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Abstract— A comparative study of the behavior of
NMOS and CMOS digital circuits in terms of the abil-
ity to tolerate substrate noise is presented in this paper.
Theoretical and simulation results are confirmed by ex-
perimental data gathered from the analysis of NMOS and
CMOS test chips. It is shown that while the noise sensi-
tivity of NMOS digital circuits is influenced by a variety
of factors, the primary phenomenon responsible for the
noise integrity of the CMOS digital circuits is latch-up.

I. INTRODUCTION

Substrate noise is a deleterious phenomenon partic-
ularly important in systems-on-a-chip (SOCs) mixed-
signal integrated circuits which are composed of a va-
riety of possible on-chip circuit blocks such as analog,
digital, high voltage, high power, or RF. The noise im-
munity of digital circuits in a mixed-signal environment
has been investigated in [1-4]. In this paper, a compar-
ative study of the noise immunity of NMOS and CMOS
digital circuits in a mixed-signal smart-power environ-
ment is presented in Section II. Some conclusions are
drawn in Section III.
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Fig. 1. NMOS and CMOS test circuits: a) an NMOS inverter,
b) NMOS and CMOS power driver, c) a CMOS inverter, d)
an NMOS static slave latch, and e¢) a CMOS static latch.

II. SUBSTRATE NOISE IN NMOS AND CMOS DIGITAL
CIRCUITS

A mixed-signal smart-power application is used [1, 5]
to evaluate and compare the influence of substrate noise
on NMOS and CMOS digital circuits. The NMOS and
CMOS 'test circuits are shown in Fig. 1. Note that the
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power driver is similar in both technologies. The circuit
configuration of the NMOS and CMOS static latches are
also similar to eliminate certain circuit variables from
the comparative analysis.

NMOS and CMOS test circuits have been designed
and fabricated in high voltage non-epitaxial NMOS and
epitaxial N-well CMOS processes, respectively. Chip mi-
crophotographs of representative NMOS and CMOS test
circuits are shown in Figs. 2 and 3, respectively. Both
circuits have a similar floorplan to ensure an accurate
comparison, as shown in Fig. 4. Note that in the NMOS
and CMOS test circuits, the 64 (NMOS) and 48 (CMOS)
individually selectable power drivers are grouped into
eight and six groups, respectively. Each group of eight
drivers, affects the 32 respectively 20 registers placed
along the upper side of the chip. Test chips with differ-
ent floorplans have also been designed, fabricated, and
tested [1,2,4], such as the CMOS test circuit shown in
Fig."5 which is used to probe the individual substrate
noise waveforms.

Fig. 3. Microphotograph of CMOS test circuit
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Fig. 4. Floorplan of both of the NMOS and CMOS test circuits




The magnitude of the substrate noise together with
related nonuniformities within the substrate are the two
primary factors that influence the noise behavior of dig-
ital circuits [1,2]. The noise behavior of NMOS digital
circuits can be greatly improved by considering a large
variety of technological, circuit, and physical design is-
sues [1-4, 6-12]. These issues include the technology, the
substrate doping and thickness, the distance between
the noise source and the noise receptor, the placement
of substrate contacts, guard rings and wells, a backplane
substrate contact, circuit switching speed and transition
times, the routing of the power lines, inductive effects,
circuit placement and orientation, power driver supply
voltage, the switched current of the power driver, the
duration of the noise pulse, the number of drivers that
are active, clock and signal conditioning of the digital
circuits, the chip temperature, the transistor sizes, and
the common or separated grounds between the analog
and digital blocks. The minimum necessary noise level
to latch a parasitic transition for a nonuniform substrate
noise distribution is & 1.7 volts for a 5 volt NMOS dig-
ital circuit [2, 5].

Fig. 5. Microphotograph of a CMOS test circuit used to probe
the substrate noise waveforms
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Fig. 6. The latch-up phenomenon: a) a CMOS inverter, b)
cross-section of a CMOS inverter, ¢) the SCR parasitic circuit
schematic, d) I — V' characteristics of the parasitic circuit.

A similar analysis as performed for the NMOS test cir-
cuits [1,2,4] is applied to the CMOS test circuits with
the addition of the latch-up phenomenon [13-16]. The
primary characteristics of the latch-up phenomenon such
as the SCR. parasitic structure and the I — V character-
istic of the parasitic circuit are shown in Fig. 6.

The NMOS and CMOS test circuits have been de-
signed to evaluate a set of similar variables [1,2,4]. In
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addition, two similar subsets of CMOS test circuits have
been fabricated to evaluate the effects of the tub isola-
tion of the power drivers on the generation, transmission,
and reception of the substrate noise.

The experimental data characterizing the CMOS cir-
cuits exhibit a different behavior as compared to the
NMOS circuits. The test circuits featuring non-isolated
power drivers are shown to be prone to substrate noise
induced latch-up and metastability. Other secondary
dependencies such as turn on/off characteristics, power
supply, pulse width, number of active drivers, process
related issues, substrate contacts, and stored data are
also noted for all the test circuits, featuring either iso-
lated or non-isolated power drivers. These dependencies
are discussed next as part of several major categories.

a) Latch-up

The latch-up behavior of the circuits with non-isolated
power drivers as a function of supply voltage of the
power drivers when all six groups of power drivers are
active for a 2 us pulse is listed in Table I. When latch-up
occurs, irreversible damage to the circuit is prevented by
limiting the current generated by the logic power sup-
ply. As with the NMOS circuits, the pulse width and the
number of active groups that are on affect the noise be-
havior. Therefore, latch-up is shown to not occur when
only one group is active for a 2 us pulse at 38 volts, or
when eight groups are active at 38 volts where the turn-
on/turn-off time of each of the groups is distributed in
time over a 2 us period.

TABLE I
LATCH-UP BEHAVIOR OF CMOS TEST GIRCUITS WITH NON-ISOLATED
POWER DRIVERS AS A FUNCTION OF THE POWER SUPPLY VOLTAGE

Power 38 | 34 (30 | 26 | 22 | 20 | 18
supply (V)
Latch-up | Yes | Yes | Yes | Yes | Yes | Yes | No
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Fig. 7. The positive feedback loop responsible for the output
oscillation

b) Metastability
- Metastability is observed when the duration and/or
amplitude of the substrate noise pulse is not sufficient
to maintain but is sufficient to trigger the latch-up pro-
cess [13,17-21]. The metastable state (the output oscil-
lation) is maintained by a positive feedback loop among
the predriver, power driver, and the substrate and/or
ground lines [4], as shown in Fig. 7 for the NMOS cir-
cuits. This positive feedback loop is responsible for de-
veloping an oscillatory substrate noise waveform [4] as
shown in Fig. 8.

c) Turn on/off characteristics

Test data also show that the noise generated as the
power drivers turn-off is more likely to induce noise
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All of these dependencies have technological, circuit,
and physical design components. While the technolog-
ical and physical design aspects are fairly well under-
stood, the circuit component needs further investigation.
Therefore, to better characterize the circuit aspects of
this behavior, simulations have been performed using
Cadence Spectre under ideal conditions where no para-
sitic latch-up structure is considered, emulating similar
conditions as for the NMOS circuits (2,4]. The simula-
tion set-up is shown in Fig 12. Note that similar to an
NMOS latch [2], independent noise sources to simulate
any desired noise configuration have been provided for
each of the four transistors. As for an NMOS latch, an
open loop latch is analyzed. Since a transmission gate
is used in the feedback loop, the output voltage is trans-
mitted over the feedback connection without any voltage
drop. Each of the four noise sources may have any value
between +5 and -5 volts. The simulation results demon-
strate that a parasitic transition is latched for both high
and low logic inputs and for substrate noise amplitudes
greater than approximately +3 and -3 volts, respectively.
If such a large substrate noise level is present, it is highly
likely that latch-up will occur before a parasitic transi-
tion is induced.
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Fig. 12. The simulation set-up

These results confirm the experimental data. The +/-
3 volts noise threshold has not been obtained for the
isolated power drivers; therefore, no parasitic transition
has been observed independent of the test conditions.
For the non-isolated power drivers, a noise level smaller
than the +/- 3 volts has been shown to induce latch-
up and metastability. Again, no parasitic transition has
been observed, since, as expected, the substrate noise
level necessary to induce latch-up is smaller than the +/-
3 volt threshold, the voltage level necessary to induce a
parasitic transition.

III. CONCLUSIONS

Important differences in the behavior of NMOS and
CMOS digital circuits with respect to tolerating sub-
strate noise have been experimentally determined. The
differences in the experimental data are explained using
extensive simulation and analysis. The substrate noise
threshold voltage required to induce a parasitic tran-
sition has been determined. It is experimentally shown
that for CMOS circuits the substrate noise triggers latch-
up and metastability before inducing a parasitic transi-
tion. For a latch-up aware technology with proper circuit
design and physical layout, it is demonstrated that the
behavior of CMOS digital circuits is much more tolerant
to substrate noise than the counterpart NMOS circuits.
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