
A Two-Step BIST Scheme for Operational Amplifier 

Abstract -  This paper presents a two-step Built-in Self-Test 
(BIST) scheme and its implementation for Operational Amplifier 
(Opamp). In addition to the catastrophic faults, the proposed 
technique can particularly detect the capacitance variation in the 
compensation capacitor by combining the current-based test with 
the offset-based test to detect the physical defects in the Opamp. 
The circuit-level simulation results of the proposed BIST system 
are presented to demonstrate the feasibility of the proposed BIST 
scheme with high fault coverage of 98%. 

I. Introduction 

The rapid development of Integrated Circuits (IC) 
fabrication technology and the advance of System-on-a-Chip 
(SoC) design technology have made it possible to integrate 
millions of transistors on a single chip including digital and 
analog components. These mixed-signal solutions are widely 
used in various applications like mobile and multimedia 
devices. However, due to the high integrity and complexity, 
production testing has become a major challenge for analog 
and mixed-signal circuits, especially for the analog blocks.  

On the one hand, the high integration density limited the 
accessibility and observability to the internal component since 
the limited I/O pins. On the other hand, compared to pure 
digital circuits, analog circuits have a large number of 
performance parameters with a fluctuation range, so precise 
measure is another challenge. Hence, testing analog circuits in 
mixed-signal circuits is still a major challenge. As an 
alternative solution to the traditional off-chip test, BIST 
techniques, implementing both stimulus generator and 
response analyzer entirely on-chip, are widely applied in 
mixed-signal system. Conventionally, performance parameters 
were measured on-chip to test analog blocks, but this 
specification-driven BIST techniques result in high-test costs 
due to complex testing circuits and test time. Therefore, 
another structural test technique, fault-based BIST was 
proposed to detect the possible physical defects caused 
through the IC production. 

As most frequently encountered parts of analog and mixed-
signal circuits, Opamps test have attracted widely research 
attention, and a variety of test solutions have been proposed. 
In [1] and [2] oscillation-based test techniques were proposed 

to convert the Opamps under test into an oscillator by external 
feedback network to detect the possible faults by measuring 
the reasonable deviation of the oscillation frequency. In [3] 
and [4] transient response analysis based test techniques were 
proposed by converting the Opamp into a voltage follower. 
With respect to the fault-free circuit, performance parameters 
like overshoot and slew rate deviation were monitored to 
detect the faults in the Opamp. In [5], an AC and DC 
compacted testing technique was presented by monitoring and 
analyzing fault signatures through amplitude and offset of 
voltage signals. However, a sinusoidal wave was employed as 
test stimulus, which made this technique infeasible for on-chip 
test since the complex sinusoidal wave generator. In IDDQ

testing techniques [6] the power supply current of the Opamp 
under test was monitored by a current sensor in order to 
determine the current deviation caused by the defects, but it is 
hard to design a current sensor without performance 
degradation to the original amplifier. In [7] the negative 
supply current was also considered as a test variable to 
observe the deviations. Additionally, in [8] current signals 
were employed as test stimuli and injected in two nodes at the 
output stage of the Opamp under test, but the AC analysis on-
chip circuit would cause complex circuit design for BIST 
application. 

In above mentioned test techniques for Opamps, oscillation-
based test techniques are hard to implement due to the on-chip 
frequency response observation circuit. Moreover, the 
capacitor in the feedback network would cause high area 
overhead. The transient response analysis based test 
techniques are the most feasible for BIST technique, but some 
slight performance parameters deviations are still hard to 
monitor because of the feedback circuit in the transient test, 
which means the difference between faulty response and fault-
free responses is too small to distinguish the faulty responses 
from the fault-free response by on-chip test circuits.  

Thus, in this paper, a feasible two-step BIST scheme for 
Opamp is proposed. At the first offset-based test stage, a DC 
voltage is employed as test stimulus to input to the Opamp 
configured as comparator. And then at the second current-
based test stage, a step current is injected to the compensation 
circuit to excite the faults in the compensation circuit.  
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II. Test Strategy and Technique 

The input offset voltage of Opamps with differential inputs 
and single-ended output is defined as the differential input 
voltage for which the DC output voltage is midway between 
the supplies. The offset voltage of an Opamp is composed of 
two components: the systematic offset and the random offset. 
The former results from the design of the circuit and is present 
even when all the matched devices in the circuit are identical, 
the latter results from mismatches in supposedly identical pairs 
of devices [9].  It can be seen from Fig. 1, an offset 
compensation voltage Vos must be added to compensate the 
output value to the approximate midway between the supplies 
due to the impact of mismatches in the Opamp; otherwise the 
DC value of Vout might be driven to the positive or negative 
power supply. In fact, in order to meet the acceptable offset 
voltage in some applications and also to make the transistors 
operate in saturation region, the DC output Vout should be 
located between power supplies even without the external 
offset compensation. Therefore, an offset-based test is 
employed, the Vout is considered as test variable to monitor the 
mismatch changes caused by physical defects when the inputs 
of Opamp are connected to the same reference voltage Vref at 
approximate midway between the supplies. 

At the offset-based test stage, some faults are still hard to 
detect, especially in the compensation circuit. These faults can 
be detected by analyzing the frequency-domain parameters 
like open loop gain, phase margin and unity-gain bandwidth 
(GB), but on-chip test circuits for measuring frequency-
domain parameters would be hard to design, and also lead to 
unacceptable area cost. Therefore, an alterative transforming 
test [10] was proposed to measure the overshoot in transient 
response to reflect phase margin deviation. However, some 
faults just cause a slight slew-rate and overshoot deviation in 
the transient response, and so some hard-detected faults of 
offset-based test are still hardly detected by the transient 
response test, since the on-chip testing circuit is hard to 
observe this kind of slight deviation. For the purpose of 
increasing the deviation caused by the faults in the 
compensation circuit, in this paper a current-based test stage is 
employed to detect the hard-detected faults of the offset-based 
test stage. The current is directly injected to compensation 
circuit, so the deviation caused by the possible faults in the 
compensation circuit can be utmost reflected by the output of 
the Opamp under test. 

Fig. 2 shows the comparisons of the fault-free output 
response and faulty responses (fault_1 and fault_2 are short 
and 50% capacitance variation of the compensation capacitor, 
respectively) of an Opamp, which was simulated under 
current-based comparator, voltage follower and comparator 
configurations, respectively. And it can be seen that current-
based comparator configuration caused greatest differences 
between faulty responses and fault-free response. Thus, the 
hard-detected faults can be easily detected by differentiating   
the     faulty       responses     from    the   fault-free    response.  

Fig. 1. The offset compensation for an Opamp. 

Fig. 2. The output responses of Opamp with comparator, 
voltage follower and current-based comparator configurations. 

Consequently, in order to increase fault coverage the offset-
based and current-based tests are combined to test the Opamp 
in this paper. 

III. The Proposed Testing System and Its Implementation 

A. The Proposed BIST Architecture 

A basic BIST system should include three essential 
functions: test stimulus generation, output response analysis 
and test controlling. Additionally, in BIST techniques the 
Opamp under test should have two working modes: operation 
mode and test mode. Under normal working mode, the Opamp
realizes the expected operation with other components by 
cutting the connection to the test circuits. Fig. 3 depicts the 
Opamp with the proposed BIST architecture, which is 
composed of a stimulus generator, response analyzer and 
isolation circuits of analog switches controlled by external 
controlling signals TM and TMC. The whole test procedure is 
controlled by these two controlling signals. In modern mixed-
signal applications, these two controlling signals can be 
provided by the digital block on the same chip. TM is the test 
mode start signal; TMC was designed to connect test current 
to the injecting node to form a test step current. 

Fig. 4 shows the faults simulation results. The marked real 
line represents the fault-free response of the Opamp with 
testing reference voltage input at offset-based test step and 
then a step current injected to the compensation circuit at the 
current-based test step. The other dotted lines show the faulty 
output responses with faults injection, including capacitance 
variation of the compensation capacitor. In offset-based test 
stage, the DC output voltage is monitored to determine the 
deviation of the DC value, and then the current-based stage is 
started by signal TMC to inject the step current to check the 
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output changing rate. Following the step current the output DC 
voltage rises to another stable value in a short time interval, 
which is called propagation delay. In real case, it is hard to 
precisely measure the normal output DC value due to the 
process variation, so ±10% fluctuation of the fault-free output 
is set as the acceptable band for the offset-based test. In the 
same way ±10% fluctuation of the rising slop is set as the 
acceptable band to check the deviation at the current-based 
test stage. 

The whole test procedure is shown in Fig. 5. Initially, TM 
starts     the    test    procedure    by    connecting   the 
positive/negative inputs to Vt shown in Fig. 3, and output Vout

to the response analyzer, respectively. If the DC value was in 
the expected range, the Opamp passed the offset-based test; 
otherwise the Opamp failed the whole test. And then the test 
current is injected to the compensation circuit, the propagation 
delay test circuits are activated to monitor the output changing 
rate based on the DC value of the offset-based test at the same 
time. Note that the test result of the offset-based test stage 
affects the current-based test by clearing or enabling the 
counter in order to generate a combinational test signature 
signal. 

With the propagation delay, the output of the Opamp moves 
from the previous stable value to another stable value 
according to the change of the step current. Hence, after the 
test current inputs to the test node, the output of the Opamp 
can’t immediately skip to another value owning to the effect of 
compensation capacitor and the parasitic capacitance of the 
transistors, so the propagation delay time can be employed to 
detect faults in the compensation capacitor and the parasitic 
capacitance of the transistors. 

B. The Proposed BIST Implementation Circuits 

Fig. 6 shows the stimuli generator including a voltage 
divider and a mirror current sink. The voltage divider is 
composed of transistors of MS0 of 2.6/0.4 μm (W/L) and MS1 
of 0.6/0.4 μm (W/L). When TM starts the test, the output Vt of 
0.9V is connected to the positive/negative inputs. At beginning 
of the current-based test, the mirror current sink, which 
consists of MS2 of 12/0.4 μm (W/L), MS3 of 0.54/0.4 μm 
(W/L) and MS4 0.54/0.4 μm (W/L), generates a 0.74μA sink 
current. 

Fig. 7 depicts the block diagram of the designed response 
analyzer including three main blocks: two window 
comparators, a register and a 5-bit counter. The first window 
comparator consists of an exclusive OR gate of XOR0 and 
four inverters of INV01, INV02, INV11 and INV12, and the 
second consists of an exclusive OR gate of XOR1 and four 
inverters of INV11, INV12, INV21 and INV22. As it is shown 
in Fig. 8, the window comparators were designed to check the 
output value in the designed band or not and finally create a 
signature signal. In order to realize the band checking function, 
the aspect ratios of the transistors in the inverters are 
summarized  in   Table I,  and   other   transistors   used  in  the  

Fig. 3. The BIST architecture of the proposed test scheme. 

Fig. 4. Output responses of the proposed test scheme. 

Fig. 5. The test procedure of the proposed test scheme. 

TABLE I 
The design of Inverters Used in Window Comparators 

Elements W/L of  pMOS (μm) W/L of  nMOS (μm)
INV01, INV02 0.54/0.4 0.56/0.4 
INV11, INV12 2.4/0.4 0.54/0.4 
INV21, INV22 40/0.18 0.5/10 

response analyzer were designed with the same aspect ratio of 
0.54/0.18 μm (W/L). 

The register, consisting of a set-reset latch, two OR gates, an 
AND gate and an inverter, was designed to store the result of 
the offset-based test stage and then to control the following 
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current-based test. In offset-based test stage, the output of SR 
latch indicates the result of the offset-based test. If the Opamp 
passed the offset-based test, SR latch outputs a digital high 
voltage; otherwise the current-based test stage is activated by 
the digital low voltage of SR latch to switch TMC to high 
logic, which forces SR latch to store the result of the offset-
based test stage at the current-based test stage. 

Additionally, the gate AND0 was designed to combine the 
offset-based and current-based test stage together. As it can be 
seen from Fig. 9, when TMC is low, the result of the offset-
based test is stored in the SR latch, so AND0 outputs a digital 
low voltage to CLR to clear the counter because TMC forces 
AND0 output a low voltage. And then TMC goes high, the 
result of offset-based test is transmitted to CLR to control the 
second test stage. If the Opamp under test failed the offset-
based test, the output of AND0 forces the 5-bit counter to 
output logic low voltage at current-based stage, thus the Vp/f

signal is derived to high. If not, the final test result depends on 
the propagation delay time checking of the current-based test. 

The counter is a 5-bit counter, consisting of 5 T edge-
triggered flip-flops with clear signal CLR. Logic low CLR 
forces the outputs C0-C4 to logic low, and the enable signal 
ENB enables  the counter count  edged-triggered input squared

Fig. 6. The circuit configuration of the stimulus generators. 

Fig. 7. Block diagram of the designed response analyzer. 

Fig. 8. The checking band of the two comparators. 

clock. The 5-bit counter was designed to measure the 
propagation delay time by connecting the CLR and ENB to the 
output of the register and the second comparator. 

In CMOS technology, it is hard to precisely measure 
propagation delay time for the fluctuating initial and final 
voltage value due to process variation. Thus, in this paper the 
time interval is chosen to differentiate the faulty output from 
the   fault-free    output.  To measure the   time interval, two 
observing values must be set in advance. The smaller 
observing voltage should be greater than the top value of the 
acceptable offset-based test band and the greater observing 
voltage should be smaller than the bottom value of the 
acceptable band of the final voltage according the current 
input. In our case, the two voltage observing values are setting 
by the boundaries of the second window comparator. 

Additionally, the frequency of the input clock must be 
accurately selected. For a fault-free Opamp, after the two test 
stages the highest three output bits of the 5-bit counter, C2- C4 
must be “111”, so that the frequency Fclock can be described as:  

                          (25-3)/TN Fclock 25/ TN                         (1) 

where TN is the normal time interval according to the checking 
voltage range for the fault-free Opamp. As it is shown in Fig. 
10, T0 is the mentioned normal time interval TN, and T1 is a 
faulty time interval.  For the consideration of process variation,  

Fig. 9. Timing waveforms of the BIST system operations.

Fig. 10. The slop detection in the currrent-based test stage. 
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the Fclock can be set as 30.5/T0, in the midway between (25-
3)/T0 and 25/T0. 

As we have said, the test flow starts by setting TM as logic 
high and then the current-based test is activated by changing 
TMC to logic high. The two test steps are combined by the 
register to generate a final test signature signal Vp/f. If the 
Opamp passed the test, Vp/f changes to a low digital after the 
activation of the current-based test, otherwise the Vp/f remains 
the high digital signal. At last, the test ends by recovering TM 
and TMC to logic low. 

IV. Simulation Results 

Fault models are introduced as equivalent circuits, which are 
injected into DUT to reflect the behavior of realistic physical 
failures cased in production process. In this paper, for 
catastrophic 6 fault models [5] were utilized for each transistor 
to evaluate the proposed test system. Shorts were modeled by 
connecting a small resistor of 100 Ω between each pair of 
terminals, including Gate-Drain Short (GDS), Gate-Source 
Short (GSS), Drain-Source Short (DSS), Resistor Short (RS) 
and Capacitor Short (CS). Opens were modeled by inserting a 
parallel combination of a large resistor of 100 MΩ and a small 
capacitor of 10 fF in series into each terminal, including Drain 
Open (DO), Source Open (SO) and Resistor Open (RO). 
Particularly, Gate Open (GO) was modeled by means of 
grounded parallel combination of resistor and capacitor for 
simulating real behavior of GO. 

Additionally, the parametric faults in the compensation 
capacitor are also considered. Because of the special physical 
implementation of the capacitor, which is constructed by 
parallel combination of smaller unit capacitors in  CMOS  
technology,  the open in  the  smaller unit capacitor  can’t be 
reflected by the simple open fault of capacitor like DO or GO 
in transistors. Thus, the possible Parallel Capacitor Opens 
(PCO) was modeled as capacitance variation by unit 
capacitance of the smaller unit capacitor. 

To evaluate the proposed BIST scheme, a two-stage Opamp 
shown in Fig. 11, was considered as test vehicle. Through 
analog switches, the inputs Vin1 and Vin2 of the Opamp are 
connected to the output Vt of the stimuli generator shown in 
Fig. 6. The test step current is injected to the Opamp through It. 
With reference to the fault models introduced previously, a 
total of 50 catastrophic faults and a parametric fault for 
compensation capacitor existed in the two-stage Opamp. 

The two-stage Opamp with on-chip BIST circuits was laid 
out using a 0.18-μm standard CMOS technology in Cadence 
environments and simulated by HSpice. For different physical 
design, window comparators must be carefully designed to 
match the acceptable band of the offset-based test, even for the 
same Opamp. Thus, the ratio aspects of transistors 
summarized in Table I must be optimized in the physical 
design phase. The comparison range of the window 
comparator would also be changed according to the process 

variation, so the finally the comparison range isn’t exactly 
±10% fluctuation of the fault-free response, but this change is 
slight due to the same two inverter design and is still in  the 
acceptable range.  

Due to the 5-bit counter the designed BIST circuits caused a 
large area cost compared to the transient response test [2], but 
the area overhead ratio of the BIST circuits to the original 
circuit would be decreased when the proposed BIST scheme is 
applied to a more complicated system. Table II shows the 
performance comparisons between the original Opamp and the 
Opamp with BIST circuits, which doesn’t cause significant 
performance degradation because of the analog switches. 

As it also can be known from the previous introduced test 
flow and BIST circuits, with the test stimuli controlled by TM 
and TMC, the designed BIST circuits generate a test signature 
signal Vp/f to declare the Opamp under test passed or failed the 
test. Fig. 12 summarizes the fault simulation results that show 
98% faults can be detected by the proposed BIST system. The 
undetected fault is the RS in compensation resistor. 

The faults in transistors were mainly detected by the first 
offset-based test stage of the DC output checking. And the DC 
output voltage is much more sensitive to the faults in the 
transistors than the transient response test [1, 2]. For example, 
some faults in the current biasing circuit, which is composed 
of M0, M5 and M12 in Fig. 11, change the bias current and 
cause the open loop gain decrease of the Opamp under test. 
This bias current change directly excites the output stage of 
the Opamp and cause significant voltage deviation, but can’t 
be reflected obviously in the transient response or is hard to 
capture  for on-chip test circuit. So  DC  test can  achieve  high 

Fig. 11. The circuit configuration of the two-stage Opamp 
under test with inclusion of design for test. 

TABLE II  
Performance Comparisons between the Original Opamp and the 

Opamp with BIST Circuits 

Simulated Values  
Performances  Original 

Opamp  
Opamp with 
BIST circuits

Units 

Offset Voltage  180 180 μV 
DC Gain 71.165 71.16 dB 

Unity Gain Bandwidth 28.603 28.41 MHz 
Phase Margin  67.366 65.898 Degree

Slew Rate  +2.83/-5.42 +2.79/-5.34 V/μS 
Power Supply 

Rejection Ratio+/- 
93.741/97.592 93.631/97.337 dB 
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Fig. 12. Summary of the fault coverage. 

fault coverage. However, this offset-based DC test is limited 
by the large input offset design; the DC output voltage might 
be derived to the power supply sides due to the large offset 
design. Even though this kind of large offset design is 
acceptable in some cases, the large offset design should be 
eliminated to make the transistors work in saturation region. 

The current-based test was designed to assist the offset-
based test in order to test the short RO/CO and capacitance 
variation PCO in compensation circuit. 

V. Summary and Conclusions 

In order to increase the fault coverage of Opamp test, this 
paper has proposed a BIST scheme which combines offset-
based test and current-based test together to test the 
catastrophic     faults    and     the    parametric   fault    in    the 
compensation circuit. Using 0.18-μm CMOS technology, the5-
bit counter based on-chip testing circuit was implemented with 
a two-stage Opamp and the fault simulation has shown the 
proposed scheme could be an alternative and effective test 
approach for Opamp with high fault coverage. The proposed 
BIST scheme can also be applied to test other amplifiers on 
the same chip with different window comparators. The 
disadvantages of this BIST scheme is large area overhead, but 
this situation would be improved in the multi-amplifier 
complicated circuits. 
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