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1. Field of the Tnvention

The present relates to the field of non-volatile integrated
circuit analog signal recording and playback wherein an analog
signal is directly stored in and read out from a storage cell.
2. Prior Ar*

U.S. Patent No. 4,890,259 discloses a high density
integrated circuit analog signal recording and playback system
wherein an analog input signal is sampled a plurality cf times
and then, as additional samples are being taken and temporarily
held, a prior set of samples of the analog signal are parallel
loaded into a plurality of storage sites or cells, each
comprising nonvolatile floating gate memory cells, preferably
EEPROM cells. In that system, writing of the groups of samples
into the respective storage cells is done by repetitively
providing a write pulse followed by a read operation for the
respective cells to compare the information stored in each cell
with the information held by the respective sample and hold
circuit. During the successive write read operations, the write
pulse is increased in amplitude, with the write pulse to any
cell being stopped or decoupled from the cell when the
information read from.the cell in the last read operation
equaled the value held in the respective sample and hold
circuit. To provide time for the successive write read
operations, a plurality of sample and hold circuits are provided
so that an egual plurality of cells may be locaded or written to
at one time. Still, because of practical limitations in the
number of sample and hold circuits which may be provided and ‘the
limited length of time the integrated circuit sample and hold

circuits will accurately hold the same values once taken, th
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length of time available for writing the sample signals to the
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circuit BfaPHI2%i%nal recording and pl ayback wherein an anal og signal is
directly stored in and read out froma storage cell. 2. Prior Art U S
Pat ent No. 4,890, 259 discloses a high density integrated circuit anal og
signal recording and pl ayback system whergin an anal og i nput signal is
sanpled a plurality of tinmes and then, as additional sanples are being
taken and tenporarily held, a prior set of sanples of the anal og signal are

parall el storage cells in this parallel load fashion is limited. Thus,
because each write read cycle takes a finite amount of time, the
number of such cycles which may be completed before the same
number of samples has again been taken and must similarly be
loaded is limited. This in turn limits the resolution of the
stored information which may be achieved by each write pulse
while still allowing for properly storing samples which may be
at either extreme of the storage range, particularly considering
temperature variations, chip to chip processing variations and
the like.

U.S. Patent No. 4,627,027 discloses analog storage and

reproduéing apparatus utilizing nonvolatile memory elements.
The apparatus disclosed therein uvtilizes a source follower type
floating gate storage cell in a device which writes to each cell
in a single write operation, as opposed to an iterative write
process wherein successive write read operations provide and
verify storage of the desired analog signal. In the
implementation used in this patent the write circuits are
completely separate from the read circuits so that during read,
any variation in the characteristics of the load will produce a
corresponding variation in the cutput. The constant current
load, if ideal, would no: create distortion but in reality any
practical realization would create some disturbance. In
addition, the different conditions between read the write

significantly reduce reproduction quality.
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| oaded WVRXE/BYPuraliy of storage sites or cells, each conprising

nonvol atile floating gate nenory cells, preferably EEPROM cells. In that
system witing of the groups of sanples into the respective storage cells
is done by repetitively providing a wite pulse followed by a read
operation for the respective cells to conpare the information stored in
each cell with the information held by the respective sanple and hold

circuit. D‘*Mﬁr_&%ﬁiﬁﬁﬁ_ﬂ_ﬂﬁ&ibﬁad operations, the wite

Source follower storage cell and improved method and
apparatus for iterative write for integrated circuit analog
recording and playback which provides increased resolution in
the stored signal and increased accuracy and stability of the
storage and readout capabilities of the device. The storage
cell is confiqured wherein the electrically alterable MOS
storage device is connected in a source follower configuraticn,
which provides a one to one relationship between the variation
in the floating gate storage charge and the variation in the
output voltage, and for high load resistance, relative
insensitivity to load characteristics. The write process and
circuitry provides a multi iterative programming technique
wherein a series of coarse pulses program a cell to the
approximate desired wvalue, with a series of fine pulses
referenced to the last cecarse pulse being used for programming
the respective cell in fine increments to a desired final
programming level. Still fipner levels of programming can be

used.
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pul se ivgpionereased in anplitude, with the wite pulse to any cell being

st opped or decoupled fromthe cell when the infornmation read fromthe cel
in the | ast read operation equal ed the value held in the respective sanple
and hold circuit. To provide tinme for the successive wite read operations,
a plurality of sanple and hold circuits are provided so that an equal

plurality of cells nmay be |oaded or witten to at one tine. Still, because
of practical limtations in the
i © )2 = TUER

Figure 1 is a schematic circuit diagram of a part of a
mémory array and associated circuitry of an analog storage
device in accordance with the present invention.

Figure Z is a schematic block diagram of a part of a memory
array and associated circuitry of an analog storage device in
accordance with an alternate and preferred embodiment of the
present invention.

Figure 3 is a detailed schematic diagram for the diagram of

Figure 2.
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nunber ‘wb@an;:are and hold circuits which may be provided and the limted
|l ength of tine the integrated circuit sanple and holLd CL i€ t%—laV\{BAen . Iced

accurately hold the same val ues once taken, the length o mmlﬁﬁﬁﬂ

for witing the sanple signals to the storage cells i
First referring to Figure 1, a basic implementation of the

| oad fashion is limted. Thus,

v © © o) T r Y

present invention may be seen. This figure represents a section
of a typical memory array with one column driver consisting of
comparator COMP, latch, high voltage (HV) switch and column
load, column multiplexer comprising switches CMl teo CMm and a
memory array consisting of n rows and m columns of transistor
pairs Snm and Fnm. This figure of course is representative of
one specific embodiment as, for example, there may be more than
one column driver multiplexed (or not multiplexed) into the
array, there may be more than one level of multiplexing of each
column driver into the array, etc. Also the figure shows a
single common node VCCA, but it may equally be separated into
different nodes. For the purposes of the description of the
first embodiment disclosed herein, the high wvoltage switch is
shown as a simple switch, though in ancther embodiment disclosed
herein the same consists of two switches, together with means to
superimpose a fine adjustment voltage on & coarse voltage to
more accurately program the storage cell within the typical
available time for doing so.

. A recording is made by the following seguence. The cells
to .be written (programmed) are first erased (cleared). This is
done by applying a rnigh voltage to the clear gate CGn while
maintaining a low voltage on the drain of the cell. In the
preferred embodiment circuits, each row has an independent
connection on order to facilitate the clearing of each row
independently willivul disturvlnyg Lie aenaliog samples recorded in
other parts of the memory. The low drain voltage is achieved by
applying a low wvoltage to VCCA. Since the high voltage on the
clear gate cauvses the floating gate transistor to be in a

conductive state, the low woltage is transposed to the drain.



T e e et o Femorm il mﬁﬂﬁ sy
again been taken and nust simlarly be loaded is limt “ﬁ IE ; !l(rjn
limts the resolution of the stored information which [ by
each wite pulse while still allowing for properly storing sanples which
may be at either extrenme of the storage range, particularly considering
t enper ature VIat':r iwcaiglé)nasl’socgie ppc;[s% i%?é ptcpra%g?ﬁstihneg d\ég{rlx ax;[cjl(t):gge atr}wdrough the
column and select gate.
The voltage to be written is applied to ANALOG IN, a SET
_signal is applied to set the latch and turn on the HV switch, CL
is taken low, all CG lines are taken low, and the desired column
multiplex lines (CMm) and select gate lines (SGn) are taken
high. Unselected columns and rows have their CM and SG lines
low. The first high voltage pulse is then applied to HV and via
the CMm and SGn transistors to the drain of the addressed cell.
The level on CMm and SGn must be sufficient to pass the desired
level onto the cell drain. In the preferred embodiment, CM and
SG are higher than HV so that HV, the regulated signal, is
connected onto the drain without any loss of voltage. It would
also be possible to regulate CM and/or SG in order to pass the
desired level onto the drain. As HV is applied to the drain,
VCCA is also brought positive. In the preferred embodiment the
VCCA level, at this point in the procedure, is about 7 volts-
this being higher than the maximum level to which the Fnm
transistor would otherwise pull VCCA by follower action. {Note
that although CGn is at VSS, the capacitive coupling onto
the floating gate causes the transistor to conduct even though
it may be strongly cleared.) The purpose is to ensure that the
column voltage does not become suppressed due to a current path
to VCCA. ©Non-Suppression of VCCA could also be achieved by
allowing VCCA to float, which may be satisfactory for VCCA nodes
with small capacitance values and high voltage sourcec with low
3o0urce impedance vaiues. These values generally do not occur in
practice. Now that the cell is in this writing condition,
electron tunneling may occur from floating gate to drain,

resulting in a net increase in the positive charge residing on

the float gate. After a certain time period HV (and VCCA) :s



the |iRkeo 9w B51Patent No. 4, 627,027 discl oses anal ogM wa alﬁaﬂze placed

repr oduci ng apparatus utilizing nonvolatile nenory el par at us
di scl osed therein utilizes a source follower type flo %Eﬂrage
cell in a device which wites to each cekl in a single MWIte i on
‘opposed to an iterative wite process wherein successive wite read
operations provide and verify storage of the desired analog signal. In the

brought low ~ in the preferred embodiment and the discharge rate
is controlled to avoid unnecessary perturbations onto other
nodes.

_ The cell is now configured into the read mode. CL is taken
high (connecting the current load onto the column),CMm and SGn
remain high to keep the same cell addressed {although not
necessarily at the same high voltages as before) and VCCA is
taken to a positive voltage. Note that this configuration is a
reversal from digital memories where the VCCA node would be
grounded. The total resistance of the Snm transistor and the
column multiplex transistor(s) should be small compared to the
effective resistance of the lecad. The clear gate CGn voltage is
taken to a fixed level which is chosen to optimize the voltage
storage range — in the case of the preferred embodiment both
VCCA and CGn are connected to 4V. The voltage which is now
output on the column is compared with ANALOG IN. EN is brought
high and if ANALOG OUT is greater than ANALOG IN, the ocutput of
the comparator goes high and resets the latch. The HV switch is
thus opened and the subseguent HV pulses are not connected to

. the cell. {(Typically such high wvoltage pulses are of

. successively increasing amplitude.}) If, however, ANALOG OUT is
less than ANALOG IN, then the latch remains set and the next RV
pulse is applied to the cell and the cells obtains another
increment of tunnel current. The cell is alternatively
configured in write mode and then read mode until a comparison
is reached or a maximum number of cycles has been reached.

To play back Lhe reédurdiny, the circuit is configured
continuously into the read mode. The configuration and the cell
operating conditions are exactly the same as during the write

comparison and thus an accurate reproduction ls achieved.



I npl emrenicpviensysed in this patent the wite circu%gs ar conpleteky
separate fromthe read circuits so that during read, PocaReplased n t he
characteristics of the load will produce a correspo% ﬂ ﬂ Ii in the
output. The constant current load, if ideal, would tortion
but in reality any practical realization would create sone disturbance. 1In

addition, the different conditions between read the wite significantly

reduce reprOdUCtlOPhé“%@s%&Xtion of analog recording is improved if the

voltage increment on the EEPROM floating gate resulting from
each high voltage iteration is as small as possible. In the
case of commercially available speech recording devices,
resolutions range from 6 bits to 16 bits of equivalent digital
resolution. The recording method employed herein causes the
voltage on the floating gate to be incremented during each high
voltage pulse. The resolution achieved depends on the width of
the high voltage write pulses and also on the amount of voltage
increment between each successive pulse. Better resolution
(i.e. smaller voltage increments) is achieved with narrow pulses
and/or with smaller voltage increments of the high voltage
pulse. However, this means that to cover the same range of
floating gate voltages (i.e. the same dynamic range), there must
be an increased number cof applied high voltage pulses. In a
given recording architecture there is a certain amount of time
available to perform the writing of one row before beginning the
write of the next row. This limits the number of pulses which
can be applied and conseguently limits the resolution which can
be achieved. 1If the high voltage pulses increase linearly over
the complete range, then each increment would give approximately
equal increments to the floating gate. - The first few pulses
{(which generally would follow an erase cycle) would probably
cause a larger increment than subsequent pulses, but this is the
major exception.

The technigue used in the preferred circuit of Figure 2
uses Lwo bursts of voltage pulses {(the method could be
extended to more bursts). The first burst of pulses has
monotonically increasing volrage levels (beginning with a
level which produces a weakly programmed cell and ending with

a level which produces a strongly programmed cell - i.e. from



BRI EF QSUMMIQJ: THE | NVENTI ON Source foll ower storage cell and inproved
met hod and apparatus for iterative wite for integraleshesHisBeert Rephaeddog

recordi ng and pl ayback which provides increased resol m‘“;““‘r“\ﬂ“ﬂ‘ttored

signal and increased accuracy and stabi@ity of the
8 volts to 18 volts). These will be called the coarse

pulses. Coarse pulses are applied to the cell until the cel
reaches a point where an additional pulse would program it to
8 level which is beyond the desired level. A second burst of
pules is now applied which has a reduced voltage increment
between adjacent pulses. These are termed the fine pulses.
The voltage level of the first pulse in the fine burst is
related to the level of the last coarse pulse applied to the
cell. It can be the same level, sligh:tly higher or slightlvy
lower, but the important thing is that it is function of the
last coarse pulse height. Fine pulses are applied to the
cell until the cell is programmed to the desired level. The
voltage level of the fine pulses may also have monotonically
increasing values, but the voltage increment is much smaller
than the increment during the coarse cycle. The fine pulses
may also be of a narrower width than the coarse pulses.

in this scheme, the resolution of the floating gate
voltage is determined by the voltage increment attained
during the fine cycle. The voltage range, however, is
determined by the coarse cycle.

Consider an ideal.situation vhere:

Vr = Dynamic voltage range.

V¢ = Floating gate voltage increment during.coarse
pulses

Vf = Floating gate voltage increment during fine pulses

Nc = Number of coarse pulses

fine pulses



sforagé WP B@ddut capabilities of the device. The storage cell is
configured wherein the electrically alterable MOS Stoﬁﬂﬂﬁe?ﬁ%ﬁﬁ§ﬂ#§hwd

connected in a source follower configuration, which pr
rel ati onship between the variation in theofloating gat HIE ﬁﬂg&l%ﬂ

the variation in the output voltage, and for high | oad

0 one
ge and
el ative

I nsensitivity to |l oad characteristics. The wite process and circuitry

provides a multi itgrativeacpkogs anm ng technique

if the circuit did not use this duval (or multi)

increment technique however, and the same resolution was

required, then the total number of pulses required to cover
the range would be:

Neotral = Vz/VE = Vr/(Vc/NE) = Nc*Nf

As an example, suppose we have a range of 1V, a coarse
increment of 0.1V and a fine increment of 10mV., Using the
dual increment technigue a total of 20 high voltages would be
reguired versus 100 pulses with pulses of uniformly
increasing magnitude.

In practice, the number of pulses required is greater
than the jideal case because: 1)} one must begin the coarse
high voltage pulses at a lower level and continue past the
ideal high level in order to account for manufacturing
tolerances which change the relationship between the applied
high voltage signals and the resulting voltages on the
floating gate (e.g. variations in tunnel threshold). This is
necessary when using either technique. 2) there must be a
sufficient number of fine pulses to cover the complete
voltage span of a single coarse step. At the upper end this
is a similar problem to 1), but at the lower end it is due to
practicalities in circuits which are used to implement the
technigue.

A block diagram of a circuit which utilizes a dual
increment (coarse/fine) technicue is shown in Figure 2. In

addition to the com & i3 &b extra

MG nr ¢ mE T matemn 1 = b
onents of Tigurs 1, thes
switch SW2, transistors Tl, T2 and T3, capacitor Cl and a

voltage summing junction. To initialize the circuit, a pulse

is applied to CLSET to set the latch, CENis set high to close

SW2 and a pulse is applied to RCAPEN to discharge Cl. The



mhereln\a0§artéﬁ9of coarse pulses programa cell to the SRR OX|na e desired

value, with a series of fine pulses referenced to the | t@e
bei ng used for programm ng the respective cell in f|n4!

desired final programmng level. Still fimner |evels of an be
used.

burst of course pulses is then applied to CHV and
consequently is also applied to the cell provided that the
latch remains set and SW1l is closed, as described previously.
One important difference with this implementation compared to
the basic circuit is that the connection of CHV te COLN is
through the transistor Tl. Tl reguires a voltage on its gate
which, in turn is provided by SW2 and T2. During the time
that the cell voltage is read and compared with ANALOG IN, a
voltage Vos is added to the voltage on COLK. The value of
Vos is equal to or slightly greater than the floating gate
voltage increment that results from a single coarse pulse.
Adding Vos before the comparison is made with ANALOG IN
ensures that the latch is reset one coarse pulse earlier than
would otherwise occur. At this time, the latch is reset and
the cell is thus programmed to a level which is no more than
one coarse increment below the desired level. Also the gate
voltage on Tl which corresponds to the last coarse pulse
before comparison is stored on Cl.

The latch is now set once more by applying a pulse to
CLSET, CEN is taken low to open SW2 and the second burst of
high voltage {fine) pulses are applied to CHV. These pulses
are all of maximum amplitude, but the wvoltage which is
transferred »nto COLN through Tl depends on the stored level
on Cl and the follower action of Tl. The stored level on C1l
is modulated by the signal FV, which in the preferred
embodiment, is a ramp which begins at a low level (VSS) a:

b -

- Limcw s omom o om - L - - - - - - R - - ~
the beginning of the fine Cycle and ¥ises Lo a h

igher lewvel
(2V) at the end of the fine cycle. The magnitude of the high
voltage pulses which are connected to the cell during the

fine cycle is therefore dependent on the highest value

reached during the coarse cycle and with increasing



BRI EF DaSORI/PT3EON OF THE DRAWNGS Figure 1 is a schematic circuit diagram
of a part of a menory array and associated circui tﬁyss@&taﬂmndieo eétorage
device in accordance with the present invention. hemat i c
bl ock diagramof a part of a nenory array and assoc E‘@& of an
anal og storage device in accordance withan alternat preferred
enbodi nent of the

amplitudes as determined by FV. As with the coarse cycle,
after each high voltage pulse the cell voltage is read and
compared with ANALOG IN. During the fine cycle, however, Vos

.-is held at VSS and the cell voltage is incremented in fine
increments until a comparison is made.

Figure 3 shows a detailed schematic of the circuit. T2,
T3, T4, T6, T8 together with Cl and C2 create an offset
canceled comparator, TS, T7, TS, T10, T11, T12, T13 and T1l4
create an additional gain stage and latch; T15, T16, T17,
T18, T23 and C3 create & high voltage switch; T19, T20, T21,
T22, T24 and C4 create another high voltage switch; C5 is a
holding capacitor and T29% acts as a source follower.

The write seqguence begins with an erase cycle. In the
following description it is assumed that the addressed cell
has already been fully erased. When reading, the cell is
configured in a source follower mode as previously described.
The signal VCL applies a bias to T32 such that T30, T31, ancd
T32 act as a leoad to VSS. (T30 is included to increase the
voltage breakdown on the COLN node}. This technigue could
also be vtilized if the cell were configured in the

: arrangement which is more conventional to memory arrays, but
an inversion would be necessary (for instance between the
cell and COLN)} .

At the beginning of the write (programming) cycle, a
negative pulse is applied to CLSET and a positive pulse is
applied to RCAPEN. This sets the latch (HVEN goes high) and
discharges T3 ro OV. VCOMP provides a bias such that T4 and
T5 act as high impedance load devices. Likewise, VCOLHV
cause T18 and T22 to behave as load devices, in this case to
VSS. P/R is held low and is only allowed to go high during

playback. CEN is initially held low. CL is low during write



present wwoentpsr. Figure 3 is a detailed schematic diagramfor the di agram
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and high during read. The voltage which is desired to be

L)

written into the EEPROM cell is applied to ASAMPN. The first
high voltage pulse of the coarse cycle is applied to CHV. It
could typically be about 10V amplitude with a finite rise
time and pulse duration. Since HVEN is low, T17 is off and
the voltage on the gate of T23 rises as a result of the CHV
ramp on C3. Cther capacitances on the gate of T23 are small
relative to C3 and consegquently there is very little
capacitive or voltage division. There is also the self
bootstrap effect of T23 itself and so the gate of T23
increases in voltage by an amount almost egual to CHV. The
starting wvoltage on T23 gate was (VCC - Vt) or about 4V, so
with Vt typically about 1V, the transistor T23 is turned
fully on and CHV is conducted onto C4. The components T15,
T16, T17, and T18, T23 and C3 cperate like a high voltage
switch enabled by HVEN (other implementations of the switch
are possible). In a similar fashion, the other switch using
T24 also conducts and C5 is charged to (CHV ~ Vt) - the Vt
drop is due to T25. T29 now conducts and allows COLN to rise
to (CHV - VvVt - Vtn). Vt is the enhancement threshold (of
T25), and Vtn is the threshold of native transistor T29. It
is assumed that the Vt of T28 is less than or equal to T25.
Hence the CHV pulse is applied to COLN and subsequently to
the cell with a small amount of voltage drop due to
thresholds. After CHV is returned to its low level, the
voltage read from the cell is compared with ASAMPN. CCK and
CCN are inverse signals; CCK is initvially hign and gartes
ASAMPN on to Cl via T2. T6 is also driven by CCK and biases
the invertor TB/T4 in its linear region and cancels the
offset. T7 gate has the same voltage as (matched) T8 and its

source is at VSS, so the invertor T5, T7, T9 is also in the
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present wigwmmswen may be seen. This figure represents a section of a
menory array with one columm driver consisti n

(=4
| at ch, high voltage (HV) switch and colum | oad, col u
conprising swwtches CM to Cvm and nenory array COI’ISI

columms of transistor pairs Snmand Fnm This figure of course |s
representative of one specific enmbodinent as, for exanple, there may

more than one golum, driver thehexsd (Rr 0Rh f tLplexed) ifte the

cell has since been configured in its read mode and thus the
cell voltage is coupled onto Cl. The change in voltage on
the LHS of Cl is coupled onto the gate of TB. (It is
important that CCK goes low before CCK goes high in order to
ensure that there is no charge loss through T6).
Simultaneously, & positive going signal is applied to Vos ({in
the preferred embodiment it is 1.5V, derived from analog
signal ground} and couples additional charge onto TB. The
value of capacitor C2 is chosen so as to couple charge that
is egquivalent to a voltage slightly greater than the wvoltage
increment that results on the flocating gate during each
coarse pulse. Since the invertor is in its linear region,
the change at the gate of T8 causes a corresponding change in
the drain of T8, multiplied by the gain of the invertor. The
size of T6 is kept small so as to minimize the capacitive
coupling from CCK to the input of the invertor. The coupling
can be reduced further by connecting an equal capacitor to
the gate of T8 but within equal and opposite phase of signal.
This can be a "dummy® transistor similar to T6, or, as is
often done, it can be a P-channel transistor in parallel with
T6 and driven by an opposite signal. these steps were no:
taken, however, because the offset introduced here is a
systematic offset which is equal in all similar circuits,
including the reference circuit and is therefore canceled
out. If the comparator were realized by some of the other
technigques, such a3 Lhuse witn differential inpur pairs of
transistors, the réndom offset is ultimately superimposed on
the recorded cell voltage. The comparator circuilt 4is thus
realized with a small number of components. The gain of the

invertor {(and the subsequent stage T7), can be increased by

B‘atedZOVP

and m

be



array, twheye/mpgiobe nore than one | evel of nultiplexing of each col um
driver into the array, etc. Also the figure shows a si mgh SheeGRVBRL ROIL4

VCCA, but it may equally be separated into different no t
purposes of the description of the first enbodinent dis Hmdjge‘,ml
hi gh voltage switch is shown as a sinple $ditch, though'i r

enbodi nent di scl osed herein the sane consists of two switches, together

With means to syper) qpgs, 4 £1.0¢, 20, uSLTENt, yol 2ge, 0N 3, £OY 95,401 tage to

t he

implementation the high impedance is achieved by using
current mirror devices T4 and TS5 in their saturated regions.
With the change is state of CCK and CCK, an amplified
difference level exists on the gate of T7. After a short
settling time, COMPEN is brought low. The drain of T7 was
previously held low by T10, but it now is allowed to function
as an additional gain stage, providing an amplified,
noniverted difference level at this point. The transistors
T11l through T14 form a CMOS nand gate which is connect ed in
a cross-coupled latch arrangement with the last gain stage.
Transistors T5, T7, T9 and T10 serve a dual function - a gain
stage and a latch. If the cell voltage plus the 0.2V offset
caused by Vos 1is less than ASAMPN the latch remains set (HVEN
is high); if the cell voltage plus 0.2V is greater than ASAMP
the latch becomes reset when enabled by COMPEN. The
comparator is sensitive to input differences in the order of
1mV. The systematic offset due to T6 coupling is about 17mVv,
which is expected to be consistent to within 2mV across chip.
With 3mV of overdrive the latch settles to the final logic

state in 1 microsecond.

The signal HVEN is used to enable the first switch on
‘the high voltage path. As iong as the latch remains set, the
switch is enabled and CHV pulses of continually increasing
magnitude are applied to the cell. After the latch has been
~ reset, the switch is disabled. CHV pulses may continue to be
suppiied, but they do not pass througnh the switch transistor
T23 and no further coarse pulses are applied to COLN (the
cell). The voltage on C4 has been increasing during each CRV

pulse that HVEN was low. After HVEN goes high and the switch
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nore accwOedXltysiprogramthe storage cell wthin the typical available tine
for doing so. A recording is made by the foll ow ngh een REplecedel |s to
be witten (progranmed) are first erased (cleared). i by
applying a high voltage to a control gate, which is to here
as the clear gate CG1 while nmaintainingla | ow voltage on the drain of the
cell. 1In the preferred enbodinent circuits, each row has an i ndependent

connection on f¥5d§E3§9 open, the highest value reached is retained due to

the diode action of T25 (RCAPEN is held low).
CHV pulses continue until their voltage level (and the

_number of pulses) has been sufficient to strongly program a

cell. In this preferred design and process, the maximum CHV

level is 21Vv. After the last coarse CHV pulse, all latches

in the column driver circuits should have been set {provided

that all the ASAMPN voltage levels are in the dynamic signal

range) .

The fine cycle now begins. CEN is taken high, thus
disabling the second switch; CLSET is pulsed low and then
high again, resetting the latch and enabling the first
switch. Another burst of CHV pulses is supplied, this time
of equal magnitude (21V) but with half the repetition period
of the coarse pulses. The shorter pulses allow a smaller .
amount of charge to be tunneled onto the floating gate during
each high voltage pulse, as well as allowing more pulses of
smaller voltage increments. The CHV pulses which are input
to the circuit are of maximum amplitude, but the voltage
which is applied to COLN depends on the stored voltage on the
gate of T29 and the high voltage storage capacitor. As COLN
rises with CHV, the coupling action onto the gate returns the
gate voltage to precisely the sume level that existed during
the last coarse pulse and consequently the level applied to
COLN is the same level as that which was applied during the
last coarse pulse. There is provision in the circuit for

applyiny dadjusimensis tou the COLN voiltage, however., The
bottom plate of C5 is driven by another external signal FV.
The circuit would function if FV remained at a fixed voltage

throughout the complete write operation, but enhanced

performance is attained by manipulating FV. The preferred
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facili ta‘fvé) W PPeari ng of each row i ndependent | y WI t hout di st urb| ng the
anal og sanpl es recorded in other parts of the Rlpiw
drain voltage is achieved by applying a | ow vol tage to

hi gh voltage on the clear gate 17

implementation of the circuit and its support circuits
applies a ramp to FV. During the coarse cycle, FV is held at
a fixed level of about 2V and is brought to OV at the
_beginning of the fine cycle. FV ramps up linearly from OV at

the beginning of the fine cycle to 2V at the end of the fine
cycle. This ramp is superimposed on the stored on C5 and
consequently on the voltage amplitude of the high voltage
pulses applied to COLN,

During the fine cycle, Vos is held at a fixed voltage
and not pulsed, as was the case during the coarse cycle,
Thus the cell floating gate continues to increment in fine
voltage steps until the read voltage is greater than ASAMPN,
at which time the latch is set, switch T23 remains open and
the cell does not receive any further pulses.

In the preferred embodiment, the coarse and fine

programming characteristics are as follows:

Number of coarse pulses 45

Number of fine pulses 90

Minimum coarse CHV voltage 1v
Maximum coarse CHV voltage 21V
Minimum coarse COLN voltage 9V
Maximum coarse COLN voltage isv

Coarse CHV rise time. 420mv/jisec
Fine CHV rise time 840mv/isec

Coarse CHV pulse width {@ 1lv) 100 psec

Fine CHV pulse width (¢ 1V) 50 psec
£V ramp 0 - 2v
Vos pulse height 1.5v

In the embodiment of the invention just described and
for both series of programming pulses, once the read and

compare operations find that the desired programming level



causes ifiso8/1889{g ng gate transistor to be in a conductive state, the |ow
voltage is transposed to the drain. It would al so be possible to apply the
drain voltage through the colum and select gate. The voltage to be witten
is applied to ANALOG IN, a SET signal is.applied to set the latch and turn
on the HV switch, CL is taken |low, all G lines are taken | ow, and the
desired colum nultiplex lines (CMr) and select gate lines (SG1) are taken

for that series of pulses has been reached, a latch blocks
further programming pulses of that series from passing to the
cell, even though the read and compare operations are in fact
continued until the end of the respective series of
programming pulses. The continuance of the read and compare
operations is an arbitrary design choice, but the blocking of
further programming pulses of that series from passing to the
cell once the desired compare is obtained is important, as
otherwise subsequent noise might disturb a subsequent compare
operation, allowing a much higher pulse of that series to
pass to the cell, resulting in a single but large programming
increment above the programming level desired.

While the preferred embodiment of the present invention
has been disclosed and described herein, it will be obvious
to those skilled in the art that various chénges in form and
detail may be made therein without departing from the spirit

and scope thereol.



hi gh. ueg)ejﬁptsqg colums and rows have their CMand SG lines |ow. The
first high voltage pulse is then applled to HV and vi a the CMnand SGn

transistors to the ressed cell. The | ey gym ndq4 SGn
nmust be sufficient mﬂ%‘ﬂg“ g red Ienvel onto thé‘ da B 691 nLthe
preferred enbodi nen ate at a hi gher vol ta hat HV,
the regulated” signal, is connected onto the drain vm

voltage. It WI so be possible to regulate CM and/or SGin order to

1. A method of iterative writing a signal sample to an
_MOS storage cell for integrated circuit analog recording and
subsequent playback comprising the steps ef:

(a) providing a first series of programming pulses of
increasing amplitude to the MOS storage cell;

{b) after each programming pulse of step {(a), reading
the MOS storage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto;

(c) terminating the application of the first series of
programming pulses to the MOS storage cell when the signal
read from the storage cell in step {(b) reaches a
predetermined relationship to the signal sample to be
recorded;

{(d) providing a second series of programming pulses of
increasing amplitude to the MOS storage cell, the second
series of programming pulses increasing in smaller increments
than the first series of programming pulses;

(e} after each programming pulse of step (d), reading
the MOS storage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto; and

{f) terminating the application of the second series of
programming pulses to the MOS storage cell when the signal
read from the storage cell in step (e) reaches a

predetermined relationship to the signal sample to be

-~

2. The method of claim 1 wherein the second series of
programming pulses as applied to the MOS storage cell is

referenced to the magnitude of the first series of



pass theglesiised | evel onto the drain. As HV is applied to the drain, VCCA
is also brought positive. 1In the preferred enbodi menthiddneet MeGRel R3pRLed at
this point in the procedure, is about 7 volts- this bei t he
maxi mum | evel ' transi st of, woul d ot her wi H Fy

foll ower acti oﬂ“lmngmm‘ngm hough CGi"is at VSS, th oupl i ng
onto the floatihg gatle dauses*the transi stor to conduct even though it may
be fully di scgragqg[ed. pose is t

amming pulses when gqgea éqlcatlon of %he first series

of programming pulses to the MOS storage cell was terminated

in step (c).

3. The method of claim 2 wherein each pulse in the
second series of pulses are of shorter duration than the

pulses in the first series of pulses.

4, The method of claim 3 wherein the maximum time
allotted for the application of the second series of pulses
is substantially equal to the maximum time allotted for the

application of the first series of pulses.

5. The method of claim 1, 2, 3 or 4 wherein the MOS
storace cell comprises a floating gate MOS storage device
connectable in a source follower read configuration, whereby
there is a substantially one to one relationship between the
voltage on the floating gate MOS storage device of a cell and

the respective signal read therefrom.

6. The method of claim 5 wherein the reading of the MOS
storage cell of steps (b) and (e) is carried out in the same
as subseguent playback of the signal sample written to the

MOS storage cell.

7. A method of storing a signal sample for integrated
¢ircuit analog recording and subsequent playback comprising
the steps of:

{(a) providing a storage cell having a flcoating gate MOS
storage device connectable in a source follower read

configuration;



ensur e Wpadasidggcol um vol t age does not becone suppresﬁfg due to a current
a

path to VCCA.  Non- Suppression of VCCA could also be s Bae, gl | owi ng
VCCA to float, which na i sfactory -7- for VW ) o 26adal |
capaci t ance vanmmm“ﬂm‘m\ﬂﬁ\tage 21 ﬁ%ﬂjﬁl
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(b) providing a first series of programming pulses of
increasing amplitude to the MOS storage cell;
{(c) after each programming pulse of step (b), reading
the MOS storage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto; and,
{d) terminating the application of the first series of
programming pulses to the MOS storage cell when the signal
read from the storage cell in step (c) reaches a
predetermined relationship to the signal sample to be

recorded.

8. The method of claim 7 wherein the reading of the MOS
storage cell of step (c) is carried out in the same way as
subsequent playback of the signal sample written to the MOS

storage cell.

9. A method of storing signal samples for integrated
circuit analog recording and subsequent playback comprising
the steps of:

(a) providing a plurality of storage cells, each having
a floating gate MOS storage device connectable in a source
follower read configuration;

(b) taking a plurality of samples of an analog signal
and temporarily holding the same in an egual plurality of
sample and hold circuits;

(c) providing a first series of programming pulses of
increasing amplitude to each or the MOS storage cells;

(d) after each programming pulse of step (c), reading
the MOS storage cells and comparing each signal read
therefrom with the signal temporarily held in the respect:ve

sample and hold circuit; and,



eourceatmbbhzinM/source | npedance val ues. hese val ues generally do not
occur in practice. Now that the cell isin this mnhﬁgmgﬂgggghhk de

el ectron tunneI| mfloating gate to
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perturbations onto(@f hedoNELES respective MOS storage cell, terminating
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ter a

the application of the first series of programming pulses of
step (c) to the respective MOS storage cell when the signal

read from the respective storage cell in step {(d) reaches a

predetermined relationship to the signal held in the

respective sample and hold circuit.

10. The method of claim 9 further comprised of the
steps of:

{£) providing a second series of programming pulses of
increasing amplitude to each of the M0OS storage cells:

(g) after each programming pulse of step (f), reading
the MOS storage cells and comparing each signal read
therefrom with the signal temporarily held in the respective
sample and hold circuit; and,

{h}) for each respective MOS storage cell, terminating
the application of the second series of programming pulses of
step (f) to the respective MOS storage cell when the signal
read from the respective storage cell in step (g} reaches a

predetermined relationship to the signal held in the

respective sample and hold circuit.

11. The method of claim 9 wherein the reading of the
MOS storage cell of step (d) is carried out in the same way
as subseqguent playback of the signal sample written to the

MOS storage cell.

12. BApparatus for writing a signal sample to an MOS
storage cell in an integrated circuit analog recording and

playback system comprising:



The cel\l\d;s:/ng\@/gconflgured into the read node. IS taken h| gh (connecting

the current |load onto the colum), CvMm and SGn re is §h t he sane
cel |l addressed essarily at the s es as
before) and Vi m ma zumnmgo& tive voI tage a source
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means ing a first series of programming

pulses of increasing amplitude to the MOS storage cell;

second means for reading the MOS storage cell after each
programming pulse and comparing the signal read therefrom
with the signal sample desired to be written thereto;

third means for terminating the application of the first
series of programming pulses to the MOS storage cell by the
first means when the signal read from the storage cell by the
second means reaches a predetermined relationship to the
signal sample to be recorded;

fourth means for providing a second series of
programming pulses of increasing amplitude to the MOS storage
cell, the second series of programming pulses increasing in
smaller increments than the first series of programming
pulses of the first means;

the second means also being a means for reading the MOS
storage cell and comparing the signal read therefrom with the
signal sample desired to be written thereto after each
programming pulse of the second series; and

fifth means for terminating the application of the
second series of programming pulses to the MOS storage cell
when the signal read from the storage cell reaches a
predetermined relationship to the signal sample to be

recorded.

13. The apparatus of claim 12 wherein the fourth means
for providing the second seziesluf programming pulses is a
means referenced to the magnitude of the first series of
programming pulses when the application of the first series

of programming pulses to the MOS storage cell was terminated.



snal | cemparetsivo the effective resistance of the |oad. The clear gate CGn

voltage is taken to a fixed | evel which is choseg;Q.,0ptlm ze the vol tage
storage range - in the case of the preferred enb o it Hept and CGn
are connect eﬂ,lMﬁMH“M’M‘tage whi ch (i s now ot; lum is
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second series of pulses are of shorter duration than the

pulses in the first series of pulses.

15. The apparatus of claim 14 wherein the maximum time
of the second series of pulses is substantially egual to the

maximum time of the first series of pulses.

16. The apparatus of claim 12, 13, 14 or 15 wherein the
MCS storage cell comprises a floating gate MOS storage device
connectable in a source follower read configuration, whereby
there is a substantially one to one relationship between the
voltage on the floating gate MOS storage device of a cell and

the respective signal read therefrom.

17. The apparatus of claim 16 wherein said second means
is also a means for subsequently reading the MOS storage cell
for playback, whereby the read operations when writing a
signal sample to the MOS storage cell are the same as the

read operations for playback.

18. Apparatus for storing a signal sample for
integrated circuit analog recording and subsequent playback
comprising:

a storage cell having a floating gate MOS storage device
connectable in a source follower read configuration;

means for providing a first series of programming pulses
of increasing amplitude to the MOS storage cell;

means for reading the MOS storage cell after each
programming pulse and comparing the signal read therefrom

with the signal sample desired to be written thereto; and,



piJI seé @ onatsponnected to the cell. (Typically such high voltage pul ses

are of successively increasing anplitude.) |If, H eirHas BaIARLXE QUT Is |less
t han ANALCG | | atch remains set and th I I's applied
to the cell a ﬂl ( IUE] bt ai ns another incr current.
The cell is a ] sCOMi gur ed
means for terminating the application of the first
series of programming pulses to the MOS storage cell when the

signal read from the storage cell reaches a predetermined

relationship to the signal sample to be recorded.

15. The apparatus of claim 18 wherein said means for
reading after each programming pulse is also a means for
subsequently reading the MOS storage cell for playback,

whereby the read operations when writing a signal sample

rt
(¢}

the MOS storage cell are the same as the read operations

th
o]
a1

playback.

20. Apparatus for storing signal samples for integrated
circuit analog recording and subsequent playback comprising:

a plurality of storage cells, each having a floating
gate MOS storage device connectable in a source follower read
configuration;

a plurality of sample and hold circuits for taking an
equal plurality of samples of an analog signal and
temporarily holding the same;

first means for providing a first series of programming
pulses of increasing amplitude to each of the MOS storage
cells;

second means for reading the MOS storage cells after
each programming pulse and comparing each signal read
therefrom with the signal temporarily held in the respective
sample and hold circuit: and,

third means for terminating the application of the first
series of programming pulses to the respective MOS storage
cell for each respective MOS storage cell when the signal

read from the respective storage cell by the second means



nunber of cycles has been reached. To play back t apred Circuit

is configured ' gfit 0 t he read node. Th m and the
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reaches a predetermined relationship to the signal held in

the respective sample and hold circuit.

21. The apparatus of claim 20 wherein the plurality of
MOS storage cells comprise a two dimensional array of MOS

storage cells,

22. The apparatus of claim 21 further comprised of:

fourth means for providing a second series of
programming pulses of increasing amplitude to each cf the MOS
storage cells;

the second means also being a means for reading the MOS
storage cells after each programming pulse of the second
series and comparing each signal read therefrom with the
signal temporarily held in the respective sample and hold
circuit: and,

fifth means for terminating the application of the
second series of programming pulses to the respective MOS
storage cell when the signal read from the respective storage
cell by the second means reaches a predetermined relationship

to the signal held in the respective sample and hold circuit.



The resolution of analog recording is inproved if the voltage i ncrenent on
the EEPROM fl oating gate resulting fromeach high voltage iteration is as
smal| as possible. In the case of conmercially avail abl e speech recording
devices, resolutions range from®6 bits to 16 bits of equivalent digital
resol ution. The recordi ng nethod enpl oyed herein causes the voltage on the
floating gate to be increnented during each high voltage pulse. The

resol uti on achi eved depends on the width of PCT/US91/09666

ABSTRACT

SOURCE FOLLOWER STORAGE CELL AND IMPROVED METHOD AND
APPARATUS FOR ITERATIVE WRITE FOR INTEGRATED CIRCUIT
ANALOG SIGNAL RECORDING AND PLAYBACK

Source follower storage cell and improved method and apparatus for
iterative write for integrated circuit analog recording and playback which
provides increased resolution in the stored signal and increased accuracy and
stability of the storage and read out capabilities of the device. The storage cell is
configured wherein the electrically alterable MOS storage device is connected in
a source follower configuration, which provides a one to one relationship between
the variation in the floating gate storage charge and the variation in the output
voltage, and for high load resistance, relative insensitivity to load characteristics.
The right process and circuitry provides a multi-iterative programming technique
wherein a series of coarse pulses programme a cell to the approximate desired
value, with a series of fine pulses, referenced to the last coarse pulsed being used
for programming the respective cell, programming the cell in fine increments to a

desired final programming level. Still finer levels of programming can be used.
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the high voltage wite pul ses and al so on the anmpbunt of voltage increnent
bet ween each successive pulse. Better resolution (i.e. smaller voltage

i ncrements) is achieved with narrow pul ses and/or with smaller voltage

i ncrements of the high voltage pul se. However, this neans that to cover
the sane range of floating gate voltages (i.e. the sanme dynam c range),
there nmust be an increased nunber of applied high voltage pulses. 1In a
gi ven recording architecture there is a certain anDunt\yffﬁ)ne
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avail able to performthe witing of one row before beginning the wite of
the next row This |imts the nunber of pul ses which can be applied and
consequently limts the resolution which can be achieved. |f the high
vol tage pul ses increase linearly over the conplete range, then each

I ncrement woul d give approximately equal increnents to the floating gate.
The first few pul ses (which generally would foll ow an erase cycle) would

probably cause a |ar Weacr?ent t han subsequent @LSEEs, but this 'U;‘./,,trhe
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maj or exception. The technique used in the preferred circuit of Figure 2
uses two bursts of voltage pulses (the nethod could be extended to nore
bursts). The first burst of pulses has nonotonically increasing voltage
| evel s (beginning with a | evel which produces a weakly progranmred cell and

ending with a | evel which produces a strongly programred cg I‘ - i.e. from
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Afos7s~ 0 aec s
8 volsts to 18 volts). These will be called the coarse pul ses. Coarse
pul ses are applied to the cell until, the cel l reaches a point where an

W N NE -

addi ti onal pul se would programlé;t. §§ evel IS b%yond t he desired
| evel . A second burst N, ‘éﬁgﬁéggg gbqﬁa E?A§gguced vol t age
i ncrement betmeen adjaceﬁt %@ﬁp F,bq@eggﬁgr[pg ne pul ses.
AVALOu SIGNAL RCCORDING AJDbPLAVdnCA '
Iq 11 24
} 5!3 v/ i[s "‘R
4BACKGROUND QF THE_ INVENTION J " -
1. Eield of rhe Inveption
Shefad

The present relates to the field of non-volatile integrated
circuit analog signal recording and playback wherein an analog
signal is directly stored in and read out from a storage cell.
2. Drinr - .

U.S. Patent No. 4,890,259 discloses a high density
integrated circuit analog signal recording and playback systen
wherein an analog input signal is sampled a plurality cf times
and then, as addizional samples are being taken and temporarily
held, a prior set of samples of the analog signal are parallel
loaded into a plurality of storage sites or cells, each
comprising nonvolatile floating gate memory cells, preferablvy
EEPROM cells. In that system, writing of the groups of eamples
into the respecrtive storage cells is done by repetitively
providing a write pulse followed by a read operation for the
respective cells to compare the information stored in each cell
with the information held by the respective sample and hold
circuit. During the successive write read operations, the write

pulse is increased in amplitude, with the write pulse to any

cell being stopped or decoupled from the cell when the REPLACEMENT "

information read from the cell in the last read operation

3 10CT 195

equaled the value held in the respective sample and hold

circuit. To provide time for the successive write read

operations, a plurality of sample and hold circuits are provided
so that an equal plurality of cells may be loaded or written to
at one time. Still, because of practical limitations in the
number of sample and hold circuits which may be provided and the
limited length of time the integrated circuit sample and nold
circuirs will accurately hold the same values once taken, the

length of time available for writing the sample signals to the
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The voltage level of the first pulse in the fine burst is related to the

| evel of the |last coarse pulse applied to the cell. It can be the sane

| evel, slightly higher or slightly |ower, but the inportant thing is that

it is function of the | ast coarse pulse height. Fine pulses are applied to
the cell until the cell is programmed to“the desired |level. The voltage

| evel of the fine pulses may al so have nonotonically increasing val ues, but

the voltage increnent is much smaller _ _ o
storage cells in this parallel load fashion is limited. Thus,

because each write read cycle takes a finite amount of time, the
number of such cycles which may be completed before the same
number of samples has again been taken and must similarly be
loaded is limited. This in turn limits the resolution of the
stored information which may be achieved by each write pulse
while still allowing for properly storing samples which may be
at either extreme of the storage range, particularly considering
temperature variations, chip to chip processing variations and
the like.

U.S. Patent No. 4,627,027 discloses analog storage and
reprodubing apparatus utilizing nonvolatile memory elements.
The apparatus disclosed therein utilizes a source follower type
floating gate storage cell in a device which writes to each cell
in a single write operation, as opposed to an iterative write
process wherein successive write read operations provide and
verify storage of the desired analog signal. In the
implementation used in this patent the write circuits are
completely separate from the read circuits so that during read,
any variation in the characteristics of the load will produce =
corresponding variation in the output. The constant current
load, if ideal, would no. create distortion but in reality any
practical realization would create some disturbance. In
addition, the different conditions between read the write

significantly reduce reproduction quality.

This Sheet iy REPLACEMENT SHEET

i




than the increment during the coarse cycle. The fine pulses nmay al so be of
a narrower width than the coarse pulses. In this schene, the resol ution of
the floating gate voltage is determ ned by the voltage increnment attained
during the fine cycle. The voltage range, however, is determ ned by the
coarse cycle. Consider an ideal situatidbn where: Vr = Dynam c vol tage
range.

Source follower storage cell and improved method and
apparatus for iterative write for integrated circuit analog
recording and playback which provides increased resolution in
the stored signal and increased accuracy and stability of the
storage and readout capabilities of the device. The storage
cell is configured wherein the electrically alterable MOS
storage device is connected in a source follower configuraticn,
which provides a one td one relationship between the variation
in the floating gate storage charge and the variation in the
output voltage, and for high load resistance, relative
insensitivity to locad characteristics. The write process and
circuitry provides a multi iterative programming technique
wherein a series of coarse pulses program a cell to the
approximate desired value, with a series of fine pulses
referenced to the last coarse pulse being used for programming
the respective cell in fine increments to a desired final
programming level. Still finer levels of programming can be

used.
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Vc = Floating gate voltage i ncrenent during coarse pulses Vf = Floating
gate voltage increnent during fine pulses Nc = Nunber of coarse pulses NF =
Nunber of fine pulses Then, Nc = Vr/Vc Nf = Vc/ WU

4

<

Figure 1 is a schematic circuit diagram of a part of a
memory array and associated circuitry of an analog storage
device in accordance with the present invention.

Figqure 2 is a schematic block diagram of a part of a memory
array and associated circuitry of an anzlog storage device in
accordance with an alternate and preferred embodiment of the
present invention.

Figure 3 is a detailed schematic diagram for the diagram of

Figure 2.
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DETAILED DESCRIPTION OF THE INVENTION

First referring to Figure 1, a basic implementation of the
present invention may be seen. This figure represents a section
of a typical memory array with one column driver consisting of
comparator COMP, latch, high voltage (HV) switch and column
load, column multiplexer comprising switches CM1l to CMm and a
memory array consisting of n rows and m columns of transistor
pairs Snm and Fam. This figure of course is representative of
one specific embodiment as, for example, there may be more than
one column driver multiplexed (or not multiplexed) into the
array, there may be more than one level of multiplexing of each
column driver into the array, etc. Also the figure shows a
single common node VCCA, but it may equally be separated into
different nodes. For the purposes of the description of ﬁhe
first embodiment disclosed herein, the high voltage switch is
shown as a simple switch, though in another embodiment disclosed
herein the same consists of two switches, together with means to
superimpose a fine adjustment voltage on a coarse voltage to
more accurately program the storage cell within the typical
available time for doing so,.

. A recording is made by the following sequence. The cells
to.be written (programmed) are first erased (cleared). This is
done by applying a righ voltage to the clear gate CGn while
maintaining a low voltage on the drain of the cell. 1In the
preferred embodiment circuits, each row has an independent
connection on order to facilitate the clearing of each row
independenily wiithuul disturbing Lhie analog samples recorded in
other parts of the memory. The low drain voltage is achieved by
applying a low voltage to VCCA. Since the high voltage on the
clear gate causes the floating gate transistor to be in a

conductive state, the low voltage is transposed to the drain.

Iti)
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t he dual
versus 100 pu S Wth pulses of uniformly increasing fagnitude.
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=rhis WhdeMias BeegReglaged Nf) = Nc*Nf As an exanpl e] supp avie la
range of 1V, ment of 0.1V and a fine inc em&?ggﬁxﬁﬁé} Usli ng
e a total of 20 high voltageésiwould be recuirid

It would also be possible to apply the drain voltage through the
column and select gate.

The voltage to be written is applied to ANALOG IN, a SET
signal is applied to set the latch and turn on the HV switch, CL
is taken low, all CG lines are taken low, and the desired column
multiplex lines (CMm) and select gate lines (SGn) are taken
high. Unselected columns and rows have their CM and SG lines
low. The first high voltage pulse is then applied to HV and via
the CMm and SGn transistors to the drain of the addressed cell.
The level on CMm and SGn must be sufficient to pass the desired
level onto the cell drain. In the preferred embodiment, CM and
SG are higher than HV so that HV, the regulated signal, is
connected onto the drain without any loss of voltage. It would
also be possible to regulate CM and/or SG in order to pass.the
desired level onto the drain. As HV 1s applied to the drain,
VCCA is also brought positive. In the preferred embodiment the
VCCA level, az this point in the procedure, is about 7 volts-
this being higher than the maximum level to which the Fnm
transistor would otherwise pull VCCA by follower action. (Note
that although CGn is at VSS, the capacitive coupling onto
the floating gate causes the transistor to conduct even though
it may be strongly cleared.) The purpose is to ensure that the
column voltage does not become suppressed due to a current path

to VCCA. Non-Suppression of VCCA could also be achieved by

allowing VCCA to float, which may be satisfactory for VCCA nodes

with small capacitance values and high voltage sourcec with low

source impedence values. Tnese values generally do not occur in

practice. Now that the cell is in this writing condition,
electron tunneling may occur from floating gate to drain,
resulting in a net increase in the positive charge residing cn

the float gate. After a certain time period HV {and VCCA) is
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is controlled to avoid unnecessary perturbations onto other
nodes.

_ The cell is now configured into the read mode. CL is taken
high (connecting the current load onto the column),CMm and SGn
remain high to keep the same cell addressed (although not
necessarily at the same high voltages as before) and VCCA is
taken to a positive voltage. Note that this configuration is a
reversal from digitzl memories where the VCCA node would be
grounded. The total resistance of the Snm transistor and the
colurmn multiplex transistor(s) should be small compared to the
effective resistance of the load. The clear gate CGn voltage is
taken to a fixed level which is chosen to optimize the voltage

torage range - in the case of the preferred embodiment bofh
VCCA and CGn are connected to 4V, The voltage which is now
output on the column is compared with ANALOG IN. EN is brought
high and if ANALOG OUT is greater than ANALOG IN, the output of
the comparator goes high and resets the latch. The HV switch is
thus opened and the subseguent HV pulses are not connected to
the cell. (Typically such _high voltage pulses are of

. successively increasing amplitude.} If, however, ANALGG OUT is
less than ANALOG IN, then the latch remains set and the next HV
pulse is applied to the cell and the cells obtains another
increment of tunnel curren:. The cell is alternatively
configured in write mode and then read mode until a comparison
is reached or a maximum number of gycles has been reached.

~

To play Lack the recursding, the vircult is configured
continuously into the read mode. The configuration and the cell
operating conditions are exactly the same as during the write

comparison and thus an accurate reproduction is achieved.
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The resolution of analog recording is improved if the
voltage increment on the EEPROM floating gate resulting from
each high voltage iteration is as small as possible. 1In the
case of commercially available speech recording devices,
resolutions range from 6 bits to 16 bits of equivalent digital
resolution. The recording method employed herein causes the
voltage on the floating gate to be incremented during each high
voltage pulse. The resolution achieved depends on the width of
the high voltage write pulses and also on the amount of voltage
increment between each successive pulse. Better resolution
{(i.e. smaller voltage increments}) is achieved with narrow pulses
and/or with smaller voltage increments of the high voltage
pulse. However, this mesans tha:t to cover the same range of
floating gate voltages (i.e. the same dynamic range), thege must
be an increased number cof applied high voltage pulses. 1In a
given recording architecture there is a certain amount of time
available to perform the writing of one row before beginning the
write of the next row. This limits the number of pulses which
can be applied and consequently limits the resolution which can
be achieved. If the high voltage pulses increase linearly over
the complete range, then each increment would give approximately
equal increments to the floating gate. - The first few pulses
{(which generally would follow an erase cycle) would probably
cause a larger increment than subsequent pulses, but this is the
major exception.

The technigue used in the preferred circuit of Figure 2
uses Lwo bursts of voltage pulses (the method could be
extended to more bursts). The first burst of pulses has
monotonically increasing voltage levels {(beginning with a
level which produces a weakly programmed cell and ending with

a level which produces a strongly programmed cell ~ i.e. from



switch SW2, transistors T1l, T2 and T3, capacitor C S{@m@m 3; g
junction. To initialize the circuit, a pulse is appli '8 ’1' o t
the latch, CEN is set high to close SW and a pulse is pplledto F’ENto
di scharge . The burst of course pulses is then pl i 8dt GGl and
9
8 volts to 18 volts). These will be called the coarse

pulses. Coarse pulses are applied to the cell until the cell
reaches a point where an additional pulse would program it to
_a level which is beyond the desired level. A second burst of
pules is now applied which has a reduced voltage increment
between adjacent pulses. These are termed the fine pulses.
The voltage level of the first pulse in the fine burst is
related to the level of the last coarse pulse applied to the
cell. It can be the same level, sligh:zly higher or slightly
lower, but the important thing is that it is function of the
last coarse pulse height. Fine pulses are applied to the
cell until the cell is programmed to the desired level. The
voltage level of the fine pulses may also have monotonicall;
increasing values, but the voltage increment is much smaller
than the increment during the coarse cycle. The fine pulses
may also be of a narrower width than the coarse pulses.

in this scheme, the resolution of the floating gate
voltage is determined by the veoltage increment attained
during the fine cycle. The voltage range, however, is
determined by the coarse cycle.

Consider an ideal_situation where:

Vr = Dynamic wvoltage range.

Ve = Floating gate voltage increment during.coarse
pulses

Vf = Floating gate voltage increment during fine pulses

Nc = Number of coarse pulses
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consequently is also applied to the cell provided that the_latch remains
set and S\/\lTiHSSfcbt(meBhena@xad@scrl bed previously. One inport qﬂ}p qtq{f“]‘?er pcrew -
. t

WIththISI Mm nparedtothe basic circuit is

connecti on of s through the transistor T1. Tl req r

voltage on its gate in turn is prow ded by SW2 and [T %5&5%% }
time that the cell voltage is read and conpared with ANALC)GIN. a_voltage!
Vos is added to tr&e vol tage on, CC]_N The val ue of

total ¥

If the circuit did not use this dual (or multi)
increment technique however, and the same resolution was
required, then the total number of pulses required to cover
the range would be:

Neoral = Vz/VE = Vr/(Vc/Nf) = Nc*Nf

As an example, suppose we have a range of 1V, a coarse
increment of 0.1V and & fine increment of 10mV. Using the
dual increment technique a total of 20 high voltages would be
reguired versus 100 pulses with pulses of uniformly
increasing magnitude.

In practice, the number of pulses required is greater
than the ideal case because: 1) one must begin the coarse
high voltage pulses at a lower level and continue past the
ideal high level in order to account for manufacturing
tolerances which change the relationship between the applied
high voltage signals and the resulting voltages on the
floating gate (e.g. variations in tunnel threshold). This is
necessary when using either technique. 2) there must be a
sufficient number of fine pulses to cover the complete
voltage span of a single coarse step. At the upper end this
is a similar problem to 1), but at the lower end it is due to
practicalizies in circuits which are used to implement the
technique.

A block diagram of a circuit which utilizes a dual
increment (coarse/fine) technicque is shown in Figure 2. Ir
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fgu 1, thcs EXtra
switch SW2, transistors Tl, T2 and T3, capacitor Cl and a
voltage summing junction. To initialize the circuit, a pulse
is applied to CLSET to set the latch, CENis set high to close

SW2 and a pulse is applied to RCAPEN to discharge Cl. The
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consequently is also applied to the cell provided that the
latch remains set and SWl1 is closed, as described previously.
One important difference with this implementation compared to
the basic circuit 1s that the connection of CHV to COLN is
through the transistor Tl. T1 requires a voltage on its gate
which, in turn is provided by SW2 and T2. During the time
that the cell voltage is read and compared with ANALOG IN, a
voltage Vos is added to the voltage on COLN. The value of
Vos is equal to or slightly greater than the floating gate
voltage increment that results from a single coarse pulse.
Adding Vos before the comparison is made with ANALOG IN
ensures that the latch is reset one coarse pulse earlier than
would otherwise occur. At this time, the latch is reset‘and
the cell is thus programmed to a level which is no more than
one coarse increment below the desired level. Alsoc the gate
voltage on Tl which corresponds to the last coarse pulse
before comparison is stored on Cl.

The latch is now set once more by applying a pulse to
CLSET, CEN is taken low to open SW2 and the second burst of
high voltage (fine) pulses are applied to CHV. These pulses
are all of maximum amplitude, but the voltage which is
transferred onto COLM through Tl depends on the stored level
on Cl and the follower action of Tl. The stored level on Cl
is modulated by the signal FV, which in the preferred
embodiment, is a ramp which begins at a low level (VSS) a:
the baginning of the fine cycle and rises LU & DAgheér leve:
(2V) at the end of the fine cycle. The magnitude of the high
voltage pulses which are connected to the cell during the
fine cycle is therefore dependent on the highest value

reached during the cocarse cycle and with increasing
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amplitudes as determined by FV. As with the coarse cycle,
after each high voltage pulse the cell voltage is read and
compared with ANALOG IN. During the fine cycle, however, Vos
is held at VSS and the cell voltage is incremented in fine
increments until a comparison is made.

Figure 3 shows a detailed schematic of the circuit. T2,
T3, T4, T6, T8 together with Cl and C2 create an offset
canceled comparator; TS, T7, TS, T10, Tll, T12, T13 and T1l4
create an additional gain stage and latch; T15, T16, T17,
T18, T23 and C3 create a high voltage switqh; T19, T20, T21,
T22, T24 and C4 create another high voltage switch; C5 is a
holding capacitor and T29 acts as a source follower.

The write sequence begins with an erase cycle. In tﬁe
following description it is assumed that the addressed cell
has already been fully erased. When reading, the cell is
configured in a source follower mode as previously described.
The signal VCL applies a bias to T32 such that T30, T31l, and
T32 act as a load to VSS. (T30 is included to increase the
voltage breakdown on the COLN node). This technigue could

also be utilized if the cell were configured in the

: arrangement which is more conventienal to memory arrays, but

an inversion would be necessary (for instance between the
cell and COLN) .

At the beginning of the write (programming) cycle, a
negative pulse is applied to CLSET and a positive pulse is
applied to RCAPEN. This sets the latch (HVEN goes high) and

discharges C5 to OV. VCOMP provides a bias such that T4 and
TS act as high impedance load devices. Likewise, VCOLHV
cause T18 and T22 to behave as load devices, in this case to
VSS. P/R is held low and is only allowed to go high during

playback. CEN is initially held low. CL is low during write
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and high during read. The voltage which is desired to be
written into the EEPROM cell is applied to ASAMPN. The first
high voltage pulse of the coarse cycle is applied to CHV. It
could typically be about 10V amplitude with a finite rise
time and pulse duration. Since HVEN is low, T17 is off and
the voltage on the gate of T23 rises as a result of the CHV
ramp on C3. Other capacitances on the gate of T23 are small
relative to €3 and consequently there is very little
capacitive or voltage division. There is also the self
bootstrap effect of T23 itself and so the gate of T23
increases in voltage by an amount almost egual to CHV. The
starting voltage on T23 gate was (VCC ~ Vt) or about 4V, so
with Vt typically about 1V, the transistor T23 is turned
fully on and CHV is conducted onto C4. The components TiS,
T16, T17, and T18, T23 and C3 operate like a high voltage
switch enabled by HVEN (other implementations of the switch
are possible). 1In a similar fashion, the other switch using
T24 also conducts and C5 is charged to (CBV - Vt) - the Vt
drop is due to T25. T29 now conducts and allows COLN to rise
to (CHV - Vt - Vtn). Vt is the enhancement threshold {(of
T25), and Vtn is the threshold of native transistor T2S8. It
is assumed that the Vt of T28 is less than or equal to T2S.
Hence the CHV pulse is applied to COLN and subsequently to
the cell with a small amount of voltage drop due to
thresholds. After CHV is returned to its low level, the
voltage read from the cell is compared with ASAMPN, CCK and
CCR are inverse signals; CCR is initially high and gates
ASAMPN on to Cl via T2. T6 is also driven by CCK and biases
the invertor TB/T4 in its linear region and cancels the
offset. T7 gate has the same voltage as (matched) TB and its

source is at VSS, so the invertor TS, T7, T9 is also in the

~ .-



arrpl I'tudes as determned by FV. As with the coarse cycle,
vol t age pul §élst51raetHaeBéen\Re;bliﬁge is read and conpared with Al

the fine cycl ﬂ! is held at VSS and the cell

i ncrenment ed i

det ai | ed schemat I C

C2 create an offset

nts until a, conmparison is nadg.
e circuit. T2,°T3, T4, T6, T8 tod

et

| t-24@ 18109

REPLACTEHEI B @F]
-Bur T

Figure 3 sﬁow
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linear region. CCK then goes low and CCK goes high.

The

cell has since been configured in its read mode and thus the

cell voltage is coupled onto Cl. The change in voltage on

the LHS of Cl is coupled onto the gate of T8. (It 1is

important that CCK goes low before CCK goes high in order to

ensure that there is no charge loss through Té6).

Simultaneously, a positive going signal is applied to Vos (in

the preferred embodiment it is 1.5V, derived from analog

signal ground) and couples additional charge onto

T8.

The

value of capacitor C2 is chosen sc¢ as to couple charge that

is equivelent to a voltage slightly greater than the voltage

increment that results on the floating gate during each

coarse pulse. Since the invertor is in its linear region,

the change at the gate of TB causes a corresponding change in

the drain of T8, multiplied by the gain of the invertor. The

size of T6 is kept small so as to minimize the capacitive

coupling from CCK to the input of the invertor. The coupling

can be reduced further by connecting an equal capacitor to

the gate of TB but within equal and opposite phase of signal.

This can be a “"dummy" transistor similar to T6, or,

as is

often done, it can be a P-channel transistor in parallel with

T6 and driven by an opposite signal. these steps were no:

taken, however, because the offset introduced here is a

systematic offset which is equal in all similar circuits,

including the reference circuit and is therefore canceled

out. If the comparator were realized by some of the other

technigques, such &5 iLhuse with differential input pairs ot

transistors, the random offset is ultimately superimposed on

the recorded cell voltage. The comparator circuit is thus

realized with a small number of components. The gain of the

invertor (and the subseguent stage T7), c<an be increased by
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description it is assuned that the addressed cell has alr
erased. Wien reading, the cell ‘is
using a high impedance load device. In the case

implementation the high impedance is achieved by using

current mirror devices T4 and TS5 in their saturated regions.

With the change 1s state of CCK and CCK, an amplified

difference level exists on the gate of T7. After a short

settling time, COMPEN is brought low. The drain of T7 was

previously held low by T10, but it now is allowed to function

as an additional gain stage, providing an amplified,

noniverted difference level at this point. The transistors

T1ll through T14 form a CMOS nand gate which is connect ed in

a cross-coupled latch arrangement with the last gain stage.

Transistors TS5, T7, T9 and T10 serve a dual function -~ a gain

stage and a latch. If the cell voltage plus the 0.2V offset

caused by Vos is less than ASAMPN the latch remains set {HVEN

is high); if the cell wvoltage plus 0.2V is greater than ASAMP

the latch becomes reset when enabled by COMPEN.

The

comparator 1s sensitive to input differences in the order of

lmV. The systematic offset due to T6 coupling is about 17aV,

which is expected to be consistent to within 2mV across chip.

With 3mV of overdrive the latch settles to the final logic

state in 1 microsecond.

The signal HVEN is used to enable the first switch on

‘the high wvoltage path. As iong as the latch remains set, the

switch is enabled and CHV pulses of continually increasing

magnitude are applied to the cell. After the latch has been

reset, the switch is disabled. CHV pulses may continue to be

suppliied, but they do not pass tnrougn tne switch transistor

T23 and no further coarse pulses are applied to COLN (the

cell). The voltage on C4 has been increasing during each CHV

pulse that HVEN was low. After HVEN goes high and the switch
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T23 stays open, the highest value reached is retained due to
the diode action of T25 (RCAPEN is held low).

CHV pulses continue until their voltage level {(and the
number of pulses) has been sufficient to strongly program a
cell. In this preferred design and process, the maximum CHV
level is 21V, After the last coarse CHV pulse, all latches
in the column driver circuits should have been set (provided
that all the ASAMPN voltage levels are in the dynamic signal
range) .

The fine cycle now begins. CEN is taken high, thus
disabling the second switch; CLSET is pulsed low and then
high again, resetting the latch and enabling the first
switch. Another burst of CHV pulses is supplied, this time
of equal magnitude (21V) but with half the repetition period
of the coarse pulses. The shorter pulses allow a smaller |
amount of charge to be tunneled onto the floating gate during
each high voltage pulse, as well as allowing more pulses of
smaller voltage increments. The CHV pulses which are input
to the circuit are of maximum amplitude, but the voltage
which is applied to COLN depends on the stored voltage on the
gate of T29 and the high voltage storage capacitor. As COLH
rises with CRV, the coupling action onto the gate returns the
gate vopltage to precisely the sume level that existed during
the last coarse pulse and conseguently the level applied to
COLN is the same level as that which was applied during the
last coarse pulse. There is provision in the circuit for

applyiny adjusiments tov the COLN voilage, huwever. The

-

bottom plate of CS5 is driven by another external signal FV.
The circuit would function if FV remained at a fixed wvoltage

throughout the complete write operation, but enhanced

performance is attained by manipulating FV. The preferred
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low. CL is lowduring wite _ _ _ , :
implementation of the circuit and its support circuits

applies a ramp to FV. During the coarse cycle, FV is held at
a fixed level of about 2V and is brought to OV at the
beginning of the fine cycle. FV ramps up linearly from OV at
the beginning of the fine cycle to 2V at the end of the fine
cycle. This ramp is superimposed on the stored on C5 and
consequently on the voltage amplitude of the high voltage
pulses applied to COLN.

During the fine cycle, Vos is held at a fixed woltage
and not pulsed, as was the case during the coarse cycle.
Thus the cell floating gate continues to increment in fine
voltage steps until the read voltage is greater than ASAMPN,
at which time the latch is set, switch T23 remains open and
the cell does not receive any further pulses.

In the preferred embodiment, the coarse and fine

programming characteristics are as follows:

Number of coarse pulses 45

Number of fine pulses S0

Minimum coarse CHV voltage 11v
Maximum coarse CHV voltage 21V
Minimum coarse COLN voltage ov
Maximum coarse COLN voltage 1gv

Coarse CRHV rise time‘ 420mv/lisec
Fine CHV rise time 840mv/sec

Coarse CHV pulse width (@ 1v) 100 usec

Fine CHV pulse width (@ 1V) 50 ftsec
£V ramp O - 2Zv
Vos pulse height 1.5v

In the embodiment of the invention just described and
for both series of programming pulses, once the read and

compare operations find thar the desired programming level




and high during read. The voltage which is desired to be witten into the
EEPROM cel | is applied to ASAMPN. The first high voltage pul se of the
coarse cycle is applied to CHV. It could typically be about 10V anplitude
with a finite rise tinme and pul se duratlaon Since HVEN is low, T17 is off
and

for that series of pulses has been reached, a latch blocks
further programming pulses of that series from passing to the
cell, even though the read and compare operations are in fact

_continued until the end of the respective series of
programming pulses. The continuance of the read and compare
operations is an arbitrary design choice, but the blocking of
further programming pulses of that series from passing to the
cell once the desired compare is obtained is important, as
otherwise subsequent noise might disturb a subsegquent compare
operation, allowing a much higher pulse of that series to
pass to the cell, resulting in a single but large programming
increment above the programming level desired.

While the preferred embodiment of the present invention
has been disclosed and described herein, it will be obvioug
to those skilled in the art that various cﬁanges in form and
detail may be made therein without departing from the spirit

and scope thereof.
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1. A method of iterative writing a signal sample to an
_MOS storage cell for integrated circuit analog recording and
subsequent playback comprising the steps éf:

(2) providing a first series of programming pulses of
increasing amplitude to the MOS storage cell;

(b} after each programming pulse of step (a), reading
the MOS storage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto;

(¢) terminating the application of the first series of
programming pulses to the MOS storage cell when the signal
read from the storage cell in step (b) reaches a
predetermined relaticonship to the signal sample to be
recorded;

(d} providing a second series of programming pulses of

increasing amplitude to the MOS storage cell, the second

series of programming pulses increasing in smaller increments

than the first series of programming pulses;
(e} after each programming pulse of step (d), reading
the MOS storage cell and comparing the signal read therefrom

with the signal sample desired to be written thereto; and

(f) terminating the application of the second series of

programming pulses to the MOS storage cell when the signal

read from the storage cell in step (e) reaches a

is

ut

predetermined relationship to the signal sample to be ThissheetHasBeenReplaced

[T

2. The method of c¢laim 1 wherein the second series of
programming pulses as applied to the MOS storage cell is

referenced to the magnitude of the first series of



fully on and CHV is conducted onto C4. The conponents Tlgv:rﬂf, *-;:;;_,‘;J.}zzé;qnnﬁwi‘
T18, T23 and C3 operate \\i‘\g a high voltage sw tch enabl 119;,7‘_ VEN-Cother”

i npl ement ati on h are possible) . In a simlar |fashio t he |
ot her sw tcm@wm\g ® conducts and C5 is charged t (C@qﬂ&)"g%the
Vt drop is 25" T29 now conduct

and allows COLNjtag rise to (CHV|-
Vt - Vvtn) . Vt is the enhancenent threshold (of T25), and Vtn is the
t hreshol d of native, transi stor T29

| t . .
programming pulses when the application of the first series
of programming pulses to the MOS storage cell was terminated

in step (c).

3. The method of claim 2 wherein each pulse in the
second series of pulses are of shorter duration than the

pulses in the first series of pulses.

4. The method of claim 3 wherein the maximum time
allotted for the application of the second series of pulses
is substantially equal to the maximum time allotted for the

application of the first series of pulses.

5. The method of claim 1, 2, 3 or 4 wherein the HOS.
storage cell comprises a fleoating gate MOS storage device
connectable in a source follower read configuration, whereby
there is & substantially one to cne relationship between the
voltage on the floating gate MOS storage device of a cell and

the respective signal read therefrom.

6. The method of claim 5 wherein the reading of the MOS
storage cell of steps (b) and {(e) is carried cut in the same
as subsequent playback of the signal sample written to the

MOS storage cell.

7. A method of storing a signal sample for integrated
circuit analog recording and ‘subsequent playback comprising
the steps of:

(a) providing a2 storage cell having a floating gate MOS
storage device connectable in a source follower read

configuration;
’ This Sheet Has Been Replaced
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s assuned that the Vt of T28 is less than or equal to T25.
pul se is aplm' ﬂm ﬁm subsequently to the cell with
of voltage W al MJMhOI ds. After CHV is returned |{
the voltage Yedd frroth the tell is conpared with ASAMPN. CC
I nverse signals; CCKis initially high and gates ASAVPN o

T6 is also driven by CCK and biases the invertor T8/ T4 in
and cancel s the

{b) providing a first series of programming $&Lses of

increasing amplitude to the MOS storage cell;

(¢} after each programming pulse of step (b}, reading
the MOS storage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto; and,

{d) .terminating the application of the first series of
programming pulses to the MOS storage cell when the signal
read from the storage cell in step (c¢) reaches a
predetermined relationship to the signal sample to be

recoxrded.

8. The method of claim 7 wherein the reading of the MOS
storage cell of step (c) is carried out in the same way as
subsequent playback of the signal sample written to the MOS

storage cell.

9. A method of storing signal samples for integrated
circuit analog recording and subsequent playback comprising
the steps of:

{a) providing a plurality of storage cells, each having
a floating gate MOS storage device connectable in a source
follower read configuration;

{b) taking a plurality of samples of an analog signal
and temporarily holding the same in én equal plurality of
sample and hold circuits;

(c) providing a first series of programming pulses ol
increasing amplitude to each or the MOS storage cells;

(d) after each programming pulse of step (c), readirng
the MOS storage cells and comparing each signal read
therefrom with the signal temporarily held in the respec:i:ve

sample and hold circuit; and, heet Has Been Replaced

T




offset. T7 gate has the same voltage as (matched) T8 and REP& sourea Fs" aﬂ

VSS, so t 7, T9 is also in the | i near |rgi on. “CCK-then |
goes | ow ?ﬁ M m& “ﬁ . The cell has since been conf|girgd @@Tl«tﬁgﬁreadf
node and e cells vd’l tage is coupted onto Cl. The c1a ge in vor tage' an

{(e) for each respective MOS storage cell, terminating
the application of the first series of programming pulses of
step (c) to the respective MOS storage cell when the signal
read from the respective storage cell in step (d) reaches a
predetermined relationship to the signal held in the

respective sample and hold circuit.

10. The method of claim 9 further comprised of the
steps of:

(£} providing a second series of programming pulses of
increasing amplitude to each of the MOS storage cells;

(g) after each programming pulse of step (f), reading
the MOS storage cells and comparing each signal read
therefrom with the signal temporarily held in the respective
sample and hold circuit; and,

(h) for each respective MOS storage cell, terminating
the application of the second series of programming pulses of
step (f) to the respective MOS storage cell when the signal
read from the respective storage cell in step (g) reaches a
predetermined relationship to the signal held in the

respective sample and hold circuit.

11. The method of claim 9 wherein the reading of tre
MOS storage cell ol step {d) is carried out in the same way
as subsequent playback of the signal sample written to the

MOS storage cell.

12. Apparatus for writing a signal sample to an MOS
storage cell in an integrated circuit analog recording and
playback system comprising:

This Sheet Has Been Repl
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the LHS of Cl is coupled onto the gate of T8. (It is i BEPEACEB%&ETW

goes | ow before gh in order to ensure that thefe 15 no Chafge
| oss throug“um mm ously, a positive going signal[ig fppkipd. t of
(in the pr it is 1.5V, derived fromapaj og signal graqund)

and coupl es adéltlonal charge onto T8. T4n3e val ue of cappac chdgsgn
so as to couple charge chat is equivalent to a voltage slightly greater
than the voltage

first means for providing a first series of programming
pulses of increasing amplitude to the MOS storage cell;

second means for reading the MOS storage cell after each
programming pulse and comparing the signal read therefrom
with the signal sample desired to be written thereto;

third means for terminating the application of the first
series of programming pulses to the MOS storage cell by the
first means when the signal read from the storage cell by the
second means reaches a predetermined relationship to the
signal sample to be recorded;

fourth means for providing a second series of
programming pulses of increasing amplitude to the MOS storage
cell, the second series of programming pulses increasing in
smaller increments than the first series of programming
pulses of the first means;

the second means also being a means for reading the MOS
storage cell and comparing the signal read therefrom with the
signal sample desired to be written thereto after each
programming pulse of the second series; and

fifth means for terminating the application of the
second series of programming pulses to the MOS storage cell
when the signal read from the storage cell reaches a
predetermined relationship to the signal sample to be

recorded.

13. The apparatus of claim 12 wherein the fourth means
for providing the second 5ezies.uf programming pulses is a
means referenced to the magnitude of the first series of
prograrmming pulses when the application of the first series

0 programming pulses to the MOS storage cell was terminated.

Sheet Has Been Replaced
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increnent that ‘results on the floating gate during each ¢

Si nce the vertor is in its linear region, the change
causes a c{ﬁ iHm! r”ﬂlﬁmr in the drain of T8, multi
the invert T6 is kept small so as to mi
capacitive coupllng from™CCK to the |nﬁUt of the invert

be reduced further by connecting an equal capacitor to
wi t hin equal and opp05|te phase of
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The apparatus ofs QElm 13 wherein each pulse in the

second series of pulses are of shorter duration than the

pulses in the first series of pulses.

15. The apparatus of claim 14 wherein the maximum time

of the second series of pulses is substantially equal to the

maximum time of the first series of pulses.

16. The apparatus of claim 12, 13, 14 or 15 wherein the

MCS storage cell comprises a floating gate MOS storage device

connectable in a source follower read configuration, wherebdby

there is a substantially one tc one relationship between the

voltage on the floating gate MOS storage device of a cell and

the respective signal read therefrom.

17. The apparatus of claim 16 wherein said second means

is also a means for subsequently reading the MOS storage zell

for playback, whereby the read operations when writing a

signal sample to the MOS storage cell are the same as the

read operations for playback.

18.. Apparatus for storing a signal sample for ”'”'I

This Sheet Has Been Repl

TN

integrated circuit analog recording and subsequent playback

comprising:

a storage cell having a floating gate MOS storage devicze

connectable in a source follower read configuration;

means for providing a first series of programming pulses

of increasing amplitude to the MOS storage cell;

means for reading the MOS storage cell after each

programming pulse and comparing the signal read therefrom

with the signal sample desired to be written thereto; and,



This can be a "dummy" transistor similar to T6, or, as is|offtenm done, it
can be a P-

here is a systermatitc 8ff&et* which is equal in all simlar |cileuits

REPLACEMENT S|
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including the reference circuit and is therefore canceled jout. If the
conparator were realized by sone of the other techniques, 'such—as tThose
with differentiaImLQRgt airs

for term?gating the application of the first
series of programming pulses to the MOS storage cell when the
signal read from the storage cell reaches a predetermined

relationship to the signal sample to be recorded.

19. The apparatus of claim 18 wherein said means for
reading after each programming pulse is also a means for
subsequently reading the MOS storage cell for playback,
whereby the read operations when writing a signal sample to

the MOS storage cell are the same as the read operations for

playback. This Sheet Has Been Replaced

20. Apparatus for storing signal samples for integrated

circuit analog recording and subsequent playback comprisinq:

a plurality of storage cells, each having a floatina
gate MOS storage device connectable in a source follower read
configuration;

a plurality of sample and hold circuits for taking an
equal plurality of samples of an analog signal and
temporarily holding the same;

first means for providing a2 first series of programming
pulses of increasing amplitude to each of the MOS storage
cells;

second means for reading the MOS storage cells after
each programming pulse and comparing each signal read
therefrom with the signal temporarily held in the respective
sample and hold circuit; and,

third means for terminating the application of ﬁhe first
series of programming pulses to the respective MOS storage
cell for each respective MOS storage cell when the signal

read from the respective storage cell by the second means



transi stors,

cell voltage.

of conponent
be increased

the random offset is ultinately superinposeEEATCHAER @dﬂﬂﬁé
The conparator circuit is thus realized Wt a smart- r

oy T RITMTON peaance Toad devico. |1 h EnbOREE bt Fif's
« ¢ L m s ¥ -¢ i

reaches a predetermined relationship to the signal held in

the respective sample and hold circuit.

21. The apparatus of claim 20 wherein the plurality of
MOS storage cells comprise a two dimensional array of MOS

storage cells,

22. The apparatus of claim 21 further comprised of:

fourth means for providing a second series of
programming pulses of increasing amplitude to each of the MOS
storage cells;

the second means also being a means for reading the MOS
storage cells after each programming pulse of the second
series and comparing each signal read therefrom with the
signal temporarily held in the respective sample and hold
circuit; and,

fifth means for terminating the application of the
second series of programming pulses to the respective MOS
storage cell when the signal read from the respective storage
cell by the second means reaches a predetermined relationship

to the signal held in the respective sample and hold circuit.

hh
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I npl ementation the high inpedance is achieved by using current mrror
devices T4 and T5 in their saturated regions. Wth the change is state of
CCK and CCK, an anplified difference | evel exists on the gate of T7. After
a short settling tinme, COWPEN is brought low. The drain of T7 was
previously held | ow by T10, but it nowis allowed to function as an

addi tional gain stage, providing an anplified, nonivert I fference | evel
at this point. The transistors li)CeﬁUgS’I;O%gg

ABSTRACT

Source follower storage cell and improved method and apparatus for
iterative write for integrated circuit analog recording and playback which
provides increased resolution in the stored signal and increased accuracy and
stability of the storage and read out capabilities of the device. The storage cell is
configured wherein the electrically alterable MOS storage device is connected in
a source follower configuration, which provides a one to one relationship between
the variation in the floating gate storage charge and the variation in the output
voltage, and for high load resistance, relative insensitivity to load characteristics.
The right process and circuitry provides a multi-iterative programming technique
wherein a series of coarse pulses programme a cell to the approximate desired
value, with a series of fine pulses, referenced to the last coarse pulsed being used
for programming the respectve cell, programming the cell in fine increments to a

desired final programming level. Still finer levels of programming can be used.

Figure 1

ey
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T11 through T14 forma CMOS nand gate which is connect ed in a
cross-coupled latch arrangenent with the | ast gain stage. Transistors T5,
T7, T9 and T10 serve a dual function - a gain stage and a latch. [If the
cell voltage plus the 0.2V offseti/taused by Vos is | ess than ASAWPN t he

| atch remains set (HVEN is high); if the cell voltage plus 0.2V is greater
than ASAMP the | atch becones reset when enabl ed by COVPEN. The conparator
is sensitive to input differences in the order of \Y; HV

Ny
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1mV. The systematic offset due to T6 coupling is about 17nV, which is
expected to be consistent to within 2nV across chip. Wth 3nV of overdrive
the latch settles to the final logic state in 1 m crosecond. The signa
HVEN is used to enable the first switch on the high voltage path. As |ong
as the latch remains set, the switch igsenabl ed and CHV pul ses of

|
i
Y

continually increasing magnitude are applied to the cell. After the |atch
h b
as een Fla 2 CL S’Er CHV
COMPEN
ANALOG IN Y
ASAMPN
S @ ‘-——XSWI
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> )%
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+
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CEN SW2
- 4 72
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resetl the switch is disabled. CHV pul ses may continue to be supplied, but
they do not pass through the switch transistor T23 and no further coarse

pul ses are applied to COLN (the cel

i3

i ncreasing during each CHV pul se t

and the switch

HVEN was | ow.

3
8]

The voltage on C4 has been
After HVEN goes high
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YL o
16 T23 stays open, the highest value reached is retained due to the diode
action of T25 (RCAPEN is held low) CHV pul ses continue until their voltage
- "I'ével (and the nunber off pul ses) has been sufficient to strongly program a
Vcell. In this preferred ‘design and procass, the maxi num CHV level is 21V.
/After the |astitcoarse CHUsQuaAGR FOSLPIEMISChRAGE CSLher®®| urm driver circuits
shoul d have been set Ic&ﬁf.@‘&;%e‘g'rﬁog AND APPARATUS F%ﬁ ITERATIVE

v b - WRITE FOR INTEGRATED CIRCUIT b 4
! ANALOG SIGNAL RECORDING AND PLAYBACK i1 %

4 s .
= = ©NT v

1. Fiald nf rhe Tnvenrinn

Sthfar
The presenc relaces to the field of non-volacile incegrated

~ eircuic analeog signal recording and playback wherein an analeg
signal is directly stored in and rsad out from a storage cell.
2. Dprias Awnr '

U.5. Pacenz No. 4,890,259 discloses a2 high densicy
integrated circuiz analog signal recosding and playback systen
wherein an analog input signal is sampled a pluralizy cf times
and then, as addicional samples 2re being taken and temporazidy
held, a2 prior set of samples of the analog signal are paralzzl
loaded into a pluralicy of storage sites or cells, each
comprising nonvolacile floating gate memory cells, prefarably
TEPROM cells. In that system, vziting of the groups of ;amplcs
into the respeaccive storzgs cells is done by repecitively
providing 2 write pulse followed by 2 read operation for the
respective c=2lls to compare the information stored in eacﬁ cell
-—uizh the information held by the respective sample and hold

circuit. During the successive write read operacions, the write

pulse is increased in amplitude, wich the write pulse to any

cell being stopped or decoupled from the cell when ths REPLACEMENT S

information read Lfzom the cell in the last read operation

05 FER 19

equaled the value held in the respective sample a2nd hold

circuit. To provide time for the successive write read l

operatzions, a pluralicy of sample and hold circuits are provided

so that an equal plurality of cells may be loaded or written to T
a2t one time. 3Still, because of practical limicacicns in he

aumber ¢of sample and hold circuics which may be provided and the
limiced length of time Che integrated cizcuit sample and nold

circuits will zccurately hold the same values once taken, he

length of time available for writing the sample signals co the



that all the ASAWMPN voltage |evels are in the dynam c signal range) The
fine cycle now begins. CEN is taken high, thus disabling the second switch;
CLSET is pulsed | ow and then high again, resetting the |atch and enabling
the first switch. Another burst of CHV pulses is supplied, this tine of
equal magnitude (21V) but with half the repetition period of the coarse
pul ses. The shorter pulses allow a shaller

storage cells in this parallel load fashion is limited. Thus,

because each write read cycle takes.a finite amount of time, the

number of such cycles which may be completed before the same

number of samples has again been taken and must similarly be

loaded is limited. This in tuzn limits the resolution of the

stored information which may be achieved by each write pulse

while still allowing for properly storing samples which may be

at either extreme of the storage range, particularly considering

temperature variations, chip to chip processing variations and

the like.

e
[y
vmeatt

U.S. Patent No. 4,627,027 discloses analog storage and
reprodﬁcing apparatus utilizing nonvolatile memory elements.
The apparatus disclosed therein utilizes a source follower type
floating gate storage cell in a device which writes to e#ch cell
in a single write operation, as opposed to an icerativé write
process vwherein successive write read operations provide and
verify storage of the desired analog signal. 1In the
implementation used in this patent the write circuits are
completely separate from the read circuits so that during read,
any wvariation in the characteristics of the load will produce 2
corresponding variation in the gutput. The constant curren=t
load, if ideal, would no. create distortion but in reality any
practical realization would create some disturbance. 1In
addition, the different conditions between read the write

significantly reduce reproduction qualicy.
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amount of charge to be tunneled onto the floating gate during each high
vol tage pulse, as well as allowi ng nore pul ses of snaller voltage
‘increments. The CHV pul ses which are input to the circuit are of maxi num

anpl i tude, but the voltage which is applied to COLN depends on the stored
vol tage on the gate of T29 and the high voltage storage capacitor. As COLN

rises wwth CHV, the coupling action onto the gate returns the gate vol tage
to precisely the sane | evel that existed during

Source follower storage cell and improved method and
apparatus for iterative write for integrated circuit analog
recording and playback which provides increased resolution in
the stored signal and increased accuracy and stability of the
stdrage and readout capabilities of the device. The storage
cell is configured wherein the electrically alterable MOS
stvorage device is connected in a source follower configuracicn,
which provides a one td one relationship between the variatin;
in the floating gate storage charge and the variation in the
output voltage, and for high load resistance, relative
iﬁsensitiVity to load characteristics., The write process and
circuitry provides a multi iterative programming technique
wherein a series of coarse pulses program a2 cell to the
approximate desired value, with a seriés of fine pulses
referenced to the last coarse pulse being used for programming
the respective cell in fine increments to a desired final

programming level. Still finer levels of programming can be

used.
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the | ast coarse pul se and consequently the |evel applied to COLN is the
same | evel as that which was applied during the | ast coarse pulse. There is
provision in the circuit for applying adjustnent to the COLN voltage,
however. The bottomplate of C5 is driven by another external signal FV.
The circuit would function if FV remained at a fixed voltage throughout the
conplete wite operation, but enhancged performance is attained by
mani pul ating FV. The preferred )

Figure 1 is a schematic circuit diagram of a part of a
memory array and associated circuitry of an analog storage
device in accordance with the present invention.

Figure 2 is a schematic block diagram of a part of a memory
array and associated circuitry of an analog storage device in
accordance with an alternate and preferred embodiment of the
present invention.

Tigure 3 is a detailed schematic diagram for the diaq:amigé

Figure 2.

3
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17 inpl ementation of the circuit and its support cir|8GPLACHNNL8HEETanp to
FV. During the coarse cycle, FVis held at a fixed ljeyel of about 2V and is

brought to OV at the beginning of the fine cycle. FVY fanps p@a® hygreatrly from
oV at
5

DETAILEN DESCRISTION OF THE INVENTION

First referring to Figure 1, a basic implementation of the
present invention may be seen. This figure represents a section
of a typical memory array with one éolumn driver consisting of
comparater COMP, latch, high voltage (HV) switch and column
load, column multiplexer comprising switches CM1l to CMm and a
memory array consiscing of n rows and m columns of transiscor
pairs Snm and Fam. This figure of course is represancative of

one specific embodiment as, for example, there may be more than

one column driver multiplexed (or not multiplexad) into the

pUsSY

array, there may be more thaan one level aof multiplexing of each
column driver into the array, etc. Alsc the figure shows a :;:
single common nede VCCA, but it may equally be separated into
.differenc nodes. For the purposes of the description of éhe
'first embodiment disclosed herein, the high voltage switch is
shown as a simple switch, though in another embodiment disclosed

herein the same consists of two switches, together with means to

superimpose a fine adjustmenc voltage on a coarse voltage to
more accurately program the storage cell within the typical
available time for doing so.

. A recording is made by the following seguence. The cells
to.be written (programmed) are first erased (cleared). This is
done by applying & righ voltage to the clear gate CGn while
maintaining a2 low voltage on the drain of the cell. In the
preferred embodiment circuits, each row has an independent
connection on oxder to facilitate the clearing of each row
independenily wiblivul dislusbing iLhe esnsiog samples recorded in
other parts of the memoxry. The low drain voltage is achieved by
applying a2 low voltage to VCCA, Since the high voltage on the

clear gate causes the floating gate transistor to be in a

canductive state, the low voltage is transposed ta the drain.

n Replaced

"
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t he beglnnlng o etHSBeenRe!a'e to 2V at the end of théﬂ;LﬂﬁJCVﬁJé5ﬂf.?s
ranp i s superi tored on CS and consequentl on the volt g€

anplitude of th pulses applied to COLN. i 85 TR Phhe
cycle, Vos is held at a flxed vol tage and not pul sed, as was the case |
during the coarse cycle. Thus the cePl floating gate confinues to incrernent
in fine voltage steps until the read voltage is greatet.than ASAVPN,

It would also be possible to apply the drain veoltage through the
column and select gate.

The voltage to be written is applied to ANALOG IN, a SET
signal is applied to set che latch and turn on the HV switeh, CL
is taken low, a2ll CG lines are taken low, and the desired column
multiplex lines (CMm) and select gate lines {SGn) are taken
nigh. Unselected columns and rows have their CM and 5G lines
low. The first high voltage pulse is then applied to HV and via
the CMm and SGn transistars to the drain of the addressed cell.
The level on CMm and SGn must be sufficient to pass the desired
level onto the cell drain. In the preferred embodimenz, CM a;;—
SG are higher than KV so that BV, the regulated signal, is T
connectad onto the drain without any loss of veoltage. It would
a;so be possible to regulate CM and/or SG in oxder to pass:the
aesired level onto the drain. As HVY is applied to the drain,
VCCA is also brought positive. In the prefarrced embodiment che
VCCA level, az this poinc in the procedure, is about 7 volcs-
this being higher cthan the maximum level to which the Fnm
transistor would otherwise pull VCCA by follower action. (Naote
that although CGn is ac VSS, the capacitive coupling onto
the floating gate causes the transistar to conduct even though
it may be strongly cleared.) The purpose is to ensure that the
column voltage does not become suppressed due to a current path
to VCCA. Non-Suppression of VCCA could also be achieved by
allowing VCCA to floar, which may be satisfactory for VCCA nodes
with small capacitance values and high volrage sources with low
sourae impedance values. These vaiues generally do noc occur in
practice. ©Now that the cell is in this wricing condition,
electron tunneling may occur from floating gate to drain,

resulting in a net increase in the positive charge residing on

the fleoat gate. After a certain time perjod HV (and VCCA)

3 e
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at which time the latch is set, switch T23 renmai ns open *QI}P%&‘?%J Joes
not. recei ve any fuisshaeta lacgdn t he preferred enbodi Ei:ff;tﬁ‘.-ﬁ@_@.,fs_??a
- fine progranmm ng r [ ‘; are as follows: Nunberjo{ coarse pul ses
45 Nunber of fi ge_,i 90 M ni num coar se /OIXREER 1997 ;11
Maxi mum coar se vol tage 21V i

’

. f

brought low - in the preferred embodiment and the discharge rate
is controlled to avoid unnecessary perturbations oncto other

nodes.

_ The cell is now configured into the read mode. CL is taken
high {(connecting the curreat load onte the column),CMm and SGn
remain high to keep the same cell addressed (although not
necessarily at the same high volcages as before) and VCCA is
taken to a positive voltage. Note that this configuration is a
reversal from digital memories where the VCCA node would be
grounded. The total resistance of the Snm transistor and the __
column multiplex transistor(s) should be small compared to cﬁgr
effective resistance of the load. The clear gate CGn voltage is
taken to a2 fixed level which is chosen to optimize the voltage
$:orage range - in the case of the preferred embodiment boéh
VCCA and CGn are connected to 4V. The voltage which is now
output on the column is compaved with ANALOG IN. EN is breought
high and if ANALOG OUT is greatar than ANALOG IN, the output of
the comparator goes high and resecs the latch. The HV switeh is
thus opened and the subseguent HV pulses are not connected to
. the cell. (Typically such high voltage pulses are of
. successively increasing amplitude.} If, however, ANALOG OUT is
le;s than ANALOG IN, then the latch remains set and tha next HV
pulse is applied teo the cell and the cells obtains another
increment of tunnel currenZ. The cell is alcernatively
configured in write mode and then read mode until 2 comparison
is reached or a maximum number of cycles has been reached.
To play DaCK Lhe sedwrding, the circuit is configqured
continuously into the read mode. The configuration and the cell

operating conditions are exactly the same as during the write

compazison and thus an accurate reproduction is achieved.



M ni mum coarse COLN vol t age

Coarse CHV rise tine 420nv/[err] sec Fine CHY {ise~tife-
840nv/[err]sec Coarse CHV pulse width (@1v) 100 [err]secaH )
width (@1V) 50 [err]sec FVra Géﬁggq@%?_

Vos pul se hei ght 1.5

9V Maxi num coar se COLRERlATEGE T cii8vy

puﬁs
V

The resolution of analog recording is improved if the
voltage increment on the EEPROM floating gate resulting from
each high vaoltage iteration is as small as possible. Ia the
case of commercially available speech recording devices,
rasalutions range from 6§ bits to 18 bits of equivalent digical
resoclution. The recording mathad employed herein causes the
voltage on the floating gate to be incremented during each high
voltage pulse. The resclution achieved depends on the width of
the high valtage write pulses and alsa on the amount of volcags

increment between each successive pulse. Betrter resolution

{i.e. smaller voltage incremancs) is achieved with narrow pulses

e
RS

and/oz with smaller voltage increments af the high voltage
pulse. However, this means tha: to cover the same range of
.floazing gare voltages {i.e. the same dynamic range), :hege must
.be an increased number of applied high voltage pulses. In a
given recording architecture there is a certain amount of time
available to perform the writing of one row before beginning the
write af the next row. This limicts the number of pulses vhich
can be applied and conseqguently limits the resolution whizh can
be achieved. If the high voltage pulses increase linearly over
the camplete range, tﬁen each increment would give approximately
equal increments to the floating gace. .- The first few pulses
{wvhich generally would follow an erase cycle) would probably
cause a lazger increment than subsequent pulsss, but this is the
major exception.

The technigue used in the preferred circuit of Figure 2
uses Lwo burscs of wvoltage pulses (the method could be
excvended to more bursts). The first burst of pulses has
monoctonically increasing velcage levels (beginning with a
level which produces a weakly programmed cell and ending wicth

a level which produces a scrongly programmed cell ~ i.e. fram

T XY



In the enbodi nent of the invention just described and RE’PI hotn-ser}

progranmm ng pul ses, once the read and conpare operati pn tﬁﬁdfiiﬁﬂﬁifh
desi red progranm ng | evel for that series of pulse as been reacqe , a
| atch bl ocks further programm ng pul ses of that serie r 8/ P2 sHEY t/o |t he

e .
—
8 volts to 18 velts). These will be called the coarse

pulses. Coarse pulses are applied to the cell uncil the cell
reaches a point where an addivional pulse would program it tvo

& level which is beyond the desired level. A second burst of
pules is now applied which has a reduced voltage increment
‘between adjacent pulses. These are termed the fine pulses.

The voltage level of the first pulse in the fine burstc is

relaved to the level of the last coarse pulse applied te the
cell. It can be the same level, sligh:ily highezr or slightly

lowez, but the imporcant thing is that ic is function of the

Iy

last coarse pulses height. Fine pulses are applied to the
cell until the cell is programmed to the desired level. Tha
voltage level of the fine'pulses may alsc have monotonically
increasing valuess, but the veoltage increment is much smalles
than the increment during the coarse cycle. The fine pulses
may also be of a narrowerx width than the coarse pulses,

ia this scheme, the resclution of the floating gacte
valtage is determined by the voltage increment attained
during the fine cycle. The voltage rangs, however, is
determined by the coarse cycle,.

Consider an ideal.situation where:

Vr = Dynamic veltage range.

Ve = Floating gate voltage increment during coarse

VEf = Floating gate voltage increment during fine pulses

z
3]
f

Number of coarse pulses

- . - A ~ .. . .
G el Of Lane wpuises

Nc = Vrp/vce
MEf = Wo/VE

and
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cell, even though the read and conpare operations are in fact continued
until the end of the respective series of programm ng pu
continuance of the read and conpare operations is an ar bkt R
choi ce, but the blocking of further programm ng pul ses That-series-f+fom
passing to the cell once the desired conpare is obtaine sgﬁgg%ggq?&, 45
a Ton§

e rtr— e .

AR design

ot herwi se subsequent noise might distéfb a subsequent c nﬁaré oper
al l owi ng a much hi gher pulse of that series to

Neocal = Nc + N

If the circuit did not use this dual (or multi)
increment technique however, and the same resolution was
required, then the toctal number of pulses required to cover
the range would be:

NMescal = VZ/VE = Vr/(Vc/NE) = Ne~NfE

As an example, suppose we have a range of 1V, a coarse
increment of 0.1V and 2 fine incremenz of 10mV. Using the
dual incremen:t technigue a total of 20 high voltages would bhe

reguired versus 100 pulses with pulses of uniformly

hl

increasing magnitude.

In practice, the number of pulses reguired is greater
than the idaal case because: 1) one must begin the coarse
ﬁigh voltuage pulses az a lower level and continue past thé
ideal high level in order to account for manufacturing
tolerances which change the relationship between the applied
high volzage signals and the resulting voltages aon the
floating gate (e.g. variations in tunnel threshold). This is
necessary when using either technique. 2) there must be a
sufficient numbher of f£ine pulses to cover the complete
voltage span of a single coarse stens. At the upper end this

s & similar problem to 1), but at the lower end it is due to

$e-

practicalizies in circuits which are used to implement the
technique.
A block diagram of a circuit which uztilizes a dual

increment (coarse/fine) technigque is shown in FTigure 2. 1In

g m e mf T miemm 1 [
cnentt 22 2 - =

~o . - ot
- g e - Ty .

2 i3 an extra
swicch $W2, transistors T1l, T2 and T3, capacitaor Cl and a
voltage summing junction. To initialize the circuic, a pulse

is applied vo CLSET to set the latch, CENis set high to close

SW2 and a pulse is applied to RCAPEN to discharge Cl. The °

LR



pass to the cell, resulting in a single but

above the programm ng | evel

pr esent

obvious to those skilled in the art that various changes

may be nmade therein wthout departing fromthe spirit ang
T

desired. Wiile the preferred

i nventi on has been disclosed and descri bed herein

| ar ge progranmaing_increnment

grbodiment” of
z Ft-wi-l.l.. be. .

in fo and det ai |
cdbé '

Ehe

cead

ther eof .

burst of course pulses is then applied to CHV and

consequently is also applied to thé cell provided

that the

latch remains set and SWl is closed, as described previocusly.

One important difference with this implementation
the basic circuit is that the connection of CHV to

through the transistor Tl. Tl requires a voltage

which, in turn is provided by SW2 and T2. During

that cthe cell voltage is read a2nd compared with AN

voltage Vos is added to the voltage on COLN.

The

Vos is equal to or slightly greater than the floac

voltage increment that results from 2 single coars

Adding Vos before the comparison is made with ANAL

o ensures thac the lactch is reset one coarse pulse e

would otherwise occur. ¢ this time, the latch is
the cell is thus programmed to a level which is no

one coarse increment below the desired level. Als

voltage on Tl which corresponds to the last coarse

before comparison is stored on Cl.

compared to
COLN is

on its gacte
the time
ALOG IN, a
value of

ing gace

e pulse.

0G IN

arlier than
resec.and
more than

Q0 the gate

pulse

The latch is now set once more by applying a pulse to

CLSET, CEN is taken low to open S$W2 and the second burst of

high wvoltage (fine) pulses are applied to CHV. <Th

[v]

.
-~

&

ese pulses

all of maximum amplitude, but the voltage which is

transferred asnto COLMN through Tl depends on the stored level

on Cl and the follower action of TL. The stored 1

evel an C1

is modulated by the signal FV, vhich in the preferred

embodiment, is & ramp vhich begins ac a low level

R R

SHLANLOG

L . -
~

-t r-3 wosee? 2 mam d yal e -
wnd DN YAt AOG Wildel T & N

(2V) at the end of the fine cycle.

The magnitude

4
k-]

(VSS) a-z

“w ., .
UL awmve s

of the hignh

voltage pulses which axe connected to the cell during the

fine cycle is therefore dependent on the highest wvalue

reached during the coarse_gxg}e_gnd with increasin

g

q ¢



-19- CLAIMS 1. A nmethod of iterative witing a signal sapp{€- to a -t
non-vol atile floating gate type integrated circuit storage fe|l nfcpf- sac
integrated circuit analog recording and subsequent playback|c nprlsrﬁg Ke

steps of:

I ncr easi ng

-

- —
[

(a) providing a first serles of programm ng vo tage-;uﬂ:uﬂi*__J

amplitudes as determined by FV. As with the coarse cycle,
after each high voltage pulse the cell volcage is read and
compared with ANALOG IN. During che;fine cycle, however, Vos
is held art VvSS and the cell voltage is incremented in fine
incremencs until a compariscn is mada.

Figure 3 shows a detailed schematic of the circuiz. T2,
T, T4, Té, T8 together with €l and C2 create an offsat
canceled comperator; T3, T7, T¢, Ti0, T1i, T12, T13 and TL4
create an addivicnal gain stage and laten; T1S, T18, T17,
T18, T23 and C3 create a2 high voltage suicqh; Ti%, T20, T21%,
T22, T24 and C4 create another high voltage switeh; CS is a
holding capacitoxr and T29 acts as a source follower, el

The write sequence begins with an erase cvcle. 1In the
fpllowing description it is assumed that the addressed cell
ﬁas'already been fully erased. When reading, the cell is
configured in a source follower mode 2s previously described.
The signal VCL applies a2 bias we T32 such that T30, T3i, and
T32 act as 2 load to VSS. (T30 is included to increase the
voltage breakdown on the COLN node). This technigue could
also be utilized if the call were configured in the
arrangement which is more conventional te memory arrays, but
an inversion would be necassary (for instance between the
cell and COLN).

At the heginning of the write {(programming) cycle, a
negative pulse is applied to CLSET and a positive pulse is
applied to RCAPEN. This sets the latch (HVEN goes h;gh) and
discharzges C3 to OV VCOtir provides a2 bias such that T4 and
TS act as high impedance load devices. Likewise, VCOLHV
cause T18 and T22 to behave as load devices, in this case ta
VSS., P/R is held low and is only allowed to go high duzing

playback. CEN is initially held low. CL is low during write

. SR



anplitude to the storage cell; (b) after each progranmm

of step (a)

therefromwith the signal sanple desired to be witten thefef'® Fi8)1?

pul ses to t

, reading the storage cell and conparing the sipgnal_read

7
termnating the application of the first series of progranm ng voltage

he storage cell when the siignal read fromthe| storage cell
step (b) reaches a first predetermned relationship to the-signal sanple t

In

(0]

be recordedand djigh dprowg dtegi.a Seeordcses ivAicof i pragriame ng vol t age pul ses

of increasi

ng
written into the EEPROM cell is applied to ASAMPN. The firsc

high voltage pulse of the coarse cycle is applied to CHV. It
could typlcally be about 10V amplitude with a finlte rise
time and pulse duration. Since HVEN is low, T17 is off and
the voltage on the gate of T23 rises as a result of the CHV
ramp on C3. Othexr capacitances on the gate of T23 are small
relative to C3 and conseguently there is very little
capacitive or volrage division. There is also the self
bootstrap effect of T2 itself and so the gace of T23

e

increases in voltage by an amount almost equal to CHV. The

s

e
e

starting voltage on T23 gate was (VCC - V&) or ahout 4V, so

with Vo typically about 1V, the transistor T23 is turned

~fully on and CHV is conducted onto C4. The componencs T1S,

T16, T1?, and T18, T23 and C3 operate like a high voltage
switch enabled by HVEN (other implementations of the switch
are pessible)l. In 2 similar fashion, the other switch using
T24 also conducts and C5 is charged to {(CHV - Vvit) - the Vg
drop is due to T25. T29 now conducts and allows COLN to rise
to {CHV - V¢ - Vuni. Vo is the enhancement threshold (of
T25), and Von is the gh:eshold of native transistor T29. It
1s assumed that the Vi of T28 is less than or equal te T2§.
Hence the CHV pulse is applied to COLN and subsequently to
the cell with 2 small amount of voltage drop due to
thresholds. After CHV is returned to its low level, the

voltage read from the cell is compared with ASAMPN. CCK and

CCR are inverse signals; CCR is inicially hnigh and gaces
ASAMPN on to Cl via T2. T6 is also driven by CCK and biases
the invercor T8/T4 in its linear region and cancels the
fose:. T7 gate has the same voltage as (matched) T8 and its

source Lg at VSS, so the inveztor TS, T7, TY9 is also in the

- Rk N
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anplitude to the storage cell, the second series of prog Aoyl t el
pul ses increasing in anplitude in smaller increnents than the first serqes
of programm ng vol tage pul ses; (e) after each programm ngMiof ERgBIpulise
of step (d), reading the storage cell. and conparing the signal read ;
therefromw th the signal sanple deskred to be witten thefero;
termnating the application of the second series of progkanmng voltage

pul Se? ;0 1iRGa St AUAQE  CEEIR WheR §b&s Sicenaha redgbeomigne stwsage cell in
step (e

cell has since been configured in its read mode and thus the
cell voltage is coupled onte Cl. The change in voltage on
che LHS of Cl is coupled onto the gate of T8. (It is
{important chat CCK goes low before CCK goes high in order to
ensure that there is no charge less through T8).
Simultanecusly, a positive going signal is applied to Vaos (in
cthe preferred embodimenc it is 1.5V, derived from analog
signal ground) and couples addictional charge onto T8. The
value of capacitor C2 is chosen so as to couple charge thac
is equivalenct te a voltage slightly greater than the volcaqei:;
increment that results on the floating gate during each =
coarse pulse. Since the invertor is in ics linear regioan,
.the change at the gate of T8 causes a co?responding change in
.ﬁhe drain of T8, multiplied by the gain of thes invertor. The
size of T§ is kept small so as te minimize the capacitive
coupling from CCX to the input of the invertor. The coupling
can be reduced further by connecting an equal capacitor to
the gate of T3 but within equal and opposite phase of signal.
This can be a “dummy” transistor similar to T6, orx, a2s is
often done, it can be a P-channel transistor in parallel with
T8 and driven by an oppoesite signal. these steps warxe noo
taken, however, because the offset introduced hexe is a
systematic offset which is equal in all similar cirxcuits,
including the reference circuit and is therefore canceled
out.. If the comparator were realized by some of the other

R

zchnigquées, Such &3 Liwse with differential inpuc paixs of

Tt

cransistars, the randem affsec is ulvimately superimposed an
the recorded cell voltage. The comparator circuit is thus
realized with a small number of compenents. The gain of the

invertor (and the subsequent stage T7), can be increased by

DTN



reaches a second predetermned relationship to the signal s

recorded. 2. The nethod of claim| wherein the second sdri L"

programmi ng pul ses as applied to the storage cell is referg
magni tude of the first series of progra}.t ng pul ses when tH
the first series of programm ng pul ses t%0 the storage cell

in step (c).

CEDEr SHEET

nged tq_{ﬁgi“_w
e |appbiFddt iTBW of

s term nated

using a high impedance load device. In the case of

whls

implementation the high impedance is achieved by using

current mirror devices T4 and T5 in their saturated regions.

. With the change is state of CCK and CCX, an amplified

difference level exists on the gate of T?7. Aftar a

shoru

settling time, COMPEN is brought low. The drain of T7 was

previously held low by T10, but it now is allowed to
as an additional gain stage, providing an amplifiad,
noniverced difference level ac this point. The tran
Til through Tl4 form a CMOS nand gate which is conne
a cross-coupled latch arrangementc with the lasc gain
Transistors T3, T7, TS and T10 serve a dual function
stage and a latch. If the cell voltage plus the 0.2
caused by Vos is less than ASAMPN the latch remains

is high); if the cell veltage plus 0.2V is g:éace: t
the latch becomes resec when enabled by COMPEN. The

comparator is sensitive to input differences in the

funceion

sistors
ct ed in

e

stage .—

e

- a gain
V offset
set'(HVEN

han ASaMe

order of

lmV. The systematic offset due to Té coupling is about 17mv,

which is expected to be consistent to within 2mV across chip.

With 3mV of overdrive the latch settles to the final logic

state in 1 microsecond.

The signal HVEN is used to enable the first switch on

‘the high voltage path. As iong as the latch remains set, the

switch is enabled and CHV pulses of continually increasing

magnitude are applied to the cell. fter the latch

reset, the switch is disabled. CHV pulses may cont:

has been

“nue to be

supplied, but they do not pass througn tne svwitch transistor

T23 and no further coarse pulses are applied to COLN (the

cell). The voltage on C4 has been increasing during each CHV

pulse that HVEN was low. After HVEN goes high and the switch




-20- 3. The nethod of claim2 wherein each pulse in the $secuondESeid¥s
pul ses are of shorter duration than the pulses in the firgtjseries of

pul ses. 4. The nethod of claim 3 wherein the maxi numtijme alrotted for
the application of the second series of pulses is substantially equal to

the maxinumtinme allotted for the appM{cation of the first series of
pul ses. 5. TZ?l I%%R:lagd S CA?:{!@SLvglzu&,:?!ct&dv@grgéd‘hﬂﬂ@ gterage cel |
S

conprises a floating gafe MDS storage device connectable in a source
foll ower read g¢bmfd gurabhosaf BIS (RCAPEN is held low).

CHV pulses continue until their valtage level (and the

_nunbher of pulses] has been sufficient ta strongly program a
cell. In this preferred design and process, the maximum CHV
level is 21Vv. Afcer the lastc coarse CHV pulse, all latches
in the column driver circuits should have been sec {provided
that all the ASAMPN voltage levels are in the dynamic signal
range) .

The fine cycle now Dbegins. CEN is taken high, thus
disabling the second switch; CLSZIT is pulsed low and then
high again, resetting the latch and enabling the firsc
switeh., Anether burst of CHV pulses is supplied, this time
of equal magnitude (21V) but with half the repetition pericd
-of the coaxrse pulses. The shorter pulses allow a smaller .
amount of charge to be tunneled onteo the floating gate during
each high wvoltage pulse, as well as allowing more pulses of
smaller voltage increments,. The CHV pﬁlses which are inpuc
to the circuit are of maximum amplicude, but the wvoltage
which is applied to COLN depends on the stored voltage on the
gate of T29 and the high voltage storage capacitor. As COLY
rises with CHV, the coupling action onto the gate returns the
gate volrage to precisely the sume level that existed during
the last coarse pulse and consequently the level applied to
COLN is the same level as that which was applied during the
last coarse pulse. There is provision in the circuit far
applying adjusimenis tu Lhe QOLE vuilage, Wweverz. The
bottom plate of €3 is driven by anocher excernal signal FV.
The circuirz would functien if FV remained at a fixed wvoltage
throughout the complete write operation, but enhanced

performance is attained by manipulating FV. The preferred

R



of claim5
is carried

REL L_ef‘ EHENT §
wherein the MOS storage device is configured in the source—
configuration in steps (b) and (e), whereby there is a sutstaggﬂﬁa,y; ne
one relationship between the voltage on the floating gate t
device of a cell and the respective signal read thereframi_6. The e

wherein the reading of the MOS storage cell g
out in the sane configuration as subsequent

si gnal sanpimplgmettenidn athehbOSistudragred dekl support cAraeidwd of storing
signal sanmples for integrated circuit anal og recordi ng and

applies a ramp to FV, During the coarse cycle, FV is held at
a fixed level of about 2V and is brought to QV at the
beginning of the fine cycle. FV ramps up linearly from OV act
the beginning of the fine cycle to 2V ac the end of the fine
cycle. This ramp Ls superimposed on the stored on C3 and
consequently on the voltage amplicude of the high voltage
pulses applied to COLN.

During the fine cycle, Vos is held at a fixed voltage
and not pulsed, as was the case during the coarse cycle.
Thus the cell floating gate continues to increment in fine
voltage steps until the read voltage is greater than ASAMPN,

at which time the lacch is sez, swiceh T23 remains open and

‘the ceall does not receive any further pulses.

In the preferrsd embodiment, the coarse and fine

programming characteristics are as follows:

Number of coarss pulses 45

Number of fine pulses 1]

Minimum coazse CHV wvoltage 11v
Maximum coarse CHV voltage 21V
Minimum coarse COLN volrage gV
Maximum coarse COLN wvoltage 18v

Coarse CHRV rise :ime. 42Gnv/Lsaec
Fine CHV rise time 840mv/Usec

Coarse CHV pulse width (@ lv) 100 psec

Fine CHV pulse width (@ 1v) 53¢ usec
Yv ramp O - zv
Vos pulse height 1.5v

In the embodiment of the invention just described and
for both series of programming pulses, once the read and

compare operations find thar the desired programming level

i

—————
s
st
-y

h

f steps (b) and (




PACRASTIT CURLT
subsequent pl ayback conprising the steps of: (a) proJﬂﬂ];ﬁ ) ﬁL, irf{y
storage cells, each having a floating gate MOS storage} device with a
source, a drain and a control gate and connectable in 5 00rcEE B oWFdwe
read configuration; (b) taking a plurality of sanples pbf an analog sig
and tenporarily holding the same in an equal plurality}|or—sampte andho

Y
—

U)

circuits; (c) providing a first segies of programm hg vol tage pul ses

increasing anplitude to the drain of each of the MOS storage cells;

for that series of pulses has been reached, a latch blocks
further programming pulses of thac series from passing to the
cell, even though the read and compare operations are in fact
continued until the end of the respective series of
programming pulses. The ceontinuance of the read and compare
operations is an arbitrary design choice, but the blocking of
further programming pulses of that series from passing to the
cell once the desired compare is obtained is importvantc, as
otharwise subsequent noise might discurb a subsequent compare
operation, allowing a much higher pulse of that series to —
pass to the cell, resulcing in a single but large proqramminéﬁﬂ
increment above the programming level desired.

Wnile the preferred embodiment of the present invention
has been disclosed and described herein, it will be abvicué
to those skilled in the art that various changes in form and
detail may be made therein without departing from the spiric

and scope thereof.

of

nal
d
of



) QLT
(d) after each programm ng vol tage pul se of step (c)RNrL[\gM’ 1‘;}’?1}: 3
storage cells in the source follower read configuratijon and corrparl ng each
signal read therefromwth the signal tenporarily hel d i NN BHEER d8p2cti Ve
sanple and hold circuit; -21- (e) for each respectji ve MOS st orage
cell, termnating the application of *he

CLAIMS

1. A method of iterative wri:;ng a2 signal sample to an
_MOS storage cell for integrated ciécuic analog recording and
subsequent playback comprising the steps Sf:

{a} providing a firsc series of programming pulses of
increasing amplitude to the MOS storage ceall;

{b) afcer each programning pulse of step (a), reading
the MOS storage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto:;

{c) terminating the application of the first series 6E~
programming pulses to the MOS storage cell when the signal —
read from the storage call in step (b} reaches a
predetermined relationship to the signal sample to be

“recorded;

{d} providing a2 second series of programming pulses of
increasing amplitude to the MOS storage cell, the second
series of programming pulses increasing in smaller incgrements
than the first series of programming pulses:

{e) after each programming pulse of step {(d), reading
the MOS steorage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto; and

(f} vtverminating the application of the second series of
programming pulses to the MOS scorage cell when the signal
read from the storage cell in step {e] reaches a
predetermined relationship to the signal sample to be

Py
TeLLILaL.

2. The method of claim )1 wherein the second series of
programming pulses as applied to the MOS storage cell is

referenced te the magnitude of the firsc series of  This Sheet Has Been Replaced

T
[




first series of programm ng vol tage pul ses of step (c) 3 é}g;r@&pﬁt—:tﬂ'@
MOS storage cell when the signal read fromthe respecti 2 -oF-age -eel

step (d) reac redeternined rel ationship to it d

t he respecti ngﬁg! B @ circuit; (f) provi di ng 5% 1}9@}“ % of
progranmm ng v |ncreasi ng anplitude to tihg drain of each ¢
the MOS storage cells; (Qg) after eagch programm ng volijtage pul se of step
(f), reading the MOS storage cells in the source foll ower.tead
configuration and conparing each signal read therefromw th the signal

t enpor ar i lgechebsninyg tdha seespees inne sgylilcer pord ook He cf Xdti tspries

— —

of programming pulses to the MOS scqtaqe cell was terminated

in step ().

3. The method of claim 2 wherein each pulse in che
second series of pulses are of shorter duracion than the

pulses in the first series of pulses.

4. The method of claim 3 wherein the maximum time

allotted for che application of the second series of pulses

+

s

is substancially equal to the maximum time allotted for the

application of the firs: series of pulses.

3. The method of claim 1, 2, 3 or 4 wherein the HOS‘
storage cell comprises a fleoating gate MOS storage device
connectable in a source follover read configuration, whereby
there is a subsctancially one to one relaticnship between the
voltage on the floating gate MOS storage device of a cell and

the respective signal read therefrom.

§. The method of claim § wherein the reading of the MOS
storage cell of steps (D) and (e) is carried cut in the same
as subsequent playback of the signal sample written to the

MOS storage cell.

7. A method of storing a signal sample for integrated

wircuii analeg recording and ‘subsequent playback comprising

(a} providing a storage cell having a2 floating gate MOS

. . This Sh
storage device connectabls in a2 source follower read cet Has Been Rep

T

configuration; ’

.



and, (h) for each respectlve MOS storage cell, term ?{‘?‘Eﬂg{thﬁ oy ng

application ‘S {es of programmi ng vol tag ""'.’;.bf-‘--;st-ep
to thé'f'és'p'ect e cell when the signal read fjromthe r%

storage cell ches a second predetermni ned| riel 85 o 1l % t
signal held i n the respectlve sanple,and hold circuit. 8. The net hoc q
claim?7 wherein the reading of the MS storage cell of btep (d) is carrie
out in the same way as subsequent playback of the signal_sample witten

the MOS storage cell.
{b} ©providing a first series of programming pulses of

OD._"I<V
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increasing amplitude to the MOS s:o:ége cell:

{c) after each programming pulse of step (b}, reading
the MOS storage cell and comparing the signal read therefrom
with the signal sample desired to be written thereto; and,

{(d) 'cerminating the application of the first series of
programming pulses to the MOS storage cell when the signal
read from the storage cell in step (¢} reaches a
predetermined relationship to the signal sample o be

recorded.

8. The method of claim 7 wherein the reading of the MOS
storage cell of step (¢} is carried out in the same way as

subsequent playback of the signal sample written to the MOS

storage cell.

3. A method of storing signal samples for integrated
circuit analog recording and subsequent playback comprising
the steps of:

{a) providing a plurality of storage cells, each having
a fleating gate MOS stpraqe device connsctable in a2 source
follower read configuration;

{b} rwaking a plurality of samples of an analog signal
and temporarily holding the same in an equal plurality of
sample and hold circuits;

{c¢) providing a first series of programming pulses of
increasing amplicude to eacn ot the MOS storage cells;

{(dy after each programming pulse of step (c), reading
the MOS storage cells and comparing each signal read
therefrom with the signal temporarily held in the respec:ive

sample and hold circuit; and,

) O A



9. Apparatus for witing a signal sanple to a non

-fhaatiog gate

type |ntegrated circuit storage cell in an integrat egd‘: “Analioy

' recording and ayback system conprising: first nean F or prOV|d|ng aifirst
series of nﬁlnruuﬂge pul ses of increasing afmp| i tGEEBo Y Hhe |stior age
cell; seco ng the storage cell aftefr pach progranmiing

voltage pulse and conparlng t he S|gnaF read therefro
sanple desired to be witten thereto;

Th the signal-

(e} for each respective MOS storage cell, terminating
the application of the firse se:ies}cf programming pulses of
step {c) to the respective MOS storage cell when the signal
read from the respective storage cell in step (d) reaches a
predetermined relationship to the signal held in the

respective sample and hold circuic.

10. The method of claim 9 further comprised of the
steps of:

{£) providing a second series of programming pulses of
increasing amplitude to each of the MOS storage cells:

{g) after each programming pulse of step (f), reading
the MOS storage cells and comparing each signal read
therefrom with the signal temporarily held in the respective
sample and hold circulic: and,

(h} for each respective MOS storage cell, terminating

(£

the application o

step (f) to the resp

[

ective MOS storage cell when the signal
read from the respective storage cell in step (g) reaches a
predetermined relationship to the signal held in the

respective sample and hold circuiz.

11. The method of claim 9 wherein the reading of the
MOS storage cell of step (d) is carried out in the same way
as subseqguent playback of tha signal sample wrictten to the

MOS storage cell.

12. Apparactus for writing a signal sample ro an MOS
storage cell in an integrated circuit analog recording and

playback system comprising: This Sheet Has Been Re

T

-
s
o

the second series of programming pulses of



third neans f ofis &R Madidch RepIddie application of the first

first predeter hip to the signal sanple to
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BP BSROfoarT cunny

pt ogrami ng vol | the storage cell by the fiﬁg Pl dnsoiben’: .L

signal read frim storage cell by the second fpeans
' b

reaches a

Gedf57

en ‘th

first means for providing a first series of programming

pulses of increasing amplitude to the MOS storage cell;

second means for reading the MOS storage cell after each

with the signal sample desired to be written thereto;

programming pulse and comparing the signal read therefrom

third means for terminating the application of the firs:

series of programming pulses to the MOS storage cell by the

first means when the signal read from the storage cell by the

sezond means reaches a praedetermined relacionship to the

signal sample to be recorded:

fourth means for providing a second secies of

programming pulses of increasing amplitude to the MOS storage

. cell, the second series of programming pulses increasing in

smaller increments than the first series of programming

pulses of the first means;

the second means also being a means for reading the MOS

storage cell and comparing the signal read therefrom with the

signal sample desired to be written thersto after each

programming pulse of the second series; and

fifch means for terminating the application of the

second series of programming pulses to the MOS storage cell

when the signal read from the storage cell reaches a

predetermined relationship te the signal sample to be

recorded.

13. The apparatus of claim 12 wherein the fourth means

ing the secand sedius ui programming pulses is

means referenced to the magnitude of the firsc series of

a

programming pulses when the application of the first series

of programming pulses to the MOS storage cell was terminated.

<o RN O BN



fourth neans.for. .pravi @eslge@ s€cond series of pr ogr ami g rEaae pulses] of
- I ncreasing- ett}I?a S e e storage cell, the second seg{g %ﬁ’pfbﬂggﬁfﬂﬁ\?

‘ﬂ E%‘“ﬁé in smaller increments than thejfirst series ¢f
n i
S

pr ogr anm ng
a neans for reading the storage cell and conparing thejsignal read

therefromwi th the signal sanple desited to be wittenjthereto aftér—each
programi ng vol tage pul se of the second series; and fitth.eans for

termnating th%éapp‘kﬁec%[plp%@agtxstgg dgﬁ(ir(r)\nf% su%relrgxsn Oefac:h pulse in the

second series of pulses are of shorter duracion than the

£
vol tage pul s \
of the first means; the secq feAfEaliEy bei

pulses in the first series of pulses.

15. The apparatus of claim 14 wherein the maximum time
cf the second series of pulses is substantially equal to the

maximum time of the first series of pulses.

18. The apparatus of claim 12, 13, 14 or 15 wherein the
MCS storage cell comprises a floating gate MOS storags device
connectable in a source follower read configuravion, uhereby-

there is a substantially one to one relationship between che

voltage on the floating gatce MOS storage device of a cell and

the respective signal read therefrom.

17. The apparatus of claim 16 wvherein said second means
is also a means for subsequently reading the MOS storage zell
for playback, whereby the read operations when writing a

signal sample to the MOS storage cell are the same as the

g

integrated circuit analog recording and subsequent playback

read operations for playback.

18.. Apparatus for storing a signal sample for

comprising:

a storage cell having a floating gate MOS storage devize
connectable in a source follower read confiquration:

means foxr providing a firsec series of programming pulses
of increasing amplitude to the M0S storage cell:;

megans for reading the MOS scorage cell after each
programming pulse and comparing the signal read therefrom

with the signal sample desired to be written thereto; and,
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" programm ng voltage pul ses to the storage cell when the sjgial” read from

t he storage cond predetermned rel ationship hethe BFgnal
sanple to be‘mH!HﬂmamﬂmmﬂEThe apparatus of claim9 whefe{n the fourth
means for provi @i ng e se d series-of programm ng pul sesli ms—
referenced to the nmagnitude of the fiRr8t series of programmi ng pul ses when
the application of the first series of programm ng pul ses THhe storage
cel | was terninateahs £er teqninagdpdr shausrokieitdiom 20 wWeertdirsteach pul se in

]E Ihrestseggpldeggralf.ee%mogsgggl;gaen%ﬁfnrge p%flsgpanot %{sg %Satsltggagtgacneltlhghgrlle rﬁxee.s in the

signal read from the storage cell reaches a predetermined

relatioaship to the signal sample to be recorded.

19. The apparatus of claim 18 wherain said means for
reading after each programming pulse is also a means for
subsequently reading the MOS storage cell for playback,
whereby the read operations when wricting a signal sample o
the MOS storage cell are the same as the read operations for
playback. -

20. Apparatus for storing signal samples for inteq;ated
circuit analog recording and subsequent playback ccmprisﬁnq:

a plurality ¢f storage cells, each having a2 floating
gate MOS storage device cannectable in 2 source follower read
configuracion:

2 plurality of sample and hold circuics for taking an
equal plurality of samples of an znalog signal and
temporarily holding the same;

first means for prcvidinq 2 firs:lseries of programming
pulses of increasing amplitude to each of the MOS scorage
cells;

second means for reading the MOS5 sctorage cells afcer
each programming pulse and comparing each signal read
rherefrom «with the signal cemporarily held in the respective
sample and hold circuit: ana,

thizd means for terminating the application of ﬁhe firsc
series of programming pulses to the respactive MOS storage
cell for each respective MOS storage cell when the signal

read from the respective storage cell by the second means

1is Sheet Has Been Replaced Tl
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12. The apparatus of claim 11l wherein the naxinun1t|ng

series of pulses is substantially equal to the maxi num
series of pulses. 13. The apparatus of claim 9, 10,

MOS storage cell conprises a floating gate MOS storage
in a source follower read configuration, whereby there
one to one relationship between the ¥6ltage on the fl od
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storage device of a cell and the respective signal read

ulng g

sll T
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reaches a predetermined relationship to the signal held in

the respective sample and hold circuisz.

MOS storage cells comprise a two dimensional array

storage cells,

22. The apparatus of claim 21 further compri

fourch means for providing a second series of

of MOS

sed of:

ITIhl

21. The apparatus of claim 20 wherein the pluralicy of

programming pulses of increasing amplitude co each of the MOS .

storage cells;

o
flo-ownrnt

the second means also being a means for reading the MOS

staorage cells afcer each programming pulse of the

series and comparing each signal read therefrom wi

second

th the

signal temporarily held in the respective sample and hold

cirecuitc: and,

fifrth means for terminating the application of the

second series of programming pulses to the respective MOS

storage cell when the signal read from the respective storage

cell by the second means reaches a predecermined relationship

to the signal held in the respective sample and hold cizcu

A
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cen Replaced
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-23- 14. The apparatus of claim 13 wherein said second neans is al so

a

means for subsequently reading the MOS storage cell fo—playbatk; '.,.\/yhgjr
the read operations when witing a signal sanple to tjREPMIGHStoriage-Ee
are the sane as the read operations for playback. 15. jpar at us f ot

storing signal sanples for integrated circuit anal og |rgcof @iy 1377 :
]

by
I

SOURCE FOLLOWER STORAGE CELL AND
IMPROVED METHOD AND APPARTUSFOR ITERATIVE
WRITE FOR INTEGRATED CIRCUIT

ANALOG SIGNAL RECORDING ND PLAYBACK

ABSTRACT .

Source follower storage cell and improved method and apparatus for

y

iterative write for integrated circuit analog recording and playback which ==
provides increased resolution in the stored signal and increased accuracy and
stability of the storage and read out capabilities of the device. The storage cell is
.c.onﬁgured wherein the electrically alterable MOS storage device is connected in

a source follower configuration, which provides a one to one relationship between
the variation in the floating gate storage charge and the variation in the output
voltage, and for high load resistance, relative insensitivity to load characteristics.
The right'process and circuitry provides a multi-iterative programming technique
wherein a series of coarse pulses programme a cell to the approximate desired
value, with a series of fine pulses, referenced to the last coarse pulsed being used

for programming the respectve cell, programming the cell in fine increments to 2
desired final programming level. Still ficer levels of programming can be used.

Jis Sheet Has Been Replaced Tt
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and subsequent playback conprising: a plurality of storacggpe Fs/meach;i™
havi ng a fl oating gate MOS storage device having a sourcsg, —&na1n~and a
control gate and connectable in a source foll ower read ccnf zgd ,Np
plurality of sanple and hold circuits for taking an equalj pl r%*of

sanpl es of an anal og signal ﬁg? tenporarily holding the sare; first nean
for providing a first series progranm ng vol tage pul sgs of increasing
anplitude to the drain of each of the MOS storage cells;
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second neans for reading the MOS storage cells in the s

configuration after each programm ng voltage pul se and
tenporarily held ijn

read therefromw th the signal
sanple and hold circuit; third neans for term nati
of the first series of programm ng voltage pulses to thel riespective MOS |
orage cell when the ré’ﬂ—fr
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circuit; fourth nmeans for providing a second series of progﬁ%?éQ&; oltag€
puli ses of increasing anplitude to the drain of each of the sto !
cells; the second neans al so being a neans for reading the %r%g@°7 {
cells after each progranm ng voltage pul se of the second series and
conparing each signal read therefromwth the signal tenpgrarily helld TTh
the respective sanple and hold Sircuit; and,
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progranmm ngjv
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sanpl e and
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ive storage cel
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ng the application of the second series of
the respective M3XS storage cell when the

by the second ne€ans reaches a
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The apparatus of claim15 wherein the
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available time for decing so.

A recording is made by the following sequences. The cells
to be written (programmed) are [irst erasad (cleared) This is
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clearing of each row independently without

samples recorded in other parts cf the
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for VCCA nodes with small capacitance values and high voltage
sources with low source impedance wvalues. These value
generally do net occur in practice. Now tha%* the c2ll is in

this writing condition, ctron tunneling may ocsur £

time period XV (and VCC) iz brought low - in the prefsrred

The cell Is now configured into the rezd mode. O is taken
hich (¢ ecting tne current load cntc the cclumn), O and SG=
remaln Ligh ts keep the same cell addressed (althcugh nct

cenfiguraticn and iIs & reversal frem digitzl menmories whera the
VCCA node woulé ke cgrounded. The tctal resistance of the Smm
transistecr and the column multiplex transistor(s) should be
small compared to the effective resistance of the lcad. The
clear gate CGn voltage is taken to a fixed level which is chosen
to optimize the voltage storage range - in the case oFf the
preferred embodiment both VCCA and CGn are cornnected to 4V. The
voltage which is now cutput cn the cclumm is compared with
ANALCG IN. EN is brought high and if ANAZLOG OUT is greater than

ANALOG IN, thkie output of the comparator goes kigh and resets the

latch. The HV switch is thus opened and the subse eguent ¥V

pulses are not connected to the cell. (Typically such high
voltage pulses are of successively increasing amplizude.) If,

however, ANALOG OUT is less than ANALOG IN, then the larch

remains set and the next HV pulse is applied to the cell and the
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cells obtains another increment of tunnel current. The cell is alternatively configured
in write mode and then read mode until a comparison is reached or a maximum

number of cycles has been reached.

To play back the recording, the circuit is configured continuously into the read
mode. The configuration and the cell operating conditions are exactly the same as

during the write comparison and thus an accurate reproduction is achieved.
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CLAIMS
1. A method of iterative writing a signal sample to a non-volatile floating gate

type integrated circuit storage cell for integrated circuit analog recording and
subsequent playback comprising the steps of:

(a) providing a first series of programming voltage pulses of increasing
amplitude to the storage cell;

(b) after each programming voltage pulse of step (a), reading the storage
cell and comparing the signal read therefrom with the signal sample desired to be
written thereto;

(c) terminating the application of the first series of programming voltage
pulses to the storage cell when the signal read from the storage cell in step (b) reaches
a first predetermined relationship to the signal sample to be recorded;

(d) providing a second series of programming voltage pulses of increasing
amplitude to the storage cell, the second series of programming voltage pulses
increasing in amplitude in smaller increments than the first series of programming
voltage pulses;

) after each programming voltage pulse of step (d), reading the storage
cell and comparing the signal read therefrom with the signal sample desired to be
written thereto; and

H terminating the application of the second series of programming
voltage pulses to the storage cell when the signal read from the storage cell in step (e)

reaches a second predetermined relationship to the signal sample to be recorded.

2. The method of claim 1 wherein the second series of programming pulses as
applied to the storage cell is referenced to the magnitude of the first series of
programming pulses when the application of the first series of programming pulses to

the storage cell was terminated in step (c).
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3. The method of claim 2 wherein each pulse in the second series of pulses are of

shorter duration than the pulses in the first series of pulses.

4. The method of claim 3 wherein the maximum time allotted for the application
of the second series of pulses is substantially equal to the maximum time allotted for

the application of the first series of pulses.

5. The method of claim 1, 2, 3 or 4 wherein the storage cell comprises a floating
gate MOS storage device connectable in a source follower read configuration, and
wherein the MOS storage device is configured in the source follower configuration in
steps (b) and (e), whereby there is a substantially one to one relationship between the
voltage on the floating gate MOS storage device of a cell and the respective signal

read therefrom.

6. The method of claim 5 wherein the reading of the MOS storage cell of steps
(b) and (e) is carried out in the same configuration as subsequent playback of the

signal sample written to the MOS storage cell.

7. A method of storing signal samples for integrated circuit analog recording and
subsequent playback comprising the steps of:

(a) providing a plurality of storage cells, each having a floating gate MOS
storage device with a source, a drain and a control gate and connectable in a source
follower read configuration;

(b)  taking a plurality of samples of an analog signal and temporarily
holding the same in an equal plurality of sample and hold circuits;

(c) providing a first series of programming voltage pulses of increasing
amplitude to the drain of each of the MOS storage cells;

(d after each programming voltage pulse of step (c), reading the MOS
storage cells in the source follower read configuration and comparing each signal read

therefrom with the signal temporarily held in the respective sample and hold circuit;
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(e) for each respective MOS storage cell, terminating the application of the
first series of programming voltage pulses of step (c) to the respective MOS storage
cell when the signal read from the respective storage cell in step (d) reaches a first
predetermined relationship to the signal held in the respective sample and hold circuit;

H providing a second series of programming voltage pulses of increasing
amplitude to the drain of each of the MOS storage cells;

() after each programming voltage pulse of step (), reading the MOS
storage cells in the source follower read configuration and comparing each signal read
therefrom with the signal temporarily held in the respective sample and hold circuit;
and,

(h) for each respective MOS storage cell, terminating the application of the
second series of programming voltage pulses of step (f) to the respective MOS storage
cell when the signal read from the respective storage cell in step (g) reaches a second

predetermined relationship to the signal held in the respective sample and hold circuit.

8. The method of claim 7 wherein the reading of the MOS storage cell of step (d)

is carried out in the same way as subsequent playback of the signal sample written to

the MOS storage cell.

9. Apparatus for writing a signal sample to a non-volatile floating gate type
integrated circuit storage cell in an integrated circuit analog recording and playback
system comprising:

first means for providing a first series of programming voltage pulses of
increasing amplitude to the storage cell;

second means for reading the storage cell afier each programming voltage
pulse and comparing the signal read therefrom with the signal sample desired to be
written thereto;

third means for terminating the application of the first series of programming

voltage pulses to the storage cell by the first means when the signal read from the
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storage cell by the second means reaches a first predetermined relationship to the
signal sample to be recorded;

fourth means for providing a second series of programming voltage pulses of
increasing amplitude to the storage cell, the second series of programming voltage
pulses increasing in smaller increments than the first series of programming voltage
pulses of the first means;

the second means also being a means for reading the storage cell and
comparing the signal read therefrom with the signal sample desired to be written
thereto after each programming voltage pulse of the second series; and

fifth means for terminating the application of the second series of
programming voltage pulses to the storage cell when the signal read from the storage

cell reaches a second predetermined relationship to the signal sample to be recorded.

10.  The apparatus of claim 9 wherein the fourth means for providing the second
series of programming pulses is a means referenced to the magnitude of the first series
of programming pulses when the application of the first series of programming pulses

to the storage cell was terminated.

11.  The apparatus of claim 10 wherein each pulse in the second series of pulses

are of shorter duration than the pulses in the first series of pulses.

12.  The apparatus of claim 11 wherein the maximum time of the second series of

pulses is substantially equal to the maximum time of the first series of pulses.

13.  The apparatus of claim 9, 10, 11 or 12 wherein the MOS storage cell
comprises a floating gate MOS storage device connectable in a source follower read
configuration, whereby there is a substantially one to one relationship between the
voltage on the floating gate MOS storage device of a cell and the respective signal

read therefrom.

P
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14.  The apparatus of claim 13 wherein said second means is also a means for
subsequently reading the MOS storage cell for playback, whereby the read operations
when writing a signal sample to the MOS storage cell are the same as the read

operations for playback.

15.  Apparatus for storing signal samples for integrated circuit analog recording
and subsequent playback comprising:

a plurality of storage cells, each having a floating gate MOS storage device
having a source, a drain and a control gate and connectable in a source follower read
configuration;

a plurality of sample and hold circuits for taking an equal plurality of samples
of an analog signal and temporarily holding the same;

first means for providing a first series of programming voltage pulses of
increasing amplitude to the drain of each of the MOS storage cells;

second means for reading the MOS storage cells in the source follower
configuration after each programming voltage pulse and comparing each signal read
therefrom with the signal temporarily held in the respective sample and hold circuit;
and,

third means for terminating the application of the first series of programming
voltage pulses to the respective MOS storage cell for each respective MOS storage
cell when the signal read from the respective storage cell by the second means reaches
a first predetermined relationship to the signal held in the respective sample and hold
circuit;

fourth means for providing a second series of programming voltage pulses of
increasing amplitude to the drain of each of the MOS storage cells;

the second means also being a means for reading the MOS storage cells after
each programming voltage pulse of the second series and comparing each signal read
therefrom with the signal temporarily held in the respective sample and hold circuit;

and,

i gy

L
b

*
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fith means for terminating the application of the second series of
programming voltage pulses to the respective MOS storage cell when the signal read
from the respective storage cell by the second means reaches a second predetermined

relationship to the signal held in the respective sample and hold circuit.

16.  The apparatus of claim 15 wherein the plurality of MOS storage cells comprise

a two dimensional array of MOS storage cells.



nr g e R
REPLACEMENT <HEr 7

N in b ase e T ——————

25 16 AUG 1999

Abstract i

SOURCE FOLLOWER STORAGE CELL AND IMPROVED METHOD AND
APPARATUS FOR ITERATIVE WRITE FOR INTEGRATED CIRCUIT ANALOG
SIGNAL RECORDING AND PLAYBACK

Source follower storage cell and improved method and apparatus for iterative write
for integrated circuit analog recording and playback which provides increased
resolution in the stored signal and increased accuracy and stability of the storage and
readout capabilities of the device. The storage cell is configured wherein the
electrically alterable MOS storage device is connected in a source follower
configuration, which provides a one to one relationship between the variation in the
floating gate storage charge and the variation in the output voltage, and for high load
resistance, relative insensitivity to load characteristics. The write process and circuitry
provides a multi iterative programming technique wherein a series of coarse pulses
program a cell to the approximate desired value, with a series of fine pulses referenced
to the last coarse pulse being used for programming the respective cell in fine
increments to a desired final programming level. Still finer levels of programming can

be used.

Figure 1



