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REFERENCE CIRCUIT TO COMPENSATE FOR PVT VARIATIONS IN SINGLE-
ENDED SENSE AMPLIFIERS

FIELD OF THE INVENTION
The invention relates to a semiconductor memory device comprising a single-ended

sense amplifier, and more particularly to the provision of a reference circuit which generates a
control signal to be applied to sense amplifiers in order to minimize the effects of operating
conditions’ variations.

BACKGROUND OF THE INVENTION
Memory read operation in all kinds of sense ampilifiers is achieved by comparing input

data with a reference signal to determine the logic state of the input data. Conventional
differential sense amplifiers are connected {o two bit lines, one bit line providing the data to
be read while the other bit line is used for reference voitage generation. The single-ended
sense amplifier which is coupled to a single bit line is used in memory designs, such as in
Dynamic Random Access Memory (DRAM) designs.

A particular style of single-ended sense amplifier employs a sense amplifier with two
input/output nodes, one of which is coupled to an input data line (bit line), and the other is
used to feed in a reference signal for the read operation process. Figure 1 shows an example
of such a single-ended sense amplifier which has been proposed by the Applicant and
previously described in publication EP 2 365 487 A2. It comprises two branches, each having
a PMOS fransistor and a NMOS ftransistor connected in series, forming cross-coupled
inverters. The transistors are double gate transistors having a first control gate and a second
control gate that can be independently controlied. The first branch comprises PMOS
fransistor T4 in series with NMOS transistor T3 in between power supplies V4 and V3, while
the second branch comprises PMOS fransistor T1 in series with NMOS ftransistor T2 in
between power supplies V1 and V2. The first gates of transistors T1 and T2 are connected
together (input of the inverter formed by the second branch) and to the middie node between
transistors T3 and T4 (output of the inverter formed by the first branch), thereby forming a first
input/output node N1 of the sense amplifier which is used {o feed in a reference signal REF.
The first gates of transistors T4 and T3 are connected together (input of the inverter formed
by the first branch) and to the middle node between transistors T1 and T2 (output of the
inverter formed by the second branch), thereby forming a second input/output node N2 of the
sense amplifier which is coupled to a bit line BL.
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A problem arises from the fact that such a circuit is not symmetrical. indeed both
branches may have different designs concerning dimensions of the respective transistors (T1
being compared to T4, and T2 being compared to T3). Moreover, the first and second nodes
N1, N2 are operated in a different manner and with different loads (with nodes N1 and N2
being either both inputs or both oufputs). Moreover, the operating points of all transistors may
usually differ from each other during the sensing process (once again T1 is compared to T4,
and T2 to T3). Thus for ensuring proper operation of the circuit, widths and lengths of the
transistors must be thoroughly designed {and T1 and T4, respectively T2 and T3, may
intentionally differ). Reference, bias and supply voltage must also be well defined and well
controlled.

In practice however, all these parameters and the transistor properties (current drive
capability, threshold voltage, transconductance, drain conductance, etc.) are prone to
variations (PVT: process, voltage, temperature). As the single-ended sense ampilifier is a
non-symmetrical circuit, PVT induced variations do not compensate for each other in the two
branches and malfunction of the circuit may result.

SUMMARY OF THE INVENTION

The invention aims to provide a single-ended sense amplifier which is not prone to PVT

variations.
In this respect, the invention relates, according to its first aspect, to a semiconductor
memory device comprising:
- a single-ended sense amplifier circuit for reading data sensed from selected memory
cells in a memory array, the sense amplifier having a first node used to feed in a reference
signal, a second node coupled to a bit line, and sense transistors responsible for amplifying
the content of a selected memory cell during a sense operation,
- a reference circuil having replica transistors of the sense fransistors and further
comprising a reguiation network designed so that each replica transistor operates in a stable
operating point, and wherein the regulation network generates a control voltage which is
applied to the sense amplifier circuit;
wherein the sense amplifier circuit and the reference circuit each have first and
second circuit branches, each of said branches having at least one first transistor of a first
conductivity type and a second transistor of a second conductivity type connected in series,
wherein the second transistor of each branch of the sense amplifier circuit is a sense
transistor and wherein the second transistor of each branch of the reference circuit is a
replica transistor of the second transistor of each branch of the sense amplifier; and
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wherein the regulation network of the reference circuit comprises a first regulation
loop designed to maintain the drain voltage of the replica transistor of the second branch in
the reference circuit at a voltage level corresponding to the voltage level on the data line at
the onset of a sense operation under condition that the voltage sensed on the bit line at the
onset of a sense operation corresponds to the mean value between the voltage which would
be sensed on the bit line from a logical “1” stored within the selected memory cell and the
voltage which would be sensed on the bit line from a logical “0” stored within the selected
memory cell.
Other preferred, aithough non limitative, embodiments of this memory device are as

follows:

- the regulation network of the reference circuit is designed to set the operating point of
each replica transistor equal o the operating point of the respective sense transistor at the
onset of a sense operation of a selected memory cell performed by the sense amplifier
circuit, said operating point at the onset of a sense operation being defined under condition
that the voltage sensed on the bit line corresponds to the mean value between the voltage
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which would be sensed on the bit line if a logical “1” were stored within the selected memory
cell and the voltage which would be sensed on the bit line if a logical “0” were stored within
the selected memory cell;

- the control voltage generated by the regulation network is applied to one terminal of a
replica transistor in the reference circuit and to the respective terminal of the respective
sense transistor in the sense amplifier circuit;

- the sense ftransistors and the replica transistors are double gate transistors having first
and second control gates, and the regulation network of the reference circuit comprises a
second regulation loop designed to drive the second control gate of the replica transistor of
the first branch so that the current ratio between the replica transistor of the first branch and
the replica transistor of the second branch is equal to the current ratio between the sense
transistor of the first branch and the sense transistor of the second branch at the onset of a
sense operation;

- the second regulation loop generates a control voltage which is applied to the second
control gate of the replica transistor of the first branch of the reference circuit and to the
second control gate of the sense transistor of the second branch of the sense amplifier
circuit;

- the at least one first transistors of a first conductivity type in the branches of the reference
circuit are arranged so as to form a current mirror;

- the replica transistors have the same lengths as the corresponding sense transistors and
the same width ratio;

- it has a plurality of sense amplifier circuits arranged as stripes (STSA) of sense amplifier
circuits.
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Embodiments of the invention further relate to a semiconductor memory incorporating a
semiconductor memory device according to its first aspect, as well as to a process of
operating a semiconductor memory device according to its first aspect comprising the steps
of:
- operating each replica transistor in a stable operating point,
- generating a control voltage in the reference circuit and applying said control voltage to
the sense amplifier circuit.
BRIEF DESCRIPTION OF THE DRAWINGS
Other aspects, objects and advaniages of the present invention will become betier

apparent upon reading the following detailed description of preferred embodiments thereof,
given as a non-limiting example, and made with reference to the appended drawings wherein:
- Figure 1 already discussed above shows a single-ended sense amplifier as introduced
in publication EP 2 365 487 A2;
- Figure 2 shows a first embodiment of a semiconductor memory device according to the
invention comprising a single-ended sense amplifier together with a reference circuit for
compensating the effect of PVT variations;
- Figure 3 shows a second embodiment of a semiconductor memory device according to
the invention comprising a single-ended sense amplifier together with a reference circuit
for compensating the effect of PVT variations;
- Figures 4 and 5 show possible layouts of a semiconductor memory device according to
the invention comprising a single-ended sense amplifier together with a reference circuit
for compensating the effect of PVT variations;
- Figures 6a and 6b show cascaded current mirrors that can be used in the
semiconductor memory device of the invention;
- Figures 7a, 7b and 7¢ show simple operational amplifiers, or basic differential stages
which can be used as very simple operational amplifiers, that can be used in the
semiconductor memory device of the invention;
- Figure 8 shows another possible embodiment of a semiconductor memory device
according to the invention.

DETAILED DESCRIPTION OF THE INVENTION

The invention relates to a semiconductor memory device comprising a reference circuit
and a plurality of single-ended sense amplifier circuits coupled to the reference circuit. Stated
briefly, the reference circuit is designed and operated so as to generate a control signal fed to
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the sense amplifier circuits to compensate for all kinds of PVT variation induced drifts and fo
maintain correct operation of the sense amplifier circuits independent of PVT variations.

For ease of representation, Figure 2 shows a singie sense amplifier circuit SA coupled
to the reference circuit R. However it will be understood that the reference circuit R is coupled
to a plurality of sense amplifier circuits, in an amount of order 1000 sense ampiifier circuits or
more. The number of sense amplifiers connected to one reference circuit can be optimized
depending on local gradients of PVT variations.

As for the sense amplifier circuit SA, the transistors of the reference circuit R are double
gate transistors having first and second control gates than can be individually controlied.

Each double gate transistor can be a double gate transistor having a back control gate
under the buried insulating layer of a SeOl substrate (Semiconductor On Insulator). The back
control gate preferentially serves as the second control gate for front-gate related threshold
voltage modification.

In the following description, reference will be made to front and back gates as examples
of such first and second control gates of a double gate transistor. Anyhow, the invention is not
limited to this specific example, and encompasses other double gate transistors, such as Fin-
type double gate transistors,

Hence, it will be appreciated that the invention can be implemented on the following
technologies: PDSOI (Partially Depleted Silicon On insuiator), FDSOI (Fully Depleted Silicon
On Insulator), as well as with FinFETs and other types of double gate transistors. FDSOI
proves advantageous as it allows smalier area per functionality than bulk.

The sense amplifier circuit SA provided for reading data sensed from seiected memory
cells in a memory array is similar to the one of figure 1. In particular it comprises two
input/output nodes N1, N2 of which the first one N1 is used to feed in a reference signal REF
and the second one N2 is coupled to a bit line BL. The sense amplifier circuit SA further
comprises so-called sense fransistors T2, T3 which are those mainly responsible for decision
making during a sense operation, in particular in that they are responsible for amplifying the
content of a selected memory cell during a sense operation and digitizing the signal received
from that process.

The reference circuit R is a replica of the sense amplifier circuit SA. It thus comprises
two circuit branches, each of said branches having at least one first fransistor T'1, T4 of a
first conductivity type and a second fransistor T2, T'3 of a second conductivity type
connected in series. More particularly, the second ftransistor T'2, T'3 of each branch of the
reference circuit R is a replica transistor of the corresponding sense fransistor T2, T3 in the
sense amplifier circuit SA. Preferably the replica transistors T'2, T'3 have the same lengths as
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the corresponding sense transistors T2, T3 and the same width ratio
(width(T'3 Ywidth(T 3)=width(T 2)/width(T2)).

The reference circuit R differs from the sense amplifiers in that the first transistors T'1,
T'4 in the branches of the reference circuit R are arranged so as to form a current mirror. The
current mirror ensures that the current ratio in between the branches of the reference circuit R
is equal to the current ratio in between the branches of the sense amplifier circuit SA at the
onset of performing a sense operation, under condition that at this onset the sensed signal is
the mean value of the signal related to sensing a logical “1” and of the signal related to
sensing a logical “0”,

The dimensions of transistors T'1 and T'4 and the respective ratio of widths may differ
from the same properties for transistors T1 and T4 because transistors T'1 and T4 are
operated in a different operating point concerning their front gate voltages. However the
choice of their widths is simple as the desired current ratio in between the branches is well
known from sense ampilifier circuit simulations without PVT variation related effects. The
absolute value of the current itself is well defined as the operating point of T'2 is well defined
as will be explained below. An operating point of a transistor refers to the operating conditions
of said transistor, especially the values of the front gate voltage and drain voltage.

The reference circuit R further differs from the sense amplifier circuit SA in that it further
comprises a regulation network designed to operate each replica transistor T2, T'3 in a
stable operating point. The regulation network is more particularly designed so as to set the
stable operating point of each replica transistor T'2, T'3 equal o the operating point of the
respective sense fransistor T2, T3 after a precharge operation at the onset of a sense
operation of a memory cell performed by the sense ampiifier circuit SA. In the context of the
present disclosure, the said “operating point at the onset of a sense operation” is defined
under condition that the voltage sensed on the bit line BL at the onset of a sense operation
corresponds to the mean value between the voltage which would be sensed on the bit line if a
logical “1” is stored within the selected memory cell and the voltage which would be sensed
on the bit line if a logical “0” is stored within the selected memory cell.

The regulation network of the reference circuit R is further designed so as to generate a
control voltage which is applied to the sense amplifier circuit SA. As exemplified below, the
regulation network generates a control voltage which is applied to one terminal of a replica
transistor of the reference circuit R and to the respective terminal of the respective sense
transistor in the sense amplifier circuits coupled to the reference circuit R.

The regulation network comprises a first regulation loop having a first operational
amplifier OP1 and a regulating transistor T'5. The first operational amplifier OP1 has a non-
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inverting input to which is applied a reference bit line voltage Vg * and which is coupled to the
front gate of replica transistor T'3. The first operational ampilifier OP1 further comprises an
inverting input coupled to the drain of replica transistor T'2 and to the source of regulating
transistor T'5. The output of the first operational amplifier OP1 is applied to the front gate of
the regulating transistor T'5, which is intercalated in the series association of T'1 and T'2. The
reference bit line voltage Vg * corresponds to the bit line voltage after a precharge operation
at the onset of performing a sense operation of the content of a memory cell, that is the mean
value between fhe voltage which would be sensed on the bit line if a logical “1” is stored
within the sensed memory cell and the voltage which would be sensed on the bit line if a
logical “0” is stored within the sensed memory cell.

This first regulation loop is thereby designed to maintain the voltage applied to the front
gate of the replica transistor T'3 of the first branch and to the drain of the replica transistor T'2
of the second branch at the voltage level Vg * corresponding to the voltage level on the bit
line at the onset of a sense operation with a bit line voltage equal to the mean vaiue between
the bit line voltage when sensing a logical “1” and the bit line voltage when sensing a logical
‘0"

The regulation network comprises a second regulation loop having a second operational
amplifier OP2 with a non-inverting input onto which is applied a reference voltage Vrer and an
inverting input coupled to the drain of transistor T'3. The output of the second operational
amplifier OP2 is applied to the back gate of the replica transistor 7°3. The reference voltage
Vrer Corresponds to the voltage at the first node N1 of the sense amplifier after a precharge
operation at the onset of performing a sense operation. In the embodiment of figure 2, the
reference voltage Vger is directly applied to the front gate of replica transistor T'2.

This second regulation loop is thereby designed to maintain the voltage at the drain of
the replica transistor T'3 of the first branch of the reference circuit R at the voltage level Ve
corresponding to the voltage at the input node N1 of the sense amplifier circuit SA after a
precharge operation at the onset of performing a sense operation. This is achieved by driving
the back gate of the replica transistor T'3 of the first branch of the reference circuit R so that
the current ratio between the replica transistor T'3 of the first branch of the reference circuit R
and the replica transistor T'2 of the second branch of the reference circuit R is equal to the
current ratio between the sense transistor T3 of the first branch of the sense amplifier circuit
SA and the sense transistor T2 of the second branch of the sense amplifier circuit SA at the
onset of sensing under condition that to the bit line BL is applied a voltage which corresponds
to the mean value between the voltage which would be achieved on the bit line from a stored
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logical “1" within the cell and the voltage which would be achieved on the bit line from a
stored logical “0” within the cell.

in the semiconductor memory device of the invention, the regulation network generates
a control voltage which is applied to one terminal of a replica transistor of the reference cifcuit
R and fo the respective terminal of the respective sense transistor in the sense amplifier
circuit SA. Turning back to the exampie embodiment of figure 2, the second regulation loop of
the regulation network drives the back gate BG'3 of the replica transistor T'3 in the reference
circuit R and the same signal is applied to the back gate BG3 of the sense transistor T3 of the
sense amplifier circuit SA.

The back gates BG2' and BG2 of transistors T'2 and T2 can also be driven by the same
control signal.

Hence the regulation network maintains the reference circuit's operating point in a static
manner, and at least one of the signals generated by the regulation network is used as a
control signal of the sense amplifier circuit.

it will therefore be appreciated that the invention also covers a process of operating a
semiconductor memory device according to the above description, comprising the steps of:
- operating each replica fransistor in a stable operating point,
o for instance by setting the stable operating point of each replica transistor
equal to the operating point of the respective sense transistor after a
precharge operation at the onset of a sense operation under condition that to
the bit line BL is applied a bit line voltage equal to the mean value between the
bit line voltage when sensing a logical “1” and the bit line voltage when sensing
a logical “0”,
- generating a control voltage in the reference circuit and applying said control voltage to
the sense ampilifier circuit,
o for instance, applying the generated control voltage fo one terminal of a replica
transistor and to the respective terminal of the respective sense transistor.

Figure 3 shows another embodiment of a semiconductor memory device according to
the invention. While in the embodiment of figure 2, the front gates of replica transistor T'2 and
T'3 are respectively directly controlied by the same signal as applied to the non-inverting
inputs of the operational amplifiers OP1, OP2, respectively, in the embodiment of figure 3,
these front gates are respectively crosswise coupied to the drain nodes of replica fransistors
T'2 and T'3, respectively, which also provide the input voltages applied to the inverting inputs
of the operational amplifiers OP1, OP2, respectively.
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Figure 4 represents a semiconductor memory having memory cells arranged in an array
so that individual cells can be addressed and accessed. The array can be thought of as rows
and columns of cells. Each column includes a word line WL that is coupled to at least one cell
in each row. Similarly, each row includes a bit line BL that is coupled to at least one celi in
each column. Thus, the word and bit lines can be controlied so as to individually access each
cell of the array. In figure 4, the memory cell array is divided into blocks B1, B2 with adjacent
blocks separated by stripes STSA1, STSA2 of sense amplifier circuits SA, each strip
addressing a respective block. The invention proposes to couple a reference circuit R to the
sense amplifiers SA of the stripe by means of a control signal CSR which corresponds to the
control signal generated by the regulation network of the reference circuit. It is further
proposed to arrange the reference circuit R at the top (as shown in figure 4) or at the bottom
of the stripes. Of course a reference circuit can be arranged at the top and at the bottom of a
stripe of sense amplifier circuit, or be arranged in between the two stripes.

in a preferred embodiment of the invention represented in figure 5, a stacking
technique, so-called “staggering” technique, is used to take into account the pitch difference
in between the sense amplifier circuits and the cells. Several sense amplifiers SA, two on
figure 5, are therefore staggered one behind each other in the longitudinal direction of the bit
lines.

Figures 6a and 6b show more advanced current mirrors that can be used in the
semiconductor memory device of the invention in replacement of the simple current mirrors
formed by fransistors T'1 and T'4 in figures 2 and 3. Figure 6a shows a cascaded current
mirror making use of four transistors 711, T'12, T'41 and T'42 (two transistors per branch of
the reference circuit) and capable of providing a higher degree of current ratio precision in
particular with respect to the dependence of the current mirror output current on the applied
current mirror output voltage. This cascaded current mirror can be modified so that the front
gates of transistors T'41 and T'11 are coupled to the first branch of the replica circuit R rather
than to the second branch of the replica circuit R, and still be used in the invention. Figure 6b
shows another example of a suitable low-voltage cascaded current mirror making use of an
external control voltage Vbias which is applied to the front gates of transistors T'42 and T'12
and can be adequately controlled. On both figures 6a and 6b, the dotted lines illustrate that
the current mirror is to be incorporated with the rest of the reference circuit (transistors T'3
and T'2, as well as the regulation network).

Figures 7a, 7b and 7c¢ show operational amplifiers that can be used in the
semiconductor memory device of the invention. Figures 7a and 7b show simple single-ended
differential stages which exhibit very low complexity, low power consumption, good stability
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as they have a single pole at the ouiput only, sufficiently high gain in particular under
condition that the related fransistors are operated in the moderate inversion or sub threshold
region. Figure 7¢ show a telescopic oberationai amplifier (note that the back gates are not
shown to gain in drawing clarity). This telescopic operational amplifier achieves the same
properties as the ones of figures 7a and 7b but with significantly higher gain.

Finally, it will be appreciated that the sense amplifier may be coupled to the reference
circuit only for certain operations of the sense amplifier. indeed, as described in EP 2 365 487
A2, the sense amplifier SA allows various operation modes. In some of these operation
modes, at least one of the back gates of the fransistors is switched between two voltages, so
as to switch the transistor OFF or to switch it to an active mode. Whereas the OFF state can
be easily achieved and the related back gate voltage does not need to be precisely regulated,
for the active mode a PVT compensated voltage may be required as previously explained.
Figure 8 shows an embodiment of the invention according to which the back gate voltage of
transistor T3 in the sense amplifier SA can be switched in between a precisely control voltage
Viaa1, Which is provided by the reference circuit R so as to compensate for PVT variations,
and a fixed and unregulated voltage Vges o which is for instance used o switch the transistor
to the OFF state. Switching from Vg2 t0 Veess is performed at the onset of a sense
operation.
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CLAIMS

1. A semiconductor memory device comprising:

- a single-ended sense amplifier circuit for reading data sensed from selected memory
cells in @ memory array, the sense amplifier having a first node used to feed in a reference
signal, a second node coupled to a bit line, and sense transistors responsible for amplifying
the content of a selected memory cell during a sense operation,
- a reference circuit having replica transistors of the sense transistors and further
comprising a regulation network designed so that each replica transistor operates in a stable
operating point, and wherein the regulation network generates a control voltage which is
applied to the sense amplifier circuit;

wherein the sense amplifier circuit and the reference circuit each have first and
second circuit branches, each of said branches having at least one first transistor of a first
conductivity type and a second transistor of a second conductivity type connected in series,
wherein the second transistor of each branch of the sense amplifier circuit is a sense
fransistor and wherein the second transistor of each branch of the reference circuit is a
replica transistor of the second fransistor of each branch of the sense amplifier; and

wherein the regulation network of the reference circuit comprises a first regulation
foop designed to maintain the drain voltage of the replica transistor of the second branch in
the reference circuit at a voltage level corresponding to the voltage level on the data line at
the onset of a sense operation under condition that the voltage sensed on the bit line at the
onset of a sense operation corresponds to the mean value between the voltage which would
be sensed on the bit line from a logical “1” stored within the selected memory cell and the
voltage which would be sensed on the bit line from a logical “0” stored within the selected
memory cell.

2. The semiconductor memory device of claim 1, wherein the regulation network of the
reference circuit is designed to set the operating point of each replica transistor equal to the
operating point of the respective sense transistor at the onset of a sense operation of a
selected memory cell performed by the sense ampiifier circuit, said operating point at the
onset of a sense operation being defined under condition that the voltage sensed on the bit
line corresponds to the mean value between the voltage which would be sensed on the bit
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line if a logical “1” were stored within the selected memory cell and the voltage which would
be sensed on the bit line if a logical “0” were stored within the selected memory cell.

3. The semiconductor memory device of claim 1, wherein the control voltage generated by
the reguiation network is applied to one terminal of a replica transistor in the reference circuit
and to the respective terminal of the respective sense transistor in the sense ampilifier circuit.
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4. The semiconductor memory device of claim 1, wherein the sense transistors and the
replica transistors are double gate transistors having first and second control gates, and
wherein the regulation network of the reference circuit comprises a second regulation loop
designed to drive the second conirol gate of the replica transistor of the first branch so that
the current ratio between the replica transistor of the first branch and the replica transistor of
the second branch is equal to the current ratio between the sense transistor of the first branch
and the sense transistor of the second branch at the onset of a sense operation under
condition that the voltage sensed on the bit line corresponds to the mean value between the
voltage which would be sensed on the bit line from a logical “1” stored within the selected
memory cell and the voltage which would be sensed on the bit line from a logical “0” stored
within the selected memory cell.

5. The semiconductor memory device of claim 4, wherein the second regulation loop
generates a control voltage which is applied to the second control gate of the replica
transistor of the first branch of the reference circuit and to the second control gate of the
sense fransistor of the second branch of the sense ampilifier circuit.

6. The semiconductor memory device of any one of claims 1 to 5, wherein the at least one
first transistors of a first conductivity type in the branches of the reference circuit are arranged
so as to form a current mirror.

7. The semiconductor memory device of any one of claims 1 to 6, wherein the replica
transistors have the same lengths as the corresponding sense transistors and the same width
ratio.
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8. The semiconductor memory device of any one of claims 1 to 7 having a plurality of sense
amplifier circuits arranged as stripes of sense amplifier circuits.

9. A semiconductor memory comprising a semiconductor memory device according to any
one of claims 1 to 8.

10. A process of operating a semiconductor memory device according to any one of claims 1
to 8, comprising the steps of:
- operating each replica transistor in a stable operating point,
- generating a confrol voltage in the reference circuit and applying said control voltage to
the sense amplifier circuit.



