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Abstract

A Design-for-Testability implementation to achieve high
fault coverages in the analogue functional blocks of mixed
circuit ASCsis presented in this feasibility study. To thisend
existing OpAmps or OTAs are converted into clocked
comparators with hysteresis and variable reference levels. The
resulting two-mode comparators are connected to specific
internal nodes. Depending on the mode this node can be either
statically and/or dynamically evaluated on-chip without the need
to bring an analogue signal off-chip. Results from first
simulations and measurementson atest circuit realised in 0.35
pm technol ogy are presented.

|. INTRODUCTION

Many defects impacting integrated analogue circuits either
affect the dc operating point of the circuit or its dynamic
behaviour. Thereforeit is not sufficient to only test for dc levels.
On the other hand dc tests are fast and cheap, whereas dynamic
tests are time consuming. However, if complex mixed-signal
ASICs have to be tested, the accessibility to respective nodes that
have to be observed is not always given. Moreover, unlike during
prototyping, in production a type of GO/NOGO test is aso
performed for circuit specifications, whenever possible. One
possible solution to support the GO/NOGO test is the
implementation of simple comparators as long as they do not
require too much effort. Comparators have aready been proposed
before, however, for different purposes. One example is an
extension to the |[EEE boundary scan standard 1149.4 for mixed
signa ICs[1]. Itisreferred to as“ Analogue Early Capture” and
comprises of a strobed comparator with avariable threshold to be
used as awaveform digitiser. Of course the design requirements
for such a digitiser, however, are high in terms of meeting the
Nyquist bandwidth as well as the clock skew and jitter. Another
interesting application is to use a comparator to measure the
performance of sense amplifiersin SRAM’s[2]. For this purpose
a dedicated differential comparator is integrated into a SRAM.
The dynamic performance is measured by comparing the
differential sense amplifier signal of the SRAM’s with an
externally applied differential signa. Very recently a digital
comparator has been proposed as a low cost aternative for the
observation of internal circuit nodes of mixed-signal 1Cs[3].

However, for a fast GO/NOGO testing of analogue circuit
nodes at different signal levels an analogue comparator is
required. Such comparators can be realised with only few
additional transistors by converting existing OTAS or operational
amplifiers (OpAmp). The advantage of this approach is the same
as for the functiona conversion of system registers for digital
Built-In Self-Test. The amount of extra test specific circuitry is
limited and, thus, defects affect both the test circuitry and the
circuit under test.
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Fig. 1 Basic schemefor the comparator based DfT scheme

The basic concept which can be adopted to the specific circuit
situation is shown in Fig. 1. The circuit under test (CUT) isa
functional block which is connected to a primary input (analogue
pad). An appropriate node (test node), in general the output, of the
CUT is connected to the comparator. The other comparator input
is connected to a variable reference to alow the comparison of
different dc levels and thus a binary decision (GO/NOGO). The
variable references can be easily derived from the biasing circuit
of an ASIC [4]. The output of the comparator is stored into alatch
or flip-flop (FF) which in turn can be part of a scan path if
implemented or directly connected to adigital output during test
mode. Normally this latch or FF runs with the system or scan
clock of the digital part. Thus, modifying the clock scheme of the
FF for clocking the test node at different variable instances of time
isin general not possible. Therefore aclock controlled two-mode
comparator is proposed. It can be operated as a “clocked
comparator”, or as a static comparator. In the latter mode the dc
operating point levels can be checked under different static
operating conditions, whereas the first mode is used to perform
consecutive comparisons at different time instances within a
certain time window. With this implementation it is possible to
perform different fast tests under static and dynamic conditions of
the CUT. Neither an analogue signal has to be brought off-chip
nor an analogue signal for comparison has to be applied nor the
exact specified parameter has to be measured. If the FF is part of
a scan path the test result can be easily shifted out as a sequence
of two or three binary digits which in turn can then be easily
evaluated by an automatic test equipment without interfering the
overall clocking scheme of the circuit. If the FF is not part of a
scan path it can be used for the clocking and the comparator
becomes even more simple.



II. TWO-MODE COMPARATOR AND TEST SCHEME

In the following the clocked comparator and the test scheme for
which it is used are described, assuming that the FF is part of a
scan path, which becomes more and more true also in cost critical
ASICs.

Since the two-mode comparator is aways clocked, though
differently, the output becomes stable only after the settling time.

To avoid invalid data the FF is therefore used as a time filter
with a maximum filter time of Ufsa. This is the boundary
condition for the design of the comparator and the clock for the
comparator. However, there is also another design condition for
the implementation of the comparator that has to be included.

Whether or not a comparator switches at the correct level
depends at first on the gm of the input stage, which can be
controlled by the W/L and the biasing current, but also on the dew
rate of the output stage. Besides this it is the overdrive that is
necessary to toggle the comparator which determines the
switching delay. A dow input signal causes a high delay, since it
needs more time until the necessary overdrive is reached, whilst
asteep input signal rapidly toggles the comparator. This hasto be
taken into account for the design since otherwise awrong signal
is latched. Another aspect for the design is related to the fact that
basicaly dc levels are compared in static test mode and also for
the last comparison in the dynamic test mode.

Assume that the actual dc level to be compared is close to the
reference level, then the comparator will start to switch randomly
due to noise or temperature drifts (Vth drift) and a non-valid
response is latched. To avoid this oscillating effect, the
comparator must be designed with a hysteresis. The hysteresisand
the test procedure using the hysteresis are depicted in Fig. 2.

The test procedure for which the comparator is used comprises
for each evaluation of atwo step binary search with two reference
levels, i.e. ref. 1 and ref. 2, used to detect whether or not the
actual dc value falsinto or outside the tolerance band of a good
CUT. In Fig.2, thistolerance band isindicated by the shaded area.
The knowledge of this areais necessary for the adjustment of the
two reference levelsref. 1 and ref. 2. The tolerance band can be
obtained in various ways e.g. from a worst-case simulation, a
Monte-Carlo andyss or from previousdy measured
characterisation data. The dotted lines (1 -5) indicate different
possible dc levels for the comparison and the two bold lines show
the two reference levelsref. 1 and ref. 2.
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Fig. 2 Hysteresis and reference levelsfor different dc inputs (1-5)

The test procedure for each comparison is simple and as
follows: the reference levels are adjusted such, that the high level
coincide with the upper limit (ref.1) and the low level with the

limit (ref.2) of the tolerance band, respectively. Since the actual
signal level is not known, noise and temperature drifts can not be
excluded the comparator thresholds are lowered to the low level
once the comparator has switched. By this, bouncing and ringing
on the comparator output can be prevented. Of course the
hysteresis hasto be such that it is large enough to ensure a secure
detection. As can be seen from Fig. 2 for al depicted signd level
(1-5) asecure detection without ringing effectsis possible, alsoin
particular for the signal level 2. Up to now dc levels were
assumed. However, it is also intended to use the comparator for
the evduation of dynamic signals and, thus, the overdrive is an
important parameter asit contributes to the inherent delay of the
comparator itself. In the proposed DT implementation, however,
the time for the comparison can be controlled by the comparator
clock and thus, chosen such, that enough overdrive is present to
ensure afast switching.

The comparator can be obtained, by exploiting system OTAS
(M1-M5) and OpAmps, respectively. The principle functional
conversion isillustrated in Fig. 3. To this end during test mode
first the differential system input pair (M1, M2) is powered down
by M6. The active load (shared with the system input pair) is
connected to the differential input pair (M7, M8) of the
comparator. The comparator pair is designed for high speed, i.e.
appropriately biased by the current source M 10. Furthermore, the
OTA isbuffered to avoid slew rate problems (not depicted here).
Consequently, the two mode-comparator can be implemented at
relatively low overhead and also shares the load transistors M3
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Fig. 3 Principal hardware convertion for the comparator

During test mode the comparator can be clocked (M9) viaan
multiplexed digital input. The two reference levels are derived
from the central biasing stage and applied to M8 as described in
[4]. Since the system biasing line in general is aso connected to
further current sources of the circuit supplied by the same current
mirror, M5 can not be powered down by pulling the gate of the
current source M5 to ground. If this applies, an additional power-
down transistor M6 is needed. This transistor can aso be used to
power down the OTA during lddq test if the circuit was supplied



from the digital supply for some reason. To avoid that an analogue  the reference voltage was connected to via a voltage divider.

input must be used to bias and clock the comparator, an extra
transistor for the clocking of the comparator is added (M9). This
alowsto use adigital input for the comparator clocking whilst the
comparator biasing can be done on-chip. Moreover, the clocking
can be easily controlled by an automated test equipment. In
genera dummy switches have to be used to compensate for charge
injection during the clocking rather than a single transistor as
shown here. However, it seems that this could be avoided due to
the filter time property of the FF on the output of the comparator
and the control over the comparator clock.

I1l. SMULATION AND MEASUREMENT RESULTS

A general purpose 0.35um technology test circuit (Fig. 4)
designed for different investigations was used as case study, in
thiswork. Since it was aso used for investigations dealing with
radiation hardness the NMOS transistors were layouted as
edgeless or closed geometry transistors [4] as shown infig. 5. By
changing the bias of the transistorsit is possible to configureitin
different ways (cascode, OTA, folded cascode). In thiswork the
circuit was configured as a cascode. In the cascode configuration
(fig. 4) M2, M3 and M4 are powered down, whereas MO and M1
form the active load of the cascode constituted by M5 (common
gate) and M6 (common source). Note, that the circuit was not
optimised for the above purpose.
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Fig. 4. Schematic of the configured test circuit as circuit under test (MO, M1,
M5, M6)

The layout of the test structure ( Fig. 3) shows on the top the
four PMOS transistors (M1, MO in Fig.4), whilst the two small
and the one large closed geometry NMOS transistors are placed
below.

In our investigations the simple cascode was connected to an
OTA dso available on the test chip used as a clocked comparator.

The hysteresis was redlised by using a positive feed-back where
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Fig. 5 Layout of the circuit under test shown in Fig. 4.

Unlikein thereal functiona conversion of an OTA or OpAmp,
the test chip comparator was clocked and biased via the same
transistor. Also the reference levels of the comparator were
applied externaly.

Asdynamic test stimulus the so-called COMPSIG stimulus[5],
[6], [7] was applied. As known from there, the response of a good
circuit to the COMPSIG vanishes for t= (n+1)T, with T chosen
such that the test signa spectrum covers the nomina network
bandwidth.

As a result, the test signal design is sensitive to pole
perturbations. In this case a zero input response signal on the
observed output has to be detected. In case of agood circuit, the
comparator does not switch for reference level 1 but for reference
level 2 when the responseis checked after (n+ 1)T. However, this
could also be due to afault inside the comparator.

To avoid this thefirst comparison is done while the response of
the CUT is dtill changing (dynamical evaluation), i.e. during
transient of the response. The time for the comparison is chosen
such, that for agood CUT the comparator switches. This means,
that the first evaluation of the test response is started before the
output signal settles to the steady-state after t=(n+1)T.

In the following results from simulations and measurements are
presented and discussed.

As mentioned the cascode was stimulated with its COMPSIG
stimulus. The higher threshold level of the comparator was set to
the value of the normal output offset of the cascode (steady-state
for zero input) plus amargin of 400mV . The tolerance band was
previously found from worst-case simulations.

Fig. 6 shows the results of the simulation for the good circuit
with typical parameter values at ambient temperature.

Due to the chosen biasing, the zero-input response of the
cascode output is at 2.48V. Thisisaso the dc level to which the
output of the cascode returns after (n+1)T.



ME-Apr-00 File : mit+otaf. oou
14:46:1F Eldc vd.E 2.5

. VRER

1.004

1ol

1.000 COMP&G

o.omal

v.see[
o.oonf

“WWCLOCK)* V{iz)

Comparator clock
N

T
-1.0|

"
4.0

3.5

3.0

i Comparator response
1.5

1.0

b .5

0.0

L]

1

Fig. 6 COMPSIG test stimulus used for the cascode CUT and
response of the fault free circuit.

As can be seen, the comparator did not switch (constant output
signal) when the comparator was enabled by the clock, since the
dc level at this moment (2.48V) islower than the chosen reference
level 1. Note, that the charge injection effect on the cascode output
signal due to the switching is visible as a small over- and
undershoot, respectively.

For the fault assumption the L°RFM scheme [8] was applied.
Dueto the layout a spot defect could result in a short between the
closed geometry NMOS transistor gates of the two cascode
transistors M6 and M5 (cf.Fig. 4, Vref, Vin2). The result of this
fault smulation is depicted in Fig. 7. Since now the COMPSIG
response (cascode output) is higher than the applied threshold
level, the comparator switches down when the comparator is
enabled (clocked). Note, that due to the width of the clock pulse
the comparator does not completely switch to zero. However, for
alatch thisis aso not necessary, as long as it is lower than the
digital threshold of thelogic gate. If thisisvaid the latch captures
the correct state of the test response as intended. The previous
example showed afault that rendered the CUT into a catastrophic
failure mode, where no COMPSI G response could be observed.

Therefore, in the next example (Fig. 8) afault was injected that
rendered the CUT into a parametric failure mode. Here a
“mismatch” in the threshold voltage (Vth) between the two active
PMOS loads (MO, M1) of the cascode was simulated. In this case
the dc output level of the cascode decreases to 440mV, thus,
below the comparator threshold level. Note that the cascode still
reacts to the COMPSIG stimulus. Consequently the clocked
comparator doesn’t switch. If however, the reference level is
lowered to avalue below 400mV (reference level 2) it evidently
will switch as shown in the next figure (Fig. 9). The simulation
result in Fig. 10 has been compared with bench measurement
showninFig. 12.
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Fig. 7 Simulations results in presence of a short between the gates of the
transistor M5 (Vref) and M6 (Vin2)
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Fig. 8 Simulation results for a parametric fault.

In this configuration the transistor MO and M1 are switched off
and the transistor M2 is enabled. Because all these transistors
have the same aspect ratio, it results in a reduced bias current
inside the cascode. This simulates afault on the biasing part of a
circuit. The measurement under this abnormal behaviour of the
circuit is compared with the norma one. Fig. 11 depicts the
COMPSIG stimulus, the response of the cascode stage and the
comparator when no fault condition is applied. During this
measurement the comparator was left aways on and a square
wave between the high and the low reference level of the
comparator was applied to the non inverting input of the OTA
(Fig.11). Since the test circuit is a CMOS circuit it has to be
protected by ESD clamps on the gate and also on the output to
protect the drain junctions.
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Fig. 10 Faulty condition reproduced during the measurement

To protect the gate on the input those clamps basically comprise
of alarge diode to the supply and a clamping circuit to ground and
a resistor between the pad and the internal input node. On the
output to protect the drain-bulk junction against break-down only
a diode to the supply and a claming circuit to ground is
implemented. However, for the COMPSIG signal design the
impact of the ESD protection circuits has to be included and thus,
the frequency of the test stimulus is lowered. Taking this into
account, the smulation and measurement match. Note, the
different scales for the COMPSIG (5mV/div) and the test
response (100mV/div). The test response of the above fault
condition were evaluated by the comparator with areference level
1 higher than the typical zero response level of the cascode
(2.48V) e.g. 2.56V and then to areference level 2 of e.g. 2.4V.
For the fault-free test response the comparator does not switch for
the first comparison, but for reference level 2 as intended.
Consequently the bit streamis“01”. In case of the biasing failure
the comparator does not switch at all, since for both reference
levelsthe dc level of the cascode is below the reference levels 1
and 2 (Fig. 12). As aresult the bit stream is“11”. Note that this
appliesto a comparator with the reference connected to the non-
inverting input.
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Fig. 11 Test stimulus: 5mV/div, time scale 20us/div; measured test response
cascode: 100mV/div, time scale 20us/div; comparator output: 400mV/div, offset
2.4V, time scale 50ng/div.
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“Fig. 12 Comparator output: 500mV/div, offset 1.75V, time scale
20us/div; test stimulus: 2mV/div, time scale 20ps/div; measured cascode
response: 5mV/div, time scale 20ug/div.

IV.CONCLUSION

A simple Design-for-Testability scheme has been described that
is uses a functional conversion of existing OTAs or OpAmps.
Those components can be easily converted into two-mode clocked
comparators with hysteresis. This allows for asimple GO/NOGO
test under production conditions. Neither an analogue signals has
to be brought off-chip nor an analogue signa has to be fed. The
implementation can be accommodated in scan path and potentially
in the 1149.4 boundary scan scheme. Simulation and
measurement results demonstrated the feasibility.
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