, .
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In (1), we use a modified form of the Early voltage expression
that is consistent with classical formulations for large and
more closely models the behavior for small. We showed pre-
viously that the Early voltage decreases at large drain-to-source
voltages due to impact ionization in the drain-to-channel deple-
tion region [3]. We assume that all the floating-gate devices are
matched. We model the floating-gate behavior by equating the
currents at the floating gate

(2)

where and are the floating-gate currents due to elec-
tron tunneling and hot-electron injection, which we will discuss
in Sections II-A and II-B. We define as the total amount of
capacitance connected to the floating gate andas the capac-
itance between floating gate and drain (which is not explicitly
drawn for clarity).

A. Electron Tunneling

We use electron tunneling to remove electrons from floating
gates; we present more detailed discussions elsewhere [1], [3]
as well as in this issue [5]. As we showed elsewhere, we approx-
imate the tunneling current for a fixed bias on the tunneling line
by

(3)

where
parameter related to the quiescent tunneling and
floating-gate voltages;
change in the tunneling voltage;
change in the floating-gate voltage from the quies-
cent floating-gate voltage [3], [5].

For our operating conditions, a typical value of is 1 V with
the 42-nm oxide used in the 2.0-m Orbit process. For a fixed
source voltage, we express the tunneling current in terms of this
floating-gate transistor’s source current by substituting (1) into
(3)

nFET

pFET (4)

B. Hot-Electron Injection

We use hot-electron injection to add electrons to floating
gates [1], [3]. If we are to inject an electron onto a floating
gate, the MOSFET must have a high-electric-field region
( 10 V/ m) to accelerate channel electrons to energies above
the silicon–silicon-dioxide barrier. In that region, the oxide
electric field must transport the electrons that surmount the
barrier to the floating gate. We present elsewhere more detailed
discussions of nFET hot-electron injection [1], [3], and we
present elsewhere [2], [4], [3] and in this issue [5] more detailed
discussions of pFET hot-electron injection. Fig. 2 shows the
nFET and pFET hot-electron injection efficiency as
a function of for two different source currents. We raise

Fig. 2. nFET and pFET hot-electron injection efficiency (I =I ) versus�
for two values of source current. The two different source current values are
nearly equal, which is consistent with injection efficiency’s being independent
of source current. We show the linearized slope (V ) on this exponential scale
for two� biases. The slope of both curves on this exponential scale decreases
with increasing� . The moderately doped nFET substrate (1� 10 cm )
increases the efficiency of the nFET hot-electron injection process by increasing
the electric field in the channel.

the nFET threshold voltage to permit hot-electron injection
with subthreshold channel currents. We use a p-type implant
(1 10 cm ) to guarantee that the oxide electric field will
transport electrons to the floating gate [1]. The nFET’s substrate
implant results in higher electric fields in its drain-to-channel
region compared with the electric fields in the pFET; therefore,
the nFET’s hot-electron injection efficiency is much larger
than the pFET’s injection efficiency for an equivalent .
Impact ionization provides the source of electrons for pFET
hot-electron injection and is proportional to the source current
[2], [3]. As seen in Fig. 2, is approximately linear over a
1-V change in . Therefore, around a quiescent level of ,
the injection current will -fold for a increase of .
Fig. 2 also illustrates the nFET and pFET parameters and
their range of validity. As we derived previously [1], [2], the
hot-electron injection current as a function of terminal voltages
and currents using this linear model is

nFET

pFET (5)

where is the quiescent tunneling current and is 1
. A typical nFET value of is 0.70, and a typical

pFET value of is 0.90; both values are consistent with typical
values of .

C. Dynamical Equations for Floating-Gate Devices

To analyze the adaptation behavior in floating-gate MOS cir-
cuits, we often decompose our variables into components that
change at fast and slow rates. The fast-rate variables represent
the rapid changes due to the input signals; the slow-rate vari-
ables represent the floating-gate charge (the synapse weights).
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Fig. 3. Plot of(dI )=(dt) as a function ofI for four different tunneling
and three different drain voltages. This measurement gives the floating-gate
weight update rule as a function ofI . Plotting the data in this way shows
the power-law dependence of channel current on the floating-gate current. We
measured this injection (tunneling) data by starting the synapse at a low (or high)
source current. The source-current bias for this synapse was 10 nA. For a pFET
synapse, the tunneling voltages are referenced toV .

In other discussions, we have presented the complete expan-
sion of these two timescales [3]–[5], in particular to analyze
the effect of sinusoidal inputs on the slow-timescale dynamics
[5]. In this discussion, we are only investigating the effects of
the slow-rate variables, thereby simplifying the analysis shown
elsewhere [4], [5]. For this paper, we define the weight of each
floating-gate synapse as the source current normalized by a
bias current , or . Further, we will assume that
our gate inputs allow us to apply a step-function input to these
weights.

We want to derive a dynamical model in terms of each tran-
sistor’s weight value. The time derivative of

(6)

for the nFET synapse. By substituting in (6), we
obtain the dynamical equations for slow timescales as

nFET

pFET

(7)

where is the electron tunneling current and is the hot-
electron injection current. Including the model for gate currents,
we model the weight dynamics of an nFET synapse as

(8)

and we model the weight dynamics of a pFET synapse as

(9)

In Fig. 3, we plot the derivative of versus to illustrate the
dependence of source current on the floating-gate currents for
tunneling dynamics and for injection dynamics.

The more intuitive and useful part of this analysis is not the
characterization-type plot shown in Fig. 3 [3], [1] but looks at
experimental data of versus when using both tun-
neling current and hot-electron injection currents. In these cases,
equilibrium occurs when the tunneling current exactly balances
the injection current, but it may be either stable or unstable.
Fig. 4 shows experimental measurements verifying the dynamic
behavior described by (8) and (9) for a fixed input and drain
voltage for typical parameter values. We see that the
equilibrium for the nFET synapse is stable, but that the
equilibrium for the pFET synapse is unstable. Fig. 4 shows mea-
surements of the time derivative of versus for the nFET
synapse for three bias conditions. The arrows show the direc-
tion that the differential equation will take. This figure shows
that the nFET synapse will stabilize to the steady state.
This figure also shows the effect of changing the drain-voltage
bias and the tunneling-voltage bias on the weight value. Fig. 4(b)
and (c) shows measurements of the time derivative ofversus

for the pFET synapse for different tunneling-voltage and
drain-voltage bias conditions. Fig. 4 shows that increasing the
drain-voltage bias results in a lower equilibrium weight value.
When the drain voltage increases, the weight will decrease be-
cause less current (smaller weight) is required to balance the
roughly constant tunneling current. Fig. 4 shows that increasing
the tunneling-voltage bias results in a higher equilibrium weight
value. When the tunneling voltage increases, the weight will in-
crease because more current (larger weight) is required to bal-
ance the increase in tunneling current.

III. D YNAMICS OF SINGLE-SYNAPSE CIRCUITS

We will illustrate the basic floating-gate feedback mecha-
nisms by considering the class of circuits composed of one
synapse. We will restrict our discussion to synapse dynamics
that depend only on the drain and floating-gate terminals.
Similar feedback mechanisms occur with other configurations
that employ various combinations of the drain, source, and
tunneling terminals.

The dynamic behavior of a single synapse can be character-
ized from that synapse’s response in both a constant-current
configuration and a constant-voltage configuration. Fig. 5 shows
the pFET and nFET circuits comprising a single synapse: first
the circuits with the drain connected to a current source, and
second the circuits with the drain connected to a cascode tran-
sistor. Fig. 9 shows how to simplify the small-signal models for
the pFET circuits; we can similarly simplify the nFET circuits.
We assume that the synapses have nonnegligible tunneling and
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Fig. 4. Experimental measurements of the time derivative ofW versusW for
the nFET and pFET synapses. The arrows show the direction that the differential
equation will take. (a) nFET synapse measurements. This synapse will stabilize
to theW = 1 steady state; the weight is defined around a bias current of 9 nA.
We show the effect of changing the drain-voltage bias and the tunneling-voltage
bias on the weight value. (b) pFET synapse measurements for three different
drain-voltage biases and a 28-V tunneling voltage. The weight is defined around
a bias current of 20 nA. This synapse will diverge from theW = 1 steady
state. Increasing the drain-voltage bias decreases the steady-state weight value;
decreasing the drain voltage increases the steady-state weight value. (c) pFET
synapse measurements for three different tunneling-voltage biases and a 9-V
drain-to-source voltage. The weight is defined around a bias current of roughly 8
nA. Increasing the tunneling-bias voltage increases the steady-state weight value
because more current is necessary for the injection current to balance the larger
tunneling current. Decreasing the tunneling voltage decreases the steady-state
weight value.

injection currents. Fig. 5 shows the pFET and nFET circuit re-
sponses to an upgoing and downgoing input step. For a pFET
synapse, the constant-current configuration is stable because
the type of floating-gate feedback from its drain is stable. The
AFGA is based on the stability of this configuration [2]. For an
nFET synapse, the constant-voltage configuration is stable be-
cause the type of floating-gate feedback from its floating gate is

stable. The pFET synapse’s constant-voltage configuration and
the nFET synapse’s constant-current configuration are unstable
circuits. For all four circuits, equilibrium is established when
the tunneling current is balanced by the injection current.

From (8) and (9), we can analytically predict the behaviors in
Fig. 5. First, consider the nFET and pFET circuits in the con-
stant-current configuration. In both cases, the source current is
fixed at . As a result, (1) governs the relationship
between and as

(10)

because the typical voltage gain () is 1000; the floating-gate
voltage is nearly fixed. The tunneling current is held constant at

because of the constant floating-gate voltage. Using these
simplifications results in the model

nFET

pFET (11)

In the case of the AFGA, we previously showed that equations
of this form can be solved analytically [2], [3]. The trajectories
of the pFET equation converge to the steady state at ,
but the trajectories of the nFET equation diverge away from the
steady state at .

Second, consider the nFET and pFET circuits in the con-
stant-voltage configuration. Because the drain voltage of the
pFET and nFET synapses is fixed by the cascode transistor, we
simplify (8) and (9) to

pFET

nFET (12)

We can see the dynamics by rewriting these equations as

nFET

pFET

(13)

As in the fixed channel-current case, these two equations are
very similar. The trajectories of the nFET differential equation
converge toward and away from , but the trajec-
tories of the pFET differential equation converge toward
and away from . We call the nFET circuit an autozeroing
transconductance amplifier because the output current always
returns to the same equilibrium level.

IV. NETWORKS OFTWO COUPLED SYNAPSES

This section considers the interaction of two synapses cou-
pled though their drain or source terminals. Fig. 6 shows the cir-
cuits with two drain-coupled nFET synapses and with two drain-
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Fig. 5. Experimental measurements of dynamics fo circuits comprising a single nFET or pFET synapse. (a) The nFET voltage-adapting circuit configuration and
its response to an upgoing and downgoing step input. The circuit configuration is unstable. (b) The nFET current-adapting circuit configuration andits response
to an upgoing and downgoing step input. The circuit configuration is stable. (c) The pFET voltage-adapting circuit configuration and its response toan upgoing
and downgoing step input. This circuit is the AFGA. The adaptation in response to an upward step results from electron tunneling; the adaptation in response
to a downward step results from pFET hot-electron injection. This amplifier had a gain of 11.2, and theI is 50 fA. (d) The pFET current-adapting circuit
configuration and its response to an upgoing and downgoing step input. The circuit configuration is unstable.

coupled pFET synapses. We consider only the stable circuit con-
figurations because it is difficult to illustrate the behavior of cir-
cuits that have no stable operating point. The nFET synapses are
constrained by the cascode transistor. The two nFET synapses
cooperate for the entire available channel current; regardless of
the starting position, the two synapses converge to nearly equal
channel currents. The pFET synapse channel currents are con-
strained by a current source, which we define to be the sum of
the bias currents in each synapse. The two pFET synapses com-
pete for the available bias current; the synapse starting with the
larger channel current will eventually supply all the bias current.
These properties extend directly to multiple synapses.

The output voltage ( ) in both circuits returns to its equi-
librium value. If we model each synapse by (8) or (9) and add
the two equations for the two synapse weights (and ), we
get equations that model the output voltage

nFET

pFET (14)

where ,
, and

. , , and are

always positive and weak functions of , ; as a result,
both equations are qualitatively identical to the output-voltage
equation of the AFGA. The trajectories converge to the
circuit’s steady state.

Once the output voltage has reached equilibrium, each
synapse acts like its corresponding single-synapse circuit with
a fixed drain voltage. For the coupled nFET circuit, Fig. 6(c)
shows that even if the two starting weights are orders of
magnitude apart, over time both weights will converge to nearly
the same current. This behavior is typical of a continuous-time
anti-Hebbian network. A nearly fixed drain voltage means
that the synapses are only weakly coupled through the drain;
we could achieve stronger coupling with a negative-resistance
circuit. For the coupled pFET circuit, Fig. 6(d) shows that if the
two starting weights are equal, then over time one weight will
decrease to zero and the current in the other synapse will be
equal to the bias current. If the losing weight is brought slightly
above the winning weight, what was the losing synapse will
now be the winner. The pFET synapses compete with each other
for the bias current; in some sense, we have winner-take-all
(WTA) behavior in the weight space. This behavior is typical of
a continuous-time normalizing Hebbian network; after a period
of time, we cannot reuse these synapses without significantly
altering this circuit.
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Fig. 6. Experimental measurements of the behavior of coupled nFET and pFET synapses for fixed inputs. (a) Circuit of the two nFET synapses coupled at the
drain with a cascode transistor. (b) Circuit of the two pFET synapses coupled at the drain with a current source. (c) The synapse current variation withtime when
the currents initially start far apart from each other. Both currents eventually converge to their steady-state levels. (d) The synapse current variation with time when
the currents initially start near each other.I wins andI loses, whereI decreases as a linear exponential in time due to the constant tunneling current at the
floating gate. The measuredI saturates due to the surrounding leakage currents; the floating gate continues to increase with time.

Next, we describe two pFET synapses that are source-cou-
pled. If the drain voltages are connected to a fixed potential,
then the two pFET synapses will again compete for the avail-
able bias current. If the drain currents are constrained by cur-
rent source transistors, as shown in Fig. 7(a), then the drain
voltages converge to a steady-state value. The circuit adapts
the floating-gate charge such that nearly identical currents flow
through each transistor in the differential pair; any mismatch is
reflected in the results. For the floating-gate dynamics, we can
model each leg of the differential pair having half of the total
bias current, and therefore the weight of each floating-gate de-
vice would be fixed. For a fixed weight, both halves of the dif-
ferential pair are described by identical equations that describe
the AFGA configuration; therefore, this circuit configuration is
stable. Further, if one output voltage goes to ground (and the
other output voltage reaches its upper limit [6]), thestronger
transistor will primarily tunnel back toward equilibrium and the
weakertransistor will primarily inject back toward equilibrium.
Fig. 7(b) shows experimental measurements illustrating the sta-
bilizing behavior of two source-coupled pFET devices with their
drain terminals constrained by current source transistors. We
use a common-mode feedback bias circuitry [lighter drawing
in Fig. 7(a)] to set our current sources to reasonable levels; the

nFET part of the circuit is identical to a WTA circuit [9]. This
circuit is useful for adapting offsets in differential pairs, as well
as adapting bump circuits [10] for use in adaptive radial-basis
function networks [11]. Fig. 8 shows small-signal models of
the nFET and pFET synapses, where all the small-signal pa-
rameters are positively valued. We will extend the conventional
MOSFET small-signal model [12] to include hot-electron in-
jection and electron tunneling effects. A typical small-signal
model of a subthreshold nFET or pFET would be character-
ized by its transconductance , its output resistance , and an
open circuit to the gate terminal. For a subthreshold MOSFET,

and . The transistor’s maximum
voltage gain .

V. USING SMALL -SIGNAL ANALYSIS TO DETERMINE STABILITY

OF ADAPTIVE FLOATING-GATE CIRCUITS

When analyzing nonlinear dynamical systems, it is often
valuable to look at the linearized form of the model. In systems
of ordinary differential equations, stability is determined by the
Jacobian of these equations [13]. In analyzing circuits, we use
small-signal models, an analogous tool that allows graphical
analysis of the dynamical system. To analyze the stability of
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(a) (b)

Fig. 7. Two source-coupled pFET synapses. (a) Circuit diagram of the two source-coupled pFET synapses constrained through a pFET current source.
We use common-mode feedback circuit to set correct level for the nFET current source. The differential gain is limited by the ratio of input capacitance
to floating-gate-to-drain capacitance, and the convergence time is dependent upon the tunneling current bias and the floating-gate-to-drain capacitance. (b)
Experimental measurements of changes in the output voltages that show the stability of this circuit for several step changes in the input voltages. Weapplied
upgoing and downgoing differential voltage steps to this circuit (2.4414, 4.8828, 7.3242, 9.7656, 12.207, and 14.648 mV), and in each case the circuit returns
to equilibrium. The nonlinear effects of the common-mode feedback circuit is the source the asymmetric step response. Even when the output voltage reaches
the power-supply rails, the output voltages return to their equilibrium position. The common-mode gain was 0.0625, and the differential gain was 114. When
we stop the adaptation, the circuitremembersthe last converged state because of the differential structure. This circuit exhibited a 25-mV input offset due to the
mismatch in capacitive coupling when lowering voltages from adaptive range to normal operating range.

Fig. 8. (a) Circuit diagram and small-signal model of the nFET
single-transistor synapse with its source connected to ground. The small-signal
model assumes a constant tunneling current and that the parameters are positive.
(b) Circuit diagram and small-signal model of the pFET single-transistor
synapse with its source connected toV . The small-signal model assumes a
constant tunneling current and that the parameters are positive. The small-signal
resistance from floating gate to ground is negative due to the hot-electron
injection currents.

floating-gate circuits, we want to develop a small-signal model
of these floating-gate transistors and show that the results are
consistent with large-signal analysis and experimental results.
We will demonstrate the value of this technique by analyzing
previous examples: the single pFET floating-gate circuits
and the two-coupled pFET floating-gate circuit.We will next

use these small signal models to analyze the two-drain-cou-
pled pFET circuit in Fig. 6. For the multisynapse case, we
have a saddle point such that only one element converges
to a solution, with the other synapses all diverging away
toward zero. Fig. 10(a) shows the small-signal analysis of this
two floating-gate pFET circuit around the bias point where

( . From the reduced circuit, we can write
down the model equations

(16)

By adding these two equations, we get

(17)

This equation converges to zero with the time constant
. This equation models the convergence of the drain

voltage because in this small-signal model,
and follows the experimental results in Fig. 6. This re-

sult is not unexpected because to first order and
in (14).

A. Developing the Floating-Gate FET Model

What is not so typical is to define an input gate resistance
and a transconductance connected to the floating gate.

We define as the change in the gate current in response to
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Fig. 9. Simplification of small-signal models for the pFET single-transistor
circuits; the nFET synapse circuits are simplified similarly. The top figure
shows the simplified small-signal model for the drain connected to a cascode
transistor. The bottom figure shows the simplified small-signal model for the
drain connected to a current source. This circuit is unstable because of the
negative resistance from floating gate to ground.

a change in drain voltage. Because only the injection current
depends on the drain voltage, for the nFET and
pFET pictured in Fig. 8. We define as the magnitude of the
change in gate current for a change in gate voltage.is equal
to for nFETs and is equal to

for pFETs, where we define as .
The resistance from the floating gate to ground is negative for a
pFET.

B. Analysis of Adaptive Circuits using One Floating-Gate FET

Using a fixed channel current is equivalent to open-circuiting
the drain terminal in the synapse’s small-signal model; there-
fore, the effective conductance from floating gate to ground is

nFET

pFET (15)

Since this effective conductance is positive for pFET synapses,
the configuration in Fig. 5(c) is stable. On the other hand, since
this effective conductance is negative for nFET synapses, the
configuration in Fig. 5(a) is unstable.

When the drain voltage is fixed, the sign of determines
the stability of this circuit. The configuration in Fig. 5(d) is
unstable due to the negative for pFET synapses, whereas
the configuration in Fig. 5(b) is stable due to the positive
for nFET synapses. For both the pFET and nFET synapses,
a particular load resistance connected to the drain, where

, results in zero effective conductance be-
tween the floating gate and ground and is the boundary be-
tween the stable and unstable regimes. Because this formulation
is valid for positive and negative resistances, negative drain re-
sistance is stabilizing for nFETs and destabilizing for pFETs.

C. Analysis of the Two-Coupled pFET System

The second model equation shows that one weight diverges
toward zero. By subtracting these two equations in (16), we get

(18)

Fig. 10. Small-signal analysis of the two floating-gate pFET circuit. We first
show the equivalent small-signal circuit for the pFET circuit in Fig. 6 expanded
around the condition where both pFETs have equal current. We then reduce this
circuit to show the dependence onV ,V . This small-signal circuit exhibits a
saddle-node equilibrium point. Finally, we show the resulting phase plane for the
circuit in Fig. 6, showing the saddle-node point for(W ; W ) = (1=2; 1=2)
as well as two stable points at(W ; W ) = (0; 1) and(W ; W ) = (1; 0).

The difference in voltages increases without bound and with a
time constant of . The difference becomes large as a re-
sult. One floating-gate voltage converges to a stable point and
the other increases without bound. One weight converges to
one and the other converges to zreo. The result is one positive
and one negative eigenvalue; therefore, we have a saddle-node
equilibrium point. A saddle point means that a value along a
first eigenvector will converge to a single value, while a value
along a second eigenvector will diverge away from its steady-
state value; this type of equilibrium value is unstable. Fig. 10(b)
shows the phase plane for the original system and follows the
experimental results in Fig. 6. Since is typically a factor
hundreds smaller than (factor ),
will converge far before the weights diverge. We see difference
in time constants because the trajectories first move toward the

eigenvector and then away from the eigen-
vector toward either and

.
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