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ABSTRACT

Power supply quiescent current (Ippg) testing has been very effective in VLSI circuits
designed in CMOS processes detecting physical defects such as open and shorts and bridging
defects. However, in sub-micron VLSI circuits, Ippg is masked by the increased subthreshold
(leakage) current of MOSFETs affecting the efficiency of Ippg testing. In this work, an
attempt has been made to perform robust Ippg testing in presence of increased leakage
current by suitably modifying some of the test methods normally used in industry.

Digital CMOS integrated circuits have been tested successfully using Ippg and Alppg
methods for physical defects. However, testing of analog circuits is still a problem due to
variation in design from one specific application to other. The increased leakage current
further complicates not only the design but also testing. Mixed-signal integrated circuits such
as the data converters are even more difficult to test because both analog and digital
functions are built on the same substrate. We have re-examined both Ippg and Alppg methods
of testing digital CMOS VLSI circuits and added features to minimize the influence of
leakage current. We have designed built-in current sensors (BICS) for on-chip testing of
analog and mixed-signal integrated circuits. We have also combined quiescent current testing
with oscillation and transient current techniques to map large number of manufacturing
defects on a chip. In testing, we have used a simple method of injecting faults simulating
manufacturing defects invented in our VLSI research group.

We present design and testing of analog and mixed-signal integrated circuits with on-
chip BICS such as an operational amplifier, 12-bit charge scaling architecture based digital-
to-analog converter (DAC), 12-bit recycling architecture based analog-to-digital converter

(ADC) and operational amplifier with floating gate inputs. The designed circuits are

X



fabricated in 0.5 um and 1.5 pm n-well CMOS processes and tested. Experimentally
observed results of the fabricated devices are compared with simulations from SPICE" using
MOS level 3 and BSIM3.1 model parameters for 1.5 pm and 0.5 pm n-well CMOS
technologies’, respectively. We have also explored the possibility of using noise in VLSI

circuits for testing defects and present the method we have developed.

" SPICE: Simulation Program with Integrated Circuit Emphasis originated from UC Berkley

in the early seventies.
T URL: www.mosis.org.



CHAPTER 1
INTRODUCTION

Testing is an integral part of integrated circuit manufacturing [1]. In the days when
the integrated circuits manufactured had no more than few hundred devices, circuit design
engineers and test engineers worked in isolation, test engineers became part of the
manufacturing cycle only after the design was complete. With the increase in the density of
transistors on a chip and the complexity of the design in integrated circuits, testing has been
integrated with the design and production cycles. Designers use testability measures to
identify portions of a circuit that would be difficult to test. Such inaccessible circuits are said
to have poor controllability or observability. Controllability is a measure of the ease with
which a test engineer can control signals in a circuit from the input pins. Similarly,
observability is a measure of the ease of determining the behavior of a circuit from the output
pins. After identifying a general section of a chip that has poor controllability or
observability the engineer can then modify the circuit to be more testable, this method of
design process is called design-for-testability (DFT) [2].

Testing methods are broadly classified into operational tests and defect based tests.
Operational tests are further sub-divided into logic based testing and scan based testing. In
logic based testing, input vectors are given to the circuit and the logic levels at different
nodes are observed for fault detection [3]. Boundary scan test method has two modes of
operation: normal mode and scan mode. In scan mode, input is shifted through the shift
registers and observed at the output pin which has been added for the sole purpose of testing
[1]. Thus additional circuitry is needed to convert circuit under test (CUT) into a shift register
in scan mode.

Fault detection in high density transistor chips using operational test has become very



complex and challenging due to increase in input vectors [1]. Testing techniques such as
divide and conquer have been proposed [4, 5] to increase the efficiency of fault detection in
integrated circuits. In this technique, a partitioned circuit would be designed with a test mode
that would connect the input and output of each partitioned block to the output pins of the
chip such that the block could be observed. In this test method each block is extensively
tested with a built-in test circuit for fault identification. Partitioning the -circuit is
advantageous for implementing built-in current testing approach for defect based testing.
Built-in current testing approach has been found advantageous for power supply quiescent
current (Ippg) testing which is a defect based testing [6]. When combined with the traditional
logic testing, better quality levels than those achievable by a single technique are obtained
[7].

Integrated Circuits (ICs) are classified into digital and analog integrated circuits.
Mixed signal integrated circuits are those that contain both digital and analog circuits on the
same chip, they consist combinations of amplifiers, filters, switches, ADCs, DACs and other
types of specialized analog and digital functions. Mixed signal integrated circuits are used
today in broad application areas such as telecommunications, consumer electronics,
computers, multimedia, automotive systems, biomedical instrumentation and aerospace [8].
The main advantages in having both analog and digital circuits on the same chip are the
reduction in size of the circuit, increase in speed of operation, reduction in power dissipation,
increase in design flexibility and increased reliability. Due to these advantages and the
increasing complexity of electronic systems more and more system functionalities have been
integrated onto a single chip in recent years. Consequently an increasing number of chips that
combine digital and analog functions are designed. The increase in circuit complexity is

posing a major challenge in design and testing of mixed signal integrated circuits [9].
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1.1 Need for Testing Mixed Signal Circuits

Integrated circuits are fabricated using a series of photolithographic processes such as
etching and doping. Like any photographic process, the IC process is subject to blemishes
and imperfections. These imperfections may cause either catastrophic failures in the
operation of any individual IC or minor variations in the performance from one IC to the next
[9]. The faults causing catastrophic failures are called catastrophic faults or hard faults and
the faults that cause minor variation in performance are referred to as soft faults or
parametric faults. The short and open defects are generally classified as hard faults. These are
caused due to dust particles, over etching or extra metal extensions which join the lines.
1.1.1  Bridging Faults

The short circuit faults in very large scale integrated circuits are popularly termed as
bridging faults. With Ippg measurement, a bridging fault can be detected between two nodes
having opposite logical values in the fault free circuit [7]. Bridging faults can appear either at
the logical output of a gate or at the transistor nodes internal to a gate. Inter-gate bridges
between the outputs of independent logic gates can also occur. Bridging fault can occur
between any of the following nodes of the transistor: drain and source, drain and gate, source
and gate, bulk and gate and within the circuit. Figure 1.1 shows example of bridging faults in
an inverter chain in the form of low resistance bridges (R;, Ry, R3 and Ry4). Figure 1.2 shows
examples of gate to source and gate to drain bridging faults in a NAND gate circuit.
1.1.2 Gate Oxide Short Defects

The oxide faults are one of the prominent faults in submicron CMOS technology due
to decreasing oxide thickness. The physical reasons responsible for gate oxide shorts (GOS)

are due to the breakdown of the gate oxide and manufacturing spot defects due to pinholes in
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Figure 1.2: An example of drain-gate and gate-source bridging faults in an NAND gate.



lithography and processes on the active area and polysilicon masks [10, 11]. These faults are
formed between the gate and the channel and gate and source or drain. The gate oxide defects
cause current to flow from the gate into substrate affecting the MOSFET behavior [12].
1.1.3 Open Faults

Figure 1.3 shows a 2-input NAND gate with open circuit defect. In Figure 1.3 node
V3 is floating. Logic gate inputs that are unconnected/floating are usually in high impedance
state and may, or may not, change Ippg current. An open defect might make the transistor
partially conducting as the floating-gate may assume a voltage because of parasitic
capacitances and hence, a single floating-gate may not cause a logical malfunction. It may
cause only additional circuit delay and abnormal bus current [13]. In Figure 1.3, when the
node voltage (V) reaches a steady state value, the output voltage correspondingly exhibits a
logically stuck behavior and this output value can be a weak or a strong logic voltage. Open
faults however may cause only small rise in current so they are sometimes difficult to detect.
1.2 Testing Mixed Signal Integrated Circuits

Testing digital circuits has earned enough maturity in terms of the availability of
CAD tools and structured test strategies [1] but testing of analog integrated circuits has not
reached that stage. Testing digital circuits is simplified due to the logical relationship
between input and output, such relationship does not exist for analog circuits making it
complex and difficult to model. Analog circuits are often non-linear and binary pass and fail
distinction for fault detection is not possible in them. Their performance is heavily dependent
on circuit parameters and a small variation in them cause performance degradation. Modeling
the variation in analog circuit performance is very complex. Digital test schemes based on
structural division of the circuit, when applied in analog domain are also largely unsuccessful

because their impact on circuit performance. In analog circuits, there are no well established
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Figure 1.3: Floating gate transistor (M;) in a 2 input NAND gate.



fault models available like digital circuits. The absence of acceptable fault models, the testing
of analog circuits has been largely functional in nature [14]. Analog functional testing is
costly and time consuming because each specification needs a different test setup.

In addition, compared with the analog test, the test for mixed-signal circuits has even
more problems because both analog and digital circuits are built on the same substrate. The
performance of mixed-signal test is affected not only by external influences such as the
supply voltage variation but also by the internal influences such as noise from the digital
parts which may effect the functioning of the analog parts. Combining both analog and
digital circuits has lead to non standard test strategies and results in complex and expensive
mixed-signal automatic test equipment (ATE) [14]. Recently, design-for-test (DFT) and
built-in self test (BIST) for analog and mixed-signal circuits have received the growing
attention to alleviate increasing test related difficulties [14].

Among frequently used mixed signal circuits, data converters are typical mixed signal
circuits. Analog-to-digital converter (ADC) provides the interface from analog-to-digital
domain; meanwhile digital-to-analog converter (DAC) sets up the bridge from the binary
digital domain to the analog world. The converters are widely used in modern measurements,
control instrumentation and systems. They are also employed in pairs by the application in
fields such as the wireless telecommunications, data exchange systems and satellite
communications systems. Testing of data converters can be divided into functionality based
testing and fault detection based testing. Extensive research has been done on the
functionality based testing of data converters and analog and mixed-signal integrated circuits.
Performances used for testing the functional behavior of ADC are the offset voltage, gain,
differential non linearity (DNL), integral non linearity (INL), signal-to-noise ratio (SNR) and

the effective number of bits (ENOB). Tests for analog circuit blocks within a mixed-signal
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design are generally derived from their functional descriptions and are specification oriented.
Methods such as VBIST and IBIST [15], ADC and DAC BIST [16], BIST for converters on
a CODEC chip [17], HBIST [18], MADBIST [19], OBIST [20], T-BIST [21], BIST for ADC
[22], histogram test technique based BIST [23], BIST scheme for an SNR test [24], practical
BIST approach for functional testing to measure offset, gain, linearity and differential
linearity errors without test equipment [25] have been proposed in literature for functional
based testing. Defect oriented testing has been introduced as an alternative to functional
based testing for analog and mixed signal circuits because each specification is tested in a
different manner making analog functional testing expensive and time consuming. Defect
oriented testing method has been well established for digital circuits because of standardized
fault models but its application on analog circuits is still limited because analog circuits
performance is parameter dependent [14]. By adapting the typical defect-oriented tests, such
as scan based testing, voltage and current monitoring based test methods, some latent defects
for functional tests can be effectively caught [26]. To improve the effectiveness of defect
oriented testing, design methods such as multiplexing-based approach [27] have been used in
designing the circuit under test. In this method, the observability and controllability of mixed
signal integrated circuit is enhanced by isolating the embedded analog components from the
digital components by adding external switching circuitry. Defect oriented testing is done
using either off-chip or on-chip sensors. Off-chip testing is done by copying the bias current
off-chip to support wafer level current testing [28] for fault detection in analog and mixed-
signal circuits. On-chip testing is done by using a built-in sensor to detect the fault. In this
work, we concentrate on built-in sensors based testing.

In mixed signal circuits, the boundary-scan path is designed to test the digital part of

the mixed signal circuit [29]. Figure 1.4 illustrates a mixed signal integrated circuit that
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contains a large digital block and an ADC converter. The analog input signal is given to
ADC converter and the generated digital signal is given to the digital logic block. For
boundary scan test the provision of access to the analog/digital interface separates the analog
and digital blocks and allows them to be tested individually using the test techniques best
suited to the block designs. For the boundary scan test the input to the system is given
through pin TDO and output is observed at pin TD1. Tests for the digital block can be
performed without having to propagate signals through the analog block and the analog block
can be tested without having to propagate signals through the potentially complex digital
block. Some of the complexity in testing a complete mixed-signal circuit arises due to the
inherent tolerances such as voltage fluctuations and noise in an ADC. Due to these tolerances
any given voltage applied at the analog input can give rise to one of a range of digital codes
at the converters output. During testing, such uncertainty in the pattern applied to the digital
circuit block is difficult to accommodate because digital testing requires precise knowledge
of the pattern being applied at any test step. Logic BIST has been combined with scan chain
segmentation and automation test point insertion techniques for maximum fault coverage
[30-32]. Hardware systems have been used for weighted random pattern generation in a
boundary scan based testing [33]. Cellular automation registers (CARs) testing or linear
feedback registers (LISRs) have been used as a source of random patterns.

Current based defect oriented testing methodology based on the observation of
quiescent current on power supply lines allows a good coverage of physical defects such as
gate oxide shorts, floating-gates and bridging faults, which are undetectable by conventional
logic tests [7]. In addition, Ippq testing can be used as a reliability predictor due to its ability
to detect defects that may result in functional failures at an early stage of circuit life. Due to

obvious quality and reliability improvements, this approach became powerful complement to
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the conventional logic testing. Quiescent current monitoring is considered as an interesting
and efficient technique for mixed-signal testing, where fault detection in analog parts
requires the precise measurement of Ippg current. In analog circuits, the quiescent current
may be in the order of pA or even mA. Under fault conditions, the normal values of Ippg
currents may increase or decrease. Thus, fault detection can be accomplished by monitoring
the Ippg current.
1.3 Quiescent Current (Ippg) Testing

Ippg testing is a physical defect oriented test method that measures device supply
current under steady state conditions for fault detection. The present form of quiescent
current (Ippg) measurement based testing for CMOS VLSI, known as Ippq testing was first
proposed by Levi in 1981 [34] and was used in detection of bridging faults [35]. In the
following years, a number of laboratories reported that monitoring quiescent current is an
effective method to detect various physical defects such as the bridging, gate oxide shorts,
inter-gate shorts, stuck-on faults etc. [7, 10]. Ippq testing started to gain industrial importance
in early 1990 after simulation methods such as Inductive Fault Analysis showed that many
defects do not map onto stuck-at faults and cannot be detected by conventional testing [36].
The reasons such as cost effectiveness, negligible or no area overhead or increase in die size
and a small number of vectors in Ippg test set were also responsible for Ippg test gaining
popularity.

Since Ippq testing is a physical defect oriented testing, some researchers considered
Ippg testing as a part of reliability testing, although many others considered it as a
supplement to the functional/logical testing. In mid 1990’s, a number of studies were
conducted to correlate the effectiveness of Ippg testing with conventional reliability

screening and burn-in tests [37, 38]. In 2001, Semiconductor Research Corporation (SRC)
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task force identified Ippg and defect oriented testing as one of the key test methodologies
with other methodologies such as core test of late 1990s [39].

As mentioned above, Ippg test is a defect based test that measures device supply
current under steady state conditions. Fully static CMOS circuits consume little power in
steady state because there is no direct path between Vpp and ground neglecting leakage
currents. If an integrated circuit draws a large amount of current under static operation it is a
defective circuit [34, 35].

Ippg test is capable of detecting shorts between two switching nodes, node and a
power supply or between Vpp and ground [40]. The major advantage of current-based testing
is that it does not require propagation of a fault effect to be observed at the output, it requires
only exciting the fault model and then measuring the current from the power supply. The
fault effect observance is the measurement of current, and the detection criterion is the
current flow value exceeding some threshold limit. The current passing through Vpp or GND
terminals is monitored during the application of an input stimulus for fault detection.

Current variations can be monitored using an on-chip or off-chip current sensors. On-
chip or built-in current sensors (BICS) have speed and resolution enhancements over off-chip
current sensors because they bypass the large transient currents in the output drivers. This
makes on-chip current testing both time-efficient and sensitive to measure small variations in
the quiescent current.

Figure 1.5 shows the block diagram of the Ippq testing with BICS. Ippq testing can be
done by adding BICS in series with Vpp or GND lines of the circuit under test. For Ippg
testing a series of input stimuli is applied to the device under test while monitoring the
current of the power supply (Vpp) or ground (GND) terminals in the quiescent state

conditions after the inputs have changed and prior to the next input change. For effective
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Ippq testing subthreshold current in the transistors, which are ‘off” in a CMOS static circuit
should be negligibly small.
1.4 Alppq Testing

In VLSI circuits designed in sub-micron/deep submicron CMOS processes, the

reference Ippg 1s masked by the increased subthreshold (leakage) current of MOSFETs [41-
43]. The Ippg testing has become even more difficult due to increased density of MOSFETs
in a VLSI chip.
The problems related with Ippg testing in digital VLSI circuits designed in submicron CMOS
processes are known and attempts have been made to re-examine the conventional Ippg
testing [42, 44-51]. Isern and Figueras [52] have presented a detailed review of Ippq test and
diagnosis of CMOS VLSI circuits. Soden et al., [53], Athan et al., [54] and William et al.,
[55] have presented limitations of Ippq testing due to increased subthreshold current in
MOSFETs. Tsiatouhas et al., [56] have presented a new scheme for Ippg testing in deep
submicron CMOS circuits. In a recent work, Vazquez and de Gyvez [57, 58] summarized
several improved techniques utilizing standard approaches and some of the newer methods
such as current ratios, DECOUPLE and Delta-Ippg [59-71]. An excellent review on Ippg
testing is presented by Ferre et al., [41] and testing in nanometer technologies by Tsiatouhas
[43].

Vazquez and de Gyvez [57, 58] implemented a BICS for submicron digital CMOS IC
testing which takes into consideration increased leakage current of the circuit and variance
due to process variations. Their method is based on a well known Keating-Meyer [72]
approach for Ippq testing reported in 1987 and off-chip Ippg measurement Quick-Mon circuit
reported by Wallquist et al., [73]. The method provides a better solution of testing submicron

CMOS ICs with speed and reliability.
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Digital CMOS ICs have been tested successfully using Ippg and Alppg methods for
physical defects. Fault equivalence method, initially used in digital testing, has been also
applied to analog circuit testing [74-76]. However, testing of analog circuits is still a problem
due to variation in design from one specific application to other. The increased leakage
current further complicates not only the design but also testing. Mixed-signal circuits are
even more difficult to test. A general and efficient solution for testing mixed-signal
integrated circuits is still not available.

Functional test approaches applied to analog and mixed-signal integrated circuit is
based on empirical development of a test set [77, 78]. This approach needs a reasonably large
number of sample circuits for collecting the test data. The approach also does not have any
inherent test metric to measure the achievement of a test goal. Design for testability is
another widely used method. Oscillation test strategy is based on the design for testability
(DFT) technique [79, 80], which gives good fault coverage and does not require any test
vectors. However, the method is difficult to apply in complex integrated circuits since it is
not usually possible to divide the circuit into the fundamental blocks such as current mirrors,
loads, amplifiers and multiplexers. Built-in self-test method (BIST) with on on-chip analog
signal generators is used to automatically test offset voltage, linearity, differential linearity
error and gain error of data converters [25, 81]. The method does not cover mapping physical

defects.

The steady state quiescent current (Ippg) testing which has been very efficient in
testing digital circuits for physical defects has also been applied in testing of analog circuits
and data converters [82-85]. Recently Srivastava et al., [86] have implemented a simple
BICS for Ippg testing of CMOS sigma-delta analog-to-digital and charge scaling digital-to-

analog converters. The faults simulating physical defects were modeled by MOSFETs as
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switches rather using permanent shorts or opens. However, their work is applicable to CMOS
mixed-signal ICs where leakage current is significantly lower than the reference quiescent
currents. In this work, we use the Keating-Meyer approach [72] for Alppq testing of CMOS
12-bit ADC and 12-bit DAC designed in standard 0.5 um n-well CMOS process. In a recent
work [87], we have reported testing of 12-bit DAC for shorts simulating manufacturing
defects using Alppq testing with analog output for fault detection. However, it was limited to
a limited set of faults and analog encoding for fault detection. The BICS design in present
work is very similar to MEAS block of Alppg monitor of Vazquez and de Gyvez [57, 58]
except that the single p-MOSFET switch connecting the power supply (Vpp) and the circuit-
under-test (CUT) is replaced by two CMOS switches for better isolation from Vpp. The
BICS uses digital encoding for fault detection. In another recent work, [88], in Alppq testing,
we have considered physical defects such as device shorts and simulated using fault injection
transistors as switches combined with fault equivalence. Since Alppq testing requires use of
a large number of input/output pins, we have also applied logic scan-path method in testing
digital parts of data converter circuits using fault equivalence combined with fault injection
transistors. Similarly analog parts of data converters are tested. Alppg testing also takes into
account effect of process variations on BICS performance.
1.5 Combined Oscillation, Quiescent Current and Transient Current (Ippr) Testing
Test methodologies such as functional test, oscillation based testing and transient
current testing can be used along with Ippq testing to improve its efficiency. Functional test
approaches applied to analog and mixed-signal integrated circuit is based on empirical
development of a test set [77]. This approach needs a reasonably large number of sample

circuits for collecting the test data. The approach also does not have any inherent test metric
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to measure the achievement of a test goal. Oscillation test strategy is based on the design for
testability (DFT) technique [79], which gives good fault coverage. Oscillation test
methodology is a vector less test method for analog and mixed-signal circuits based on
rearranging the circuit under test (CUT) as an oscillator. A Design-for-Test (DFT) based
oscillation-testing methodology (OTM) [79] suitable for both functional and defect oriented
testing, has been successfully applied to CMOS analog circuits [89] such as the analog-to-
digital converters, digitally programmable switched-current bi-quadratic filters, active RC
filters, and to circuitry used as embedded blocks [80, 90, 91]. In this method, the complex
analog circuit is partitioned into functional building blocks such as the amplifier, comparator,
filter, voltage reference, etc. or a combination of these blocks. This test methodology has two
modes of operation normal mode and test mode, during test mode each of these blocks is
converted into a circuit producing sustained oscillation using additional circuitry. A change
in the oscillation frequency from its nominal value indicates the possibility of faults in the
CUT. OTM is shown to be an effective functional ‘go’ and ‘no-go’ test to verify if the circuit
under test conforms to the required specifications. The method achieves good fault-coverage
removing test vector generation and output evaluation, while reducing test complexity, area
overhead, and test cost. However, the method is difficult to apply in complex integrated
circuits since it is not usually possible to divide the circuit into the fundamental blocks such
as current mirrors, loads, amplifiers and multiplexers.

Transient current testing (Ippr) has been often cited as an alternative and/or testing for
Ippg test. CMOS circuits use very little power when in steady state because there is no ideal
path between Vpp and Vg of the circuit. Any change in this steady state current is used for
fault detection by Ippg test method. When the CMOS circuit switches a momentary path

exists between Vpp and Vgg of the circuit, which gives rise to Ippr current. Ippr testing offers
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all the advantages of Ippg testing such as no propagation requirement, high fault coverage to
vector ratio, etc., Ippr testing offers additional advantages compared to Ippg like speed as it
does not require the internal circuit activity to settle down. However, all Ippr methods
necessarily require high speed measurement circuitry with high accuracy. It was observed
that Ippr tests are capable of detecting open faults and delay faults [92, 93].
1.6 Noise Modeling Based Testing

This is a test method for detecting faults in CMOS analog integrated circuits based on
noise modeling of the MOSFET. The faults in circuit under test (CUT) are detected by
observing the variation in noise at the output of CUT. The noise at the output is sum of noise
contributed from each component in the circuit. The noise in each MOSFET is represented
by an equivalent voltage generator as the noise in each MOSFET is independent of each
other [94]. When a fault is introduced, the noise at the output deviates from the fault free
condition of the CUT. A fault is said to be detected if it causes the output noise to deviate
significantly from fault free condition. In the present work, we have used a CMOS op-amp
as a CUT for the noise based testing [95].
1.7  Fault Injection Transistors

In literature, resistors were used to model open and short faults [96]. Short faults are
modeled by a small resistor (~ 100 Q) and open faults are modeled by a very high resistance
(~ 10 MQ). The disadvantage with this method is that we need two circuits to study the
behavior of the circuit with and without faults. To over come this defect, fault injection
transistors (FITs) have been proposed [86, 97]. Figure 1.6 shows a fault-injection transistor.
To create an internal bridging fault, the fault injection transistor is connected to opposite
potentials. When the gate of fault-injection transistor (Mg) is connected to Vpp, a low

resistance path is created between its drain and source nodes and a path from Vpp to GND is
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formed. In Figure 1.7, an internal bridging fault is created in the CMOS inverter between the
drain and source nodes using the fault injection transistor. Logic ‘0’ is applied at the input of
the inverter. Therefore, the output of the inverter is at logic ‘1’ or Vpp. When the logic ‘1’ is
applied to the gate (Vi) of the n-MOS fault-injection transistor (Mg), it turns on. This causes
a low resistance path between the output of the inverter and the Vgs. This gives rise to an
excessive Ippg as a path from Vpp to GND is created, which can be detected by the BICS. In
this work, fault-injection transistors have been used in testing of CMOS data converters.

1.8 Scope of Research

In Chapter 2, we present a difference in quiescent current (Alppg) testing of 12-bit
recycling architecture based CMOS analog-to-digital data converter circuit designed in
submicron CMOS process. The built-in current sensor (BICS) follows the method of
capacitive voltage discharge across the circuit under test. The faults simulating
manufacturing defects such as the shorts in MOSFETs are injected using fault injection
transistors with resistors in series combined with fault equivalence in 12-bit ADC designed in
0.5 um n-well CMOS process for 2.5 V operations. The logic scan-path method is also used
for digital CMOS part of data converters testing in combination with the Alppq testing for
introducing a large number of faults. The experimentally observed results of the fabricated
devices are compared with simulations from SPICE.

In Chapter 3, we present Alppq testing of a 12-bit digital-to-analog converter (DAC)
chip designed in 0.5 pm n-well CMOS process. The built-in-current sensor (BICS) uses
frequency as the output for fault detection in circuit under test (CUT). A fault is detected if it
causes the output frequency to deviate more than +10% from the reference frequency. The
experimentally observed results of the fabricated devices are compared with simulations

from SPICE.
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Figure 1.6 : Fault-injection transistor (FIT).
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Figure 1.7 : Fault-injection transistor between drain and source nodes of a CMOS inverter.
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In Chapter 4, we present a simple test methodology combining oscillation and
quiescent power supply current (Ippg) testing for detecting bridging and open faults in a
CMOS amplifier circuit designed for operation at + 2.5 V in 1.5 um n-well CMOS process.
The testing is performed at room temperature (300 K) and also at liquid-nitrogen temperature
(77 K) to enhance fault detection. An on-chip built-in current sensor (BICS) has been
integrated to monitor Ippg of the circuit under test (CUT). It is shown that all faults can be
detected through a combined oscillation and Ippq testing method. Theoretical results obtained
from SPICE simulations are compared with the corresponding experimental results on
fabricated devices.

The above test methodology was also extended to include transient power supply
current testing. The combined test methodology including oscillation, quiescent current and
transient current testing has been used for fault detection in an other op-amp with floating
gate input transistors designed for operation at + 2.5 V in 1.5 um n-well CMOS process.

In Chapter 5, we provide a summary of the work presented and scope for future work.

Three appendices are provided which are as follows. Appendix A describes the noise
based testing of a CMOS amplifier and simulation results from SPICE are provided for
detecting injected faults. The MOS model parameters used for designing the circuit under
test for implementing Ippg, power supply and oscillation testing are given in Appendix B.
The MOS model parameters used for designing the circuit under test for implementing Alppg
testing is given in Appendix C. The list of publications related to the work presented is given

in Appendix D.
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CHAPTER 2
Alppg TESTING OF CMOS ANALOG-TO-DIGITAL CONVERTER

2.1 Introduction

This chapter presents a difference in quiescent current (Alppg) testing of CMOS data
converter circuits designed in submicron CMOS process. The built-in current sensor (BICS)
follows the method of capacitive voltage discharge across the circuit under test. The faults
simulating manufacturing defects such as shorts in MOSFETs are injected using fault
injection transistors with resistors in series combined with fault equivalence in 12-bit ADC
and 12-bit DAC designed in 0.5 um n-well CMOS process for 2.5 V operations. The logic
scan-path method is also used for digital CMOS part of data converters testing in
combination with the Alppq testing for introducing a large number of faults. The combined
methods have allowed testing 520 introduced faults in 12-bit ADC, 60 faults in 12-bit DAC
with at least 90% fault coverage from post-layout simulation experiments. ADC and DAC
fabricated designs were also tested experimentally for a small sub-set of five injected faults
using fault injection transistors due to die size and input/output pin limitations. Alppg test
method has taken into consideration effects of process variations through process
transconductance and threshold voltage parameters of the MOSFET.

In Section 2.2, a description of BICS and principle of Alppg method is presented.
ADC and DAC design descriptions are presented in Section 2.3. Post-layout simulation

experiments over a large number of introduced faults, and experimental results on fabricated

* Part of the work is reported in following publications:

1.  S. Yellampalli and A. Srivastava, “Alppq testing of CMOS data converters,” Journal of Active
and Passive Electronic Devices, 2008 (Accepted).

2. S. Yellampalli and A. Srivastava, “Alppq testing of a 12-bit recycling architecture based ADC,”
Proceeding of IEEE Region 5 Technical Conference, pp. 370 - 373, 2007.
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designs with injection of a small sub-set of simulated faults are presented in Section 2.4

followed by conclusion in Section 2.5.

2.2 Alppg BICS Design

Figure 2.1 shows the circuit diagram of the BICS which is slightly modified from the
MEAS block of Alppg monitor described in [57, 58] where a p-MOSFET switch has been
replaced by two transmission gates TG1 and TG2 as switches for better isolation of node X
from Vpp. Unlike p-MOSFET as a switch, there is no signal degradation from a CMOS
transmission gate as a switch. Unlike the BICS design in [57, 58] wherein the capacitor is
off-chip, in this work, the capacitor is integrated with the BICS for better testability. The
output of the switch TG2 is given to a comparator. Its pulse output is fed to a 4-bit binary
counter whose output is a function of the input pulse width which is the output of the
comparator. The purpose of the use of two transmission gates as switches is to isolate CUT
from the BICS when it is powered by Vpp and disconnect from Vpp when the on-chip
capacitor, C (500 fF) is being discharged. The switches are turned-on by a short pulse, Vg of
100 ps duration and 1 ps pulse width. The block diagram of the circuit-under test (CUT) is
included in Figure 2.1 for describing operation of the BICS. When TGl is turned-on, and
TG2 is turned-off, the capacitor, C is fully charged to Vpp and CUT is powered by the supply
voltage, Vpp. During the same period, when TGI is turned-off and TG2 is turned-on, the
CUT is disconnected from Vpp and the capacitor, C is allowed to discharge to a set reference
voltage, Vrer (1V).

The discharging voltage across the capacitor, C is compared with Vggr through a

comparator. The 4-bit binary counter then records the final number of count at the end of the
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pulse width of the input pulse which is taken as a reference count. When a fault is injected in
to CUT, capacitor discharging time changes and results in change of width of the pulse at the
output of comparator. With the result a new count is obtained from the counter which is then
compared with the reference count thereby signaling the existence or non-existence of the
fault. Figure 2.2 shows the discharging of the capacitor under the fault-free (reference) and
faulty conditions [57, 58]. The solid and dotted lines in Figure 2.2 corresponds to the
capacitive voltage discharge for fault free and faulty conditions, respectively. The
discharging quiescent current is given by

AV

where AV = Vpp — Vgrer. The time, At, which takes the capacitive discharging voltage to
reach a Vggr 1s measured in number of counts (m) during the clock frequency, Tck. By
replacing At by mTck, where Tcx= 1/fck, fck being the clock frequency, we obtain from Eq.

2.1,

C

| DDQ

m=

AVf,, . (2.2)

In Eq. (2.2), the count value ‘m’ of the binary counter is inversely proportional to Ippg and

directly proportional to C,AV and f . An important observation emerges from Eq. (2.2); for

reduced values of the Ippg, the discharge time increases resulting in increased count values.
23 12-Bit ADC Design

ADC design uses a two-step recycling architecture [98]. This particular architecture
has been selected for relatively low power dissipation and occupying small area on a chip
compared to other architectures. Figure 2.3 shows the schematic block diagram of the ADC

which can be used either as a high speed 6-bit ADC or high resolution 12-bit ADC depending
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Figure 2.2: Capacitor discharge transient voltage of the CUT [57, 58] under fault free and
faulty conditions. Solid line: fault free condition, dotted line: faulty condition.
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on the requirement and application. When used as a 12-bit ADC, it requires three clock
cycles to complete one conversion. The three clock cycles are for sampling, coarse decision
and fine decision. In the first clock cycle, the sample and hold circuit samples the input and
gives the voltage, Va. In the second clock cycle, the voltage V, is quantized into coarse N
digital bits through ADC. These N bits are stored in the digital correlation circuit. DAC then
converts this output into an analog voltage and subtracted from V, by the subtractor at the
output. During first and second clock cycles when this conversion takes place, the switch, S,
is closed and the second switch, S, remained open. In the third clock cycle, fine conversion
takes place. The switch, S; is opened and switch, S, is closed, thereby isolating ADC and
DAC from the sample and hold circuit. It forms a feedback connection between the
subtractor output and input of flash ADC the output of which is quantized into fine N digital
bits.

The 12-bit recycling architecture ADC has been designed such that it has 6 coarse bits
and 6 fine bits. The 6-bit ADC design uses the pipelined architecture wherein 3-bit ADC
design uses the flash architecture as a compromise over the speed and space. Figure 2.4
shows the architecture of the 12-bit recycling ADC. Insert in Figure 2.4 shows the i™ stage of
a 3-bit per stage of the ADC. In Figure 2.4, the input, Vi.; is sampled and held followed by a
3-bit ADC-DAC operation. The output of the 3-bit ADC is the converted bits for the stage.
The output of the 3-bit DAC is subtracted from the input forming a residual voltage and is
available for the next stage.

Figure 2.5 shows the schematic of the sample-and-hold circuit used in ADC design. It
consists of a transmission gate switch (TG-switch), a storage capacitor, Cy and a unity gain
buffer. The operation mechanism is as follows. The TG-switch is operated by the VcontroL

signal and is closed during the sample interval and opened during hold. During sample, the
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circuit is connected to promote rapid charging of the storage capacitor, Cy and during hold,
the capacitor; Cy is disconnected from its charging source and ideally retains its charge. The
capacitor is connected to a unity gain buffer whose output follows the charge held by the
storage capacitor. The unity gain buffer is used at the output to avoid the large overshoot,
which might occur, on the output when the input changes rapidly. In the present design, Cy is
1.2 pF. Operational amplifier which is also used as a unity gain amplifier is an essential part
of both ADC and DAC designs. Its design is presented in [87] and following Chapter 3.

Figure 2.6 shows a 3-bit flash (parallel) ADC [98, 99] where the reference voltage,
Vrer is divided into eight values using the resistors as shown. Each of these resistor values is
applied to the negative terminal of a comparator. The outputs of the comparators are taken to
a digital encoding network that determines the digital word from the comparator outputs. The
flash ADC converts the analog signal to a digital word in one clock cycle that has two phase
periods. During the first phase period, the analog input voltage is sampled and applied to the
comparator inputs. During the second phase period, the digital encoding network determines
the correct output digital word. The performance of the flash ADC depends on the ability to
sample the input without jitter. The jitter can be controlled in flash ADC by using either
sample and hold circuit at the input or clocked comparators. The comparators should be
clocked simultaneously to avoid jitter. However, it reduces the resolution at high speeds.
Therefore, we used sample and hold circuit to decrease the jitter. Furthermore, the value of
the last resistor in the string is adjusted to 0.5R and the value of the MSB resistor closest to
the reference voltage is 1.5R. The quantization error is centered around 0 LSB. In this design
Ris 1 kQ.

Figure 2.7 shows the CMOS circuit diagram of a comparator used in 3-bit ADC

design of Figure 2.6. Transistors M;, M, constitute the n-channel differential stage with M3,
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Figure 2.6: Schematic of 3-bit flash ADC [98, 99].
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M4 as current source loads. Transistors Ms, Mg and M5 constitute the double ended to single
ended conversion stage. Transistors Mg-Mo, M o-M;;, M- Mj3 constitute three inverters
which act as buffer for the output stage. The same comparator design has been also used in
design of BICS of Figure 2.1.

Figure 2.8 shows the schematics of the 3-bit charge scaling DAC [100]. The reference

voltage is 2.0 V. The least significant change in the output value is given by,

LSB =

| N

=0.25mV. (2.3)

In physical layout, capacitors used for charge scaling DAC are connected in a centroid
formation to overcome the gradient during fabrication.

The DAC converts a 3-bit digital input word to a respective analog signal by scaling a
voltage reference. The various blocks in DAC include a voltage reference, binary switches, a
scaling network, an operational amplifier and a sample and hold circuit. The multiplexer
circuit connected to the other end of each capacitor selects the voltage which is either Vggr or
‘GND’ to which the capacitor is charged depending upon the control signal ‘Vyg’. Initially,
the control signal for all multiplexer switches is set to LOW before giving any specified input
so that GND is supplied to the capacitor network to reset. Then the capacitor network is
supplied with the digital word by switching the particular multiplexer switch for each bit to
the desired value of either Vggr for “1” or GND for “0”. The capacitors whose ends are
connected to Vgrgr are charged to +2 V and those, which are connected to GND are charged
to 0 V. Since the capacitor network is connected in parallel, the equivalent voltage is
calculated by,

Vour= (0127 +b27 +b527 + ... + Ba2Y) Vs (2.4)

The capacitor at the end of the network is used as a ‘terminating capacitor’. Depending on
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Figure 2.7: Circuit diagram of a comparator used in 3-bit ADC design of Fig. 2.6. Note:
Fault injection transistors are shown by dotted line connections.
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the capacitors, which are charged to different voltages based on the input digital word, the
effective resultant analog voltage is calculated for the respective digital combination. The 12-
bit DAC uses the same architecture. More insight into 12-bit DAC design can be found in
[87] and in Chapter 3.

A parallel-in parallel-out 3-bit register is used as a digital correlation circuit. After the
coarse cycle, all digital outputs are stored in this till the fine cycle is completed. Final 12 bits
are available at the output after the end of fine cycle.

2.4  Results and Discussion

Figure 2.9 shows the chip layout of 12-bit ADC designed for operation at 2.5 V in 0.5
pum n-well CMOS process with a small sub-set of five faults introduced using fault injection
transistors (FITs) as switches[86, 97]. Figure 2.10 shows the layout of 12-bit ADC in 40-pin
padframe. The design integrates an on-chip BICS of Figure 2.1 for Alppg testing for physical
defects such as shorts in MOSFETs. The ADC occupies 890 x 712 um? area of the chip. The
BICS occupies 498 x 75 um” area of the chip. Figure 2.11 shows the microphotograph of the
fabricated 12-bit ADC-BICS chip. Figure 2.12 shows the simulated and experimentally
measured output characteristics of the 12-bit ADC with INL within +1LSB and DNL within
+1LSB. ADC was tested with a 2.5 V 100 KHz sinusoidal wave function. The fault injection
transistors are activated externally by connecting their gates directly to signals of amplitude,
Vpp. The W/L ratio of the FIT in the present design is 1.05 um/0.6 pm. When an error
signal of amplitude, Vpp is applied to a fault injection transistor, it creates a short between
two bridging nodes. In post-layout simulation experiments, defects are simulated using fault
injection transistors in series with a resistor of value determined by the resistance of the
faulty transistor. The resistance varies in 1-60 KQ range. Figure 2.13 shows the logic scan-

path method of testing as applied in digital correlation part of the ADC. It consists of a 3-bit
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Figure 2.9: Chip layout of 12-bit ADC-BICS.

38



REB BeLRY e s
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parallel-in and parallel-out registers. The scan-path test has normal and test modes of
operation. The normal test mode bypasses the scan-path test by disabling (“0”’) Scan-Path IN
and Scan-Path Mode Control signals. In test mode, registers are isolated from ADC inputs
Vi, V, and V3 and are connected in series by enabling (“1”) Scan-Path IN and Scan-
Path Mode Control signals. The fault is identified if the Scan-Path OUT changes from “1”
to “0”. Using fault equivalence, gates in digital correlation circuit are converted into single-
port networks as shown in Figure 2.14 (a) which is then combined with the fault injection
transistors in series with resistors (FIT in series with a resistor) for testing. This method is
also applied in testing of analog parts of ADC — amplifier and comparator as shown in Figure
2.14 (b) thereby allowing coverage of a large number of faults with reduced input/output
pins.

A major part of testing in the present work is focused on post-layout simulation
experiments due to die size limitation and availability of number of input/output pins. In the
circuit layout of Figure 2.9 of ADC, 520 short and bridging faults were introduced. The fault
distribution is as follows. One hundred forty eight shorts including their multiple
combinations were introduced in digital correlation circuits consisting of six registers and
tested independently by both the scan-path and Alppg methods. In Alppg testing, effect of
process variations on BICS operation is considered by introducing +5% variation in process
transconductance parameter (k) and threshold voltage (Vy,) of Ip-Vpg characteristics of the
MOSFET. A range of discharge time for 12-bit ADC was identified which is 14.15 — 15.75
ps and the fault is identified if the discharge time is beyond this range. Both methods
individually tested positively for all 148 introduced faults. In addition, three hundred seventy
two short faults and their multiple combinations were introduced in amplifier and comparator

of ADC and tested with Alppg method. A total of 340 faults were tested positively and 32
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faults could not be tested. Thus, overall the fault coverage is about 94%.

Apart from post-layout simulation experiments, 12-bit ADC was also tested
experimentally from Alppg method by injecting a small sub-set of five faults using fault
injection transistors spread around different parts of chips and taking into consideration
effects of process variations. In Figure 2.9 and the fabricated chip shown in Figure 2.11, the
Fault-1 simulates a physical short between drain and substrate of one of the transistors of
encoder circuit of Figure 2.9, Fault-2 simulates a physical short between gate and substrate
of the transistor (M3) of the circuit of Figure 2.7, Fault-3 simulates a physical short between
gate and source of transistor (M;) of Figure 2.7, Fault-4 simulates a physical short between
drain and substrate of transistor (My) of the amplifier circuit of Figure 2.5 [87] and Fault-5
simulates a physical short between gate and drain of transistor (M;3) of the amplifier circuit
of Figure 2.5 [87]. Figure 2.15 show the simulated (in SPICE) capacitor discharge voltage of
the BICS for the CUT (12-bit ADC) without fault injections, obtained at the comparator
output and 12 clock pulses (1100) counted from the 4-bit counter output. The simulated
pulse width is 14.74 ps. Figure 2.16 show the corresponding experimentally measured
capacitor discharge voltage at the comparator output of the BICS which is 14.8 us. HP
1660CS Logic Analyzer was used for counting the numbers from the output of the counter.
Table 2.1 summarizes simulated count values from SPICE and experimentally measured
values for all five injected faults in 12-bit ADC. For the activated Fault-1, which is in one of
the transistors of the encoder circuit in Figure 2.9, the numerical count value is 0 (0000) and
is same as the experimentally measured value. For the activated Fault-2, which is in
transistor, M3 of the comparator circuit of Figure 2.7 and stage-1 6-bit ADC of Figure 2.9,
the numerical count value is 0 (0000) and is same as the experimentally measured value. For

the activated Fault-3, which is in the transistor, M, of the comparator circuit of Figure 2.7
45



v - - - - -

| ] g 4 D4 1
ov - '
-4V

o I(07)
4V T - - - -
O V - L—y—ﬂ—-— 1] - D3 ]
4V

o l{102)
4V

-II'I s} D2 0
ov - g 0 g g 0 .
4V

o I{109)
4V P ;

DI 0

Ny N aNaNa Ny BN I
4V

o U{115)
4V o 8 8

J Comparator Output

oV =l bty [ e g Tt o sy Poms
4V

o U(89)
2V

Capacitive Discharge Voltage
% r\_ Ul oI 0 o o

ov

o l{128)
4V

Clock
g g 0
ov T T T ] T T I | I
0s 4 us 8 us 12us  16us 20 us 24 us 28 us 32 us 36 us L
o U(126)

Tine

Figure 2.15: Simulated capacitive discharge voltage at the output of the comparator of the
BICS for the CUT (12-bit ADC) without injected faults.

46



:-."'!||:£ ] I

1
= i

|-|-|.|.|.|.|.|.1.| !.l' Iiit I I

Capacitive
Discharge Voltage

e

i s o e o T e i Hrrvr-r-r----w.i.i.:..-e..-p - Fls.
i s i
| :
- . :
T o T
................. i
i i .-_
un W @ 1
: = = =
& - -

1.00V_b@s 2.00V

100my

L b e T e e e e R AT A R TTTITTI
i B e A B T
i - - ' =
s ' ; 't [ art
2 : : : 5 - ,.:
s = 1l |b-,_-._|_r_:|1
. ; 4 W
i {- i :‘
d - Ly
LY E rH
[ T R T ]
N s = ;.:‘
L » att W i
d i i Lo i L3
i : : : . it =
LTI T T T T TN T Y T T il [P
N i i i - il5 ;:_
-.. - - - - e - i
L 4 §

- B : 4 o |

I T RN Rt et Rt

i 13 1, 13 : b ||
FRE I R i ; T
- - - - - B
1 1 1 g g B

3 i

dr §ig

T e S b L8
........ | :

T LA

1 [
1 1
L & ]
W NN
-
L]
i i i
- - £l
|||||||||||||||||
- i
- -
H
- - &
v ¥
i
R T L

Comparator
‘Output

Figure 2.16: Experimentally observed capacitive discharge voltage at the output of the
comparator of the BICS for the CUT (12-bit ADC) without injected faults.

47



Table 2.1: Simulated count values from SPICE and experimentally measured values for all
five injected faults distributed in different blocks of the 12-bit ADC

Fault Condition Count Values Count Values
Decimal (Binary Bits) Decimal (Binary Bits)
(simulated) (measured)

No fault 12(1100) 12(1100)
Fault-1 0(0000) 0(0000)
(drain-substrate short)

Fault-2 (gate-substrate short) 0(0000) 0(0000)
Fault-3 (gate-source short) 15(1111) 15(1111)
Fault-4(drain-substrate 1(0001) 0(0000)

short)
Fault-5 (gate-drain short) 8(1000) 8(1000)
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and stage 1 6-bit ADC of Figure 2.9, the numerical count value is 15 (1111) and is same as
the experimentally measured value. For the activated Falut-4, which is in transistor, M4 of the
op-amp circuit of Figure 2.5 [87], the numerical count value is 1 (0001) and the
experimentally measured value is 0 (0000) and the difference is negligible. For the activated
Fault-5, which is in is transistor, M3 of the op-amp circuit of Figure 2.5 [87], the numerical
count value is 8 (1000) and is same as the experimentally measured value. The simulated and
experimental results of Alppq testing show that except Fault-3, rest of the injected faults in
12-bit ADC have been effectively detected.

Figure 2.17 shows the chip layout of the 12-bit DAC designed for operation at 2.5 V
in 0.5 pm n-well CMOS process with a small sub-set of five defects introduced using fault
injection transistors (FITs) as switches [86, 97]. The design integrates an on-chip BICS of
Figure 2.1 for Alppq testing for physical defects such as shorts in MOSFETs. The DAC
occupies 504 x 501 pm? area of the chip. The BICS occupies 498 x 75 um? area of the chip.
Figure 2.18 shows the microphotograph of the fabricated 12-bit DAC-BICS chip. Figure 2.19
shows the simulated and experimentally measured output characteristics of the 12-bit DAC
with INL within £1LSB and DNL within £0.7LSB. DAC was tested with all inputs tied to
ground.

Similar to 12-bit ADC testing for faults, 12-bit DAC was also tested by the Alppg
method using fault equivalence combined with fault injection transistors in series with
resistors. The effect of £5% process variations was taken into consideration and a range of
discharge time was identified for fault identification which is 21.4 — 60.32 us. The scan-path
method was not used in DAC since its digital part consists of few multiplexers implemented
using CMOS switches. Sixty short faults were introduced in unity gain amplifier and buffer

parts of the DAC. A total of 55 faults were tested positively and 5 faults could not be tested.
49



Twelve 2:1 Fault-1

Multiplexers\

Fault-2 Fault-3 Fault-4 Fault-5

Sample
and
Hold
Circuit

Figure 2.17: Chip layout of 12-bit charge scaling DAC.
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Thus, overall the fault coverage is about 92%.

The 12-bit DAC fabricated design was also tested experimentally by the Alppg
method for a small sub-set of five injected faults using fault injection transistors as in 12-bit
ADC. In Figure 2.17 and the fabricated chip shown in Figure 2.18, Fault-1 simulates a
physical short between drain and source of one of the transistors in multiplexer part of the
circuit of Figure 2.17 , Fault-2 simulates a physical short between drain and source of one of
the transistors of the op-amp part of the circuit of Figure 2.17, Fault-3 simulates a physical
short between gate and drain of one of the transistors of the op-amp part of the circuit of
Figure 2.17, and Fault-4 simulates a physical short between source and substrate of one of
the transistors of the sample-and-hold circuit part of the circuit of Figure 2.17. Fault-5
simulates an inter-gate short between two transistors of the unity gain amplifier which is the
part of sample and hold circuit of Figure 2.17. Figure 2.20 shows the simulated (in SPICE)
capacitor discharge voltage of the BICS for the CUT (12-bit DAC) without fault injections,
obtained at the comparator output and 10 clock pulses (1010) counted from the 4-bit counter
output. The simulated pulse width is 51 ps. Figure 2.21 shows the corresponding
experimentally measured capacitor discharge voltage at the comparator output of the BICS
which is 49.6 us. HP 1660CS Logic Analyzer was used for counting the numbers from the
output of the counter.

Table 2.2 summarizes simulated count values from SPICE and experimentally
measured values for all five injected faults randomly distributed in different blocks of the 12-
bit DAC. For the activated Fault-1, the numerical count value is 1(0001) and is same as the
experimentally measured value. For the activated Fault-2, the numerical count value is 14
(1110) and is same as the experimentally measured value. For the activated Fault-3, the

numerical count value is 9 (1001) and is same as the experimentally measured value.
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For the activated Falut-4, the numerical count value is 2 (0010) and is same as the
experimentally measured value. For the activated Fault-5, the numerical count value is 7
(0111) and is same as the experimentally measured value. The simulated and experimental
results of Alppq testing show that except Fault-2, rest of the injected faults in 12-bit DAC
were effectively detected.
2.5 Conclusion

A simple BICS which measures difference in power supply quiescent current under
the capacitive discharge voltage across the CUT has been used for testing of physical defects
such as shorts in CMOS data converter circuits. The design of BICS follows from the work
of Keating and Meyer [72], off-chip Quick-Mon of [73], and Vazquez and de Gyvez [57, 58]
for digital ICs. The BICS used in the present work is slightly modified for data converters
using two CMOS transmission gates replacing a single p-MOSFET switch connecting CUT
and Vpp for better isolation from Vpp. It can detect current to an accuracy of 0.5 pA. The
data converters used as CUT are 12-bit ADC and 12-bit DAC designed in 0.5um CMOS
process and tested for normal operation under fault free conditions. The ADC uses recycling
architecture and DAC uses charge scaling architecture for design. The method of Alppg
testing has been combined with logic scan-path method for digital testing and fault
equivalence in combination with fault injection transistors in series with resistors for
introduction of a large number of faults. The combined methods have allowed introducing
520 faults in ADC and 60 faults in DAC with approximately 94% faults coverage in ADC
and 92% in DAC, respectively from post-layout simulation experiments. A small sub-set of 5

faults were also experimentally tested from Alppg method with the exception of one fault in
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Table 2.2: Simulated count values from SPICE and experimentally measured values for all
five injected faults randomly distributed in different blocks of the 12-bit DAC

Fault Condition Count Values Count Values
Decimal (Binary Bits) Decimal (Binary Bits)
(simulated) (measured)
No fault 10(0101) 10(0101)
Fault-1(drain-source short) 1(0001) 1(0001)
Fault-2(drain-source short) 14(1110) 14(1110)
Fault-3 (drain-gate short) 9(1001) 9(1001)
Fault-4(source-substrate short) 2(0010) 2(0010)
Fault-5(inter-gate short) 7(0111) 7(0111)
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both ADC and DAC. The method also includes the effect of process variations on BICS
performance by considering +5% variation in process transconductance and threshold voltage
parameters of the MOSFET. Alppq testing combined with the scan-path method, fault
equivalence combined with fault injection transistors technique have been very effective in
testing 12-bit CMOS ADC and DAC circuits with at least 90% or more fault coverage.

In the present work, the BICS is tested experimentally on fabricated 12-bit ADC and
12-bit DAC chips for a small sub-set of injected faults. A large set of injected faults could
not be tested experimentally because of limitation on chip size due to cost and number of
available pins for testing. In our case it is a tiny chip in 40-pin DIP. The test results obtained
from simulations are in close agreement with the corresponding experimentally measured
results on fabricated chips. However, a large number of faults have been detected through
post-simulation experiments using scan-path and fault equivalence methods. The flash ADC
design in the present work is generic which may cause some static non-linearity in its
output[101]. However, no such non-linearity is observed at the output of 12-bit ADC. This is
achieved by adjusting the slew rate of op-amp circuit and speed of 3-bit flash ADC in design.
The simple BICS combined with the fault injection method combined with fault equivalence
techniques and the logic scan-path can be applied in testing of mixed-signal integrated

circuits designed in submicron CMOS processes.
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CHAPTER 3*
Alppg TESTING OF CMOS DIGITAL-TO-ANALOG CONVERTER

3.1 Introduction

In this chapter, Alppq testing of a 12-bit digital-to-analog converter (DAC) chip
designed in 0.5 pum n-well CMOS process is presented. The built-in-current sensor (BICS)
uses frequency as the output for fault detection in circuit under test (CUT). A fault is detected
if it causes the output frequency to deviate more than £10% from the reference frequency. A
set of eight faults simulating manufacturing defects in CMOS devices were injected using
fault-injection transistors (FITS). It is shown that the present method detected all injected
faults.
3.2 Built-in Current Sensor for Alppg Testing

The BICS design is based on Keating-Meyer approach for Ippq testing [72] and is a
modification of MEAS block of delta Ippg BICS by Vazquez and de Gyvez [57, 58]. Figure
3.1 shows the circuit diagram of the BICS up to comparator stage and follows the operation
as described in Chapter 2. The BICS of Figure 3.1 differs from the BICS of Figure 2.1 of
Chapter 2 as follows. The output of the comparator is used as an input to the NMOS switch
(MX) which charges the capacitor C; shown in Figure 3.1. The comparator circuit used in the
BICS is shown in Figure 3.2 [100]. The voltage across C,, Vcrre in Figure 3.1 depends on
the time MX switch is on which in-turn depends on the discharge time of the capacitor (C)).
The voltage across the capacitor, Vcrrr with a time constant equal to 2.2RC, is given to

voltage controlled oscillator which is shown in Figure 3.3 where R is in series with C,. The

* Part of the work is reported in following publications:
S. Yellampalli and A. Srivastava, “Alppg based testing of sub-micron CMOS integrated circuits,”
Journal of Active and Passive Electronic Devices, vol.3, pp. 341-353, 2008.
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reference voltage of the comparator output changes due to change in quiescent current when
a defect is introduced which changes Vcerre as shown in Figure 3.3 and thus the output
frequency.

The output of a VCO is a clock signal, the frequency of which is dependent on
Verre. Its operation is similar to a ring oscillator. MOSFETs M, and M3 operate as an
inverter while MOSFETs M, and My operate as current source and sink, which limit the
current available to the inverter or in other words the inverter is starved of the current.
MOSFETs Mg and Ms are mirrored in each inverter current source and sink stage. The
oscillation is achieved by charging and discharging the equivalent output capacitance in each
stage of the VCO. The oscillation frequency of the current starved VCO for n (an odd
number > 3) of stages is given by [102],

A B I
° n(tr+tf) r]'(Cout"'cin)'vDD

(3.1)

where t, and t, are the rise time and the fall time, respectively, and n is the number of

stages. Vpp 1s the power supply voltage. | is the biasing current of M, and M3. Cy and Ci,

are the output and input capacitance of the inverter.
33 12-Bit Digital-to-Analog Converter Design

The 12-bit DAC design uses a charge scaling architecture [100]. The block diagram
of a 12-bit charge scaling DAC using spilt array method is shown in Figure 3.4. The DAC
converts a 12-bit digital input word to a respective analog signal by scaling a voltage
reference. The various blocks in DAC include a voltage reference, binary switches, a scaling
network, an operational amplifier and a sample and hold circuit. The multiplexer circuit

connected to the other end of each capacitor selects the voltage which is either Vrgr or
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Figure 3.3: Rise time of RC circuit.
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‘GND’ to which the capacitor is charged depending upon the control signal ‘Vg’. Initially,
the control signal for all multiplexer switches is set to LOW before giving any specified input
so that GND is supplied to the capacitor network to reset. Then the capacitor network is
supplied with the digital word by switching the particular multiplexer switch for each bit to
the desired value of either Vggr for “1” or GND for “0”. The capacitors whose ends are
connected to Vrgr are charged to +2 V and those, which are connected to GND are charged
to 0 V. Since the capacitor network is connected in parallel, the equivalent voltage is
calculated by,

Vour= (012" + 527 +b527 + ... + Ba2Y)Vier. (3.2)
The capacitor at the end of the network is used as a ‘terminating capacitor’. Depending on
the capacitors, which are charged to different voltages based on the input digital word, the
effective resultant analog voltage is calculated for the respective digital combination. The
analog voltage is passed through the op-amp and through the sample-and-hold circuit and
appears as an analog voltage.

The op-amp and comparator used in DAC is designed for 2.5V operation and is
shown in Figure 3.5. It is also used as a unity gain amplifier. The input stage of the amplifier
consists of two transistors M;-M; which constitute a simple n-channel differential amplifier.
Transistors Ms, M3 and M4 act as PMOS current mirrors serving as a current source and
transistors M and Ms act as n-MOS current mirror serving as a current sink. The signal
currents of the differential output are folded through the transistors Mg and M7 and converted
into a single-ended output with the n-channel current mirror (Mg and My). Transistors M3,
M1, Mys and M, constitute the high swing cascode current source for the op-amp. We

notice from Figure 3.5 that the saturation voltage, Vgs-|Vinp| of M4 is Von which gives the
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gate-source voltage of Mg and My as |V, p| +Von, which in turn makes the voltage across M,
as [Vinp| ¥2Von. This is the minimum voltage required at a drain of My so as to allow a large
range of Vour values. Transistors M;7, M9, M3 and My constitute the bulk driving circuitry.
This circuitry acts to enable n-channel transistors of the differential pair to respond to
voltages below 0.7 V. The amplifier is operated at 2.5V. Cc is the pole splitting capacitor.
The output stage consisting of transistors M3 and M4 is class-A amplifier. The op-amp has
an open loop gain of 28 dB, phase margin of 89° and a 3 dB bandwidth of 40 KHz. W/L
ratios of transistors in CMOS amplifier circuit of Figure 3.5 are given in Table 3.1.
34 Result and Discussion

Figure 3.6 shows the chip layout of the 12-bit DAC designed for operation at 2.5 V in
0.5 um n-well CMOS process with eight defects introduced using fault injection transistors
(FITs) as switches [86, 97]. Figure 3.7 shows the chip layout of 12-bit DAC-BICS in a 40-
pin padframe. The design integrates an on-chip BICS of Figure 3.1 for Alppg testing for
physical defects such as shorts in MOSFETs. The DAC occupies 504 x 501 um® area of the
chip. The BICS occupies 670x75 pum? area of the chip. Figure 3.8 shows the simulated output
characteristics of the 12-bit DAC with INL within £1LSB and DNL within £0.7LSB. The
fault injection transistors are activated externally by connecting their gates directly to signals
of amplitude, Vpp. The W/L ratio of the FIT in the present design is 1.05 pum/0.6 pm.

In Figure 3.6, Fault-1 and Fault-2 simulate a physical short between drain and source
of two of the transistors in multiplexer part of the circuit. Fault-3 and Fault-4 simulate a
physical short between gate and source and drain and source in two of the transistors in the
op-amp part of the circuit in Figure 3.6. Fault-5 and Fault-6 simulate a gate-substrate and

gate-drain short in two of the transistors pf the op-amp part of the circuit in Figure 3.6.
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Table 3.1: Device dimensions used in the amplifier circuit of Figure 3.5

Transistor W/L Transistor W/L Transistor W/L

Numbers (pm/ pm) | Numbers (pm/ pm) | Numbers (pm/ pm)
M1 3.0/1.2 M10 6.0/0.6 M19 3.3/1.8
M2 3.0/1.2 Ml11 3.0/6.0 M20 5.7/3.0
M3 9.0/0.6 M12 0.9/0.9 M21 3.0/0.6
M4 9.0/0.6 M13 2.712.7 M22 1.8/2.4
M5 6.0/0.6 M14 0.9/0.9 M23 2.12.1
M6 3.3/0.6 M15 6.0/0.6 M24 3.0/1.5
M7 3.3/0.6 M16 6.0/0.6 M25 0.9/1.8
M8 3.0/0.9 M17 3.0/0.6
M9 3.0/0.9 M18 2.7/0.6
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Figure 3.6: Chip layout of 12-bit DAC with randomly distributed faults.



12-bit DAC [£ TN TR TR e Sie e T e S Sample and
Hold Circuit

Figure 3.7: Chip layout of 12-bit DAC-BICS in 40-pin padframe.
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Figure 3.8: Output characteristics of the 12-bit DAC.
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Fault-7 simulates a source-substrate short of one of the transistors of the sample-and-hold
circuit part of the circuit of Figure 3.6, and Fault-8 simulates an inter-gate short between two
transistors in the unit gain op-amp of the sample-and-hold circuit. Table 3.2 summarizes
deviation (%) in frequency of the BICS of the CUT under these fault injection conditions
with respect to fault free condition. The reference frequency (fr) of BICS of the fault free
CUT is 7.27 x 10° Hz. The circuit is considered faulty if the deviation is £10%.
3.5 Conclusion

The BICS presented in this work is based on the method proposed by Keating and
Mayer [72] and Vazquez and de Gyvez BICS [57, 58], has been modified for fault detection
for analog and mixed signal integrated circuits designed in submicron CMOS process. The
BICS uses the voltage controlled oscillator where frequency as its output is used as a curser
for detecting faults. A CUT with £10% deviation from the reference frequency is considered
as faulty. The circuit under test is a 12-bit digital-to-analog converter which is designed in
0.5 pm n-well CMOS process. Eight faults were injected using fault injection transistors
simulating manufacturing defects. These faults were injected in CMOS devices and randomly
distributed. All eight faults were detected using the BICS. The faults were limited to eight
because of the tiny chip limited in size (2.2 x 2.2 mm?). The method can be applied in testing

of other CMOS mixed-signal VLSI circuits.
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Table 3.2: Deviation (%) in frequency output of BICS under fault injection conditions

Injected Pulse width | V¢ (V) Frequency Frequency
Faults (uS) (Output | (C>=5pF) @ BICS Deviation
of Output from fgr (%)
Comparator) (MHz) (fr =7.27
C,=5pF MHz)
No Fault 0.230 1.236 7.27 00.00
Fault 1 0.108 1.175 8.65 18.98
Fault 2 0.109 1.165 8.07 11.00
Fault 3 0.216 1.210 4.82 -33.70
Fault 4 0.215 1.215 4.65 -36.04
Fault 5 0.215 1.215 4.63 -36.31
Fault 6 0.229 1.220 4.42 -39.20
Fault 7 0.215 1.217 4.40 -39.48
Fault 8 0.256 1.248 4.17 -42.64
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CHAPTER 4"

COMBINED OSCILLATION, TRANSIENT POWER SUPPLY CURRENT AND
QUIESCENT CURRENT TESTING OF CMOS AMPLIFIER CIRCUITS

4.1 Introduction

In this chapter, a simple test methodology combining oscillation and quiescent power
supply current (Ippg) testing for detecting bridging and open faults in a CMOS amplifier
circuit designed for operation at + 2.5 V in 1.5 um n-well CMOS process is presented. The
testing is performed at room temperature (300 K) and also at liquid-nitrogen temperature (77
K) to enhance fault detection. An on-chip built-in current sensor (BICS) has been integrated
to monitor Ippq of the circuit under test (CUT). A simple fault-injection technique has been
used for simulating manufacturing defects. Part of the testing results which were reported in
[103] have been reproduced here for completeness.

The test methodology is also extended to include transient power supply current
testing. The combined test methodology including oscillation, quiescent current and transient
current testing has been used for fault detection in an op-amp with floating gate input
transistors. The amplifier was designed for operation at + 2.5 V in a standard 1.5 um n-well
CMOS process. Theoretical results obtained from SPICE simulations are in close agreement
with the corresponding experimental results on fabricated devices. Part of the testing results

which were reported in [104] have been reproduced here for completeness.

* Part of the work is reported in following publications:

1. A. Srivastava, S. Yellampalli, P. Alli and S. S. Rajput, “Combined oscillation and Ippq testing of
a CMOS amplifier circuit,” International Journal of Electronics,2008 (Accepted).

2. S. Yellampalli, A. Srivastava and V. Pulendra, “A combined oscillation, power supply current
and Ippg testing methodology for fault detection in floating gate input CMOS operational
amplifier,” Proceeding of 48" IEEE International Midwest Symposium on Circuits and Systems,
pp. 503-506, 2005.
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Oscillation test methodology is a vector less test method for analog and mixed-signal
design-for-test (DFT) method based on oscillation-test methodology (OTM) [79] suitable for
both functional and defect oriented testing, has been successfully applied to CMOS analog
circuits [105-107] such as the analog-to-digital converters, bi-quadratic filters and active RC
filters [80, 90, 91]. This test methodology has normal and test modes of operation. During the
test mode, a change in the oscillation frequency of the CUT from its nominal value indicates
the possibility of faults. Such OTM is shown to be an effective functional ‘go’ and ‘no-go’
test to verify if the circuit under test conforms to the required specifications.

Power supply quiescent current (Ippg) testing has shown to be very efficient for
improving the test quality [108-111]. The test methodology based on the observation of the
quiescent current Ippg [111] allows testing of physical defects such as gate-oxide shorts,
floating gates and bridging faults due to manufacturing.

Power supply transient current (Ippr) testing is a test method in which the average
transient current of the Vpp power supply is measured [112]. The measurement is done when
the input changes from logic level ‘1’ to logic level ‘0’ or from logic level ‘0’ to logic level
‘1’. When the input level is changed the power supply current instantaneously varies before
all the gates stabilize. If power supply current increases or decreases significantly due to a
fault in the CUT, the fault is considered to be Ippr testable.

In this chapter, a design-for-testability (DFT) method for CMOS analog integrated
circuits, based on combined oscillation test methodology, Ippg and Ippr testing has been
presented. The advantage is that faults which could not be detected by Ippg and Ippr testing
can be probably detected at the oscillation level and vice-versa. A CMOS amplifier has been
considered for the applicability of the method as well as for the demonstration because

amplifier is one of the commonly used building blocks in analog and mixed-signal integrated
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circuits. Apart from testing at room temperature, CMOS amplifier has been also been tested
at 77 K. Testing at 77 K has been done to improve detection of faults since subthreshold
current component in Ippg and noise in the CUT can be easily suppressed. The nominal
frequency range of the CUT is determined using a Monte-Carlo analysis taking into account
the tolerance of significant technology and design parameters. The faults which result in
deviation of oscillation frequency from fault free condition are then tested through Ippg
testing at 300 K and 77 K. A recently reported simple built-in current sensor (BICS) design
[86, 113] has been used. The BICS used in the present design introduces insignificant
performance degradation in CUT. In normal mode, the operation of CUT is independent of
BICS. The injected faults are simulated using a simple fault-injection technique [86, 97] for
manufacturing defects.

4.2 Oscillation Testing Method

Figure 4.1 shows the circuit diagram of a two-stage, internally compensated CMOS
amplifier as a CUT for testing which is designed for operation at + 2.5 V [103]. It is designed
in a standard 1.5 pm n-well CMOS process. The circuit is simulated in SPICE using MOS
level 3 model parameters. During test mode, the CUT is separated from its normal external
inputs using a DFT [80] procedure and is then converted into an oscillator using a RC-delay
circuit in the feedback path, such that the total phase shift around the loop is zero. Figure 4.2
(a) shows an operational amplifier, which is converted into an oscillator using the RC
feedback network for OTM [80]. Figure 4.2 (b) [103] shows the CMOS oscillator circuit in
which the CMOS amplifier circuit of Figure 4.1 is used in Figure 4.2 (a) configuration. The

transfer function of the feedback circuit of Figure 4.2(a) is given by [80],
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Figure 4.1: A two-stage CMOS operational amplifier circuit [103].
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ay (8)

{I+a,(s)f(s)}

A (5)= @.1)

where a, (S)the approximated single pole transfer is a function of the compensated

operational amplifier and is given by

ay (s) = el ~ &P (4.2)
%)
P
assuming % >>1 for high frequencies.
1

The feedback function f(S)is the net negative feedback and is given by

f(s)=G - % , (4.3)
p2

where G is a constant and is given by

R
G= 2 and p, =~V .. 4.4
R, +R, P> %?C (4.4)

Substituting f(s) and G from Eq. (4.3) and Eq. (4.4) in Eq. (4.1) and using Eq. (4.2), we
obtain,

ay pl(pz _5)

A(s)= [52 +{1-G)a, p, —(p, + P,)} +(Ga, p,p, + P, P,)]

(4.5)

The poles for the transfer function described by Eq. (4.5) are obtained by equating its
denominator to zero. In order for the circuit to oscillate with constant amplitude, the poles
must be placed on the imaginary (jo) axis. In practice, the poles must be placed on the right

half of the s-plane. For the poles to be placed in the right half of the s-plane,
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G- Pith) (4.6)

ay P,

(P, + P>)

WithG =1-————== i.e., for the imaginary axis of s-plane, the natural frequency of
ay P,

oscillation (mosc) can be described by,

Wosc” =Gay PP, + PPy =3, PP, - P, 4.7)
4.3 Ippo Testing Using BICS

Figure 4.3 shows the circuit diagram of a BICS integrated with the CUT. It is inserted
in series with GND or Vgg line of the CUT [86, 113]. It consists of a current differential
amplifier (M, M3) and two current mirror pairs (M;, M, and M3, My4). The n-MOS current
mirror (M;, M) is used to mirror the current from the constant current source which is used
as the reference current Irgr for the BICS. The current mirror (M3, My) is used to mirror the
difference current (Ipgg-Irer) to the current inverter, which acts as a current comparator. The
differential pair (M,, M3) calculates the difference current between the reference current Irgr
and the defective current Ipgr from the CUT. Therefore, Ips = Ipgr-Irgr. The BICS takes into
consideration the normal power supply quiescent current of 374 pA of the amplifier. It
requires only nine transistors to generate a PASS/FAIL signal at the output. The BICS works
in two modes: the normal mode and the test mode. In the normal mode, the BICS is isolated
from the CUT by connecting “EXT” pin to Vgss so that the operation of the CUT is not
affected by the BICS. Since one leg of the current mirror in BICS is connected to Vss during
normal mode their will be no effect of reference current on the circuit. In the test mode,

BICS is enabled by connecting Venapre to Vss and “EXT” is floating. In the test mode, when
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Figure 4.3: CMOS BICS and the CUT.
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the current from CUT (Ipgr) which is the quiescent current (Ippg) is greater than the reference
current (Irgr), the current differential amplifier calculates the difference (Ipgp-Irgr) and the
output signal PASS/FAIL is set to logic HIGH, which indicates the existence of defects.
When the quiescent current is less than the reference current, the output signal PASS/FAIL is
set to logic LOW which indicates the non-existence of defects

4.4 Ippr Testing

In analog circuits, the power supply current is a function of input signal, state of the
circuit (faulty or faulty free) and value of the parameters of the circuit. The presence of fault
in the circuit causes some degree of change in currents in some branches. Those changes in
branch currents will result in a more or less significant change in the power supply current
[114]. In the present work, the ac ripple in the power supply current, Ippr, passing through
Vpp under the application of an ac input stimulus is measured to detect injected faults in the
CUT. A small resistor is used to measure the voltage corresponding to the power supply
current. The resistor does not affect the performance of the CUT.

Power supply current through Vpp is measured with and without injected faults with a
periodic pulse input. Input signal to the CUT should produce a noticeable amount of
difference between the power supply current of each faulty case and fault-free case. In the
present work, the tolerance limit for the magnitude of Ippr with no injected faults is defined
as £5%, such that it will take into account the deviations of significant technology and design
parameters. The magnitude of power supply current, Ippr is determined with every injected

fault. If the simulated Ippr value falls out of the tolerance limit the fault is detected.

4.5 Combined Oscillation and Ippg Test Methodology
Figure 4.4 (a) shows the CMOS amplifier circuit of Figure 4.1 with fault-injection

transistors (FITs) simulating manufacturing defects. Figure 4.4 (b) shows a simple fault-
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injection transistor [86, 97]. The fault injection transistors are activated by connecting the
gate of the transistors to Vpp. The use of a fault-injection transistor for the fault simulation
prevents permanent damage to the operational amplifier by introduction of a physical metal
short. All fault injection transistors embedded are of uniform size 4.5um/1.6um. Eight faults
have been introduced into the amplifier circuit of Figure 4.4 (a). Seven faults are injected into
the amplifier using fault injection transistors and the eighth fault which is an open fault is
introduced by connecting the gate of transistor Mj; to Vss. The injected faults in the amplifier
are as follows: Fault-1: Mo drain-source short (M10DSS), Fault-2: Ms gate-drain short
(M5GDS), Fault-3: Ms drain-source short (M5DSS), Fault-4: M;; drain-source short
(M11DSS), Fault-5: compensation capacitor short (CCS), Fault-6: My gate-drain short
(M7GDS), Fault-7: M6 gate-drain short (M6GDS) and Fault-8: M;; gate to Vss
(M11GVssS). Figure 4.5 and Figure 4.6 shows the layout and microphotograph of the
fabricated chip. Figure 4.7 shows the measured gain versus frequency dependence behavior
of the CMOS amplifier circuit. It can be observed from Figure 4.7 that the open loop gain has
increased from 65.4 dB at 300 K to 69.2 dB at 77 K and the 3 dB bandwidth of the amplifier
has increased from 3.5 kHz at 300 K to 9.5 kHz at 77 K. The amplifier circuit of Figure 4.4
(a) has been converted into an oscillator circuit according to Figure 4.2 (b) and has been
simulated in SPICE for the injected oscillation-based faults. The Fast-Fourier Transform
(FFT) analysis has been performed to determine the natural oscillation frequency and is
shown in Figure 4.8. The natural oscillation frequency of the CUT oscillator is 875 kHz at
300 K and 1.858 MHz at 77 K. Figure 4.9 shows the Monte-Carlo simulated results of the
parametric (threshold-voltage, Vy, of the CUT transistors, Rj, Ry, R, C) tolerances (5%) gives

a deviation of [-2.91%, 3.79%] at 300 K and [-3.12%, 4.95%] at 77 K from their respective
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Figure 4.4: (a) Injected Ippg and oscillation testable faults. Note: Xpr is an n-MOS fault-

injection transistor. Xt | and Xgit 3 are Ippg testable faults. Xt 1.7 are oscillation testable
faults and (b) fault-injection transistor (FIT).
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determining natural oscillation frequency.

88



3V

25V

2V

1.5V

Voltage

1V

05V

ov

0 Hz 0.5 MHz 1 MHz 1.5 MHz 2MHz 2.5 MHz 3MHz
Frequency
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natural oscillation frequencies. This can be seen as result of increased gain and bandwidth of
the amplifier at 77 K compared to 300 K and suppression of the subthreshold current.

Table 4.1 summarizes the measured natural oscillation frequency and oscillation
frequency due to faults at 300 K and 77 K. Table 4.2 summarizes the deviation in measured
frequency due to injected faults. As the deviation of the frequency due to faults lie beyond
the limit calculated by Monte-Carlo simulation, we can conclude that all the injected faults
except the open fault have been detected by the oscillation testing at 300 K. All the faults
which have been detected at 300 K have been also detected at 77 K. The open fault (Fault-8)
which was not detected at 300 K was detected at 77 K as shown in Table 4.2. This
demonstrates improved fault detection at 77 K. Table 4.3 summarizes the simulated and
experimental Ippg results for Faults 1-8 and the corresponding PASS/FAIL signal through
the BICS output. Table 4.3 includes only 300 K testing results since there is no observed
difference in Ippg testing results at 300 K and 77 K. It can be noticed from Table 4.3 that
only two faults (Faults — 1 and 3) out of seven injected faults could be detected by Ippg
testing. Figures 4.10 (a) and (b) and Figures 4.11 (a) and (b) show the measured PASS/FAIL
signal from the BICS output under fault-injection conditions corresponding to one of the
faults M10DSS (Fault-1) at 5 KHz and 1 MHz, respectively, obtained from HP1660CS Logic
Analyzer. Logic HIGH indicates a FAIL signal. The output signal PASS/FAIL set to logic
HIGH indicates the existence of the fault while the output signal PASS/FAIL set to logic
LOW indicates the non-existence of the fault which implies that the fault is not detectable.
Similarly other injected faults were also tested. In Table 4.3, PASS refers to a fault detection

and FAIL to a non-detectable fault.
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Table 4.1: Measured oscillation frequencies

Fault type Oscillation Frequency Oscillation Frequency
(kHz) at T =300 K (kHz) at T=77K

No faults 324 489
Fault -1 (M10DSS) 400 616
Fault-2 (M5GDS) 69 -
Fault-3 (M5DSS) 410 600
Fault-4 (M11DSS) 277 471
Fault-5 (CCS)" - -
Fault-6 (7GDS)" - -
Fault-7 (M6GDS)" - -
Fault-8(M11GVss) 319 563

"Loss of oscillation
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Table 4.2: Measured frequency deviations under fault-injections

Fault injected Deviation from natural f,,. | Deviation from natural f
(T=300 K) (T=77 K)

Fault-1 +23.21 +25.85

Fault-2 -78.66% Loss of oscillation
Fault-3 +26.3% +22.46%

Fault-4 -14.6% -3.8%

Fault-5 Loss of oscillation Loss of oscillation
Fault-6 Loss of oscillation Loss of oscillation
Fault-7 Loss of oscillation Loss of oscillation
Fault-8 -1.58% +7.5%
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Table 4.3: Simulated and experimental BICS output.

Faults | Simulated Experimental | Simulated Experimental
BICS Output | BICS Output | BICS Output | BICS Output
(5 KHz) (5 KHz) (1 MHz) (1 MHz)
PASS/FAIL PASS/FAIL PASS/FAIL PASS/FAIL
Fault-1 PASS PASS PASS PASS
Fault-2 FAIL FAIL FAIL FAIL
Fault-3 PASS PASS PASS PASS
Fault-4 FAIL FAIL FAIL FAIL
Fault-5 FAIL FAIL FAIL FAIL
Fault-6 FAIL FAIL FAIL FAIL
Fault-7 FAIL FAIL FAIL FAIL
Fault-8 FAIL FAIL FAIL FAIL

PASS: Fault detectable
FAIL : Fault not detectable
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Figure 4.10: BICS showing PASS/FAIL output from HP1660CS Logic Analyzer
corresponding to a fault M10DSS.

(a) Venasre and Vigrror connected to 5 kHz signal at 300 K.

(b) VenasLe and Verror connected to 5 kHz signal at 77 K.

94



Bun

"
LR

(a)

(b)

Figure 4.11: BICS showing PASS/FAIL output from HP1600CS Logic Analyzer
corresponding to a fault M10DSS.

(a) Venasre and Vigror connected to 1 MHz signal at 300 K.

(b) Venasre and Verror connected to 1 MHz signal at 77 K.
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Figure 4.12 shows the post-layout simulation results of Ippg testing corresponding to
following two detected faults: Fault-1 and Fault-3 [103]. The fault free Ippg is approximately
374 pA at 300 K and 371 pA at 77 K. The difference in Ippg at 300 K and 77 K is marginal
due to large size of MOS transistors in CMOS amplifier circuit of Figure 4.3 (a). The faulty
current, which the BICS detects, is nearly equal to or greater than 410pA. Thus, the designed
BICS has a resolution of nearly of 70 pA. The BICS has been designed to be sensitive for a
wide range of faulty currents. As such the Fault-1 (M10DSS) provides a large current of 869
pA while the Fault-3 (M5DSS) provides a current of 444 pA as shown in Figure 4.12. A
combination of these two faults provides a current of 940 nA Here the results are shown for
only two faults for demonstration of the method used. Similarly the method was tested for
remaining faults which were found to be non-detectable contrary to oscillation-based testing.
The reason is that the fault free Ippg was chosen approximately to 371-374 pA which is on
the higher side. This estimation of Ippq did not allow BICS to detect other faults.

Figure 4.13 shows an influence of BICS on Vgs[103] The virtual —Vgg is not at -2.5
V in test mode. The virtual —Vgg is at -2.47V for VenapLg HIGH (BICS- shorted) and -2.11 V
for VenasLe LOW (BICS- active).

4.6 Combined Ippr, Oscillation and Ippg Test Methodology

The combined test methodology has been applied to an op-amp with floating gate
inputs. The schematic of the op-amp with floating gate input which is used as CUT is shown
in Figure 4.14 [104, 115]. The amplifier has been designed in 1.5 pm n-well CMOS process.
The floating gate transistor uses 512 fF capacitor each at its input which has been designed in
an integer multiple of 256 fF unit size capacitor. The capacitors have been designed using

two poly layers: poly 1 and poly 2. The capacitors are surrounded with dummy capacitors
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Figure 4.14: A two stage floating gate input CMOS op-amp [104].
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and guarded by the n" - guard ring in n-well to minimize parasitic capacitances. A common
centroid layout scheme is employed in the design.

In CUT, the faults simulating possible manufacturing defects have been introduced
using the fault injection transistors [86, 97]. The existence of short fault between two nodes
is represented as S, p, where subscripts a and b denote the corresponding node numbers. The
open fault (broken wire) is represented as O, , where the subscript a denotes the node
number. The faults under consideration are gate-drain shorts, broken wires, floating gates,
drain-source shorts, compensation capacitor short and short circuit between different nodes.
We have considered CUT with only short faults and considered combined short and open
faults separately. Figure 4.15 and Figure 4.16 show the layout of op-amp designs with short
faults and combined open and short faults, respectively [104]. Figure 4.17 shows the part of
the corresponding microphotographs of the fabricated floating gate input op-amp designs
[115].
The circuit of Figure 4.14 is simulated in SPICE using MOS level 3 model parameters [116]
for the three testing methods. In oscillation test method, Fast-Fourier Transform (FFT)
analysis has been performed on the oscillator circuit of Figure 4.18 to determine the natural
oscillation frequency. The simulated natural oscillation frequency of the CUT as an oscillator
is 7 kHz and 2.3 kHz for short and combined open and short faults, respectively.
Experimental measurements are performed with R=36 kQ, R;=400 Q R,=71 kQ and C=0.1
uF for short faults (Figure 4.15) and R=60 kQ, R;=1.8 kQ, R,=153 kQ and C=0.1 pF for
combined short and open faults (Figure 4.16).

A 1 kHz 4V peak-to-peak input pulse is applied to the CUT in the power supply

current based testing. This input stimulus shows significant difference in the power supply
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Figure 4.15: Layout for floating-gate input op-amp with only short faults.
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current between each of the faulty case and fault-free case. The voltage, Vg is simulated and
measured experimentally across a 100 € resistor as shown in Figure 4.19.

Table 4.4 summarizes the simulated and measured results using oscillation and Ippr
test methods for the floating gate input CMOS amplifier with short faults. From the SPICE
simulations shown in Table 4.4, it can be observed that for the faults S;, and Ss, the CUT
oscillated with the natural frequency and hence these were not detected from simulations.
However, faults S;, and Ss¢ showed a large deviation from natural oscillation frequency
when measured experimentally. All injected short faults have been detected experimentally
using this method of testing. It is also seen from Table 4.4 that no fault Ippr is 153 pA and a
+5% tolerance gives minimum and maximum Ippr limits as 145 pA and 161 pA. From the
simulated results of Ippr, injected faults S;7», S711, Ss¢ and Sg;; fall within the tolerance
range and were not detected. Simulated Ippr for S4; is 137 pA which is close to lower
tolerance limit and is considered as not detected. The experimental results closely follow the
simulation results. The simulated value of Ippr for S; 3 and Ss ;; shows a large variation from
fault free value but the measured Ippr for these faults was not as large as shown by SPICE.
The fault Seo showed decrease in measured Ippr where as the fault S; s showed an increase.
However, for faults Seo and S;s measured Ippr for these faults was far away from the
tolerance range, and faults were detected.

In the Ippg test method, PASS/FAIL signal was measured from the BICS output using
a HP1660CS Logic Analyzer with every injected fault. Faults S35 S;i3 S710 and S7;; were
detected using this method. The fault S;;; did not show significant variation in Ippr from the

fault free case. However, it was detected by Ippg test method and oscillation test method.
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Table 4.4: SPICE simulated and experimental results for CUT with only short faults

Short Oscillation Frequency (kHz) Ippr (HA)
Faults SPICE Fault Exp. Fault SPICE | Fault Exp. | Fault
detection detection detection detection
No fault | 7 - 5 - 153 - 154 -

Sss Loss of Yes Loss of Yes 190 Yes 184 Yes
oscillation oscillation

S4i 2 Yes 1.36 Yes 137 No 130 No

S49 Loss of Yes Loss of Yes 88 Yes 66 Yes
oscillation oscillation

Ss.9 3 Yes 1 Yes 90 Yes 68 Yes

Sis 3 Yes 1 Yes 670 Yes 326 Yes

S5 Loss of Yes Loss of Yes 940 Yes 374 Yes
oscillation oscillation

Sis Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

Sas Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

Son Loss of Yes Loss of Yes 20 Yes 22 Yes
oscillation oscillation

Ss.11 Loss of Yes Loss of Yes 71 Yes 74 Yes
oscillation oscillation

Sss Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

Si7 Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

S7.10 Loss of Yes Loss of Yes 206 Yes 208 Yes
oscillation oscillation

N 7 No 1 Yes 153 No 140 No

S Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

S711 Loss of Yes Loss of Yes 152 No 140 No
oscillation oscillation

Se.11 Loss of Yes Loss of Yes 74 Yes 58 Yes
oscillation oscillation

Ss6 7 No 1 Yes 152 No 140 No

Ss11 2 Yes 1 Yes 136 No 140 No

Ses Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

S6.9 Loss of Yes Loss of Yes 298 Yes 64 Yes
oscillation oscillation

Sis Loss of Yes Loss of Yes 19 Yes 44 Yes
oscillation oscillation

Note : No fault Ippr =153 pA. With +£5 % tolerance, Ippr (minimum) =145 pA and Ippr
(maximum) = 161pA.
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The experimental results of the combined testing methods show that all injected faults
in CUT with short faults have been detected. For the combined open and short faults case,
Ippg test method did not detect any of the injected faults using SPICE and experimental
measurements. The possible reason could be the high resistance offered by fault injection
transistors. Table 4.5 summarizes the simulated and measured results for the CUT with
combined open and short faults, using oscillation and Ippr test methods. Oscillation test
method showed loss of oscillation for all injected open faults and short faults except for
faults So 11 and Sjo,11 which did not deviate from the natural oscillation frequency and were
not detected. In oscillation test method, SPICE simulated results are in close agreement with
the corresponding experimental results except for the fault S;;. The measured oscillation
frequency for this fault is 0.9 kHz, where as it showed loss of oscillation in SPICE.

From Table 4.5 Ippr current for no faults case is 120 pA. A £5% tolerance results in a
maximum and minimum Ippr of 126 pA and 114 pA respectively. The SPICE simulated
results in Table 4.5 show Ippr = 0 pA for all injected open faults except for fault O,.
However, fault O, showed a considerable deviation of Ippr (182 pA) from the fault free case
(128 pA) when measured experimentally. Hence, this fault is detected experimentally. Faults
Os and O resulted in insignificant Ippr when measured experimentally and were detected by
this method. From SPICE and experimental results shown inTable 4.5, faults So ;1, S10,11 and
Se.11 do not show much deviation from the fault free case and are not detectable with Ippr test
method. Faults So;; and Sjo;; were not detected by the oscillation testing and faults So i,
Si0.11 and S 11 were not detected by Ippr testing. Fault Sg1; which was not detected by Ippr
testing was however detected by oscillation testing. All faults except faults So;; and Sio1;

have been detected by the combined test methodology.
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Table 4.5: SPICE simulated and experimental results for CUT with open and short faults

Open Oscillation Frequency (KHz) Ippr (nA)

Short

Faults SPICE Fault Exp. Fault SPICE | Fault Exp. | Fault

combined detection detection detection detection

No fault 2.3 - 2.3 - 120 - 128 | -

O Loss of Yes Loss of Yes 120 No 182 | Yes
oscillation oscillation

O3 Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

O; Loss of Yes Loss of Yes 0 Yes 0 Yes
oscillation oscillation

Os Loss of Yes Loss of Yes 0 Yes 18 Yes
oscillation oscillation

oy Loss of Yes Loss of Yes 0 Yes 20 Yes
oscillation oscillation

So.11 3 No 3 No 113 No 126 | No

Sio.11 3 No 3 No 113 No 126 | No

Sa1 Loss of Yes Loss of Yes 0 Yes 10 Yes
oscillation oscillation

S3.1 Loss of Yes 0.9 Yes 0 Yes 12 Yes
oscillation

S7.1 Loss of Yes Loss of Yes 0 Yes 16 Yes
oscillation oscillation

Se.11 Loss of Yes Loss of Yes 105 Yes 132 | No
oscillation oscillation

S7.11 Loss of Yes Loss of Yes 737 Yes 780 | Yes
oscillation oscillation
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4.7  Conclusion

A method combining oscillation and Ippq testing methodologies for fault detection
has been presented. A CMOS amplifier embedded with seven bridging type faults using
fault injection transistors and an open fault has been used as a CUT. At 300 K, except the
open fault, oscillation testing has been able to detect all seven bridging faults: M10DSS
(Fault-1), M5GDS (Fault-2), M5DSS (Fault-3), M11DSS (Fault-4), CCS (Fault-5), M7GDS
(Fault-6), and M6GDS (Fault-7). At 77 K, oscillation based testing detected all seven
bridging faults and the open fault.

Ippq testing at 300 K and 77 K was able to detect two of the eight faults, faults-1 and
3 (M10DSS and M5DSS). However, other detectable faults could not be detected because of
over estimation of Ippq. In the present work, use of the combined oscillation and Ippq testing
methods have enabled simultaneous testing of manufacturing defects (bridging and open
faults). The presented approach is attractive because of its simplicity and fault observability.
The method can also be applied in testing of CMOS mixed-signal integrated circuits. Though
77 K testing has been used in suppressing the subthreshold current for improved fault
detection, however, it can be very effective in suppressing subthreshold current (leakage
current) in analog integrated circuits designed in submicron CMOS process.

The above work was extended by combining transient power supply current testing
with oscillation testing and Ippq testing for fault detection. The combined test methodology
was used for fault detection in an amplifier with floating gate inputs. Two designs one with
short faults and other with a combination of open and short faults have been fabricated.
Change in the performance of the op-amp has been studied when short faults and a
combination of short and open faults are introduced using FITs. It is observed that the

performance of the op-amp with open and short faults has been degraded. Experimental
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results show that the combination of the three testing methods increase the efficiency of fault

detection.
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CHAPTER S
CONCLUSIONS AND SCOPE FOR FUTURE WORK

In this work, the testing of CMOS analog/mixed-signal circuits using built-in-current
sensors (BICS) has been presented. The testable circuits are operational amplifier,
operational amplifier with floating-gate inputs, 12-bit charge scaling architecture based DAC
and 12-bit recycling architecture based ADC. Fault injection transistors (FITs) have been
used to introduce faults into the designed circuits. The faults introduced into the circuits
replicate fabrication faults such as short and open faults. The experimentally observed results
on fabricated designs are also presented and compared with simulations from SPICE.

In VLSI circuits designed in sub-micron/deep sub-micron CMOS processes, the
reference Ippg 1s masked by the increased subthreshold (leakage) current of MOSFETs. The
conventional Ippg testing has become even more difficult due to increased density of
MOSFETs in VLSI circuits. To overcome the problem of leakage current in testing, two
built-in current sensors based on Alppg testing and test methodology combining power
supply transient current, Ippg and oscillation test method are presented in this work.

The first designed Alppg BICS measures difference in power supply quiescent current
under the capacitive discharge voltage across the CUT for testing of physical defects such as
shorts in CMOS data converter circuits. The design of BICS follows from the work of
Keating and Meyer [72], off-chip Quick-Mon of [73], and Vazquez and de Gyvez [57, 58]
for digital ICs. The BICS used in the present work is slightly modified for data converters
using two CMOS transmission gates replacing a single p-MOSFET switch connecting CUT
and Vpp for better isolation from Vpp. It can detect current to an accuracy of 0.5 pA. The

data converters used as CUT are 12-bit ADC designed in 0.5um n-well CMOS process and
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tested for normal operation under fault free conditions. The ADC uses recycling architecture
for design. The method of Alppq testing has been combined with logic scan-path method for
digital testing and fault equivalence in combination with fault injection transistors in series
with resistors for introduction of a large number of faults. The combined methods have
allowed introducing 520 faults in ADC with approximately 94% faults coverage in ADC and
92% in DAC, respectively from post-layout simulation experiments. A small sub-set of 5
faults were also experimentally tested from Alppg method with the exception of one fault in
ADC and DAC. The method also includes the effect of process variations on BICS
performance by considering +5% variation in process transconductance and threshold voltage
parameters of the MOSFET. Alppq testing combined with the scan-path method, fault
equivalence combined with fault injection transistors technique have been very effective in
testing 12-bit CMOS ADC and DAC circuits with at least 90% or more fault coverage.

In the present work, the BICS is tested experimentally on fabricated 12-bit ADC
and 12-bit DAC chips for a small sub-set of injected faults. A large set of injected faults
could not be tested experimentally because of limitation on chip size due to cost and number
of available pins for testing. In our case it is a tiny chip in 40-pin DIP. The test results
obtained from simulations are in close agreement with the corresponding experimentally
measured results on fabricated chips. However, a large number of faults have been detected
through post-simulation experiments using scan-path and fault equivalence methods. The
flash ADC design in the present work is generic which may cause some static non-linearity
in its output [110]. However, no such non-linearity is observed at the output of 12-bit ADC.
This is achieved by adjusting the slew rate of op-amp circuit and speed of 3-bit flash ADC in

design. The simple BICS combined with the fault injection method combined with fault
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equivalence techniques and the logic scan-path can be applied in testing of mixed-signal
integrated circuits designed in submicron CMOS processes.

The second designed Alppg BICS is based on Keating and Meyer [72] approach for
Ippg testing and is a modification of MEAS block of Alppg BICS by Vazquez and de Gyvez
[57, 58]. The BICS uses the voltage controlled oscillator where frequency as its output is
used as a curser for detecting faults. A CUT with £10% deviation from the reference
frequency is considered as faulty. The circuit under test is a 12-bit digital-to-analog converter
which is designed in 0.5 um n-well CMOS process. Eight faults were injected using fault
injection transistors simulating manufacturing defects. These faults were injected in CMOS
devices and randomly distributed. All eight faults were detected using the BICS. The faults
were limited to eight because of the tiny chip limited in size (2.2 x 2.2 mm?). The method can
be applied in testing of other CMOS mixed-signal VLSI circuits such as sigma-delta
modulators, PLL etc.

A method combining oscillation and Ippq testing methodologies for fault detection
has been presented. A CMOS amplifier embedded with seven bridging type faults using fault
injection transistors and an open fault has been used as a CUT for applying combined
oscillation and Ippq test methodoly. The amplifier was designed for operation at + 2.5 Vin a
standard 1.5 um n-well CMOS process. An on-chip BIC has been integrated to monitor Ippg
of the CUT. At 300 K, except the open fault, oscillation testing has been able to detect all
seven bridging faults: M10DSS (Fault-1), M5GDS (Fault-2), M5DSS (Fault-3), M11DSS
(Fault-4), CCS (Fault-5), M7GDS (Fault-6), and M6GDS (Fault-7). At 77 K, oscillation
based testing detected all seven bridging faults and the open fault. Ippg testing at 300 K and
77 K was able to detect two of the eight faults, faults-1 and 3 (M10DSS and MS5DSS).

However, other detectable faults could not be detected because of over estimation of Ippg.
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In the present work, use of the combined oscillation and Ippq testing methods have
enabled simultaneous testing of manufacturing defects (bridging and open faults).
Theoretical results obtained from SPICE simulations are in close agreement with the
corresponding experimental results on fabrication devices. The presented approach is
attractive because of its simplicity and fault observability. The method can also be applied in
testing of CMOS mixed-signal integrated circuits. Though the 77 K testing has been used in
suppressing the subthreshold current for improved fault detection, however, it can be very
effective in suppressing subthreshold current (leakage current) in analog integrated circuits
designed in submicron CMOS process.

The combined Ippg and oscillation test method was further extended to integrate
transient power supply transient current, Ippr. The combined test methodology was used for
fault detection in an amplifier with floating gate inputs designed in 1.5 pm n-well CMOS
process for 2.5 V operation. Two designs one with short faults and other with a combination
of open and short faults were fabricated. Change in the performance of the op-amp has been
studied when short faults and a combination of short and open faults are introduced using
FITs. It is observed that the performance of the op-amp with open and short faults has been
degraded. Experimental results show that the combination of the three testing methods
increase the efficiency of fault detection.

5.1 Scope of Future Work

The designed built-in current sensors and test methodologies can be extended to
different analog/mixed-signal circuits such as phase-locked loop circuits, sigma-delta
modulators and filters.

Leakage current is one of the main challenges Ippq testing is facing in submicron

technology. Test methods such as the Alppg can be used. The effectiveness of Alppg testing
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can be further improved by suppressing the total leakage current of the CUT. Suppression
techniques such as switched-source-impedance [117] and power supply gating [118] have
been implemented in literature. By combining the BICS for Ippq testing and leakage current
suppression techniques the effectiveness of Ippg testing can be improved in submicron

technology.
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APPENDIX - A*

A SIMPLE NOISE MODELING BASED TESTING OF CMOS ANALOG
INTEGRATED CIRCUITS

A.1 Introduction
In this work, a technique for testing CMOS analog integrated circuits based on the
analysis of the noise behavior of the circuit under test (CUT) is presented. The CUT in the

present work is an integrated CMOS amplifier circuit designed in 1.5 #m n-well CMOS

process for operation at £2.5 V. The bridging faults simulating possible manufacturing
defects have been introduced using the fault injection transistors. The faults in the CUT are
detected by observing the variation in the noise at the output of the CUT, which is the sum of
the noise contributed by each component in the circuit. An analytical noise model of the CUT
has been developed with and without faults and results are compared with the corresponding
data obtained from the simulation studies using SPICE for fault detection.

Analog circuits are the essential building blocks of mixed-signal circuits. There are
established techniques like oscillation testing, testing using ATPG, scan based testing, Alppg
testing, Ippg testing and BIST for testing digital circuits [1-6]. Testing analog circuits is also
difficult since there is no binary relation between the input and output of analog circuits
similar to digital circuits. The output of analog circuits is also very sensitive to design and
technology parameters. An efficient test method needs to be sensitive enough to precisely
identify the deviations of characteristic parameters beyond the tolerance limit [7-8]. The

proposed method uses the input referred noise in the CMOS amplifier which is modeled

* Part of the work is reported in following publication:

S. Yellampalli and A. Srivastava, "A simple noise modeling based testing of CMOS analog
integrated circuits," Proceeding of SPIE: Noise in Devices and Circuits Ill, vol. 5844, pp.
276-283, 2005.
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using the noise model of a MOSFET [9, 10] to obtain the noise at the output of the amplifier.
The amplified output is used for the fault detection. This chapter is organized as follows. In
Section A.2, noise model of the MOSFET is presented. The noise analysis of the CMOS
amplifier circuit is presented in Section A.3. In Section A.4, simulated and calculated results
of the CMOS amplifier with and without injected faults are compared and faults are detected.
Summary of the result and analysis is presented in conclusion.
A.2  Noise in a MOSFET

A MOSFET is associated with the following noises: thermal noise, flicker noise and

shot noise [9]. Thermal noise and flicker noise in a MOSFET can be lumped into a single

noise generator, i; . The combination of thermal and flicker noise is given by [9]

—:4kT[§gmj+ KIITD (A.1)

where |pis the drain bias current, K; is a constant for the given device, a is a constant whose

value lies between 0.5 and 2, g, is the transconductance, f is the corner frequency, K is the

Boltzmann Constant and T is the absolute temperature. The corner frequency, f in Eq. (A.1)
is given by [10],

k 3
3 A2
C WL ™ BkT (&.2)

ox

Shot noise is described by

w_|\., |

=2ql, (A.3)

>

2
where LLf is the noise spectral density and Ip is the drain current of a MOSFET.
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Total noise in a MOSFET is given by the sum of noise described by Egs. (A.1) and

(A.3). Figure A.1 shows the small signal noise model of an n-MOSFET [9]. In Figure A.1,

ig2 is the gate leakage current noise generator, i is the drain current noise generator, i_ is the

substrate leakage current noise generator and gV, is the current source due to gate source
voltage, g,,V,s1s the current source due to body source voltage, rq is the small signal output
resistance and Cgp, Cod, Cgs, Csb » Cdb are the parasitic capacitances. In the noise analysis of a
MOSFET, Eis normally neglected because the source and substrate are at the same voltage.
For the present design, it is considered since source and substrate are at different voltages.
The equivalent input noise-current generator, Efor the MOSFET can be calculated by open

circuiting the input of the circuit and expressing the output current in terms of the input

current [9]. It is given by

j—9n_j In . _j Om (A4)
JWCgs Ja)csb

Since the noise sources are independent, Eq. (A.4) can also be written in the following form,

£:E+iwzcgs 2 e gl (A.5)
f f Af g, Af ¢, g,

where

E_4k'|'[gg j+K o £—2ql andE—qu (A.6)

Af 3°m ) U Af MY > '

Thermal noise density is given by [9],

thermal 12 wlcl a\ p2c?

i‘thermal _ i o _ 4k.|.(ggmj+ k1o w (A.7)
Af Af gm 3 f m

129



Figure A.1:

Small signal noise model of an n-MOSFET [9].
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The shot noise density is given by [11],

IIZShOt _2q| _ E CSS grib ~_2q| (e‘vsbq/kT _1) QZJS 72 (A 8)
Af ° afc ogn N ci, 42g; +Vss) '

The shot noise density is given by [11],

i”shot i2 ¢ g2 co 2

v e LR IR (B e (A8)
Af Af ¢y 9, Cy, 20, +Vgy

where

o _ 7

0; 42g V) (A9

A.3  Noise Analysis of the CMOS Amplifier Circuit
The noise in a CMOS amplifier circuit can be calculated using the noise model of the
MOSFET described in Section A.2. The noise in each MOSFET is represented by an

equivalent noise input voltage generator as shown in Figure A.1 as the noise in each

MOSFET is independent of each other. The equivalent noise voltage qut can be calculated as

follows:
2
___(Q—J 2 +v2) (A.10)
9

The input transistors contribute mostly to the noise in an amplifier. The contribution due to
loads is reduced by the square of the ratio of their transconductance to that of the input
transistors [9]. Following are the noise model equations for thermal and shot noise, which are
obtained by converting current noise generators in Eqgs. (A.7) and (A.8), into voltage noise
generators:

f 2

S ;1 2 1511
vithermal = <-—- = 4kT| =g, [+ K,/ |— (A.11)
Af g, 3 On
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vishot i;

Af Af

2 1 : 2
Zz‘% = 2ql,, (e—VSBq/kT _1) [requ’s // — bJ 4(2(1)7: +VSB) (A.12)

where Z is the equivalent load impedance. In Eq. (A.12), an equivalent resistance requs has
been added for practical consideration. This is the equivalent resistance of the current source

which is parallel towcy . Ideally the value of reqs Will be infinite for ideal current source.

The term (requ,s // LJ will come into effect only at high frequencies and has no effect on
sh

the total noise at low frequencies. Substituting Eqgs. (A.11) and (A.12) in Eq. (A.10),

equivalent mean square noise voltage model equation is obtained and is given by,

2
— 8KT |2 2
ezqt =(¢+ KI_DJ%_AI'quo(e_VSBq/kT _1{requ,s 1 1 j + a
3 f o @Cy, 4(2¢f +vSB)

2 a 2
+(gm3] [SkTgm+K1I_DJLZ_4qISO(evqu/kT_l) (requs// 1 j | (A.13)
gml 3 f gm3 ’ a)csb

Equation (A.13) gives the input referred noise which is transferred as an amplified output set

by the gain of the amplifier.
A.4 Results and Discussion

Figure A.2 shows the circuit diagram of a CMOS operational amplifier. Figure A.3
shows the corresponding layout in 1.5 um n-well CMOS process. Figure A.4 shows the
microphotograph of a fabricated CMOS chip. The circuit of Figure A.2 is simulated in

SPICE using MOS level 3 model parameters [13]. Figure A.5 shows the variation of the total
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Figure A.2: A two-stage CMOS amplifier circuit.
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Figure A.3: Layout of a CMOS amplifier circuit of Fig. A.2.
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Figure A.4: Microphotograph of the fabricated CMOS chip.
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noise of the CMOS amplifier circuit with frequency. In Figure A.5, dotted line corresponds
to SPICE simulations and solid line corresponds to Eq. (A.13). The modeled output noise

without injected faults obtained from Figure A.5 is 215 4V , which is in close agreement with

the corresponding SPICE simulated noise of 254 4V .  The total input referred noise is 19

nV/+/Hz . Seven faults are injected in the amplifier circuit using fault injection transistors
(FITs) [4] which are distributed as shown in Figure A.6. The injected faults in the amplifier
are as follows: Fault 1: M10 drain-source short (M10DSS), Fault 2: M5 gate-drain short
(M5GDS), Fault 3: M5 drain-source short (M5DSS), Fault 4: M11 drain-source short
(M11DSS), Fault 5: compensation capacitor short (CCS), Fault 6: M7 gate-drain short
(M7GDS) and Fault 7: M6 gate-drain short (M6GDS). These faults simulate bridging type
faults due to manufacturing defects. When a fault is introduced, the noise at the output
deviates from the value which corresponds to a fault-free condition. A detectable fault would
deviate significantly from the corresponding fault-free condition. Table A.1 summarizes the
calculated and simulated total noise and gain of the CMOS amplifier. Table A.2 summarizes
the deviation of the noise from the fault-free condition.

It is noticed from tables A.1 and A.2 that all faults except the Fault 4 have been
detected by the proposed noise model analysis. For the Fault 4, deviation of noise voltage at
the output obtained from both simulation (SPICE) and noise modeling (Eq. 13) is negligible.
It is also noticed from tables A.1 and A.2 that the amplifier output degrades so much for
faults 5 and 7 that no measurable output noise is observed.

A5 Conclusion
A new testing methodology for detecting faults in CMOS analog CMOS integrated

circuits is proposed which is based on the noise modeling of the MOSFET. The circuit under
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Figure A.5: SPICE simulated output noise variation with frequency of the CMOS
amplifier circuit of Figure A.2 and the corresponding layout in Figure A.3.
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Figure A.6: CMOS operational amplifier circuit of Figure A.2 with injected faults.
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Table A.1: SPICE simulated and calculated noise at 50 Hz -150 Hz

Fault Number | Noise at the Output (uV) | Noise at the Qutput (uV) | Amplifier Gain
(simulated) (Eq. 13)

No fault 254 215 11,267
Fault 1 1.3 1.2 66

Fault 2 2.5 1.5 80

Fault 3 0.3 0.3 14

Fault 4 251 212 11,162
Fault 5 - - 0

Fault 6 18 16 823

Fault 7° - - 0

"Loss of output noise
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Table A.2: Noise deviations under fault-injections at 50 Hz -150 Hz

Fault Number Deviation from Qutput
Noise (%)
No Fault 0
Fault 1 99
Fault 2 99
Fault 3 100
Fault 4 1.2
(No deviation)
Fault 5 100
Fault 6 93
Fault 7 100
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test (CUT) is a £2.5 V CMOS amplifier designed in 1.5 pm n-well CMOS process. In

CMOS amplifier circuit, the input referred noise due to faults is amplified to the output by

the gain factor. Seven injected faults simulating manufacturing defects were distributed

across the amplifier circuit and all were identified by the proposed method. The new method

is simple and requires no additional circuit for detection of faults except the fault injection

transistors simulating bridging type faults due to manufacturing defects

A.6 References

1. K. Arabi, H. Ths, C. Dufaza and B. Kaminska, “Digital oscillation-test method for delay
and stuck-at fault testing of digital circuits,” Proceeding of the IEEE International Test

Conference, pp. 91-100, 1998.

2. P. Gupta and M.S. Hsiao, “High quality ATPG for delay defects,” Proceeding of the
IEEE International Test Conference, pp 584-591, 2003.

3. L. Pomeranz and S.M. Reddy, “On improving the stuck-at fault coverage of functional
test sequences by using limited scan operations,” Proceeding of the IEEE International
Test Conference, pp. 211- 220, 2001.

4. J.R. Vazquez, and J.P. Gyvez, “Built-in current sensor for Alppg testing of deep
submicron digital CMOS ICs,” Proceeding of VLSI Test Symposium, pp. 53-58, 2004.

5. T. Calin, L. Anghel and M. Nicolaidis, “Built-in current sensor for Ippg testing in deep
submicron CMOS,” Proceeding of IEEE VLSI Test Symposium, pp.135-142, 1999.

6. S. Manich, L. Garcia, L. Balado, E. Lupon, J. Rius, R. Rodriguez and J. Figueras, “BIST
technique by equally spaced test vector sequence,” Proceeding of IEEE VLSI Test
Symposium, pp.206-211, 2004.

7. J. Roh and J. Abraham, “A comprehensive signature analysis for oscillation-test,” IEEE
Transactions on Computer-Aided Design of Integrated Circuits and Systems, vol. 22, no.
10, pp.1409-1423, October 2003.

8. S. Bhunia and K. Roy, “Dynamic supply current testing of analog circuits using wavelet
transform,” Proceeding of IEEE VLSI Test Symposium, pp. 302-310, 2002.

9. P. R. Gray, P. J. Hurst, S. H. Lewis and R. G. Meyer, Analysis and Design of Analog
Integrate Circuits, pp. 748-802, John Wiley, New York, 2001.

10. B. Razavi, Design of Analog CMOS Integrated Circuits, pp. 215-218, Mc-Graw Hill,
New York, 2001

141



11. C. Zhang, A. Srivastava and P.K. Ajmera, “Noise analysis in a 0.8V forward body-bias
CMOS op-amp design,” Fluctuation and Noise Letters (special issue on Noise in Devices
and Circuits), vol. 2, L 403-412, 2004.

12. A. Srivastava, S. Aluri and A. Chamakura, “A simple built-in current sensor for Ippg
testing of CMOS data converters,” Integration, the VLSI Journal, vol.38, no.4, pp. 579-
596, April 2005.

13. URL: www.mosis.org

142



APPENDIX - B

SPICE LEVEL 3 MOS Model PARAMETERS FOR MOSIS 1.5 pm n-WELL CMOS
TECHNOLOGY"

n-MOS Transistor Model Parameters

.MODEL NMOS NMOS LEVEL=3 PHI=0.700000 TOX=3.0700E-08 XJ=0.200000U
TPG=1 VTO=0.687 DELTA=0.0000E00 LD=1.0250E-07 KP=7.5564E-05 UO=671.8
THETA=9.0430E RSH=2.5430E01 GAMMA=0.7822 NSUB=2.3320E16 NFS=5.9080E11
VMAX=2.0730E05 ETA=1.1260E-01 KAPPA=3.1050E-01 CGDO=1.7294E-10 CGSO=1.7
294E-10 CGBO=5.1118E-10 CJ=2.8188E-04 MJ=5.2633E-01 CISW=1.4770E-10 MJSW
=1.00000E-01 PB=9.9000E-01

p-MOS Transistor Model Parameters

.MODEL PMOS PMOS LEVEL=3 PHI=0.700000 TOX=3.0700E-08 XJ=0.200000U TPG=-
1 VTO=-0.7574 DELTA=2.9770E00 LD=1.0540E-08 KP=2.1562E-05 UO=191.7 THETA
=1.2020E-01 RSH=3.5220E00 GAMMA=0.4099 NSUB=6.4040E15 NFS=5.9090E11
VMAX=1.6200E05 ETA=1.4820E-01 KAPPA=1.0000E0l CGDO=5.0000E-11 CGSO
=5.0000E-11 CGBO=4.2580E-10 CJ=2.9596E-04 MJ=4.2988E-01 CISW=1.8679E-10
MJSW=1.5252E-01 PB=7.3574E-01

" WWW.Mmosis.org
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APPENDIX - C

SPICE LEVEL 7 MOS MODEL PARAMETERS FOR MOSIS 0.5 pm n-WELL
CMOS TECHNOLOGY"

n-MOS Transistor Model Parameters

.MODEL NMOS NMOS (LEVEL =7 VERSION =3.1 TNOM =27 TOX = 1.41E-8 XJ
= 1.5E-7 NCH = 1.7E17 VTHO = 0.6514502 K1 = 0.8975307 K2 = -0.1023922 K3 =
21.0118887 K3B =-9.1502081 W0 = 1.027766E-8 NLX = 1E-9 DVTOW =0 DVTIW =0
DVT2W = 0 DVTO = 2.813583 DVT1 = 0.4130089 DVT2 = -0.1304193 U0 = 455.604305
UA = 2.12588E-12 UB = 1.472871E-18 UC = 7.804818E-12 VSAT = 1.700249E5 A0 =
0.5923038 AGS = 0.1283106 B0 = 2.725433E-6 B1 = 5E-6 KETA = -3.75434E-3 Al
2.058505E-5 A2 = 0.3461214 RDSW =1.238815E3 PRWG = 0.0615689 PRWB =
0.0284451 WR = 1 WINT = 2.84243E-7 LINT = 6.883307E-8 +XL = IE-7 XW = 0
DWG =-1.092125E-8 DWB = 2.305846E-8 VOFF = -1.469698E-4 NFACTOR = 0.8218504
CIT = 0 CDSC = 24E-4 CDSCD = 0 CDSCB = 0 ETAO0 = 2.022152E-3 ETAB = -
1.147152E-4 DSUB = 0.0609844 PCLM = 2.5534167 PDIBLCI = 0.89509 PDIBLC2 =
2.178635E-3 PDIBLCB = -0.0431266 DROUT = 0.9624497 PSCBEl = 6.373594ES8
PSCBE2 = 2.083578E-4 PVAG = 0 DELTA = 0.01 RSH = 82.4 MOBMOD =1 PRT =0
UTE =-1.5 KTl =-0.11 KTIL =0 KT2 =0.022 UA1 = 4.31E-9 UB1 = -7.61E-18 UCI = -
5.6E-11 AT =33E4 WL=0WLN=1WW=0WWN=1WWL=0LL=0LLN=1
LW =0LWN =1LWL =0 CAPMOD = 2 XPART = 0.5 CGDO = 1.93E-10 CGSO =
1.93E-10 CGBO = 1E-9 CJ= 4.251439E-4 PB = 0.9135497 MJ = 0.4301033 CJSW =
3.024808E-10 PBSW = 0.8 MISW = 0.2016702 CIJISWG = 1.64E-10 PBSWG = 0.8
MJSWG = 0.2016702 CF = 0 PVTHO = 0.02801 PRDSW = 184.7714978 PK2 = -
0.0296629 WKETA =-0.0148191 LKETA =2.357923E-3)

" WWW.Mmosis.org
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p-MOS Transistor Model Parameters

.MODEL PMOS PMOS (LEVEL =7 VERSION = 3.1 TNOM =27 TOX = 1.41E-8 XJ =
1.5E-7 NCH = 1.7E17 VTHO = -0.9466358 K1 = 0.5481062 K2 = 9.549988E-3 K3 =
8.5908941 K3B = -0.692963 WO = 1.023511E-8 NLX = 3.508036E-8 DVTOW = 0
DVTIW =0 DVT2W = 0 DVTO = 2.2298106 DVT1 = 0.5218895 DVT2 = -0.1097804 U0
= 221.3803157 UA = 3.165435E-9 UB = 1E-21 UC = -5.70021E-11 VSAT = 1.991652E5
A0 =0.9786255 AGS = 0.1693214 B0 = 7.643345E-7 B1 = 5E-6 KETA = -3.884897E-3 A1l
=1.647386E-3 A2 = 0.3009517 RDSW = 3E3 PRWG = -0.0424191 PRWB =-0.019512 WR
=1 WINT = 3.04017E-7 LINT = 9.636994E-8 XL = 1E-7 XW = 0 DWG = -2.119135E-8
DWB = 1.954661E-8 VOFF = -0.0720341 NFACTOR = 0.8541704 CIT = 0 CDSC = 2.4E-4
CDSCD = 0 CDSCB = 0 ETAO = 0.2210385 ETAB = -0.0921525 DSUB = 1 PCLM =
2.0466156 PDIBLC1 = 0.0503212 PDIBLC2 = 4.087026E-3 PDIBLCB = -0.051149
DROUT = 0.2274261 PSCBE1 = 1.180315E10 PSCBE2 = 1.114074E-9 PVAG = 0.1042846
DELTA = 0.01 RSH = 103.9 MOBMOD =1 PRT =0 UTE =-1.5 KT1 =-0.11 KTIL =0
KT2 =0.022 UA1 = 4.31E-9 UBI =-7.61E-18 UC1 = -5.6E-11 AT = 3.3E4 WL =0 WLN
=1WW =0 WWN=1WWL =0LL =0 LIN=1LW=0LWN=1LWL=0
CAPMOD =2 XPART = 0.5 CGDO = 2.62E-10 CGSO = 2.62E-10 CGBO = 1E-9 CJ] =
7.230488E-4 PB = 0.9490806 MJ = 0.494932 CIJSW = 2.543104E-10 PBSW = 0.99
MISW = 0.2926045 CJSWG = 6.4E-11 PBSWG = 0.99 MISWG = 0.2926045 CF = 0
PVTHO = 5.98016E-3 PRDSW = 14.8598424 PK2 = 3.73981E-3 WKETA = 5.901673E-3
LKETA = -2.868828E-3)
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