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operation of static random access memory (SRAM). Contrary to the conventional cross-coupled
SA, an NMOS cross coupling amplifier is added as the second stage amplifier and the pull-up and
pull-down circuits are added as the output circuit. The proposed structure can quickly amplify the
bit line voltage difference with high gain, improve the sensitivity, and ensure that the data output
port of the SRAM encounters no interference when the utility model is not working. The
simulation results show that this design reduces 95% of the voltage required for the bit lines to
guarantee the full swing at output nodes and shortens 80% of the sensing delay for the same input
voltage difference compared with the conventional SA.
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A high-speed voltage-mode sense amplifier for SRAM 697

0 Introduction

Static random access memory (SRAM) is one
of the most vital components in very large scale
( VLSI). The
circuitry of SRAM, such as the input buffer, row

integration memory periphery
decoder, column decoder, sense amplifier (SA),
memory cell and output buffer, can seriously affect
the overall system performance in terms of power
dissipation and speed™?. The SA is used to
retrieve the data stored in the memory by
amplifying the small voltage between two bit lines
(AVy ) to a full swing data state. Nowadays, the
SA has become one of the bottlenecks for reading
access time, which is an important performance
parameter of SRAME4,

As shown in Fig. 1, the conventional cross-
coupled SA has several advantages including high
speed and small silicon area"®. However, it is not
very suitable for SRAM because a high AVy is
required on the bit lines (BL, BLB) to guarantee
the full swing at output nodes'™. In addition, the
conventional crossed-coupled SA cannot achieve
the completely full swing at output nodes because
it has at least one DC path when the SA is in the

1. Therefore, designing an SA with

sense mode
better performance based on the conventional
cross-coupled one is highly valuable.

—T-VDD VDD -

=1
W I SR

VDD VDD

b
ouT OUTB

- =
SA&'

Fig.1 Conventional cross-coupled SA

GND

A number of studies have been devoted to

decreasing the sensing delay of the SA in recent

years 1

. Ref.[ 8] proposed a full current-mode
SA, whose sensing delay is 0.39 ns. But the full
current-mode SA power consumption is 0.29 mW,
which is greater than the conventional SA. Ref.[ 9]
proposed an SA implemented in 0. 13 pum
technology. whose sensing delay is 1.9 ns with a
power supply voltage of 1.2 V. Ref.[10] proposed
nm CMOS

whose sensing delay and

an SA implemented using a 65
technology process,
power dissipation is 2 ns and 0.018 mW. Ref.[11]
exhibits 39% improvement in the sensing delay
and 6.5% improvement in the offset voltage at the
supply voltage of 1.0 V when compared to the
conventional SA. However, the sensing delay is
very important in the high speed SRAM and yet
little research has been devoted to decreasing the
sensing delay as much as possible.

This paper will describe the design containing
two cross-coupled NMOS and two cross-coupled
PMOS transistors, which decreases 80% of the
sensing delay compared to the conventional SA. In
this paper, we propose a modified cross-coupled
SA with a smaller AV, (the minimum AV,
required for the full swing of output signals) and a
shorter sensing delay time for SRAM. The circuit
structure and operation process of the proposed SA
are discussed in detail in Section 1. The simulation
results based on an SMIC 0.13 pm CMOS process
are analyzed in Section 2, and a brief conclusion is

drawn in Section 3.

1 Proposed SA

1.1 Description of the proposed SA

Fig. 2 shows the circuits of the proposed SA,
including the PMOS cross-coupled circuit, the
NMOS cross-coupled circuit, the pre-charging and
balance circuit, and the output circuit. The PMOS
PMOS
transistors. The NMOS circuit includes two cross-
coupled NMOS transistors. The PMOS cross-

circuit  includes two  cross-coupled

coupled circuit is activated first to amplify the
small sense signal BL and BLB, and the NMOS
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cross-coupled circuit shifts signals from the PMOS
cross-coupled circuit closer to the logic signals.
The pre-charging and balance circuit includes 6
PMOS transistors, in charge of pulling up and

balancing voltages of the two levels of amplifier

output ports to VDD and cutting off the output

pathway. The output circuit converts the

differential signals into a single signal and drives

the post stage digital circuit.

The pre-charging and balance circuit

s

remeTnnnene,

VDD

.
,
0

GND

The PMOS cross coupled
amplifier

The N MOS cross coupled
amplifier

The output circuit

Fig.2 Circuit of the proposed cross-coupled SA

1.2 Operation of the proposed SA

The pre-charging and evaluation phase of the
circuit operation are described as follows.

In the pre-charging phase, the sensing signal
(SAEN) is low, so the transistors N5 and N8 are
in the cut-off region. The output nodes (K4) and
GND are isolated, thus no current flows from the
bit lines to the output nodes. The six pre-charging
transistors P1-P6 charge and balance the output
nodes (OUT, OUTB, K1 and K3) to VDD, so the
output pathway is cut off to ensure that the output
signals of the SRAM are correct during idle time.

In the evaluation phase, the sensing signal
(SAEN) is high, and AVy, is greater than or equal
to AVl

circuit stops working, and the two-level amplifier

Then the pre-charging and balance

circuit begins to work. When the voltage of the bit
line (BL or BLB) is sampled successfully and
PMOS cross-coupled
(OUT, OUTB)

propagate to the second stage of the amplifier

amplified by the first

amplifier circuit, the signals

circuit and are amplified again. For the two PMOS

transistors, P9 and P10, one is turned on because
of the low voltage and the other is cut-off due to
the high voltage. In this paper, P9 is assumed to
be turned on, so P10 is cut off. When P9 is turned
on , as the source is connected to the power supply
VDD, the drain K1 is pulled up. The N3 transistor
is turned on and its source K3 is pulled down to the
logic 0, since the N5 transistor is turned on and
the P10 transistor is cut off at the same time.
Meanwhile, the N6 transistor is cut off , the drop-
down path of K1 is cut off, and the circuit only
retains the pull-up path for the K1 port, so the K1
port is pulled up to VDD by P9. Finally, the
voltages at the K1 port and K3 port can be closer
to logic 1 and 0 than the output voltages of the first
PMOS cross-coupled amplifier circuit ( OUTB,
OUT), respectively.
1.3 Analysis of the proposed SA

In the evaluation phase, the proposed SA only
needs one of the two PMOS transistors (P9 and
P10) in the saturation state and the other in the

cut-off state. This means that as long as the
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voltage between the output node (OUT or OUTB)
and VDD is close to the threshold voltage of P9 or
P10, the proposed SA can amplify the small input
signals to a completely full swing data state. So the
demand for AVy, is reduced compared to the
conventional structure, meaning that the less time
required to enable the word line. This can be
understood by the following simple equation:

TG X AVn (D

Ip

where T is the time for the bit lines being
completely discharged, C, is the capacitance
loaded on the differential lines, and I, is the
current flow from bit lines. When other parameters
do not change and AV, decreases, T is reduced,
and the sensing speed increases. The simulation

results are presented in the next section.

2 Simulation results and comparison

The simulations are based on a SMIC 0.13 pm
CMOS process. The simulation typical corner
works at 27 ‘C and 1.2 V power voltage and uses
typical models. The simulation slow corner works
at 125 °C and 1.08 V power voltage and uses slow
models, and the simulation fast corner works at —
45 °C and 1.32 V power voltage and uses fast
models. The two 0.5 pF capacitances are loaded on
both the bit lines respectively. The output loading
of the SA is a couple of inverters. The sensing
control signal is indicated by SAEN. NOUT and
NOUTB are the output voltages of the proposed
SA, and COUT and COUTB are the output
voltages of the conventional SA. VBL and VBLB
are voltages of the two bit lines, respectively.

Under the described

the output voltages of both the

above simulation
conditions.,
proposed and conventional SAs with different AV,
are shown in Fig. 3. When V5, is kept at 1.2 V and
Vs increases gradually, the AVy decreases
obviously. We can find that the output voltages of
the conventional SA are kept away from the logic 1

and 0 gradually with decreasing AVy, . However,
the output voltages of the proposed SA (NOUTDB,

A high-speed voltage-mode sense amplifier for SRAM 699
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Fig.3 Output voltages of both the proposed
and conventional SAs with different AV,
NOUT) are kept around 1.2 V and 0 V even when the
AV is reduced to 0.03 V. At the same state, COUT
and COUTB are 0.8995 V and 0.3092 V, respectively.
The AVy,... of the proposed SA is reduced by 95%
compared with the conventional one.

Fig.4 shows the simulation waveforms of both
the proposed and conventional SAs with different
AV . The AVy, changes from 700 mV to 100 mV
for typical corners. As shown in Fig. 4, the sensing
delay of both the proposed and conventional SAs
are 0.68ns and 1.5 ns, respectively. The sensing
delay of the proposed SA is reduced by 80%
compared with the conventional one.

The comparison results of average power
current, indicative of the average power
consumption of both the proposed and conventional
SAs for typical corners are shown in Fig.5. The
simulation results show that average power
consumption of both the proposed and conventional
SAs are 0.072 mW and 0.024 mW, respectively.
The conventional SA exhibits less power current
than the proposed one with the same AV, because
there is an additional DC path in the proposed SA
at the evaluation phase. However, the reduced bit-
line swing can save the whole SRAM energy. When
the AV, is less than about 60 mV, the increasing
speed of average power current is faster. Thus the
suitable AV, for the proposed SA is 60 mV,
there is an additional DC path in the proposed SA
at the evaluation phase. However, the reduced bit-

line swing can save the whole SRAM energy. When
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%’008— | slow corners when AV =100 mV. Fig. 6 (b),
£ 0.
§ 0.6 V=700 mV—100 mV (c¢), (d) show the output voltage simulation
0.4f 1 waveforms of the proposed and conventional SAs
0.2} e for typical, fast and slow corners when AV, =100
SAEN —— . .
oop o mV, respectively. The results indicate that the
40 45 5.0 55 6.0 6. 075 8.0
65 7075 proposed SA can work normally at the three

Sensing delay  Time/ns

corners. For the fast corner, the power current is
Fig.4 Simulation waveforms of both the proposed (a) ’ P

and conventional SAs (b) with different AV, greater than that of the typical corner by 150 nA

. . . and the speed is faster than that of the typical
the AVy is less than about 60 mV, the increasing P yp

. corner by 0.2 ns. For the typical corner, the power
speed of average power current is faster. Thus the Y P ’ P
suitable AV i for the proposed SA is 60 mV.,

Fig. 6 (a) shows the power current simulation

current is 120 pA greater than that of the slow
corner by 120 pA and the speed is faster than that

of the slow corner by 0.8 ns.
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Fig.6 (a) Power current of the proposed SA for SS, TT and FF PVT corners, the output voltages of
both the proposed and conventional SAs for (b) TT, (¢) FF. and (d) SS PVT corners



