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REFERENCE CURRENT GENERATOR, AND METHOD OF
PROGRAMMING, ADJUSTING AND/OR OPERATING SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to: (1) U.S. Provisional Application Serial No.
60/470,276, entitled "Method and Apparatus for Generating a Reference Current in a
Semiconductor Memory Device", filed May 14, 2003; and (2) U.S. Provisional Application
Serial No. 60/470,462, entitled "An Offset Cancellation Technique -- for SOl Capacitor-less 1T
DRAM", filed May 13, 2003 (hereinafter collectively "the Provisional Applications"). The
contents of the Provisional Applications are incorporated by reference herein in their entirety.

BACKGROUND

This invention relates to a semiconductor memory device having a plurality of
semiconductor memory cells, and techniques for semiconductor memory cells; and more
particularly, in one aspect, to techniques and circuitry for reading data that is stored in
memory cells including techniques and circuitry for generating a reference current which is
used to read data that is stored in memory cells, of a semiconductor dynamic random access
memory ("DRAM") device, wherein, for example, the memory cells have an electrically
floating body in which an electrical charge is stored.

There are many different types and/or forms of DRAM cells, including, for example, a
semiconductor memory cell consisting of an access transistor and a capacitor, which stores
an electric charge representing a bi-stable memory state. The binary logic state stored in the
capacitor of each cell is determined by comparing an output voltage of the memory cell with a
reference voltage (for example, Vq44/2). The access transistor serves as a switch for
controlling the charging and discharging of the capacitor as well as reading and writing of the
logic states into the capacitor (i.e., charging or discharging the capacitor). (See, for example,
U.S. Patent 6,717,835).

Another type of dynamic random access memory cell is described and illustrated in
non-provisional patent application entitled "Semiconductor Memory Device", which was filed
on June 10, 2003, and assigned Serial No. 10/450,238 (hereinafter "Semiconductor Memory
Device Patent Application"). With reference to FIGURES 1A and 1B, the Semiconductor
Memory Device Patent Application discloses, among other things, semiconductor memory
device 10 in which each memory cell 12 consists of transistor 14 having gate 16, body region
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18, which is electrically floating, source region 20 and drain region 22. The body region 18 is
disposed between and adjacent to source region 20 and drain region 22. Data is written into
or read from a selected memory cell by applying suitable control signals to a selected word
line(s) 24, a selected source line(s) 26 and/or a selected bit line(s) 28. In response, charge
carriers are accumulated in or emitted and/or ejected from electrically floating body region 18
wherein the data states are defined by the amount of carriers within electrically floating body
region 18. Notably, the entire contents of the Semiconductor Memory Device Patent
Application, including, for example, the features, attributes, architectures, configurations,
materials, techniques and advantages described and illustrated therein, are incorporated by
reference herein.

In particular, in one embodiment, the memory cell of the Semiconductor Memory
Device Patent Application operates by accumulating in or emitting/ejecting majority carriers
(electrons or holes) 30 from body region 18 of, for example, N-channel transistors. (See,
FIGURES 2A and 2B). In this regard, accumulating majority carriers (in this example, "holes")
30 in body region 18 of memory cells 12 via, for example, impact ionization near source
region 20 and/or drain region 22, is representative of a logic high or "1" data state. (See,
FIGURE 2A). Emitting or ejecting majority carriers 30 from body region 18 via, for example,
forward biasing the source/body junction and/or the drain/body junction, is representative of a
logic low data state ("0 or AQ"). (See, FIGURE 2B).

Several techniques may be implemented to read the data stored in (or write the data
into) the memory cell. For example, a current sense amplifier may be employed to read the
data stored in memory cells. In this regard, a current sense amplifier may compare the cell
current to a reference current, for example, the current of a reference cell. From that
comparison, it may be determined whether memory cell contained a logic high data state
(relatively more majority carriers contained within body region) or logic low data state
(relatively less majority carriers contained within body region). The differences of the charge
stored in the body of the transistor affects the threshold voltage of the transistor, which in turn
affects the current conducted by the transistor when switched into its conductive state.

In particular, with reference to FIGURE 3, sense amplifier 32 (for example, a cross-
coupled sense amplifier) compares the current conducted by transistor 14 of memory cell 12
with a reference current generated by reference current generator 34. The magnitude of the
reference current generally lies between the magnitudes of the currents conducted in the logic
high data state and logic low data state of memory cell 12. The sense amplifier 32 compares
the reference current to the current produced by memory cell 12 (the current varies depending
on whether memory cell 12 is either in a logic high data state or logic low data state). Based
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on that comparison, sense amplifier 32 generates or outputs an output signal (on output 36)
having a positive or negative polarity, depending upon whether memory cell 12 stored a logic
high or logic low binary data state.

With reference to FIGURE 4, a conventional reference current generator includes
transistor 38, which stores a logic high data state, and transistor 40, which stores a logic low
data state. The reference current generator 34 also includes switches 44 (comprised of, for
example, transistors) which selectively connect transistors 38 and 40 to node 42. In addition,
switches 44 may selectively isolate transistors 38 and 40 to enable data states to be written
into transistors 38 and 40. During a read operation, switches 44 are closed to connect
transistors 38 and 40 to node 42.

With continued reference to FIGURE 4, reference current generator 34 further inciudes
cascade current source 46 which includes PMOS transistor 48 having its gate connected to its
source, in series with NMOS transistor 50, the source of which is connected to node 42, The
gate bias voltage of NMOS transistor 50 is controlled by connecting node 42 to the inverting
input of operational amplifier 52. The output of operational amplifier 52 is connected to the
gate of NMOS transistor 50. The non-inverting input of operational amplifier 52 is supplied
with a reference voltage (VgiR).

The total current passing through node 42 (ignoring the negligible input current of
operational amplifier 52) may be characterized as the sum of the currents passing through
transistors 38 and 40, (i.e., the sum of the currents conducted by transistors 38 and 40 having
a logic high data state and a logic low data state, respectively). In operation, the current
passing through node 42 adjusts the voltage of node 42, which in turn adjusts the gate-source
voltage of NMOS transistor 50 until the current (2l.e) supplied by cascade current source 46
equals to the sum of the currents flowing through transistors 38 and 40.

Conventional reference current generators (for example, reference current generator
34 of FIGURES 3 and 4) tend to "track" changing characteristics of memory cell 12, for
example, changes induced by temperature variations and/or aging of the transistors, in a
relatively slow manner. In addition, reference current generator 34 often has a high noise
correlation with memory cell 12. In this regard, rapid voltage changes (for example, voltage
spikes) on the gate, drain, source or silicon on insulator back gate voltage of memory cell 12
will also be imposed or replicated on transistors 38 and 40. As such, the difference between
the current of memory cell 12 and the reference current tend to remain largely unchanged.

However, the reference current generator configuration of FIGURES 3 and 4 suffers
from a drawback that the charge state of transistors 38 and 40 decays over time. (See,
FIGURE 5). As a result, the magnitude of the reference current also changes over time (for
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example, decays over time). In this regard, the reference current varies throughout its
refreshing cycle between a value "Ref" at the beginning of a refreshing cycle, and "Ref," at
the end of the cycle. Accordingly, the charge states of transistors 38 and 40 must be
periodically refreshed. Notably, transistors 38 and 40 should be refreshed at least as often as
that of memory cell 12 in order to ensure proper operation.

In addition, such a conventional configuration also suffers from the disadvantage that
the transistors 38 and 40 may often be at a different stage of refresh cycles relative to
memory cell 12. This is particularly disadvantageous in the case illustrated in FIGURE 5, in
which reference transistors 38 and 40 are newly or recently refreshed (i.e., references near
the beginning of the cycle, indicated in FIGURE 5 as 54) and transistor 14 of memory cell 12
is near the end of its cycle prior to refreshing. Under this circumstance, when transistor 40
provides a current (representative of a decayed data state) that is equal to the reference
current (indicated in FIGURE 5 as 56), sense amplifier 32 may have difficulty, or may no
longer be capable of, distinguishing between logic low data state and a logic high data state.
In this way, a data reading uncertainty arises.

Notably, in sense amplifier 32 of the conventional-type, offset currents and/or voltages
may arise because of transistor mismatch. Furthermore, the parasitic capacitances of the
interconnection traces or wires as well as the storage cells themselves may neither be
perfectly matched. These effects limit the accuracy with which the magnitude of the reference
signal can be chosen between the magnitude of the signals representing the logic high data
state and the logic low data states. This is particularly problematic in integrated memory
devices of very small transistor size, even if the memory device consists of generally identical
transistors.

SUMMARY OF THE INVENTION

There are many inventions described and illustrated herein. In a first principal aspect,
the present invention is a semiconductor dynamic random access memory device comprising
a plurality of bit lines, including a first bit line and a second bit line, and a first digitally
controlled reference current generator, selectively coupled to the first bit line, to generate a
first reference current in response to a first reference current control word. The memory
device also includes a plurality of memory cells, including a first memory cell coupled to the
first bit line and a second memory cell coupled to the second bit line. The memory cells store
a first data state and a second data state. Each memory cell includes at least one transistor
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including a source region, a drain region, a body region disposed between and adjacent to the
source region and the drain region and a gate spaced apart from, and capacitively coupled to,
the body region. The body region stores a charge such that the transistor includes a first
state representative of a first charge in the body region and a second state representative of a
second charge in the body region. Notably, the memory cellis in: (1) the first data state when
the first transistor is in the first state and (2) the second data state when the first transistor is
in the second state.

The memory device also includes a sense amplifier, having a first input coupled to the
first bit line and a second input coupled to the second bit line. The sense amplifier uses the
first reference current to sense whether the second memory cell is in the first data state or the
second data state.

In one embodiment, the semiconductor dynamic random access memory device further
includes a second digitally controlled reference current generator, selectively coupled to the
second bit line, to generate a second reference current in response to a second reference
current control word. The sense amplifier uses the second reference current to sense
whether the first memory cell is in the first data state or the second data state.

In another embodiment, the first digitally controlled reference current generator is
selectively coupled to the second bit line when the sense amplifier is sensing the data state of
the first memory cell. In this regard, the sense amplifier uses the first reference current to
sense whether the first memory cell is in the first data state or the second data state.

The semiconductor dynamic random access memory device may also include a control
unit, coupled to the first digitally controlled reference current generator, to generate the
reference current control word. The control unit may generate the reference current control
word during start-up/initialization and/or during normal operation. In one embodiment, the
control unit uses a successive approximation technique to determine the reference current
control word. The control unit may be selectively coupled to the sense amplifier to execute
the successive approximation technique that determines the reference current control word.

Notably, the control unit may be coupled to the first and second digitally controlled
reference current generators to generate the first reference current control word and the
second reference current control word.

In one embodiment, the second digitaily controlled reference current generator
generates a reference current in response to the first reference current control word. In this
~ embodiment, the sense amplifier uses the reference current to sense whether the first
memory cell is in the first data state or the second data state.
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The semiconductor dynamic random access memory device may include first and
second bit lines that are connected to the sense amplifier in an open bit line architecture or a
folded bit line architecture.

In another aspect, the present invention is a semiconductor dynamic random access
memory device comprising a plurality of memory cells arranged in a matrix of rows and
columns wherein each memory cell includes at least one transistor including a source region,
a drain region, a body region disposed between and adjacent to the source region and the
drain region, wherein the body region is electrically floating, and a gate spaced apart from,
and capacitively coupled to, the body region. The transistor includes a first state
representative of a first charge in the body region and a second state representative of a
second charge in the body region. The memory cellis in: (1) the first data state when the first
transistor is in the first state and (2) the second data state when the first transistor is in the
second state.

The semiconductor dynamic random access memory device of this aspect further
includes a plurality of bit lines, including a first bit line connected to a first memory cell and a
second bit line connected to a second memory cell, and a plurality of digitally controlled
reference current generators. Each digitally controlled reference current generator being
selectively coupled to an associated one of the bit lines to provide a reference current in
response to an associated reference current control word. A plurality of sense amplifiers
senses: (1) the data state of the memory cells connected to a first associated bit line using the
reference current provided by a digitally controlled reference current generator connectedto a
second associated bit line, and (2) the data state of the memory cells connected to a second
associated bit line using the reference current provided by a digitally controlled reference
current generator connected to a first associated bit line.

In one embodiment of this aspect of the invention, the semiconductor dynamic random
access memory device includes a control unit, coupled to the first digitally controlled reference
current generator, to generate the reference current control word for each reference current
generator. In one embodiment, the control unit uses a successive approximation technique to
determine the reference current control word for at least one reference current generator.
The control unit may be selectively coupled to the sense amplifier associated with the at least
one reference current generator to execute the successive approximation technique that
determines the reference current control word.

The reference current control words may be provided to the reference current
generators during an initialization sequence. The reference current control words may also
provided to the reference current generators during normal operation. In one embodiment,
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the control unit may gen‘erate the reference current control words during normal operation of
the memory device, and wherein the reference current control words are provided to the
reference current generators during normal operation.

The bit line layout of the semiconductor dynamic random access memory device of this
aspect of the invention may include an open bit line architecture or a folded bit line
architecture.

In yet another aspect, the present invention is a semiconductor dynamic random
access memory device comprising a plurality of bit lines, including first and second bit lines
and a sense amplifier, having a first input coupled to the first bit line and a second input
coupled to the second bitline. The memory device may also include a first reference current
generator, selectively coupled to the first bit line, fo generate a first reference current in
response to a reference current control word, and a second reference current, selectively
coupled to the second bit line, to generate a second reference current in response to the
reference current control word.

In addition, the memory device may also include a plurality of memory cells, including a
first memory cell coupled to the first bit line and a second memory cell coupled to the second
bit line, wherein the memory cells each store a first data state and a second data state. Each
memory cell may include at least one transistor including a source region, a drain region, a
body region disposed between and adjacent to the source region and the drain region,
wherein the body region is electrically floating, and a gate spaced apart from, and capacitively
coupled to, the body region. The transistor includes a first state representative of a first
charge in the body region and a second state representative of a second charge in the body
region. The memory cell is in: (1) the first data state when the first transistor is in the first
state and (2) the second data state when the first transistor is in the second state.

In operation, the sense amplifier uses: (1) the first reference current to sense whether
the second memory cell is in the first data state or the second data state, and (2) the second
reference current to sense whether the first memory cell is in the first data state or the second
data state.

In one embodiment, the semiconductor dynamic random access memory device
includes a control unit, coupled to the first reference current generator, to adjust the first
reference current generated by the first reference current generator. The control unit may
employ a successive approximation technique to determine the reference current control
word. Notably, the control unit may selectively couple to the sense amplifier to execute the
successive approximation technique that determines the reference current control word.
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in one embodiment, the first and second reference current generators are digitally
controlled reference current generators. In another embodiment, the first and second
reference current generators are analog reference current generators.

The control unit may generate the first reference current control word during an
initialization sequence of the memory device. The control unit may also generate the first
reference current control word during normal operation of the memory device.

The bit line layout of the semiconductor dynamic random access memory device of this
aspect of the invention may include an open bit line architecture or a folded bit line
architecture.

Again, there are many inventions described and illustrated herein. This Summary of
the Invention is not exhaustive of the scope of the present invention. Moreover, this Summary
is not intended to be limiting of the invention and should not be interpreted in that manner.
While certain embodiments, features, attributes and advantages of the inventions have been
described in this Summary, it should be understood that many others, as well as different
and/or similar embodiments, features, attributes and/or advantages of the present inventions,
which are apparent from the description, illustrations and claims, which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

in the course of the detailed description to follow, reference will be made to the
attached drawings. These drawings show different aspects of the present invention and,
where appropriate, reference numerals illustrating like structures, components, materials
and/or elements in different figures are labeled similarly. It is understood that various
combinations of the structures, components, materials and/or elements, other than those
specifically shown, are contemplated and are within the scope of the present invention.

FIGURE 1A is a schematic representation of a portion of a DRAM array as illustrated
(and described) in the Semiconductor Memory Device Patent Application;

FIGURE 1B illustrates a memory cell according to the Semiconductor Memory Device
Patent Application;

FIGURES 2A and 2B are exemplary schematic illustrations of the charge relationship,
for a particular memory state, of the floating body, source and drain regions of a memory cell
according to the Semiconductor Memory Device Patent Application;

FIGURE 3 is a block-diagram illustration of a conventional circuit configuration to read
data from a memory cell;
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FIGURE 4 is a schematic representation of a conventional reference current
generating circuit, which may be implemented in the configuration of FIGURE 3;

FIGURE 5 is a graphical illustration of the variation of current with time of the data
storage cell and reference current generator of the FIGURES 3 and 4;

FIGURE 6 is a block diagram representation of a memory device including a plurality of
memory cells at the intersection of rows and columns of a plurality of memory arrays;

FIGURE 7 is a schematic representation of a portion of a memory device, including a
reference current generator and circulitry to control and/or set the reference current generator,
in accordance with a first aspect of the present invention;

FIGURES 8-10 are schematic representations of several embodiments of a reference
current generator that are suitable for use in the portion of a memory device illustrated in
FIGURE 7;

. FIGURES 11A and 11B are exemplary schematic representations of suitable reference
current generators according to a second aspect of the present invention;

FIGURES 12A-12C are schematic block diagrams of certain embodiments of the
digitally controlled reference current generator according to the second aspect of the present
invention;

FIGURE 13A s a schematic representation of a portion of a memory device, including
a sense amplifier and two bit lines having a plurality of memory cells attached thereto, in
accordance with an embodiment of the present invention;

FIGURE 13B is a schematic representation of a portion of a memory device, including
a control unit, a sense amplifier and two bit lines having a plurality of memory cells attached
thereto, in accordance with another embodiment of the present invention;

FIGURE 14Ais a detailed schematic representation of a sense amplifier in accordance
with an embodiment of the present invention; and

FIGURE 14B is a detailed schematic representation of a sense amplifier, in conjunction
with a control unit, in accordance with another embodiment of the present invention;

FIGURE 15 is a flow diagram of an exemplary successive approximation technique for
determining the reference current control word according to certain embodiments of the
present invention;

FIGURE 16A is a schematic representation of a portion of a memory device, including
a sense amplifier and one reference current generator, in accordance with an embodiment of

the present invention; and
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FIGURE 16B is a schematic representation of a portion of a memory device, including
a control unit, a sense amplifier and one reference current generator, in accordance with
another embodiment of the present invention.

DETAILED DESCRIPTION

There are many inventions described and illustrated herein. In a first aspect, the
present invention is a technique and circuitry for reading data that is stored in memory cells.
[n one embodiment of this aspect, the present invention is a technique and circuitry for
generating a reference current that is used, in conjunction with a sense amplifier, to read data
that is stored in memory cells of a memory device (for example, a DRAM device). The
technique and circuitry for generating a reference current may be implemented using an
analog configuration, a digital configuration, and/or combinations of analog and digital
configurations.

In one embodiment, the memory cells include one or more transistors, each having an
electrically floating body in which an electrical charge is stored. In this regard, the memory
cells may be comprised of one transistor which stores an electrical charge in the body region
which is representative of a binary state (see, for example, FIGURES 1A, 1B, 2A and 2B).
Notably, the transistor that comprises the memory cell may employ any type of design and/or
control technique, whether now known or later developed, including, for example, those
discussed above in the Semiconductor Memory Device Patent Application as well as those
discussed in "Semiconductor Memory Device and Method of Operating Same", which was
filed on May 6, 2004, by Ferrant, Okhonin, Carman and Bron, (hereinafter "Semiconductor
Memory Device Patent Application II"). The entire contents of the Semiconductor Memory
Device Patent Application 11, including, for example, the features, attributes, architectures,
configurations, materials, techniques and advantages described and illustrated therein, are
incorporated by reference herein.

In another embodiment, the memory cells may be comprised of more than one
transistor. For example, the memory cells may include two transistors, which are arranged
and/or configured as a complementary memory cell that is read and/or determined by
sampling, sensing, measuring and/or detecting the polarity of the logic states stored in each
transistor of complementary memory cell. Thatis, the two-transistor complementary memory
cellis read by sampling, sensing, measuring and/or detecting the difference in signals (current
or voltage) stored in the two transistors. (See, for example, the memory cell, architectures,

10
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layouts and/or configurations described and illustrated in "Semiconductor Memory Cell, Array,
Architecture and Device, and Method of Operating Same", which was filed on April 22, 2004
and assigned Serial No. 10/829,877 (hereinafter "Semiconductor Memory Cell Patent
Application"). Notably, the entire contents of the Semiconductor Memory Cell Patent
Application, including, for example, the features, attributes, architectures, layouts,
configurations, materials, techniques and advantages described and illustrated therein, are
incorporated by reference herein.

Indeed, the memory cells may be arranged and/or configured in an array, and
controlled (written to, read from and/or refreshed) in many, many different ways. All such
arrangements, layouts, designs and/or control techniques for the memory cells described
above, whether now known or later developed, are intended to be within the present
invention. For example, the memory cells may be arranged and/or configured in arrays as
described in Semiconductor Memory Device Patent Application 1l and/or Semiconductor
Memory Cell Patent Application. The memory cells may be controlled in the manner
described in those patent applications. Again, the features, attributes, architectures, layouts,
configurations, materials, techniques and advantages described and illustrated in
Semiconductor Memory Device Patent Application |l and/or Semiconductor Memory Cell
Patent Application are incorporated by reference herein and may be implemented in
conjunction with the inventions described in this application. For the sake of brevity, those
discussions will not be repeated.

With reference to FIGURES 1A, 6 and 7, memory device 10 includes one or more
memory arrays 58a-n of memory cells 12a-x (for example, one or more partially depleted SOI
(PD SOI) type transistors 14 forming individual memory cells 12). The transistor(s) 14 of
memory cell 12 may be a symmetrical or non-symmetrical device(s). Where transistor(s) 14
is/are symmetrical, the source and drain regions are essentially interchangeable. However,
where transistor(s) 14 is/are non-symmetrical device(s), the source or drain regions of
transistor(s) 14 have different electrical, physical, doping concentration and/or doping profile
characteristics. As such, the source or drain regions of a non-symmetrical device are typically
not interchangeable.

In one embodiment, memory device 10 determines the binary logic state stored in a
given memory cell 12 using reference current generator 60 and sense amplifier 32 (for
example, a cross-coupled sense amplifier as illustrated in FIGURE 14), which is one of a
plurality of sense amplifier of sense amplifier bank 62. In particular, in one embodiment, the
binary logic state of data stored by memory cell 12a (one of the plurality of memory cells
contained in memory array 58a-n) is sensed by coupling memory cell 12a to sense amplifier
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32 via, for example, voltage regulator 64. The sense amplifier 32 receives the current
conducted by memory cell 12a and compares that current to a reference current generated by
reference current generator 60. In response, sense amplifier 32 generates one or more
output signals (for example, on output signal line 66) that is/are representative of the data
stored in the memory cell 12a. Thatis, the output of sense amplifier 32 will be either high or
low (for example, positive or negative) depending upon the charge state of memory cell 12.

The magnitude of the reference current produced by reference current generator 60 is
generally between (i) the magnitude of the current conducted by memory cells 12 when
storing a logic high data state and (ii) the magnitude of the current conducted by memory cells
12 when storing a logic low data state. The circuitry and techniques for controlling reference
current generator 60 employ the output(s) of sense amplifier 32 to control, calibrate and/or set
the magnitude of the reference current produced by reference current generator 60. In this
regard, the output(s) of sense amplifier 32 are input to control unit 68, which outputs control
signal 70 to reference current generator 60. Notably, control signal 70 may consist of a
pluralify of bits (the reference current control word) that are converted to an analog
representation (signal 74), via digital-to-analog converter (DAC) 72, and selectively applied to
reference current generator 60 using switch 76 (for example, a transistor).

The reference current generator 60 includes transistor 78 connected via voltage
regulator 80 and switch 82 (for example, a transistor) to sense amplifier 32. The reference
current generator 60 may also include level shifter 84 to control the operating and/or
responsive characteristics of transistor 78. The level shifter 84 includes transistor 86
connected in series with current source 88. The gate of transistor 86 is connected to sense
amplifier 32 via switch 82, and to DAC 72 via switch 76. The source of transistor 86 is
connected to the body of transistor 78 via switch 90 (for example, a transistor). The capacitor
92 is connected between the body and source of transistor 78 to hold any voltage signal
applied by transistor 86 via switch 90.

With reference to FIGURE 8, reference current generator 60 is shown in more detail.
The voltage regulator 80, in one embodiment, may be comprised of transistor 94 and
operational amplifier 96 (for example, a voltage-to-voltage amplifier or voltage-to-current
amplifier). The source of transistor 94, in this embodiment, is connected to the drain of
transistor 78. Further, the gate of transistor 94 is connected to the output of operational
amplifier 96. A reference voltage Vgr is applied to the non-inverting input of operational
amplifier 96, and the inverting input is connected to the junction of the source of transistor 94
and the drain of transistor 78.
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With reference to FIGURES 5-8, in operation, transistor 78, when switched into its
conductive state by a word line voltage Vw. applied to its gate, such that the gate-source
voltage of transistor 78 exceeds the threshold voltage, conducts a drain current determined by
the difference between gate voltage Vi and the threshold voltage of transistor 78. Currentis
supplied to the channel of transistor 78 by transistor 94, and the voltage at point 98 at the
junction of the source of transistor 94 and the drain of transistor 78 settles at a value at which
transistor 94, controlled by operational amplifier 96, conducts a current appropriate to the data
state of transistor 78.

The switch 90 is open during normal operation and is closed at, for example, regular
and/or periodic intervals. When switch 90 is closed, the voltage at the source of transistor 86
charges capacitor 92 and is applied to the substrate of transistor 78. In this way, the
threshold voltage of transistor 78 changes (due to the charging of the substrate of transistor
78), and the current conducted by transistor 78 for a given gate to source voltage also
changes. A

As the charge in the body of transistor 78 decays with time, the high data state current
decreases slightly, and the low data state current increases to a greater extent than the high
data state current. As the current conducted by transistor 78 (and therefore the current
conducted by transistor 94) increases, the voltage at the drain of transistor 94 increases, as a
result of which the source voltage of transistor 86 is also caused to increase. This increases
the voltage at the substrate of transistor 78, as a result of which the threshold voltage of
transistor 78 increases. By increasing the threshold voltage of transistor 78, the drain current
of transistor 78 decreases, as a result of which the reference current generated by transistor
78 is maintained generally constant despite decay, over time, of the current provided or sunk
by transistor 78.

The value of the reference current may be set by applying a high data state to all of
memory cells 12, and reading the output of one or more memory cells 12. Under these
donditions, switch 76 is closed, and control unit 68 (via signal 70) iteratively or repeatedly
adjusts the value of reference current provided by reference current generator 60. In one
embodiment, the reference current is iteratively or repeatedly adjusted and/or set to a value
that is slightly lower than the lowest value of the high data state current for memory cells 12.
The control unit 68 implements a reference current algorithm to control and/or set the
reference current output by reference current generator 60.

Briefly, the reference current adjustment algorithm, in certain embodiments of the
presentinvention, adjustments, compensates and/or sets the reference current to a value that
provides an optimum, enhanced and/or predetermined read window (via optimum, enhanced
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and/or predetermined values of the reference current output by reference current generator
60). The reference current adjustment algorithm may implement an iterative process to
determine the optimum, enhanced and/or predetermined read window. Thatis, the “initial" or
existing reference current output by reference current generator 60 may be applied, and
control unit 68 may determine the output of sense amplifier 32 in view of a known
(predetermined) state of memory cell 12. In response to that determination, the reference
current may be adjusted based on the result from sense amplifier 32 (i.e., is the reference
current or the, sensing operation within, above or below a desired, selected and/or
predetermined range of results).

Thereafter, control unit 68 may again set reference current generator 60 to provide a
slightly increased or decreased reference current. After sensing the known (predetermined)
state of memory cell 12 via sense amplifier 32, additional adjustment and/or compensation of
the output of reference current generator 60 may be implemented, via control unit 68, as
required in view of the result from sense amplifier 32 (i.e., is the reference current or the
sensing operation within, above or below a desired, selected and/or predetermined range of
results). Based on that determination, the process is either repeated or terminated.

The iterative process may be implemented in a "degrading” manner or "improving"
manner. Thatis, the initial or existing reference current output by reference current generator
60 may be initially configured outside the acceptable limits and incrementally improved until
within the acceptable limit (i.e., a limit that provides a correct sense operation which may or
may not include a margin). Alternatively, or in addition, the "initial" or existing reference
current output by reference current generator 60 may be initially configured within the
acceptable limits (i.e., a limit that provides a correct sense operation which may or may not
include a margin) and incrementally degraded until outside the acceptable limit. In this way,
control unit 68 may then set and/or configure reference current generator 60 to provide an
appropriate reference current.

Thereafter, switch 76 may be opened (and the programming and/or control of
reference current generator 60 terminated) and memory cells 12 may be programmed with
data of unknown, desired, predetermined and/or selected states. The data state of memory
cells 12 may be read by comparing the current conducted by a given memory cell 12a with
the reference current (generated by reference current generator 60) in sense amplifier 32 and
the result output as output signals on signal line(s) 66.

The performance of the sensing operation (for example, the performance of the
circuitry of FIGURE 7) may be measured, determined, inspected, characterized and/or
evaluated, intermittently, periodically, during device initialization, re-initialization and/or at
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start-up or power-up, and/or in situ (for example, during device evaluation/inspection/test,
during device initialization, re-initialization and/or at start-up or power-up). In this way, the
performance of memory device 10 may be periodically and/or intermittently measured,
inspected, characterized, determined and/or evaluated to, for example, (1) ensure that the
reference current generator and/or the sensing operation is/are operating properly, and/or (2)
ensure that the reference current generator and/or the sensing operation is/are within
acceptable operating parameters.

The control unit 68 may implement the setting, calibration and/or tuning techniques for
one, some or all of reference current generators 60 within memory device 10. In this regard,
the control signal provided to DAC 72 may be determined for one, some or all of reference
current generators 60 and, as such, control unit 68 programs or re-programs one, some or all
reference current generators 60. The control unit 68 may set, calibrate and/or tune one, some
or all of reference current generators 60 as described immediately above. In those
embodiments where a plurality of reference current generators 60 are set, calibrated and/or
tuned, switch 76 may be a multiplexer having an input coupled to DAC 72 and a plurality of
outputs, each coupled to one or more reference current generators 60.

In addition, the reference current provided by reference current generators 60 may be
periodically and/or intermittently "refreshed" in order to provide an enhanced, optimum,
desired, predetermined and/or "minimum" reference current. In this regard, in one
embodiment, control unit 68 may periodically and/or intermittently connect DAC 72, via switch
76 (or a multiplexer), to one or more reference current generators 60. The DAC 72 provides
an analog representation of the reference current control word (for example, the previously
determined reference current control word) to reference current generator 60 using switch 76.

fn this way, in the event that the reference current provided by one or more reference current

generators 60 may not be (currently orimpending) providing an enhanced, optimum, desired,
predetermined and/or "minimum" reference current, for example, after a predetermined or
given period of time (during operation or after setting, calibration and/or tuning), the control
unit 68 "refreshes" those reference current generators 60.

With reference to FIGURE 9, since it may be difficult in practice to enable the substrate
of transistor 78 of FIGURES 7 and 8 to match the behavior of a PD SOI transistor used as
memory cell 12, (for example, because the PD SOI transistor has no body contact while
transistor 78 includes a substrate contact), level shifter 84 applies a voltage signal to the gate
of transistor 78 to which auxiliary capacitor 100 is connected in series. The gate voltage of
transistor 78 approximately simulates substrate charges found in the PD SOl transistors of
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memory cells 12, provided the capacitance of auxiliary capacitor 100 is sufficiently large that
the gate voltage of transistor 78 almost equals the external voltage Vw..

Notably, reference current generator 60 need notinclude level shifter 84 (see, FIGURE
10). Where no level shifter is employed, the drain voltage of transistor 94 may be applied
directly to the gate of transistor 78. (See, in addition, the circuitry illustrated in FIGURES 8
and 9 as well). However, in those embodiments where a level shifter is employed, the level
shifter may be implemented using any number of techniques, for example, via a resistive
divider and/or an operational amplifier(s). As such, any design and/or configuration of the
level shifter, whether now known or later developed, is intended to come within the scope of
the present invention.

In another aspect of the present invention, the reference current generator may be
implemented using a more digital circuit approach. With reference to FIGURE 11A and 12A,
in one embodiment, reference current generator 102 includes a plurality of transistors 104a-n
and 106a-n, and current source 108 arranged in a current mirror configuration. The plurality
of transistors 104a-n and 106a-n, in combination, function as a variable resistor. In this
regard, first plurality of transistors 104a-n is selectively controlled, using a reference current
control word (including 2, 3, 4, 5 or more bits), to incorporate associated transistor 106a-n into
the current path. The second plurality of transistors 106a-n includes the same or different
conductance characteristics to provide or produce an adjustable and/or controllable current.
In this regard, in one embodiment, for example, transistor 106a may have a conductance
ratio, relative to transistor 106b, of half. As such, in this embodiment, transistor 106a
conducts 1/2 the current relative to transistor 106b. Notably, the transistor conductance ratios
may be implemented by selectively designing and controlling the relative widths of transistors
106.

It should be further noted that the ratios and/or weighting of the transistor may be
determined and/or established to provide a predetermined, enhanced and/or optimum
flexibility using the fewest transistors. Indeed, any and all weighting and/or ratios, whether
now known or later developed, are intended to come within the scope of the present
invention.

With reference to FIGURE 11B, in another example, reference current generator 102
may be implemented as a MOS ladder DAC. For example, FIGURE 11B illustrates an
exemplary n-bit M2M ladder DAC where a full scale is imposed by the current source (lsource).
The reference current generator 102 uses the reference current control word (A, to Ay) to
output a suitable, predetermined, selected, optimum and/or enhanced reference current. The
current source supplies the DAC reference current and the biasing current (Ip) through the
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current mirror M1, M2 and M3. Since lrermax = 2(lp), the current source (Isource) May be used to
drive the current mirror with matched transistors (M1, M2, M3) to provide the reference
current for the DAC and the biasing current (Ip).

Notably, any digital to analog reference current generator may be implemented as
reference current generator 102, whether now known or later developed. All such digital to
analog reference current generators are intended to fall within the scope of the present
invention.

The reference current control word may be fixed and/or predetermined. (see, for
example, FIGURE 12A). For example, in one embodiment, the reference current control word
may be provided to reference current generator 102 at start-up/power-up and/or during an
initialization sequence. In this embodiment, the reference current control word may be
determined via a particular configuration of the state of a certain pin or pins on the package of
device 10. Alternatively, the fixed or predetermined, preset or pre-programmed reference
current control word may be permanently, semi-permanently or temporarily (i.e., until re-
programmed) by way of a register (for example, a plurality of DRAM, SRAM, ROM, PROM,
EPROM, EEPROM cells that are resident on memory device 10 or off-chip (for example,
disposed on a memory card on which memory device 10 resides).

In another embodiment, with reference to FIGURES 12B and 12C, the reference
current control word may be programmable via control unit 110. In this embodiment, an
"initial" reference current control word may be provided at start-up/power-up and/or during an
initialization sequence. Thereafter, the reference current control word may be re-
programmed, via control unit 110, during operation to optimize, enhance, compensate and/or
adjust the reference current (provided by reference current generator 102). Forexample, the -
reference current may be adjusted during operation of memory device 10 to address and/or
compensate for variations in operating conditions (for example, to compensate for changes in
temperature or response time parameters or characteristics).

Further, yet another embodiment, the reference current control word may be fine-tuned
to enhance the performance of memory device 10. In this regard, after (or during) the
performance of an initialization or re-initialization process, memory device 10 may implement
fine adjustments to the predetermined, preset or pre-programmed reference current control
word. The adjustments to the reference current control word may be accomplished using any
techniques. Notably, all techniques for determining the reference current control word,
whether now known or later developed, are intended to be within the scope of the present
invention.
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For example, in those embodiments where control unit 110 programs or re-programs
one, some or all reference current generators 102, control unit 110 may implement a
successive approximation approach to determine a reference current control word that, in
conjunction with reference current generator 102, provides an optimized, enhanced,
compensated and/or adjusted reference current. In this embodiment, control unit 110 may
store the reference current control word in successive approximation registers 112a and 112b
(see, for example, FIGURE 12C).

With reference to FIGURE 13, in one embodiment, memory device 10 includes sense
amplifier 32, one input of which is connected to first bit line 28a and the other input of which is
connected to second bit line 28b. A plurality of memory cells 12a to 12a, (for example, the
one PD SOl transistor configuration) are connected to bit line 28a. The reference current
generator 102a is also connected to bit line 28a (via transistor 114a), which is in turn
connected to an input node of sense amplifier 32. Notably, bit line 28a is selectively
connected to sense amplifier 32 via transistor 116a.

Similarly, bit line 28b is generally identical to bit line 28a and is connected to an input
node of sense amplifier 32. A plurality of memory cells 12b, to 12by, (for example, the one PD
SOl transistor configuration) are connected to bit line 28b. The reference current generator
102b is also connected to the bit line 28b (via transistor 114b), which is in turn connected to
an input node of sense amplifier 32.

The reference current generator 102a selectively provides a reference current to sense
amplifier 32 in those instances where sense amplifier 32 senses the data state of a memory
cell 12b4 to 12by, disposed on bit line 28b. In contrast, reference current generator 102b
selectively provides a reference current to sense amplifier 32 in those instances where sense
amplifier 32 is configured to sense the data state of a memory cell 12a, to 12a,, disposed on
bit line 28a.

Notably, reference current generators 102a and 102b are generally identical in design.
The reference current generators 102a and 102b may be dependently or independently
programmed to provide reference current source for reading memory cells 12b4 to 12b,, and
12a; to 12ay, respectively. In one embodiment, control unit 110 may dependently or
independently adjust, program and/or control reference current generators 102a and 102b to
provide a predetermined, optimum and/or enhanced reference current (i.e., the magnitude of
the reference current). (See, for example, FIGURE 13B).

With reference to FIGURES 14A and 14B, in one embodiment, sense amplifier 32
includes a pair of cross-coupled CMOS inverters 118a and 118b. The inverter 118a includes
NMOS transistor 120, having its source connected to input node 122a and to the drain of
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NMOS transistor 124. The inverter 118a also includes PMOS transistor 126. Notably, the
drains of transistors 120 and 126 being connected together at output node 128a (i.e., Vou).

Similarly, CMOS inverter 118b includes NMOS transistor 130, having its source
connected to input node 122b and to the drain of transistor 132. The inverter 118b also
includes PMOS transistor 134. The drains of transistors 130 and 134 are connected at output
node 128b. The gates of transistors 130 and 134 are connected together and to output node
128a, while the gates of transistors 120 and 126 are connected to output node 128b. Further,
the gates of transistors 126 and 134 may be selectively connected via transistor 136, which
functions as a switch, and input nodes 122a and 122b may be selectively connected via
transistor 138, which also functions as a switch.

In addition, sense amplifier 32 is selectively connected to voltage rail Vsap via transistor
140. The gates of transistors 124 and 132 are connected together and to voltage rail Vgq.
The sources of transistors 124 and 132 are connected t0 Vgamp, Which is used to preset and to
limit the voltage on the bit lines to a value that least disturbs the data in the memory cell but
still provides a sufficient current to sense; typically about 0.5 volts. The voltage regulator 80 of
Figures 8 and 9 serves the same purpose

Notably, in the embodiment of FIGURE 14B, ouiput nodes 128a and 128b are
selectively connected to inputs of control unit 110 during the programming, calibration and/or
adjustment process of reference current generators 102a and/or 102b.

With reference to FIGURES 13A, 13B, 14A and 14B, in operation, the presence or
absence of a net positive charge in the body of a transistor of memory cell 12 represents one
of a binary logic states. As mentioned above, the threshold voltage of the transistor of
memory cell 12 is dependent upon the charge storage state of the transistor. As a result,
when a suitable gate-source voltage is applied to the transistor of memory cell 12, a source-
drain current is conducted, the magnitude of which depends upon the threshold voltage of the
transistor, which in turn depends upon its charge state. Accordingly, the logic state of the bit
of data stored in memory cell 12 may be determined by comparison of the current conducted
by the respective transistor with a reference current value.

It is found that the logic high data state and the logic low data state of the PD SOI
transistors forming memory cells 12 approach each other with time (the charge within the
electrically floating body region decays over time), but the logic high data state decays more
slowly than the logic low data state. As such, it may be advantageous to set the magnitude of
the reference current between the logic high and logic low data states, but closer to the more
slowly varying logic high data state. In this way, the validity of the reference current
magnitude for as long as possible between data refreshing operations may be ensured.
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In one embodiment, the magnitude of the reference current produced by reference
current generator 102a, a logic high data state is initially written to one or more (preferably all)
of memory cells 12b4 to 12br, which are connected to bit line 28b. This may be accomplished
by applying a suitable voltage to signal bit line 28b, and suitable voltage signals to word lines
24b to 24by,. At this stage, bit lines 28a and 28b are isolated from sense amplifier 32 by
turning off transistors 116a and 116b (i.e., opening the switches), respectively. Notably,
sense amplifier 32 is disabled by turning off transistor 140 and turning on transistors 136. In
this way, sense amplifier 32 consumes little to no power.

The binary logic state of the data stored in memory cell 12 may be read by initiating a
precharge phase of the reading operation. In this regard, transistor 140 is turned on,
providing power to sense amplifier 32. The voltage rail value Vsap may be reduced in order to
properly adjust the switching point(s) of inverters 118a and 118b. Moreover, transistor 138
may be enabled or turned-on in order to equalize or balance the inputs of sense amplifier 32.
In addition, transistors 116a and 116b are tumned on to facilitate sensing of the charge on bit
lines 28a and 28b by sense amplifier 32. The other voltage rail value V¢ ave may be brought
to the reading voltage.

Notably, transistor 136 is also switched on to force equal voltages onto output nodes
128a and 128b of sense amplifier 32. The voltage at output nodes 128a and 128b is
determined by the device values (for example, the device sizes, width and/or length) of
transistors 120, 126, 130 and 134 and both Vsap and Vgave voltages.

At the end of the precharge phase, the operation to read the data logic state of
transistor(s) of memory cell 12a,, begins by switching off transistor 138, and setting the
reading voltage on word lines 24a, to cause the corresponding transistor(s) of memory cell
12an, to conduct a current. At the same time, reference current generator 102b is connected -
to bit line 28b (and input node 122b of sense amplifier 32 by turning on transistor 114b. At
this moment, memory cell 12ay, and reference current generator 102b start discharging the
parasitic capacitances of both bit lines 28a and 28b, respectively, and a differential voltage is
established at input nodes 122a and 122b of sense amplifier 32.

Notably, reference current generator 102a is disconnected from bit line 28a by
maintaining transistor 114a in an off state. Indeed, reference current generator 102a is
employed to only read memory cells connected to bit line 28b.

After completion of the sense portion of the reading operation, a restore portion of the
reading operation may then be commenced by switching off transistor 136, reducing Veiaue to
Vss (a low voltage, preferably ground), and possibly increasing Vsap to Vg in order to obtain
proper logic levels at output nodes 128a and 128b. Because of the voltage difference at
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inputs nodes 122a and 122b of sense amplifier 32, the source currents of transistors 120 and
130 differ, which in turn produces a voltage difference at the output nodes 128a and 128b of
sense amplifier 32. This voltage difference is rapidly amplified by cross-coupled latches
formed by inverters 118a and 118b. The voltage difference between output nodes 128a and
128b of sense amplifier 32 is then input to control unit 110, where it is processed to generate
a reference current control word, which controls reference current generators 102a and 102b.

in those embodiment where memory device 10 includes control unit 110 to adjust,
control and/or program reference current generator 102, control unit 110 may implement a
successive approximation algorithm to determine a reference current control word to provide
to reference current generator 102 in order to generate a predetermined, desired, enhanced
and/or optimum reference current. As mentioned above, the successive approximation
algorithm is exemplary, and all techniques and/or algorithms for determining the reference
current control word, whether now known or later developed, are intended to be within the
scope of the present invention.

In one embodiment, an exemplary algorithm 142 of FIGURE 15 may be implemented
and/or executed at power up (i.e., before using the memory device), and/or intermittently or
periodically during normal operation to compensate for, for example, drift due to temperature
variations. Briefly, an intention of exemplary algorithm 142 is to determine the largest "valid"
value for the reference current. In this way, the current output by memory cells 12 that
corresponds to logic low data state increases with time, while it remains substantially constant
relatively to logic high data state. Notably, although exemplary algorithm 142 is suited for this
application, other algorithms are suitable for determining an appropriate value (or an optimal
value based on other criteria or criterion). Furthermore, exemplary algorithm 142 assumes
that the current from memory cells 12 which corresponds to logic low data state (A0) and logic
high data state (A1) provides a suitable read window to permit a valid reference current value
to be identified and/or determined.

First, memory cells 12 that are associated with a particular reference current generator
102 (for example, memory cells 12b to 12b,,, are associated with reference current generator
102a) are programmed to a logic high data state (indicated as 142A). The current and/or
predetermined value of the magnitude of reference current (Irerstore) output by reference
current generator 102, which is representative of reference current control word that may be
maintained in control unit 110, is reset at 142B. Notably, this process may be performed for
one, some or all memory cells associated with reference current generator 102. In those
instances where the aigorithm is to be performed for one, some or all memory cells that are
associated with a given reference current generator 102, this instruction is provided at 142C.
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With continued reference to FIGURE 15, thereafter, the reference current value (Irer)
of reference current generator 102a is then set to a known value (for example, zero) at 142D,
and an incremental value (Irerrry) Of reference current is set at half of a nominal maximum
value (Irermax) of the reference current (see, 142E). The maximum value (lrermax) may be
determined or estimated empirically (for example, via simulation or testing of a circuit on
silicon), and/or chosen arbitrarily.

The reference current may then be increased by incremental value (Irerrry) at 142F
and the state of a first memory cell 12 (for example, memory cells 12b, to 12b,,) is read by
sense amplifier 32 (see, 142G). Since it is known that all of associated memory cells were
initially programmed with a logic high data state (A1), control unit 110 determines, at 142H,
whether the output of sense amplifier 32 is correct. If the output of sense amplifier 32 is
correct, the reference current is less than or equal to the largest valid value for the reference.
Notably, at this point it may not be possible to know (with certainty) whether the reference
current is too small orif itis large enough to produce a correct output for a logic low data state
(A0) as well.

However, since algorithm 142 is determining the largest valid value for the reference
current, and the last tested reference value produced a correct determination (i.e., sense
amplifier 32 sensed a logic high data state (A1)), the value of the reference current (Irgr) is
maintained unchanged, and the incremental value (Irgerry) is halved (see, 142J and 142K).
The control unit 110 may then determine whether the incremental value (lrerrry) is smaller
than a predetermined limiting value of delta (A) at 142L, and if the limiting value has not been
reached, the process returns to 142F.

Notably, the delta (A) corresponds to the precision of the reference current adjustment.

It may be advantageous to be small enough with respect to the separation of the respective
current values of memory cells 12 corresponding to the two data states ("A1" and "A0"). In
this way, algorithm 142 may provide a reference current value (or reference current control
word) that also produces valid output for logic low data state ("AQ0").

However, if it is determined that sense amplifier 32 has provided an incorrect output,
the reference current must be too large (see, 142M), and therefore cannot be used to
distinguish between the binary data states ("A1" and "A0"). Accordingly, Irer is reduced to its
previous value and control unit 110 implements 142K,

When the incremental value (Irerrry) is determined to be less than delta (A) at 142L,
the stored value of the magnitude of reference current (Irerstore) is set as the minimum value
of the reference current (Irer) determined by control unit 110 for a particular memory cell 12 at
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142N. Notably, the value of the magnitude of reference current (Irerstore) may be the largest
acceptable value for the reference current for all the memory cells that were "examined".

The process may be repeated for one, some or all of memory cells 12 on bit line 128b.
In this regard, at 142P, control unit 110 determines whether the pervious memory cell 12
under examination is the last memory cell 12 to be examined. If not, the next memory cell 12
is connected to bit line 28b, at 142Q, and the process returns to 142D. If control unit 110
determines that the previous memory cell 12 is the last cell to be examined, the magnitude of
reference current (lrer) generated by reference current generator 102a is set to the stored
minimum reference value (Irerstore) at 142R. In this way, a reference current value is set
which may be the largest suitable value for the data states ("A1" and "A0") of all memory cell
12 connected to bit line 28b. The memory cells 12 may then be reprogrammed with unknown
data states or previous data states subsequently determined by comparing their output
currents with the reference current set in reference current generator 102b by sense amplifier
32. '

Notably, control unit 110 may perform or execute the same or similar process for all
reference current generator 102 connected to other bit lines 28 in memory device 10 (for
example, current generator 102b). In this way, each of reference current generators 102 is
suitably programmed.

An algorithm may also be employed to determine an appropriate, optimum and/or
enhanced reference current when memory cells 12 that are associated with a particular
reference current generator 102 are programmed to a logic low data state. Indeed, control
unit 110 may also execute an algorithm when the memory cells 12 are sequentially
programmed to a logic high data state and a logic low data state. The control unit 68 may
then determine the most appropriate reference current in the event a different reference
current is determined for a logic high data state and a logic low data state (for example, an
average of the reference currents).

It may be advantageous to determine an appropriate, optimum and/or enhanced
reference current to be output or provided by less than all of reference current generators 102
and provide the reference current control word that is representative of the appropriate,
optimum and/or enhanced reference current to other reference current generators 102. For
example, an appropriate reference current control word may be determined for reference
current generator 102a and provided to both reference current generators 102a and 102b
(i.e., reference current generators 102 that are associated with a given sense amplifier 32). In
this regard, reference current generators 102a and 102b provide reference currents for
memory cells 12 disposed on bit lines 28a and 28b, which are located in the same general
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vicinity in device 10. In this way, essentially one half of the calibration and/or adjustment
routine for reference current generators 102 are eliminated.

Moreover, in another embodiment, a reference current controf word may be determined
for some or all of reference current generators 102 using, for example, any of the techniques
described herein, and thereafter intermittently and/or periodically "tuned" or "tweaked" to
account or compensate for changes in the performance of device 10 (for example, changes
due to changes in temperature). As such, in this embodiment, at start-up, initialization or re-
initialization, control unit 110 may determine a reference current control word (that, in
conjunction with reference current generator 102 provides a suitable, predetermined, optimum
and/or enhanced reference current) and program reference current generator 102, as
described above. Thereafter, the reference current may be adjusted during operation of
memory device 10 by determining a relative adjustment to the "initial" reference current
control word (determined during, for example, at start-up/power-up and/or an initialization
sequence).

The relative adjustment(s) may be determined, in any manner described herein, by
examining one or some representative reference current generator(s) 102 (for example, one
or more reference current generator(s) 102 in an array and/or memory or sense bank). After
determining the relative adjustment(s), control unit 110 may implement the change to the
reference current control word for all reference current generator(s) 102 (even those
reference current generator(s) 102 that have not be directly "analyzed" by the control unit
110). In this way, reference current changes, modifications and/or programming may be
accomplished more quickly so that normal operation of the device is not affected. Indeed,
intermittently and/or periodically "tuning” or "tweaking" to compensate for changes in the
performance of device 10 may be performed in @ manner similar to refresh operation of a
DRAM so that there is no impact on the normal operation of device 10.

it should be noted that control unit 110 may be comprised of a plurality of control units
110a-x. Each control unit 110 may be associated with one or more sense amplifiers, memory
or sense amplifier banks and/or arrays. In this way, calibration, programming and/or
adjustment of reference current generator(s) 102 may be performed more quickly as well as
more often (without impacting the performance of device 10).

There are many inventions described and illustrated herein.  While certain
embodiments, features, materials, configurations, attributes and advantages of the inventions
have been described and illustrated, it should be understood that many other, as well as
different and/or similar embodiments, features, materials, configurations, attributes, structures
and advantages of the present inventions that are apparent from the description, illustration
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and claims. As such, the embodiments, features, materials, configurations, attributes,
structures and advantages of the inventions described and illustrated herein are not
exhaustive and it should be understood that such other, similar, as well as different,
embodiments, features, materials, configurations, attributes, structures and advantages of the
present inventions are within the scope of the present invention.

For example, the voltage levels to implement the read and write operations (for
example, Vi) may be consistent with the exemplary voltage levels described and illustrated
in Semiconductor Memory Device Patent Application, Semiconductor Memory Device Patent
Application Il, and/or Semiconductor Memory Cell, Array, Architecture and Device, and
Method of Operating Same. As mentioned above, the entire contents of the immediately
aforementioned Patent Application, including, for example, the features, attributes,
architectures, configurations, materials, techniques and advantages described and illustrated
therein, are incorporated by reference herein.

In addition, the inventions described herein may be applied to any memory architecture
and/or layout, including those described and illustrated in Semiconductor Memory Device
Patent Application, Semiconductor Memory Device Patent Application I, and/or
Semiconductor Memory Cell, Array, Architecture and Device, and Method of Operating Same.
The memory architecture may be an open bit line configuration and/or a folded bit line
configuration. In those instances where the memory architecture is a folded bit line
configuration, it may be advantageous to employ one reference current generator for a pair of
bitlines. (See, for example, FIGURES 16A and 16B). Notably, the configuration illustrated in
FIGURES 16A and 16B may also be implemented in an open bit line architecture.

While a significant portion of this description includes details (for example, clear, write,
read and inhibit voltages) directed to N-channel transistors, the inventions (and embodiments
thereof) described herein are entirely applicable to P-channel transistors. In such
embodiments, majority carriers in body region 18 are electrons and minority carriers are
holes. Indeed, the memory arrays may be comprised of N-channel, P-channel and/or both
types of transistors. Moreover, the circuitry that is peripheral to the memory array (for
example, row and column address decoders, not illustrated herein) may include P-channel
and/or N-channel type transistors, including transistors like transistor 14.

Notably, where P-channel type transistors are employed as memory cells 12 in the
memory array(s), suitable clear, write, read and inhibit voltages are well known to those
skilled in the art in light of this disclosure. Accordingly, for sake of brevity, these discussions
will not be repeated.
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Further, memory cell(s) 12 (as well as memory array and matrices 58a-n) may also
employ the structure, features, attributes, architectures, configurations, materials, techniques
and advantages described and illustrated in non-provisional patent application entitled
"Semiconductor Device", which was filed on February 18, 2004, by Fazan and Okhonin, and
assigned Serial No. 10/487,157 (hereinafter "Semiconductor Device Patent Application"). The
entire contents of the Semiconductor Device Patent Application, including, for example, the
inventions, features, attributes, architectures, configurations, materials, techniques and
advantages described and illustrated therein, are hereby incorporated by reference herein.

As mentioned above, the transistor(s) (for example, the transistor(s) of memory cells
12) described herein may be symmetrical or non-symmetrical devices. Where the transistors
are symmetrical, the source and drain regions are essentially interchangeable. However,
where the transistors are non-symmetrical devices, the source or drain regions of transistors
may have different electrical, physical, doping concentration and/or doping profile
characteristics. As such, the source or drain regions of the non-symmetrical device are
typically not interchangeable.

Notably, the present invention may also compensate for offset currents and/or voltages
that may arise because of transistor mismatch(es) in sense amplifier 32 due to the feedback
or closed-loop control of the reference current. (See, for example, FIGURE 7). In this way,
reference current generators 60 and 102 output reference currents that addresses, minimizes

and/or eliminates such offset currents and/or voltages.
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What is claimed is:

1. A semiconductor dynamic random access memory device comprising:

a plurality of bit lines, including a first bit line and a second bit line;

a sense amplifier, having a first input coupled to the first bit line and a second input
coupled to the second bit line;

afirst digitally controlled reference current generator, selectively coupled to the first bit
line, to generate a first reference current in response to a first reference current control word;

a plurality of memory cells, including a first memory cell coupled to the first bit line and
a second memory cell coupled to the second bit line, to store a first data state and a second
data state, each memory cell includes:

at least one transistor including a source region, a drain region, a body region

disposed between and adjacent fo the source region and the drain region, wherein the

body region is electrically floating, and a gate spaced apart from, and capacitively

coupled to, the body region;

wherein the transistor includes a first state which is representative of a first

charge in the body region and a second state which is representative of a second

charge in the body region, and

wherein the memory cell is in: (1) the first data state when the first transistor is in the
first state and (2) the second data state when the first transistor is in the second state; and

wherein the sense amplifier uses the first reference current to sense whether the
second memory cell is in the first data state or the second data state.

2. The semiconductor dynamic random access memory device of claim 1 further
including a second digitally controlled reference current generator, selectively coupled to the
second bit line, to generate a second reference current in response to a second reference
current control word wherein the sense amplifier uses the second reference current to sense
whether the first memory cell is in the first data state or the second data state.

3. The semiconductor dynamic random access memory device of claim 1 wherein
the first digitally controlled reference current generator is selectively coupled to the second bit
line when the sense amplifier is sensing the data state of the first memory cell, and wherein
the sense amplifier uses the first reference current to sense whether the first memory cell is in

the first data state or the second data state.
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4. The semiconductor dynamic random access memory device of claim 1 further
including a control unit, coupled to the first digitally controlled reference current generator, to
generate the reference current control word.

5. The semiconductor dynamic random access memory device of claim 4 wherein
the control unit uses a successive approximation technique to determine the reference current

control word.

6. The semiconductor dynamic random access memory device of claim 5 wherein
the control unit is selectively coupled to the sense amplifier to execute the successive
approximation technique that determines the reference current control word.

7. The semiconductor dynamic random access memory device of claim 1 further
including:

a second digitally controlled reference current generator, coupled to the second bit line,
to generate a second reference current in response to a second reference current control
word wherein the sense amplifier uses the second reference current to sense whether the first
memory cell is in the first data state or the second data state; and

a control unit, coupled to the first and second digitally controlled reference current
generators, to generate the first reference current control word and the second reference
current control word.

8. The semiconductor dynamic random access memory device of claim 1 further
including a control unit to generate the first reference current control word during an
initialization sequence of the memory device.

9. The semiconductor dynamic random access memory device of claim 1 further
including a control unit to generate the first reference current control word during normal
operation of the memory device.

10.  The semiconductor dynamic random access memory device of claim 1 further
including a second digitally controlled reference current generator, coupled to the second bit

line, to generate a reference current in response to the first reference current control word
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wherein the sense amplifier uses the reference current to sense whether the first memory cell
is in the first data state or the second data state.

11. The semiconductor dynamic random access memory device of claim 1 wherein
the first and second bit lines are connected to the sense amplifier in an open bit line
architecture.

12.  The semiconductor dynamic random access memory device of claim 1 wherein
the first and second bit lines are connected to the sense amplifier in a folded bit line
architecture.

13. A semiconductor dynamic random access memory device comprising:

a plurality of memory cells arranged in a matrix of rows and columns, each memory cell
includes:

at least one transistor including a source region, a drain region, a body region
disposed between and adjacent to the source region and the drain region, wherein the
body region is electrically floating, and a gate spaced apart from, and capacitively
coupled to, the body region;

wherein the transistor includes a first state which is representative of a first
charge in the body region and a second state which is representative of a second
charge in the body region, and wherein the memory cell is in: (1) the first data state
when the first transistor is in the first state and (2) the second data state when the first
transistor is in the second state; and

a plurality of bit lines, including a first bit line connected to a first memory cell and a
second bit line connected to a second memory cell;

a plurality of digitally controlled reference current generators, each digitally controlled
reference current generator being selectively coupled to an associated one of the bit lines to
provide a reference current in response to an associated reference current control word; and

a plurality of sense ampilifiers, each sense amplifier having a first input coupled to first
associated bit line and a second input coupled to a second associated bit line wherein each
sense amplifier senses: (1) the data state of the memory cells connected to the first
associated bit line using the reference current provided by a digitally controlled reference
current generator connected to the second associated bit line, and (2) the data state of the
memory cells connected to the second associated bit line using the reference current
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provided by a digitally controlled reference current generator connected to the first associated
bit line.

14.  The semiconductor dynamic random access memory device of claim 13 further
including a control unit, coupled to the first digitally controlled reference current generator, to
generate the associated reference current control word for each reference current generator.

15.  The semiconductor dynamic random access memory device of claim 14 wherein
the control unit uses a successive approximation technique to determine the reference current

control word for at least one reference current generator.

16.  The semiconductor dynamic random access memory device of claim 15 wherein
the control unit is selectively coupled to the sense amplifier associated with the at least one
reference current generator to execute the successive approximation technique that
determines the reference current control word.

17.  The semiconductor dynamic random access memory device of claim 13 wherein
the reference current control words are provided to the reference current generators during an
initialization sequence.

18.  The semiconductor dynamic random access memory device of claim 13 wherein
the reference current control words are provided to the reference current generators during
normal operation.

19.  The semiconductor dynamic random access memory device of claim 1 further
including a control unit to generate the reference current control words during normal
operation of the memory device, and wherein the reference current control words are

provided to the reference current generators during normal operation.

20.  The semiconductor dynamic random access memory device of claim 13 wherein
the bit line layout is an open bit line architecture.
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21.  The semiconductor dynamic random access memory device of claim 13 wherein
the bit line layout is a folded bit line architecture.

22. A semiconductor dynamic random access memory device comprising:

a plurality of bit lines, including first and second bit lines;

a sense amplifier, having a first input coupled to the first bit line and a second input
coupled to the second bit line;

a first reference current generator, selectively coupled to the first bit line, to generate a
first reference current in response to a reference current control word;

a second reference current, selectively coupled to the second bit line, to generate a
second reference current in response to the reference current control word:;

a plurality of memory cells, including a first memory cell coupled to the first bit line and
a second memory cell coupled to the second bit line, wherein the memory cells each store a
first data state and a second data state, and wherein each memory cell includes:

at least one transistor including a source region, a drain region, a body region

disposed between and adjacent to the source region and the drain region, wherein the

body region is electrically floating, and a gate spaced apart from, and capacitively

coupled to, the body region; and

wherein the transistor includes a first state which is representative of a first

charge in the body region and a second state which is representative of a second

charge in the body region;

wherein the memory cell is in: (1) the first data state when the first transistor is in the
first state and (2) the second data state when the first transistor is in the second state; and

wherein the sense amplifier uses: (1) the first reference current to sense whether the
second memory cell is in the first data state or the second data state and (2) the second
reference current to sense whether the first memory cell is in the first data state or the second
data state.

23.  The semiconductor dynamic random access memory device of claim 22 further
including a control unit, coupled to the first reference current generator, to adjust the first
reference current generated by the first reference current generator.
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24.  The semiconductor dynamic random access memory device of claim 23 wherein
the control unit uses a successive approximation technique to determine the reference current

control word.

25.  The semiconductor dynamic random access memory device of claim 24 wherein
the control unit is selectively coupled to the sense amplifier to execute the successive

approximation technique that determines the reference current control word.

26.  The semiconductor dynamic random access memory device of claim 22 wherein
the first and second reference current generators are digitally controlled reference current
generators.

27.  The semiconductor dynamic random access memory device of claim 22 further
including a control unit to generate the first reference current control word during an
initialization sequence of the memory device.

28.  The semiconductor dynamic random access memory device of claim 22 further
including a control unit to generate the first reference current control word during normal
operation of the memory device.

29.  The semiconductor dynamic random access memory device of claim 22 wherein
the first and second reference current generators are analog reference current generators.

30. The semiconductor dynamic random access memory device of claim 22 wherein
the layout of the first and second bit lines is an open bit line architecture.

31.  The semiconductor dynamic random access memory device of claim 22 wherein
the layout of the first and second bit lines is a folded bit line architecture.
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