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200-MHz Single-Ended 6T 1-kb SRAM With
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Abstract—A high-speed and low energy-consuming SRAM
design based on single-ended cells is demonstrated in this work.
To resolve poor SNM (static noise margin) of prior single-ended
memory cells, the proposed SRAM cell is equipped with a pullup PMOS and a high-Vthn NMOS foot switch such that the
cell state is not bothered by noise when the supply voltage is
getting lowered. Moreover, a PFOS (Positive Feedback Op-Amp
Sensing) circuit is added between bitlines (BL, BL) to reduce the
read delay and generate full-swing output. Last but not least,
a voltage mode select (VMS) circuit is added to each column
to reduce the static power of unselected cells such that idle
power is drastically reduced. The reason is that the a lower
voltage able to keep the state of bits is applied to those unselected cells. A 1-kb SRAM prototype based on the proposed
cells with BIST (build-in self test) circuit is physically fabricated
using typical 40-nm CMOS logic process. The maximum operating clock rate is 200 MHz. The energy/access and energy/bit
are measured on silicon to be 0.2313 pJ, and 0.00723 pJ,
respectively.
Index Terms—SRAM, single-ended cell, voltage mode select,
SNM, PFOS.

I. I NTRODUCTION
CCORDING to the recent report predicted by ITRS, the
overall area of memory devices in an SOC (system on
chip) will occupy over 90% of the entire chip area very soon.
SRAM has been widely used as caches in various processors,
e.g., CPU, AP, etc. The SRAM power reduction certainly propels the advance of these processors. Particularly for the power
and energy saving demand of SRAMs, three major design
approaches were proposed.
1) Current mode sense amplification [1]: During a read
operation, the SA (sense amplifier) pre-determines
the output result by sensing the differential current
on two bitlines such that the low power and high
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speed would be feasible. Notably, the output delay
is irrelevant of the bitline capacitances in such a
scenario.
2) Current compensation circuit [2] : When the SRAM
begins to work, the current compensation circuit detects
the leakage current of each bitline and then injects a
proper current into the corresponding bitline. Although
this way can’t reduce the leakage current, the access
speed of the SRAM will be improved. This kind of
approach does not show any advantage of energy saving,
particularly for the standby cells.
3) Secondary supply [3]: By using another higher supply
voltage, the access of the SRAM cell will be fastened.
However, the penalty is that extra energy is needed. The
standby power or energy of those un-accessed cells is
also ignored.
Though many SRAMs have been proposed to achieve low
power operations, the generic loadless SRAM cell was considered to attain the edge of small area and low power. However,
the loadless cell is bothered by the potential weak “0” state
such that it is always under the threat of read/write disturbance and instability, particularly it is used in single-ended
bitline structure. This issue also results in SNM (static noise
margin) degradation therewith. Many auxiliary circuits were
reported to resolve these problems, including readout assist circut [4], write assist circuit [5], etc. Only a few SRAM designs,
however, were meant to carry out leakage detection and compensation [6]. In brief, none of the mentioned reports showed
a comprehensive result to reduce the power, reject the coupled noise, fasten access speed, and increase SNM at the same
time.
To resolve all the issues in single-ended SRAM designs,
many circuit features are proposed in this investigation to
reduce power and enhance performance simultaneously different aspects, including cell circuitry, bitline architecture, and
power supply mode selection. More specifically, the proposed
SRAM cell is equipped with a pull-up PMOS and a highVthn NMOS foot switch to assist the R/W if selected, and
ground the stored state, respectively. Consequently, the SNM
is drastically increased. Regarding the read speed, a (Positive
Feedback Op-Amp Sensing) circuit is added between bitlines
(BL, BL) to reduce the delay. To reduce power dissipation,
a supply voltage select mode is added to every column of
SRAMs, where the supply voltage of the column unselected
is reduced to save idle power.
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Fig. 1.

Fig. 2.

Proposed 6T SRAM cell (a) schematic; (b) cell layout.

Fig. 3.

Positive feedback op-amp sensing (PFOS) circuit.

Fig. 4.

Voltage mode select circuit.

Proposed low energy-consuming SRAM system diagram.

II. L OW-E NERGY S INGLE -E NDED 6T SRAM
With reference to Fig. 1, the architecture of the proposed
1-kb 6T SRAM is disclosed, where an SRAM array, a
Controller circuit, a voltage mode select (VMS) circuit, AVD
(adaptive voltage detector), PVB (pass-transistor gate voltage
boosting), a PFOS, and a BIST (build-in self test) circuit are
included. Since AVD and PVB circuits are referred to our
previous circuitry reported in [6], their details shall not be
covered in the following text. By contrast, the features of the
proposed SRAM will be fully described.

A. 6-T SRAM Cell With Pull-Up Assist
As addressed earlier, prior single-ended SRAM designs
were suffered from poor SNM, though they could reduce the
area and the power by saving one bitline. The major reasons are the “0” state of storage node is easily flipped by
lacking a grounding path, and the P-latch becomes a resistive
network when the storage node is to be written with new states.
Therefore, two extra devices are added as shown in Fig. 2. The
area of the proposed SRAM cell is 1.12×0.91 µm2 .
1) MP402 : It is a high Vthp PMOS driven by WLO. When
the cell is written with “1”, it is cut off to kill the current
path from VDDC to the P-latch such that Qb can be
easily flipped. If written with “0”, it is turned on to
supply a current to the P-latch from VDDC. That is, it
becomes a pull-up assist loop.
2) MN401 : This is a high Vthn NMOS driven by node Qb.
If the state at Qb is low, it is off to keep the charge at
node Q as high. By contrast, if Qb is high, MN401 will
be on to couple Q perfectly to ground.
Apparently, thanks to the added pull-up assist by MP402
and grounding path by MN401 , the SNM of the cell shall be
enlarged significantly.

B. Positive Feedback Op-Amp Sensing (PFOS)
Another hazard in prior single-ended SRAM designs is that
the output swing was never ensured to be full swing, particularly when reading “0”. A PFOS circuit is added between BL
and BL, as shown in Fig. 2, where the schematic is given in
Fig. 3. The function of the proposed PFOS is listed as follows.

(1) SA_EN = 1 : MN603 is turned on to ground BL, while
MP602 is cut off to deny any current injecting into the
differential amplifier.
(2) SA_EN = 0 : MN603 is off. MP602 is turned on to
drive MN601 from the drain of MP602 and the source
of MP601 , constituting a positive feedback path. Then,
the output of the differential amplifier is pulled high to
drive MP604 via an inverter so that BL will become high.
C. Voltage Mode Select (VMS)
To further reduce the standby power when the cell is not
accessed, a power-gated mechanism is employed in Fig. 4,
where 3 low-Vthp PMOS transistors are added to every
column of memory cells.
(1) If any cell in the same column is accessed, WL is high to
cut off MP706 . MP704 is turned on by WLB (low) such
that the entire column is driven by the normal VDD.
(2) If no cell in the column is accessed, WL is low and
WLB is high. A reduced supply voltage, VDD - Vthp,

Authorized licensed use limited to: National Sun Yat Sen Univ.. Downloaded on September 22,2021 at 08:20:40 UTC from IEEE Xplore. Restrictions apply.

WANG AND KUO: 200-MHz SINGLE-ENDED 6T 1-kB SRAM WITH 0.2313 pJ ENERGY/ACCESS USING 40-nm CMOS LOGIC PROCESS

Fig. 5.

3165

(a) Read cycle timing; (b) Write cycle timing.

is coupled to the entire column, namely VDDC in the
memory cell. Thus, the supply voltage is dropped by
Vthp to save power in such an idle state.

Fig. 6.

Die photo of the proposed 1-kb SRAM.

Fig. 7.

All-PVT-corner post-layout simulation.

Fig. 8.

SNM plot (a) Traditional 6T SRAM cell; (b) Proposed SRAM cell.

Fig. 9.

DNM plot.

D. R/W Cycle Timing
Referring to Figs. 2 and 3, read cycle operations of the
proposed SRAM cell are as shown in Fig. 5(a), where 3 major
steps are R1 (pre-discharge), R2 (WL active), R3 (output
assert).
• Read “1” : (R1) Pre-discharge is asserted before WL=1 to
ground BL. (R2) WL=WA=1 to turn on MN402 and MN403 ,
respectively. WLO is set to high shutting down MP402 . (R3)
Thus, “0” at Qb will be coupled to PFOS of BL via MN402
and MN403 to raise BL high.
• Read “0” : (R1) Pre-discharge is asserted. (R2) WL=1,
WA=1, WLO=0 to turn on MN402 , MN403 , MP402 , respectively. (R3) Due to the presence of the pull-up assist loop by
turning on MP402 , “1” at Qb will be stable, which coupled to
PFOS of BL via MN402 and MN403 to pull down BL.
• Standby : The SRAM enters the standby mode after Predischarge is unasserted.
Similarly, write cycle operations are given in Fig. 5(b),
where 3 major steps are W1 (pre-discharge), W2 (WL active),
W3 (state assert).
• Write “1” : (W1) Pre-discharge is asserted high to ground
BL. (W2) WL=1, WA=1, to turn on MN403 and MN402 ,
respectively. WLO is set high to shut off MP402 . Qb is then
low to turn on MP401 and cut MN401 . (W3) Q node will then
be high.
• Write “0” : (W1) Pre-discharge is asserted. (W2) WL=0
to shut off MN403 . WA is high to turn on MN402 , and WLO is
low to activate the pull-up assist loop such that Qb becomes
“1”. (W3) Then, MN401 is turned on to ensure Q=0.
III. S IMULATION AND M EASUREMENT
The proposed design is realized by TSMC 45 nm CMOS
LOGIC (40G) process. The die photo and the core layout are
demonstrated in Fig. 6, where the chip area is 595×595 µm2 ,
and the core area is 200×200 µm2 . Notably, since there is a
minimum metal density rule required by the foundry, the top
of the chip is covered by metal layers such that the details of
individual blocks are not visible in the die photo.
A. All-PVT-Corner Simulations
To validate the advantages resulted from the features of
the proposed SRAM and the cells, all-PVT-corner simulations (5 process corners, 3 VDD voltages, 5 temperatures) are
carried out. Fig. 7 shows all the R/W functions, where the

worst case R/W delay is 1.43 ns. As for the noise margins,
Fig. 8 and Fig. 9 show the SNM and DNM (dynamic noise
margin) of the proposed 6T SRAM cells, respectively. Notably,
Fig. 8(a) is SNM of traditional 6T SRAM cells (225/254 mV),
and Fig. 8(b) is that of the proposed cell, where it is enlarged
to 706/377 mV, which is the best by far. Another feature is
that the cell will resist any noise under 100 ps@0.3 V given
VDD=0.9V and 200 MHz system clock.
B. On-Silicon Measurement
On-silicon measurement and testing are carried out in
Tainan Branch of TSRI (Taiwan Semiconductor Research
Institute), where Fig. 10 shows the setup of the measurement
site. Figs. 11(a) and (b) show the timing waveforms without
and with pull-up assist, respectively. The delay in the case of
no pull-up assist is 1.0 ns, while that in the case using pull-up
assist is reduced to 0.988 ns. The standby (idle) current is
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TABLE I
P ERFORMANCE C OMPARISON W ITH P RIOR CMOS SRAM S

SNM, but also enhance the noise rejection capability. The
proposed PFOS circuitry successfully prevents the poor voltage swing issue when reading “0”, which was a potential threat
to the correctness of prior single-ended SRAMS. The VMS
circuit reduces the idle power of every unselected column to
reduce the overall power dissipation.
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