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ABSTRACT

A linearized storage cell in which in the read mode, the
cell is used in the linear region in a negative feedback mode,
resulting in a linear variation of cell current with the
threshold of the cell. By imposing the cell current across an
equivalent active MOS resistor, a cell read-out voltage linearly
dependent on the cell threshold voltage 1s achieved. Alternate
embodiments are disclosed.

Details of the method are disclosed.
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BACKGR F THE INVENTION

1. Field of the Invention:

The present invention relates to the field of integrated
5 —-circuit design, more specifically to integrated circuilt analog
signal recording and playback utilizing non-volatile memory

integrated circuilts.

2. Prior Art:

10 In U.S. Patent No. 5,220,531 by Trevor Blyth and Richard
Simko, EEPROM (electrically erasable programmable read only
memory) memory cells are used for analog signal recording and
playback. These cells are comprised of a floating gate device
having a source, a drain, a gate and a floating gate wherein the

15 threshold of the device as measured between the gate and the
source of the device is determined (contrclled) by the charge on
the floating gate. These cells are erased using Fowler-Nordheim
tunneling by applying a high voltage, e.g. 21V on the gate, zero
volts on the source, and zero volts on the drain. The high

20 voltage on the gate capacitively couples to the floating gate,
which creates a high electric field through the tunnel oxide
between the floating gate and the drain. This electric field

causes electrons to tunnel to the floating gate, which

effectively raises the V¢ (threshold voltage) to about 6V. Next

25 the cell is programmed using the same Fowler-Nordheim tunnellng
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mechanism by applyving a high voltage on the drain, e.g. 9 to 19
volts, zero volts on the gate, and 6V on the source. The high
voltage on the drain causes a high electric field through the
tunnel oxide between the floating gate and the drain in the
reversé direction. Thils causes electrons to tunnel from the
floating gate to the drain, causing the threshold voltage to be
lowered (depleted), e.g. -1V to +3V, depending on the voltage

level on the drain and the pulse width.

In U.S. Patent 5,220,531, the program "pulse" 1s divided
into a series of coarse pulses and a series of fine pulses to
store an analog signal in the non-volatile memory cell. Aiter
each programming pulse, the content of the cell 1s read using a
read cycle and compared with the analog signal to be stored, with
the coarse pulses terminating when the desired programmed level
is approached, and the fine pulses terminating when the desired
programmed level is reached. The coarse write/read/compare
series followed by the fine write/read/compare series provides

superior analog signal resolution in the stored signal.

In the above patent, the dynamic range of the cell 1s about
3V, with an analog resolution of about 12 millivolts, giving an

effective resolution equivalent to a digital storage of about 8

bits (each cell has a resolution of 12/3000, or about 1 part 1in
250). Each high voltage coarse pulse and fine pulse is divided
into an equal ramp-up time portion and a flat time portion, and a

sample and compare enable time portion. The compare time portion

is used to read back the voltage stored in the memory cell after

042236.P028 -2- RWB/jm



CA 02205720 1997-05-20

each i1ncremental coarse or fine programming pulse to determine if
it reaches a desired value. The sample time portion 1s used to
take the next sample of the input signal and hold it. The sample
and compare time portion 1s the quiliet time, 1.e. the high voltage
5 éource such as the charge pump 1s disabled during this time to

minimize noise. The step voltage between successive coarse
levels 1s approximately 220 millivolts and the step voltage
between successive fine levels 1s approximately 22 millivolts,
which is equivalent to a resolution of 12 mV 1n the stored

10 wvoltage in the memory cell. The large step voltage for the
coarse levels 1s regquilred to cover the full range ©f the cell
programming thresheold window plus an additional voltage margiln,
which ranges from approximately 9 to 19 volts on the drain of the
memory cell, corresponding to about 0-3v of the memory cell

15 threshold voltage, approximately the analog dynamic range of the
memory cell. The number of coarse pulses available 1s chosen to
be 45, which translates into 45 X 220 mV = 10 volts full range.
The large coarse step is used to achieve the short writing time.
The fine ramp full range is chosen to be about 2V. 90 fine

20 pulses are available, giving a writing resolution of about 22 mV.

In the read mode, the storage cell is configured as a source

follower with a constant load current from the draln to ground.
The gate and the source of the memory cell are connected
together, the drain of the memory cell is connected to a constant

25 bias current, and the gate of the select transistor 1s connected
to an intermediate voltage, e.g. 10V, to eliminate the gate

voltage drop effect and the resistive effect from the small size

042236.P028 -3- RWB/Jm
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of the select gate. A regulated power supply, e.g. 3.5V, is
connected to the gate/source of the memory cell to avoid the
variation of the gate/source voltage on the cell readout voltage.
The voltage at the drain 1s the memory cell readout voltage;

Thus the cell 1s connected as a source follower with the drain

and source functionally interchanged. This results in a linear

relationship between the threshold of the cell and the cell
readout voltage. The storage cell 1s thus operated in the

saturation region since the gate and source are effectively tied

together.

Since the source of the source follower storage cell 1is
shared with all the memory cells in the array, 1t has a huge
assoclated capacitance from all the diffusion junctions. 1In
addition, in the read mode, assuming all the cells 1n the
selected row have a low threshold voltage (1.e., the cells are
conductive), since the source and gate of the source follower
cell 1s charged to a regulated voltage, for example 3.5v, all the
bitlines in the array are also being charged to approximately the
same voltage by all conductive memory cells. This means that in
the read mode, the capacitive loading on the regulating circuit
includes all the memory cell source junction capacitances and all
the bitline capacitances. This puts a severe requirement on the
regulating circuit. This also makes it difficult to extend the
dynamic range of the memory cell, especially when the memory 1s
to operate from a low voltage power supply, because the heavy

capacitive loading makes it difficult to pump up the regulating

voltage to the required level.

042236.P028 -4 - RWB/jm
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BRIEF Y OF THE INVENTION

It is an objective of this invention to provide a linearized
storage cell in which in the read mode, the cell 1s used in the

linear region in a negative feedback mode, resulting in a linear

-variation of cell current with the threshold of the cell. By

imposing the cell current across an equivalent active MOS

resistor, a cell read-out voltage linearly dependent on the cell

threshold voltage is achieved.

The iterative write sequence of the preferred embodiment of
the present invention starts with an erase using Fowler-Nordheim
tunneling between the gate and the source/drain/channel to erase
the cell to a high threshold level, e.g. V¢ = 6V, as 1n the prior
art. The following programming pulses also use Fowler-Nordheim
tunneling between the drain and the gate to incrementally deplete
the charge from the floating gate. As 1n the prior art, the
programming is divided into a series of coarse pulses and a

series of fine pulses to achieve the refined resolution in a

reduced programming time.

For readback, the linearized storage cell 1s connected in a
negative feedback mode. The cell drain 1is logically connected to
the negative terminal of an op amp (operational amplifier). A
first reference voltage is connected to the positive terminal of
the op amp, the first reference voltage being low enough to
ensure the cell gate voltage is higher than the sum of the cell

drain voltage and the highest cell threshold. A second reference

042236.P028 -5- RWB/Jm
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voltage 1s logically connected to the cell gate, the second
reference voltage being high enough to ensure the cell gate
voltage 1s higher than the sum of the cell drain voltage and the

highest cell threshold to make sure the cell is always operating

5 1in the linear region, no matter what the threshold. The output
of the op amp 1s connected to the gate of an n-MOS device

logically connected in series with the drain of the cell.

The negative feedback of the op amp will force the drain of
the memory cell to be the same voltage as the first reference

10 wvoltage. By the well known linear MOS egquation:

I = B [(Vgs - Ve)*Vgs - (Vgg)4/2]
where:
B = un Cox W/L,
un = mobility of the channel region of the MOSFET

15 devices

Cox = gate oxide capacitance per unit area

W/L = ratio of width to length of the channel region of

the MOSFET device

Vgs = gate - source voltage of the MOSFET device
20 Ve = threshold voltage of the MOSFET device

Vgs = drain - source voltage of the MOSFET device

With a fixed Vgg and fixed Vgs:

JdI
Fr - PVas

042236.P028 -6- RWB/jm
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Thus a change in the threshold voltage Vy will cause a
proportional change in the current I through the cell,
achieving a linear relationship between the cell threshold
and the cell current. By i1mposing the cell current across a
resistor, a cell readout voltage having a linear relationship
with the cell threshold i1s realized. To eliminate the effect
of the mobility variation, the resistor 1s realized as an
active MOS device so that 1ts effective resistance 1is

proportional to 1/f. This will cancel out the f dependence of

the memory cell 1in the foregoing equation.

Because the storage cell 1s read from the drain
junction, the shared source junction capacitance has no
effect. Also since there is no regulating voltage on the

source, there 1s no charging of the unselected bitlines.

Accordingly, 1n one aspect, the present invention
provides a method of reading a voltage stored in a floating
gate storage cell having a source, a gate, a floating gate
and a drain comprising the steps of: (a) applying
predetermined reference voltages to the source, gate and
drain of the floating gate storage cell during a read
operation, the predetermined voltages being selected to not
change a threshold voltage of the storage cell; and (b)

providing an output proportional to the current passing
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through the floating gate storage cell while the

predetermined reference voltages are applied.

In a still further aspect, the present invention
provides a floating gate storage cell and circuitry for
reading the same comprising: a floating gate storage cell
having a source, a gate, a floating gate and a drain, the
source of the floating gate storage cell having a first
predetermined reference voltage thereon and the gate of the
floating gate storage cell having a predetermined second
reference voltage thereon; first circuitry driving the
voltage on the drain of the floating gate storage cell to a
third predetermined reference voltage during a read
operation, the first, second and third predetermined
reference voltages being selected to not change a threshold
voltage of the storage cell; and, second circuitry providing
an output proportional to the current passing through the
floating gate storage cell while the first, second and third

predetermined reference voltages are applied.

-1a—-
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BRIEBEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a diagram of a storage array architecture

applicable to the present invention.

Figure 2 1llustrates a first embodiment linearized storage

cell connected for readback 1n accordance with the present

invention.

Figure 3 i1llustrates an alternate embodiment linearized
storage cell connected for readback in accordance with the

present invention.

042236.P028 - 8- RWB/3m
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DETAILED DESCRIPTION OF THE INVENTION

First referring to Figure 1, a storage array architecture
applicable to the present invention may be seen. In this

specific architecture, applicable to the devices discussed in the

prior art section, 100 column drivers COLDRV are coupled through

100 32:1 MUXes so as to be controllably coupleable to 3200
columns of memory cells in groups of 100 at a time. Each column
line i1s connected to a plurality of 2 transistor EEPROM cells,
the cells being arranged 1in pairs symmetrilically about commonly
connected array ground lines. Each 2 transistor EEPROM cell
consists of an n-channel device M1 and a floating gate n-channel
device FM1 connected 1n series. The gates of all n-channel
devices 1n each row of the array are connected in common to the
X-DECODER by lines ROW1l, ROW2, etc. to form the row select

devices of the array. Also the gates of all floating gate n-

channel devices in each row of the array are connected i1in common

to the X-DECODER to provide the row control gates ROW1CG, ROW2CG,

etc. of the array.

Figure 2 illustrates the linearized storage cell connected

for readback in accordance with the present invention. The basic

storage cell is the typical two transistor EEPROM memory cell
just described, comprised of n-channel transistor M1 and flocating
gate transistor FM1l (see also Figure 1 showing an array of n-
channel transistor and floating gate transistor cells, the

individual transistors in the cells of Figure 1 not being labeled

042236.P028 -9 - RWB/Jm
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because of the scale of the Figure). The select gate, the gate

SG of transistor Ml, 1s connected to an intermediate level, e.g.
10V, to eliminate the gate voltage drop and resistor effect from
the small size of the select device. The gate of the floating

gate transistor is logically connected to a reference voltage

.VREF2 (for example by the row decoder X-DECODER of Figure 1).

VREF2 should be = Vimax (highest cell threshold) + cell drain

voltage (VREF1l) to ensure the memory cell operating in the linear
region. VREF2 could be regulated from a charge pump to extend
the linear range since it only drives the gates of the memory

cells.

The devices Y0 through YN, together with device Z0, form a
32:1 COLUMN MUX corresponding to one of the 32:1 MUXes of Figure
1. For erasing and programming of the cells, the array 1is

configured as in Figure 1, whereas for reading of the cells, the

column drivers are disabled and the cell or cells being read are
instead connected as shown i1n Figure 2, or alternatively, as

shown 1n Figure 3.

The operational amplifier OP AMP is a typilcal MOS

differential operational amplifier operating from VCC or a higher

voltage VPUMP generated by a conventional charge pump. The

positive input of the operational amplifier 1s connected to a

first reference voltage VREF1l. The negative input of the

operational amplifier is connected to the drain of the select

transistor M1 through the additional n-MOS column decoding (YO-

YN, Z0). The gate voltages of the column decoding n-MOS

042236.P028 -10- RWB/1m
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transistors are equal to ground when deselected, equal to the
high'voltage (e.g. 21V) when selected in programming, and equal
to an intermediate level (e.g. 10V) when selected in read mode to
eliminate the gate voltage drop effect and resistor effect

resulting from the small size of the n-MOS transistors.

The output of the operational amplifier is connected to the
gate of n-MOS device M2, which has 1ts source connected with the
drain of the select transistor Ml through the n-MOS column

decoding transistors.

An active MOS resistor formed of n-channel depletion devices
M3 and M4 1is connected between a third reference voltage source
VREF3 regulated from VCC (or a charge pump output to extend the
range) and the drain of transistor M2. VREF3 1s the maximum cell
readout voltage, which will occur when the cell current 1s zero.
Two depletion n-MOS transistors are used to form the active MOS

resistor to eliminate the Vpg effect, as described in the text

entitled "VLSI Design Techniques for Analog and Digital Circuits”®
by Randall L. Geiger et al., McGraw Hill, 1990, pp. 308-318.
Other active MOS resistor structures are also possible, as
described in the above text. Further, an EEPROM cell could also
be used as an active MOS resistor to achieve better matching

between the resistor and the memory cell.

The operational amplifier, the resistor (devices M3 and M4),
the series n-MOS devices comprising device M2 and the column
decode devices are part of the column driver circuit which drives

the high voltage into the column in programming and also serves

042236.P028 -11- RWB/Jjm
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to read the voltage out of the memory cell during readback. By
negative feedback action, the operational amplifier will force
the cell drain voltage to be equal to the first reference voltage
VREF1l. This causes the memory cell to operate in the linear

5 mode, since VREF2 is higher than the sum of the cell threshold

(Vi) and the cell drain voltage (VREF1l). Thus:

I = ﬂ [(Vgs‘vt)*vds - (Vds)z/z]
where:
Vgs > Vds + Vt

10 B = un Cox We/Le of memory cell (the subscript e

indicates an enhancement device)

Therefore:

I = B [(VREF2 - V¢)*VREF1 - VREF1*VREF1*0.5]

This can be rearranged to give:
15 I = A - B*V¢

where

o
|

B*K, with K = [VREF2*VREF1l - VREF1*VREF1*0.5] =

a constant

vy
|

p *VREF1

20 This 1s a linear relationship between the cell threshold and

the cell current.

The equivalent resistance of the depletion active resistor

MOS transistors 1is:

Req = l/(2*ﬂd*th)

042236.P028 ~-12- RWB/jm
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where
Ba = Ug Coxad Wa/Lg (the subscript d indicates

depletion devices)

Veg = depletion device threshold

5 Hence the voltage drop across the resistor 1is:

VR -— I*Req - A""" B'*Vt
where

A' = K*B/(2*B3*Veg) = K*C* (We/Lg) / (Wg/Lg) *1/ (2*Veg)

C = (Un Cox)/ (Mg Coxg) = a constant
10 Or:
A' = D*¥*(We/Le)/ (Wg/Lg)*1/Veg, and
B' = B/(2*B3*Veag) *VREF1 = E* (Wa/Le)/ (Wg/Lg) *1/Veg
where
D = R*C*0.5
15 E = C*VREF1*0.5
Finally:

VR = (We/Le)/ (Wg/Lg)*1/Veg*[D - E*Ve]

VOUT = VREF3 - Vg

Thus there i1is a linear relationship between the cell
20 threshold and the cell readout voltage. Also, given a fixed

We/Le 0f a memory cell, Wg/Lg could be varied to adjust the

output voltage range VOUT (this 1s equivalent to varying the

effective resistance of the active depletion MOS). The

temperature effect on the threshold voltage can be minimized by a

042236.P028 -13- RWB/jm
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reference scheme such as the one described by Richard T. Simko in

the U.S. Patent No. 5,126,967.

Now referring to Figure 3, an alternate implementation of

the linearized storage cell of the present invention may be seen.

The basic storage cell and the operational amplifier

configuration is same as 1in Figure 2. However the cell current

is mirrored by the p-MOS transistors M5 and M6 to an active MOS
resistor (devices M3 and M4) referenced to the ground instead of
a high supply voltage. Since the active MOS resistor 1s referred
to ground, bulk source effect of the MOS device 1s eliminated,
leading to a more linearized resistor. Also VOUT 1s now

referenced to ground.

Referring again to Figure 3, an alternate MOS structure 1is
illustrated. Here the resistor 1is realized as two enhancement n-
MOS transistors M3 and M4, with gate and drain of device M3
connected to a floating voltage source VC and the gate and source

of device M4 connected to another floating voltage source VC. VC

should be chosen to be VC = VOUTpax + Ven to satilisfy the linear
condition for the active resistor MOS transistors M3 and M4 (Ven
is the threshold voltage of the n-MOS transistors M3 and M4
forming the resistor). Each of the voltages VC can be supplied
from a charge pump since the voltages only have to drive the
gates of transistors M3 and M4. This resistor structure 1s also

described in the same text mentioned above by Randall L. Gelger
et al., pp. 308-318. Additional descriptions of the active MOS

resistors and floating voltage source realizations can be found

042236.P028 -14- RWB/Jm
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1n the text entitled "Analog MOS I.C. for Signal Processing" by
Roubik Gregorian and Gabor C. Temes, John Wiley & Sons, 1986, pp.

387-400.

The equivalent resistance of the enhancement active MOS

.transistors 1is:

Req — 1/(2*31‘1 (VC - th))

where

Pn = Un Cox Wn/Lp of the transistors M3 and M4 (the

subscript n indicates the n-channel devices)

Vin = the threshold voltage of transistors M3 and M4

The VOUT equation 1s thus modified from above to be:

This is also a linear relationship between the cell

threshold and the cell readout voltage. Also, given a fixed

We/Le 0f a memory cell, Whp/Lp and VC could be varied to adjust

the output voltage range VOUT (this 1s equivalent to varying the

effective resistance of the active enhancement MOS).

As before, the temperature effect on the threshold voltage

could be minimized by a reference scheme such as the one

described by Richard T. Simko in U.S. Patent No. 5,126,967.

Note that the above analysis using the equivalent MOS
equations for the linearized storage cell has ignored the effect
of the voltage coupling from the drain of the memory cell 1into

the floating gate. A similar analysis taking the drain coupling

042236.P028 -15- RWB/Jm
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effect into account also results in a linear relationship between

- the memory cell threshold voltage and the memory cell readout

voltage. Also, the various reference voltages called for by the

circuits described herein may be supplied from a well known

reference circuit such as a standard CMOS bandgap reference.

The present invention has been described with respect to a
preferred embodiment, specifically one configured for the storage
and playback of analog samples of an analog signal. However the
invention 1s also applicable to systems configured for the
storage of digital signals, either in the usual one bit (two
states) per storage cell, or more importantly, 1n a multilevel
storage format providing more than two distinct levels
representing more than one digital bit per storage cell. Such
multilevel digital storage systems would use a digital to analog
converter to convert the input digital signals to a respective
one of the multiple analog levels, wherein the levels are
sufficiently separated in voltage from each other to remain
distinct and unambiguous throughout prolonged storage, over the
operating temperature range, repeated reprogramming of other
cells on the same integrated circuilt, after repeated readback and
conversion back to digital form by an analog to digital
converter, etc. For instance, one might store M bits of digital
information per storage cell by using 2M distinct storage levels
per cell, where M is an integer, for example, 3 or 4.
Alternatively, one could use three cells to store the equivalent

of eight bits by storing any of eight distinct levels 1in two of

042236.P028 -16- RWB/Jjm
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the three cells and storing any of four distinct levels the third

cell;

Thus while the present invention has been disclosed and
described with respect to certain preferred embodiments thereof,
it will be understood by those skilled in the art that the

present invention may be varied without departing from the spirit

and scope thereof.

042236.P028 -17- RWB/9m
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LAIM
I claim:
1. A method of reading a voltage stored 1in a floating gate

storage cell having a source, a gate, a floating gate and a drain

comprising the steps of:

(a) applying reference voltages to the source, gate and

drain of the floating gate storage cell;

(b) providing an output which varies in proportion to the

current passing through the floating gate storage cell.

2. The method of claim 1 wherein step (b) comprises the

step of providing an output voltage which variles 1in proportion to

the current passing through the floating gate storage cell.

3. The method of claim 2 wherein step (b) comprises the
step of directing the current passing through the floating gate

storage cell through a resistor.

4. The method of claim 3 wherein the resistor is an active

MOS resistor.

042236 .P028 -18- RWB/Jm
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5. The method of claim 2 wherein step (b) comprises the
step of directing through a resistor, a current proportional to

the current passing through the floating gate storage cell.

6. The method of claim 5 wherein the resistor 1s an active

MOS resistor.

7. The method of claim 1 or claim 2 wherein the step of
applying a reference voltage to the drain of the floating gate
storage cell comprises the steps of providing a MOS transistor
having a source, a gate and a drain, coupling the source of the
MOS transistor to the drain of the floating gate storage cell and
driving the gate of a MOS transistor to a voltage which drives

the voltage on the source of the MOS transistor to the respective

reference voltage.

8. The method of claim 7 wherein the step of coupling the
source of the MOS transistor to the drain of the floating gate
storage cell comprises the step of coupling the source of the MOS
transistor to the drain of the floating gate storage cell through
a column multiplexer for selecting for reading, the floating gate

storage cell in any one of N columns of floating gate storage

cells.

042236 .P028 -19- RWB/Jm
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9. The method of claim 7 whereilin the step of driving the
gate of the MOS transistor to a voltage which drives the voltage
on the source of the MOS transistor to the respective reference

voltage comprises the step of coupling the output of an

.operational amplifier to the gate of the MOS transistor and

coupling the source of the MOS transistor to the negative input
of the operational amplifier, and coupling the positive 1input of

the operational amplifier to the respective reference voltage.

10. The method of either claim 1 or clailm 2 wherein the

reference voltage applied to the source of the floating gate

storage cell is a cilrcult ground voltage.

11. The method of claim 10 wherein step (b) comprises the
step of directing through a resistor, one end of which 1s coupled
to the circuit ground, a current proportional to the current

passing through the floating gate storage cell.

12. The method of claim 11 wherein the resistor i1s an

active MOS resistor.

042236.P028 -20- RWB/Jm
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1 13. The method of either claim 1 or claim 2 wherein the
2 vwvoltage stored in the floating gate storage cell 1s an analog

3 sample of an analog signal.

1 14. The method of either claim 1 or claim 2 wherein the
2 voltage stored in the floating gate storage cell 1is one of M

3 discrete voltage levels, where M is an integer Jgreater than 2,

4 representing a digital signal of more than a single bit.

1 15. The method of either claim 1 or claim 2 wherein the
2 voltage stored in the floating gate storage cell is one of 2M

3 discrete voltage levels, where M is an integer dJgreater than 1,

4 representing a digital signal of M bits.

1 16. A floating gate storage cell and circuitry for reading

2 the same comprising:

3 a floating gate storage cell having a source, a gate, a

4 floating gate and a drain, the source of the floating gate

5 storage cell having a first reference voltage thereon and the

6 gate of the floating gate storage cell having a second reterence
7 voltage thereon;

8 first circuitry driving the voltage on the drain of the

9 floating gate storage cell to a third reference voltage; and,

042236.P028 -21- RWB/Jm
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second circultry providing an output which varies in

proportion to the current passing through the floating gate

storage cell.

17. The apparatus of claim 16 wherein the second circuiltry
is circuitry providing an output wvoltage which varies in

proportion to the current passing through the floating gate

storage cell.

18. The apparatus of claim 17 wherein the second circuitry

comprises a resistor.

19. The apparatus of claim 18 wherein the resistor is an

active MQOS resistor.

20. The method of claim 16 wherein the second circuiltry
comprises a current mirror and a resistor, the current mirror

being coupled to the floating gate storage cell and the resistor

to mirror a current proportional to the current through the

floating gate storage cell to the resistor.

042236.P028 -22- RWRB/jm
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21. The apparatus of claim 20 wherein the resistor is an

active MOS resistor.

22. The apparatus of claim 16 wherein the first circuitry
comprlses anoperational amplifier having positive and negative
inputs and an output and a MOS transistor having a source, a gate
and a draln, the source of the MOS transistor being coupled to
the drain of the floating gate storage cell and to the negative
input of the operational amplifier, the gate of the MOS
transistor beling coupled to the output of the operational
amplifier and the positive input of the operational amplifier

belng coupled to the third reference voltage.

23. The apparatus of claim 22 wherein the source of the MOS
transistor 1s coupled to the drain of the floating gate storage
cell through a column multiplexer for selecting for reading, the

floating gate storage cell in one of N columns of floating gate

storage cells.

24. The apparatus of either claim 16 or claim 17 wherein
the reference voltage applied to the source of the floating gate

storage cell 1s a circuit ground voltage.

~23 =
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25. A method of reading a voltage stored in a floating
gate storage cell having a source, a gate, a floating gate
and a drain comprising the steps of:

(a) applying predetermined reference voltages to the
source, gate and drain of the floating gate storage cell
during a read operation, the predetermined voltages being
selected to not change a threshold voltage of the storage
cell; and

(b) providing an output proportional to the current
passing through the floating gate storage cell while the

predetermined reference voltages are applied.

26. The method of claim 25 wherein in step (b) the

output 1s an output voltage.

27. The method of claim 26 wherein step (b) comprises
the step of directing the current passing through the

floating gate storage cell through a resistor.

28. The method of claim 27 wherein the resistor is an

active MOS resistor.

29. The method of claim 26 wherein step (b) comprises
the step of directing through a resistor, a current
proportional to the current passing through the floating gate

storage cell.
-4 -
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30. The method of claim 29 wherein the resistor is an

active MOS resistor.

31. The method of claim 25 or claim 26 wherein the step
of applying a reference voltage to the drain of the floating
gate storage cell comprises the steps of providing a MOS
transistor having a source, a gate and a drain, coupling the
source of the MOS transistor to the drain of the floating
gate storage cell and driving the gate of the MOS transistor
to a voltage which drives the voltage on the source of the

MOS transistor to the respective reference voltage.

32. The method of claim 31 wherein the step of coupling
the source of the MOS transistor to the drain of the floating
gate storage cell comprises the step of coupling the source
of the MOS transistor to the drain of the floating gate
storage cell through a column multiplexer for selecting for
reading, the floating gate storage cell in any one of N

columns of floating gate storage cells.

33. The method of claim 31 wherein the step of driving
the gate of the MOS transistor to a voltage which drives the
voltage on the source of the MOS transistor to the respective

reference voltage comprises the step of coupling the output
of an operational amplifier to the gate of the MOS transistor

and coupling the source of the MOS transistor to the negative
-5
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input of the operational amplifier, and coupling the positive
input of the operational amplifier to the respective

reference voltage.

34. The method of either clailm 25 or claim 26 wherein
the reference voltage applied to the source of the floating

gate storage cell 1s a circult ground voltage.

35. The method of claim 34 wherein step (b) comprises

the step of directing a current through a resistor, one end
of the resistor being coupled to the clrcuit ground, wherein
the current directed through the resistor 1s proportional to

the current passing through the floating gate storage cell.

36. The method of claim 35 wherein the resistor 1s an

active MOS resistor.

37. The method of either claim 25 or claim 20 whereiln
the voltage stored in the floating gate storage cell 1is an

analog sample of an analog signal.

38. The method of either claim 25 or claim 26 wherein
the voltage stored in the floating gate storage cell 1s one
of M discrete voltage levels, where M 1s an integer greater
than 2, representing a digital signal of more than a single

bit.
~2 6~




10
11
12
13
14
15

16

CA 02205720 2000-06-15

39. The method of either claim 25 or claim 26 wherein
the voltage stored in the floating gate storage cell is one
of 2" discrete voltage levels, where M is an integer greater

than 1, representing a digital signal of M bits.

40. A floating gate storage cell and circuitry for
reading the same comprising:

a floating gate storage cell having a source, a gate, a
floating gate and a drain, the source of the floating gate
storage cell having a first predetermined reference voltage
thereon and the gate of the floating gate storage cell having
a predetermined second reference voltage thereon;

first circultry driving the voltage on the drain of the
floating gate storage cell to a third predetermined reference
voltage during a read operation, the first, second and third
predetermined reference voltages being selected to not change
a threshold voltage of the storage cell; and,

second clrculitry providing an output proportional to the
current passing through the floating gate storage cell while
the first, second and third predetermined reference voltages

are applied.

41. The apparatus of claim 40 wherein the second
circultry 1s clrcuitry providing an output voltage which
varies 1n proportion to the current passing through the

floating gate storage cell.
DT
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42. The apparatus of claim 41 wherein the second

circultry comprilises a reslstor.

43. The apparatus of claim 42 wherein the resistor is

an active MOS resistor.

44, The apparatus of claim 40 wherein the second
circultry comprises a current mirror and a resistor, the
current mirror being coupled to the floating gate storage
cell and the resistor to mirror a current proportional to the
current through the floating gate storage cell to the

resistor.

45. The apparatus of claim 44 wherein the resistor is

an active MOS resistor.

406. The apparatus of claim 40 wherein the first
circultry comprises an operational amplifier having positive
and negative 1nputs and an output and a MOS transistor having
a source, a gate and a drain, the source of the MOS
transistor being coupled to the drain of the floating gate
storage cell and to the negative input of the operational
amplifier, the gate of the MOS transistor being coupled to
the output of the operational amplifier and the positive
input of the operational amplifier being coupled to the third

reference voltage.
_28_
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47. The apparatus of claim 46 wherein the source of the
MOS transistor 1s coupled to the drain of the floating gate
storage cell through a column multiplexer for selecting for
reading, the floating gate storage cell in one of N columns

of floating gate storage cells.

48. The apparatus of either claim 40 or claim 41

wherein the reference voltage applied to the source of the

floating gate storage cell 1s a circult ground voltage.

-0~
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