IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 51, NO. 6, DECEMBER 2004

3519

Analysis of Single-Event Effects in Continuous-Time
Delta—Sigma Modulators

Adrian Leuciuc, Member, IEEE, Bing Zhao, Student Member, IEEE, Yi Tian, and Jinhu Sun

Abstract—Behavioral simulations are carried out for char-
acterizing single-event effects in continuous-time Delta—Sigma
modulators, the core subsystem of an oversampling analog-to-dig-
ital converter. The performed study shows that some topologies
are less immune than others to single-event hits and that by
appropriately choosing the order and oversampling ratio of the
modulators one can reduce the radiation effects.

Index Terms—Analog-to-digital data converters (ADCs),
Delta—Sigma modulators, single-event effects, silicon-on-insu-
lator complementary metal-oxide—semiconductor (SOI CMOS)
circuits.

1. INTRODUCTION

NALOG-TO-DIGITAL data converters (ADCs) are often

the bottleneck of every mixed-signal system design. In
the context of space applications an ADC must satisfy, besides
the requirements for commercial applications, additional ones
regarding low power consumption and radiation hardness.
Delta—Sigma oversampling ADCs realize an optimum tradeoff
between circuit complexity, cost, and power dissipation, high
accuracy being achieved with low precision analog compo-
nents [1]. In this communication we present an analysis of
single-event effects (SEE) in Delta—Sigma modulators, the
analog core of oversampling ADCs. Although our analysis is
confirmed by simulations performed for the particular case of
continuous-time implementations of Delta—Sigma modulators,
similar results can be derived for switched-capacitor (SC)
realizations. Most of the previously reported research results
describing SEEs in analog circuits have been based on experi-
mental techniques [2], either by directly irradiating the circuits
by using heavy-ion beams or by exciting the devices with laser
pulses. The ultimate goal of our work is to develop behavioral
SEE models for the basic building blocks in a mixed-signal
system (like an oversampling ADC) and to predict its perfor-
mance by simulations.

The outline of this communication is as follows. In Section II
the general structure of an oversampling Delta—Sigma ADC is
presented and its subsystems are described. The operation of the
analog core of the oversampling ADC, the Delta—Sigma modu-
lator, is explained. Possible effects induced by single-event hits
are outlined and behavioral models for the basic building cells
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Fig. 1. Structure of an oversampling Delta—Sigma ADC.
are introduced. Section III presents the results of behavioral sim-
ulations and in Section IV final conclusions are drawn.

II. DELTA-SIGMA MODULATORS AND SINGLE-EVENT EFFECTS

The basic structure of an oversampling Delta—Sigma ADC
and the type of signals processed by its building blocks are
shown in Fig. 1. The input analog signal is sampled with a
rate fs much higher than the Nyquist rate fy and the samples
are processed by the subsequent subsystem, the Delta—Sigma
modulator. The modulator contains a low resolution flash ADC
that delivers at a very high rate digital words represented on
few bits (B). The last block, the decimation filter, down-sam-
ples and filters the input signal generating N-bit (N > B)
output digital codes at the Nyquist rate, and therefore, oversam-
pling ADC trade resolution in time with resolution in ampli-
tude. Compared to Nyquist-rate ADCs, where one output digital
code corresponds to one input analog sample, oversampling data
converters do not have a one-to-one correspondence between
the input samples and the output digital codes. That is why the
performance of an oversampling ADC is not specified by using
the classical measures defined for Nyquist-rate ADCs (integral
and differential nonlinearity errors), but by dynamic measures
imported from communications, such as signal-to-noise ratio
(SNR) and spurious-free dynamic range (SFDR). As it will be
pointed out later in the paper, since these measures assume a
steady-state operation of the oversampling ADC they cannot
be used to characterize the effects of single-event hits. There-
fore, a dedicated testing setup had to be developed to study these
effects.

The analog core of the oversampling ADCs is the
Delta—Sigma modulator, its structure being shown in Fig. 2. The
internal ADC is a low-resolution one, usually just a simple com-
parator. The ADC adds quantization error on its input signal,
this error being assumed to be random, uncorrelated with the
input signal, and having a flat power spectrum density. The loop
filter is designed to leave unchanged the input signal u[n] and
to shape the spectrum of the quantization error e[n], thereby
removing most of its energy from the band of interest. The loop
filter can be implemented either using continuous-time cir-
cuitry, or it may have a discrete-time implementation (switched

0018-9499/04$20.00 © 2004 IEEE



3520
u[n]
— Loop _y»[n]
filter
(a)
u[n], e[n] ]
—PL1(2) Y
’—’Lz(l)
(b)
Fig. 2. (a) Basic architecture of a Delta—Sigma modulator. (b) Equivalent

linear model.

capacitors or switched currents). A digital-to-analog converter
(DAC) is present in the feedback path to convert the output
digital codes back into the analog domain. The digital low-pass
and decimation filter following the Delta—Sigma modulator
removes the high-frequency components of the quantization
noise, delivering at the output of the overall oversampling ADC
a high resolution signal. One has to remark that, although in
Fig. 1 a separate sampling block is present at the front-end of
the oversampling ADC, in a real implementation the sampling
is done either just before the internal ADC in the case of a
continuous-time realization, or it is achieved automatically by
the inherent operation of the SC/switched-current filter.

In a radiation environment, depending on what subsystem
within the Delta—Sigma modulator is affected, one can have
different effects. If the loop filter is hit the amplifier gain
can change and the frequency response of the loop filter can
be modified. Alternatively, the amplifier offsets can change or
single-event transients (SET) can occur. In the case the internal
ADC is irradiated, the comparators can exhibit larger offsets
and/or bit flip-flops are induced (single-event upset, or SEU).
The radiation effects on the feedback DAC include increased
jitter, nonlinearity errors, and glitches. A block that is not
depicted in Fig. 1, but inherently present in the system, is the
biasing circuitry. However, most of the time, any radiation-
induced errors in the biasing circuitry will behave as common-
mode perturbations for the main circuit. Therefore, careful
design (e.g., fully differential implementation, high common-
mode rejection ratio) can mitigate their effects.

In the following we will restrict ourselves to the study of SEEs
in Delta—Sigma modulators and we will consider only contin-
uous-time implementations. This choice is justified by the fact
that continuous-time implementations of Delta—Sigma modula-
tors have already proven to offer the advantages of lower power
consumption and higher frequency operation compared to their
SC counterparts [3], [4]. However, most of our conclusions re-
garding the system-level design considerations to achieve radi-
ation hardness are valid for SC implementations as well.

Let us now study with more details the internal configura-
tion of the loop filter. Independent of the type of the modulator
(low-pass or band-pass), the loop filter consists of a cascade
of integrating stages with additional feedback or feed-forward
paths, as shown in Fig. 3. For a low-pass modulator some local
feedback loops around two integrators may be present or not.
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Fig. 3. Topologies for Delta—Sigma modulators: (a) with distributed feedback
(FB) and (b) with feed-forward summation (FF).
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Fig.4. (a) Topology and single-event transients in a &, — C' integrating stage
of a Delta—Sigma modulator; (b) behavioral model.
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Fig. 5.

An optimized noise transfer function with finite transmission
zeros requires the presence of the local feedback paths. In the
case of band-pass modulators the local feedback loops are al-
ways present, implementing resonators.

The transconductor-C (or G,,, — C) approach is the preferred
one for implementing high frequency continuous-time filters.
If the integrator is realized as a G,,, — C one, a current-mode
feedback DAC can be directly connected at the output of the
transconductor, as shown in Fig. 4(a). For high speed operation
both the operational transconductance amplifier (OTA) and the
DAC require topologies without any high-impedance internal
nodes. In this case, an ionizing particle hitting one device within
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the transconductor or DAC will ultimately generate a current
pulse i, flowing through one of the integrating capacitors (see
Fig. 4). Because the duration of the single-event current pulse
is short in comparison with the time constant associated to the
output node of the integrator and it is restricted to a single clock
cycle, one can approximate the change vy, in the output voltage
as a step function. Therefore, we developed a single-event be-
havioral model for the integrator—DAC stage shown in Fig. 4(b).
The amplitude of the perturbing voltage v, depends on the
amount of charge carried by the current pulse ¢, and the value
of the integrating capacitor.

To validate the single-event behavioral model of the inte-
grator—DAC structure, transistor-level Hspice simulation have
been carried out for several transconductor topologies. To
achieve large SFDR, continuous-time Delta—Sigma modulators
require highly linear transconductors. That is why only re-
sistor-based OTA configurations have been considered [5]-[7]
in our study. These designs have been transferred into a partially
depleted 0.35 pm silicon-on-insulator (SOI) complementary
metal-oxide—semiconductor (CMOS) process available from
Honeywell. A simple SEE model for SOI metal-oxide—semi-
conductor field-effect transistors (MOSFETSs) like the one
proposed in [8] and [9] has been used to characterize the hits.
In this model the SOI MOSFET is augmented with a double
exponential pulse current source carrying a charge Qsgg. In
our simulations every transistor in the studied circuits has been
sequentially augmented with the SEE current source and tran-
sient simulations have been run for different values of Qsgg,
ranging from 0.1pC to 1pC. The obtained results are similar for
all considered transconductor topologies. Therefore, transient
waveforms for only one configuration are presented next. Fig. 5
shows a G,,, — C' integrator using the CMOS version of the OTA
proposed in [5]. In Fig. 6 the output differential voltage of the
integrator, v, = U,1 — Vo2, s plotted for different hit transistors.
From Fig. 6 one can see that the duration of the transient is less
than 3 ns, being much smaller than the time constant associated
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Fig. 7. SEE testing setup for Delta—Sigma ADCs.

with the output node of the integrator which is typically in
the range of at least hundreds of microseconds. Furthermore,
since for most applications of CMOS Delta—Sigma ADCs the
sampling frequency is up to a couple of hundred megahertz, the
SEE transient is also restricted to single clock cycle, validating
the behavioral model proposed in Fig. 4(b).

In the case of the internal ADC, the SEE are much easier to
characterize because they can only change the bit at the output
of a comparator (SEU). This error propagates to the input of the
subsequent digital decimation filter, but will also affect the value
fed back by the DAC to the input of the modulator. Obviously,
a one-bit Delta—Sigma modulator will be more sensitive to the
SEU affecting the internal ADC because the energy carried by
one bit (always the most significant bit) is large compared to the
energy carried by one bit in the case of a multibit implementa-
tion. Moreover, bubble correction logic can be used to correct
some of the errors affecting a multibit internal ADC.
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Fig. 8. Decimated output error induced by the SEU of the comparator: (a) low-pass case and (b) band-pass case.

III. BEHAVIORAL SIMULATION RESULTS

A database of Simulink diagrams for several single-bit,
single-loop Delta—Sigma modulators (both low-pass and
band-pass) of different orders and topologies [1] has been
developed. These ideal modulator diagrams have been aug-
mented with blocks modeling the SEEs at the cell level and
the setup depicted in Fig. 7 has been used to characterize
the magnitude of the errors induced by SEEs. Two identical

structures are driven by the same input signal, one of them
being affected by single-event hits, and the other one assumed
to operate in a radiation-free environment. Because we are
interested only in characterizing the SEEs in the analog
circuitry, it is assumed that the digital decimation filter is
radiation hardened and no errors occur within. The output
of the oversampling ADC affected by SEE is compared to
the output of its error-free counterpart and the amplitude
and duration of the SEE-induced error is measured. One has
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Fig. 9. Maximum error induced by SEE: (a) different hit locations; (b) different system parameters, same resolution; and (c) feedback versus feed-forward

topologies.

to remark that one cannot compare directly the outputs of
the modulators because of their inherent operation principle.
Two different one-bit output streams can carry the same
information of the input analog signal, the difference be-
tween the modulator outputs being the result of the random
quantization error. Therefore, any small transient in one of
the two modulators or a different initial condition in one of
the integrating stages will cause a permanent divergence in
their output signals, although the decimated outputs may not
be affected. The setup for testing band-pass Delta—Sigma
ADCs includes a digital mixer for down-converting the
input modulated signals before the decimation filter. Because
all tested band-pass modulator structures employ a center
frequency equal to one fourth of the sampling frequency,
the mixing operation reduces to multiplying the signal at
the output of the modulator with the repeating sequence
(+1,0,—-1,0).

For both low-pass and band-pass oversampling Delta—Sigma
ADCs, the decimation filter has been implemented as a cascade
between a finite impulse response (FIR) section with a sinc’
type of frequency response, a down-sampling by (OSR/2)
block, an infinite impulse response (IIR) filter with Butterworth
frequency response, and a down-sampling by two block. The
order of the FIR filter is large; therefore one can remark a
delay between the SEE hit and moment the error occurs at
the output. The effect of the IIR filter consists in propagating
indefinitely very small errors at the decimated output. Therefore,
errors of one least significant bit (LSB) will not be considered
significant.

A. SEE Affecting the Internal ADC

In our simulations, only single-bit Delta—Sigma modulators
have been considered. Fig. 8 shows two decimated error tran-
sients. If the output of the single-bit ADC is upset, affecting the
output of the feedback DAC as well, the error at the output of
the decimation filter is only £1 LSB (low-pass case) or up to
45 LSBs (band-pass case). The conclusion is that the internal
ADC has no major influence on the decimated output, the error
being slightly larger in the case of a band-pass modulator.
We have also observed that the amplitude of the transients
is independent of the oversampling ratio and/or order of the
modulator. However, if the SEUs of the comparator occur
when the input signal of the modulator is large, the modulator
may become unstable.

B. SEE Affecting the Integrator-DAC Structure

If radiation single events occur at the integrator or feedback
DAC level, the error at the decimated output is much larger and
it can affect several output digital codes. Simulations have been
carried out for:

* different values of vs. (normalized to the output voltage
swing of the integrating stages);

o different orders of the modulators;

* different oversampling ratios;

» SEE affecting different integrating stages;

« different topologies of Delta—Sigma modulators;

* different input signal levels.
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In Fig. 9(a) the effect of the hit location within the loop filter
is depicted. The case of a feedback topology of order 4 and OSR
= 64 is shown. As expected, the first integrating stage is the most
critical one, whereas SEEs in subsequent stages are generating
lower amplitude errors at the decimated output. In the following
two plots only the results showing the effects of single-event hits
in the first integrating stage will be presented, with these hits in-
ducing to the largest errors. In Fig. 9(b) the maximum values
of the error at the decimated output are plotted, for different
orders and oversampling ratios of the modulator. The results
obtained for the feedback topology are presented, with similar
results being valid for the feed-forward topology. The chosen
system parameters (order and OSR) achieve the same final reso-
lution N = 14 bits. This plot shows that lower order and higher
oversampling ratio offer better SEE immunity. In Fig. 9(c), a
comparison between the feedback and feed-forward topologies
is presented. One can see that the feed-forward topology is less
sensitive to the SEE affecting the integrating stages. This can be
explained by the fact that, for the same OSR, the gain of the first
integrating stage of the feed-forward topology is larger than the
one in the feedback topology. Therefore, the amplitude of the
single-effect transient at the output of the first integrator is re-
duced more when reflected back at the global input of the mod-
ulator. These results allow us to determine the maximal error vg.
affecting each integrating stage of a Delta—Sigma modulator, an
error that does not decrease the overall resolution of the ADC
below an imposed threshold. The maximal values of v, sets the
minimum value of the capacitors used in the integrating stages,
and therefore the power consumption of the modulator.

IV. CONCLUSION

Single-event behavioral models for a class of analog cells
used in continuous-time Delta—Sigma modulators are proposed.
The validity of the proposed models has been verified by tran-
sistor-level simulations in Hspice. System-level behavioral sim-
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ulations of SEEs in Delta—Sigma modulators have been carried
out using Matlab’s Simulink and the obtained results can be
used to derive design parameters at the system level that will
ensure an imposed radiation hardness. Although the presented
results have been obtained in the case of continuous-time im-
plementations of Delta—Sigma modulators, they can be easily
extended to SC realizations. However, due to the sampling oper-
ation of such circuits, it is expected that the perturbing high-fre-
quency components generated by the SEEs will be folded back
into the baseband, and therefore decreasing the SEE immunity
of the switched capacitor Delta—Sigma modulators.
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