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Abstract

This paper proposes a new current testing method,
active current testing, for detecting various fault classes of
CMOS circuits. The proposed method is an extended
method of VDD ramp testing, and it is carried out by
applying various input signals for the circuit under test. If
a power supply current is measured by changing both a
power supply voltage and an input signal, we can make
the internal condition of a circuit various. Then, fault
detection by current testing becomes more effective than
conventional VDD ramp testing.

We apply active current testing to two CMOS circuits,
an operational amplifier and a level shifter, and
demonstrate its fault detection ability. Except for the
special case of circuit behavior, we found that active
current testing can detect both hard faults (i.e., short and
open faults) and soft faults (i.e., process variations and
reliability degradation).

Keywords: CMOS circuits, current testing, fault
detection, input signal, ramp voltage

1. Introduction

Current testing including IDDQ testing is well known as
one of effective testing method for CMOS circuits;
however, for deep submicron circuits, there was a negative
and questionable opinion for using current measurement to
detect faults in deep submicron circuits [1]. Nevertheless,
it is still the effective method for circuit testing.

Process variations of deep submicron circuits cause a
serious problem for circuit behaviors, identification
between fault-free circuits and faulty circuits is difficult.
Nowadays, CMOS technologies are widely used, for
example, low voltage circuits, high frequency circuits (i.e.,
RF circuits), analog circuits, so on. Testing these circuits is
becoming new research topics. Based on these
backgrounds, application of . current testing for
identification of process variations and outlier screening
[2]-[4], and fault detection of analog and RF circuits [5]-
[7] have been studied.

S.S. Somayajula et. al. had proposed VDD ramp testing
for RF circuits [8], [9]. The method is a kind of current
" testing by changing a power supply voltage. The basic idea
of VDD ramp testing is that the change of circuit
conditions causes several current signatures and that a
faulty circuit shows different current signature compared
with fault-free one when the VDD voltage is changed. The
method showed good fault detection for hard faults of
analog circuits. In addition, this method has the possibility
for identifying circuit variations.
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A MOS transistor in a fault-free circuit operates in one
of three regions: the saturation, the linear, or the cut-off
regions. Utilizing the operation regions of MOS transistors
can enable us to inform internal conditions and to model
the behavior of a circuit consisting of MOS transistors. We
call such a modeling method an operation-region (OR)
model [10], [11]. Based on this model, we investigated the
relationship between circuit behaviors and transistor’s ORs
and showed that the OR model can be used for circuit
testing and diagnosis [12]-[14]. Our previous results
showed that circuit variations and soft faults also cause the
change in operation regions of MOS transistors.

The ramp voltage for the power terminal causes the
change in operation regions. In addition this, if the input
signal of the circuit is varied, the circuit also experiences
several internal conditions. In this paper, we thus propose a
now current testing method, active current testing, that is
carried out by changing both the supply voltage and the
input signal. We show its feasibility and fault detection
ability through circuit simulation. As target faults, this
paper assumes the change in the transistor’s threshold
voltage as circuit variations and reliability degradation as
well as short and open faults as hard faults. We evaluate
the ability of active current testing by using the operational
amplifier of ITC’97 benchmark circuits [15] and the level
shifter.

The rest of the paper is organized as follows. Section 2
briefly introduces original VDD ramp testing. An active
current testing method is presented in Section 3. Section 4
presents simulation results. We show the effectiveness of
the proposed method through simulation results by using
two CMOS circuits. Observations for simulation results are
describes at Section 5. Finally, we conclude this work in
Section 6.

2. Prior work (VDD ramp testing)

S.S. Somayajula et. al. had proposed VDD ramp testing
that is a kind of current testing to monitor a power supply
current flowing into a circuit under test (CUT) by changing
a power supply voltage. Their method is motivated as
follows.

The power supply current passing through the circuit,
IDD, depends on both the circuit condition and the circuit
topology. This relationship on the time domain is
represented by

IDD(t)=A0(), T), 1

where O(t) is the operating condition of the circuit, and T
is the circuit topology. The circuit condition, O(t), also
depend on the power supply voltage, VDD(t). If either
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O(t) or T of Eq. (1) is varied, IDD(t) is changed. When
the ramp voltage is applied to the power supply terminal,
transistors in the circuit experience several operation
regions. A faulty circuit will show different O(t) and T
compared with a fault-free circuit, and shows finally an
abnormal current signature of IDD(t). The dotted area of
Fig. 1(a) and Fig. 1(b) explains this idea. Therefore, VDD
ramp voltage testing was proposed as an effective method
for detecting faults of CMOS circuits including analog
circuits.

Note that faulty IDD(t) will increase or decrease
depending on a faulty circuit status, O(t) and T.
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Fig. 1(2) Basic setup. Fig. 1(b) IDD signature.

3. Active current testing

VDD ramp testing uses only the variable supply voltage
for changing intentionally the internal condition of the
circuit as follows [8], [9],

O®=g(VDD(®)). (€))

In general, the circuit condition , O(t), also depends on
an input signal; however, original VDD ramp testing did
not mention the supply method of the input signal.

Our previous work, the OR model, showed that circuit
conditions (i.e., operation regions of MOS transistors)
depends on the input signal [10], [11]. So, Eq. (2) is
represented by

O(t)y=h(VDD(t), Vin(t)), 3)

where Vin(t) is the input signal of the circuit. Therefore,
we consider that the measurement of the power supply
current, IDD, by changing both the power supply voltage
and the input signal is further effective for detecting faults.
We call this method active current testing. Note that for
secure circuit behavior, Vin(t)<VDD(t) should be kept.
Thus, we finally obtain

IDD(t)=AVDD(t), Vin (t), T). )

Figure 1(a) shows the basic setup for active current
testing. In this setup, the input control circuit generates the
input signal, Vin(t), so that Vin(t)<VDD(t). Figure 2 shows
examples of simple configurations of the input control
circuit. The circuit of setup 1 generates a proportional
voltage to VDD(t),

212

Vin(t)=(R2/(R1+R2))VDD(t). 5)
On the other hand, setup 2 can generate an arbitrary
input signal, Vin(t), when Vc(t) is controlled

independently of VDD(t). Variable resistances R1, R2, and
R3 should be prefixed before VDD(t) application. These
resistances are realized by a biased MOS transistor as
shown in Fig. 2(c). ‘

As described the above, active current testing can set the
CUT to various conditions, we consider that the abnormal
current signature will appear easy if there is a fault or

variation in the CUT.
a
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Fig. 2(a) Setup 1. Fig. 2(b) Setup 2a. Fig. 2(c) Setup 2b.

4. Simulation results

In order to verify effectiveness of active current testing,
we use two CMOS circuits, operational amplifier (opamp)
of ITC’97 benchmark circuit [15] and the level shifter (Fig.
3(a), and 3(b)). The level shifter is a special digital circuit
and is difficult to test by a conventional testing method
because the circuit functions as a complementary CMOS
circuit and bridging faults at specific locations cannot be
detected by logic testing and IDDQ testing, so we use this
circuit. Technology parameters used by circuit simulation
are MITEL 1.2-um for the opamp and TSMC 0.18-
pm for the level shifter.

Fig. 3(a) Operational amplifier (opamp).

(5 1 53D



FIT2009 (55 8 [AEHRMFRIMI A —3 L)

R — 20Kk/10K s 10k/10K = = = 10k/20k
* *
——d[ M10 M20 2.0E-03
%* * f/
—d[ M1 M21 1.5E-03
) ] - /
T Out S 1.0E-03
In s S a /
* * -
___T:fzii———-——{ M12 M22 5.08-04 7 -
* * M»”’f P -
GND 0.0E+00 o e e P T ;
-5.0 3.0 -1.0 1.0 3.0 5.0
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Table 1 Simulation conditions Fig. 4(a) IDD signature of fauit-free opamp.
Opamp Level shifter
Technology MITEL 1.2um (ITC'97) smcoi8ym 1 ____. 20Kk/10k 10k/10K = = = 10k/20K
VDD, VSS +5V, -5V +4V, OV (GND)
RampVDD  |-5V-> 5V OV > +4V 8.0E-04
IDD measurement@0.5V-step |measurement@0.5V-step //
Vin (setup 1) [{(1/3), (1/2), (23)}VDD  [{(1/3), (1/2), (2/3)}VDD 6.0E-04 5
# Trs. 9 6 _ g
# Open faults  |18@1GQ 10@16Q L L oE04 ot
#Short faults | 11@{1Q, 1k, 1IMQ}  19@{10, 1kQ, TMQ} 8 L’
# Vit shift faults |9@{+30%, -30%} 6@{+30%, -30%} o’ -
# Total faults |69 49 2.0E-04 ="
/"' - -
0.0E+00 R SRl
Table 1 summarizes simulation conditions. Hard faults 00 1.0 20 30 40
of two types, open faults and short faults, are assumed. VDD [V]

Short faults modeled by resistances listed in Tablel are
inserted between source and drain terminals of MOS
transistors and between internal signal lines as shown by
dotted lines in Figs 3(a) and 3(b). Locations of short faults
between signal lines are randomly selected because we do
not have layout information. Open faults modeled by 1GQ
resistance are inserted respectively to source and drain

Fig. 4(b) IDD signature of fault-free level shifter.

terminals of MOS transistors as shown by “*” marks. On :1:/:/\
the other hand, process variations become the important 020 uA
issue for testing deep submicron circuits and analog 100 UA
circuits. In addition, reliability degradation such as S1mA

negative bias temperature instability (NBTI) and channel 810 mA

hot carrier (CHC) has the impact for nanoscale transistors
[16]. For these problems, we also assume the shift of the
transistor threshold voltage, Vt shift faults. IDD
measurement is carried out by every 0.5-V step for ramp
VDD. Input voltage is applied by the setup 1 configuration
of Fig. 2(a).

Figures 4(a) and 4(b) show IDD signatures of the fault- 12
free opamp and the fault-free level shifter, respectively.
IDD signatures of 20k/10k ((1/3)VDD) and 10k/10k
((1/2)VDD) for the opamp are the quite same. As shown 8
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Fig. 5(a) Distribution of IDD difference of opamp.

10

these figures, the IDD signature depends on both VDD and 6 Z:::A
input signals. Note that IDD value of the faulty circuit is 510 UA
increased and decreased than that of the fault-free circuit, 4 020 uA
which depends on fault types, VDD vaults, and input 2 & 100 UA

signals. Then, we evaluate the fault IDD signature by using
absolute values of the different voltage. Fault detection is
carried out by comparing IDD values of Figs. 4(a) and 4(b)
with those of CUTs of every 0.5-V step of the ramp
voltage.

T |

short Wt v
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(1k)

Open
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Fig. 5(b) Distribution of IDD difference of level shifter.
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Table 2 Summary of fault detection

Opamp Level shifter

20k/10k | 10k/10k | 10k/20k | proposed | 20k/10k | 10k/10k | 10k/20k | proposed

Open 100.0%] 66.7%| 100.0%| 100.0%] 100.0%| 30.0%| 70.0%| 100.0%
Short (1) 90.9%| 81.8%| 90.9%| 100.0%| 77.8%] 66.7%| 66.7% 98.1%
(1kQ) 90.9%| 81.8%| 90.9%| 100.0%| 77.8%| 66.7%| 66.7% 98.1%

(1MQ2) 72.7%| 54.5%| 81.8%| 100.0%| 77.8%| 44.4%| 55.6% 98.1%
Vishift (+30%)| 77.8%| 44.4%| 100.0%| 100.0%| 66.7%| 0.0%| 16.7% 83.3%
(-30%) | 77.8%| 55.6%| 100.0%| 100.0%| 66.7%| 0.0%| 16.7% 83.3%

Total 87.0%| 652%| 94.2%| 100.0%| 79.6%| 38.8%| 53.1%! 91.2%

Figure 5(a) and 5(b) show distributions of the absolute
difference of IDD values between the fault-free and faulty
circuits -of the opamp and the level shifter, respectively.
Faulty opamps generate at least 1 pA difference
compared with the faulty-free opamp, and all the
faults are detected by the proposed method. On this
other hand, the faulty level shifter generates at least 0.1 pA
difference, and we assume that this different
current is measurable. Except for the short fault
and the Vt shift fault of a specific one transistor,
M20, the other faults are detectable.

Table 2 shows comparison of fault detection between
conventional ramp testing and proposed active current
testing. Conventional ramp testing used one of three input
signals (i.e., fixed input signal), the highest fault detection
ratios of the opamp and the level shifter are 94.2% and
79.6%, respectively. The proposed method used the all of
three kinds of input signals, and detection ratios of those
CUTs increased to 100% and 91.2%, respectively. In this
simulation, we assume to use three input signals for all
faults. If a suitable input signal considering the CUT type
and the fault type can be applied to the CUT, active current
testing is further effective.

From these results, we can say that active current testing
is effective for detecting hard faults and soft faults of
CMOS circuits. Especially for analog circuits, the
proposed method is more effective than original VDD
ramp testing. However, application of active current
testing to static CMOS logic circuits may be difficult
because the input signal becomes like a square wave signal
(i.e., logic values) as the number of logic gate stages
increases.

5. Observations

(1) In general, it is said that current testing or IDDQ
testing is effective for detecting short faults. However,
open faults also generate IDD change. This is because that
node voltages between VDD and GND (or VSS) are
changed by the open fault (i.e., the large resistance in the
VDD-GND path), and this causes the change in the
internal condition of the CUT (i.e., operation regions of
MOS ftransistors). Finally, IDD changes and active current
testing can detect open faults.

(2) Vt shift faults cause the relatively large change in
IDD current. This is because that transistor’s operation

region is changed by the fault, and this change becomes
noticeable by active current testing. From our previous
works, circuit variations and parameter changes influence
to operation regions of MOS transistors [13]. In this sense,
active current testing is effective for detecting this kind of
faults.

(3) A specific transistor of the level shifter is not
testable, that is M20 of Fig. 3(a). Short faults and Vt shift
faults of M20 are not detected. This is explains as follows.
Figure 6 shows operation regions of M20, M21, and M22
of the fault-free level shifter when Vin and VDD are
changed. M21 and/or M22 are the cut-off or saturation
regions, and the current path from VDD to GND is not
formed even if there is the fault. Therefore, IDD never
flows into this path formed by M20, M21, and M22, and
faults of M20 are not detected. However, open faults of
M20 is detectable because these faults cause the node
voltage change around M20 and operation conditions of
M21 and M22 are changed, then IDD change occurs.

R1/R2=10k/10k

R1/R2=10k/20k = R1/R2=20k/10k

M20 M21 M22  M20 M21 M22  M20 M21 MR2

oV Cut-off

Linear

4V
Fig. 6 Operation regions of level shifter.
(4) Active current testing uses several input signals.

Figure 7 shows IDD signatures of several faults of the
opamp. Even if one fault is considered, the IDD signature
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is varied by the input signals. Therefore, current
measurement by changing the input signal is effective.
Note that IDD signature is not a linear function, it depends
on fault types and input signals.

—_— M8

(VE:+30%, 20/10)
S—Y P

(Vt:-30%, 20/10)

- M1-M5
(1k, 10/10)

— M3
(D-open, 10/20)

e e M3
(D-open, 10/10)

Difference [A]

1
@

Fig. 7 IDD signatures.

(5) Discussions until here assume that active current
testing is used for the stand alone circuit. Application of
active current testing to the embedded CUT is proposed.
The circuit of Fig. 8 shows the setup for the embedded
CUT (setup 3) and is called embedded active current
testing. In this setup, one pull-down nMOS transistor, Md,
is added, and the logical value 0 is applied to the gate G
which is the gate to drive the node N (i.e., pMOS transistor
Mp of G is the on-state and acts as a load). This
configuration forms the pseudo nMOS logic circuit, the
input signal of the embedded CUT, Vin(t) (i.e., the output
voltage of the pseudo nMOS logic), is generated by the
gate control signal, Vc(t). The range of Vin is given by

Vow =VDD, (6)

Vo =DV~ 1509, 7=V, <[,

where Bp and Bn represent MOS transistor gain
factors of Mp and Md, respectively [17]. For simple
discussion, although we assume the gate G is a
NOT gate, this method can be applied to other gate
types.

Embedded active current testing is applicable for CMOS
circuits because the node N is connected to gate terminals
of the embedded CUT. Note that for the implementation of
embedded active current testing, the power terminal of the
embedded CUT needs to separate from other circuits.

Figure 9 shows the implementation example for the level
shifter, where transistor sizes of Mp and Md are shown.
Figure 10 shows simulation results of the circuit of Fig. 9
when several input signals are used. Setup 1 is the our
original method described in Sect. 4, while setup 3-1 and
setup 3-2 are results by using the gate control signal, Vc(t),
as embedded active current testing. For setup 3-1,

(D

Ve(t)=VDD(t), while for setup 3-2, Vc(t) is an independent
variable DC voltage. By using setup 3-2, we can generate a
complex and arbitrary input signal for the CUT, and finally
the arbitrary IDD signature appears. Therefore, we expect
that active current testing such as setup 2 and setup 3 is
more effective for circuit testing.

Circuitry 1 38ud0nMOS [P0
T 7_
Embedded el
i j._l G : CuT Circuitry
(
pMOS(Mp)=0n
nMOS-(=OF;f) "DD(‘)
Additional
pull-down Tr. L

Fig. 8 Embedded active current testing (setup 3).

Mp: W=5.5u, L=0.4u ;_'l VDD(t)
0 Level
shifter
ma: we=2.50, L=0.4u (B)§ PP

Fig. 9 Setup for level shifter (setup 3).

setup1 —===- setup 3-1  sseeeeees setup 3-2
40
&
30 & It
52-0 3 ; ]
> 1 R e el
] 3 —iiaf
0.0 ~"'.":’.""'-.-‘A - .
00 10 2.0 3.0 40
VDD [V]
setupl ====- setup 3-1  seeseenes setup 3-2
8.0E-04
6.0E-04
<
o 4.0E-04
[a] S
2.0E-04 <~
0.0E+00 ' A ¥4 s
00 10 20 30 40
VDD V]
Fig. 10 IDD signature of independent Vin.
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6. Conclusions

This paper proposed active current testing by changing
both the supply voltage and the input signal. Especially
controlling the input signal, we could produce various
internal conditions of the CUT intentionally. We also
proposed several setups for implementing active current
testing. Except for the special case of the circuit condition,
all of the hard faults and Vt shift faults are detected by the
proposed method. In this case study, we consider that
active current testing is effective for detecting hard and
soft faults including process variations and reliability
concerns. For future works, we need to verify the test
ability of active current testing by using several circuit
types and fault types including process variation and
reliability degradation, the effective application method of
the power supply and the input signal, and evaluation of a
testing cost.
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