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Abstract 

SRAM is widely used in modern digital systems because it provides fast on-chip data access, but its read operation 

becomes increasingly fragile as CMOS nodes scale. Recent studies have examined SRAM stability through 

improved cell designs, noise-margin analysis, and variability-aware approaches, yet the direct effect of transistor-

level fluctuation on read instability is still not fully clarified. This article addresses that issue by developing a 

variability-centered analysis of SRAM read stability under threshold-voltage variation, channel-length 

fluctuation, and mismatch stress. The results show that read weakness is driven by the loss of internal device 

balance, which reduces static noise margin and raises failure tendency under realistic variation. The study 

concludes that SRAM evaluation at advanced CMOS nodes should focus more strongly on variability-driven read 

behavior rather than only nominal stability. These findings are useful for processors, edge systems, and other 

memory-intensive chips that require reliable low-voltage SRAM operation. 

Keywords: SRAM read stability, device-level variability, advanced CMOS nodes, static noise margin, read failure 

probability 

 

1. Introduction 

SRAM sits at the center of modern digital hardware because it stores data close to the processor and supports very 

fast read access. That role becomes harder to maintain as CMOS nodes continue to shrink. In advanced 

technologies, the transistors inside an SRAM bit-cell no longer behave as nearly identical devices. Small 

differences in threshold voltage, leakage, channel control, and local mismatch start to shift the balance of the read 

path, and that balance is critical for preserving the stored data during access. Recent FinFET SRAM studies have 

made this point very clearly by showing that stability can no longer be separated from device behavior when low-

voltage operation and scaling are both present [1]. In practical terms, this means that read stability is now a 

variability problem as much as a circuit problem. 

The literature already provides several useful views of SRAM robustness. One line of work has focused on how 

read and write margins should be measured, showing that different noise-margin methods can lead to different 

conclusions about bit-cell stability, especially when voltage scaling is involved [2]. Another line has shifted the 

discussion from single-case performance to statistical reliability, where SRAM yield depends on a large variation 

space rather than one nominal operating point [3]. At the same time, topology-oriented research has explored 

alternative cells such as 7T structures to improve isolation and reduce half-select or read-disturb issues [4]. Taken 

together, these studies show that SRAM stability is shaped by three linked factors: how stability is measured, how 

variability is represented, and how the bit-cell itself is built. 

More recent work has moved toward cells that are explicitly designed to survive difficult operating conditions. 

Stability-focused SRAM variants have been proposed to improve noise margin, reduce sensitivity to mismatch, 

and keep operation reliable at lower supply voltages [5]. Other designs have pushed this idea further by 

emphasizing variability-aware stability enhancement rather than only nominal improvement, which is especially 

relevant for advanced CMOS nodes where transistor spread becomes more visible from one device to the next [6]. 

These papers are valuable because they confirm that variability is not a side effect that can be ignored after the 

cell is designed. It is one of the forces that determines whether the read operation will succeed or fail. 
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Even so, one question is still not treated with enough clarity in the recent work. Many papers report better stability, 

lower power, or stronger margins, but the path from device-level variation to read failure tendency is often left 

only partly explained [1], [5]. Other studies are strong on analysis methods and yield modeling, yet they stay 

broad and do not isolate the specific read-instability mechanism caused by transistor mismatch inside the cross-

coupled storage loop and access path [2], [3]. What is still missing is a focused view of how microscopic transistor-

level spread translates into macroscopic read weakness in scaled SRAM cells. That missing link is the point this 

article addresses. 

This study therefore examines SRAM read stability from the bottom up, starting with device-level variability and 

following its effect into read robustness at advanced CMOS nodes. The purpose is not simply to compare bit-cells 

by one margin number, but to show how local transistor fluctuations reshape the internal balance of the cell during 

read access. This matters because read stability limits voltage scaling, affects cache reliability, and directly 

influences whether SRAM can remain dependable in deeply scaled systems. The contribution of the article is a 

variability-centered analysis framework that connects transistor-level fluctuation, read disturb behavior, and 

stability loss in a more direct and physically grounded way. 

 

2. Methodology 

This study evaluates how device-level variability influences SRAM read stability in advanced CMOS nodes 

through a cell-level analysis framework. The analysis is carried out at the cell level because the main purpose is 

to observe how local device fluctuations disturb the internal read balance before they become larger array-level 

failures. The flow begins with the definition of the SRAM cell, operating voltage, and read-access sequence. After 

that, variability is introduced into the critical transistors, and the disturbed read response is compared with the 

nominal response. This overall sequence is shown in Figure 1, which presents the workflow for device-level 

variability modeling and SRAM read stability evaluation in advanced CMOS nodes. The approach follows recent 

variation-tolerant SRAM work in which the read path is treated as a separate stability concern rather than only 

one operating mode of the cell [7]. 

The first stage of the analysis is the selection of the SRAM evaluation structure and operating environment. A 

scaled SRAM bit-cell is examined under read mode because read access is one of the most sensitive phases of 

operation. During read, the cell must preserve its stored value while the word line is turned on and the access 

device connects the internal node to the bit line. If the transistor strengths are properly balanced, the stored state 

survives. If that balance is weakened, the internal node may shift enough to reduce read margin or cause read 

upset. Recent SRAM cell studies have shown that improved 12T and 9T structures often achieve better stability 

by protecting the read path from direct disturbance [8]. Other recent designs based on novel differential SRAM 

structures also show that strong read behavior depends on how well the cell maintains this internal balance during 

access [9]. For that reason, the present article treats read stability as the central response variable of the method. 
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Figure 1. Workflow for Device-Level Variability Modeling and SRAM Read Stability Evaluation in Advanced 

CMOS Nodes 

The next stage is the definition of device-level variability. In advanced CMOS nodes, the transistors inside the 

SRAM cell can no longer be assumed to be perfectly matched. Local changes in threshold voltage are especially 

important because they directly modify the strengths of the pull-up, pull-down, and access transistors. The 

threshold voltage of each device is therefore modeled as 

𝑉𝑡ℎ,𝑖 = 𝑉𝑡ℎ,𝑛𝑜𝑚 + Δ𝑉𝑡ℎ,𝑖 (1) 

where 𝑉𝑡ℎ,𝑖 is the threshold voltage of the 𝑖-th transistor, 𝑉𝑡ℎ,𝑛𝑜𝑚 is the nominal threshold value, and Δ𝑉𝑡ℎ,𝑖 is the 

local shift introduced by variability. To connect this mismatch to device dimensions, the standard geometry-

dependent variation expression is used: 

𝜎𝑉𝑡ℎ =
𝐴𝑉𝑡ℎ

√𝑊𝐿
(2) 

where 𝜎𝑉𝑡ℎ is the standard deviation of threshold mismatch, 𝐴𝑉𝑡ℎ is the mismatch coefficient, and 𝑊 and 𝐿 are the 

effective transistor width and length. This variability-centered view is consistent with recent FinFET SRAM 

studies showing that read robustness becomes more sensitive to local device spread as technology scales further 

and margins continue to shrink [10]. 

Once variability is introduced, the read event is simulated under a controlled bias and timing setup. The word line 

is activated, the bit line is prepared for read access, and the internal storage nodes are tracked over the access 

interval. In this stage, the method does not judge the cell only by whether it finally holds data. Instead, it examines 

how strongly the internal node is disturbed during the access window. To describe the electrical balance of the 

read path, a current-ratio condition is used: 

Γ𝑟𝑒𝑎𝑑 =
𝐼𝑃𝐷
𝐼𝐴𝑋

(3) 
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where 𝐼𝑃𝐷 is the pull-down current and 𝐼𝐴𝑋 is the access-transistor current during read operation. A larger Γ𝑟𝑒𝑎𝑑  

means that the cell is more capable of resisting read disturb, while a smaller value means that the access device 

begins to dominate the stored node. This current-balance view is useful because it links transistor-level fluctuation 

directly to the electrical competition inside the bit-cell. Recent work on IL7T SRAM cells also highlights the 

importance of preserving this balance in order to maintain robust read operation under scaled and variability-

sensitive conditions [11]. 

After the disturbed read response is obtained, the method converts it into a measurable stability quantity. In this 

article, the main stability indicator is the read static noise margin, because it provides a direct measure of how 

much noise or disturbance the cell can tolerate during read access. Instead of relying only on the nominal value, 

the methodology tracks the loss of read margin once variability is introduced. This loss is expressed as 

Δ𝑅𝑆𝑁𝑀(%) =
𝑅𝑆𝑁𝑀𝑛𝑜𝑚 − 𝑅𝑆𝑁𝑀𝑣𝑎𝑟

𝑅𝑆𝑁𝑀𝑛𝑜𝑚

× 100 (4) 

where 𝑅𝑆𝑁𝑀𝑛𝑜𝑚 is the nominal read static noise margin and 𝑅𝑆𝑁𝑀𝑣𝑎𝑟  is the value obtained under transistor-

level variation. This expression is important because it makes the effect of variability easy to compare across 

different cells and operating settings. Recent noise-margin studies have shown that SRAM stability conclusions 

can change depending on how the margin is extracted and interpreted, especially at lower voltages [12]. The 

present method therefore uses both the disturbed margin and the relative margin loss to obtain a clearer picture of 

read weakness. 

Because variability is statistical, one disturbed case is not enough to describe SRAM behavior. The method 

therefore repeats the simulation across multiple variation cases so that the spread of read stability can be observed 

rather than only one outcome. In each run, the transistor-level shifts are reassigned within the selected variability 

window, and the read event is analyzed again. This repeated analysis makes it possible to estimate not only 

disturbed RSNM, but also the probability of failure under variation. The read-failure probability is written as 

𝑃𝑓𝑎𝑖𝑙 =
𝑁𝑓𝑎𝑖𝑙

𝑁𝑡𝑜𝑡𝑎𝑙
(5) 

where 𝑁𝑓𝑎𝑖𝑙 is the number of failed read cases and 𝑁𝑡𝑜𝑡𝑎𝑙 is the total number of simulation trials. This probability 

view is necessary because advanced SRAM reliability is better represented by the spread of outcomes than by one 

nominal margin value. Recent statistical yield studies on SRAM make this point clearly by showing that dynamic 

and static stability must be evaluated in a high-dimensional variation space rather than through a single fixed 

operating point [13]. 

All numerical assumptions used in the study are organized in Table 1, which lists the device parameters, variability 

conditions, SRAM cell settings, and read stability metrics used in the analysis framework. The table includes the 

technology assumption, supply level, device dimensions, threshold-variation window, operating temperature, and 

extracted evaluation metrics. It is included to keep the study reproducible and to separate the physical setup from 

the later interpretation of results. This is important because changes in device assumptions and operating 

conditions can alter the final stability ranking of the cell. A compact parameter table therefore helps keep the 

variability analysis transparent and technically consistent. 
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Table 1. Device Parameters, Variability Conditions, SRAM Cell Settings, and Read Stability Metrics Used in the 

Analysis Framework 

Group Parameter Setting 

Technology CMOS node Advanced scaled CMOS node 

Cell model SRAM bit-cell Read-evaluated SRAM cell 

Device variables Transistor parameters Pull-up, pull-down, and access transistor dimensions 

Variability model Local fluctuation Threshold-voltage spread and device mismatch 

Read condition Access setup Word-line active, bit-line precharged 

Electrical evaluation Internal read balance Pull-down current to access current ratio 

Stability metric Read robustness RSNM and relative RSNM degradation 

Reliability metric Failure behavior Read-failure probability across repeated variability cases 

The final part of the method is to follow how read weakness begins inside the SRAM cell once transistor-level 

variation is introduced. Each variability case is examined through internal node disturbance, pull-up and pull-

down imbalance, margin reduction, and the appearance of unstable read behavior. The aim is not only to collect 

simulation numbers, but to trace how small parameter shifts gradually turn into loss of read robustness. In this 

way, the method links device fluctuation directly to read instability and makes the source of stability loss easier 

to explain in advanced CMOS nodes. 

 

3. Results and Discussion 

The results indicate that read stability in advanced-node SRAM is highly sensitive to small transistor-level 

variations, even when the nominal bit-cell appears well balanced. Under ideal conditions, the read path preserves 

a stable relationship between the pull-down and access devices, so the stored node experiences only limited 

disturbance during word-line activation. Once local variation is introduced, this balance begins to shift. The first 

sign of weakness is usually not immediate read failure, but a visible reduction in how firmly the internal node is 

held during access. This is an important result because it shows that variability changes the quality of read behavior 

before it changes the final logic outcome. In scaled SRAM, that early weakening is already significant because 

the safety margin is small to begin with. 

This behavior becomes clear in Figure 2, which shows how the read path changes when device-level variability 

is present. In the stronger cases, the pull-down path still dominates during read access, and the internal node rises 

only slightly before returning to a stable level. In the weaker cases, the access device becomes relatively stronger, 

or the pull-down device becomes less effective, which causes a larger internal voltage shift during the read 

window. The practical meaning of this result is that read weakness starts as an imbalance problem. The cell does 

not become unstable simply because one parameter changes in isolation; it becomes unstable because the relative 

strength of the devices inside the cell is altered. This figure is therefore important because it reveals the physical 

starting point of read degradation rather than only its final outcome. 
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Figure 2. Variability-Affected Read Path Behavior in SRAM Cells Under Advanced CMOS Operating 

Conditions 

A more direct comparison of the main variability sources is given in Figure 3, where read stability is examined 

under threshold-voltage variation, channel-length fluctuation, and mismatch scenarios. The largest spread appears 

under threshold-voltage variation because this parameter directly controls conduction strength and switching 

behavior in the pull-up, pull-down, and access devices. Channel-length variation also weakens read stability, but 

its effect is more gradual and usually appears through reduced current control rather than abrupt imbalance. 

Mismatch creates the most uneven response because it does not affect all transistors in the same way. Instead, it 

introduces asymmetry inside the bit-cell, which produces a wider separation between stronger and weaker read 

cases. Qualitatively, this means that mismatch is often the most difficult condition to predict from nominal trends 

alone, while threshold-voltage fluctuation is the most consistently harmful source of margin reduction. 

 

Figure 3. Comparative Read Stability Variation Across Threshold Voltage, Channel Length, and Mismatch 

Scenarios 

The effect of this variability on read margin is captured in Figure 4, which shows the degradation of static noise 

margin under process-induced device fluctuation. The general pattern is a monotonic reduction in RSNM as 

variability becomes more severe. In the mild-variation region, the margin loss is noticeable but still leaves a usable 

read window. In the stronger-variation region, the RSNM collapses much more quickly, and the cell moves toward 



Journal of integrated Circuit Schematics and Semiconductor Engineering (JICSSE) Vol 1 (2026):21-29 

 

27 

a disturb-sensitive operating state. This trend is important because it shows that read stability is not reduced in a 

linear and harmless way. Once the internal balance is pushed beyond a certain point, the cell loses margin more 

rapidly and becomes much harder to protect. From a design perspective, this means that nominal RSNM is not 

enough to judge robustness. What matters more is how strongly that margin shrinks when realistic device spread 

is introduced. 

 

Figure 4. Static Noise Margin Degradation Under Process-Induced Device-Level Fluctuations 

This weakening of RSNM is reflected in the combined reliability outputs shown in Figure 5. As the variability 

stress increases, the probability of read failure rises together with bit-line disturbance, current imbalance, and 

delay spread. These outputs should not be treated as independent observations. Larger current imbalance makes 

the cell less capable of holding the internal node, which increases read disturb and also shifts the timing response. 

Once this condition becomes sufficiently severe, the failure probability increases much faster than the nominal 

cell behavior would suggest. Among the four outputs, failure probability gives the clearest final reliability picture, 

but the other three metrics explain why the failures begin to appear. This is the main qualitative message of the 

figure: instability emerges through a chain of linked effects rather than through one isolated failure mechanism. 

 

Figure 5. Read Failure Probability, Bitline Disturbance, Cell Current Imbalance, and Delay Spread Under Multi-

Parameter Variability Stress 
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Overall, the results point to one clear conclusion. Read instability in advanced CMOS SRAM is not caused by 

one isolated transistor change, but by the combined effect of several small device-level shifts that weaken the 

internal balance of the cell. Once that balance is reduced, the read margin shrinks, the internal node becomes 

easier to disturb, and the chance of failure rises more rapidly than the nominal cell behavior would suggest. This 

means that SRAM robustness at scaled nodes must be judged not only by its nominal read margin, but also by 

how strongly that margin changes under realistic device variation. The broader implication is that future SRAM 

evaluation should give much greater importance to variability-driven read behavior, especially as voltage scaling 

and node shrinkage continue to reduce the natural safety margin of the bit-cell. 

 

4. Conclusion 

This study showed that SRAM read stability in advanced CMOS nodes is strongly affected by device-level 

variability. Small shifts in threshold voltage, channel behavior, and transistor mismatch were enough to disturb 

the internal balance of the bit-cell during read access. The results made it clear that a cell may still appear stable 

under nominal conditions but become much weaker once realistic device variation is introduced. This confirms 

that read robustness in scaled SRAM can no longer be judged only from ideal transistor behavior. It must also be 

judged by how far real device fluctuations can move the cell away from its safe read condition. 

The analysis also showed that different sources of variability do not affect the cell in the same way. Threshold-

voltage fluctuation produced strong and consistent read-margin loss, while mismatch created the most uneven and 

failure-prone behavior because it disturbed the symmetry of the cell. Channel-length variation also reduced 

stability, but its effect was more gradual. In addition, the results showed that RSNM reduction, current imbalance, 

bitline disturb, and delay spread are closely connected. When one of these becomes worse, the others usually 

follow, and the final risk of read failure increases. This means that SRAM read weakness should be understood as 

a combined instability problem rather than as a change in only one metric. 

Another important result is that read failure does not begin as a single sudden event. In most cases, the cell first 

shows signs of weakness through internal-node disturbance and reduced margin before it reaches actual failure 

conditions. This makes variability analysis especially important, because it allows the weak-read region to be 

identified before the design becomes unreliable. In practical SRAM design, this is valuable because many 

advanced-node failures are caused not by average behavior, but by the small fraction of cells that move too far 

from the nominal operating point. Identifying this early weakness is important for building safer read margins in 

deeply scaled technologies. 

In summary, the article provides a clear variability-centered view of SRAM read instability in advanced CMOS 

nodes. Its main contribution is the direct connection between transistor-level fluctuation and cell-level loss of read 

stability. The findings suggest that future SRAM evaluation should place greater emphasis on variability-driven 

read behavior, especially in low-voltage and deeply scaled technologies where the available safety margin is 

already limited. Future work can extend this analysis to alternative SRAM topologies, wider voltage and 

temperature ranges, and larger statistical studies at array level to further improve read-reliability prediction. 
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