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An Autozeroing Floating-Gate Amplifier

Paul HaslerMember, IEEEBradley A. Minch Member, IEEEand Chris Diorig Member, IEEE

Abstract—We have developed a bandpass floating-gate ampli-
fier that uses tunneling and pFET hot-electron injection to set its
dc operating point adaptively. Because the hot-electron injection

is an inherent part of the pFET’s behavior, we obtain this adap- C1
tation with no additional circuitry. Because the gate currents are V. 0_”7
small, the circuit exhibits a high-pass characteristic with a cutoff in
frequency less than 1 Hz. The high-frequency cutoff is controlled

electronically, as is done in continuous-time filters. We have de- Floating
rived analytical models that completely characterize the ampli- Gate

fier and that are in good agreement with experimental data for

a wide range of operating conditions and input waveforms. This o

autozeroing floating-gate amplifier demonstrates how to use con-
tinuous-time floating-gate adaptation in amplifier design.

Index Terms—AFGA, capacitive circuits, electron tunneling,
floating-gate circuits, hot-electron injection.

Fig.1. AnAFGA that uses pFET hot-electron injection. The rati@'oto C'y
sets the gain of this inverting amplifier. The nFET is a current source and sets the

W E PRESENT a bandpass floating-gate amplifier that us%grentthrough the pFET. Steady state occurs when the injection currentis equal

. INTRODUCTION

. N . he tunneling current. The capacitance from the floating gate to gréund
tunneling and pFET hot-electron injection so that it caRpresents both the parasitic and the explicitly drawn capacitances. Increasing

return to its sensitive region despite large changes in the dc inplutwill increase the linear input range of the circuit. The capacitance connected
voltage. Offsets often present a difficult problem for designelgthe output terminal’; is the load capacitance. Betweeh., andVr, is our

. . . .. ._symbol for a tunneling junction, which is a capacitor between the floating-gate
of MOS analog circuits. Atime-honored tradition for addressinghg an n-well.

this problem is to use a blocking capacitor to eliminate the input

dc component. However, for integrated filters, this approach rgsting case of turning a bug into a feature. The autozeroing tech-
quires enormous input capacitors and resistors to get time c@fyue used in the AFGA can be applied to a wide variety of
stants of less than 1 Hz. Existing on-chip autozeroing techniqugssting-gate MOS circuits, such as those presented by us else-
rely on clocking schemes that compute the input offset periogihere [5], to continuously restore a desired baseline operation
cally, then subtract the correction from the input [1]. These ayp, 5 sjow timescale.
tozeroing techniques add significant complexity to the circuit, |, section 11, we give a qualitative overview of AFGA opera-
as well as to clock noise, aliasing, etc. _ tion. In Section I1l, we present a circuit-level model of electron
We previously introduced thautozeroing floating-gate am- ynnejing and of pFET hot-electron injection. In Section IV, we
plifier (AFGA) [2], [3]; here, we present the circuit analySigonsider the AFGA's high-pass filter behavior; we also address
and the experimental data in much greater detail. The AFG4ng.term parameter drift. In Section V, we consider the AFGA's
is an integrated continuous-time filter that is intrinsically aug,y-pass filter behavior. In Section VI, we describe the AFGA's
tozeroing. It can achieve a high-pass characteristic at frequ@Rquency response and dynamic range. We conclude in Sec-
cies well below 1 Hz. In contrast with conventional autozeroing, v|i. We discuss other AFGA effects elsewhere, including
amplifiers that eliminate their input offset, the AFGA nulls it¢:hange in equilibrium voltages of the AFGA due to changes in
output offset. The AFGA is a continuous-time filter; it does nQjasing, tunneling voltages, and large input amplitude [3]. Fur-
require any clocking. Our AFGA is the first known applicationper, we will concentrate on subthreshold biasing of the AFGA;
of pFET hot-electron injection. Until now, pFET hot-electronyn AFGA biased with above-threshold currents shows qualita

injection has attracted attention only as a source of MOSFEely similar behavior, but the quantitative behavior is different
oxide degradation [4]; therefore, this circuit presents an mtqg]_
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Continuous-time integrators operate on a similar principle [6],
[7]. The AFGA transfer function is bandpass, with the low-fre-
quency cutoff set by the equilibrium tunneling and injection cur-
rents and the high-pass cutoff independently set by the equilib-
rium pFET and nFET channel currents.
] Fig. 2 shows the response of the autozeroing floating-gate
amplifier to a 1-Hz sine wave superimposed on an input
pulse. If the input changes on a timescale that is much
shorter than the adaptation, then the output is an amplified
version of the input signal. The amplifier adapts to the pulse
input after an initial transient while preserving the amplified
2 AAAAAANANAASARAN Input 1-Hz sine wave.
We present data from an AFGA fabricated in the.®
n-well CMOS process available through MOSIS. Typical
, , , , , , ) , , operating values foV;,,, were between 33 and 42 V; those for
0 s s (ggcondsf" 8 40 4550y, were between 6 and 12 V. We obtained similar data in a
1.2-um n-well CMOS process available through MOSIS, but
Fig. 2. Response of the AFGA to a 1-Hz sinewave superimposed on a 15\[Eth typical operating values fo:.., between 26 V and 31 V;
voltage pulse. The AFGA has a closed-loop gain of 11.2 and a low-frequeratid in the 0.5-zm n-well process available through MOSIS,
putoff at 100 mHz. We see that the signal is amplified, but the much slower stgpt with typical operating values faf,,,, at 12 V andV,, at 5
is adapted away. . .
V. For more modern processes, the typical operating voltages
will decrease because of thinner gate oxides and higher dopant
The complementary tunneling and hot-electron injectiompurity concentrations.
processes adjust the floating-gate charge such that the ampli-
fier's output voltage returns to a steady-state value on a slow ||| CrcuiT MODEL OF A pFET WITH HOT-ELECTRON
timescale. If the Output V0|tage iS beIOW |tS equilibl‘ium Value, |NJECT|ON AND ELECTRON TUNNEL|NG
then the injection current exceeds the tunneling current, de- ) ) ) )
creasing the charge on the floating gate; that, in turn, increase§€fore we consider the behavior of the autozeroing ampli-

the output voltage back toward its equilibrium value. If th&€F, We réview electron tunneling and pFET hot-electron injec-

output voltage is above its equilibrium value, then the tunneliﬁg’”' We begin with the basic subthreshold MOS characteristics

current exceeds the injection current, increasing the chargelgh Which are valid even at large drain-to-source voltages. For
the floating gate; that, in turn, decreases the output voltagiePthreshold operation, we can describe the nFET and pFET
back toward its equilibrium value. Because this circuit returfi@nnel current for a change in gate voltae;, around a bias

the output voltage to the same equilibrium value on a slofeNtlsc as
timescale, this circuit behaves like a high-pass filter with a long
time constant. NFET: I, = I e aYa/UrgAVa/Va

Two conditions must be satisfied for the circuit to be PFET: I, = [e A Ve/Uro=aVa/Va 1)
in equilibrium. First, the pFET channel curredf must
be equal to the nFET channel curreht. We define this wherex,,,  is the fractional change in the nFET, pFET surface
quiescent channel current ds,. Second, the injection gatepotential due to a change iV, respectively}V, is the Early
current must be equal to the tunneling gate current. Weltage of the nFET or pFET; antl; is the thermal voltage
define Ij,;0 as the quiescent injection current that mustl’/q. The Early voltage is directly related to the amplifier’s
equal I;.u0, the quiescent tunneling current, at equilibriumopen-loop gain; for this amplifier, the maximum open-loop gain
Since the tunneling and injection currents are many ordeassroughly 700. The Early voltage decreases at large drain-to-
of magnitude smaller thaf,, and are charging similar-sizedsource voltages due to impact ionization in the drain-to-channel
capacitances, the first condition is satisfied much faster theapletion region [3]. In the drain-to-channel depletion region,
is the second condition. The frequency range over whidtoles are accelerated to large energies; if a hole has an energy
the first condition is satisfied, but the second condition iarger than the bandgap, then it may undergo impact ionization.
not satisfied, is where the AFGA behaves as an amplifiéfhe result of an impact ionization is two holes and one electron.
The combination of electron tunneling and pFET hot-eledor the nFET biased with a drain-to-source voltage of 3.0 V and
tron injection applies the appropriate negative feedback tlee pFET biased with a drain-to-source voltage of 8.%s
stabilize the output voltage such that the second conditioearly constant for both transistors [3]; therefore the AFGA's
also is satisfied. open-loop gain also is nearly constant.

In the frequency range where the first condition does not Next, we consider the model of electron tunneling and hot-
hold, the output voltage is attenuated. In this regime, the clectron injection. As we showed in [9] and [8], we approximate
cuit behaves as a low-pass filter. Since the output capacitanti#gstunneling current for a fixed bias on the tunneling line by
are charged or discharged by currents on the scalg,othe
cutoff frequency will be directly dependent on the bias current. Toun = Lunocet®Yem=2Vi)/ Ve 2)

w
4]
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=
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where floating gate to the output can be large; a typical value is 700.
Ve parameter related to the quiescent tunneling ariidwe are to keep the output voltage between the supply rails,
floating-gate voltages; the floating-gate voltage must be confined to a 10-mV swing.
AViu, change in the tunnneling voltage; Thus, we approximate the floating-gate voltage to be constant.
AV changeinthe floating-gate voltage from the quiesceBiecond, because the floating-gate voltage is nearly constant,
floating-gate voltage. the source current varies only slightly. The quiescent source

For our operating conditions, a typical valuégfis 1 Vwiththe current (o) is set by the nFET current source. From (2) and
42-nm oxide used in the 2,0m Orbit process. As we showed(3), the model of injection current for a fixed source current
in [8], we approximate the hot-electron injection current by I,g is

L \" —AVq Toun — T = T [ 1 — exp (= 2ou 7
Iinj = Iinjo <g> exp< ‘/inj ) tun inj tun0 €xp ‘/inj ( )
o ex _arAVy  AVy 3) where Iymo = Iimjo for the circuit in equilibrium. Since
= finj0 €XP Ur Vinj the floating gate is held nearly constant by feedback, the

floating-gate voltage dependence in (3) is negligible. Even
when the circuit is biased with above-threshold currents,
the tunneling current still is nearly fixed. Since the injection
efficiency is still an exponential function of the drain voltage
for above-threshold currents, the low-frequency dynamics are
similar in below- and above-threshold operation.

With the preceding approximations, we can model the ampli-
fier's output voltagé/,,; in terms ofV},, with a single equation.
The total floating-gate current is the sum of the capacitive cur-
rents of the input and output terminals, plus the tunneling and
injection currents. From (4), we write

We can write two general equations governing the AFGA Vous aV: AViu,
behavior around an equilibrium output voltage. We obtain the Cs d(;“ =-C W‘” ~+ Liuno <eXp <— VOT‘ ) — 1) .
first equation by applying Kirchoff’s current law (KCL) at the m

where

I, quiescent source current;

Vy  drain voltage;

Vinj measurable device parameter;

a 1= (Ur/Visy).
For a quiescenby. = 8.2V, a typical value folV,; is 250 mV.
A typical value ofe is 0.90, which is consistent with,,; equal
to 250 mV.

IV. Low-FREQUENCY AFGA BEHAVIOR

floating gate (8)
AV To solve (8), we make the following change of variabl&s=
(CL+Cr+Cy) e eAVent/Vini  The resulting equation faK is a linear first-order
AV AVout differential equation with variable coefficients
— O 11 O ou

g T g X _nAX Vi ©

AV AV, = Ty -

+ ItunO 1- exp | —« ~ & - - - (4) dt ‘/ln‘] dt
Ur Vinj

wherer;, the low-frequency cutoff, is equal @ Viy; / Ttuno and
We obtain the second equation by applying KCL at the output, is the closed-loop ac gain of the amplifieC, /Cs).
node

o B. Response to a Voltage Step
d‘/out _ 02 % +I‘r (C—KA‘/[g/DT _ 1) . (5)

(G2 +Cr) = dt

Consider the AFGA's response to an input voltage step.
We have neglected the Early effect, which adds a correction tefincUMe that the output voltage hqs adapted initially to its
to (5). As long as the closed-loop gain is much lower than tﬁ;éeady—state value. To solve (9), we first assume that+the output
N . : .___voltage immediately after applying the stepV,,.(0%) is
teixcr::]phﬂer gain, ignoring the Early effect is a good approxmagiven by the magnitude of the input step times the AFGA
. : i L
In the passband, where the AFGA is an amplifier, the floatin g?n. Wede?motyﬁtvﬁut(?f )tgs g-?e;/v, ef;g:;twe}gngﬂal
gate is held nearly fixed by the amplifier feedback, and the tu onaition and denote the etiective initial condition y

) e - ; o Y = Vet (0T)/Vin; +Y
neling and injection currents are negligible. This approximati (07) = e - For a downwaro_l stepX (07) is
simplifies (4) to greater than one; for an upward stép(0*) is less than one.

After the input stepdVi,/dt = 0; therefore, (9) becomes

dVou dv; -
Cs dtt:_cl . (6) rldAzl—X
dt (20)
Thus, the change in the output voltag®l(,,;) is equal to the X(0) = X(0F).

input voltage AV;,) amplified by—(C, /C5). ) ) ]
P ge QVin) amp y=(C1/C%) The solution to (10) in terms oAV, is
A. Low-Frequency Model
nrrreqrency Mocet AVoue(t) = Vins In (14 (X(0F) - )e™/™) - (11)
We make two approximations to model the low-frequency
response of the AFGA. First, the open-loop gain from thehereAV,,, — 0 ast — co.
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Fig. 3. Response of the AFGA to an upgoing and downgoing step inpltig. 4. The effect of long-duration AFGA operation by showing the step
The adaptation in response to an upward step results from electron tunnellig§gponses to an upgoing and downgoing voltage step before and after 145 h of
the adaptation in response to a downward step results from pFET hot-elec@pgration. We plot the difference in the output voltage from the equilibrium dc
injection. This amplifier had a gain of 11.2. We plot the curve fits of théevel as a function of time; the equilibrium output voltage increased slightly
simplified expressions of, where either tunneling or injection dominates tiawer the 145 h of operation. By extracting the device parameters as a function
restoration process. From the fits,is 4.3 s andl;...o is 50 fA. The value Of time, we see that the long-term change is due primarily to long-term change
of 7 can be set reliably to more than 8. The steady-state output voltagefrom tunneling junction [3].

decreased for increasing tunneling voltages.

of an input signal only slightly modifies the results of this exper-
The step response has three interesting regimes, which jgi@nt. To characterize the behavior of the AFGA over time, we

approximated by performed a square-wave experiment, similar to the one shown
AV (0 ¢/, X(0M) ~ 1 in Fig. 3, once per hour for 14E_> h. To each of the resulting output
waveforms, we fit the expressions of (12) and extracted the rele-
AV (07) — Lhumo £, X(0H) > 1 vant device parameters. Fig. 4 shows the square-wave response
AVour ~ Cy of the AFGA before and after this lifetime test. The adaptation
t time constant has increased noticeably, but the general behavior
- +y 4 = + '
Vin In <X(O )+ Tz) » X0 <L is unaffected. By extracting the device parameters as a function

(12) of time, we see that the long-term change is due primarily to

long-term change from the tunneling junction [3].
The first case occurs when the tunneling current is nearly equal

to the injection current just after the voltage step. The solution in
this region is the familiar exponential decay of a linear system.
The second case occurs when the tunneling current dominatesor — sufficiently high  frequencies, the autozeroing
the injection current. The behavior of the output voltage in thfating-gate amplifier is a low-pass filter. In this regime,
regime results from the constant tunneling current's removifige tunneling and injection currents are negligible; therefore,
electrons from the floating gate. The third case occurs when i€ approximate (4) as
injection current dominates the tunneling current. Fig. 3 shows v av AV
a measured response to an input pulse, with curve fits to the re- Cr dtg =C dm + Cy Z“
gions where either the tunneling or injection current dominates.
where we defin€y = C; + Cy + C,,. From (13), we see that

C. Long-Term Parameter Drift changes in.,,; are proportional to changes hi, andV;,. At
ﬁxtremely high frequencies, the transistor channel currents are

ggligible compared to the capacitive currents. In this capaci-
P & feedthrough regime, the solutions to (5) and (13) are

V. HIGH-FREQUENCY AFGA BEHAVIOR

(13)

The physical properties of the tunneling and hot-electron i
jection mechanisms change with time. These processes are
manently modified as electrons pass through the oxide, creat
electron traps. We investigated the long-term changes by per- AVi, 0, AViut Cy 0y
forming an accelerated stress experiment, where we operated an AV, CTCO ~C2 AVm  CrC, -2 (14)
AFGA continuously for 145 h with an averaggeof 1.7 s. When
an AFGA is used as an amplifier or as a low-pass filter, a movehere we defin&”, = Cr, + C5. We can reduce the effects of
reasonable; would be at least several minutes; therefore, thike capacitive feedthrough by increasing eitbgror Cly .
experiment is equivalent to the stress of operating the AFGAAt frequencies between the low-frequency cutoff and the ca-
continuously for a few years, because trap creation is proppeacitive-feedthrough regime, the behavior of the AFGA results
tional to the total charge traveling through the oxide. The effeftbm the floating-gate voltage’s settling back to its equilibrium
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Fig. 5. High-frequency AFGA behavior. (a) Two AFGAs with unity gain but with different value€farThe larger capacitor circuit had, = C> = 300 fF,
whereas the smaller-capacitor circuit Hagd = C,; = 50 fF. For both AFGAs(';, was the same. We operated the two AFGAs with different subthreshold bias
currents to achieve comparable settling times. (b) Two AFGAs with different gains.

0.01

value. Therefore, we combine (5) and (13) to form a single equaie upgoing step response approaches its steady state logarith-

tion for the floating-gate voltage, which we write as mically with time. The initial jump in the downgoing step is
due to capacitive feedthrough. From these data, it is evident that
— 2 . !
OrCo =3\ dVig = C1Co dVin 4 e FAVR/Ur _ decreasing”; and Cy without changingCy, will decrease the
Col, dt Col, dt

amount of capacitive feedthrough. Fig. 5(b) shows the voltage
(15) responses to a small input step for two AFGAs with gains of 1
This equation is similar to (9), which describes th@nd 146. The response from the unity-gain AFGA is a buffered

output-voltage response in the low-frequency case. As Srsion of the input; the high-gain AFGA shows a linear first-
did in that case, substitutirlg = e~2V/Ur into (15) results order low-pass filtered version of the input. These responses il-

in the linear differential equation lustrate _the gain-bandwidth t_radt_aoff in th_e AFG_A.
The linear 3-V output swing in the high-gain response of
. ay ek dVinY+1 _y (16) Fig. 5(b) raises this question: What determines the linear
“at T Up  dt range of an AFGA? Our criterion for linearity is thatl, be

where we definey, to bery,, = €, C,Ur/rkC, 1, which is the sufficiently small that the factotexp(—(rAVeg/Ur)) — 1)
. L in (15) can be approximated by (xAVy/Ur). This cri-
time constant that marks the onset of capacitive feedthroug(;h.. imoli that the floati i s it ; i
We definer, to be efion implies tha e floating-gate voltage must no

move by more tha/r/x from its equilibrium value. The
floating-gate voltage has its maximum swing in the capac-
kCol. itive-feedthrough regime; therefore, from (14), the input
. - linear rangeVy; is Vi; = Up/k(Cr/C1)B, where we define
which represents the high-frequency cutoff. B = 1- (C%/CrC,). For amplifiers with gains greater than

As we did in the low-frequency case, we shall consider thOr equal to one, which requires thél be greater tharCy,

response to an input voltage step._To solye (16), we first _ag-is bounded between one-half and one forGil Cy, Cyr
sume that the floating-gate voltage immediately after applywa%dcr. Further, if the AFGA is driving &y, that is a’\t Iea’st

the stepAV;,(07) is given by the magnitude of the input step. " - . i
attenuated by the capacitive divider ratio [(14)]. With this initiafs, :égeqifﬁﬂyg I r?‘;‘é”f::sizit:”e’seancarr‘;itma{éfﬁ and one.

condition, the solution is We express the output linear rangg, in terms of the input
Ur AV (01)/U _ linear rangeVy; by Vi, = (Ur/x)(Crp/Cs)B, which is Vi
AV = T 1n(1 RAVE(0T)/Ur _ t/n) a8y M g€VLi Dy Vio T T/C2)5, Li
e Pl ( + (e ) c ) (18) times the amplifier gairC;/C>. The output linear range scales
After the initial jump, given by (14), the output voltage is relate¥ith the amplifier gain. By increasing',,, we can reduce the
to the floating-gate voltage b Vo, = (Cr/C2)AVj,. change in the floating-gate voltage, thereby increasing the am-
Fig. 5 shows measured AFGA output-voltage responsesRtfier's output linear range. The AFGA's gain from input to
several square-wave inputs. Fig. 5(a) shows the responses of @§Put in the passband is

(CrC, — C3Ur

Th =

(17)

unity-gain AFGAs with different capacitor values to the same Vows _ €1 1 __ G 1
square-wave input. As in the low-frequency case, the high-fre- V;, Co 1 Ci+Cy+Cw Cs 1+ £VLo
guency response of the AFGA is asymmetric: the downgoing CrA AUrB

step response approaches its steady state linearly with time, and (19)
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Fig. 6. Linear range of the AFGA versis,. (a) The response of three AFGAs to the same square-wave input. All three AFGAs were identical except for their
values ofC',, and were biased by the safvie. Increasing”,, increases the linear range, decreases the amount of capacitive feedthrough, and decreases the low-pass
cutoff frequency. (b) Measured linear range andor several unity-gain AFGAs for different’,, ratioed in units of’;. The linear range fiti31; = 0.063 V

C.,/C1 +0.125 V, and ther fitis 7 = 1.8 usC.,/Cy + 2.7 us.

where A is the gain from floating gate to output. For a suffidue to the injection nonlinearity in the low-frequency regime,

ciently large A, the AFGA's passband gain is independent aind change%i, by less thari/;/«, due to the transistor non-

C. linearity in the high-frequency regime. We shall discuss the re-
Fig. 6 shows measured data demonstrating fipand linear sponse in the low- and high-frequency regimes. Then, we shall

range scale with(’,, for unity-gain AFGAs. For a unity-gain present the general solution.

AFGA—that s, forC; = Cy—the expressions far, and input For low-frequency inputs, we can approximate (22) as

linear range are C, dVi AV, ut
~1 in out _ _A - 2
= Up(Cy +CpL) <2_ C n &) (20) m Cy dt [ Vout (23)
' wl; Ci+Cp G for which the resulting frequency response is
and
‘/out (3) _ Cl ST (24)

V~—@<2— ol Cw> 21) Vi(s) ~ G2 14s7
R Ci+CL O ) Fig. 7 shows the measured AFGA frequency response: for the

P . ._..high-gain AFGA,7; is 20 mHz; for the low-gain AFGA7; is

The data in Fig. 6 were taken with AFGASs that had no explicitl '9 . ; : ] .
drawnC'r; the variation between the data and the linear curve C()BL,LAHP? The .rtngh-galn AFGA has a gain of 146; the low-gain
probably is due to the different parasitic load capacitances. B h'ar? ?m y gan. ¢ imolifv (22) b .
from experimental data and from the direct analytic solution of Tf \gh-trequency 'Eplu S thcan;/;mp ify ( 't) tﬁ]/ assurrllmg
(16), second-harmonic distortion dominates for the AFGASs; fgpput frequencies much farger than % we write the resu
a sine-wave input with amplitude af;, the peak second har- as
monic distortion is 0.05% of, or 26 dB below, the fundamental Vow _ C1 1—pas
frequency response. The second harmonic distortion is max- Vin  Cy 14745
imum for frequencies just be[ow_]ﬁhi for. amphtudgs at or This transfer function includes the effects of parasitic and load
belowV7,, the second harmonic distortion is proportional to the . . ) :
square of the fundamental amplitude Capacitances. The response in (25) is the transfer function of

q P ' a first-order system; because we use capacitive feedback, the
AFGA is stable for any value of closed-loop gain. As we can

see in Fig. 7, 1/27;, is 500 Hz for the high-gain AFGA and is
To derive the AFGA frequency response, we begin with th& kHz for the low-gain AFGA.

(25)

VI. FREQUENCY RESPONSE OF THEAFGA

small-signal form of (4) and (5) We obtain the response for all frequencies by taking the
. I Laplace transform of (22), and solve to obtain
CT deg — Cl d‘/;n + 02 d‘/out + tunO A‘/out p ( )
dt dt dt Vinj Vour(s)  C1 1 —7pas (26)
dvvout dVYfg Ii-[‘r V (S) - _62 .1
o =Cy —= — — AV, 22 " 1 S+ —
Comw T T AV (22) TS

That is, we assume that the input signal is sufficiently small thaherer;, 7;,, 77,2 are as defined previously.
we need to keep only the linear terms when we expand the exWhen we consider the frequency response of the AFGA,
ponentials. A small-signal input changes,; by less thart,;, it is natural to consider the output-voltage spectrum for no
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Fig. 7. Frequency response for two AFGAs with different gains. For both the high- and low-gain ARGAC; is approximately constant. For the high-gain
AFGA, 1, is 20 mHz andr;, is 600 Hz; for the low-gain AFGA7, is 3001Hz andr;, is 40 kHz. The ratio ofr,, andr, between the two AFGAs are equal to
one-half of the ratio of the gains; the ratio is consistent with a constant C-.
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Fig. 8. Noise spectrum of an AFGA for a constant input. (a) Output noise spectrum of an AFGA with a gain of 146 for two different tunneling ¥@ltapges (
The low-frequency cutoff eliminatels/ f noise at frequencies below &2;. The spectrum was taken for a bias current of 80 nA, which corresponds’tm
0.73 V. (b) Comparison of a high-gain AFGA with a unity-gain AFGA and with a generic follower-connected differential amplifier. All three antpdifiehe
sameV. voltage and the same bias current. The sumS0&ndC'; are the same for the two AFGAs.

input—that is, the output-voltage noise from the ampliAFGAS, resulting in the lower Af noise. The AFGAs used a
fier. Fig. 8 shows AFGA output-voltage spectra for a fixedonstant tunneling current; because the noise spectrum of the
voltage-source input. We see that for low frequencig¢g,oise unity-gain AFGA is not appreciably different from that of the

is dominant; for high frequencies, thermal noise dominatesansconductance amplifier, we conclude that the tunneling and
The AFGA attenuates the/¥ noise below the low-frequency injection processes do not contribute significantly to the noise
cutoff. Fig. 8(a) shows that we can reduce the oise by levels.

increasingV;.,, and thereby decreasing. Fig. 8(b) shows a  We want to investigate how changing the AFGA design will
comparison among a high-gain AFGA, a unity-gain AFGAchange the amount of output noise. Following [10] and [3], we
and a follower-connected transconductance amplifier. Tlean model the thermal noise componeénif a subthreshold
transconductance amplifier is the wide-range amplifier dBAOSFET’s channel current ki‘ﬁ = (2/r)qUrgnAf. Because
scribed previously [7]; it has transistors larger than those of thiee AFGA's output comprises both an nFET and a pFET, the
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total thermal-noise current derives from two parallel noiditer; the timescale is set by the nFET bias current. Third, for
sources. We want to find the output-referred voltage noisiimescales between the adaptation and integrating regimes, the
which we obtain from a simplified small-signal circuit. OneAFGA acts as an amplifier. Fourth, at frequencies much higher
important simplification is that we can relatg, to V., than the integrating regime, the AFGA exhibits capacitive
by a capacitive divider. We express the signal power of tlieedthrough, which can be reduced by an increase in either
output-referred voltage noisé2,, as orCr.
The AFGA always is a first-order system, even in the pres-
V2o Cr \’ 22 o7y €nce of parasitic capacitances; therefore, the AFGA is uncondi-
out ™ <029m) 1+ (wr,)? 27) tionally stable, with 900of phase margin for noninductive loads.
An amplifier that has resistive feedback is at least a second-order
wherer;, is as defined in Section VI. From this expression, wgystem, but an amplifier with capacitive feedback can be a first-
can calculate the total output-noise power as order system.
MOS devices and quantum processes, such as electron tun-
cr \° [ 1 J o8 neling and hot-electron injection, are often criticized for their
029m> /0 1+ (wrp)? r 28 high 1/ f noise. Since the AFGA's noise performance is similar
in thermal and 1f characteristics to that of a standard MOS

N 4
‘/02ut =~ ql]Tgnl <
K

which, when we use (17), evaluates to amplifier, the tunneling and injection processes do not add ap-
preciable noise to the amplifier. In addition, with a desired adap-

A .= aUr Cr (29) tation rate, we can reduce significantly the low-frequency noise

o kB CoC, generated in the AFGA,; such areduction cannot be obtained in a

standard amplifier that has a blocking capacitor at the input. For
. : . o moderate tunneling currents, the low-frequency time constant
output-noise POWET 1S roughly proportional €, and is in- can remain nearly constant for timescales measured in years;
versely proportional t@’s.. any shift is due primarily to trapping in the tunneling oxide. We

Now, we would like to calculate the AFGA dynamic rang€an increase the linear range by increagiing and we can in-

We de_flne dynamic range (DR) as theratio ofth_e maximum pog: - < the dynamic range by increasiigor C.
sible linear output swing to the total output-noise power. Wit

this definition, which is equivalent to that given in [11], we can
express the AFGA dynamic range as

where the correction tern® is as defined earlier. The total
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which is similar to the form for dynamic range for the wide-
linear-range amplifier, as derived in [11]. The dynamic range
varies inversely withCs; therefore, a high-gain amplifier will
have a larger dynamic range than will the low-gain amplifier for
the same values a1, C,,, andCr,. 1]

REFERENCES

E. A. Vittoz, “Dynamic analog techniques,” iBesign of MOS VLSI
Circuits for TelecommunicationsY. Tsividis and P. Antognetti,
Eds. Englewood Cliffs, NJ: Prentice-Hall, 1985.
[2] P.Hasler, B. A. Minch, C. Diorio, and C. Mead, “An autozeroing ampli-
fier using pFET hot-electron injection,” iAroc. Int. Symp. Circuits and
VII. CONCLUSIONS Systemsvol. 3, Atlanta, GA, 1996, pp. 325-328.
. . [3] P.Hasler, “Foundations of Learning in Analog VLSI,” Ph.D. disseration,
The AFGA is a simple example of a large class of adap- = california Inst. of Technology, Pasadena, 1997.

tive floating-gate MOS circuits; these circuits use tunneling and[4] Y. Leblebici and S. M. KangHot Carrier Reliability of MOS VLSI Cir-

L . cuits  Boston, MA: Kluwer Academic, 1993.
hot-electron injection to adapt the charge on floating gates to[5] B. A. Minch, C. Diorio, P. Hasler, and C. A. Mead, “Translinear circuits

return the circuit to a baseline condition on a slow timescale.  using subthreshold floating-gate MOS transistofsiialog Integrated
When the appropriate feedback is applied to the floating gate,  Circuits and Signal Processingol. 9, no. 2, pp. 167-179, 1996.

. h . . . . . '[6] Y. Tsividis, M. Banu, and J. Khaury, “Continuous-time MOSFET-C fil-
this adaptation is an inherent part of the circuit's operation—no™" . % \/'s| *|EEE Trans. Circuits Systvol. 33, Feb. 1986.

additional control circuitry is required. In the case of AFGA, [7] C. Mead,Analog VLSI and Neural SystemsReading, MA: Addison-
we set up the feedback such that the output voltage returns to its  Wesley, 1989.

. . 8] P. Hasler, “Continuous-time feedback in floating-gate MOS circuits,”
steady-state value on a long timescale. The modulation of thé IEEE Trans, Circuits Syst. Vol. 48, pp. 56-64, Jan. 2001.

pFET hot-electron injection by the output voltage provides the[9] P. Hasler, C. Diorio, B. A. Minch, and C. Mead, “Single transistor

correct feedback to return the output voltage to the proper oper- leaming synapses,” irAdvances in Neural Information Processing
atina reaime Systems.7 Cambridge, MA: MIT Press, 1995, pp. 817-824.
greg ’ ) ) ] ) [10] R. Sarpeshkar, T. Delbruck, and C. A. Mead, “White noise in MOS
The AFGA has four operating regimes. First, in the adap-  transistors and resistordEEE Circuits Devices Magpp. 23-29, Nov.
tation regime, the AFGA behaves as a high-pass filter; the _ 1993.

. lei by th i d iniecti S hll] R. Sarpeshkar, R. F. Lyon, and C. Mead, “A low-power wide-linear-
timescale Is set by the tunneling and injection currents. Second, range transconductance amplifierRnalog Integr. Circuits Signal

in the integrating regime, the AFGA behaves as a low-pass Process.Nov. 1996.



82 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—PART II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 48, NO. 1, JANUARY 2001

Paul Hasler (S'87-A'97-M'01) received the B.S.E.
and M.S. degrees in electrical engineering from Ari
zona State University, Tempe, in 1991 and the Ph.
degree in computation and neural systems fro
the California Institute of Technology, Pasadena, i
1997.

He is currently an Assistant Professor in th
Department of Electrical and Computer Engi-" , *
neering at the Georgia Institute of Technology. His a1 e
research interests include low-power electronics by
mixed-signal integrated circuits and systems; the use

Chris Diorio (M'88) received the B.A. degree in
physics from Occidental College, Los Angeles, CA,
in 1983 and the M.S. and Ph.D. degrees in electrical
engineering from the California Institute of Tech-
nology, Pasadena, in 1984 and 1997, respectively.
He is presently an Assistant Professor of computer
science and engineering at the University of Wash-
ington, Seattle. His research focuses on building elec-
tronic circuits and systems that mimic the computa-
tional and organizational principles found in the ner-
vous systems of living organisms. He has worked as

of floating-gate MOS transistors to build adaptive information processing sys-Senior Staff Engineer at TRW, Inc., as a Senior Staff Scientist at American

tems and “smart” sensor interfaces; the physics of deep submicrometer deviggstems Corporation, and as a Technical Consultant at The Analytic Sciences

or floating-gate MOS devices; and analog VLSI models of neurobiologic@orporation.

learning and sensory information processing. Dr. Diorio received an Alfred P. Sloan Foundation Research Fellowship in
Dr. Hasler received an NSF Career Award in 2001 and the IEEE Electr@000, a Presidential Early Career Award in Science and Engineering (PECASE)

Devices Society's Paul Rappaport Award in 1996. He is active in the IEER 1999, a Packard Foundation Fellowship in 1998, an NSF CAREER Award in

as a Cochair of the Atlanta section of the IEEE Electron Devices Society, #3898, and the IEEE Electron Devices Society’s Paul Rappaport Award in 1996.

a Reviewer for IEEE RANSACTIONS ON CIRCUITS AND SySTEMS and IEEE
TRANSACTIONS ONNEURAL NETWORKS and as Cochair for special sessions in
the IEEE International Symposium on Circuits and Systems in both 1998 and
1999.

Bradley A. Minch (S'90-M'91) received the B.S.
degree in electrical engineering (with distinction)
from Cornell University, Ithaca, NY, in 1991
and the Ph.D. degree in computation and neural
systems from the California Institute of Technology,
Pasadena, in 1997.

He is currently an Assistant Professor in the
School of Electrical and Computer Engineering,
Cornell University. His research interests include
the analog and digital integrated circuit design,
translinear circuits, log-domain filters, and adaptive
floating-gate MOS circuits.

Dr. Minch is a member of Tau Beta Pi, Eta Kappa Nu, and Phi Kappa Phi. He
received the IEEE Electron Devices Society’s Paul Rappaport Award in 1996.




