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ABSTRACT: Designing and testing robust SRAM memory for sub threshold systems is extremely
challenging because of the reduced voltage margin and are highly sensitive to physical defects. Because of the
unique architecture of sub-threshold cells, some of the detectable defects in case of conventional SRAM escape
in sub-threshold SRAM cell. Therefore, stability fault analysis in sub-threshold SRAM cell is essential. In
literature, various test methods have been demonstrated and all of them are based on voltage based test
techniques. Voltage based test techniques may not be able to target all complete set of open defect faults; hence
there is a need for parametric test method which supplement the existing test schemes. In this paper, transient
current (IDDT) testing has been used as an alternative efficient testing method for both detection and
localization of defective cell in an array. But since its very fast response test technique, it will be difficult to use
it for online testing. Hence forth there is need for process current signal, using one of the signals processing
technique. In this paper an approach of transient along with wavelet transform of the IDDT signal is proposed.
By taking the wavelet transform of the transient current waveform it will be possible to cover all undetected
open defect faults. The design, implementation and testing is carried using 45nm gpdk technology in cadence
virtuoso EDA tool.
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I. INTRODUCTION that open/resistive vias are the most common root
As the circuit complexity increases testing  cause of test escapes in deep submicron technologies.
and localizing defects faces many challenges [17]. Because of the unique architecture of sub-

Sub-threshold circuits are becoming more popular in  threshold cells, some of the defects which are
ultra-low-power applications where minimum power  detectable in case of conventional SRAM escapes in
consumption is the major design constraint [18]. sub-threshold SRAM cell. Hence, detection of such
Static CMOS logic at Sub-threshold can operate while ~ resistive-open defects is the main target of this paper.
consuming very less power. But, designing and testing ~ The circuit of conventional (6T) SRAM cell and
robust SRAM memory for sub threshold systems is  widely used sub-threshold SRAM cell are as shown in
extremely challenging because of the reduced voltage ~ Fig.1 and Fig.2 respectively.
margin. There are various new SRAM architectures
which can operate successfully at low voltage are
investigated in literature. However, Sub threshold
SRAMs are highly sensitive to physical defects such
as resistive-open defects [15], static and dynamic
Read Destructive Fault (RDF) [16], Incorrect Read mET T
Fault (IRF) and Transition Fault (TF). Resistive-opens | M P— |
generally cause timing-dependent faults. Resistive- ]
open defects [16] that appear more frequently in core- e M3.Q I
cell of SRAM memories for VDSM technologies |

b !

B_L B_LB

induce a modification of the timing within the
memory (delay faults). The significance of resistive-
open defects has considerably increased in recent
technologies, due to the presence of many
interconnection layers and an ever growing number of
connections between each layer. In Intel reports [14]

GND
Fig.1.6T-SRAM cell architecture
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Fig.2.10T-Sub-Vth SRAM cell architecture

The stability defect analysis of conventional
SRAM cell and sub-threshold SRAM is totally
different. In the literature, various test methods
[15,19] have been demonstrated and all of them are
based on voltage based test techniques such as March
Test[15], Read Equivalent Stress (RES) [19], Severe
Write test[19], Low-Voltage Write/High Voltage
Read[19] and data retention tests. These techniques
may not be able to target complete set of open defect
faults; hence there is a need for parametric test
analysis. Quiescent current (IDDQ) [4] and Transient
Current Testing (IDDT) [20] are two widely used
parametric test schemes for defect detection [4, 20].
But IDDQ test will fail to cover most of the open
defects. Moreover, IDDQ test measurements require
the circuit to stabilize in the steady state resulting in
additional delay, thus increasing the test time. While
the many solutions have been proposed to deal with
the background leakage elevation in IDDQ testing.
However, transient current (IDDT) testing has
emerged as an alternative or supplementary efficient
testing method for both detection and localization of
defective cell in an array. This technique has
minimum time complexity as compared to the
conventional test methods. But since its very fast
response test technique, it will be difficult to use it for
online testing. Hence forth there is need for process
current signal, using one of the signals processing
technique, in literature, FFT and DFT techniques are
used. In this paper, wavelet transform is considered
since Wavelet analysis has attracted attention for its
ability to analyze rapidly changing transient signals.
Any application using the Fourier transform can be
formulated using wavelets to provide more accurately.
In this paper an approach of transient along with
wavelet transform of the IDDT signal is proposed. By
taking the wavelet transform of the transient current
waveform it will be possible to cover all undetected
open defect faults.

I1. STABILITY FAULT ANALYSIS
Most of the catastrophic defects cause
decrease in SNM and leads in to functional failures.

Such defects are easily detectable by either single
read/write operation or from regular march tests.
However, SRAM bit cell possess significantly high
SNM for few defects and hence, the cell operates
normally. Such defects escape the standard tests but
result in long term reliability issues or delay faults.
Such faults are known as stability faults. Here, open
defects are modelled as a resistor and every possible
defects are injected as shown in Fig.3. Open defects in
second inverter are symmetrical, hence are not shown
in figure. Some defects do alter the Static Noise
Margin (SNM) of the cell and are easily detectable
with simple read or write operation. However, some
weak defects may not alter SNM and left undetected
during testing. Therefore, for all possible defects
shown in figure, the minimum detectable resistance
(Rger) Which cause failure in the cell is recorded in
tablel.

Fig.3.Possible oben defects in sub-threshold SRAM
cell

To find Ry for each defect, the following procedure

is followed.

e A defect is modeled with connecting a resistor
Ref-

e Initially set the resistance value to be very high
(= 500GQ) and Read/Write operations are
observed. If the defect does not cause failure,
then minimum detectable resistance is recorded
as infinite.

e Then, the Ry is varied up to 10 KQ in
logarithmic scale and each time Read/Write
operation is performed and this is continued until
read or Write failure is observed. The Ry which
cause read or write failure is recorded as
minimum resistance for the defect.

e An open defect with resistance value below the
recorded minimum detectable resistance is
considered as stability faults.

Some defects are highlighted in grey colour
and they have very high minimum detectable
resistance. Such defects are called hard to find defects
or severe defects.

A. SFs in conventional (6T) and Sub-threshold
SRAM cell
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Defect on source/drain of driver transistor is easy-to-
find defect in 6T-SRAM cell shown in Figl. But, 10T
memory cell utilizes separate path for read and write
operation. Hence, weak pull down ability of driver
transistor (due to defect) does not affect the voltage
level of bit-line. Thus, in 10T-SRAM cell detection of
open defect on drain/source terminal of driver
transistor is more significant. Open defect located on
gate of the access transistor is detectable only for the
resistance value which is greater than or equal to
365MQ. Any open resistance value which is less than
this value will not cause any failure in the cell. For
this defect, 365 MQ is recorded as minimum
detectable resistance. Fig.4 shows the schematic of
10T cell with open defect on gate of access transistor
injected. Fig.5 and Fig.6 shows the write waveforms
of the cell with defect resistance of 100 MQ (less than
the minimum resistance) and 400 MQ (beyond the
minimum detectable resistance) respectively. From
the simulation, it is observed that write failure is
observed for all resistance which is above to
minimum detectable resistance (365 MQ).

Fig.4.0Open defect injected on gate of access transistor

Fig.5. Write waveforms of the cell with Defect
injected on gate of access transistor Rger= 100 M
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- Fig.6. Write waveforms of the cell with Defect h
injected on gate of access transistor Rges= 400 M

Table 1. Stability faults in 10T sub-Vth Design

Transistor | Terminals | Faulty Minimum
behaviour | detectable
resistance
(Raer)
M3A G Write 0 | 365 MQ
Fail
S/ID Write 0 | 3.8MQ
Fail
M6A G Write 1 | 500 MQ
Fail
S/D Write 1 | 3.6MQ
Fail
M1A G Write 0 | 1G MQ
Fail
S/D Write 1 | 60MQ
Fail
M4A G Write 1| 1GQ
Fail
S/ID Write 0 | 60 MQ
Fail

M2A

(driver)

M5A

(driver)
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MA7 G Read0 330 MQ
fail
S/ID Read0 3.8 MQ
fail
MAS G Read0 180 MQ
fail
S/D Read0 14 MQ
fail
M9A
M10A G Read0 180 MQ
fail
S/D Read0 3.8 MQ
fail

From the table 1, it can be observed that
most of the defects possess high Rger (in Mega ohms).
Hence all of the weak defects left undetected. But, in
Deep sub-Micron (DSM) technologies, probabilities
of occurrence of weak defects are very high.
Therefore, to supplement voltage based test technigue,
a current based IDDT technique is applied here in
order to decrease the minimum detectable resistance.

B. Capability of Severe Write (SW), RES and
LVW/HVR tests

Stability faults listed in table 1 are now
considered to reduce their minimum detectable
resistance. From literature, it is observed that March
test can be applied to increase the defect detectability.
However, as application of March test algorithm is
time consuming. Therefore, for better test efficiency,
stress based test methods like Read Equivalent Stress
(RES), Severe Write (SW); Low-voltage Read/High
voltage Read techniques are applied. Minimum
detectable resistance obtained from these test methods
for the defects which are highlighted in tablel(with
grey colour) are recorded in table 2. For all defects,
lower minimum detectable resistance was observed.
Details of these advance test techniques are discussed
in [13].

Table 2. Effectiveness of RES, SW, LVW/HVR Test
methods on 10T cell

Transistor | Minimum detectable resistance
Terminal | (Ruin-det)
W + | RES | Severe | LVW/
R write HVR
(S/D) M
Moa 220G | 44M | o )
(Gate)
(S/D)
Moa 100M | 40M | oo )
(Gate)

From table 2, we see that although, the minimum
detectable resistance is reduced to some extent, it
remains still in Mega ohms range.

111. CAPABILITY OF Ippr TESTING

In sub-threshold SRAM cell, there are few
defects those left wundetected during testing
(depending on their value) and usually may affect the
dynamic current consumption in some way. In
presence of defects, one or some of the parameters of
the transient current waveform shown in Fig.8 may
change and which is compared with the threshold
value set by the golden cell to know the presence of
defect. Parameters of the current waveforms which
can be considered for fault detection are 1) waveform
width at a given value of current 2) The charge
provided by the waveform 3) The peak value OF the
waveform 4) The time at which the waveform reaches
its peak value and 5) the average value of the
waveform.

LppratVyy
A

'Width
/-> Average Value

: Peak Value

Total C}larg
! » ¢
+“—>
tpe:k

Fig.7.1ppt waveform of fault free 6T-SRAM Cell

In Ippt approach all possible open defects
(one at a time) on each terminal of transistors are
injected and power supply current is measured while
cell is switching. Here also defect is injected in terms
of connecting a resistor. The resistance value is varied
from 10 GQ to 10 kQ and minimum resistance value
at which current deviates from that of the good circuit
is reported. The method used to decide whether the
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Circuit under Test (CUT) is faulty or not is by
monitoring the power supply current during
switching. If variation in peak Ippt waveform is more
than an empirically set threshold value (=10%), the
circuit is considered faulty. The simulations are
repeated for various Cell Ratio (CR) and Pull Up
Ratio (PUR) [5] and IDDT test efficiency was
verified. The charge carried by the signal is highly
efficient for strong defect detection but except for
weak defects. However, peak of the current signal has
comparatively high efficiency for weak defects also.
Therefore, for defect detection in memory array, peak
of the current waveform is used.

Fig.7 shows the lppr waveform measured
10T cell by injecting resistive open defect on gate
terminal of pull-up transistor. For the defect free cell,
a transient current of 26 nA was observed. As the
resistance value increases, the magnitude of the
transient current increased abnormally. Moreover, the
time at which the transient reaches its maximum also
differs. Also there is a deviation in the average value
of the current of the good and faulty circuit. A current
deviation of 10 percent is set as a threshold value by
taking process variations into account. Here, dynamic
current variation of 10% is observed with respect to
the variations in threshold voltage. The reason why
only threshold voltage is considered to set the
threshold is that in sub-threshold region, threshold
voltage has highest impact on current. Test was
conducted for all possible open defects in the cell.
Ippr results for stability faults in 10Tcell is tabulated
in table 3. The results show that, this method reduces
the minimum detectable resistance to larger extent.
Further, this technique is used to locate the faulty cell
in memory array.

) MO
—— = v
—_—

Fig.8.Transient current waveforms for different defect
severity for gate open defect (M2A)

Table 3. Minimum detectable resistance recorded for
hard to find defects in 10T SRAM.

Transistor | Terminals | Ruin-det

M (S/D) 28K
oA G 18K

Msa (S/D) 28K

Www.ijera.com

Transistor | Terminals | Ryin-det

G 18K

A. Localization of faulty cell in memory array

A 64-bit Sub-Vy, SRAM array which woks
under normal and test mode is depicted in Fig. 9. In
test mode, all bit lines get disconnected from pre-
charging circuitry and the data is written on to first
cell which will be given as an input to the next cell.
Thus, each bit-cell in an array is driven by previous
cell. Thus, the switching activity taking place in each
cell results in transient current spike at Vpp. It means
that an array which has n number of cells causes n
number of spikes in Ippt waveform measured at Vpp.
Thus, the total number of spikes at Ippr waveform
straightaway indicates number of cells in an array.
The Ippt waveform obtained for 64-bit fault free array
is depicted in Fig. 10(a).

Next, one of the cells in an array is replaced
by faulty cell. During test mode, when the data is
written on to first cell, it activates a fault in particular
depth and causes abnormal increase in transient
current spike of the faulty cell. The time at which the
Iopt Spike deviates from the good circuit depends on
the depth at which the defect resides. The response of
good circuit is stored in signature library and the
current measurements are made using Built in Current
Sensors (BICs). If an applied stimulus activates a fault
in some depth, it is reflected as abnormal transient at
supply current. By measuring the time, at which the
current waveform of the faulty array deviates from
that of the good cell, the depth at which the fault is
located can be known. This information can be used
by the Fault tolerance unit which can make decision to
replace faulty cell with redundant cell.

Fig.9. 36" cell being Faulty in 8 x 8 Array

Fig. 10(b) to 10(e) represents Ippr
waveforms of the array, when various defects are
injected at different levels. the gate terminal of pull-up
transistor of 47" and (27" and 58") cell respectively.
The current waveform obtained when the open fault is
injected at drain terminal of the load transistor of 5"
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cell and at gate terminal of the load transistor of 27"
cell is depicted in Fig. 10(d). Whereas Fig. 10(e) is the
waveform obtained by injecting gate open with defect
resistance which is equal to 100MQ at gate terminal
of the driver transistor of 47" cell. Each spike in the
waveform corresponds to transient current drawn by
each cell when data transition is taking place. For
example, 5" spike corresponds to transient current
measured at the power supply, while data is writing in
5" cell. From Fig. 10, we observe deviation in
transient current of the faulty cell. Thus, by
comparing the magnitude of the transient at each
spike with that of the golden cell, defect can be
detected and by determining the time at which the
deviated current from that of the golden cell is
noticed, the exact location of the defect can be
recorded. Although, Ippr waveforms in time domain
can be used for detection and localization of SFs, as
Ippr current is a very fast action [], sensing and
processing is extremely difficult. Hence, signal
processing techniques such as Fast Fourier Transform
(FFT) and wavelet transforms (WT) are used for
signal analysis. The resistive open defects are injected
at different location with different strength. Then the
current signal drawn from the power supply of the
memory array is taken offline and processed through
FFT and WT. The WT is highly effective in transient
signal analysis as it allows the use of variable window
length. Unlike FFT, WT facilitate to analyse localized
part of the signal. Hence WT is useful in analysing the
part of the signal which has shoot-ups and
discontinuities. Therefore, for the present work WT is
more appropriate.
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Fig.10.Transient current (Ippt) waveforms for a) Fault
free array b) Gate open fault at 47"c) Gate open fault
at 27" and 58" cell d) Source/Drain open at 5" cell
and Gate open fault at 27" cell e) Gate open with
100MQ at 47" cell
B. Applying Signal processing techniques on

obtained IDDT waveforms

Although, IDDT waveforms in time domain
can be used for detection and localization of SFs, as
IDDT current is a very fast action, sensing and
processing is extremely difficult. Hence, signal
processing techniques such as Fast Fourier Transform
and wavelet transforms are used for signal analysis.
The resistive open defects are injected at different
location with different strength. Then the current
signal drawn from the power supply of the memory
array is taken offline and processed through FFT and
WT.
C. Effectiveness of FFT in fault detection

The frequency spectrum of the golden array
is shown in Fig.11 (a). The frequency spectrums of
the current response for various defects are shown in
Fig.11 (b) to Fig.11 (e). From the current waveforms
depicted in Fig.11, we observe that though there is a
deviation in the signal amplitude, change in frequency
is very small. Therefore, FFT will not give useful
information about the defect location and its severity.
But, we can observe the deviation in magnitude at
dominant frequency components of the faulty array
and golden array. Therefore, FFT of the obtained
current waveform tells only about the presence of the
fault but fail in localizing the defects.

- frequency spectra of cumrent signal
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Fig.11. Corresponding frequency spectrum of current
waveforms shown in Fig.10.

D. Capability of WT in fault detection and
localization

The WT is a mathematical process that
decompose the original signal in to time and
frequency components. The signal is decomposed in
to its constituent wavelet —sidebands. Such levels
represent the section of the signal occurring at that
particular time in that frequency band. All of the
individual frequency bands are logarithmically
spaced. Whereas, in case of FFT, they are uniformly
spread. When interpreting CWT coefficients, cone of
influence (COI) has significant role. It gives
information about the CWT coefficients which are
affected by the signal value at that point. Abrupt

changes in a signal changes in a signal produce
relatively large wavelet coefficients centered on the
discontinuity at all scales. Fig.12 demonstrates the
capability of WT in detecting and localizing the
defects. A plot of the wavelet coefficients of golden
cell is shown in Fig.12 (a). The wavelet coefficients
for various defects at different level are given in
Fig.12 (b) to 12(e). We know that the signal feature
that wavelets are very good at identifying is a
discontinuity or singularity. In the waveforms shown
in Fig.12 (b) to 12(e), we can observe that the abrupt
transitions in the faulty current waveforms result in
wavelet coefficients with large absolute values. Now,
consider the array in which 47" cell is faulty and
corresponding wavelet coefficient plot is shown in
Fig.12 (b). Here, we see that the set of large CWT
coefficients is concentrated in a narrow region in the
time scale plane centered on point 675. This region is
referred to as the cone of influence of the point t=675
for dbl wavelet. Depending on this point, defect can
be located. The entire current signal has 920 samples.
Hence, around 15 samples correspond to one cell. If
the cone of influence is between t=1 to 15, then the
fault is in 1% cell. Thus t=675 indicates that in an array
of 64 cells, 47" cell is faulty. The similar results are
obtained for various cases shown in Fig.12 (c) to
Fig.12 (e).

Analyzed Signal
.'||r| L O R R A R TR R R L T R 1]

*x 20t > 3 X nx

ADSOANS Vakees fur 4= 123

ScHe

Anglyzed Signal

DOI: 10.9790/9622-0807043846

Www.ijera.com


http://www.ijera.com/

Ohileshwari Journal of Engineering Research and Application

Www.ijera.com

ISSN : 2248-9622, Vol. 8, Issue 7 (Part -1V) July 2018, pp 38-46

Anaiyzed Signal

Rnokts Vaues fora= 1213

calos

@

Analyzed Signal

Aaohte Valies forax 123

Scales a

Time b
(e)

Fig.12.Wavelet Coefficients (a) no defect (b) gate
open defect with Rdef = 100 KQ at 47th cell (c) gate
open defect with Rdef = 100 KQ at 27th cell d) Drain
open defect with Rdef= 100 KQ at 5th cell and gate

open defect with Rdef = 100 KQ at 27th cell e) gate
open defect with Rdef = 100 MQ at 47th cell

E. Detection of severity of the defect

The severity of the defects can also be
known by color encoding. The results discussed in
previous section showed that magnitude of the spikes
increases for increased defect resistances. In the
wavelet coefficient plots, we can see that the
magnitude of the spikes directly reflects on
coefficients values. With the help of color coding one
can know the severity of the defect. For example,
Fig.12 (b) and Fig.12 (e) are the plots with defect of
100 KQ and 100 MQ respectively. Compare to first
case later plot has highest coefficient value at t = 975.

Another way to find the severity of defect is
through Performance Index (PI) called power spectral
density of the processed defective signal. From the
original current waveform, a part of the signal which
corresponds to faulty cell is processed through FFT
and WT to calculate the Power Spectral Density
(PSD). The PSD values for drain/source terminal of
driver transistor was observed to be smaller than the
golden cell and PSD of gate open found to be high
compared to PSD of the golden circuit. The severity
of defect is measured with the injected resistance
value.

Table.4. PSDs for gate open defect using FFT and

WT

Gate  Open | Drain open

(M2A/M5A) | (M2A/M5A)
Defect PS
Resistan | PSD D PSD Ess;r?
ce using usin | using g

FFT g FFT

WT WT

No fault 75715 | 5.24 | 0.3515e | 5.24

e-08 62 | -08 62
10K 8.1343 | 5.22 | 0.41343 | 4.92

e-08 68 | e-08 68

1.3362 | 5.37 | 0.63362 | 2.34
100K e-07 57 | e-07 6
1M 2.8858 | 4.85 | 0.87858 | 1.84

e-07 36 | e-07 5

4.8117 | 4.10 | 0.92117 | 0.85
10M e-07 10 | e-07 6

PSDs for gate open defect using FFT and
WT are given in table 4. The 4™ column of table 4
gives the percentage deviation in PSD values of faulty
signal for various fault resistances using FFT. The
fifth column gives the percentage deviation in PSD
values of faulty signal for various fault resistances
using WT.

IV. CONCLUSION
The proposed architectures which utilizes
transient current testing method along with WT to
detect faults in SRAM array. The transient currents of
faulty cells vary significantly from that of fault free
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cells, enabling the detection of all kinds of faults.
PSDs for gate open defect using FFT and WT s
calculated and are compared. It can be observed that
the PSD values obtained using WT are clearly
distinguishable from fault free cell. Hence, WT s
effective signal processing technique for not only
detection and localization of the defects but also to
find the severity of the defect.
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