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TABLE II
EXPERIMENTAL VERSUSSIMULATED RESULTS FOROP-AMP WITH CAPACITIVE

DIVIDERS AT ITS INPUT TERMINALS (ATTENUATION FACTORA = 6)

was not programmed, but they were erased using ultraviolet light while
connecting all circuit terminals to ground.

V. CONCLUSION

A scheme for rail-to-rail continuous-time input signal swing using
MIFGTs has been proposed. This scheme provides constantgm.
Single-ended and fully differential op-amp architectures based on this
scheme and with a novel class-AB output stage have been introduced.
The op-amp operates with a single supply voltage of 1.2 V for tran-
sistor threshold voltages of 0.85 V. The op-amp has rail-to-rail input
and output signal swings, open-loop gain of 60 dB, phase margin of
70�, 5-MHz gain-bandwidth product, and a slew rate of 7 V/�s. This
has been verified by simulations and experiments with a fabricated
test-chip prototype.
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A Second-Order Section Built from Autozeroing
Floating-Gate Amplifiers
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Abstract—We introduce the autozeroing floating-gate (AFGA) second-
order section. We built this second-order filter where the corner frequency
and are electronically tunable based on a classic filter topology and prin-
ciples of operational transconductance amplifiers. We built this second-
order filter using three AFGAs—our floating-gate amplifier that sets its
operating point by the interaction of hot-electron injection and electron
tunneling.
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I. INTRODUCTION

We introduce theautozeroing second-order section(AutoSOS) in
this paper, based upon our earlier work [1]–[4] The second-order sec-
tion is the primary element to build higher order filters, both in contin-
uous-time and switch-capacitor circuits. Fig. 1 shows the autozeroing
second-order section. This circuit is based on the Diff2 second-order
section [5], which in turn is based on a canonical form for a second-
order section as a high-gain amplifier with feedback. This circuit uses
the autozeroing floating-gate amplifier (AFGA) that we invented pre-
viously [1]–[3]. The AFGA does not require any clocking to eliminate
offsets, as in switched-capacitor circuits [6], but utilizes an inherent
combination of electron tunneling and hot-electron injection currents
to eliminate the dc signal.

This paper illustrates how to build higher order filters from AFGAs,
as well as proves the feasibility of circuits with multiple floating-gate
devices. Using AFGAs as the core filter block merges many of the ben-
efits of switched-capacitor [6] and transconductance-amplifier or op-
erational transconductance amplifier [5] filters. The AFGA-based fil-
ters can tune electronically the corner frequencies over many orders
of magnitude, as in transconductance amplifiers. Because many of the
AFGA’s circuit properties—bandpass gain, linear range, and dynamic
range—are set by ratios of capacitors, the AFGA-based filters utilize
capacitor matching as is done in switched-capacitor filters. Also, the
AFGA filters its offsets’ 1=f noise without resorting to the chopper-sta-
bilizing clocking schemes present in switched-capacitor [6] filters.

We present data from circuits fabricated in a 2-�m n-well Orbit
CMOS process available through MOSIS. Typical operating values for
Vtun were between 33–42 V; those forVdd were 6–12 V. We obtain
similar data in the 1.2-�m n-well Orbit CMOS process, but with typ-
ical operating values forVtun between 26 and 31 V. For processes with
smaller line widths, the typical operating voltages will decrease due to
the thinner gate oxide and higher substrate doping.

II. A UTOZEROINGFLOATING-GATE AMPLIFIER

Fig. 2 shows the AFGA. The AFGA has four operating regimes that
behave similarly for above and below threshold biases. The transfer
function of the AFGA is a bandpass with widely separated timecon-
stants, as seen in Fig. 2(b). Although we could analyze the complete
problem, as in [2], we will analyze the high- and low-frequency
corner frequencies independently, as is justified by the AFGA data in
Fig. 2(b). For an equivalent all-transistor implementation, say, built
from capacitively coupled current conveyers (C4), this wide separation
of timescales is not always a good assumption [7], [8]; when the time
constants overlap, one already has interesting second-order behavior.

First, the adaptation region of the AFGA is a high-pass filter at low
frequencies, which is set by the tunneling and injection currents. The
complementary combination of tunneling and hot-electron injection
adjusts the floating-gate charge in such a way that the amplifier’s output
voltage returns to its steady-state value on a slow timescale. We show
elsewhere that the low-frequency AFGA behavior is described by [1],
[2]

C2
dVout
dt

= �C1
dVin
dt

+ Itun0 exp �

�Vout
Vinj

� 1 : (1)

We derive the frequency response by keeping only the linear terms
when we expand the exponentials and taking the Laplace transform

Vout(s)

Vin(s)
= �

C1

C2

s�l
1 + s�l

(2)

Fig. 1. Circuit diagram of the autozeroing second-order section. This circuit,
which is built with three autozeroing amplifiers, shows second-order behavior
that is electronically controlled.

where�l isC2Vinj/Itun0. The difference between the tunneling voltage
and the pFET’s floating-gate voltage sets the equilibrium tunneling cur-
rentItun0 and sets the resulting corner frequency.

Second, the integrating region of the AFGA is a low-pass filter at
high frequencies, which is set by the nFET bias current. We show else-
where that the high-frequency AFGA behavior is described by [2],
which we write as

(CTCo �C2
2 )

dVfg
dt

= C1Co
dVin
dt

+C2I� e���V =U
� 1 (3)

whereCT is the total capacitance connected to the floating gate (CT =
C1+C2+Cw) andCo is the total capacitance connected to the output
node (Co = C2+CL). For small signals, we linearize (3) by expanding
the exponentials for the resulting simplified equation

(CTCo � C2
2)

dVfg
dt

= C1Co
dVin
dt

�

�C2I�
UT

�Vfg: (4)

Again, we derive the frequency response by taking the Laplace trans-
form

Vout
Vin

= �

C1

C2

1� Ah�hs

1 + �hs
(5)

where we define

�h =
(CTCo � C2

2)UT
�C2I�

; Ah =
C1C2

CTCo � C2
2

: (6)

The gain from the input to the output due to capacitive feedthrough
is Ah. This transfer function includes the effects of parasitic and load
capacitances. The nFET current source sets the bias current and sets
the resulting corner frequency.

Third, the amplifier region of the AFGA is between the adaptation
and integration regimes. With capacitive feedback, the input signal
is amplified by a closed-loop gain approximately equal to�C1=C2.
Fourth, the capacitive feedthrough region occurs at much higher
frequencies than the integrating regime, which can be reduced by
increasing eitherCw or CL.

The AFGA is always a first-order system even in the presence of
parasitic capacitances; therefore, the AFGA is always stable with 90�

of phase margin for noninductive loads. Fig. 2(b) shows the frequency
response from typical high-gain and unity-gain AFGAs. Any amplifier
with resistive feedback is at least a second-order system, but ampli-
fiers with capacitive feedback can be a first-order system. For moderate
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(a) (b)

Fig. 2. The autozeroing amplifier that uses the hot-electron injecting pFET. (a) Circuit of the ratio ofC to C sets the gain of this inverting amplifier. The
nFET is a current source and sets the current through the pFET. Steady state occurs when the injection current (I ) is equal to the tunneling current (I ). The
capacitance from the floating gate to groundC represents both the parasitic and the explicitly drawn capacitances. IncreasingC will increase the linear input
range of the circuit. The capacitance connected to the output terminalC is the load capacitance associated with driving other amplifiers. (b) Frequency response
for two AFGAs with different gains. For both the high- and low-gain AFGA,C + C is approximately constant. For the high-gain AFGA,� is 20 mHz and�
is 600 Hz; for the low-gain AFGA,� is 300�Hz and� is 40 kHz. The ratio of� and� between the two AFGAs is equal to one-half of the ratio of the gains;
the ratio is consistent with a constantC + C .

Fig. 3. Response of the autozeroing second-order section due to upgoing and
downgoing input steps over a short timescale. The ringing of the output voltage
is characteristic of a second-order system.

adaptation rates, the low-frequency time constant remains nearly con-
stant, and any shift is primarily due to trapping in the tunneling oxide.

The AFGA’s noise performance is similar in thermal and 1=f noise
characteristics to a standard MOS amplifier; the tunneling and injection
processes do not add appreciable noise to the amplifier. In addition, the
adaptation in the AFGA filters the low-frequency noise in the AFGA,
an effect that cannot be obtained in a simple amplifier with a blocking
capacitor at the input. We can increase the linear range by increasing
Cw and the dynamic range by increasing eitherCw and/orCL [2].

III. A UTOZEROINGSECOND-ORDER SECTION

Fig. 1 shows the autozeroing second-order section. We will analyze
this circuit at both the high- and low-frequency regions of operation.
To build a simplified model of the second-order behavior, we assume
thatV2 = �Vout; that is,V�fast is set at a bias current much larger

thanV�1 or V�2. By modifyingV� fast, one can achieve a third-order
circuit. Similar results are found when using a C4 based circuit [7] for
each AFGA filter.

First, we consider this circuit’s operation due to the high-frequency
operation of its AFGA circuits. We ignore (for the moment) the
floating-gate currents, ignore the capacitive feedthrough effects, and
assume that theV�1 amplifier’s gain is very large. From the AFGA
analysis in the previous section, the small-signal model of the two
amplifiers based upon (4) is

CT1Co1 � C2

12

C12

UT
�I�1

dV1
dt

=(Vin + V2) (7)

CT2Co2 � C2

22

C22

UT
�I�2

dVout
dt

=(V1 + Vout) (8)

whereCT1; CT2 are the total capacitances connected to each floating
gate including capacitors not drawn in Fig. 1;Co1; Co2 are the total
capacitances connected to each output node including capacitors not
drawn in Fig. 1; andC12,C22 are the feedback capacitors from floating
gate to output. By defining

�1 =
CT1Co1 � C2

21

C12

UT
�I�1

and �2 =
CT2Co2 � C2

22

C22

UT
�I�2

(9)

we solve for the transfer function fromVin to Vout as

Vout(s)

Vin(s)
=

1

1 + s�1 + s2�1�2
: (10)

From the canonical form for the second-order section, we find that [5]

� =
p
�1�2; and Q = �1=�2: (11)
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Fig. 4. Frequency response of an AutoSOS for two different bias current
settings. The largerQ case is forV = 0:717 V and V = 0:597 V,
and the smallerQ case is forV = 0:677 V andV = 0:637 V. In both
cases, we changed the bias current from the model of� andQ such that the
� of the circuit would remain constant. The effect of capacitive feedthrough
for the amplifiers associated withV andV only starts to appear at the
high-frequency end of this data.

Fig. 3 shows the step response of this autozeroing second-order section.
The data show the characteristic ringing behavior of a second-order
system; changingV�1 andV�2 changes� andQ, as predicted from
(11).

Fig. 4 illustrates how the frequency response changes by electroni-
cally changing the�1 and�2 values in an AutoSOS; Fig. 4 shows the
frequency response for two different values of�1 and �2. We tuned
these values such that the product of�1�2, and therefore� , remained
constant. In these curves, one sees an initial 20 dB/decade increase just
before theQ peak in both responses due to the cutoff frequency of the
third amplifier, and this effect increases the amplitude at theQ peak.
This response is typical of theV1 node in an ideal second-order section.
The capacitive feedthrough in the third amplifier limits the bandwidth
of this effect. The high-frequency phase lag greater than 180� occurs
because we are using three amplifiers to build a second-order system.

Fig. 5 shows the frequency response of the first and second har-
monics from identical AutoSOSs except with different drawn sizes
of Cw (Cw is the capacitance from floating gate toVdd) in all three
AFGAs while keeping all other capacitances constant. The second har-
monic dominates the distortion of the AFGAs because our nonlinear-
ities arise from subtracting exponential functions from constants and
therefore the distortion of the AutoSOS. The maximum second-har-
monic distortion is nearly at half of the section’s corner frequency. In-
creasingCw has three effects.

1) � decreases linearly with increasingCw (which increasesCT ).
2) The capacitive feedthrough from input to output decreases.

Fig. 5. Frequency response of the first and second harmonic components
of AutoSOSs for four different values ofC in all three AFGAs.C is the
capacitance from floating gate toV and therefore increases the overall value
of C . Also,C = C = C remained constant for all measurements. The
AutoSOS was biased to have aQ slightly greater than one. The input amplitude
was much larger than the second AFGA’s linear range. We see that increasing
C linearly increases� but linearly decreases the peak second-harmonic
response.

Fig. 6. Response of the autozeroing second-order section due to an upgoing
input steps over a long timescale. A 1-Hz square wave was superimposed on the
input signal and is preserved throughout the relaxation. This ringing behavior
proves that the circuit exhibits at least second-order behavior from the AFGA
corner frequencies set by the floating-gate currents.

3) Second-harmonic distortion decreases linearly with increasing
Cw, because the signal level at the floating gate is decreased by
the resulting capacitive voltage divider.

Therefore, as in the AFGAs [2], the AutoSOS’s linear range and dy-
namic range increase linearly, and peak distortion decreases linearly
with increasingCw.

IV. L OW-FREQUENCYTIME-RESPONSEBEHAVIOR

The AFGA also has a high-pass cutoff at low frequencies. Therefore,
coupling three of these stages with negative feedback may also produce
second- or third-order behavior at low frequencies. Using small signal
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models, we can write three equations for the three AFGAs around the
low-frequency corners as (assume for clarity thatC = C11 = C21 =
C22)

dV2

dt
=�

dVin

dt
�

Itun01

VinjC
�V1

dV1

dt
=�

dVout

dt
�

Itun02

VinjC
�Vout

dV2

dt
=�

dVout

dt
�

Itun03

VinjC
�V2 (12)

where the equilibrium tunneling currentsItun01; Itun02; Itun03 are
set by difference between their respective tunneling and pFET’s
floating-gate voltages; for clarity,C12 is assumed to be negligible
for this analysis. We have ignored the passband regime for the first
amplifier because it has a small effect on the low-frequency dynamics,
as was true for deriving the high-frequency dynamics. Laplace
transforming these equations, we solve the coupled equations for the
following resultingV2 equation:

V2 = �
Vin

1 +
Itun01

sCVinj
+

Itun01(Itun02 + Itun03)

s2C2V 2
inj

+O(3)

:

(13)

By comparing this equation to the low-frequency equivalent of a
second-order section

V2(s)

Vin(s)
=

1

1 +
1

Qs�
+

1

s2�2

(14)

we get an effective� andQ as

� =
CVinj

tun01(Itun02 + Itun03)

Q =
Itun02 + Itun03

Itun01
: (15)

Fig. 6 shows the step response at a very slow timescale. The damped
oscillatory behavior is due to the corner frequencies set by the tunneling
currents and is indicative of at least a second-order circuit. The low-
frequency filtering in this circuit provides the basis for the design of
integrated filters operating at very low frequencies less than 10 Hz to
frequencies below 1�Hz.
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