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Abstract:

This paper presents a sense amplifier scheme for low-voltage embedded flash (eFlash) memory applica-

tions. The topology of the sense amplifier is based on current mode comparison. Moreover, an offset-voltage elimination
technique is employed to improve the sensing performance under a small memory cell current. The proposed sense am-
plifier is designed based on a GSMC 130 nm eFlash process, and the sense time is 0.43 ns at 1.5 V, corresponding to a

46% improvement over the conventional technologies.
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1. Introduction

The rapidly increasing portable electronic equipment mar-
ket demands high-speed and low-power flash memories em-
bedded in MCU or other microelectronic systems. To satisfy
the requirement of very low power consumption in portable
applications, the power supply voltage has been scaled down
to sub-1.5 V. In embedded flash (eFlash) memory, the read
access time is mainly determined by the read path, which is
strongly affected by the sense amplifier’s performance!'). One
of the main challenges for new generation eFlash memories is
to develop a robust and high-speed read circuit with a supply
voltage of sub-1.5 V. As a result, the design of a high-speed
low-power sense amplifier becomes very critical as the power
supply is lowered further.

Traditionally, the sense amplifier is based on a differential
voltage amplifier?!. The input differential voltage is obtained
by the current—voltage conversion of the current coming from
the selected memory cell and from a reference cell. The read
operation is performed by comparing the input voltage, and
data is output through the voltage sense amplifier. However,
the voltage-mode approach has scaling limitations as the power
supply voltage is reduced!®]. The voltage amplifier has the min-
imum allowed operating supply voltage, which may be larger
than the system power supply voltagel*l. Though an improved
single-ended sense amplifier using the voltage source follower
and auto-zeroing technique is proposed in Ref. [5], it has no
clamp circuit, which may result in worse data retention. More-
over, a long sense time is needed to reach the voltage variation
in the source follower.

To overcome the above problems, the current-mode ap-
proach is proposed!®#-6~8]This approach implements a pure
current comparison operation. The current of the selected
memory cell can be directly obtained by a current mirror, and
then, current comparison is performed between the mirrored
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current and the reference current. The current-mode sense am-
plifier is able to operate robustly with a nominal supply voltage
lower than 1.5 V. However, as the power supply scales down,
the threshold voltage of the memory cell cannot be scaled in
the same manner since the cell channel doping is optimized for
programming and erasing[z]. Hence, the memory cell current
(I¢enn) during read operation decreases under lower Vpp, which
leads to a longer sense time and spoils the read performance.

In this work, a high-performance sense amplifier with the
offset-voltage elimination technique is proposed to improve
sense performance under low memory cell current. The offset-
free sense amplifier employs a capacitor for DC isolation and
makes the trip point of the sense amplifier irrespective of pro-
cess variation. Therefore, the sense time can be reduced dra-
matically.

2. Conventional sense amplifier

A typical current-mode sense amplifier is illustrated in
Fig. 1071, Iy and I, are the cell current and the reference cur-
rent, respectively, Cy is the parasitic capacitance at the bitline,
and node Out represents the output logical value. The read op-
eration is divided into two stages: precharge and sense. When
the signal Disc = ‘0’ and Prec = ‘1°, the sense amplifier starts
the precharge operation which realizes fast precharging and
maintains a stable voltage on the bitline. To avoid soft pro-
gramming, the bitline is usually clamped to roughly 0.8 V. In-
verter INV1 and transistor M5 form a unitary feedback loop
that charges the bitline voltage to the clamped value. When the
signal Disc = ‘0’ and Prec = ‘0’, the sense amplifier enters the
sense stage, the current of the memory cell is directly mirrored
by M1 into the drain side of M2, then current to voltage conver-
sion takes place at node A. Inverter INV2 acts as a comparator
that compares the voltage of node A with its switching thresh-
old. If the cell current is larger than the reference current, the
output node Out will be converted to logic ‘1°, otherwise it will
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Fig. 1. Block scheme of the conventional single ended current mode
sense ampliﬁerm.

be ‘0°.

There are two drawbacks of this circuit. One is that the cur-
rent window between the memory cell current and the reference
current becomes even smaller under lower power supply volt-
age, which results in a longer sense time. The other is that the
switching threshold of inverter INV2 is highly dependent on
the process corner, which may lead to a longer sense time.

3. Proposed high-performance sense amplifier

3.1. Description of the new sense amplifier

The circuit structure of the proposed sense amplifier is
shown in Fig. 2(a). A current-mode sense amplifier with the
offset-free technique is proposed to improve the sensing speed.
The offset-free circuit structure is composed of the capacitance
Caz used for AC coupling and the regenerative inverter INV2
controlled by the switch S2. For the sake of clarity, the timing
diagram of SE, Prec, Va, V¢, and Out during read operation is
illustrated in Fig. 2(b). The detailed operation of the proposed
sense amplifier is described in the following. In the precharge
stage, transistor M6 is turned off and transistor M3 is turned on.
Therefore, the precharge current flows to the selected bitline
through transistor M5, and then inverter INV1 and transistor
MS5 clamp the bitline voltage to roughly 0.8 V. For the offset-
free circuit, switch S2 is turned on; thereby the input voltage of
inverter INV2 is equal to its output voltage. At the same time,
switches SO and S1 connect node a’ and node b’ to turn off tran-
sistor M2 and M8, and switch S3 is turned on to clamp node A
to roughly half of the supply voltage. Under these conditions,
the trip point is set at the point where INV2 has the maximum
voltage gain. In addition, this trip point has no influence on the
bias of node B because the capacitor Caz is used for DC iso-
lation. Indeed, the voltage difference between the node A and
the trip point is stored in the capacitor Cxz. With this offset
auto-zeroing technique, the trip point can be kept independent
of the technology parameter, which is very critical for reliable
sensing with a small memory cell current.

At the end of the precharge stage, Prec goes low, switch
S3 is turned off, and switch SO and S1 connect nodes a and
b, respectively. Thereby, transistor M1 precharges the bitline
merely. Subsequently, SE goes low, switch S2 is turned off, and

then the sense amplifier switched to the sense stage. The differ-
ence between the memory cell current (/) and the reference
current /.y determines whether the voltage of node A (V) in-
creases or decreases. For the case of I > I.f, Va rises, and
vice versa. Due to the charge preservation of capacitor Caz,
a small variation of node A is able to be coupled to node B,
and then inverter INV2 senses the variation from the trip point
and amplifies the variation with maximum voltage gain. Ac-
cordingly, when [I.; > Is, the state of the output node Out is
changed to ‘1°. Otherwise, it remains at ‘0’. It is worth noting
that in order to relieve the impact of channel charge injection
of the MOS switch (S2 and S3), a transmission gate composed
of a PMOS transistor in parallel with a NMOS transistor is em-
ployed. When sense operation is completed, the sense amplifier
is reset for the next read operation. For the unselected bitline,
transistor M6 will discharge the bitline voltage to improve the
data retention.

The proposed sense amplifier is designed based on the
GSMC 130 nm eFlash process. The column decoding structure
is included in the circuit diagram and the bitline capacitance is
set to 0.5 pF, as shown in Fig. 2(a). Moreover, the current dis-
tribution of erased and programmed cells due to the read-cycle
endurance is taken into account. In the worst case, the memory
cell current /) is set to 16 pA for erased cells and 0.5 pA for
programmed cells. Hence, the reference current /¢ is trimmed
to 8 HA.

3.2. First order modeling

Since transistor M2 mirrors the memory cell current and
converts the current difference to the voltage difference at node
A, a further analysis is performed for the transient behavior of
node A, which can be expressed as

— Irefdt N [celldt
Caz+C, Caz+GC)’

where I and I represent the selected memory cell current
and the reference current, respectively. Cayz is the depletion re-
gion capacitance of a PMOS transistor, and Cp is the parasitic
capacitance at node A. The first term in Eq. (1) represents the
voltage decrease due to the discharge of Caz by I, while the
second term represents the voltage increase due to the charge
of Caz by I.. Assuming that the parasitic capacitance at the
inverter input node B is equal to Cp, the transient behavior of
node B can be formulated as

dVa

(M

_ Cuz _ Caz
= ——dVa= —"—
Caz + Cp (Caz + Cp)

Then, the transient behavior of the inverter output node C
is given as

dVB (Iref - Icell)d[- (2)

ddﬁ = g_m% (3)
t Cioaq dt

where gy, is the transconductance of the inverter and Cjy,q is
the parasitic capacitance at the invert output node C. Hence,
we can get the transient behavior of node C from Egs. (1)—(3):

g Caz
= (Iref_ ]cell)lzy

Ve(t) = Vi +
C( ) e choad(CAZ + Cp) CAZ + Cp
4
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Fig. 2. (a) Circuit diagram of the proposed sense amplifier. (b) Timing diagram for the operation of the proposed sense amplifier.

where Vi, is the inverter trip point voltage.

From Eq. (4), it can be seen that the output voltage of the
inverter is independent of the bitline capacitance. For compar-
ison, the transient behavior of the output inverter in the con-
ventional sense amplifier is given in Ref. [5]:

8m 2 CAZ

V() = Vaip+ Liet—PBleen)t”, = 5
() = Vhip 2o (Crn & Cp)( f—Bleen) B Cor
(5)

where Cp is the bitline capacitance, and 8 < 1.

In flash memories, the erased cell draws a current /,, > 0
and the programmed cell draws a current /¢ &~ 0. To achieve
the maximum slope during transient time, the reference cur-
rent Iier is chosen as I = 0.5(Iont Iofr) in Eq. (4) and Iier =
O.S,B(Ion + Ioff) in Eq (5)

4. Simulation results and analysis

With the supply voltage of 1.5 V, simulated waveforms of
the erased cell with the proposed sense amplifiers under typical

conditions are shown in Fig. 3. It can be seen that in the pro-
posed sense amplifier, at the beginning of the sense stage, Vs
samples the voltage variation and rises from the trip point. With
the offset-free technique, inverter INV2 amplifies the variation
with maximum voltage gain and the output can quickly be set
to a certain value.

As mentioned above, the memory cell current becomes
smaller as the read voltage decreases. Figure 4 gives the sim-
ulated sense time with respect to the memory cell current. As
can be observed, the sense time of the proposed scheme is much
less than the conventional scheme in Ref. [5] at a wide mem-
ory cell current range of 6 to 22 A. It can be explained that in
the proposed design, the slope in Eq. (4) is larger than that in
Eq. (5) by a factor of 8. It is worth noting that 8 is much less
than 1 since Caz is much smaller than Cgp . Therefore, the pro-
posed design achieves much better performance. In addition, in
the conventional schemel®!, it is difficult to bias the reference
current /.r for a very small memory current.

Figure 5 illustrates the sense time with respect to the bitline
capacitance. The simulation result shows that the sense time of
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Fig. 3. Read operation simulated waveforms of the erased cell under
typical conditions.
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Fig. 4. Sense time sensitivity to the memory cell current.
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Fig. 5. Sense time sensitivity to the bitline capacitance.

the proposed scheme is independent of the bitline capacitance,
which verifies the expression in Eq. (4). At the given time At,
the voltage difference at node C between data ‘0’ and data ‘1’
can be deduced by substituting /,, and /¢ into Eq. (4) and
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Fig. 6. Sense time sensitivity to the supply voltage.

Table 1. Sense time and power comparisons of the sense amplifier.

Parameter Ref. [7]  Ref. [5] Proposed
Sense timing (ns) 2.9 0.8 0.43
Average power (L W) 83.1 90 85

calculating the difference. The result is described as follows:

_ gmAtz CAZ
2Cload(CAZ + Cp) Caz + Cp

AVC (Ion - Ioff)- (6)

Using a similar method, the voltage difference between
data ‘0’ and data ‘1’ in Ref. [5] is given by

_ gmA[2 %
2Cload(CAZ + Cp) CBL

AV (Ion - Ioff)~ (7)

From Eq. (7), it can be seen that the voltage difference AV
is inverse to the bitline capacitance Cg| . In high density mem-
ories, AV becomes relatively small due to large Cgy , thereby a
longer sense time is required to distinguish logic ‘1’ from logic
‘0’. However, for the proposed topology, the voltage differ-
ence Al is independent of the bitline capacitance, as shown in
Eq. (6). Hence, the sense speed is able to be improved signifi-
cantly.

As the power supply voltage scales down, the performance
of the sense amplifier degrades. Figure 6 illustrates the sense
time with respect to the supply voltage. It is clear that the pro-
posed sense amplifier has a smaller sense time at a wide range
of supply voltage. Therefore, the proposed sense amplifier is
very suitable for low voltage applications.

5. Conclusions

In this work, a high-speed single-ended sense amplifier
based on the current mode approach is designed for low-
voltage embedded flash memories. An offset-voltage elimina-
tion technique is employed to improve sense performance. In
GSMC 130 nm eFlash technology, the simulation results show
that the worst sense time of the proposed sense amplifier is
0.43 ns with almost the same power consumption, as shown in
Table 1. It achieves 46% improvement compared to conven-
tional schemesl®!. Furthermore, the proposed sense amplifier
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has better performance in lower memory cell current and larger
storage capacity at a supply voltage of 1.5 V.
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