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CHAPTER1I

Introduction

As technology scales, power consumption has become a major concern in circuit design
[HAP'05]. In the early history of CMOS, the scaling of the supply voltage was in ac-
cordance with the scaling of the transistors in order to maintain constant electric fields in
the device. In recent years, as fabrication uses sub-100 nm feature sizes, the scaling of
supply voltage slowed down to control leakage power and to maintain device performance
[MBRO6]. The slowing of voltage scaling causes the power density to increase dramatically
[CEMT10].

There are several approaches for reducing power consumption [VF05]; one effective
way is to lower the supply voltage to a value slightly higher than the transistor’s thresh-
old voltage. This region in which the circuit operates is called the near-threshold region
[MWAT10]. Compared to the conventional super-threshold region (i.e., supply voltage is
nominal value), circuits working in the near-threshold region are more sensitive to process
variation, which is the variations introduced in the fabrication process [DWB™'10]. The
problem of how the process variations impact the reliability and performance of circuits in
the near-threshold region needs to be addressed.

The major reliability issue of concern is the soft error sensitivity of the circuit. If the
charge deposited on a circuit node by a particle strike is more than the critical charge (Qcir),
then the node will be flipped, which will result in a soft error. The process variations make
it harder to predict the response of the circuit to a particle strike. So the impact of process
variations on the single event circuit response is significant [DLXO05].

The impact of process variations on a circuit operating at nominal supply voltage has
gained the attention of many researchers. The soft error sensitivity, performance, and power

consumption of the circuits influenced by process variations have been studied in the lit-



erature [KBK ™ 11][KBB'12][DLXO05]. As near-threshold operation becomes common, the
circuit response to process variations should also be explored [SGT08][KKKT12][KKT13].
When the supply voltage is reduced to the near-threshold region, the impact of process
variations on circuit responses can be much different from the circuit at nominal supply
voltage.

In this thesis, a 6T SRAM circuit as well as two flip-flops are used to investigate the
effects of process variations when operating at the nominal supply voltage and the near
threshold region. The test circuits are designed using a 32-nm technology. A Monte Carlo
approach is used to model the process variations according to the process corners. The
distributions of critical charge, leakage power, and write delay time are found to be closely
related to the process variations and show differences under different supply voltages. The
results show that threshold voltage variability is a more significant parameter affecting the
critical charge distribution of the 6T SRAM under near-threshold voltage as well as the
nominal supply voltage. Also the leakage power in standby mode and the write delay time
of the SRAM circuit under near-threshold voltage shows some differences from the nom-
inal supply voltage. For the two flip-flops, the impacts of threshold voltage and effective
gate length variations on critical charge distribution are almost the same for near-threshold
supply voltage and nominal supply voltage. The key findings are listed in Table 1.

The rest of the thesis is organized as follows. Chapter II introduces the background and
related work of radiation effects in microelectronics, near-threshold voltage operation, and
process variations. Chapter III presents the impact of the process variations on soft error
sensitivity of the 6-transistor SRAM cell. Chapter IV analyzes the influence of the process

variations on soft error sensitivity of the flip-flops. Chapter V summarizes the thesis.



Table 1. Key findings for circuits operating at the near-threshold region when compared
to the nominal voltage for 32-nm Synopsys library [hC]

6T SRAM Transmission Gate | C*MOS (Clocked
Flip-flop CMOS) Flip-flop
Critical
Char.ge ¢ Reduction of ¢ Reduction of ¢ Reduction of
(Qerir) 77% for Qe for 76% for Qi 69% for Qe
both NMOS and of the NMOS of the NMOS
PMOS hits. hit; Reduction of hit; Reduction of
) 75% for Qi of 73% for Q. of
1.5 times larger the PMOS hit. the PMOS hit.
variation for Q.
of the NMOS hit; ¢ Almost same ¢ Almost same
2.7 times larger Q¢rir variation for QO.rir variation for
variation for Qi both NMOS and both NMOS and
of the PMOS hit. PMOS hits. PMOS hits.
Leakage
powet Reduction of * Reduction of * Reduction of
92% for leakage 97% for leakage 94% for leakage
power power power
Almost same * 13%  reduction * 49%  reduction
leakage  power for leakage for leakage
variation. power variation. power variation.
Performance

5.0 times larger
Write 0 delay;
13.7 times larger
write 1 delay.

15.2 times larger
variation for
write 0 delay;
9.0 times larger
variation for
write 1 delay.

* 58.8 times larger
clock-to-output
delay.

* 4.6 times larger
clock-to-output
delay variation.

* 69.6 times larger
clock-to-output
delay.

* 5.2 times larger
clock-to-output
delay variation.




CHAPTER 11

Background

Reliability is one of the most important factors in circuit design. For modern CMOS tech-
nology, the circuit reliability is influenced by the shrinking of technology, the reduced
supply voltage, higher clock frequency, and higher circuit density. These factors affect the
circuit’s probability of soft errors (also called single event upset). In addition, the process
variation introduced in the fabrication process is also a big challenge for circuit design-
ers because it makes the same circuit show different characteristics. Moreover, to reduce
power consumption of the circuit, the method of reducing supply voltage to the near thresh-
old region is used, which is anticipated to have more effects on the reliability of the circuit.
So the relationship between single event effect and process variation under near-threshold
supply voltage should be analyzed and discussed.

The backgrounds information related to the main concepts in this thesis are presented

in the remaining part of this chapter.

A. Single event effects

A single event effect is a circuit or system response to charge deposition from a single
ionizing particle [DMO03][Bau05]. Single event effects can induce destructive and nonde-
structive damage to the circuit. In this thesis, only the nondestructive single event effect is
taken into account.

The basic mechanism for the single event effect in microelectronics includes the charge
deposition and the charge collection. In the charge deposition process, there are two ways
to release charge in semiconductor devices: (1) direct ionization is caused by the incident
particles, and (2) indirect ionization is caused by the nuclear reaction between the incident
particle and the device. Usually the deposition mechanism for heavy ions like alpha parti-

cles is mainly direct ionization, and light particles like protons and neutrons can result in



single event upset by indirect ionization [DMO03].

For direct ionization, when a particle hits the silicon substrate, a track of electron-
hole pairs (EHPs) is generated as the particle travels through the material and loses energy
along its path. For indirect ionization, as the light particles enter the semiconductor device,
nuclear reactions will occur: (1) elastic collision; (2) the emission of alpha or gamma
particles and the recoil of a daughter nucleus; (3) spallation reactions. The products of
these reactions can deposit energy along their path by direct ionization [DMO3].

In the collection process, the most sensitive region in the transistor is the p-n junction.
Because of the high electric field in the p-n junction depletion region of MOS transistor, the
process of drift happens shortly after the particle strike, which leads to a transient current
[BauO5]. After the drift process, as electron-hole pairs go outside of the depletion region,
the charge is collected by diffusion. The diffusion is a slow process, which is related to
the concentration of the carriers. Then the track of electron-hole pairs, also called the
charge track, changes the electric field in the transistor, resulting in the charge collection
outside the depletion region through the drift process and causing the increase of the total
amount of charge collected via the drift process. These charges are deposited to circuit
nodes, causing a transient current pulse. For combinational logic circuits, the transient can
cause incorrect outputs if they arrive during the sampling of a latch; for memory cell, these
particle strikes can cause the bit flips, which are called single event upsets (SEUs). The
minimum deposited charge that can cause a bit flip is called the critical charge (Qi).

Fig. 1 shows the whole deposition and collection process and the current pulse induced
by the particle strike: in Fig. 1(a), a track of electron-hole pairs are generated in the path
of the particle. When the ionization track goes close to the depletion region, a large current
transient is created at the node; in Fig. 1(b), the particle strike extends the depletion region
further into the substrate, which facilitates the drift collection; in Fig. 1(c), the diffusion

collection becomes dominant in the collection process [Bau05].
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Figure 1. Charge generation and collection in a reverse-biased junction and the resultant
current pulse [BauO5]

B. Process variations

Process variations are variations introduced in the manufacturing process of integrated cir-
cuits (ICs). The process variations can be classified into die-to-die variations and within-
die variations. Die-to-die variations determine the distribution of frequency of dies, while
within-die variations determine the maximum frequency of the die [Nar05]. For example,
the performance corner of the die will be changed due to the die-to-die variations. For a die
of slow corner (high threshold voltage), the transistors will have high threshold voltage.

Die-to-die variations are usually due to the processing temperature and equipment prop-
erties, while within-die variations are caused by the factors like channel length variations
across a die. Within-die variations can be further divided into random and systematic vari-
ations. Systematic variations are due to lithographic aberrations, while dopant fluctuations
and line edge roughness cause random variations [UTB106].

Process variations come from many sources, such as polishing, lithography, resist, etch-
ing and doping. For example, chemical mechanical polishing is related to the nonuniform
layout density, and the denser part of a chip has a slower polishing process. So the dielectric
in the denser section is more highly polished, which leads to variations in dielectric thick-
ness across the die. Furthermore, the variations resulting from lithography are becoming

important as technology scales. The stepper is a significant factor causing the variations.



To be specific, the variations are mainly caused by the stepper lens heating, uneven lens
focusing, and related aberrations. In addition, in the exposure and resist process, the sur-
face tension causes the thickness variations. In the etching process, the unevenness in the
etching power and density results in depth variations. After etching, the doping process
causes the dopant concentration to be an important variation source [UTB"06].

As technology goes beyond 90 nm, parameter variations including process variations
change the design problem from deterministic to probabilistic [BCSSO8]. Process varia-
tions impact one or more design parameters of the devices, such as channel length, de-
vice width, and threshold voltage. The channel length variations are related to wafer non-
uniformity, lens focus and aberration, and line edge roughness. The device width variations
are induced by polishing and lithography process. Threshold voltage results from the oxide
thickness and dopant fluctuations [UTB*06].

The variability of these parameters causes the variability of the circuit responses. For
example, the variations in channel length and threshold voltage have a great influence on the
leakage current of the circuit and therefore cause variations in leakage power and operating
frequency at the chip level. Fig. 2 shows the 20x variation in chip leakage and 30%
variation in chip frequency caused by process variations. The wide spread of the standby
current is caused by the variations in channel length and threshold voltage. In addition,

from Fig. 2, the higher frequency chips have a wider distribution of leakage [BKN103].

C. Near threshold operation
In modern CMOS circuits, a major source of energy consumption is the switching energy
caused by nodal capacitances, so reducing the supply voltage can increase the energy effi-
ciency significantly.

Sub-threshold operation was first introduced to achieve ultralow power consumption
[CCO04]. However, the application of sub-threshold operation in circuits is limited by its

performance degradation.
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Figure 2.  Leakage and frequency variations [BKNT03]

As shown in Fig. 3, the energy consumption per operation is quadratically related
to the supply voltage in the super-threshold region and about 10 times larger than in the
near-threshold region. In the sub-threshold region, leakage energy dominates the energy
consumption, so there is only a small decrease in energy. Moreover, the delay time in
the sub-threshold region increases by 50-100 times over the near-threshold region. Hence,
the near-threshold region is where the supply voltage is set to the optimal value to make
balanced trade-offs between energy consumption and time delay.

Near threshold computing has recently gained attention of researchers [DWB™10]
[KAH™12]. Some recent work shows that near threshold operation provides higher energy
efficiency [KAH"12]. However, the near threshold operation leads to some challenges,
which includes performance degradation, variability, and circuit robustness. First, the re-
duced overdrive in gate voltage results in the performance degradation. For example, the
45-nm fan-out-of-four inverter operating with a near threshold voltage of 400 mV is ten
times slower than the same inverter using a nominal supply voltage of 1.1 V [SCHT11].
Second, the variability issue becomes more pronounced in the near threshold region. In the
near-threshold region, the circuit performance and reliability are more susceptible to pro-

cess variation, as process variations have more impact on the drive current of the transistors.
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For example, Fig. 4 displays the Monte Carlo simulations showing the spread of frequency
at nominal voltage and near threshold voltage. The variations of frequency across fast and
slow dies are two times larger at near threshold voltage.

Furthermore, the soft error reliability for near threshold operation is studied in [PCC* 14].
A portable soft error reference design is implemented targeting low-voltage operation. The
experiment shows that for a 6T SRAM as supply voltage scales, there is 6x increase in

FIT/bit for neutron tests and 2.5x increase in FIT/bit for alpha tests [PCC™14].

D. Reliability and performance issues induced by process variations

Some recent work by other researchers shows the impact of process variations on the sen-
sitivity of the circuit to soft errors. Kauppila et al. used a Monte Carlo method to quantify
the influence of process variations on SRAM upset probability [KBKT11]. In [DLXO05]
by Ding et al., critical charge, one important parameter reflecting the circuits vulnerability

to soft errors, is analyzed using four kinds of circuits at different technology nodes. The
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simulation results show that the gate length variability is the most significant parameter,
and threshold voltage must also be considered. Gate length and threshold voltage are the
two parameters directly affecting the transistor drive current that most impact the critical
charge [DLXO05]. In [JSS09] by Jahinuzzaman et al., a compact critical charge model is
introduced; this model can calculate the critical charge variability of SRAM and has good
agreement with SPICE simulations [JSS09].

In [DLW06], the 70-nm SRAM is used as benchmark circuit to study the dependence
of critical charge variation on gate length variation, threshold variation, and correlation
between gate lengths. Also a simple model is presented to estimate critical charge variation
without Monte Carlo simulation [DLW06].

In previous studies, most of the analyzed circuits operate at the nominal supply voltage.
Some research also takes the supply voltage into account. In [MAE11] by Mostafa et al.,
one analytical model is developed to explain the impact of supply voltage on critical charge

and its variability for a 65-nm 6T SRAM cell. The coupling capacitor is found to mitigate

10
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the impact of process variations on critical charge variability [MAE11].
In the near-threshold region, results in Fig. 5 show that circuits are more vulnerable to

soft errors. As supply voltage decreases, the soft error rate increases.
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CHAPTER III

Impact of process variations on 6T SRAM in near-threshold region

In this chapter, one storage circuit is studied, which is the 6T SRAM. The critical charge,
leakage power, and write delay variations caused by process variations are studied and

compared for supply voltage of 1.05 V and 0.5 V.

A. Methodology

The 6T SRAM circuit is shown in Fig. 6. In order to study the response of single event
effects, the particle strike on the circuit is modeled as a current source connected to the
node of interest. The current source uses the Messenger’s fault injection model (Double
exponential current model) [Mes82]. Both a NMOS hit and an PMOS hit will be simulated

for the SRAM cell.

1(t)=Iy(e @ —¢ =) (II1.1)

In Equation III.1, Iy is the amplitude of the current. 7j represents the collection time-
constant of the junction, and 7, is the ion-track establishment time constant. This current
model is used in the SPECTRE simulations in this research. The transistor simulation mod-
els used for this work are from the technology kit of the Synopsys 32-nm library [hC]. The

32-nm transistor models are implemented in Cadence SPECTRE.

In the SPECTRE circuit simulator, the Monte Carlo analysis option can be used to
model the process variations like effective gate length and threshold voltage. The Monte
Carlo model file defines the distribution of manufacturing parameters, which represents the
real-world process variations seen in fabrication. Such a model file is usually provided by

the foundry. Since there is no model file provided for 32-nm model, this model file was

12
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built according to the process corners. The statistical distribution is the generalization of
the process corners model. So the nominal values of process parameters are treated as the
mean value of Gaussian distribution in the model file.

The worst-case process corner model leads to pessimistic designs [OSM]. As shown
in Fig. 7, the x-axis and y-axis stand for the range that process parameters can vary. The
area inside the ellipse is the combined range. In this area, the 30 limits are met. The area
can be modeled with statistical Monte Carlo simulations, which is more accurate than the
rectangular area modeled by process corners.

The standard deviation of process parameters can be calculated using the 3-sigma rule.

The 3-sigma values of the variations are shown in Table 2. The values are all based on the

13



Table 2.  Threshold voltage and effective gate length variations for the 32-nm Synopsys
library

Threshold Voltage | Effective Gate Length
3o 21 mV 1.2 nm

process corners in 32-nm Synopsys library.

B. Results and discussion

In the following simulations, the 32-nm technology is implemented. The number of Monte
Carlo runs to determine the critical charge distribution is 1,000 for each deposited charge
value. The number of Monte Carlo runs for leakage power and time delay is 10,000. The

nominal supply voltage is 1.05 V.

1. Critical charge

The soft error sensitivity of an SRAM cell is determined by the following factors: (1) the
critical charge, (2) the diffusion area of the sensitive drain, and (3) the charge collection
efficiency [HKOS5]. In this section, the distribution of critical charge is analyzed. The other
two factors are layout-dependent and not included in this circuit-level analysis. Both a
PMOS hit and an NMOS hit are simulated.

The upset probability can be determined under process variation for different supply
voltages (Fig. 8). The results in Fig. 8 (NMOS hit) are derived when all the process
variations are employed in the simulations. The results of PMOS hit are shown in Fig.
9. For the curves in Fig. 8 and Fig. 9, the non-linear least square fitting can be used to
calculate the mean value Q,,.4, and standard deviation ¢ of the critical charge distribution.

Equation II1.2 is used for the fitting,

Qmean
V2o

Qdeposit - Qmean

V2o

Papeer = %[er 1 )+ er f(Zmeany; (1112)

where erf() is the error function.
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Upset probability vs. Deposited charge (NMOS hit)

L Vdd=0'50 \%
A Vdd=o'75 V
® Vg=1.05V
—— NonLinearFit for V4q=0.50 V
NonLinearFit for V44=0.75 V
> — NonLinearFit for Vgg=1.05 V
= 14 8 3
-Q A
m L ]
o] pe
2
m ‘
e [ ] 'y
v (0.5 |
v A
o
= ') -
"
* 4
r'y
oL ¢ :
I

O 02 04 06 08 1
Deposited Charge (fC)

Figure 8. Impact of deposited charge on upset probability of the SRAM at different
supply voltages (NMOS hit)

Upset probability vs. Deposited charge (PMOS hit)

L] Vdd:0-50 \"
A Vy=0.75V
| V=105V
—— NonlLinearFit for V4g=0.50 V
NonLinearFit for Vgg=0.75 V
—— NonLinearFit for Vgg=1.05 V

s

[
1
b-bb‘

e
vl
|

[} A

Upset Probability

'y

of {

0 02 04 06 08 1
Deposited Charge (fC)

A

Figure 9. Impact of deposited charge on upset probability of the SRAM at different
supply voltages (PMOS hit)

15



i — Vgq=0.50V
| — Vga=0.75 V
2004 — Vgg=1.05 V

Probability Density

w1
o
|

02 04 06 08 1 12
Critical Charge (fC)

o
o -

Figure 10.  Critical charge distributions of different supply voltages (NMOS hit)

— Vaa=0.50V
— Vaa=0.75V
— Vg=1.05V

100

Probability Density
)

/|

o 02 04 o6 08 1 1.2
Critical Charge (fC)

Figure 11.  Critical charge distributions of different supply voltages (PMOS hit)

16



Table 3. Mean and relative standard deviation of critical charge of SRAM under different
supply voltages (NMOS hit)

Supply Voltage
Critical Charge 0.5V 0.75V 1.05V
u 0.20 fC 0.46 fC 0.83 fC
(o] 0.0021 fC 0.0048 fC 0.0061 {C
o/u 1.08% 1.05% 0.74%

Table 4. Mean and relative standard deviation of critical charge of SRAM under different
supply voltages (PMOS hit)

Supply Voltage
Critical Charge 0.5V 0.75V 1.05V
u 0.24 fC 0.61 fC 1.04 fC
o 0.0048 fC 0.0087 fC 0.0080 fC
o/u 2.00% 1.42% 0.76%

Fig. 10 and Fig. 11 shows the derived critical charge distribution with the fitting for
both the PMOS hit and the NMOS hit. The mean value of critical charge decreases as the
supply voltage decreases. Table 3 and Table 4 show that the mean critical charge decreases
linearly as supply voltage decreases. Moreover, the value of 6/u, which reflects the in-
fluence of variations (i.e., the relative standard deviation), increases as the supply voltage
decreases, indicating that process variations have more impact on critical charge distribu-

tion at near-threshold voltage.

Two kinds of process variations (i.e., threshold voltage and effective gate length) are
investigated separately. The same method is utilized to derive the critical charge distri-
butions. The results are shown in Table 5-8. For the nominal supply voltage (1.05 V),
threshold voltage variations induce a larger spread of critical charge when compared to ef-
fective gate length; for the near-threshold region (0.50 V), the threshold voltage variations

still have more influence on the critical charge variation.
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Table 5. Impact of different process variations of mean and relative standard deviation of
critical charge of SRAM in near-threshold region (NMOS hit)

Near-threshold Region (V,;;=0.50 V)

Critical Charge Vin Lery
u 0.20 fC 0.20 fC
(o] 0.0021 {C 0.0007 {C
o/u 1.05% 0.35%

Table 6. Impact of different process variations of mean and relative standard deviation of
critical charge of SRAM in near-threshold region (PMOS hit)

Near-threshold Region (V,;;=0.50 V)

Critical Charge Vin Leyy
u 0.24 fC 0.24 fC
(o] 0.0040 fC 0.0026 {C
o/u 1.67% 1.08%

Table 7. Impact of different process variations of mean and relative standard deviation of
critical charge of SRAM in super-threshold region (NMOS hit)

Super-threshold Region (V,;;,=1.05 V)

Critical Charge Vin Lery
u 0.83 fC 0.83 fC
o 0.0052 fC 0.0032 fC
o/u 0.63% 0.39%

Table 8.  Impact of different process variations of mean and relative standard deviation of
critical charge of SRAM in super-threshold region (PMOS hit)

Super-threshold Region (V,;;=1.05 V)

Critical Charge Vin Leys
u 1.04 {C 1.04 {C
(o] 0.0062 {C 0.0060 {C
o/u 0.60% 0.58%
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Table 9. Mean and relative standard deviation of leakage power of SRAM under different
supply voltages
Supply Voltage
Leakage power  0.50V 0.75V 1.05V
u 0.009nW  0.032nW  0.117 nW
o 0.013nW 0.0049 nW  0.0196 nW
o/u 14.6% 15.6% 16.7%

2. Leakage power
The leakage power of the SRAM in standby mode was calculated using OCEAN com-

mands in SPECTRE. After 10,000 leakage power data values are obtained, the cumulative
distribution function of leakage power is derived. The results are shown in Fig. 12.
From Table 9, the mean value of leakage power decreases as the supply voltage de-

creases. The relative standard deviation also decreases as supply voltage decreases.
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Figure 13.  Impact of process variations on write 1 delay for different supply voltage

Table 10. Mean and relative standard deviation of write 1 delay time of SRAM under
different supply voltages

Supply Voltage
Write 1 delay  0.50V 0.75V 1.05V
u 811.05ps 96.45ps 58.87 ps
(o] 95.14ps 3.0lps 0.76 ps
o/u 11.7% 3.1% 1.3%

3. Write delay

The write delay was examined while associated with operating within the near-threshold re-
gion. As shown in Fig. 13 and Fig. 14, different supply voltages cause different cumulative
distribution functions of write 1 delay time and write O delay time.

From Table 10 and Table 11, it can be concluded that near threshold operation has a
greater impact on the write time delay. In the near-threshold region (Vdd=0.50 V), the
write delays (i.e., write 1 delay and write 0 delay) are significantly increased. In addition,
the values of 6/u due to process variations are much larger in the near-threshold region.

At this supply voltage, the SRAM would incur a significant timing penalty, which might
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Figure 14. Impact of process variations on write 0 delay for different supply voltage
Table 11. Mean and relative standard deviation of write O delay time of SRAM under
different supply voltages

Supply Voltage
Write O delay  0.50V 0.75V 1.05V
u 147.59 ps 27.89ps 29.62 ps
(o] 2245ps  0.70ps  0.28 ps
o/u 15.2% 2.5% 1.0%
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make it difficult to use within a typical cache structure. On the other hand, the mean delays

as well as o/ for Vdd=0.75 V and Vdd=1.05 V are very close.

C. Proposed solutions for solving the reliability issues
In this thesis, the derived critical charge distribution results can be used to quantitively eval-
uate the soft error sensitivity and impact of process variations of the circuits, especially in
the near-threshold region. Therefore the results will be helpful in the redesign of the SRAM
cell to achieve a better performance/cost ratio as well as reliability in the near-threshold re-
gion. It is possible that other topologies of SRAM can mitigate the influence of process
variations. In [CMNT08], an 8T SRAM cell is proposed that can provide high variabil-
ity tolerance compared to the 6T SRAM cell without much area penalty [CMNT08]. In
[JRS09], a quad-node ten-transistor SRAM cell is proposed. The new SRAM cell signifi-
cantly reduces soft error rate and achieves high SNM at a lower supply voltage [JRS09].
In previous research, the critical charge has been shown to be directly affected by pa-
rameters like gate length, gate width, and threshold voltage, because these parameters have
an influence on transistor drive current [DMO03]. To be specific, the increase of gate length
reduces the parasitic bipolar gain and thus increases the critical charge. Also, the struck
device in the SRAM has more impact on the critical charge than other devices in SRAM
[CKK'08]. So, another solution to mitigate the reliability issue is to update the internal
design ratios within the SRAM cell. The optimization of the ratios will result in higher

critical charge and make the SRAM cell more reliable.

D. Summary and future work
In this chapter, the impact of process variations on 6T SRAM operating in near threshold
region is investigated. The soft error sensitivity, leakage power, and write time delay of the
circuit are studied. The SRAM circuit is simulated in SPECTRE using 32-nm model.

The simulation results show that the threshold voltage variations have more impact on

the spread of the critical charge in the near-threshold region and nominal supply voltage
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than effective gate length variations. The leakage power is greatly reduced in the near-
threshold region as expected. However, the values of o /u for leakage power do not have
much difference for the near-threshold region and the super-threshold region. So the impact
of process variations on leakage power does not change much in the near-threshold region.
Finally, the write time delays are explored. The results show that in the near-threshold
region, both the mean value and 6/u of the time delay are greatly increased compared to
super threshold region. The related results are listed in Table 12.

In the future, a more accurate single-event current model can be used for particle strikes.
In addition, layout-based analysis of the impact of process variation on the SRAM soft error

vulnerability will be made.
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Table 12.  Results for 6T SRAM cell operating at the near-threshold region compared to
the nominal supply voltage for 32-nm Synopsys library [hC]

6T SRAM

Critical Charge

(Qcrir) * Reduction of 77% for Q.

for both NMOS and PMOS
hits.

* 1.5 times larger variation
for Q. of the NMOS hit;
2.7 times larger variation for
Qcrir of the PMOS hit.

Leakage power

* Reduction of 92% for leakage
power

* Almost same leakage power
variation.

Performance

* 5.0 times larger Write O de-
lay; 13.7 times larger write 1
delay.

* 15.2 times larger variation for
write 0 delay; 9.0 times larger
variation for write 1 delay.
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CHAPTER IV

Impact of process variations on critical charge of flip-flops

in near-threshold region

In this chapter, two kinds of flip-flops are analyzed: the transmission gate flip-flop and
the C2MOS (clocked CMOS) flip-flop [MNBO1]. The schematics of the two flip-flops are
shown in Fig. 15 and Fig. 16. The circuits are implemented and simulated in SPECTRE
with the 32-nm model.

In the following sections, the critical charge of the circuits is the major parameter of
focus, which is related to the soft error sensitivity of the circuits. The nodes of interest are
marked on the schematics in Fig. 15 and Fig. 16. The same method used in Chapter III
will be implemented for the flip-flops. The particle strike is modeled in the SPECTRE as a
double exponential current source, which is connected to the node of interest. The function

of the current is shown in Equation III.1.

A. Transmission gate flip-flop

1. Ciritical charge

For the transmission gate flip-flop, the node connected to the input of the last inverter is
investigated. Fig. 17 and Fig. 18 indicate the relationship between deposited charge and
upset probability at different supply voltages for both the NMOS hit and PMOS hit.

With the same fitting used in the previous chapter, the distribution of the critical charge
is derived. In Fig. 19 and Fig. 20, the critical charge distributions at both the near-threshold
and the super-threshold regions are compared for both the NMOS hit and the PMOS hit.
Table 13 and Table 14 show that the 6/u value is almost the same in both near-threshold
region and super-threshold region, which indicates that the process variations have almost
the same influence on the critical charge variations at different supply voltages.

Also, the influences of threshold voltage and effective gate length variations are inves-

25



clk 600322

100/30 T——1L.600/32 100/32 +—[ 600/32
DAC[_—J [_—J p r\mde of interest Q
100/32 | 100/32 |
4”: 200/32 4”: 200/32

clk  200/32 fl—

ck  eo0/32 p—

Sk 200/32 fl—

26

Figure 15. Transmission gate flip-flop schematic
— 600/32 448;00/32
D clk _4 600,/33 node of interest clk _‘{EGOOBQ
—_— \ 7
— 600/32 600/32
clk 1 —_ ck L —_—
200/32 200/32
600/32 600/32
s —
200/32 k= cik 200/32 - clk
200/32 JF clk :I 200/32 - cik
200/32 _J—— 200/32 _J——
Figure 16.  C>MOS flip-flop schematic




Upset probability vs. Deposited charge (NMOS hit)
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Figure 17. Impact of deposited charge on upset probability of the transmission gate flip-
flop at different supply voltages (NMOS hit)
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Figure 18. Impact of deposited charge on upset probability of the transmission gate flip-
flop at different supply voltages (PMOS hit)
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Figure 19.  Critical charge distributions of different supply voltages for the transmission
gate flip-flop (NMOS hit)
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Figure 20.  Critical charge distributions of different supply voltages for the transmission
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Table 13. Mean and relative standard deviation of critical charge of transmission gate
flip-flop under different supply voltages (NMOS hit)

Supply Voltage
Critical Charge  0.50V 1.05V
u 0.30 fC 1.29 {C
o 0.0026 fC 0.0082 {C
o/u 0.85% 0.63%

Table 14. Mean and relative standard deviation of critical charge of transmission gate
flip-flop under different supply voltages (PMOS hit)

Supply Voltage
Critical Charge 0.50V 1.05V
u 0.40 fC 1.53 fC
o 0.0021 fC 0.0081 fC
o/u 0.53% 0.53%

tigated separately. The u and o of the critical charge distribution for the NMOS hit is
shown in Table 15 and Table 17. The u and o of the critical charge distribution for the
PMOS hit is shown in Table 16 and Table 18. For the transmission gate flip-flop, the ef-
fective gate length variations have greater influence on the critical charge variations at both

near-threshold voltage and super-threshold voltage.

Table 15. Impact of different process variations on mean and relative standard deviation
of critical charge of transmission gate flip-flop in super-threshold region (NMOS hit)

Super-threshold Region (V,;,=1.05 V)

Critical Charge Vin Leyys
u 1.29 {C 1.29 {C
o 0.0083 {C 0.0016 {C
o/u 0.64% 0.12%
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Table 16.  Impact of different process variations on mean and relative standard deviation
of critical charge of transmission gate flip-flop in super-threshold region (PMOS hit)

Super-threshold Region (V,;,=1.05 V)

Critical Charge Vin Leyys
u 1.53 {C 1.53 fC
(0] 0.0067 {C 0.0049 {C
o/u 0.44% 0.32%

Table 17. Impact of different process variations on mean and relative standard deviation
of critical charge of transmission gate flip-flop in near-threshold region (NMOS hit)

Near-threshold Region (V,;;=0.50 V)

Critical Charge Vin Leyys
u 0.30 fC 0.30 fC
(o] 0.0026 {C 0.0004 {C
o/u 0.87% 0.13%

Table 18. Impact of different process variations on mean and relative standard deviation
of critical charge of transmission gate flip-flop in near-threshold region (PMOS hit)

Near-threshold Region (V,;;=0.50 V)

Critical Charge Vin Lerr
u 0.39 fC 0.39 fC
c 0.0019 fC 0.0008 fC
o/u 0.49% 0.21%
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Table 19. Mean and relative standard deviation of leakage power of transmission gate
flip-flop under different supply voltages

Supply Voltage
Leakage power  0.50V 1.05V
u 0.061 nW  2.343 nW
o 0.012nW 0.539 nW
o/u 19.7% 23.0%

2. Leakage power
Leakage power of the transmission gate flip-flop is measured in SPECTRE. As the leakage
power of flip-flop is state dependent, the following simulations are performed under the
state (D=1, clk=1, and Q=0).

The results are shown in Table 19. The leakage power of the near-threshold region is
greatly reduced compared to the nominal supply voltage. The relative standard variation of

leakage power decreases as the supply voltage decreases.

3. Clock-to-output delay
The clock-to-output delay was measured in SPECTRE for both the near-threshold supply
voltage and the nominal supply voltage (Q is from low to high). The results are displayed
in Table 20.

It is concluded that the delay time increases dramatically as the flip-flop operates in
the near-threshold region. Moreover, the delay variation is greatly increased for the near-
threshold operation, which means the flip-flop is much more sensitive to the process varia-

tions in near-threshold region.

B. C*MOS flip-flop
1. Critical charge
The C?MOS flip-flop is studied in this section. The node of interest is shown in Fig. 16.

Fig. 21 and Fig. 22 show the upset probability versus deposited charge curves at different
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Table 20. Mean and relative standard deviation of clock-to-output delay of transmission
gate flip-flop under different supply voltages

Supply Voltage
Clock-to-output delay 0.50V 1.05V
u 3351.09 ps  57.06 ps
o 403.77 ps  1.50 ps
o/u 12.0% 2.6%

Table 21.  Mean and relative standard deviation of critical charge of C2MOS flip-flop
under different supply voltages (NMOS hit)

Supply Voltage
Critical Charge  0.50V 1.05V
u 0.55 fC 1.73 fC
c 0.0038 fC  0.0070 fC
o/u 0.68% 0.40%

supply voltage for both the NMOS hit and the PMOS hit. After fitting, the ¢ and u of the
critical charge distribution are derived, and the probability density functions of the critical
charge distribution are plotted in Fig. 23 and Fig. 24. The parameters of the critical
charge distributions are shown in Table 21 and Table 22, from which it can be seen that
the process variations under near-threshold voltage and the super-threshold voltage have
almost the same influence on the relative standard deviation value of critical charge.

In addition, the influence of different parameter variations is explored, and the results
shown in Table 23 and Table 25 are for NMOS hit while the results in Table 24 and Table 26
are for the PMOS hit. It can be concluded that in the super-threshold region, the threshold
voltage variation is the dominant factor affecting the critical charge variation. In the near-
threshold region, threshold voltage variation is also a much more important factor than the

effective gate length variation.
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Upset probability vs. Deposited charge (NMOS hit)

. Vdd=0.50V
| | Vdd=1.05V
—— NonLinearFit for Vgq=0.50 V
—— NonLinearFit for V44=1.05 V
2
= 19
0
1]
2
(=}
it
oo
shd
w _
$0.5
Q
=
0_ °
77—
0 0.5 1 1.5 2 2.5

Deposited Charge (fC)

Figure 21.  Impact of deposited charge on upset probability of the C>2MOS flip-flop at
different supply voltages (NMOS hit)

Upset probability vs. Deposited charge (PMOS hit)

. vdd=0-50 \"
| ] Vdd=1-05 V
—— NonLinearFit for V433=0.50 V
— NonLinearFit for Vgq=1.05 V

Fa
= 1
.-a
(1]
0
(=]
ol
o.
)
u -
$0.5
o
=

0_

| T T T T | T T T T | T T T T I T T T T | T T T T |
0 0.5 1 1.5 2 2.5

Deposited Charge (fC)

Figure 22. Impact of deposited charge on upset probability of the C2MOS flip-flop at
different supply voltages (PMOS hit)
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Figure 23.  Critical charge distributions of different supply voltages for the C2MOS flip-
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Figure 24.  Critical charge distributions of different supply voltages for the C2MOS flip-
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Table 22. Mean and relative standard deviation of critical charge of C2MOS flip-flop
under different supply voltages (PMOS hit)

Supply Voltage
Critical Charge 0.50V 1.05V
u 0.56 fC 2.06 fC
o 0.0030 fC 0.0067 fC
o/u 0.54% 0.33%

Table 23. Impact of different process variations on mean and relative standard deviation
of critical charge of C>°MOS flip-flop in super-threshold region (NMOS hit)

Super-threshold Region (V,;;,=1.05 V)

Critical Charge Vin Lerr
u 1.73 fC 1.73 fC
c 0.0066 fC 0.0032 fC
o/u 0.38% 0.18%

Table 24.  Impact of different process variations on mean and relative standard deviation
of critical charge of C>?MOS flip-flop in super-threshold region (PMOS hit)

Super-threshold Region (V,;;=1.05 V)

Critical Charge Vin Leyys
u 2.06 fC 2.06 fC
(o] 0.0067 fC 0.0019 fC
o/u 0.33% 0.09%

Table 25. Impact of different process variations on mean and relative standard deviation
of critical charge of C>?MOS flip-flop in near-threshold region (NMOS hit)

Near-threshold Region (V,;,=0.50 V)

Critical Charge Vin Leyys
u 0.55 fC 0.55 fC
(o] 0.0031 {C 0.0020 {C
o/u 0.56% 0.36%
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Table 26.  Impact of different process variations on mean and relative standard deviation
of critical charge of C>?MOS flip-flop in near-threshold region (PMOS hit)

Near-threshold Region (V;;,=0.50 V)

Critical Charge Vin Leyys
u 0.56 fC 0.56 fC
o 0.0022 fC 0.0015 fC
o/u 0.39% 0.27%

Table 27. Mean and relative standard deviation of leakage power of C2MOS flip-flop
under different supply voltages

Supply Voltage
Leakage power  0.50V 1.05V
u 0.081 nW 1416 nW
o 0.014 nW 0.484 nW
o/u 17.6% 34.2%

2. Leakage power
Leakage power of the C2MOS flip-flop is measured in SPECTRE. As the leakage power
of the flip-flop is state dependent, the following simulations are performed under the state
(D=1, clk=1, and Q=0).

The results are shown in Table 27. The leakage power of the near-threshold region is
greatly reduced compared to the nominal supply voltage. The relative standard variation of

leakage power decreases as the supply voltage decreases.

3. Clock-to-output delay
The clock-to-output delay was measured in SPECTRE for both the near-threshold supply
voltage and the nominal supply voltage (Q is from low to high). The results are displayed
in Table 28.

It is concluded that the delay time increases dramatically as the flip-flop operates in
near-threshold region. Moreover, the delay variation is greatly increased for the near-

threshold operation, which means the flip-flop is much more sensitive to the process varia-
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Table 28. Mean and relative standard deviation of clock-to-output delay of C>2MOS flip-
flop under different supply voltages

Supply Voltage
Clock-to-output delay  0.50V 1.05V
u 612.12ps 11.25ps
c 92.65ps  0.25ps
o/u 15.1% 2.9%

tions in near-threshold region.

C. Summary

In this chapter, the transmission gate flip-flop and the C>?MOS flip-flop are studied. The
impact of process variations on the critical charge distributions in near-threshold region is
investigated. The different effects of threshold voltage variations and effective gate length
variations are examined. Compared to the nominal supply voltage, near threshold voltage
operation has a lower critical charge value and almost the same ¢ /u value.

From the simulation results, for transmission gate flip-flop, the threshold voltage vari-
ations have more influence on critical charge variations at both near-threshold voltage and
super-threshold voltage than the effective gate length variations. Furthermore, for the
C*MOS flip-flop, the threshold voltage variations also have more impact on critical charge
variations when the supply voltage is 1.05 V and 0.50 V. In conclusion, the reduced supply
voltage reduces the critical charge value, but does not have much effect on the o/ value.

The leakage power for both flip-flops decreases dramatically as the supply voltage de-
creases. In addition, the leakage power variations decrease when the supply voltage de-
creases.

The clock-to-output delay for both flip-flops increases significantly as the supply volt-
age decreases. Furthermore, the delay variations are also much larger while operating in
near-threshold region.

The related results are listed in Table 29.
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Table 29.  Results for flip-flops operating at the near-threshold region compared to the

nominal supply voltage for 32-nm Synopsys library [hC]

Transmission Gate | C>°MOS (Clocked
Flip-flop CMOS) Flip-flop
Critical
Charge . .
. * Reduction of * Reduction of
(Qerir) 76% for Qui 69% for Qui
of the NMOS of the NMOS
hit; Reduction of hit; Reduction of
75% for Qi of 73% for Qi of
the PMOS hit. the PMOS hit.
* Almost same * Almost same
Q¢ variation for Q¢rir variation for
both NMOS and both NMOS and
PMOS hits. PMOS hits.
Leakage
powet * Reduction of * Reduction of
97% for leakage 94% for leakage
power power
* 13%  reduction * 49%  reduction
for leakage for leakage
power variation. power variation.
Performance
» 58.8 times larger * 69.6 times larger
clock-to-output clock-to-output
delay. delay.
* 4.6 times larger * 5.2 times larger
clock-to-output clock-to-output
delay variation. delay variation.
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CHAPTER V

Conclusion

In this thesis, several storage element circuits are investigated, including the 6T SRAM
and two kinds of flip-flops. The double exponential current model is used to simulate the
particle strike on the node of interest. The Monte Carlo method is used to model the process
variations introduced in the devices. As technology scales, the importance of the process
variations increases. So the impact of the process variations on single event upset response
of the circuits has gained much attention of the researchers. On the other hand, in order to
reduce power consumption of circuits, near threshold computing is introduced to provide
higher energy efficiency while causing performance degradation.

This work explores the influence of the process variations on circuits at near threshold
supply voltage. Two most important parameters are included in the chapters: threshold
voltage and effective gate length.

In the thesis, the critical charge distributions are derived with o and u, which are from
the nonlinear fitting of the upset probability versus the deposited charge curve. The ¢/u
value reflects the significance of the variations.

As expected, the reduced supply voltage causes the critical charge of the circuits to re-
duce linearly. For each deposited charge level, 1,000 Monte Carlo runs are implemented.
The results indicate that the critical charge variations of the 6T SRAM induced by process
variations are more significant at near-threshold supply voltage than nominal supply volt-
age. In addition, as the supply voltage changes from 1.05 V to 0.50 V, 92% of the leakage
power for the SRAM is saved. The write delay time of the SRAM increases dramatically
as the supply voltage decreases. The write delay variations also increases a lot (Write 0
delay variation increases by a factor of 15.2 while write 1 delay variation increases by a

factor of 9) when operating in near-threshold region. For the two flip-flops, the reduced
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supply voltage has little impact on the critical charge variation induced by process varia-
tions. However, the clock-to-output delay is much more sensitive to the process variations
as the supply voltage decreases.

To be specific, the effects of different process variations are different: the threshold
voltage variations have more impact on the critical charge variations of 6T SRAM at near-
threshold region as well as super-threshold voltage; as for the transmission gate flip-flop,
the threshold voltage variations are also the dominant factor to critical charge variations
for both near-threshold and super-threshold supply voltage; the critical charge variations
of C>MOS flip-flop are affected more by threshold voltage variations at different supply

voltages.
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