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Abstract— The requirement for power-efficient SRAM bit cells 

that are capable of operating at low supply voltage has led to the 

development of several alternative bit cell topologies. The 

majority of the proposed designs are based on the 6T bit cell with 

the addition of devices and/or peripheral techniques aimed at 

reducing leakage and enabling read and write functionality at 

lower operating voltages. In this brief, we propose a reduced 

transistor count bit cell that is fully functional at low-operating 

voltages. This asymmetric 5T bit cell is operated through a single-

ended read and differential write scheme, with an option for 

operation as a two-port cell with single-ended write. The bit cell’s 

operating scheme provides a non-intrusive read operation and 

improved write margins for robust, low-voltage functionality. In 

addition, the asymmetric cell characteristic provides a low-

leakage state with an additional 5X static power improvement 

over the reduction inherently achieved through voltage lowering. 

The proposed bit cell was designed and simulated in a 40 nm 

commercial CMOS process and is shown to be fully operational at 

sub-threshold voltages as low as 400mV under global and local 

process variations. At this supply voltage, a 21X static-power 

reduction is achieved, as compared to the industry standard 6T 

bit cell, operated at its minimum supply voltage. 
 

Index Terms—CMOS Memory Integrated Circuits, SRAM, 

Leakage Suppression, Ultra Low Power, Sub-threshold SRAM. 

I. INTRODUCTION 

HE continuously growing demand for low power 

embedded memory has been a driving force in the 

development of new SRAM designs and techniques. 

Aggressive power reduction can be achieved by operating at 

sub-threshold (ST) voltages; however, operation at these 

reduced voltages degrades robustness, due to depleted noise 

margins and higher susceptibility to process variations and 

device mismatch. The severe variations present in nano-scaled 

process technologies cause standard SRAM implementations, 

such as the single-port 6T bit cell, to fail at voltages below 

600-700mV [1]. Previous work in this field has introduced 

modifications to the 6T bit cell by using additional devices and 

techniques aimed at lowering the minimum voltage operating 

voltage . Examples of previously proposed ST bit cells include 

8T cells that utilize reverse short channel effect (RSCE) for 

increased write-ability at lower voltages [2, 3]; a 10T bit cell 
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with reduced leakage in the read path [1]; a 9T bit cell with 

internal feedback for leakage reduction [4]; and Schmitt 

Trigger based bit cells [5]. Externally applied methods such as 

increased word-line (WL) voltage and detachable supply rails 

have also been proposed [1, 2, 6]. The majority of these 

circuits add transistors to the standard 6T bit cell, resulting in a 

significant increase in die-area.  

This paper presents a robust, low-voltage SRAM bit cell 

with a reduced transistor count, as compared to the standard 

6T circuit. The proposed 5T bit cell is based on the circuit 

introduced in [7] with a number of significant modifications to 

enable low-voltage operation and implementation in nano-

scale processes. The result is a bit cell of comparable size to 

the 6T bit cell, which is shown to be fully operational at 

voltages as low as 400mV in a commercial 40 nm CMOS 

process. At this supply voltage, the proposed bit cell provides 

6σ stability and an average static power reduction of 21X, as 

compared to a 6T cell operating at its voltage limit.  

The rest of this paper is constructed, as follows: Section II 

describes the circuit design and operation of the proposed cell; 

an extensive discussion of circuit stability, including 

simulation results, is presented in Section III; Section IV 

describes circuit implementation and performance; and Section 

V summarizes the paper. 
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Figure 1: Schematic of proposed 5T bit cell 

II. THE 5T SRAM BIT CELL 

Operation of a standard 6T bit cell at low voltages is limited 

by both its read and write margins, due to process and 

mismatch variations. The drive strength of MOSFET devices 

becomes an exponential function of the device’s threshold 

voltage (VT), as the supply voltage nears the sub-threshold 

region, causing variation to increase dramatically. As 
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described in [1], a 65nm 6T cell fails due to read margin 

deterioration at approximately 800mV, and due to depleted 

write margins at approximately 700mV. Device mismatch, and 

therefore cell failure probability, only gets worse with 

technology scaling. 

In order to address these problems, we propose a novel 5T 

bit cell, employing a single-ended read and differential write. 

The proposed circuit, shown in Figure 1, resembles the circuit 

described in [7], with a few major modifications to enable 

dense layout, as well as functionality at low supply voltages in 

nano-scale technologies. These modifications include 

removing the back gate control of the right access transistor 

(M4), and manipulating multi-threshold devices, as will be 

explained below.  

In general, the proposed cell structure is similar to a 

standard 6T bit cell, enabling a dense, regularly structured 

layout. However, as opposed to a cross-coupled inverter 

circuit, the 5T cell is lacking an NMOS pull-down under the 

right data node (QB). To compensate for this, M4 is 

implemented as a low-threshold (LVT) device, and the right 

bit line (BLb) is held low during standby and read operations. 

Accordingly, reads are achieved single-endedly through the 

left access transistor (M2) through an independent read word-

line (RWL) signal. Writes are achieved differentially by 

asserting both RWL and the write word-line (WWL). To 

further improve cell functionality, the pull-up PMOS devices 

are implemented with high-threshold (HVT) devices. The 

following sub-sections will describe the cell’s hold states and 

its read and write access operations. 

A. Hold  States 

For the trivial state of holding a logical ‘0’, the operation of 

the proposed cell is similar to a standard cross-coupled latch. 

By discharging node Q, M5 is turned on (VSG5=VDD), allowing 

node QB to be fully charged to VDD. Accordingly, M1 is turned 

on (VGS1=VDD), ensuring that Q remains discharged.  

 
 (a)  (b) 

Figure 2: (a) QB steady state voltage in the SF corner 

under various supply voltages. (b) MC distribution of QB 

steady state voltages under a 400 mV supply. 

The lack of a pull-down device under QB results in a very 

robust hold ‘0’ state; however, it severely impedes the 

opposite (hold ‘1’) state. In this state, Q is charged to VDD and 

QB is discharged to ground. M3 is turned on (VSG3=VDD), 

holding Q high, but nothing would seem to be holding QB low. 

By maintaining a stronger leakage current from QB to ground 

than from VDD to QB a stable state is ensured. This is achieved 

through three mechanisms: implementing M4 with a double-

width LVT device; implementing M5 with an HVT device; 

and biasing BLb at ground at all times other than when writing 

a ‘1’. Figure 2 shows the steady state voltage of node QB at 

the worst-case Slow NMOS-Fast PMOS (SF) corner under 

various supply voltages (Figure 2a), as well as the statistical 

distribution of the steady state under a 400 mV supply (Figure 

2b). In all cases, the node voltage is kept low, providing the 

necessary stability, as will be further shown in Section III.  

B. Read Operation 

Under a standard differential read-scheme, such as that 

commonly used with a 6T bit cell, both bit lines are 

precharged, and the access transistors are turned on. This 

invasive state causes a rise in the level of the low internal data 

node (i.e., the node holding a ‘0’). If the voltage rise crosses 

the trip voltage of the cross-coupled inverter structure, the 

positive feedback loop is triggered, resulting in a cell flip. 

Under mismatch variations at low voltages, this is often the 

case, limiting the operating voltage to strong-inversion 

operation. To address this issue, many alternative bit cells 

have employed a non-intrusive readout through a read-buffer 

[1, 2, 4]; however, this results in a significant increase in cell 

area. The proposed 5T cell solves this hazard by simply 

removing the destructive positive feedback during a read 

operation. Lacking a pull-down network at node QB, a rise in 

the level of Q cannot cause a cell flip. Therefore, read 

operations are implemented single-endedly on the Q node, thus 

providing a significant improvement in read stability. 

The read access of the 5T cell is initiated by precharging the 

BL signal, while holding BLb discharged (its standby state). 

Subsequently, RWL is asserted, resulting in a single-ended 

readout of node Q. If Q is high (the hold ‘1’ state), there is no 

voltage drop over M2 and all voltage levels remain unchanged. 

If Q is low (the hold ‘0’ state), charge-sharing is initiated 

between BL and Q, discharging BL and resulting in a ‘0’ 

readout. As with a 6T readout, the voltage level at Q rises, 

lowering the overdrive voltage of M5, potentially cutting off 

the pull-up of QB. However, QB is left at a high state, as there 

is no active pull-down network to discharge it (the leakage 

pull-down to BLb takes much longer than the read access 

time). Therefore, once the read-access is completed and RWL 

is lowered, M1 (with VGS=QB≈VDD) will quickly discharge Q 

back to its original state. In fact, the feedthrough to Q on the 

falling edge of RWL actually improves this effect. As a result, 

the read-stability of the 5T cell is much higher than that of its 

6T counterpart, providing robust sub-threshold readability, as 

shown in Section III. 

C. Write Operation  

The proposed 5T cell employs a typical differential write 

operation, during which the bit lines are driven to opposite 



 3 

levels, and subsequently, the word lines (both WWL and 

RWL) are asserted. A similar differential write scheme is 

applied to standard 6T cells, in an attempt to break the positive 

feedback of the circuit and bring it into a mono-stable state 

that represents the data to be stored. To ensure readability 

when the access transistors are enabled, the circuit is sized to 

retain bi-stability when the bit lines are precharged. This 

requirement essentially disables the pull-up path during a 

write, leaving the majority of the write operation to the pull-

down side. Under global variations combined with device 

mismatch, this can lead to write failures, as the pull-up PMOS 

is strengthened, as compared to the pull-down access 

transistor. The increased variation at reduced voltages limits 

the write-ability of a 6T cell to approximately 700 mV [1].  

The single-ended read operation of the proposed 5T cell 

essentially removes the read sizing constraint of the right 

access transistor (M4). In fact, the 5T cell enhances the 

efficiency of the pull-up operation through M4, as node QB 

has no pull-down network to contend it. Therefore, by 

charging BLb and asserting WWL, QB is easily pulled up past 

the threshold voltage of M1, enabling the pull-down network 

of node Q. This write ‘0’ operation can be achieved single-

endedly; however, by discharging BL and asserting RWL, a 

faster and more robust write operation is achieved. 

Writing a ‘1’ is very similar to a 6T write operation. BL is 

charged; BLb is discharged; and both word lines are asserted. 

To successfully flip the cell state, QB must be discharged past 

the switching threshold of the left inverter (made up of M1 and 

M3), while Q must be charged high enough to cut-off M5. 

From a topological standpoint, this operation is less robust 

than that of a 6T cell, as the lack of positive feedback 

necessitates a higher voltage rise on Q before the write 

operation is successful. However, as described above, the right 

side of the cell is implemented to ensure a positive pull-down 

leakage ratio during the hold ‘1’ state, by using an LVT 

implant and double width for M4, and an HVT implant on M3. 

Therefore, the pull-down path to BLb is much stronger than 

the pull-up path through M5, ensuring a successful discharge 

of QB, even under extreme variations. In fact, the write ‘1’ 

operation can also be achieved single-endedly; albeit, at the 

expense of an increased access time, and slightly degraded 

write margins. Indeed, implementation of a single-ended write 

access scheme requires no structural changes in the cell. 

Therefore, the proposed 5T bit cell can be used as a very dense 

two-port SRAM, simply by adjusting the access control. 

However, with an emphasis on low-voltage operation, we 

chose to present differential write access, as shown in Section 

III. 

III. 5T CELL STABILITY 

One of the primary concerns in nano-scale SRAM design is 

stability. This has been a major focus of recent research, as 

traditional Static Noise Margin (SNM) criteria, have been 

found to be over-aggressive (for hold and read operations) and 

optimistic for write operations [8]. When considering a non-

standard bit cell, such as the proposed 5T circuit, the existing 

metrics have to be carefully analyzed, as they may not be 

suitable for its characteristics. The following sub-sections will 

present the issues in stability analysis of the proposed cell, as 

well as a comparison to the 6T bit cell, according to various 

metrics. 

 
Figure 3: Hold SNM Distribution of the proposed 5T bit 

cell, as compared to a standard 6T bit cell 

A. Hold Stability  

The SNM metric, first defined by Seevinck, et al. [9], is the 

most commonly used measure of SRAM stability. This method 

measures the largest serial DC voltage that can be oppositely 

applied to a bit cell’s internal data nodes without flipping the 

cell. This metric is over-pessimistic, as it models an infinite 

non-physical noise source. However, measuring hold SNM 

across a large distribution provides a good basis for yield 

estimation.  Generally a 6σ non-negative hold SNM is required 

for consideration of a high-density SRAM bit cell. 

Whereas a standard cross-coupled inverter structure 

presents an almost symmetric SNM calculation, when 

discussing asymmetric bit cells, such as the proposed 5T, it is 

important to address each state separately. For the hold ‘0’ 

state, the lack of a pull-down device provides an increased 

margin, as there is no positive feedback to flip the cell. 

Alternatively, the hold ‘1’ state is only maintained by leakage 

current ratios, and a rise in the low voltage can trigger 

destructive positive feedback. Therefore, the SNM of this state 

is inherently lower, and it is more sensitive to process 

variations. However, a choice of sizing and threshold implants 

can provide the required stability, as illustrated in Figure 3. 

This figure plots the Monte Carlo (MC) distribution of both 

hold states of the proposed cell, as well as the 6T SNM 

distribution under a 400 mV supply. Clearly, the hold ‘0’ state 

provides improved robustness, while the stability of the hold 

‘1’ state is impeded; however, the required 6σ positive margin 

is achieved, nonetheless. 

B. Read Stability 

Measurement of read margin is frequently carried out in a 

similar fashion to hold with the bit lines and word line tied to 

VDD. This metric is also over-pessimistic, as it assumes an 

infinitely long read access pulse and neglects bit line 

discharge. When applying the Read Static Noise Margin 
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(RSNM) metric to the proposed 5T bit cell, the result is 

actually an improved margin, as M2 assists in holding Q high. 

RSNM measurement for the hold ‘0’ state also shows 

robustness; however this is limited to just above 4σ under a 

400 mV supply (whereas, at this voltage, the 6T fails at under 

3σ). However, a closer look shows that these infrequent 

failures are actually due to the nature of the metric, and would 

only occur if, in fact, RWL would be asserted for an infinite 

duration. Under extreme mismatch, the voltage at Q could rise 

to a level high enough to weaken M5, such that the leakage 

through M4 would pull down QB and flip the bit. This ratioed 

contest between leakage currents would only culminate after a 

very long duration; much longer than a low frequency read 

pulse. 

 
Figure 4: Cell state distribution during a read operation. 

The figure shows the voltages of nodes Q and QB following 

a read operation applied upon a 5T cell holding a ‘1’ and a 

‘0’, as well as a 6T cell holding a ‘0’. 

Instead of presenting the RSNM distribution, Figure 4 

shows the distribution of the cell state following a 100 μs read 

pulse, assuming a fully charged bit line for 5000 MC samples 

with a 400 mV supply. This is still a very extreme situation, as 

the frequency is very low, and the disturbance would severely 

deteriorate, as the bit line discharges. However, as expected, 

the internal state of the 5T cell is hardly disrupted.  On the 

other hand, for the 6T cell, which was read in a hold ‘0’ state, 

the figure shows several instances of cell flips (the gray circles 

at the bottom right part of the graph). 

C. Write Stability 

Static Write Margin (WSNM), as defined by Seevinck [9], 

is the minimum serial voltage necessary to drive the bit cell 

into a mono-stable state during a write operation. This metric 

is over-optimistic, as it assumes an infinitely long write pulse. 

In addition, various problems in the actual measurement of 

WSNM, as well as dispute as to its accuracy, have led to 

several alternative metrics [10, 11]. To measure the write 

stability of the proposed 5T cell, we applied a modified 

version of the BL Sweep method [12], applying a depleted 

write voltage to both bit lines, to address to the asymmetric 

nature of the cell. This method provides a write margin 

comparison to the 6T cell, as presented in Figure 5. The 5T 

cell shows a significant advantage at all but the Fast NMOS-

Slow PMOS (FS) corner, including the SF corner, at which the 

6T cell fails to write (negative margin). 

 
Figure 5: Dual BL Sweep write margin comparison of the 

5T cell with the 6T cell across process corners. 

The Dual BL Sweep method of Figure 5 has two drawbacks. 

First, it is a static measurement, assuming an over-pessimistic 

infinitely long write pulse. Second, to measure the write 

margin, it is necessary to know the trip point of the cell [13], 

which changes at each statistical corner. To address these 

issues, we applied 5000 MC transient writes with a long 

enough write pulse (100 μs), and measured the final state. As 

expected, all runs were successful, due to the enhanced write-

ability of the proposed topology. For the 6T cell, 2.74% of the 

write operations failed, again showing the superior write-

stability of the 5T topology over its 6T counterpart. 

IV. IMPLEMENTATION AND PERFORMANCE 

The proposed 5T bit cell was designed and simulated in a 

bulk 40 nm LP CMOS process for preliminary proof of 

concept, prior to silicon measurements. Simulations were 

carried out with Cadence Spectre, based on full device models 

that have previously been validated at the relevant voltages [4, 

14]. Device sizes are shown in Figure 1. Circuit layout was 

carried out according to standard design rules. The resulting 

layout, shown in Figure 6, fit into the same 0.572 μm
2
 

footprint as a reference 6T cell that was laid out according to 

the same design rules.  

 
Figure 6: Proposed Bit Cell Layout 

The write access time of the implemented bit cell was 

compared to a reference 6T cell at major process corners, as 

presented in Figure 7. As expected, the write times of the 5T 

cell are better than the 6T at all corners, including the SF 

corner, at which the 6T cell is non-writeable under a 400 mV 

supply. In addition, write access was measured for a single-

ended operation, albeit at a significantly increased delay. This 

operation, however, could be improved by widening the right 
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access transistor (M4). 

 
Figure 7: Write access time comparison of the 5T and 6T 

cells across process corners. 

A final important metric for a high-density, low voltage 

SRAM bit cell is its static power dissipation. For the hold ‘0’ 

state, M2 and M4 are the main sub-threshold leakage sources, 

as the bit lines are biased at the opposite level to that stored in 

the adjacent data nodes. On the other hand, in the hold ‘1’ 

state, the voltage drop over both access transistors is close to 

zero, significantly reducing the leakage power. Figure 8 plots 

the MC statistical distribution of the 5T cell’s leakage current 

in both stable states. The leakage power of the hold ‘1’ state is 

on average 5X lower than that of the reference 6T cell at 400 

mV, providing an ultra-low power stable state that can be 

exploited on the architectural level. Dynamic power can also 

be significantly reduced, as compared to standard 

implementations, not only due to the reduced supply voltage, 

but also due to the asymmetric single-ended readout. However, 

dynamic power is highly dependent on complete array 

architecture, as will be presented in a future work. 

The proposed cell’s primary figures of merit are 

summarized in Table I. 

 
Figure 8: Leakage current distribution of the 5T cell’s 

states, as compared to a standard 6T cell. 

V. CONCLUSIONS 

In this paper, we presented a novel 5T bit cell with low 

voltage, sub-threshold functionality. The asymmetric operation 

of the 5T bit cell was demonstrated, providing a low-leakage 

state with an additional 5X improvement over a standard 

implementation at the same operating voltage. The 5T bit cell 

was implemented in a 40 nm LP bulk CMOS process, and 

shown to be fully functional at sub-threshold voltages, as low 

as 400mV under global and local variations. The layout of the 

cell was achieved without any area overhead, as compared to 

the industry standard 6T bit cell. The circuit was also shown to 

operate as a two-port SRAM bit cell without any modifications 

to the basic topology. Future work includes fabrication of a 

test chip including a functional array composed of the 

proposed bit cell. 

Process Technology TSMC 40 nm LP 

Number of Devices 5 

Cell Area 
0.572 μm2  

(0.435 x 1.315 μm) 

Minimum VDD 400 mV 

 Hold ‘0’ Hold ‘1’ 

Leakage Power @VDDmin 10.56 pW 1.97 pW 

Read Access Time @VDDmin 33.33 nS N/A 

Write Access Time @VDDmin 3.2 nS 3.52 nS 
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