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Abstract—In this paper, asymmetrical Write-assist cell vir-
tual ground biasing scheme and positive feedback sensing
keeper schemes are proposed to improve the read static noise
margin (RSNM), write margin (WM), and operation speed of a
single-ended read/write 8 T SRAM cell. A 4 Kbit SRAM test chip
is implemented in 90 nm CMOS technology. The test chip mea-
surement results show that at 0.2 V V��, an operation frequency
of 6.0 MHz can be achieved with power consumption of 10.4 W.

Index Terms—Low power, low voltage, single-ended SRAM.

I. INTRODUCTION

S RAM occupies most of the SoC area and dominates the
system performance and power. Especially in bioelec-

tronics and other emerging applications, such as implanted
medical instruments and wireless body sensing networks, low
supply voltage and low-power SRAMs are required to extend
system operation time with limited energy resource. Therefore,
low-voltage and low-power subthreshold SRAM circuit designs
have become ever-increasingly important [1]–[7].

Although subthreshold logic circuits are becoming popular
in ultralow-power applications, designing robust subthreshold
SRAM is extremely challenging because of low supply voltage
and increasing device variability [1], [8]–[10] in the sub-100 nm
CMOS device. SRAM is more vulnerable to process variations
and threshold voltage mismatch than logic circuits, since
minimum or subgroundrule size devices are used in the cell and
there is no “averaging” effect as in the logic data paths. As de-
vice size continuously scales down, the increasing leakage cur-
rent, systematic process variations, and local random variation
lead to large spread in read SNM and cause destructive Read er-
rors at the tail of the distribution. Also, Write errors can occur
due to the difficulty in maintaining the device strength ratio in
subthreshold region.

Recently, various 6 T, 7 T, 8 T, 10 T, and 11 T SRAM cells
are proposed for subthresold SRAM applications [2]–[7], [10],
[13], [15], [24]. The major approach for improving the Read
SNM is to decouple the cell storage nodes from the bit-line Read
current, thus making the Read SNM equal to the Hold SNM. To
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Fig. 1. The drawback of traditional 5 T single-ended SRAM cell.

improve Write Margin (WM) and Write performance, higher
supply voltage for the Write access transistors and/or Write-
assist circuits are used at the cost of extra supply voltage and
extra control circuits.

Single-ended SRAM (or single bit-line SRAM) has become
common approaches to reduce leakage and switching power
of bit-line (BL) [4], [16]–[19]. A bit-line usually has a very
heavy capacitance loading. Every time a Read/Write operation
is performed, the switching of bit-line costs significant power
consumption. The single-ended scheme reduces one half of the
active power for bit-line switching. Fig. 1 shows the traditional
5 T single-ended SRAM cell. A single-ended cell has only
one bit-line to carry out the Write operation. To Write “0,” the
NMOS access transistor can offer strong pull-down strength,
while a successful Write “1” operation has to overcome the
sink current of the cell pull-down NMOS M4, and flip the left
inverter. Once the left inverter changes its state, the feedback
will help the cross-coupled inverters to change the storage
data. In single-ended scheme, however, the Q node voltage
would suffer loss through NMOS access transistor (M5). In
addition, the Write “1” signal will be weakened further by the
voltage dividing effect between M4 and M5.

The Write “1” SNM of the single-ended bit-line structure is
severely degraded especially at low supply voltage, as shown in
Fig. 2. Notice that since there is no access transistor for the left
inverter, the voltage transfer curve (VTC) for the left inverter
is essentially the Standby (Retention) mode VTC. On the other
hand, since the bit-line is held at “1” (Write “1”), as opposed to
being pulled down to GND in 6 T cell, the VTC for the right in-
verter is essentially the Read mode VTC. Also notice that while
Write “1” is successful (negative WSNM) at V, it
fails (positive WSNM) when is reduced to 0.6 V. This is
the main restriction of single-ended SRAM structure.

In this paper, we propose Write/Read-assist techniques for
an 8 T single-ended SRAM for subthreshold operation [7].
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Fig. 2. Write “1” SNM of single-ended bit-line at � � ��� V and 1 V.

To enhance the Write “1” capability and improve the WSNM
and Write speed, an asymmetrical floating cell virtual ground
(VGND) scheme is proposed. For Read operation, besides
using a read buffer to isolate the cell storage nodes from the
bit-line, a positive feedback sensing keeper is proposed to
eliminate the requirement of bit-line precharge operation and
enhance the Read performance. Experimental results for a
4 K bit SRAM in 90 nm CMOS technology show that the
proposed scheme operates successfully down to 0.2 V with
6 MHZ operation frequency at power consumption of 10.4

W. The operation concepts of the proposed Write/Read-assist
schemes are described in Section II-A. A bit-line positive
feedback sensing keeper scheme to improve the Read margin
and speed is discussed in Section II-B. Both techniques are
implemented in a 256 16 bit SRAM test chip in 90 nm CMOS
process. The simulation results are elaborated in Section III.
Section IV illustrates the measurement results of the test chip.
The conclusion is given in Section V.

II. PROPOSED WRITE/READ-ASSIST TECHNIQUES

A novel asymmetrical Write-assist cell virtual ground
(VGND) biasing scheme is proposed to improve the RSNM,
WM, and operation speed of single-ended 8 T SRAM. As shown
in Fig. 3, this technique is based on symmetrical cross-coupled
inverters (M1-M4) and the isolation of Read and Write paths
in single-ended 8 T SRAM cell. The separation of Read/Write
paths is one of the common approaches to mitigate noise dis-
turbance. Here, the Read isolation port (M6 and M7) eliminates
the Read disturbance. As such, the static noise margin in Read
mode is the same as that in Standby mode, thus facilitating low
voltage operation. The Read and Write operations share the
same BL to reduce active BL switching power.

Fig. 4 depicts the control-signal setting in Hold, Read,
and Write operations. Read Word-Line (RWL) and Write
Word-Line (WWL) are set to “Low,” and virtual ground enable
(VGND EN) is set to “High” to tie virtual ground (VGND)
to “GND” in Hold operation. In Read operation, WWL and
VGND EN remain at “Low” and “High,” respectively, and

Fig. 3. Single-ended 8 T SRAM array and cell structure with asymmetrical cell
VGND biasing.

Fig. 4. Operation timing diagram.

RWL turns on to “High” to charge or discharge BL according
to cell data stored at node Q. Finally, in Write operation,
VGND EN is switched to “Low” with a pulse to float VGND,
and WWL and RWL are set to “High” and “Low,” respectively.

A. Write Operation of Asymmetrical Write-Assist Cell

Several techniques have been proposed to mitigate the Write
“1” problem of single bit-line structure. For examples, asym-
metrical SRAM cells with asymmetrical cell transistor sizing
[Fig. 5(a) [22]] or multi- access transistors [14] and virtual
floating cell VDD/GND [15], [20], [21] [Fig. 5(b)]. The stable
states of a cross-coupled inverter latch can be viewed as at state
A and state C in the voltage transfer curve [Fig. 6(a)]. A suc-
cessful Write operation using single bit-line has to move state
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Fig. 5. (a) Asymmetrical cell transistor sizing. (b) 1 T equalizer (M6) insertion
in the cell and virtual floating cell ground.

Fig. 6. (a) The voltage transfer curve of traditional cell latch. (b) The effect of
the 1 T equalizer insertion in the cell.

Fig. 7. (a) The voltage transfer curve of asymmetrical transistor sizing. (b) The
lower voltage barrier effect.

A to state C. However, the voltage barrier (from state A to state
B) is too high for single bit-line to overcome it. The asym-
metrical cell structure can improve the SNM without degrading
Read/Write operation. The asymmetrical cell transistor sizing
and multi- are used to lower the voltage barrier between state
A and state B. The voltage transfer curve will be asymmetrical
as shown in Fig. 7(a). The voltage barrier of Write “1” is reduced
due to the asymmetrical SNM [Fig. 7(b)], making it easier to
move from state A to state C. Although the Write “0” voltage
barrier remains the same, the NMOS access transistor can offer
large enough pull-down force to flip the storage data. The asym-
metrical SRAM cell structure also has a better Read SNM due
to higher voltage barrier for the Read port. Nevertheless, the
Hold SNM of the asymmetrical SRAM cell is sacrificed and the
multi- technique will increase the process complexity, cell
area, and cost. The asymmetrical sizing technique is still limited
to about 0.7 V supply voltage, because the driving capability of
bit-line is reduced at lower supply voltage.

The 1 T equalizer transistor (M6) shown in Fig. 5(b) can move
state A to near state B [Fig. 6(b)]. The cross-coupled inverters
become unstable, thus facilitating the Write operation. When the
cross-coupled inverters stay (temporarily) at meta-stable state B,
they do not turn off completely. There are large static currents in

Fig. 8. Fully floating cell VGND [1].

the cross-coupled inverters, resulting in large power consump-
tion. A virtual ground floating structure (Fig. 8) can be used to
minimize the power consumption. The virtual floating ground of
cells cuts off the dc paths to limit the power consumption. Also,
the voltage dividing effect (between M5 and M4) is reduced by
fully floating the cell VGND during Write operation. However,
floating cell VGND reduces across M2 due to the rising
VGND. Furthermore, the threshold voltage of M2 is raised by
the body effect due to its negative . Thus, the trip voltage
of the left inverter increases, impeding the start of positive feed-
back to flip the cell storage data. Finally, the timing of virtual
floating ground and the 1 T equalizer transistor has to be very
accurate. If the virtual floating ground is removed too early, the
blocking of static short-circuit current will not function well. On
the contrary, if the virtual floating ground is removed too late,
the Write operation may fail. These drawbacks limit the yield
due to serious parameter variations at low-voltage operation.

In our asymmetrical cell VGND biasing scheme (Fig. 3), only
the source node of M4 is floating during Write operation. The
scheme mitigates the M4/M5 voltage dividing effect without
increasing the threshold voltage of M2 and the trip voltage of
the left inverter. Therefore, it is easier to turn on M2 to start the
feedback process to flip the cell storage data.

Notice that with M4 source node floating, the VTC of the right
inverter becomes essentially a straight line at as shown in
Fig. 9. This implies that the right inverter loses the capability
of pulling down. With the proposed asymmetrical Write-assist
cell virtual ground biasing scheme, the WSNM is widened/im-
proved significantly, even at low as shown in Fig. 9. The
WSNM can be seen to be almost 0.5 and is even sub-
stantially larger than that in traditional 6 T cell with differential
bit-line structure.

In Write “0” mode, the access transistor M5 offers a strong
“0” pull-down signal to flip the storage data. The Q node is pull
down to change the state of the left inverter. Although the latch
feedback loop is broken due to floating of the M4 source node,
the Write “0” operation wouldn’t be affected.

The Write-ability of the cell under row-based VGND and
column-based VGND array architecture has also been assessed.
It is found that for row-based VGND array architecture, a row-
based VGND is connected to discharged BLs through the path
of M4 and M5 of Write “0” cells. For a mostly Write “0” pat-
tern, the row-based VGND would essentially be held at “0.”
Therefore, the Write “1” operation of a row-based VGND array
architecture could fail with mostly Write “0” patterns (e.g., at
0.9 V with 16 cells per row). On the other hand, with
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Fig. 9. Improved WSNM for writing “1” at � � ��� V with proposed
scheme.

Fig. 10. Pertinent waveforms during Write “1” operation.

column-based VGND during Write operation, although the hold
SNM of the half-selected cells at an active column would be de-
graded, a column-based VGND is really floated. As shown in
Fig. 10, the Write operation of column-based VGND array ar-
chitecture can be successfully performed down to
V at SNFP C (Write “1” worst corner). Besides, Write
replica tracing circuit could be used to optimize the word-line
and VGND pulse widths to minimize the impacts on half-se-
lected cells at an active column.

Another commonly used metrics to characterize Write-ability
is the Write “1” Margin (WM1). The Write “1” Margin for
differential BL SRAM cell is defined as the highest voltage
level of the low-going bit-line that can flip the cell. The Write
“1” Margin for single BL SRAM cell is defined as the lowest
voltage level of the high-going bit-line that can flip the cell.
Fig. 11 shows the Write “1” Margin distribution generating from
the 50 000 Monte Carlo simulations at 0.5 V and
25 . Both the Write “1” worst case waveforms and the Write
“1” Margin distribution indicate the proposed asymmetrical cell
VGND biasing scheme can tolerate severe process variation at
low voltage operation.

The asymmetrical cell VGND biasing scheme has a larger
Write Margin than the traditional single bit-line cell, as shown in

Fig. 11. Write “1” Margin of 50 000 Monte Carlo simulation ���� at SNFP,
��� C (worst corner). The Write “1” active cell is in worst case that there are
31 half-selected cells storing “1” in the same column.

Fig. 12. Write “1” Margin versus supply voltage.

Fig. 12. The Write Margin of 6 T SRAM cell is marginally better
than the proposed scheme. This is due to the push-pull configu-
ration with dual bit-lines to assist in flipping data during Write
operation. As can be seen, the proposed scheme offers over 2X
improvement in Write Margin compared with the traditional
single bit-line structure, and almost the same Write Margin as
the dual bit-line 6 T cell at low supply voltage. The Write Margin
is about 35% of the supply voltage in subthreshold region (0.2 to
0.4 V). The proposed circuit also achieves better Write time (or
Time-to-Write) compared with the case without Write-assist as
shown in Fig. 13. The Write operation can be successfully per-
formed down to 200 mV. These characteristics renders the cell
more useful with wide operating supply voltage range.

In SRAM design, bit-interleaving architecture often is com-
bined with error correction code (ECC) circuit to reduce soft
error rate. Notice that, similar to previously reported sub-
threshold SRAM cells in [2], [3], [5], [20], [23], and [24], the
proposed scheme still has Write half-select disturb problem in
bit-interleaving architecture. However, in this work, row-based
WWL, column-based VGND, and BL precharge operation
can be used to eliminate Write half-selected disturb problem
and form a bit-interleaving architecture. The design target
of this work is the low-power dissipation. In an interleaving
architecture, half-selected cells at an active row will perform
Read operation and dissipate extra power during Read or Write
operation. Therefore, non-bit-interleaving architecture or Byte
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Fig. 13. Cell “Write time” (Time-to-Write) versus supply voltage.

Fig. 14. Read operation of the proposed Asymmetrical-floating-VGND 8 T
cell: (a) Read “1,” and (b) Read “0.”

Fig. 15. RSNM versus supply voltage.

Writing architecture would be used not only to best exploit
the improved RSNM and WSNM of the proposed low-voltage
low-power SRAM cell but also to reduce power dissipation.

1) Read Operation With Isolation Buffer: The RSNM of the
traditional 6 T RSNM degrades rapidly with supply voltage
scaling [1] due to voltage dividing effect between the access
transistor and the pulled down transistor. The proposed 8 T
cell uses a CMOS inverter (M6/M7) for Read-out. In Read op-
eration, the RWL signal turns on pass-transistor M8, and the
stored data is transferred through M6/M7 inverter and M8 to
the bit-line as indicated in Fig. 14. Due to the isolation of cell
storage node from the Read current path, the RSNM is signifi-
cantly better than the traditional 6 T cell, as shown in Fig. 15.
The RSNM is almost 50% of the supply voltage in subthreshold
region (0.2 to 0.4 V).

Fig. 16. Positive feedback sensing keeper.

The Read operation is executed by the static M6/M7 inverter
buffer, so power dissipation can be reduced by not precharging
the bit-lines [19]. The circuit consumes AC power only when
the Read-out data changes. Moreover, the static Read-out buffer
of 8 T cell also reduces the impact of process variation and
enhances reliability. Traditionally, bit-lines are precharged to
“High” [2], [3]. During Read operation, the precharge transistor
and the half-selected cells along the selected bit-line pair form
a configuration similar to multi-input dynamic NOR gate. The
dynamic bit-line is sensitive to the leakage due to process vari-
ations because the cell leakage will degrade the Read margin.
The static Read-out inverter offers a larger Read margin to mit-
igate the effect of process variation. If a design target is for area
efficiency, not power efficiency and robustness, the simplified 7
T SRAM cell [Fig. 19(b)] by removing M6 from the proposed
8 T SRAM cell could be used to achieve high density, but BL
precharge circuit should be used to make function work.

However, the Read-out data has to pass through M8. Thus, the
Read-out data cannot charge the bit-line to full rail through the
pass transistor M8 in Read “1” operation. The weak “1” bit-line
signal may result in wrong Read judgment for the subsequent
output stage. The power dissipation would also increase due to
leakage current of subsequent stage caused by the non-full-rail
bit-line signal. By using the positive feedback sensing keeper
introduced in the next section, the bit-line voltage swing and
Read-out speed can be improved.

B. Positive Feedback Sensing Keeper

Fig. 16 shows the proposed positive feedback sensing keeper
to improve the Read “1” operation. Keeper circuit is a common
technique for single bit-line scheme. The proposed positive
feedback sensing keeper not only pulls the bit-line to full rail,
but also improves the Read-out speed. In Standby mode, the
SA En signal stays “High” and M2 turns on to send a “High”
signal to turn off M3. With M3 off, the positive feedback loop is
cut off, thus having no effect on the bit-line. In Read operation,
the SA En goes “Low” to turn on M1 to sense the bit-line
signal. When the bit-line is “Low,” the inverter turns off M3, so
the positive feedback sensing keeper remains off and would not
affect the pull-down of the bit-line by the cell. When the bit-line
is “High,” the high bit-line signal enables the positive feedback
loop to pull-up the bit-line to full rail through M3. To drive the



3044 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 57, NO. 12, DECEMBER 2010

Fig. 17. (a) The VTC of the 8 T SRAM cell with asymmetrical Write-assist cell
VGND scheme. The voltage barrier diagram of (b) Hold and Read, (c) Write “0,”
and (d) Write “1” operations.

output load, the Read-out buffer uses large size devices. The
SA En signal resets to “High” at the end of every cycle.

The butterfly curve and operation voltage barriers of the
single-end 8 T SRAM cell with the asymmetrical Write-assist
cell VGND scheme are shown in Fig. 16. Due to symmetrical
cross-coupled inverter, the Hold SNM of the proposed struc-
ture is better than that of an asymmetrical cell [Fig. 5(a)]. In
addition, the voltage barriers become dynamically optimized
according to operations because of the asymmetrical Write-as-
sist cell VGND scheme. The Hold and Read operation have
large voltage barriers to retain data reliably by setting VGND
to “0,” as shown in Fig. 16(b). Fig. 16(c) shows that floating
VGND does not affect Write “0” voltage barrier from C to B.
Finally, due to floating VGND, the voltage barrier from A to B
is reduced significantly to facilitate Write “1.”

III. IMPLEMENTATION AND SIMULATION RESULTS

The aforementioned techniques have been implemented in a
256 16 bits SRAM test chip in 90 nm CMOS technology. The
SRAM is designed for portable bioelectronics applications. To
extend battery life, the SRAM test chip adopts supply voltage
of 0.2–0.6 V to achieve low power consumption. The 4 Kbits
SRAM is composed of 8 banks (Fig. 18). Each bank consists
of 32 words 16 bits. The global data bus can be used to com-
municate data with the banks. The unselected banks are kept
in Standby mode, and only one bank will be active. The CLK
gating for unselected bank also saves substantial power. The
layout of the proposed 8 T SRAM cell with VGND is shown in
Fig. 19(a) and the 8 T SRAM cell area is

. The area-efficient simplified 7 T SRAM cell layout
is shown in Fig. 19(b). The area of the simplified 7 T SRAM
cell is , which is almost equal
to the area of conventional 8 T SRAM.

The proposed design offers 5.7X improvement in power dissi-
pation compared with traditional 6 T SRAM cell at 1 V supply
voltage, and 17.3X improvement with supply scaled to 0.6 V
as shown in Fig. 20. At 0.6 V and 25 C, the average
power dissipation increases significantly at FF corner as shown

Fig. 18. System block diagram of 256�16 bits SRAM.

Fig. 19. The cell layouts of (a) the proposed 8 T SRAM cell and (b) the sim-
plified 7 T SRAM cell.

Fig. 20. Power comparison between conventional 6 T cell and proposed cell.

in Fig. 21. This is due to the dramatic increase of leakage power
for the Standby cells.

The target operation frequency is 6 MHz with 0.2–0.6 V
supply voltage. From postlayout simulation results, the circuit
can achieve 234 MHz and 6 MHz at 0.6 and 0.2 V, respectively.
The asymmetrical Write-assist cell VGND biasing greatly
improves Write operation, especially at low supply voltage.
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Fig. 21. Power/bit at various process corners at 0.6 V � and 25 C.

Fig. 22. Layout of the 4 Kbits SRAM.

Fig. 23. Microphotograph of SRAM test chip.

The improved and operation speed offer more flexible
wide range applications, and enable continuing scaling of SoC
supply voltage.

IV. MEASUREMENT RESULTS

A test chip of 4 Kbits SRAM (8 bank 32 words 16 bits) is
implemented in 90 nm 1P9M SPRVT process. The core area is
168 265 m and the layout is shown in Fig. 22. The photo
of a bonded die is shown in Fig. 23.

Fig. 24 shows the measured waveforms captured by logic an-
alyzer. A 6 MHz clock signal triggers Write/Read operation of
the 32 words 16 bits. The FFFF signal of data-out signals im-
plies that the 16 bits data is correct under Read “1” mode. The 0

Fig. 24. Measurement results using Logic Analyzer.

Fig. 25. The measured results of pertinent waveforms on Oscilloscope.

Fig. 26. Pertinent waveforms under 200 mV core VDD (300 mV Pad � ).

signal of data-out implies the correct Read “0” mode. All cells of
one bank (512 bis) work correctly with 600 mV supply voltage
at 6 MHz. Fig. 25 shows pertinent waveforms captured by oscil-
loscope. The scope shows CLK signal, WEN signal and one bit
of Data-out signal. The CLK signal is 6 MHz, and the data rate
is 6 MHz word per second. The average pulse width of Read
“1” is 169.78 ns, and the average pulse width of Read “0” is
160.85 ns. The non-50% Read-out pulse is due to the delayed
CLK causing longer active time of keeper. The keeper would
keep “1” Read-out data, even though the next address is active.

The core of the test chip can work down to 200 mV supply
at about 6 MHz as shown in Fig. 26 with pad of 300 mV.
Fig. 27 shows the measured average power versus supply
voltage at 6 MHz operation frequency, and the summary of the
measured results are listed in Table I. Finally, the key perfor-
mance of some recently reported subthreshold SRAM designs
are listed in Table II for comparison. The of our design is
comparable to others. The distinct feature of the proposed 8 T
single-ended SRAM with asymmetrical Write/Read-assist is its
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Fig. 27. Measured average power versus supply voltage at 6 MHz.

TABLE I
SUMMARY OF MEASURED RESULT

TABLE II
COMPARISON OF RESULTS

operation speed of 6 MHz at 200 mV, which is much superior
to the other works.

V. CONCLUSION

In this paper, a 256 16 bits subthreshold SRAM, based on
a single-ended 8 T cell with asymmetrical Write-assist virtual
ground biasing scheme and positive feedback sensing keeper,
was described. The asymmetrical Write-assist virtual ground
biasing scheme improved the Write Margin (35% of supply
voltage) and enhanced the Write performance. The isolated
Read buffer with positive feedback sensing keeper enhanced the
RSNM to 50% of the supply voltage, enabled the elimination of
BL precharge operation and full-rail BL swing to minimize the
power dissipation of BL sensing circuit. The postlayout simu-
lation results showed the chip achieves 234 MHz and 6 MHz
operation frequency at 600 mV and 200 mV supply voltage.
The measured results verified that the chip achieved 6 MHz
operation frequency at 200 mV with power consumption
of 10.4 W.
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