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Abstract—Negative-bias temperature instability (NBTI) and
positive-bias temperature instability (PBTI) weaken PFET and
NFET over the lifetime of usage, leading to performance and
reliability degradation of nanoscale CMOS SRAM. In addition,
most of the state-of-the-art SRAM designs employ replica timing
control circuit to mitigate the effects of leakage and process vari-
ation, optimize the performance, and reduce power consumption.
NBTI and PBTI also degrade the timing control circuits and may
render them ineffective. In this paper, we provide comprehensive
analyses on the impacts of NBTI and PBTI on a two-port 8T
SRAM design, including the stability and Write margin of the
cell, Read/Write access paths, and replica timing control circuits.
We show, for the first time, that because the Read/Write replica
timing control circuits are activated in every Read/Write cycle,
they exhibit distinctively different degradation behavior from
the normal array access paths, resulting in degradation of timing
control and performance. We also discuss degradation tolerant
design techniques to mitigate the performance and reliability
degradation induced by NBTI/PBTIL.

Index Terms—Negative bias temperature instability (NBTI),
positive bias temperature instability (PBTI), reliability, replica
timing control circuit, SRAM.

I. INTRODUCTION

ANOSCALE SRAM design must ensure robust opera-
tions against large leakage, PVT variation, and degra-
dation over the usage lifetime. The negative-bias temperature
instability (NBTI) has long been known to be a serious con-
cern for scaled PFET. With the introduction of high-k metal-
gate device and its associated charge-trapping related threshold
voltage (Vry) instability, the positive-bias temperature insta-
bility (PBTI) has become more significant in NFET [1], [2]. The
NBTI and PBTI effects cause the threshold voltage (Vg ) of
transistors to drift with stress time, thus weakening PFET and
NFET respectively.
SRAM design composes of logic control circuits and bit cells.
Logic control circuits include decoders and Read/Write access
timing control circuits. In order to trace real word-line and bit-
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line delay, and Write-time of bit cells, replica circuits are often
used in SRAM timing control circuit. With serious transistors’
geometry/dimension variations and intrinsic Vry fluctuations,
the Vy mismatch is more serious in SRAM bit cells. Monte
Carlo simulations and statistical methods are needed to design
a robust bit cell [3], [4]. With the Vy drifts induced by NBTI
and PBTI, and mismatches among individual cell transistors be-
come more serious, leading to degradation of stability and the
already poor design margin [5]. The Read latency of a bit cell is
more sensitive to PBTI and increases with stress time, whereas
the Write margin (WM) may improve or degrade depending on
the signal (stress) probability of the bit cell [6]-[8]. Vyin of
bit cells has also been shown to degrade with time [9]. Fur-
thermore, the design of SRAM logic control circuit should also
consider the V- variation and leakage effect in order to im-
prove SRAM access failure rate [10], [11]. These circuits are
also under NBTI and PBTT stress. It leads to drifts of trip points
of logic circuits and degradation of signal propagation delays.
The drifts of trip points and degradation of propagation delays
depend on the input pattern [12]-[15]. As a result, timing mis-
match between bit cells and SRAM logic control circuits oc-
curs, leading to access performance degradation and unreliable
access operations [16].

In the logic circuit, transistor sizing, optimizing the node
activity, lowering operating temperature, adaptively changing
Vi by using body biasing, and dynamically adjusting supply
voltage could be used to mitigate performance and reliability
degradation induced by NBTI and PBTI. Transistor sizing
reserves extra margin for Vg drift by oversizing transistors
[12], [13]. Optimizing the node activity mitigates Vg drift
by decreasing the stress time of transistors [14], [15]. Both
transistor sizing and optimizing the node activity require
accurate estimation of the performance degradation induced
by NBTI/PBTI. The Vyy drift induced by NBTI/PBTI can
also be reduced by using adaptive body biasing according to
the information from on-chip sensors [17]. The efficiency of
this mechanism depends on the effectiveness of body biasing.
Lowering the supply voltage mitigates Vry drift; however, the
delay of logic circuits becomes more sensitive to Vrp drift
with reduced supply voltage [14], [15]. Dynamically adjusting
the supply voltage level according to the circuit operation mode
(Active or Standby) could resolve the dilemma of statically
lowering the supply voltage, but its efficiency decreases with
higher circuit activities [17]. On the other hand, periodically
flipping the cell, reducing the Standby cell supply voltage,
raising the Standby cell virtual ground voltage, and adaptively
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changing Vg by using body biasing can be used to mitigate
the SRAM bit cell stability degradation. Periodically flipping
cell content can reduce Vg mismatch between SRAM cell
inverter pairs induced by NBTI/PBTI [18] at the expense of
extra power consumption. Reducing the cell Standby supply
voltage and/or raising the cell Standby virtual ground voltage
could reduce the voltage across the SRAM cell array, thus
reducing Vg drifts of cell transistors [8], [17]. The efficiency
of these two mechanisms is affected by the activity factor of
the SRAM array. If the SRAM array has high activity, their
efficiency decreases. Vg drift can also reduces by adaptive
body biasing according to the information from on-chip sensors
[17]. Similar to that in logic circuits, its efficiency depends on
the effectiveness of body biasing.

In this paper, we investigate the impacts of NBTI and PBTI
on the stability and WM of a two-port 8T SRAM design. We
then provide comprehensive analyses on the degradations of
SRAM Read access and Write performance with hierarchical
bit-line and Read/Write replica timing control circuits (Fig. 1).
We show that because the Read/Write replica timing control cir-
cuits are activated in every Read/Write cycle, they exhibit dis-
tinctively different degradation behavior from the normal array
access paths, resulting in degradation of timing control and per-
formance. We also show that Read access degradation domi-
nates the SRAM performance degradation, and Write Half-Se-
lect stability degradation dominates the stability of 8T SRAM
cell. Further, we show that raising the Standby Virtual Ground
voltage of the 8T cell’s Read buffer mitigates the Read perfor-
mance degradation, and data-retention power-gating techniques
and dual-V g 8T cell can be used to mitigate the stability degra-
dation of bit cells. Hierarchical Read/Write scheme can improve
the efficiency of these techniques.

The rest of this paper is organized as follows: Section II
describes the NBTI and PBTI models used in conjunction
with PTM 32 nm node high-x metal-gate technology model
[19]. Section III investigates the impacts of NBTI/PBTI on 8T
SRAM cells. Section IV presents a comprehensive analysis
on the degradations of SRAM logic control circuits, including
decoder, Read/Write access paths, and replica timing-control
circuits. The NBTI/PBTI tolerant design schemes are discussed
in Section V. Finally, we conclude the paper in Section VI.

II. NBTI AND PBTI MODELS

Vry drifts induced by NBTI and PBTI depend on the stress
voltage, temperature, and stress time. They increase with stress
time and saturate after a long time stress. The saturated Vrp
drift is more severe under higher stress voltage/temperature.

NBTI renders Vg of PFET more negative with stress time
due to generation of Si and SiO; interface traps [14], [20]-[22].
When Vg of PFET is negative (stress phase), holes in the in-
version layer interact with and break Si-H bonds at the Si and
SiOs interface. H or Hs diffuses into the SiOs, and undesir-
able Si dangling bonds generate at the interface, thus leading to
the increase in |Vyp|. When the stress condition is removed
(Vgs = 0), H or Hy diffuses back to the interface and passi-
vates dangling Si- bonds, causing the decrease of |Vrup| (re-
covery phase). Therefore, the PFET life time under alternating
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Fig. 1. SRAM with hierarchical bit-line and Read/Write-Replica Timing Con-
trol circuits.

stress is longer than that predicted by using static stress mea-
surements. The corresponding effect for NFET is PBTI. It is
in general quite small and can be neglected for oxide/poly-gate
devices. However, NFET with high-k gate exhibit significant
charge trapping and thus long-term Vry drift as well [1], [2].
Typically, Vy drifts induced by NBTI and PBTI would satu-
rate when the stress time is around 10° to 10° s [1], [2], [23].

The Vg drift of PFET (NFET) due to NBTI (PBTI) under
static stress can be described by dc reaction-diffusion (RD)
framework [5], [14], [15], [20]-[22]. If transistors are under
alternative stress, the dc RD model should be modified to an ac
RD model [4], [12], [13]

AVTH(t) =~ KAC X " = Oz(S,f) X KDC x t" (l)

where the prefactor « is a function of stress frequency (f) and
stress (or signal) probability (S), and Kp¢ is a technology-de-
pendent constant. K can be expressed as [14]

Kpo = A x Tox x v/Cox(Vas — Vrn)
x [1 = Vps/a(Vas — Vrn)]
x exp(Eox/Eo) x exp(—£, /kT) 2

where Tox is the gate oxide thickness, E¢x is the gate elec-
tric field, k is Boltzmann constant, and T is temperature. The
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Fig. 2. Vo drifts induced by NBTI and PBTI using RD framework cali-
brated with published data [1], [2]. Tox for High-k metal gate (NMOS =
7.5 A; PMOS = 7.7 A), Tox forpoly gate (NMOS = 16.5 A; PMOS =
17.5 A).

constant, A, is calibrated with the hardware data results in [1],
[2]. Fig. 2 shows the Vg drift induced by dc NBTI and PBTI
stress calculated by incorporating RD framework with PTM 32
nm and PTM High-k 32 nm device models [19]. According to
the results of [22], [24], the impact of the signal frequency on
Vrp drift is relatively insignificant. Thus, we neglect the ef-
fect of signal frequency, and analyze cases with various signal
(stress) probabilities in our analysis. The prefactors of ac RD
framework in our analyses are from [4].

The following sections present the detail simulation results
based on BSIM 32 nm Predictive High-k Metal-Gate Model.
The supply voltage of the SRAM arrays is 0.9 V, and the tem-
perature is 125 °C. The Vg drift due to NBTI and PBTTI are
based on ac RD framework. The ranges of values for sheet re-
sistance and wire capacitance are based on scaling/extrapolation
from UMC 65 nm CMOS process and ITRS Roadmap [25].

III. IMPACTS ON 8T TwWO-PORT SRAM CELLS

An 8T two-port SRAM cell is formed by combining a con-
ventional 6T bit cell and a stacked NFET Read buffer, as shown
in Fig. 3. Its Read port and Write port are separated; therefore,
it is possible to optimize SRAM Read and Write paths respec-
tively. The 8T cell has no Read disturb problem because its Read
access path is isolated from the cell storage nodes. However, it
still has Write Half-Select disturb problem with bit-interleaving
architecture. The Write operation of the 8T cell is performed
like that of a 6t cell, and the Write Half-Select disturb of the
8T cell is the same as the access Half-Select disturb of a con-
ventional 6T cell. Consequently, the impact of NBTI and PBTI
on the 8T cell can cover the impact on a 6T cell. Furthermore,
the 8T cell is the most promising candidate to replace the con-
ventional 6T cell in deep sub-100 nm technology, as it enables
continuing cell size scaling and would potentially have smaller
area than 6T cell below 32 nm [26]. Therefore, the analysis and
understanding of the NBTI and PBTI impact on the 8T cell can
not only provide the understanding of the impacts on a conven-
tional 6T cell, but also help designers to optimize 8T SRAM
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Fig. 3. Two-port 8T SRAM cell.

in deep sub-100 nm technology. In the rest of this section, we
will analyze the impacts of NBTI and PBTI on the Read oper-
ation, Write operation, and stability of the 8T cell. We assume
the length of Read bitline (RBL) and Write bitline (WBL) pairs
are 16-bit (short bit-line to mitigate leakage, variation, and noise
coupling) for Read/Write delay analyses.

A. Read Operation

During Read cycles, the RWL of the selected cell turns on,
and the selected RBL discharges through the Read buffer of the
selected cell. Read delay of an 8T cell can be defined as the time
from RWL rises to 50% to the time RBL discharges to 50%.
Table I summarizes 5 different cell signal (stress) probability
cases, and Fig. 4 shows the relation between Read delay and
PBTI stress time. Clearly, long term degradation of Read delay
happens if the signal probability of the selected cell is not 100%
(Q does not always store logic “17). The Read buffer is a NFET
stack formed by MR1 and MR2. The Read access transistor,
MRI1, only experiences PBTI stress when the cell is selected
during Read cycles, thus the Vg drift of MR1 is negligible.
However, MR2 is under PBTI stress if the cell stores logic “0”
(QB = 1). Thus, if the signal (stress) probability is not 100%,
MR2 would be stressed, and the Vg drift of MR2 degrades
the Read current and RBL discharging time. The Vg drift of
MR2 also results in decrease of RBL leakage current with time.
The Read delay is insensitive to NBTI as the Read buffer is com-
posed only of NFETs. Although NBTI may induce Vry drift of
ML2 drift and decrease the trip point of the inverter (ML2 and
MD?2), the cell storage node voltage level is not affected when
the WWL is not selected. Consequently, NBTI has no impact on
Read delay of 8T cells.

B. Write Operation

When an 8T cell is under Write operation, its WWL turns
on. The cell storage node holding logic “1” discharges through
the access NFET first. Once the node originally storing logic
“1” is pulled down below the trip voltage of the opposite in-
verter, the cross-coupled feedback inverter action kicks in, and
the node storing logic “0” charges towards logic “1” through
the pull-up PFET to complete the Write operation. The WM
can be defined as the highest WBL voltage level that can flip
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Fig. 4. Read delay versus usage (stress) time under PBTIL.
TABLE I
SIGNAL (STRESS) PROBABILITY VERSUS WRITE MARGIN AND READ DELAY
SUMMARY
Case Signal Read Dela Write Margin
Probability y g
1 100% Unchanged Degrade
1I 75% Increase Improve
1T 50% Increase Improve
v 25% Increase Improve
\Y 0% Increase Improve

the state of a SRAM cell during Write cycles. If WM decreases,
the Write delay of the cell increases, and Write failure rate also
increases. If WM deteriorates, data may not be written into the
cell. Fig. 5 shows the combining impacts of NBTI and PBTI
on WM of the selected cell. WM of a SRAM cell improves in
most cases except for Case I. This is because when a cell is af-
fected by NBTI and the cell signal (stress) probability is not
100% (0%), both PFET loading transistors become weaker. A
weaker PFET facilitates the initial discharging of the logic “1”
storage node. In contrast, a weaker pull-up PFET impedes the
subsequent pull-up of the logic “0” storage node. Since the ini-
tial discharging of the logic “1” storage node tends to be the
dominating factor for Write operation, WM improves with both
PFETs weakened. However, when the cell signal (stress) proba-
bility is 100% (0%) (as in Case I), only one PFET loading tran-
sistor becomes weaker. For the worst case pattern, the PFET
holding the original logic “1” storage node is not stressed/weak-
ened, so the pull down of the node is not getting easier. The
PFET corresponding to the original logic “0” storage node, how-
ever, would be fully stressed/weakened, and thus slowing down
the charging of its storage node to logic “1” during Write opera-
tion and degrading the WM. Fig. 5 shows that Case I has about
10% WM degradation when the usage (stress) time is 10° sec-
onds. It implies that the Write failure rate of the SARM would
increase if process variations are also considered. Notice that
the Write access transistors, MA1 and MA2, only experience
PBTI stress when the cell is selected during Write cycles, thus
their Vg drifts are negligible. Also, PBTI stress weakens cell
pull-down NFET (MD1 and MD2), thus raising the cell inverter
trip voltage and improving the WM.
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Fig. 5. WM versus usage (stress) time under NBTI/PBTI.

C. Cell Stability

Write Half-Select Static Noise Margin (HS-SNM) dominates
the stability of 8T SRAM. During Read cycles, the WWL of the
selected cell is off and the Read-SNM (RSNM) of the cell is the
same as its Hold-SNM (HSNM). Whereas, in bit-interleaving
architecture, half-select cells would experience 6T Read-like
disturb during Write cycle. Consequently, Write HS-SNM of 8T
cell is worse than its RSNM.

HS-SNM of a cell can be defined as the voltage difference be-
tween the maximum disturb cell on storage nodes and the min-
imum trip voltage of the cell inverters in half-select cells during
Write cycles. Trip points of the cell inverters are determined
by the strength ratio of the PFET loading transistor and NFET
driving transistor. The strength of NFET driving transistor is
usually larger than that of PFET loading transistor. Thus, trip
points of cell inverters are typically more sensitive to PBTI ef-
fect. Furthermore, the Write half-select disturb is determined by
the strength ratio of Write access transistors and NFET driving
transistors. Hence, PBTI has a much more significant effect
on the Half-Select Static Noise Margin (HS-SNM) than NBTI.
Again, the Vrp drifts of Write access transistors are negligible
since they are stressed only when the WWL is selected during
Write cycles. When the cell signal (stress) probability is about
50%, both Write half-select disturb and trip points of cell in-
verters increase.

As the NFET driving transistor for the logic “0” storage node
is fully on, the increase of Write half-select disturb is smaller
than the increase of the trip voltage of the opposite inverter
where the NFET driving transistor is off. Thus, Write HS-SNM
improves when V1 of both NFET driving transistors increase
(Case VIII in Table II) as shown in Fig. 6. In contrast, if the
signal (stress) probability is skewed (Case VI and Case VII
in Table II), Write half-select disturb would dominate for the
worst-case pattern, and Write HS-SNM would degrade with the
stress time.

IV. IMPACTS ON SRAM READ/WRITE ACCESS PATHS AND
REPLICA TIMING CONTROL CIRCUITS

In this section, we investigate the impacts of NBTI and PBTI
on Read and Write access paths of an 8T SRAM design with
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TABLE II
SIGNAL (STRESS) PROBABILITY VERSUS WRITE HS-SNM SUMMARY

Signal
Probability
VI 0% (100%)
VII 25% (75%)
VIIL 50%

Case Write HS-SNM

Degrade
Slightly Degrade
Improve

TABLE III
READ/WRITE ACCESS ANALYSIS CASE DEFINITION

Case Description

Read (Write) probabilily is 75% when Read (Write)
access path is analyzed.
Read (Write) probabilily is 50% when Read (Write)
access path is analyzed.
Read (Write) probabilily is 25% when Read (Write)
access path is analyzed.

A

B

C

hierarchical bit-line (BL) and Read/Write replica timing control
circuits. The hierarchical BL structure and replica timing control
are widely used in the state-of-the-art SRAM designs to mitigate
leakage and variations, and to improve access performance [27].

In our analysis, we investigate impacts of NBTI and PBTI
on a 1024 x 128 bits hierarchical 8T SRAM macro as shown
in Fig. 1. The local BL length is 16-bit, and there are 64 local
blocks on a global Read-BL (GRBL). The WL length is 128-bit.
Read and Write-replica circuits are employed for access timing
control. They respectively ensure that the RWL pulse width and
WWL pulse width are wide enough for successful Read and
Write operations. They also turn off the selected RWL or WWL
as early as possible to minimize power consumption and to im-
prove SRAM performance (cycle time). The operating voltage
of the SRAM is 0.9 V, and its maximum operating frequency is
1.5 GHz. Table III summarizes the three cases used in analyzing
the impacts of NBTI/PBTI on SRAM access degradations.

A. Read Access

Referring to Fig. 1, when the SRAM is not performing Read
operation, precharge circuits in Local Read Driver (LRD) and
Global Read Driver (GRD) maintain voltage levels of local
Read-BL (LRBL) and Global Read-BL (GRBL) at VDD.
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During Read cycles, the timing control unit informs the de-
coder to turn off precharge circuits in LRDs and GRDs. The
timing control unit also fires up the decoder to turn on the
selected Read WL (RWL) and the Dummy RWL (DRWL) of
Read-Replica circuit. The Read-Replica cell (RRCell) stores
logic “0,” and the Dummy Local RBL (DLRBL) starts to
discharge. The signal propagates through the Dummy LRD
(DLRD), Dummy GRBL (DGRBL), and the Dummy GRD
(DGRD). After the signal, RDone, becomes logic “1,” the
timing control unit informs the decoder to turn off the selected
RWL and DRWL. The decoder also enables LRDs and GRDs
to charge the LRBLs and GRBLs to complete the Read cycle.

Fig. 7(a) shows the combined impacts of NBTI and PBTI
on the turning-on delays of RWL (dash line) and DRWL (solid
line) when the SRAM operates at its maximum frequency (1.5
GHz). Referring to Fig. 1, we measure the RWL delay from
CLK to RWL (the output of RWL Driver), and we measure
the DRWL delay from CLK to DRWL (the output of DRWL
Driver). The turning-on delay of the selected RWL decreases
with usage time, while the delay of DRWL increases with usage
time. This phenomenon can be explained by using an example
of WL driver shown in Fig. 8. When the WL driver turns off
(i.e., in Standby), M2 and (M3 or M4) become weaker due
to PBTI and NBTI stress, respectively. When the WL driver
turns on (Active), M1 and M5/M6 are stressed and become
weaker. Thus, if the WL driver stays long time in Standby
phase, M1 and M5/M6 are seldom stressed and their strengths
remain unchanged. The trip voltage of the NAND decreases
and trip voltage of the inverter increases. The WL driver be-
comes preferable to transfer logic “1”” and its turning-on delay
improves (decreases). On the other hand, if the WL driver is
frequently selected, all transistors become weaker and both
turning-on delay and turning-off delay increase. Otherwise,
referring to Fig. 1, the normal Read path (including RWL)
and Read-Replica path (including DRWL) are clocked by the
same signal; however, their active probabilities are different
from each other. A RWL is only active when its corresponding
address is selected. In contrast, DRWL turns on in every
Read cycle. In other words, the probability of a RWL being
selected is very low, whereas the probability of DRWL being
active is equal to the probability that the SRAM performs
Read operation and is significantly higher. Therefore, a RWL
and its corresponding decoder/driver are mostly stressed in
Standby phase, leading to improvement of its turning-on delay
with usage (stress) time. In contrast, the DRWL driver and
its corresponding decoder/driver experience high frequency
(probability) of stress in Active phase, leading to degradation
of its turning-on delay. Moreover, the delay increase (decrease)
of DRWL (RWL) in Case A is larger (small) than that in Case B
and Case C. This is because the DRWL (RWL) decoder/driver
would be more frequently stressed in Active Phase in Case
A as compared with Case B and Case C. Fig. 7(b) and (c)
show the results of NBTI-only stress and PBTI-only stress,
respectively. Similar behavior can be observed due to the same
reasons. Comparing Fig. 7(b) and (c), we observe that the delay
degradation induced by PBTI is more serious than that induced
by NBTI because the PBTTI effect is more serious than NBTT in
the model used.
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Fig. 7. Increase of RWL turning-on delay versus usage (stress) time: (a) with
NBTI and PBTI; (b) with only NBTTI; (c¢) with only PBTI. A dash line represents
a normal RWL, and a solid line represents the DRWL.

The Read-Replica circuit is enabled every Read cycle, and
the hierarchical DRBL path always transfers logic “0.” The
Read buffer of the RRCell is also under PBTI stress all the
time. On the other hand, a normal RWL turns on only when it
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is selected, and the hierarchical RBL path transfers either logic
“1” or “0” depending on the data stored in the selected cell. The
stress time of normal cells’ Read buffers also depend on the
signal probability of the cell. Consequently, the degradation of
Read-Replica path delay is more serious than the normal Read
path delays. Furthermore, the Read-Replica path ultimately de-
termines the RWL pulse width and hence the Read performance
(cycle time). The impacts of NBTI and PBTI on Read-Replica
path delay are shown in Fig. 9. When both NBTI and PBTI are
present/considered [Fig. 9(a)]. The Read-Replica path delay in-
creases in Case A and Case B, but decreases slightly in Case C.
Fig. 9(b) shows that Read-Replica path delay increases for all
cases when only NBTI is present/considered. When only PBTI
is present/considered [Fig. 9(c)], the Read-Replica path delays
increases in Case A and Case B, but decreases in Case C. The
Read-Replica path delay is determined by DRWL turning-on
delay, DLRBL discharging time, DLRD sensing delay, and
DGRD sensing delay. The DRWL turning-on delay increases
in all cases according to our previous analysis, and DLRBL
discharging time also increases when PBTI is present/consid-
ered. However, DLRD and DGRD sensing delays may increase
or decrease depending on stress conditions. Fig. 9 shows the
hierarchical RBL scheme including LRD and GRD. Notice
that the same hierarchical scheme is used in the Read-Replica
path (DLRD and DGRD). When the SRAM is not performing
Read operation, M9 and M11 are under PBTI stress, leading to
increase of the trip voltages of inverters M8/M9 and M10/M11,
thus reducing the sensing delays of LRD and GRD. In contrast,
when LRBL discharges to ground during Read cycles, M7,
and M8/M10 are under PBTI and NBTI stress, respectively.
Thus, LRD and GRD sensing delays increase. Furthermore, if
the SRAM seldom executes Read operations, the time that M9
and M11 are (PBTI) stressed is longer than the time that M7
(PBTI) and M8/M10 (NBTI) are stressed. On the other hand,
if SRAM frequently executes Read operations, all transistors
in LRD and GRD are stressed and become weaker, and the
sensing delays increase. Therefore, the delay degradation of
Case A represents the worst case as the SRAM executes Read
operations frequently in Case A. The delay decreases in Case C
when only PBTI is considered [Fig. 9(c)], because the SRAM
seldom executes Read operations. When only NBTI is consid-
ered [Fig. 9(b)], the trip voltages of LRD and GRD can only
decrease with usage time, leading to increase in the sensing
delays in all cases.

Proper RWL pulse width allows LRBL signal to develop.
If the RWL pulse width is too small, it leads to SRAM Read
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Fig. 9. Increase of Read-Replica path delay versus usage (stress) time: (a) with
NBTI and PBTI; (b) with only NBTI; (¢) with only PBTI.

failure. The RWL pulse width in general does not affect Read
delay. However, it has direct impact on the SRAM cycle time.
If the RWL pulse width is too wide, the SRAM cycle time
increases. Read-Replica circuit is commonly used in state-of-
the-art SRAM designs to optimize RWL pulse width and cycle

1245

Fig. 10. Hierarchical bit-line Read scheme including LRD and GRD structures.
Notice that the same scheme is used in the Read-Replica path for DLRD and
DGRD.

time. Fig. 11(a) shows that the RWL pulse width increases with
usage (stress) time when both NBTI and PBTI are considered.
The increase in Case A is the most serious. When only NBTI is
considered, the RWL pulse width increases in all cases. How-
ever, when only PBTI is considered, the RWL pulse width of
Case C remains relatively unchanged. The width of RWL pulse
is determined by the signal transferring delay of RWL logic path
and the latency of the Read-Replica circuit. In Case A and B, the
delay of the Read-Replica circuit increases significantly (Fig. 9),
thus increasing the RWL pulse width. Although the delay of the
Read-Replica circuit decreases slightly in Case C (Fig. 9), the
RWL logic prefers to transfer logic “1,” leading to decrease of
RWL truing-on delay (Fig. 7) and increase of RWL turning-off
delay. Thus, the RWL pulse width also increases in Case C.
Fig. 11(b) shows the degradation (increase) of RWL pulse width
when only NBTT is considered. Fig. 11(c) shows the degradation
of RWL pulse width when only PBTI is considered. The RWL
pulse width degradation of Case C is the smallest comparing to
that in Fig. 11(a) and (b) because of its smallest Read-Replica
circuit delay [Fig. 9(c)].

The Read-Replica circuit turns off RWL and enables LRD
and GRD to charge (precharge) the LRBL and GRBL to enter
the Standby phase. If the SRAM operates at lower frequency,
LRD and GRD would spend more time (and be stressed) under
Standby condition, and the increase in Read access delay
would be less. Fig. 12 compares Read access delay increase
versus usage (stress) time for different LRBL length (from
16-bit/LRBL to 128-bit/LRBL) at 1 GHz (maximum frequency
for 128-bit/LRBL) assuming the selected cell always transfers
logic “0” to LRBL. The cases with shorter LRBL have faster
Read/Write access and can operate at higher frequency. There-
fore, when they all operate at 1.0 GHz, the cases with shorter
LRBL would spend more time in Standby (Precharge) state,
and their delay increases would be smaller.

B. Write Operation

When the SRAM is not performing Write operation, the
precharge circuits in the Local Write Driver (LWD) keep the
voltage level of Local WBL (LWBL) pair at VDD. During
Write cycles, the timing control unit informs the decoder to
turn off the precharge circuits in LWDs and enable LWDs and
Global Write Drivers (GWDs) to transfer input data to LWBL
pairs. The timing control unit also fires up the decoder to turn on
the selected Write WL (WWL) and Dummy WWL (DWWL).
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Fig. 11. Increase of RWL pulse width versus usage (stress) time: (a) with NBTI
and PBTTI; (b) with NBTT; (c¢) with PBTL.

After the state of the Write Monitor changes, WDone becomes
logic “1.” The timing control circuit informs the decoder to
turn off the selected WWL and DWWL, and the Write cycle
completes.

Fig. 13(a) shows the combined impacts of NBTI and PBTI
on the turning-on delays of WWL and DWWL. Similar to
RWL and DRWL, the turning-on delay of WWL is smaller than
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Fig. 12. Read access delay increase versus usage (stress) time for different
LRBL length (GRBL length is 1024-bit) with NBTI and PBTI (SRAM oper-
ates at 1.0 GHz, the maximum frequency for 128-bit/LRBL).

that of DWWL in the corresponding case. The reason is that
the DWWL turns on every Write cycle, whereas a WWL only
turns on when it is selected. Thus, WWL drivers and the cor-
responding decoding path spend longer time in Standby mode
and prefer to transfer logic “1,” and WWL turning-on delay
decreases. The WWL (DWWL) turning-on delay for Case A is
longer than Case B and Case C. This is because, for case A, the
SRAM executes Write operation frequently, and all transistors
in LWD and GWD become weaker, and the WWL (DWWL)
turning-on delay degrades more. Fig. 13(b) and (c) show the
changes of WWL and DWWL turning-on delays versus usage
(stress) time with NBTI and PBTI, respectively. The impact
of PBTI on WWL/DWWL turning-on delay degradation is
more significant than NBTI because the Vp drift induced by
PBTI is larger than NBTI in our analysis model. Moreover,
comparing Figs. 7 and 13, we can find the increase of RWL
turning-on delay is more serious than that for WWL. This is
because the WWL pulse width is smaller than the RWL pulse
width in the subject SRAM, thus WWL would spend more
time in Standby phase compared with RWL with the same
Read/Write probability.

Fig. 14(a) shows that the WWL pulse width increases with
usage (stress) time when both NBTI and PBTI are considered.
The WWL pulse width increases in all cases. The Write-Replica
circuit turns off the WWL once the state of the Write Monitor
changes. The Write Monitor structure is shown in Fig. 15,
and its basic structure is a two-port 8T SRAM cell. When
the SRAM is not performing Write operation, Reset = 1,
and node Q and QB store logic “1” and “0,” respectively.
During Write cycle, DWWL turns on and the voltage level
of DWBL is set to logic “0.” After the state of the Write
Monitor changes, signal WDone becomes logic “1” and the
Timing Control Unit turns off WWL and resets the Write
Monitor. According to our WM analysis in Section III, WM
is improved in most of the cases. Consequently, the Write
time (Time-to-Write) of the Write Monitor cell should also
be improved. However, due to the latency degradation of
DWWL drivers and corresponding decoding logic path, the
WWL width increases. As a result, the Write cycle time also
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Fig. 13. Change of WWL turning-on delay versus usage (stress) time: (a) with
NBTI and PBTI; (b) with NBTI; (c) with PBTI. A dashed line represents a
normal WWL, and a solid line represents the DWWL.

increases. Note that the Write cycle time is still smaller than the
Read cycle time in the subject SRAM design. Fig. 14(b) and
(c) show the impact of NBTI and PBTI on WWL pulse width,
respectively. The WWL pulse width degradation induced by
PBTI is still more serious than that by NBTIL
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V. NBTI/PBTI TOLERANCE TECHNIQUES

In previous sections, we analyzed impacts of NBTI and
PBTI on 8T SRAM cell, Read operation, and Write operation.
The degradation of decoding paths, RWL derivers, and WWL
drivers can be mitigated by NBTI/PBTI-aware transistor sizing.
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However, transistor sizing is not applicable to mitigate the re-
liability and performance degradation of a bit-cell due to hard
area constraint. In this section, we focus on mitigating the long
term degradation of cell array.

A. Write Half-Select SNM Improvement

When an 8T SRAM cell is under NBTI and PBTI stress, its
stability degrades due to Vrp drifts of NFET and PFET pairs.
The WWL pulse width also increases with usage (stress) time,
leading to more serious Write Half-Select disturb. Thus, after
long time of usage, data violation may happen.

To mitigate long-term Half-Select stability degradation, we
can use a dual Vo 8T SRAM cell. The PFET loading tran-
sistor pair (ML1 and ML2 in Fig. 3), NFET driving transistor
pair (MD1 and MD?2), and NFET access transistors (MA1 and
MAZ2) are high-Vrp devices. The Vg mismatch induced by
NBTI and BPTI reduces because high-Vtp devices have lower
Vg drift, resulting in less Write Half-Select SNM (HS-SNM)
degradation. It is not suitable to assign the NFET stacked Read
Buffer (MR1 and MR2) as high-Vy devices due to Read
performance consideration. Write delay (Time-to-Write) of
a dual-Vr 8T SRAM cell is slightly longer. However, the
performance of the subject SRAM is limited by Read opera-
tion, and the increase in Write delay does not degrade SRAM
performance. Moreover, data-retention power-gating structure
can also be used to mitigate the long-term stability degradation
[8]. Fig. 16 shows an example of a SRAM array bank with a
data-retention power-gating footer. MF1 is the power-switch
for leakage reduction, and MF2 is the virtual ground clamping
device for data-retention in Standby/Sleep mode. When an
SRAM bank is in Standby/Sleep mode, the power-switch turns
off and the virtual ground can be biased at a proper voltage level
by adjusting the gate voltage of the clamping device. The power
switch turns on only when the bank is selected. The voltage
across the cell array is less than VDD in Standby/Sleep mode,
thus reducing the cell Vg mismatch induced by NBTI/PBTI
and improving the Write HS-SNM. Fig. 17 compares the Write
HS-SNM degradation for a single-Vry cell with regular Vg,
a dual-Vry cell, and a regular Vg cell with data-retention
power-gating banking structure. The Vg of a high-Vry
device is larger than a regular-Vpg device by about 150 mV,
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and the virtual ground of the data-retention power-gating
banking SRAM array is biased at 150 mV. The degradation
of Write HS-SNM in dual-Vy cell and power-gated regular
Vi SRAM cell are smaller than the single-Vry cell. The
improvements are about 10% and 9% respectively. We can use
distributed data-retention power-gating technique [28] to fur-
ther mitigate the Write HS-SNM degradation. In this technique,
each row has its own power-gating structure. This power-gating
structure has improved Write HS-SNM degradation tolerance
than the banking power-gating structure due to lower proba-
bility of turning on power switches. However, its area overhead
would increase significantly. Besides, when an SRAM bank is
selected, power switch turns on to bias the virtual ground at
zero. In general, with proper size design, the delay degradation
of SRAM Read and Write performance is containable, but the
wake-up transition latency should be considered [8], [28], [29].
In order to mitigate virtual ground (power) line bouncing and
SRAM data violation, a larger size power-gated SRAM bank
should allow longer wake-up transition time.

B. Read Degradation Mitigation

NBTI and PBTI degrade Read performance severely when
SRAM frequently executes Read operations. The Vg drift of
the Read Buffer and sensing delay increase of LRD dominate
Read performance degradation in a hierarchical RBL structure.

To mitigate the PBTI impacts on Read Buffer, a column-
based power-switch can be inserted between the Read Buffer
virtual ground (RVVSS) and ground as shown in Fig. 18. When
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Fig. 18. A column-based power-switch inserted between the Read Buffer vir-
tual ground (RVVSS) and ground.

a bank is not performing Read operation, the power-switch bi-
ases RVVSS to VDD. Thus, Vg of MR2 is zero even if QB =
1, and MR2 is no longer stressed. When a column is selected
during Read cycles, its corresponding power-switch should bias
RVVSS to ground. Because the decoding path of RDSleep is
shorter than that of the selected RWL, RDSleep is ready be-
fore the selected RWL. Thus, the delay of the column-based
power-switch has negligible effect on the Read delay with prop-
erly sizing of the power-switch.

As discussed previously, the Read-Replica circuit dictates
the Read performance as it is active every Read cycle, leading
to degradation of DLRD, DRWL driver and corresponding
decoding path. To reduce the activity of Read-Replica cir-
cuit, each bank can have its own Read-Replica circuit. The
area overhead of this structure is negligible because the local
Read-Replica circuits can be formed by using those originally
unused local columns under the DRGBL. Fig. 19(a) shows
that the Read performance degradation due to NBTI/PBTI is
mitigated by using multibank Read-Replica circuit structure
and dynamic RVVSS biasing. The Read delay degradation is
reduced (improved) by about 12% in Case A. Fig. 19(b) and
(c) show, respectively, the case when only NBTI or only PBTI
is present/considered. It can also been seen that the mitiga-
tion/improvement becomes smaller when the Read probability
decreases. Besides, the behavior of replica circuits become
different form the normal access path after NBTI and PBTI
stress because the activity property of replica circuits normally
is higher than normal access path. By using multibank Read-
and Write-Replica circuits, the behavior difference between
replica circuits and normal access path can be mitigated. This
is because the activity of local replica circuits more approach
to the normal access path.

VI. CONCLUSION

This paper presents comprehensive analyses on impacts of
NBTI and PBTI on the timing control of a two-port 8T SRAM
with hierarchical bit-line structure based on PTM 32 nm high-k
metal-gate technology models. We show that Read delay of
a cell degraded and stability deteriorated after long time of
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Fig. 19. Mitigation of Read delay degradation by using multibank

Read-Replica circuit and dynamic RVVSS biasing: (a) with NBTI and
PBTI; (b) with NBTI; (c) with PBTI. A dashed line represents the original
structure. A solid line represents the multibank Read-Replica circuit structure
with dynamic RVVSS biasing.

usage. However, WM could improve or degrade depending
on the signal (stress) probability. We also show that replica
circuits behave differently from normal access path after stress.
The degradation of Read-Replica timing control circuit is
shown to dictate the Read performance as it would be active in
every single Read cycle. The WWL pulse width increases with
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usage (stress) time, leading to more serious Write Half-Select
disturb. Long term degradation of Read performance and Write
Half-Select SNM can be mitigated by using dual-V g cell and
banking data-retention power-gating technique. The long-term
Read performance degradation can be mitigated by inserting
a power switch between RVVSS and the ground. This struc-
ture can be combined with multibank Read-Replica circuit to
further mitigate Read performance degradation. The behavior
difference between replica circuits and normal access paths can
also be improved by using multibank Read- and Write-Replica
circuit.
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