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Use of Code Error and Beat Frequency Test Method
to Identify Single Event Upset Sensitive Circuits in a
1 GHz Analog to Digital Converter

Kirby Kruckmeyer, Member, IEEE, Robert L. Rennie, Member, IEEE, and Vishwanath Ramachandran

Abstract—Typical test methods for characterizing the single
event upset performance of an analog to digital converter (ADC)
have involved holding the input at static values. As a result, output
error signatures are seen for only a few input voltage and output
codes. A test method using an input beat frequency and output
code error detection allows an ADC to be characterized with a
dynamic input at a high frequency. With this method, the impact
of an ion strike can be seen over the full code range of the output.
The error signatures from this testing can provide clues to which
area of the ADC is sensitive to an ion strike.

Index Terms—Analog—digital conversion, beat frequency, code
error, single event upset.

1. INTRODUCTION

HARACTERIZING the single event upset (SEU) signa-
C tures of a high speed mixed-signal product, such as an
analog to digital converter (ADC), presents a unique challenge.
For data converters with data rates at 1 gigasample per second
(GS/s), just monitoring the outputs and recognizing output
errors can be complex. To simplify the data collection, SEU
testing of ADC’s has traditionally been done with the input held
at a static value [1]-[3]. However, this only provides a snapshot
of the upset signature at one input voltage and one output code.
A test method has been previously demonstrated using
a beat frequency and code error detection software so that
an ADC could be tested with the input frequency close to
2 times Nyquist [4]. Using this method, the SEU signatures
could be characterized over the full-scale input range and
all output codes. This test method was demonstrated on Na-
tional Semiconductor’s ADCO8D1000WG-QYV, a dual channel,
8 bit, low power ADC [5]. This paper will discuss the SEU sig-
natures and how they were used to isolate which areas of the
ADCO08D1000WG-QYV circuit are sensitive to an ion strike, re-
sulting in long events, lasting over 100 ns.

II. DEVICE DESCRIPTION

National Semiconductor’s ADCO8D1000WG-QV is a dual
channel 8 bit ADC that can run up to data rates of 1.2 gigasam-
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ples per second (GS/s) and supports input bandwidths to 1.7
GHz. Itis built on a folding architecture for low power consump-
tion (800 mW per channel) and uses a calibration circuit for im-
proved performance with an effective number of bits (ENOB)
of 7.2 at Nyquist [5].

Upon power up of the ADCO8D1000WG-QYV, a one time cal-
ibration based on an internal reference voltage is performed on
the preamplifier offsets of each ADC bank. Fig. 1 shows the
block diagram of the part, indicating the calibration circuit and
input to the preamplifiers in the ADC banks. A more in depth
discussion of the folding architecture and the operation of the
calibration circuit is provided in [6].

The two channels (called I and Q) of the product operate inde-
pendently, but share some common circuitry, such as the clock,
control and reference circuits (Fig. 1). Each channel has a dif-
ferential input and a 1:2 demultiplexed, parallel low voltage dif-
ferential signaling (LVDS) output.

In order to support the very high data conversion rates while
maintaining a high ENOB, each channel is split into two in-
terleaved signal conversion paths, after the input multiplexer
(MUX), starting at the track and hold (T/H) (Fig. 1). Each signal
conversion path runs at half the input clock speed, allowing
for the track and hold times to be more than doubled (when
including the impact of switching time) [6]. The ADC clock
output is also at half the speed of the clock input. For instance,
the I channel is separated into the DI and DId paths (Fig. 1).
The output of the I channel is on two parallel LVDS buses (DI
and DId) running at half the input clock speed. With the input
clock at 1 GHz and sample rate at 1 GS/s, the output clock is
500 MHz. The DId output is delayed by one input clock cycle
and the DI and DId outputs are clocked out together on the same
output clock edge.

III. TEST METHOD

The code error and beat frequency test method used in this
study is described in detail in [4]. ADCOSD1000WG-QV die,
assembled in plastic packages for this study, were decapped and
soldered to ADCO8D1000DEYV boards [4]. Three separate units
and boards were used for the testing.

The ADCO8D1000DEV board contains a Xilinx Virtex4
FPGA programmed with code error detection software. For
each channel of the ADC, the Virtex4 monitored the output,
compared it to the previous output and registered an error if
the difference is more than some preset value (Fig. 2). For this
tegting, the threshold for an error to be registered was set at

least significant bit (LSB), based on the high background
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Fig. 1. ADCO08D1000WG-QV block diagram. It is a dual channel (I and Q) ADC. Each channel splits into two interleaved signal conversion paths, starting at the
track and hold (T/H). The output of each channel is two interleaved 8 bit LVDS buses, DI and DId for the I channel and DQ and DQd for the Q channel. Upon

power up, the preamplifier offsets of each ADC bank are calibrated.
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Fig. 2. The code error detection software calculates the difference in the output
codes between the two parallel LVDS output buses; DId and DI in the case of
the I channel. If the difference is greater than a preset value, an error will be reg-
istered. With a 1 GHz input clock frequency and a 1.24 MHz output frequency,
the maximum change between outputs is 1 LSB at the steepest part of the output
sine wave.

noise due to the less than ideal conditions at the test facility
[4]. For instance, on the I channel, the DI output code would be
compared to the previous DId output code and an error would
be registered if the magnitude of the difference of the output
codes was greater than 6 LSB. The clock cycle, DI output code
and previous DId code output would be recorded for the error.
In order for the code error detection software to be effective,
the expected output of the ADC cannot change by more than
1 LSB per clock cycle, otherwise invalid errors, on top of the
background noise, would be recorded. For a 1 GS/s rate, the
output frequency cannot be more than 1.24 MHz for a 1 LSB
change at the steepest part of the output sine wave [4], [8].

= |Input
- -« - Sampled

Fig. 3. Beat frequency. With the clock frequency set at 1 GHz, and the input
frequency, slightly lower at 998.76 MHz, the sampled points on the input curve
will result in an output of 1.24 MHz.

So that the input of the ADC can be exercised at high band-
widths (nearly two times Nyquist), a beat frequency is used. A
beat frequency (and the resultant output of the ADC) is the dif-
ference between the sampling frequency and the input frequency
(Fig. 3). In this case, with the sampling frequency (and input
clock) at 1 GHz, the input frequency was set at 998.76 MHz to
achieve an output frequency of 1.24 MHz.

Testing was done using the 88 cyclotron at the Berkeley Ac-
celerated Space Effect facility at the Lawrence Berkeley Na-
tional Laboratory. The 4.5 MeV/nucleon beam was used [9].
Ions used, linear energy transfers (LET) and penetration range
into silicon are shown in Table I. For the ADCO8D1000WG-QYV,
from the top of the upper passivation layer, through the metal
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TABLE 1
LiIST OF IONS USED, RAW ERROR COUNT AND NUMBER OF UPSET EVENTS FOR UNIT 2

lon Energy(MeV) LET (MeV/mg/cmz) Range in Si (um) Fluence (ions/ cmz) lerrors Qerrors |events Q events
BN 67 3.09 67 1.01E+7 51 48 25 27
PNe* 90 5.77 53 9.72E+6 113 120 57 63
“©Ar® 180 14.3 48 1.40E+6 108 17 51 59
Bey* 293 29.89 44 2.15E+5 359 143 27 28
Kr17 378 39.24 47 1.34E+5 252 242 18 15
%xe*? 603 68.83 48 3.34E+4 721 679 4 7
209p;+41 940 99.64 54 5.03E+3 528 476 2 3
layers, active areas and epi to the substrate is less than 11 mi- 300 <o
crons. — ELT)ecled output
250 * =

IV. ISOLATION OF SENSITIVE CELLS

During an ion run, the code error detection software would
record every clock cycle where the magnitude of the differ-
ence between the current output code and the previous output
code was greater than 6 LSB. For an event that lasted one clock
cycle, two “errors” would be recorded; one for the actual error
and one for when the output returned to the expected value. For
events lasting more than one clock cycle, errors continued to be
recorded until the output returned to the expected value.

The recorded errors were grouped into events (Table I). The
length of the events varied from 1 ns to long events, lasting hun-
dreds of nanoseconds, with the longest being just under 1.7 ps.
On some of the longer events, the output codes were plotted and
compared to the expected output (Fig. 4(a) and (b)). Interesting
and repeated signatures were seen on these long events. These
signatures were used to narrow down which cells were sensitive
to an ion strike, resulting in a long event. Starting at the output
cells and working back toward the input, many of the circuits
could be eliminated as being responsible for the long events.
Based on the time constants of the errors and certain signatures,
a suspect circuit was identified. To verify if the suspect circuit
was responsible for the long events, bench testing of a device
was done to determine if the SEU signatures could be simulated
electrically.

A. LVDS Output Structure

The output of the ADCO8D1000WG-QV is on four parallel
LVDS outputs. There is a parallel LVDS output bus for each
of the four conversion paths, or two per channel (Fig. 1). Each
parallel LVDS output bus will have eight output drivers, one for
each bit, from the LSB of 1 to the most significant bit (MSB) of
128 (Fig. 5). If one of these drivers were impacted by an ion hit,
the expected output code error would be the size of a bit: 8, 16,
32, 64 or 128 LSB (errors in the lower bits would not been seen
since the error threshold was set at 6 LSB).

The magnitude of the output errors ranged from 7 to 145 LSB.
In most cases, the magnitude of the error did not exactly match a
bit size (Fig. 6). This indicates that an ion strike to an individual
output driver could not be responsible for the long events. Al-
though the outputs of the ADC are digital, the errors are not bit
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Fig. 4. (a) Output codes for the two 1:2 demultiplexed outputs for the I channel
on unit 1. The expected output code is superimposed over the data with the
phase estimated based on the output signature. The expected output is 1.24 MHz.
(b) Output codes for the Q channel on unit 1. This is the same event as in (a).

flips as seen in pure digital products, but are code errors origi-
nating in an analog portion of the part.

B. Signal Conversion Path

Since the signal conversion is split into two interleaved signal
conversion paths (Fig. 1), an ion strike along the conversion path



2016

:% MSB
e

ADC Bank LVDS
Outputs
=
=
:D o LsB

Fig. 5. Block diagram of the LVDS outputs of one of the conversion paths (DI,
DId, DQ or DQd) for the ADCO8D1000WG-QV, showing the individual drivers
for each of the 8 bits.
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Fig. 6. Magnitude of the errors for an Ar run for unit 2. Each data point is
an error measurement. For most of the errors, the magnitude did not match the
exact size of a bit (8, 16, 32, 64 or 128).

would only impact one of the 1:2 demultiplexed outputs, for
instance, DI or DId, but not both at once. Whenever a long event
was seen, neither of the two 1:2 demultiplexed outputs would
match the expected output. This can be seen in Fig. 4(a) where
both the DI and DId outputs for the I channel do not follow
the expected output. This indicates that an ion strike anywhere
along the signal conversion path did not result in a long event.

C. Input MUX and Common Circuitry

The I and Q channels have separate input MUX’s, but share
some common circuitry. If an ion strike to an input MUX was
responsible for a long event, then the event would only be seen
on the I or Q channel, but not both at the same time. Table II
shows a listing of all events on unit 1 lasting more than 100
ns on either the Q or I channel, and the corresponding length of
the event on other channel. In all cases where there was an event
longer than 100 ns on either the Q or I channel, an event of some
sort was seen on the other channel. The unique circuitry in the I
and Q channels could be eliminated since both channel outputs
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TABLE Il
LENGTH OF EVENTS FOR UNIT 2
Kr Xe Bi
| Q | Q | Q
ns ns ns ns ns ns
412 410 672 573 197 103
284 287 264 285 79 145
330 296 995 843 179 225
2 130 188 238
14 137 1479 1656
1296 1288
455 334
1000 = =
g l A A
? ]
5 100 _
2 S
[
o
c
o
S 10|m—n m Channel |
S
E s A ChannelQ
=3 x
a
1 , ‘
0 20 40 60 80 100 120

LET (MeV/mg/sq. cm)

Fig. 7. Longest duration event vs. LET for unit 2.

were impacted by a single ion strike and focus was moved to the
common circuitry shared by the channels.

D. Bandgap and Reference Circuits

The duration of an event was dependent upon the LET at
lower LET values. Above a LET of 68 MeV/mg/cm?, there ap-
peared to be less of a dependence upon LET (Fig. 7). Some
events lasted over 1 us, with the longest being almost 1.7 ps.
This indicates the sensitive circuitry will have a long time con-
stant.

As noted above, during an event, the output of both of the
interleaved conversion paths (DI and DId for the I channel, for
instance), would be impacted, but the magnitude of the error
would not be the same for both conversion paths. While the I
and Q channels would experience similar upsets at the same time
and of roughly the same duration, the signatures would not be
exactly the same (Fig. 4(a) and (b)).

Although not exactly the same, the patterns tended to be re-
peated depending upon the location on the expected output sine
wave. For instance, when the expected output would drop below
50 LSB, the DId output would tend to drop to 0, while the DI
would stay around 50 LSB (Fig. 4(a)).

Taken together, this would indicate that the bandgap and ref-
erence circuitry was responsible for the errors in the outputs. A
transient through the reference circuit would impact the pream-
plifier stages of each of the ADC banks (DI, DId, DQ and DQd).
Since the offsets of the preamplifiers of each ADC bank are
uniquely calibrated, an error on the reference could impact each
ADC bank differently, resulting in different output error signa-
tures.
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Fig. 8. (a) Output codes of the I channel for the output error simulated on
the bench. The internal reference current of the ADCO8D1000WG-QV was in-
creased by reducing the value of the external reference resistor on the R gxr
pin. The unit used in this test was different from the one used in the SEE test
example in Fig. 4(a) and (b). (b) Output codes Q channel for the output error
simulated on the bench. This is the same unit and time period as in (a).

E. Verification

As verification that an error in the reference would cause the
output error signatures seen, a reference error was simulated on
the bench. The RgxT pin on the ADCO8D1000WG-QYV is used
to set the references throughout the part [5]. To set the proper
reference, this pin is connected to ground through a 3300 €
resistor. This 3300 €2 resistor was replaced with various resister
values and the code error detection program was run, with the
clock and inputs at the same values used during the SEU testing.
For this testing, a new unit was used as the units used for the
SEU testing were no longer available.

Fig. 8(a) and (b) show the output results for the I and Q chan-
nels for one unit with the 3300 2 resistor replaced by a 644 € re-
sistor. Different resistor values resulted in different output error
signatures, but each of the bench simulated output error signa-
tures had the same general appearance as the error signatures
seen from the ion strikes. When there was an error recorded,
both of the conversion paths (DI and DId for the I channel, for
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instance) would not match the expected output, the error sig-
natures were different for the I and Q channels, and the error
signatures repeated along the locations of the expected output
sine wave.

The simulated error signatures are not an exact match to the
ion strikes for two reasons. A different unit was used for the
bench simulation than the one for the SEE testing. Each product,
as well as each conversion path, will have its own unique offset
currents in the preamplifiers of the ADC banks. A disruption
of the reference current will impact calibration of every part
differently, resulting in a slightly different error signature, just
as was seen for the error signatures of two channels of the same
part (Fig. 4(a) and (b)). Also, the bench simulation was a static
event with the part tested while the reference pin was pulled
down through a low value external resistor. In the ion strike, it
is adynamic event, with the reference current disrupted and then
recovering through the generation and recombination of carriers
due to the ion strike.

V. CONCLUSION

The SEU error signatures seen on a mixed signal product can
be complex. The errors are very likely not bit flips on individual
outputs as seen on pure digital parts, or output transients as seen
on pure analog parts, such as an amplifier. For an ADC, an ion
strike to the analog section of the part can cause internal analog
transients that result in errors to the entire digital output code.

Characterizing the SEU performance of an ADC using a beat
frequency and code error test method allows the error signatures
to be seen over the entire code. This may be preferable to doing
the testing with the input static and one output code, where the
total impact of an ion strike might not be apparent and some
errors may even be missed.

The error signatures from this testing may help eliminate
and isolate which circuits are responsible for SEU’s. For the
ADCO08D1000WG-QYV it was found that ion strikes to the refer-
ence circuits were most likely responsible for long events. Other
circuits, such as the digital output drivers could be eliminated.
This information can help focus SEU performance improve-
ments for existing and next generation products.
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